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Frontispiece

An electron micrograph showing a negatively stained cholesterol microcrys-
tal, surface-decorated with Pyolysin domain 4 fragment (the cholesterol-binding
domain), The underlying crystalline cholesterol imposes the quasi 2-dimensional
crystal lattice of the Pyolysin domain 4 molecules (J. Robin Harris and Michael
Palmer, previously unpublished data).
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Preface

This book was conceived as a result of the long-standing interest of the Editor
in structural and functional aspects of cholesterol, most particularly in relation
to the formation and experimental use of aqueous suspensions of cholesterol
microcrystals, and the role of cholesterol in Alzheimer’s disease and for the study
of the cholesterol-dependent cytolysins (see Frontispiece and Chapters 2 and 20
to 22). It also serves as an extension from the earlier volume in the Subcellular
Biochemistry series, dealing with “Cholesterol: Its Functions and Metabolism in
Biology and Medicine” (Vol. 28, ed. Robert Bittman, 1997). Although the theme of
cellular membranes and cholesterol-rich plasma membrane “raft” domains appears
several times throughout the book, the chapters within the book fall loosely into
two sections; the opening group concentrate primarily upon soluble proteins that
bind cholesterol and the later chapters place emphasis on membrane-bound proteins
and membrane-active toxins that have an affinity for cholesterol. Throughout there
is a strong emphasis on fundamental cellular and biochemical aspects, in particular
detailed considerations of membrane “raft” domains, as well as clinical/pathological
conditions involving deviant cholesterol metabolism and homeostasis.

The opening chapter is by Gerald Gimple, who presents a detailed account
on cholesterol reporter molecules for the study of cholesterol-protein interactions.
This chapter serves well as an Introduction for the book and provides a thor-
ough technical survey, whilst at the same time introducing the recurring theme of
cholesterol-containing membrane “raft” domains. Thus, this opening chapter links
well with topics presented in several of the subsequent chapters. Then, my colleague
Nathaniel Milton and I present a survey of the role of cholesterol in Alzheimer’s dis-
ease and other amyloidogenic disorders. This is a rapidly advancing field, currently
not without some controversy, yet may ultimately prove to be of considerable signif-
icance, particularly if clinical benefit can be proven following cholesterol lowering
by statins. Several viral proteins have the ability to bind cholesterol. This topic is
covered by Cornelia Schroeder, who considers HIV and influenza virus proteins
from a strong molecular stance. Emma de Fabiani and colleagues then present a
detailed survey on sterol-protein interactions in cholesterol and bile acid biosynthe-
sis. The role of bile acids in metabolic signalling is give due emphasis. Although the
cholesterol oxidases have been most intensively studies in bacterial systems, their
likely importance in animals can be predicted in view of the bioreactivity of oxidized
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x Preface

cholesterol products. Alice Vrierlink provides a detailed account of the structure
and enzymic mechanism of the bacterial cholesterol oxidases. Appropriately, the
oxysterol-binding proteins are then dealt with by Neale D. Ridgeway, who places
emphasis upon the eukaryotic oxysterol binding protein (OSBP) family. The role
of high density lipoprotein (HDL) in reverse cholesterol transport is given a thor-
ough handling by Sissel Lund-Katz and Michael C. Phillips, who deal with the
apolipoprotein components in depth. The topic of lipoprotein modification and
uptake by macrophages, within the context of the pathologic role of cholesterol
in atherosclerosis, is reviewed in detail by Yury I. Miller and colleagues. The next
chapter, by Richard M. Epand and colleagues provides a thorough overview on
the involvement of cholesterol in membrane-related phenomena. Under the title of:
Cholesterol Interaction with Proteins that Partition into Membrane Domains, these
authors provide a useful link between all the following chapters that have an empha-
sis on cell membrane cholesterol. The topic of intracellular cholesterol transport is
handled by Fiedhelm Schroeder and colleagues, who place emphasis on caveolin
and sterol carrier protein-2 in relation to cholesterol-rich microdomains. Niemann-
Pick type C (NPC) disease is a cholesterol storage disease due to a defined genetic
lesion. Xiaoning Bi and Guanghong Liao review recent achievements in the inves-
tigation of the disruption of cholesterol homeostasis-induced neurodegeneration in
NPC disease, and provide new insight into the development of a potential therapeu-
tic strategy. Sterol transport across the intestinal brush border membrane is mediated
by a number of proteins. J. Mark Brown and Liqing Yu survey this complex situation,
the first line of cholesterol entry into and passage across the intestinal enterocytes
and the animal body, which can have a major impact upon atherosclerotic cardiovas-
cular disease. The role of cholesterol in the endoplasmic reticulum (ER) is presented
by Teruo Hayashi and Tsung-Ping Su, who place emphasis upon the sigma-1 recep-
tor chaperones and other ER proteins in relation to the diverse ER functions, such
as protein folding, compartmentalization and segregation of ER proteins, and sph-
ingolipid biosynthesis. Denis Corbeil and colleagues then give a thorough account
on Prominin-1, a distinct cholesterol-binding protein of the apical plasma mem-
brane of epithelial cells. The StAR-related lipid transfer (START) domain is an
evolutionary conserved protein. This topic is presented by Pierre Lavigne and col-
leagues, who review the understanding of the structure and reversible cholesterol
binding mechanism of START domains. The role of membrane cholesterol in the
function of G-protein coupled receptors (GPCRs) is handled by Yamuna Devi Paila
and Amitabha Chattopadhyay. These authors consider that deciphering molecular
details of the GPCR-cholesterol interaction in the membrane should lead to bet-
ter insight into the overall understanding of GPCR function in health and disease.
Francisco J Barrantes then discusses cellular aspects of the role of cholesterol in
the nicotinic acetylcholine receptor (AchR). Indeed, the cholesterol content of the
plasmalemma may homeostatically modulate AChR dynamics, cell-surface organi-
zation and the lifetime of receptor nanodomains, in turn exerting control over the
ion permeation process. The brain contains the highest content of cholesterol of all
organs of the animal body, largely contained in myelinated nerves. In their chap-
ter on cholesterol and myelin biogeneis, Gesine Saher and Mikael Simons consider



Preface xi

the role of cholesterol in both the central and peripheral nervous system. The diver-
sity of plasma membrane ion channels is almost overwhelming! Irena Levitan and
colleagues present a thorough account of the role of cholesterol in regulation of
the major types of ion channels and discuss this in the context of the current mod-
els for channel function. As indicated above, the cholesterol-dependent cytolysins
(CDCs) are toxin molecules of great personal interest. This topic is covered with a
strong molecular slant by Alejandro P. Heuck and colleagues, in their chapter on the
cholesterol-dependent cytolysin family of Gram-positive bacterila toxins. Evidence
for the role of cholesterol in the activity and pore-formation by a range of other
β-barrel pore-forming Gram-negative bacterial toxins is covered by my colleague
Michael Palmer and myself. The final chapter, by Yoshiko Ohno-Iwashita and col-
leagues expands upon themes introduced earlier, in relation to the value of having
specific probes for cholesterol localization. These authors describe in detail studies
using non-cytolytic molecular fragments of the CDC perfringolysin, together with
anti-cholesterol antibodies, as tools for membrane cholesterol localization.

Overall, when compiling the contents of this book I have attempted to include
almost all topics of significance, and have been greatly encouraged by the positive
responses I have received from the chapter authors, from the early contacts thorough
to the preparation of the chapter manuscripts for publication.

Hexham, UK J. Robin Harris
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Chapter 1
Cholesterol–Protein Interaction: Methods
and Cholesterol Reporter Molecules

Gerald Gimpl

Abstract Cholesterol is a major constituent of the plasma membrane in eukary-
otic cells. It regulates the physical state of the phospholipid bilayer and is crucially
involved in the formation of membrane microdomains. Cholesterol also affects the
activity of several membrane proteins, and is the precursor for steroid hormones
and bile acids. Here, methods are described that are used to explore the binding
and/or interaction of proteins to cholesterol. For this purpose, a variety of cholesterol
probes bearing radio-, spin-, photoaffinity- or fluorescent labels are currently avail-
able. Examples of proven cholesterol binding molecules are polyene compounds,
cholesterol-dependent cytolysins, enzymes accepting cholesterol as substrate, and
proteins with cholesterol binding motifs. Main topics of this report are the local-
ization of candidate membrane proteins in cholesterol-rich microdomains, the issue
of specificity of cholesterol– protein interactions, and applications of the various
cholesterol probes for these studies.

Keywords Cholesterol binding proteins · Cyclodextrins · Fluorescent and
photoreactive sterols · Polyenes · Cytolysins

Abbreviations

ACAT acyl-coenzyme A:cholesterol acyltransferase
BCθ-toxin a biotinylated and carlsberg protease-nicked deriva-

tive of perfringolysin O
Benzophenone-cholesterol 22-(p-benzoylphenoxy)-23,24-bisnorcholan-5-en-

3β-ol
Bodipy boron dipyrromethene(4,4-difluoro-5,7-dimethyl-4-

bora-3a,4a-diazara-s-indacene)
CCKBR cholecystokinin receptor type B
CCM cholesterol consensus motif

G. Gimpl (B)
Institut für Biochemie, Johannes Gutenberg-Universität, Johann-Joachim-Becherweg 30, Mainz,
Germany
e-mail: Gimpl@uni-mainz.de

1J.R. Harris (ed.), Cholesterol Binding and Cholesterol Transport Proteins,
Subcellular Biochemistry 51, DOI 10.1007/978-90-481-8622-8_1,
C© Springer Science+Business Media B.V. 2010



2 G. Gimpl

CDCs cholesterol-dependent cytolysins
CRAC cholesterol recognition/interaction amino acid con-

sensus
DIG, (= DRM) detergent-insoluble (= detergent resistant) glyco-

sphingolipid-enriched membrane domains
GPCR G protein coupled receptor
HDL high-density lipoprotein
HPβCD 2-Hydroxypropyl)-β-cyclodextrin
5HT1A 5-hydroxytryptamine 1A
LDL low-density lipoprotein
LDM low-density microdomains
MβCD methyl-β-cyclodextrin
22-NBD Cholesterol 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-

23,24-bisnor-5-cholen-3β-ol
25-NBD Cholesterol 25-[N-[(7-nitro-2-1,3-benzoxadiazol-

4-yl)methyl]amino]-27-norcholesterol
NMR nuclear magnetic resonance
NPC Niemann-Pick C
OTR oxytocin receptor
PBR peripheral benzodiazepine receptor (= TSPO)
SCAP SREBP cleavage activating protein
SREBP sterol regulatory element binding protein
SSD sterol sensing domain
StAR steroid acute regulatory protein
START StAR related lipid transfer
TSPO mitochondrial translocator protein (18 kDa) (= PBR)

1.1 Introduction

Cholesterol is a major constituent of the plasma membrane in most eukaryotic cells
where it fulfils several functions. It regulates membrane fluidity, increases mem-
brane thickness, establishes the permeability barrier of the membrane, modulates
the activity of various membrane proteins, and is the precursor for steroid hormones
and bile acids (Burger et al., 2000; Pucadyil and Chattopadhyay, 2006). Cholesterol
is non-randomly distributed in cells and membranes (Yeagle, 1985) and plays an
essential role in the formation of lateral membrane domains, often designated as
‘lipid rafts’ (Simons and Ikonen, 1997; Simons and Toomre, 2000).

Here, methods are described that are used to explore the binding/interaction of
proteins to cholesterol. In case of membrane proteins such as receptors, transporters
or ion channels, researchers often like to know whether their candidate protein is
associated with cholesterol-rich microdomains or not. To address this issue, dif-
ferent subcellular fractionation protocols are usually performed. These approaches
will be briefly compared herein. Even if a given membrane protein is shown to
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be excluded from cholesterol-rich microdomains, it is unlikely for any membrane
protein to avoid molecular contacts with cholesterol. This is due to the fact that
cholesterol is in large excess over any membrane protein within the plasma mem-
brane. Some membrane proteins show functional changes dependent on the amounts
of cholesterol. In this case, one has to discriminate between direct cholesterol–
protein interactions and indirect effects caused by the influence of cholesterol on the
biophysical state of the membrane. Approaches are described that help to prove the
specificity of putative cholesterol–protein interactions. Various cholesterol-binding
molecules are currently known. Among these are polyene compounds, cholesterol-
dependent cytolysins, enzymes accepting cholesterol as substrate, and proteins
with cholesterol binding motifs, many of which are covered in detail within the
chapters of this book. In Table 1.1, proteins with defined or putative cholesterol
binding motifs are listed. For cholesterol modifying enzymes cholesterol bind-
ing is obvious as they use cholesterol as substrate. For other proteins, cholesterol
binding/interaction has been shown by various techniques such as binding stud-
ies, affinity labelling with photoreactive cholesterol analogues, or crystallography.
Convincing proof for cholesterol binding has only been demonstrated for a hand-
ful of proteins, e.g. for NPC2 using various approaches such as binding studies
with [3H]cholesterol (Okamura et al., 1999; Ko et al., 2003; Infante et al., 2008c),
spectroscopical measurements (Friedland et al., 2003; Liou et al., 2006; Cheruku
et al., 2006), and crystallography (Friedland et al., 2003). The following criteria
and techniques could support evidence for cholesterol–protein interaction: (i) pres-
ence in cholesterol-rich microdomains; (ii) alterations in protein function induced
by changes of the cholesterol content in membranes/cells; (iii) alterations in protein
function induced by substitution of cholesterol by sterol analogues; (iv) influence
of cholesterol binding molecules (e.g. polyenes) as functional cholesterol ‘competi-
tors’; (v) binding studies with [3H]cholesterol; (vi) spectroscopic binding assays
using fluorescent sterol analogues (e.g. dehydroergosterol); (vii) affinity labelling of
the protein with photoreactive cholesterol analogues; (viii) identification of choles-
terol binding domains. The above mentioned criteria and topics will be critically
discussed below. Finally, I will focus on currently available cholesterol probes bear-
ing radio-, spin-, photoaffinity- or fluorescent labels and describe their utility for
cholesterol research.

Table 1.1 Proteins with defined or putative binding sites for cholesterol

Protein
Cholesterol binding
site/motif Method Referencea

ACAT1, ACAT2 Unknown Enzyme assay 1, 2
Caveolin-1 Unknown Photoaffinity labeling,

liposome incorporation
3, 4

Cholesterol 24-hydroxylase
CYP46A1

Banana-shaped
hydrophobic
cavity

Spectral binding, enzyme
assay, crystal structure

5

Cholesterol dehydrogenases Unknown Enzyme assay 6, 7
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Table 1.1 (continued)

Protein
Cholesterol binding
site/motif Method Referencea

Cholesterol-dependent
cytolysins (>20, e.g.
perfringolysin O)

D4 domain Pore formation, spectral
binding

8, 9

Cholesterol oxidases Hydrophobic tunnel Enzyme assay, crystal structure 10, 11
Cholesterol

sulfo-transferase
(SULT2B1b)

Hydrophobic
binding pocket

Enzyme assay, crystal structure 12

β-Cryptogein Non-specific
hydrophobic
cavity

Crystal structure 13

HIV-1 env gp41 CRAC motif Adsorption to cholesteryl beads 14
NPC1 Sterol sensing

domain, luminal
loop-1
NPC1(25-264)

Photoaffinity labeling,
radioligand binding

15–18

NPC2 Loosely packed
hydrophobic core
between β-sheets

Radioligand binding, crystal
structure, fluorescence
spectroscopy

19–21

Prominin-1 and 2 Unknown Photoaffinity labeling 22–24
Retinoic acid-related

orphan receptor (RORα)
Binding pocket Crystal structure of ligand

binding domain
25

SCAP Sterol sensing
domain
SCAP(TM1-8)

Radioligand binding, trypsin
protection, photoaffinity
labeling

26–28

Sigma-1 receptor Two CRAC motifs Adsorption to cholesteryl beads 29
StARD1 (=StAR) START domain,

cavity with
StAR93-212 as
cholesterol
docking site

Homology modeling,
photoaffinity labeling,
fluorescence spectroscopy

30–32

StARD3 (=MLN64) START and
N-terminal
domain,
hydrophobic
cavity

Crystal structure, photoaffinity
labeling

33, 34

StARD4 START domain,
tunnel

Radioligand binding, lipid
protein overlay assay, crystal
structure

35, 36

StARD5 START domain Radioligand binding 37
TSPO translocator protein

(=PBR)
CRAC motif Radioligand binding,

photoaffinity labeling
38

G protein coupled receptors
β2-Adrenergic Unknown:

cholesterol
consensus motif
(CCM)b

Crystal structure 39
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Table 1.1 (continued)

Protein
Cholesterol binding
site/motif Method Referencea

Cannabinoid (CB1) Unknown Radioligand binding, capacity
increased

40

Galanin (Gal2) Unknown Radioligand binding, affinity
modulator?

41

5-Hydroxytryptamine
(5HT1A)

unknown: CCM? Radioligand binding, affinity
and capacity decreased

42

5-Hydroxytryptamine
(5-HT7)

Unknown: CCM? Radioligand binding, affinity
decreased

43

Opioid δ Unknown Radioligand binding, affinity
decreased

44

Oxytocin Unknown: CCM? Radioligand binding
affinity increased

45, 46

Ion channels
Nicotinic acetylcholine

receptor
15 putative

cholesterol
binding sites

Modeling based on structure 47

Metabotropic glutamate
mGlu1

Unknown Radioligand binding,
photoaffinity labeling,
affinity increased

48

K+-channel Kir2 CD loop is
cholesterol
sensitive

Mutant analysis 49

aReferences for Table 1.1: 1. (Chang et al., 1998); 2. (Das et al., 2008); 3. (Thiele et al., 2000);
4. (Murata et al., 1995); 5. (Mast et al., 2008); 6. (Kishi et al., 2000); 7. (Chiang et al., 2008);
8. (Chiang et al., 2008); 9. (Rossjohn et al., 2007); 10. (Yue et al., 1999); 11. (MacLachlan et al.,
2000); 12. (Lee et al., 2003); 13. (Lascombe et al., 2002); 14. (Vincent et al., 2002); 15. (Ohgami
et al., 2004); 16. (Infante et al., 2008a); 17. (Infante et al., 2008b); 18. (Liu et al., 2009b);
19. (Friedland et al., 2003); 20. (Xu et al., 2007); 21. (Infante et al., 2008c); 22. (Roper et al., 2000);
23. (Florek et al., 2007); 24. (Marzesco et al., 2009); 25. (Kallen et al., 2002); 26. (Radhakrishnan
et al., 2004); 27. (Brown et al., 2002); 28. (Adams et al., 2004); 29. (Palmer et al., 2007);
30. (Petrescu et al., 2001); 31. (Murcia et al., 2006); 32. (Reitz et al., 2008); 33. (Tsujishita and
Hurley, 2000); 34. (Alpy et al., 2005); 35. (Romanowski et al., 2002); 36. (Rodriguez-Agudo et al.,
2008); 37. (Rodriguez-Agudo et al., 2005); 38. (Li et al., 2001); 39. (Hanson et al., 2008); 40. (Bari
et al., 2005); 41. (Pang et al., 1999); 42. (Pucadyil and Chattopadhyay, 2004); 43. (Sjogren et al.,
2006); 44. (Huang et al., 2007); 45. (Klein et al., 1995); 46. (Gimpl et al., 1997); 47. (Brannigan
et al., 2008); 48. (Eroglu et al., 2003); 49. (Epshtein et al., 2009).
bThe strict CCM motif is found in about 40 GPCRs, details in Hanson et al. (2008).

1.2 Cholesterol-Rich Microdomains

According to our current understanding, biomembranes are much more ordered
than postulated in the fluid mosaic model proposed by Singer and Nicolson in
1972. Flippases are involved to generate and maintain an asymmetric distribution
of lipids across the bilayer of the plasma membrane. Moreover, within the plane
of the membrane, lipids and proteins are unevenly distributed. The type of lat-
eral membrane organization that exists in vivo is, however, still controversial. The
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concept of lipid ‘rafts’ is a widespread microdomain model that was originally
developed by Simons and van Meer to explain the sorting of proteins to the apical
membrane in polarized epithelial cells (Simons and van Meer, 1988; Simons and
Ikonen, 1997; Simons and Toomre, 2000). This concept has been modified over the
years, a process that is still going on. In a 2006 Keystone Symposium, membrane
rafts were defined as ‘small (10–200 nm), heterogeneous, highly dynamic, sterol-
and sphingolipid-enriched domains that compartmentalize cellular processes. Small
rafts can sometimes coalesce to form larger platforms through protein–protein and
protein–lipid interactions.’

The flask-shaped caveolae that are seen in electron micrographs are also enriched
in glycolipids and cholesterol and are regarded as subdomains of lipid rafts. The
scaffolding protein caveolin-1 is necessary for the formation of the typical cave-
olae structures (Kurzchalia and Parton, 1999). Raft and caveolar microdomains
may participate in signal transduction, cholesterol trafficking, and vesicular sort-
ing. A variety of hormone-receptor complexes, toxins, viruses, and bacteria are
internalized into cells by a caveolar/raft-dependent endocytosis pathway that is
clathrin-independent, but requires dynamin and cholesterol (Nabi and Le, 2003).
Biochemically, rafts are primarily based on the criterion of cholesterol enrichment.
They are assumed to be composed of lipids that exist in a cholesterol-enriched
liquid-ordered (Lo) state, separated from and coexisting with cholesterol-poor
liquid-disordered (Ld) domains. Detergent resistance is often used as an experimen-
tal hallmark of Lo structures. However, there is no definitive evidence to identify
detergent-resistant biomembranes with raft and Lo domains (Lichtenberg et al.,
2005). Recently, the entire raft model has raised some criticism, and alternatives
to this model have been developed (Munro, 2003; Shaw, 2006; Kenworthy, 2008).
In these alternative models, lipid ordering plays a minor role. Instead, formation of
microdomains (submicrometer-sized clusters) is mainly driven by protein–protein
interactions, either through diffusional trapping or self-organization (Douglass and
Vale, 2005; Sieber et al., 2007).

The following detergent-based criteria are used to verify the localization of a
candidate membrane protein in lipid rafts: (i) Insolubility of the protein in non-
ionic detergents (Triton X-100) at cold (and vice versa, solubility in Triton X-100 at
37◦C). (ii) Flotation of the detergent-insoluble proteins to the upper low-density
fractions following sucrose (or OptiPrep) gradient centrifugation. (iii) Decrease
or disappearance of detergent-insolubility after removal of cholesterol (e.g. by
cyclodextrins). Different subcellular fractionation protocols are employed to isolate
membrane microdomains and to verify or exclude the raft association of a certain
membrane protein. Basically, we can distinguish detergent-based and detergent-free
fractionation methods.

1.2.1 Detergent-Based Methods

Detergent-based methods utilize the property of insolubility of raft proteins in cold
non-ionic detergents, typically Triton X-100. In contrast, at 37◦C, solubilization of
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raft proteins occurs in Triton X-100 (Brown and Rose, 1992). After incubation of
the cells with detergent, the extract is fractionated in a density gradient (e.g. sucrose,
OptiPrep) and the cholesterol-enriched low-density gradient fractions are harvested.
Marker proteins such as caveolin or flotillin are used to identify these low-density
fractions. Rafts prepared accordingly are also designated as ‘detergent-insoluble
(or detergent-resistant) glycosphingolipid-enriched’ membrane domains (DIGs or
DRMs). Different types of raft domains may be isolated when using detergents
other than Triton X-100 (Roper et al., 2000; Chamberlain, 2004). Detergents that
have been employed for this purpose were Triton X-114, Lubrol PX, Lubrol WX,
Brij58, Brij96, Brij98, CHAPS, Nonident P40, and octylglucoside (Brown and
Rose, 1992; Madore et al., 1999; Roper et al., 2000; Drevot et al., 2002; Slimane
et al., 2003; Schuck et al., 2003). Recently, we introduced a novel cholesterol-based
detergent (termed Chapsterol) to improve the isolation of cholesterol dependent raft
proteins (Gehrig-Burger et al., 2005). Unfortunately, this detergent is not yet avail-
able commercially. The pentaspan protein prominin, for example, was soluble in
Triton X-100, but insoluble in Lubrol WX. Nevertheless, several other properties
of prominin classified it as a bona fide raft protein (Roper et al., 2000). Since rafts
become solubilized at high detergent:lipid ratios (Chamberlain and Gould, 2002), it
is necessary to use the lowest amount of detergent that maintains insolubility for raft
proteins but completely solubilizes non-raft proteins (e.g. the transferrin receptor)
(Chamberlain, 2004). Moreover, the level of detergent insolubility can change for
some raft proteins (e.g. for H-ras at GTP-loading) (Prior et al., 2001). Some proteins
shown to be raft-associated by other criteria (e.g. the insulin receptor residing in
caveolae) could be solubilized by detergent (Gustavsson et al., 1999). Thus, proteins
excluded from DRM fractions can still be associated with raft domains. In addition,
detergents such as Triton X-100, can themselves promote domain formation in lipid
mixtures (Heerklotz, 2002). In each case, the name of the employed detergent should
be included to specify the type of microdomains that has been isolated, i.e. desig-
nate them as Triton X-100 rafts, Lubrol WX-rafts, etc. To exclude potential artifacts
associated with the use of detergents, various detergent-free fractionation protocols
have been developed.

1.2.2 Detergent-Free Methods

It is clear that the composition of proteins and lipids from detergent and non-
detergent-based preparations significantly differ from each other. To avoid con-
fusion, we have designated the low-buoyant density gradient fractions obtained
by detergent-free preparations as low-density microdomains (LDM) (Gimpl and
Fahrenholz, 2000). Two widely applied protocols use sonication steps to disrupt
the cellular membranes (Smart et al., 1995; Song et al., 1996). In one approach,
the cells were sonicated in sodium carbonate buffer (pH 11) prior to centrifuga-
tion in a discontinuous 5–45% sucrose gradient (Song et al., 1996). Smart et al.
(1995) prepared LDM rafts according to the following subsequent steps: lysis of the
cells in an isotonic buffer, purification of plasma membranes therefrom on a Percoll
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gradient, sonication of these membranes, and isolation of LDM rafts by flotation
through a 10–20% OptiPrep gradient. Each of these protocols has subsequently been
modified. The time-consuming OptiPrep protocol has been simplified (Macdonald
and Pike, 2005). For the isolation of rafts from brain tissues, the usage of sucrose
was preferred before OptiPrep in density gradients (Persaud-Sawin et al., 2009).
Antibody-based immunoisolation approaches allow isolation of subpopulations of
rafts enriched for different markers, as caveolin-1 or flotillin (Shah and Sehgal,
2007).

1.2.3 Receptors in Cholesterol-Rich Microdomains (Lipid Rafts)

Membrane proteins of different families such as G protein coupled receptors
(GPCRs), transporters, or ion channels have been shown to be localized or enriched
in lipid rafts. For GPCRs, Chini and Parenti (2004) have recently summarized their
signaling, coupling efficacy, and trafficking in dependence on their distribution in
lipid rafts and caveolae. We have studied in more detail the oxytocin receptor, a
typical GPCR, that requires cholesterol to maintain its high-affinity state for oxy-
tocin (Klein et al., 1995; Gimpl et al., 1995, 1997). Thus, a partial localization of
this receptor in lipid rafts was expected. For this purpose, HEK293 cells express-
ing the human oxytocin receptor (HEKOTR) were fractionated by detergent-free
and detergent-based methods (Gimpl and Fahrenholz, 2000). Only a minor frac-
tion (~1%) of the receptor was found in Triton X-100 rafts, whereas substantially
more oxytocin receptors (10–15%) were found in LDM rafts produced according
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Fig. 1.1 Detergent-free subcellular fractionation of HEK293 cells expressing the human oxy-
tocin receptor (HEKOTR). The cells were fractionated in a sucrose flotation gradient using
either a sodium carbonate (Song et al., 1996) or sodium chloride (Gimpl and Fahrenholz, 2000)
protocol. Aliquots of each of the 13 fractions were analyzed with respect to caveolin immunode-
tection (A) and determination of total protein contents (B). For methodical details see Gimpl and
Fahrenholz (2000)
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to a detergent-free protocol. To analyze the amounts of functional receptors, we
modified the fractionation method based on sodium carbonate buffer (pH 11) (Song
et al., 1996), because ligand-receptor binding is normally inhibited at such an alka-
line pH. For this purpose, a subcellular fractionation protocol was developed in
which the sodium carbonate buffer was substituted by sodium chloride (1 M) in
20 mM Hepes (pH 7.4)/EDTA (Gimpl and Fahrenholz, 2000). The distribution
profile of total proteins and of the raft marker caveolin was shown to be similar
for sodium carbonate and sodium chloride based fractionation (Fig. 1.1). In addi-
tion, the majority of cholesterol was found in the low-density fractions for both
methods. The cholesterol enrichment of low-density fractions is one of the most
important properties for lipid rafts. Vice versa, rafts and caveolae are disrupted when
cholesterol is extracted from these microdomains, e.g. via cyclodextrins.

1.3 Manipulation of the Membrane Cholesterol
Content by Cyclodextrins

Cyclodextrins (CDs) are torus-shaped cyclic oligosaccharides linked by α-1,4 gly-
cosidic bonds (Fig. 1.2A). They are produced from the enzymatic degradation of
starch. Cyclodextrins comprised of 6, 7 and 8 D-glucopyranosyl residues units
(termed α-, β- and γ-forms, respectively) were used to alter the lipid composi-
tion of cells (Ohtani et al., 1989). They possess a hydrophilic outer surface and
a hydrophobic inner cavity. In aqueous solution, this hydrophobic cavity contains
low entropy and easily displaceable water molecules. Cyclodextrins enhance the
solubility of non-polar substances (e.g. cholesterol) by incorporating them (at least
partly) into their hydrophobic cavity and forming non-covalent water-soluble inclu-
sion complexes. Particularly, β-cyclodextrins (βCDs) and its derivatives, such as
methyl-β-cyclodextrin (MβCD) or 2-hydroxypropyl-β-cyclodextrin (HPβCD), were
found to selectively extract cholesterol from the plasma membrane, in preference
to other membrane lipids (Irie et al., 1992; Klein et al., 1995; Gimpl et al., 1995,
1997; Kilsdonk et al., 1995). However, the extraction of cholesterol does not seem
to be selective for lipid rafts (Mahammad and Parmryd, 2008). Figure 1.2 shows
that the size of the cholesterol molecule is too large to be fully incorporated into
the cavity of βCDs. The exact structure of the soluble cholesterol–βCD inclusion
complex is still unknown. An excellent review to the use of cyclodextrins for manip-
ulation of the cholesterol content in membranes has been published (Zidovetzki and
Levitan, 2007).

The kinetics of cyclodextrin-mediated cholesterol efflux provided information
about cholesterol pools in cells (Yancey et al., 1996). While ‘empty’ β-cyclodextrins
function as rather selective cholesterol acceptors, cholesterol–cyclodextrin com-
plexes serve as very efficient sterol donors in vitro and in vivo (Gimpl et al.,
1995, 1997; Kilsdonk et al., 1995). For example, up to 80% of the cholesterol
can be extracted from living cells via MβCD within 10–30 min (Fig. 1.3). Vice
versa, using cholesterol-MβCD as donor, cholesterol-depleted cells can be reloaded
with cholesterol within the same time scale. Thereby, substantial cholesterol
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Fig. 1.2 Structure and dimensions of cyclodextrins (A) and cholesterol (B). Cyclodextrins (CDs)
typically possess 6, 7 or 8 D-glucopyranosyl residues (α-, β-, and γ-cyclodextrin respectively).
Their overall shape is like a truncated cone that accommodates guest molecules into a hydrophobic
cavity. The hydrophilic OH groups are on the outside of the cavity with the C2- and C3-hydroxyls
located around the wider ring and the C6-OH groups aligned around the smaller opening. The
hydroxyl groups may be derivatized to modify the physical and chemical properties of the
cyclodextrins. The 6-OH groups (black arrows) are most easily derivatized. Methyl-β-cyclodextrin
(MβCD) and (2-Hydroxypropyl)-β-cyclodextrin (HPβCD) are often used for cholesterol depletion
experiments. They normally contain about 0.5-2 mol methyl- or hydroxymethyl groups per unit
anhydroglucose. Cholesterol is too large to be completely encapsulated within the cavity of a sin-
gle βCD. So, cholesterol may be either partly incorporated into the cavity, or two stacked βCDs
may be required for the complete complexation of cholesterol



1 Methods and Cholesterol Reporter Molecules 11

C
ho

le
st

er
ol

 (
µg

/m
g 

pr
ot

ei
n)

0

10

20

30

40

50

 MβCD     0            20           40

time (min)

Chol-Mβ CD                                           0             20          40           60
- - - -

- - -

Fig. 1.3 Depletion and reloading of cholesterol in living HEKOTR cells. To extract cholesterol,
the cells were incubated with 10 mM MβCD (stock 200 mM) for 0–40 min at 37◦C in serum-free
culture medium. The cells were then washed twice with medium. Cholesterol enrichment of the
cholesterol-depleted cells was started using 0.3 mM Chol-MβCD (stock 10 mM) for 0–60 min
in serum-free culture medium at 37◦C. Cholesterol levels were determined using a diagnostic kit
(data are means ± SD, n=3). Methods are described in detail (see Gimpl et al., 1997)

overloading of cells easily occurs, as shown in Fig. 1.3. The efficiency of cholesterol
extraction and reloading varies with incubation time, temperature, cell type, and
concentration of the cholesterol acceptor. It is also possible to stabilize membranes
or cells at a certain cholesterol concentration by varying the molar ratio between
βCD and cholesterol in the complex. The experimental conditions to achieve this
‘cholesterol equilibrium’ have to be determined for each cell system (Zidovetzki
and Levitan, 2007). However, one should be aware that even when the total choles-
terol levels are held constant, the distribution of intracellular cholesterol pools
(e.g. between plasma membrane and endoplasmic reticulum) may change.

Membrane cholesterol can also be rapidly substituted with sterol analogues
by adding the corresponding sterol–MβCD complexes to the cholesterol-depleted
membranes or cells. Thus, cyclodextrin-based exchanges enable the researcher to
explore the cholesterol specificity of a candidate membrane protein in a precise
structure-activity analysis. We have performed such studies for two GPCRs: the
oxytocin receptor (OTR) and cholecystokinin B receptor (CCKBR) (Gimpl et al.,
1997). A similar study has been performed for SCAP, a protein with a sterol sens-
ing domain (Table 1.1) (Brown et al., 2002). As shown in Table 1.2, the sterol
requirements reveal some similarities between the GPCRs and SCAP, although these
are unrelated proteins. Sterols supporting low membrane fluidity (equal to a high
level of anisotropy of diphenylhexatriene, Table 1.2) (e.g. desmosterol, dihydroc-
holesterol, β-sitosterol, 5α-cholest-7-en-3βol) were most effective to maintain the
binding function of the GPCRs and a certain conformation of SCAP. The structure-
activity analysis also permits discrimination between cholesterol effects that are due
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Table 1.2 Structure–activity relationship of cholesterol analogues with respect to membrane
fluidity and protein activity

Sterola
Anisotropy
(DPH)b

OTR binding
(%)c

CCKR binding
(%)c

SCAP
conformationd

Desmosterol 0.271 91 107 ++
Dihydrocholesterol 0.264 86 105 ++
Cholesterol 0.263 100 100 ++
7-Dehydrocholesterol 0.258 91 88 n.d.
Stigmastanol 0.241 53 97 n.d.
20α-Hydroxycholesterol 0.233 74 86 n.d.
β-Sitosterol 0.231 92 67 +
Epicholesterol 0.224 10 63 −
5α-Cholest-7-en-3β-ol 0.223 67 82 +
Fucosterol 0.217 77 70 n.d.
4-Cholesten-3-one 0.213 6 88 −
Stigmasterol 0.213 56 62 n.d.
6-Ketocholestanol 0.213 23 86 n.d.
Ergosterol 0.211 68 69 n.d.
19-Hydroxycholesterol 0.209 70 58 −
22-Ketocholesterol 0.209 76 72 n.d.
Cholesteryl ethyl ether 0.208 11 67 n.d.
Campesterol 0.206 97 61 n.d.
Lanosterol 0.197 7 71 +
Coprostanol 0.196 57 69 n.d.
Epicoprostanol 0.194 6 68 n.d.
7β-Hydroxycholesterol 0.189 12 61 −
25-Hydroxycholesterol 0.187 13 54 −
22(R)-Hydroxycholesterol 0.183 16 47 n.d.
Allocholesterol n.d. n.d. n.d. ++
7-Ketocholesterol ? ? ? ++
27-Hydroxycholesterol n.d. n.d. n.d. −
Dehydroergosterol n.d. 85 67 n.d.
None (MβCD-depleted) 0.174 5 39 −
aFollowing cholesterol depletion with MβCD, cells/membranes were incubated with a variety of
sterol-MβCD complexes to substitute cholesterol with the indicated sterol analogues.
bMembrane fluidity was measured by fluorescence anisotropy of diphenylhexatriene (DPH)
(details from Gimpl et al., 1997). A high value indicates low fluidity. The data are sorted according
to the anisotropy level in decreasing order. n.d., not determined.
cRadioligand binding (in %, ‘cholesterol’ set to 100%) of [3H]oxytocin and [3H]CCKS to the
oxytocin receptor (OTR) and the cholecystokinin (type B) receptor (CCKR), respectively (details
from Gimpl et al., 1997). n.d., not determined.
dSCAP conformation: the capability of sterols to support the accessibility of certain arginine
residues to trypsin is indicated: ‘++’, high; ‘+’, moderate; ‘–‘, none; n.d., not determined (data
from Brown et al., 2002).

to specific sterol–protein interactions or due to changes in the physical state of the
membrane bilayer. In case of the CCKBR, the effects of sterols correlated with
changes in membrane fluidity. For the oxytocin receptor and for SCAP, a unique
requirement for cholesterol was observed suggesting that these proteins are regu-
lated by specific cholesterol–protein interactions. For example, epicholesterol that
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maintains membrane fluidity moderately-good was completely inactive for both the
OTR and SCAP. The data for lanosterol and 19-hydroxycholesterol indicate a dis-
tinct cholesterol specificity of SCAP and the OTR, respectively (Table 1.2). The
cholesterol analogue 4-cholesten-3-one supports the membrane fluidity moderately
and maintains the ligand binding of the CCKBR. However, 4-cholesten-3-one was
found to be inactive for all cholesterol-dependent membrane proteins reported so
far. Examples include the oxytocin receptor, SCAP (Table 1.2), the hippocampal
5HT1A receptor (Pucadyil et al., 2005), the galanin receptor (Pang et al., 1999), or
ecto-nucleotidase CD39 (Papanikolaou et al., 2005).

Overall, the administration of β-cyclodextrins and sterol-β-cyclodextrins as
cholesterol acceptor and sterol donor complexes, respectively, allows one to alter
and exchange the cholesterol content in membranes and cells. This is now a standard
methodology in the research of ‘lipid rafts’ (Simons and Toomre, 2000). Moreover,
cyclodextrins have found a wide range of applications in food, pharmaceutical
and textile industry, cosmetics, environmental engineering, and agrochemistry. For
example, cyclodextrins are employed for the preparation of cholesterol-free prod-
ucts or for the delivery of drugs (Challa et al., 2005). Finally, cyclodextrins offer
great therapeutic potential as recently been demonstrated for HPβCD. The choles-
terol acceptor was able to reverse the defective lysosomal transport in a mouse
model of Niemann Pick C disease (Liu et al., 2009a). However, one should be
aware that application of β-cyclodextrins induce several ill-defined side effects
that are associated with their non-specific action. They can extract a wide range
of hydrophobic compounds including phospholipids, sphingomyelin, even GPI-
anchored proteins and some protein kinases (Ilangumaran and Hoessli, 1998;
Ottico et al., 2003; Monnaert et al., 2004). Some of these undesirable effects of
β-cyclodextrins may be caused by inhibition of tyrosine kinases and/or vesicle shed-
ding (Sheets et al., 1999). Thus, careful control experiments and the avoidance
of overly high concentrations of cyclodextrins are recommended (Zidovetzki and
Levitan, 2007).

1.4 Cholesterol-Binding Molecules

1.4.1 Polyenes

Among the family of polyenes, filipin is certainly the most important tool to visual-
ize the localization of free cholesterol in cells. Filipin is an antibiotic with antifungal
properties and a mixture of four macrolides with minor differences in their struc-
ture, the fraction known as filipin III being the major component (Bolard, 1986)
(Fig. 1.4A). Filipin performs its antibiotic action by inducing a structural disorder
in sterol containing membranes. The disintegration of the membranes then leads
to the leakage of cellular components. Filipin requires a sterol partner with a free
3′-OH group. So it does not recognize esterified cholesterol. Further details concern-
ing the filipin–sterol interaction are unclear. Different models have been generated
to explain the organization of the filipin-sterol complexes within the membrane



14 G. Gimpl

CH3

OH OH OH OH OH

OH

CH3

OH

CH3

O OOH

OH

Filipin

A B

Fig. 1.4 Filipin (structure in panel A) staining is the standard method to visualize free cholesterol
in cells and tissues. Human fibroblasts from a control person (B, ‘fibroblasts’) and from a patient
with Niemann Pick C disease (B, ‘NPC fibroblasts’) were fixed by paraformaldehyde (3.7%), incu-
bated with the filipin III fluorophore (0.05% in PBS/10% FCS) for 60 min, washed twice with PBS,
and were mounted in Moviol. NPC fibroblasts show intense filipin accumulation in lysosomes/late
endosomes whereas in control fibroblasts the filipin (and thus free cholesterol) is concentrated on
the cell surface. [bar, 5 μm]

bilayer (Elias et al., 1979; Lopes et al., 2004). Filipin has been used for decades
to localize the distribution of free cholesterol in cells and tissues (Kinsky et al.,
1967; Elias et al., 1979; Orci et al., 1983; Butler et al., 1992). Filipin staining has
been and still is a prominent diagnostic tool for the identification of cholesterol mis-
localization in lysosomes of the Niemann-Pick C (NPC) phenotype (Butler et al.,
1987, 1992) (Fig. 1.4B). However, filipin is a cytotoxic compound disrupting the
integrity of sterol-containing membranes (Behnke et al., 1984). So, staining with
filipin can only be used in prefixed cells or tissues. Moreover, it possesses unfavor-
able spectroscopic properties, e.g. high photobleaching and excitation within the
UV range. Other polyene antibiotics such as nystatin and amphotericin B share
the cholesterol binding property of filipin. Both substances form pores, unlike fil-
ipin. Electrophysiologists use nystatin for the so-called ‘perforated patch clamping’
technique. Nystatin forms complexes with cholesterol that lead to ion-selective ‘per-
forations’ in the bilayer inside the patch pipette. Polyenes, particularly filipin, can
also be employed as cholesterol competitors in binding assays or functional interac-
tion studies in order to verify or falsify a putative cholesterol interaction of candidate
proteins. The oxytocin and galanin receptors, for example, showed a dose-dependent
decrease in ligand binding in the presence of increasing concentrations of filipin
(Gimpl et al., 1997; Pang et al., 1999).
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Overall, although filipin is routinely used as to visualize free cholesterol, it is not
entirely clear whether it’s staining reflects the correct distribution of cholesterol,
particularly at intracellular sites that are not easily accessible and/or prone to
artefacts from fixation techniques. It has also been reported that some sterol-
containing membranes are not labelled by filipin (Pelletier and Vitale, 1994; Steer
et al., 1984; Severs and Simons, 1983).

1.4.2 Cholesterol-Dependent Cytolysins

Cholesterol-dependent cytolysins (CDCs) (see also Chap. 20) are a family
of protein toxins produced by a variety of pathogenic Gram-positive bacte-
ria including Streptococcus pyogenes (streptolysin O), Streptococcus pneumoniae
(pneumolysin), Listeria monocytogenes (listeriolysin O), Clostridium perfringens
(perfringolysin O), and Bacillus anthracis (anthrolysin) (Rossjohn et al., 1997;
Palmer, 2001; Tweten et al., 2001). When the water-soluble cytolysin monomers
bind to cholesterol-containing membranes, they self-associate to form large
oligomeric complexes and aqueous pores in the bilayer. Structural features of the
cholesterol molecule required for interaction with the toxins include the 3β-OH
group, the stereochemistry of the sterol ring system, and the isooctyl side chain
(Watson and Kerr, 1974; Prigent and Alouf, 1976; Nelson et al., 2008). This suggests
that CDCs possess a specific cholesterol binding site.

Among the CDCs, perfringolysin O is one of the best studied cholesterol binding
molecules. It is comprised of four domains. The C-terminal portion of perfringolysin
O (D4 domain) folds into a separate β-sandwich domain composed of two four-
stranded β-sheets at one end of the elongated molecule (Rossjohn et al., 1997). This
D4 domain is involved in cholesterol recognition and binding (see also Chap. 21).
Specifically, only the short hydrophobic loops at the tip of the D4 β-sandwich
are responsible for mediating the interaction of the CDCs with cholesterol-rich
membranes, whereas the remainder of the structure remains close to the mem-
brane surface (Ramachandran et al., 2002; Soltani et al., 2007). Interestingly, the
mammalian immune defense system, the complement membrane attack complex
perforin, was found to be structurally homologous to the bacterial CDCs (Hadders
et al., 2007; Anderluh and Lakey, 2008). A protease-nicked and biotinylated deriva-
tive of perfringolysin O (termed BCθ-toxin) was shown to retain specific binding
to cholesterol without cytolytic activity. BCθ-toxin combined with fluorophore-
labelled avidin has been introduced as a cholesterol reporter system (Fujimoto
et al., 1997). This probe was used for the localization of membrane cholesterol in
various cells by fluorescence microscopy and by electron microscopy in cryosec-
tions (Iwamoto et al., 1997; Waheed et al., 2001; Mobius et al., 2002; Sugii et al.,
2003; Reid et al., 2004; Tashiro et al., 2004). Visualization of the D4 probe has
been achieved both by conjugation of a fluorophore to D4 and by N-terminal
fusion of green fluorescent protein (EGFP variant) to the protein (Shimada et al.,
2002). Perfringolysin O derivatives detected cholesterol primarily in cholesterol-
rich membrane microdomains (e.g. caveolae or ‘lipid rafts’) or liposomes with
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high (>20–25 mol%) cholesterol (Ohno-Iwashita et al., 1992; Waheed et al., 2001;
Shimada et al., 2002; Sugii et al., 2003). Studying the pathophysiological cholesterol
accumulation in the Niemann-Pick C mouse brain, staining with BCθ-toxin was
found to be superior to that achieved by filipin. In brain regions known to be
affected by the neurodegenerative NPC disease, cholesterol accumulations were
observed both at a better signal-to-noise ratio and at earlier time points with
BCθ-toxin as compared with filipin (Reid et al., 2004). In contrast, in a hippocam-
pal culture system, cholesterol was detectable by BCθ only at the cell surface
of fully matured neurons, whereas filipin stained intracellular and cell surface
cholesterol in neurons at all developmental stages. Additionally, the two choles-
terol reporters showed different labelling patterns in cultured hippocampal neurons.
While BCθ staining was observed mainly on axons, filipin labeled axons, den-
drites and somata (Tashiro et al., 2004). These authors reported also that neurons
that were induced to the NPC phenotype by administration of certain reagents,
lose cell surface BCθ staining on axons. Obviously, the distribution of cholesterol
at the axonal surface is critical for recognition by BCθ. In addition, when mem-
branes or cells were depleted of cholesterol by β-cyclodextrins, the binding of
θ-toxin was completely abolished whereas significant filipin staining was retained
(Waheed et al., 2001; Shimada et al., 2002). Thus, the toxin might recognize a cer-
tain arrangement of cholesterol at the outer leaflet of the membrane bilayer (Mobius
et al., 2002).

Taken together, perfringolysin O derivatives might be good and selective probes
for cholesterol-rich domains such as caveolae or rafts, but are neither suitable to
label cholesterol-poor organelles nor for quantitative in situ determination of mem-
brane cholesterol. In addition to their potency as cholesterol probes, cytolysins are
useful tools in cell biology due to their pore-forming capacity. For example, applica-
tion of a low concentration of streptolysin O facilitates the entry of macromolecules
into cells of interest (Lafont et al., 1995).

1.4.3 Enzymes with Cholesterol as Substrate

Of course, all enzymes that accept cholesterol as substrate possess a specific
cholesterol binding site and are potential candidate proteins to measure cholesterol
amounts or to detect cholesterol in membranes and cells. These comprise cholesterol
oxidases, the cholesterol esterifying ACAT enzymes, cholesterol sulfotransferase
SULT2B1b (Lee et al., 2003), the cytochrome P450 family proteins (e.g. cholesterol
hydroxylases like CYP46A1) (Mast et al., 2008), and other less well character-
ized enzymes (e.g. cholesterol transferase linking cholesterol to sonic hedgehog).
However, most of these enzymes are very hydrophobic, require detergents for sol-
ubilization or are inconvenient for the development of highly sensitive enzymatic
assays. So far, primarily the cholesterol oxidases (see also Chap. 5) have been
used to measure cholesterol concentrations or to gain information about cellular
and membrane cholesterol distribution.
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The flavoenzyme cholesterol oxidase converts cholesterol and oxygen into
the products 4-cholesten-3-one and hydrogen peroxide that can be quantitated
by spectrophotometry (or fluorometry) via an oxidative coupling reaction in the
presence of peroxidase to form a chromogen (or fluorophore). Currently, choles-
terol oxidase is immobilized onto different surfaces for the fabrication of cholesterol
biosensors. The properties of different cholesterol oxidases have been reviewed
(MacLachlan et al., 2000). Cholesterol oxidase is produced by several microorgan-
isms, e.g. Nocardia erythropolis, Brevibacterium sterolicum, Streptomyces hygro-
scopicus. Structures of cholesterol oxidase from Brevibacterium sterolicum and
Streptomyces hygroscopicus in its free and substrate-bound states have been deter-
mined at atomic resolution (Vrielink et al., 1991; Li et al., 1993; Yue et al., 1999).
The water-soluble enzyme associates peripherally with the surface of the mem-
brane. Probably, it forms a complex with the lipid bilayer that allows cholesterol
to move directly from the membrane into the active site (Bar et al., 1989; Ahn
and Sampson, 2004). In fact, it is known that the properties of the membrane
strongly influence the accessibility of the enzyme to its substrate. Thus, choles-
terol oxidase is a valuable probe for studying membrane organization and a sensor
of the bilayer lipid phase, with a preferential binding to the solid phase (Patzer
and Wagner, 1978; Ahn and Sampson, 2004). Cellular cholesterol can be tracked
by using its susceptibility to cholesterol oxidase (Lange, 1992). In living intact
cells, cholesterol is only a poor substrate for cholesterol oxidase. This changes
markedly, when certain substances or enzymes were added to the cells. Among
the agents stimulating the enzymatic turnover are cholesterol, glutaraldehyde, low
ionic strength buffer, phospholipase C, sphingomyelinase, detergents, and mem-
brane intercalators such as decane or octanol (Lange et al., 1984; Slotte et al., 1989).
Lysophosphatides are shown to inhibit the activity of cholesterol oxidase (Lange
et al., 1984; Lange et al., 2005). It has been proposed that in the unperturbed plasma
membrane, cholesterol is kept at a low chemical potential by its association with
bilayer phospholipids (Radhakrishnan and McConnell, 2000). Thus, stimulators of
enzyme activity might act by increasing the chemical activity of cholesterol lead-
ing to a better accessibility of cholesterol to the enzyme, whereas inhibitors such as
lysophosphatidylcholine might associate with excess cholesterol and thereby lower
its chemical activity (Lange et al., 2004). Variations of cholesterol oxidase accessi-
bility have been explained by sterol superlattices in membranes (Wang et al., 2004).
According to this model, cholesterol within sterol superlattices is tightly packed
and more accessible to the aqueous phase (i.e. to cholesterol oxidase) as compared
with cholesterol localized in irregularly distributed lipid areas (Wang et al., 2004).
The cholesterol oxidase-accessible plasma membrane pool may be the same pool
of cholesterol removed by high density lipoproteins (Vaughan and Oram, 2005).
The susceptibility to cholesterol oxidase has been exploited to gain information
about the localization, transfer kinetics, and transbilayer distribution of cholesterol
(Lange, 1992). In human fibroblasts, 90% of the cholesterol in fixed (e.g. glutaralde-
hyde treated) cells was oxidized by the enzyme within ~1 min. The residual 10%
of cholesterol resistant to cholesterol oxidase coincided with markers of endocytic
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membranes that are also in large part derived from the plasma membrane (Lange
et al., 1989; Lange, 1991). This would indicate that in fibroblasts almost all of
the cellular cholesterol is localized in the plasma membrane pool, whereas only
minor cholesterol amounts (1% or less) are distributed to other organelles (e.g. the
endoplasmic reticulum). Application of cholesterol oxidase in human erythrocytes
suggested that cholesterol flips very rapidly (half time < 3 s at 37◦C) across the
plasma membrane (Lange et al., 1981). In contrast, another group reported a half-
time of 1–2 h for the transmembrane movement of cholesterol using susceptibility
to cholesterol oxidase as reporter (Brasaemle et al., 1988). The transfer of newly
synthesized cholesterol to the cell surface occurred with a half-time of 10–60 min
as measured by the cholesterol oxidase approach in fibroblasts (Lange and Matthies,
1984; Lange, 1991).

Overall, the application of cholesterol oxidase as a cholesterol probe requires
careful selection of reaction conditions and rigorous control experiments. When the
enzyme is used on living cells, alterations in protein localization or receptor sig-
naling are possible (Smart et al., 1994; Gimpl et al., 1997; Okamoto et al., 2000).
Inherent difficulties in this approach are related with the fact that the enzyme con-
verts cholesterol to a steroid with substantially altered properties. For example,
4-cholesten-3-one does not condense a phospholipid monolayer to the same extent
as cholesterol (Gronberg and Slotte, 1990). In addition, 4-cholestene-3-one is a raft-
dissolving steroid that, unlike cholesterol, favours the liquid disordered phase (Xu
and London, 2000). Its action promotes a certain rate of leakage of the plasma mem-
brane (Ghoshroy et al., 1997). Mutant enzymes with unimpaired membrane binding
and no catalytic activity may overcome this limitation (Yin et al., 2002). Also, other
enzymes with cholesterol as substrate, e.g. cholesterol dehydrogenases or choles-
terol sulfatases, should be evaluated for their applicability as cellular cholesterol
reporters.

1.4.4 Other Cholesterol-binding Proteins

Enzymes using cholesterol as substrate usually possess binding cavities to accom-
modate large parts of the cholesterol molecule (Mast et al., 2008; Chen et al., 2008).
In these and other cholesterol binding proteins, a couple of binding motifs have been
described and may be classified as follows (Table 1.1):

(i) Cholesterol binding tunnels/cavities: typically these structures are hydropho-
bic pockets, sometimes closable by a lid. They accommodate a single cholesterol
molecule with medium- to high-affinity and are found in enzymes and other unre-
lated proteins (e.g. NPC2, the retinoic acid-related orphan receptor (RORα)) (Kallen
et al., 2002). (ii) Sterol-sensing domain (SSD): this domain comprises a penta-
helical region that is weakly conserved across different polytopic proteins, such
as sterol regulatory element-binding protein cleavage-activating protein (SCAP),
hydroxymethylglutaryl-CoA reductase (HMG-CoA reductase), the Niemann-Pick
C (NPC) disease protein NPC1, and the hedgehog receptor patched (Kuwabara
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and Labouesse, 2002). Although all these proteins are implicated in some aspects
of cholesterol metabolism, proof of cholesterol binding at this domain are rather
weak. In the case of NPC1, photoaffinity approaches suggested that the choles-
terol binding site is present within the SSD domain (Ohgami et al., 2004), whereas
cholesterol binding was localized to the large Cys-rich luminal loop-1 according
to radioligand binding assays (Infante et al., 2008b). (iii) START domain: START
proteins represent a superfamily of hydrophobic ligand binding proteins. The name-
giving member of proteins bearing this ~200 amino acids domain is ‘Steroid
Acute Regulatory’ Protein (StAR=STARD1). STARD1 is essentially involved in
the rate-limiting step of steroidogenesis, the transport of cholesterol to the mito-
chondria. The structure of the cholesterol binding cavity of the related StARD3
(=MLN64) has been resolved (Tsujishita and Hurley, 2000). The START domain
is however not a specific cholesterol binding domain as in other START pro-
teins other lipids are bound in the cavity (e.g. phosphatidylcholine in StARD2).
(iv) ‘Cholesterol recognition amino acids consensus’ (CRAC) domain: the pep-
tide ‘ATVLNYYVWRDNS’ (underlined amino acids are purported to interact with
cholesterol) has first been identified as a high-affinity cholesterol binding motif
in the C-terminus of the peripheral benzodiazepine receptor (PBR) (= TSPO,
‘Translocator protein, 18 kDa’) (Li et al., 2001). Together with STARD1, this recep-
tor enables the translocation of cholesterol into mitochondria (see above). In its
generalized form (– L/V – (X)1−5 − Y − (X)1−5 – R/K), this motif is found
in many proteins such as cholesterol-dependent GPCRs (receptors for oxytocin
and 5HT1A possess this motif in their fifth transmembrane helix), the sigma-1
receptor (with two consecutive CRAC motifs), HIV-1 env gp41 protein, and oth-
ers (Table 1.1). (v) ‘Cholesterol Consensus Motif’ (CCM): this motif has been
described by the crystal structure of the β2-adrenergic receptor (Hanson et al., 2008).
Two cholesterol molecules were found in a receptor cleft formed by the segments
of transmembrane helices 1-4. Based on homology, the following CCM has been
defined: [4.39-4.43(R,K)]—[4.50(W,Y)]—[4.46(I,V,L)]—[2.41(F,Y)] (according to
Ballesteros-Weinstein nomenclature). This motif is found in more than 40 class
A GPCRs, including the cholesterol dependent oxytocin and 5HT1A receptor
(Table 1.1).

Presumably, many proteins exist that interact with cholesterol but do not pos-
sess the above-mentioned motifs. The knowledge about these cholesterol binding
motifs can be exploited to develop improved cholesterol binding assays. One of
the main obstacles in cholesterol binding assays results from the low water solu-
bility of cholesterol. Solubility of cholesterol can for example be achieved through
inclusion in cyclodextrin complexes or stabilization by low amounts of detergents
such as Triton X-100. However, these additional compounds can disturb binding
reactions. For this purpose, it would be beneficial to have water-soluble choles-
terol binding modules available that can act both as ‘solubilizers’ and competitors
for cholesterol binding. To function as cholesterol donor, the affinity of these
molecules to cholesterol must be lower than that of the candidate cholesterol bind-
ing protein under investigation. Further applications of these cholesterol binding
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proteins concern their potency to act as specific cholesterol donors or acceptors,
that once may substitute the non-specific cholesterol donor and acceptor complexes
MβCD/Chol-MβCD.

1.5 Binding Studies with Radiolabelled Cholesterol

In classical binding studies, radioligand and receptor protein are incubated to equi-
librium, bound is separated from free radioligand by means of centrifugation or
rapid filtration through presoaked glass fiber filters, and the pelleted membranes or
the filters are washed and counted. However, when water-insoluble lipids such as
cholesterol are the radioligands, direct binding assays are difficult and often not
reproducible. Saturation and kinetic data have successfully been obtained when
recombinant His-tagged proteins (e.g. NPC1 and SCAP) were used for choles-
terol binding assays (Table 1.3). This allows the separation of bound and free

Table 1.3 Radioligand binding studies for some cholesterol binding proteins

Protein [tag], species Ligand/Methoda Affinity Referenceb

NPC1 [His], human [3H]cholesterol,
nickel-agarose

~100 nM 1

NPC1 luminal loop-1 [His], human [3H]cholesterol,
nickel-agarose

50–130 nM 2, 3

NPC2 [His], mouse [3H]cholesterol,
gel filtration

~30 nM 4

NPC2 [His], human [3H]cholesterol,
nickel-agarose

90–150 nM 2, 3

NPC2 [none], human epididymis [3H]cholesterol,
dextran-coated charcoal

2.3 μM 5

PBR [none], mouse [3H]cholesterol,
centrifugation

10 nM 6

SCAP (TM1-8, solubilized)
[His], hamster

[3H]cholesterol,
nickel-agarose

50–100 nM 7

StARD1-START [His], human [14H]cholesterol,
nickel-agarose

>1 μM 8, 9

StARD3-START [His], human [14H]cholesterol,
nickel-agarose

>1 μM 9

StARD4 [His], human [14H]cholesterol,
nickel-agarose

<1 μM 10

StARD5 [His], human [14H]cholesterol,
nickel-agarose

<1 μM 11

aThe indicated method refers to the separation of free and bound radioligand.
bReferences for Table 1.3: 1. (Infante et al., 2008a); 2. (Infante et al., 2008b); 3. (Infante et al.,
2008c); 4. (Ko et al., 2003); 5. (Okamura et al., 1999); 6. (Jamin et al., 2005); 7. (Radhakrishnan
et al., 2004); 8. (Tsujishita and Hurley, 2000); 9. (Baker et al., 2007); 10. (Rodriguez-Agudo et al.,
2008); 11. (Rodriguez-Agudo et al., 2005).
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radioligand via affinity chromatography on nickel agarose columns: adsorption of
the assay solution to the affinity matrix, washing off the free and elution of the bound
radioligand by imidazol (>0.2 M). If the candidate protein is not His-tagged, sepa-
ration in gel filtration columns may be possible. However, these assays are tedious
because each data point requires a separate column. To characterize the cholesterol
binding of CRAC domains in HIV-1 env gp 41 and sigma-1 receptor, cholesteryl-
hemisuccinate coupled to agarose was used as the affinity matrix for these proteins
(Vincent et al., 2002; Palmer et al., 2007). However, this adsorption method will
not be generally applicable because most cholesterol binding proteins require the
free hydroxyl group of cholesterol, which is esterified in the cholesteryl affinity
matrix.

The KD values obtained for cholesterol binding can vary markedly when different
binding assays are used. This is well documented for NPC2 for which dissociation
constants between 30 nM and 2.3 μM have been obtained (Table 1.3). The lowest
affinity (2.3 μM) has been reported using a cholesterol binding assay where free
[3H]cholesterol was bound onto dextran-coated charcoal and was removed by cen-
trifugation, a separation method often used in radioimmunoassays. Spectroscopic
assays with NPC2 using dehydroergosterol resulted in KD values of 120–660 nM
(Friedland et al., 2003). When detergents are required, their usage can lead to
dramatic alterations in cholesterol binding as documented for SCAP and NPC1
(Radhakrishnan et al., 2004; Infante et al., 2008a, 2008b). Detergent micelles may
themselves sequester radiolabeled cholesterol and can thus disturb binding kinetics.
The best detergents for SCAP and NPC1 were Fos-Choline 13 and Nonidet P-40.
Recombinant NPC1 bound cholesterol, but binding was inhibited when the concen-
tration of Nonidet P-40 exceeded the micellar threshold. In case of the more water
soluble oxysterols (e.g. [3H]25-hydroxycholesterol), traditional filter assays have
been successfully performed in radioligand binding studies with NPC1 (Infante
et al., 2008a). In these binding assays, NPC1 was actually identified as an oxys-
terol binding protein. The KD for [3H]25-hydroxycholesterol binding was ~10 nM
in 0.004% Nonidet P-40, whereas at higher detergent concentrations (1%), the KD

increased several-fold to 80 nM (Infante et al., 2008a). Again, the binding results
markedly depended on the concentrations of the employed detergent. Further stud-
ies showed that one (the putative second site within the SSD?) cholesterol binding
site of NPC1 is localized in the N-terminal luminal loop-1 domain of the protein.
NPC1 luminal loop-1 bound [3H]cholesterol with a KD of 130 nM, whereas binding
of [3H]25-hydroxycholesterol occurred with >10 fold higher affinity compared to
[3H]cholesterol (Infante et al., 2008b). More qualitative than quantitative cholesterol
binding assays can be achieved by lipid protein overlay assays (Dowler et al., 2002;
Rodriguez-Agudo et al., 2008). In this case, serial dilutions of cholesterol or other
sterols are spotted onto a nitrocellulose membrane and are incubated with the candi-
date cholesterol binding protein possessing an epitope tag. After washing steps, the
protein is detected with an anti-epitope antibody and a secondary fluorescence- or
radiolabelled antibody. The method allows sensitive readouts and can be performed
even if no radiolabelled sterol is available.
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1.6 Fluorescent Cholesterol Analogues

The cholesterol molecule has achieved evolutionary perfection to fulfil its different
functions in membrane organization (Yeagle, 1985). Features that have been found
to be necessary for a biologically active cholesterol analogue are a free 3β-OH, a
planar tetracyclic ring system with a �5(6) double bond, angular methyl groups,
and an isooctyl side chain at the 17β-position (Schroeder, 1984) (Fig. 1.2B). The
aliphatic side chain may be necessary to allow flip-flops and/or tail-to-tail transbi-
layer interaction of cholesterol molecules, whereas the 3′-OH group could interact
with the head group of phospholipids. The structural features of a biologically
active cholesterol substitute supporting ordered lipid domains are very stringent
(Yeagle, 1985; Schroeder et al., 1995; Vainio et al., 2006; Megha et al., 2006).
None of the cholesterol probes designed so far can claim to mimic all proper-
ties of the multifunctional cholesterol molecule. Among the fluorescent sterols two
classes of probes can be distinguished: (i) intrinsically fluorescent sterols (e.g. dehy-
droergosterol and cholestatrienol); (ii) cholesterol probes with chemically linked
fluorophores (Fig. 1.5). Both classes of probes have their specific advantages and
disadvantages. Sterols belonging to the first class are more cholesterol-like but
possess unfavourable spectroscopic properties. To compensate for the low quan-
tum yield and severe photobleaching of these fluorophores, cells must be loaded
with a relatively high sterol concentration. It cannot be excluded that the high
amounts required for these probes preferentially force them into pathways which are
untypical for cholesterol. Sterol analogues of the second class bear bulky reporter
groups. However, their fluorescence properties are much better so that these probes
can be applied at lower concentrations. Several fluorescent cholesterol analogues
have been employed to address fundamental issues of distribution and traffick-
ing of cholesterol. In particular, they enable the researcher to design pulse-chase
experiments and/or to image the sterol in living cells. Moreover, binding assays
can be developed by exploiting specific fluorescence properties such as sensitized
emission, polarization, lifetime, quenching behaviour, or resonance energy transfer
(Table 1.4).

1.6.1 Dehydroergosterol

Dehydroergosterol (=ergosta-5,7,9(11),22-tetraene-3β-ol) is a cholesterol analogue
with intrinsic fluorescence that naturally occurs in yeasts and certain sponges. Its
structure differs from cholesterol only in possessing three additional double bonds

�

Fig. 1.5 Fluorescent cholesterol reporters used for cholesterol imaging and/or cholesterol
binding assays: dehydroergosterol, cholestatrienol (=cholesta-5,7,9(11)-triene-3β-ol), 22-NBD-
cholesterol (=22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-cholen-3-ol), 25-
NBD-cholesterol (=25-[N-[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol);
6-dansyl-cholestanol; Bodipy-cholesterol, 23-(dipyrrometheneboron difluoride)-24-norcholesterol
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Table 1.4 Cholesterol binding assays using fluorescent cholesterol probes

Fluorescent probe Protein/peptide Method Referencea

Bodipy-Cholesterol NPC1 emission increase 1
Cholestatrienol NPC1 emission increase 1

Sterol carrier protein
(rat liver)

polarization, lifetime
energy transfer

2

Rhodopsin energy transfer 3
Dehydroergosterol NPC1 emission increase 1

NPC2 emission increase 4
NPC2 emission increase 5
Amyloidß-40 energy transfer, polarization 6
Melittin energy transfer 7
Cryptogein emission increase 8
Fatty acid binding

protein
emission increase

polarization
9

22-NBD-cholesterol NPC1 emission increase,
collisional quenching
Trp quenching

1

STARD1 emission increase 10, 11
Sterol carrier

protein-2 (human)
emission increase 12

aReferences for Table 1.4: 1. (Liu et al., 2009b); 2. (Schroeder et al., 1985); 3. (Albert et al.,
1996); 4. (Friedland et al., 2003); 5. (Liou et al., 2006); 6. (Qiu et al., 2009); 7. (Raghuraman and
Chattopadhyay, 2004); 8. (Mikes et al., 1997); 9. (Nemecz and Schroeder, 1991); 10. (Baker et al.,
2007); 11. (Petrescu et al., 2001); 12. (Avdulov et al., 1999).

and a methyl group at C-24 (Fig. 1.5). Dehydroergosterol is one of the best stud-
ied cholesterol probes concerning its physico-chemical properties (Schroeder, 1984;
Schroeder et al., 1995). In many respects, it faithfully mimics cholesterol. For exam-
ple, it co-distributes with cholesterol in both model and biological membranes,
exhibits the same exchange kinetics as cholesterol in membranes, is nontoxic to
cultured cells or animals, and is accepted by ACAT as a substrate for esterifica-
tion (Schroeder, 1984; Smutzer et al., 1986; Schroeder et al., 1996; Frolov et al.,
1996). It can also replace up to 85% of L-cell fibroblast cholesterol without causing
significant detrimental effects (Schroeder, 1984). So, its employment as a choles-
terol reporter should be a good choice. However, dehydroergosterol has unfavorable
spectroscopic properties including a low quantum yield, excitation and emission
in the UV region, and rapid photobleaching. Several imaging studies with dehy-
droergosterol have now been performed (Mukherjee et al., 1998; Frolov et al.,
2000; Hao et al., 2002; Wustner et al., 2002, 2004; McIntosh et al., 2003; Zhang
et al., 2005; Pipalia et al., 2007; Wustner, 2007; Mondal et al., 2009). Even short
pulse-chase experiments were possible using dehydroergosterol complexed with
methyl-β-cyclodextrin. In mouse L-fibroblasts, dehydroergosterol applied in the
form of large unilamellar vesicles as donor was rapidly targeted from the plasma
membrane to lipid droplets (Frolov et al., 2000; Zhang et al., 2005). In most studies,
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UV-microscopy was performed using dehydroergosterol complexed with methyl-
β-cyclodextrin as donor (Hao et al., 2002; Wustner et al., 2002, 2004). Hao et al.
(2002) found that in a CHO cell line, dehydroergosterol was preferentially incorpo-
rated into the endocytic recycling compartment within minutes and remained there
for hours. Likewise, in polarized HepG2 hepatocytes and in J774 macrophages,
the influx of dehydroergosterol was reported to occur via a vesicular pathway
with enrichment in recycling endosomes. In macrophages but not in hepatocytes,
dehydroergosterol was also translocated to lipid droplets (Wustner et al., 2002,
2004). Since dehydroergosterol possesses a significantly higher esterification rate
(>7-fold) as compared with [3H]cholesterol, one may expect that after hours the
sterol will be stored as ester into lipid droplets (Frolov et al., 2000). Because the
enzymes responsible for esterification are localized in the endoplasmic reticulum,
its substrate should also be localized there for some time. From unknown reasons
dehydroergosterol has not been observed to be translocated into the endoplas-
mic reticulum. Dehydroergosterol has also been employed to address the question
whether cholesterol-rich microdomains are present in vivo. The results of these
studies provided some evidence in favour of the ‘lipid rafts’ concept (McIntosh
et al., 2003; Zhang et al., 2005). Additionally, cholesterol binding assays for var-
ious cholesterol-binding proteins such as fatty acid binding protein (Nemecz and
Schroeder, 1991), sterol carrier protein-2 (Schroeder et al., 1990), NPC1 (Liu et al.,
2009b), and NPC2 (Friedland et al., 2003; Liou et al., 2006) have been established
using the fluorescence properties of dehydroergosterol.

1.6.2 Cholestatrienol

Cholestatrienol (=cholesta-5,7,9(11)-triene-3β-ol) is a fluorescent cholesterol probe
similar to dehydroergosterol. It differs from dehydroergosterol in the absence
of both the double bond �22 and the methyl group at C-24 (Fig. 1.5). Thus,
cholestatrienol possesses an isooctyl side chain like cholesterol and should therefore
mimic cholesterol better than dehydroergosterol. This was indeed the case when
their effects on phospholipid condensation by NMR spectroscopy were compared
(Scheidt et al., 2003) Both fluorescent sterol analogues have been introduced at
the same time as membrane and lipoprotein probes and can be used to measure
the sterol exchange between membranes (Bergeron and Scott, 1982; Nemecz et al.,
1988). In each case, cholestatrienol is regarded as a cholesterol analogue that mim-
ics the membrane behaviour of cholesterol quite well (Fischer et al., 1984; Smutzer
et al., 1986; Schroeder et al., 1988; Hyslop et al., 1990; Yeagle et al., 1990; Scheidt
et al., 2003; Bjorkqvist et al., 2005).

Cholestatrienol associates with liquid ordered domains and its quenching by
nitroxide-labelled lipids can report on the formation or separation of lipid domains
(Bjorkqvist et al., 2005; Heczkova and Slotte, 2006). Cholestatrienol has also been
evaluated as an appropriate reporter for sterol–protein interactions (Schroeder et al.,
1985). A close interaction between cholesterol and rhodopsin has been demon-
strated by fluorescence energy transfer from protein tryptophans to cholestatrienol
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in retinal rod outer segment disk membranes (Albert et al., 1996). Recently, even
the imaging of cholestatrienol-specific fluorescence by confocal microscopy has
been reported (Tserentsoodol et al., 2006). Low-density lipoproteins labelled with
cholestatrienol crossed the blood-retina barrier and were taken up by the retina
within 2 h of intravenous injection. The fluorescent sterol was observed to remain in
photoreceptor outer segments for at least 24 h. Presumably, cholestatrienol became
highly concentrated in retinal tissues, because imaging could not otherwise be
expected under the described conditions (Tserentsoodol et al., 2006). In CHO cells,
recent quenching studies performed with cholestatrienol and dehydroergosterol as
cholesterol reporters and 2,4,6-trinitrobenzene sulfonic acid as membrane imper-
meant quencher, provided evidence that cholesterol is preferentially (~60–70%)
localized in the cytoplasmic leaflet of the plasma membrane (Mondal et al., 2009).

1.6.3 NBD-Cholesterol

The 7-nitrobenz-2-oxa-1,3-diazol-4-yl (=NBD) fluorophore has been widely used
as a reporter group for lipids (Chattopadhyay, 1990). The term NBD-cholesterol
causes some confusion in the literature, because a couple of fluorescent cholesterol
analogues are available with this name. The two predominantly applied ana-
logues will be designated herein as 22-NBD-cholesterol and 25-NBD-cholesterol,
respectively (Fig. 1.5). In further less appropriate NBD-cholesterol variants, the
fluorophore including a spacer has been attached at the C-3 OH via an ester
linkage. Both 22- and 25-NBD-cholesterol have been employed to study the dis-
tribution and dynamics of cholesterol in different systems. The behaviour of lateral
phases in cholesterol and phosphatidylcholine monolayers has been visualized by
fluorescence microscopy using 22-NBD-cholesterol (Slotte and Mattjus, 1995).
Results with model membranes and 25-NBD-cholesterol as reporter indicated that
cholesterol may form trans-bilayer, tail-to-tail dimers even at low sterol concentra-
tions (Mukherjee and Chattopadhyay, 1996; Rukmini et al., 2001). McIntyre and
Sleight (1991) introduced the fluorescence quenching of NBD by dithionite as an
approach to measure the membrane lipid asymmetry. If the NBD group is local-
ized at the outer leaflet of the membrane and is accessible from the aqueous phase,
it can be chemically reduced to a non-fluorescent state by water-soluble dithion-
ite. In lipid vesicles, which were selectively labelled with 22-NBD-cholesterol
at the outer leaflet, dithionite reduced 95% of the NBD fluorescence (McIntyre
and Sleight, 1991). Schroeder et al. (1991) explored the trans-bilayer cholesterol
distribution of human erythrocytes using two approaches: photobleaching of 22-
NBD-cholesterol and quenching of dehydroergosterol fluorescence. These results
suggested an enrichment of cholesterol in the inner leaflet of the erythrocytes
(Schroeder et al., 1991) similar to that observed in quenching studies with CHO cells
(Mondal et al., 2009). In aggregates and micelles, taurocholic acid quenches the flu-
orescence of 22-NBD-cholesterol (Cai et al., 2002). Based on the dequenching of
the NBD fluorescence, an in vitro assay has been developed to measure the exit of
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cholesterol from bile acid micelles (Cai et al., 2002). Concerning the quenching
behavior of the NBD group, it was observed that the photostability of a NBD-
labelled ceramide was strongly dependent on the cholesterol status of the Golgi
apparatus where the ceramide accumulates. Cholesterol deprivation of the cells
accelerated the photobleaching of the NBD-labelled ceramide several-fold, suggest-
ing that this lipid may be used to monitor cholesterol at the Golgi compartment
(Martin et al., 1993).

In recent years, 22-NBD-cholesterol has been mainly used, although the 25-NBD
variant has some advantages as compared with 22-NBD-cholesterol. For example,
22-NBD-cholesterol revealed an anomalous distribution behaviour in phosphatidyl-
choline/cholesterol bilayers (Loura et al., 2001). 25-NBD-cholesterol contains the
full isooctyl side chain like cholesterol. A chain length of at least 5 carbons at the
17β-position was necessary for sterols to form visible sterol/phospholipid domains
in lipid monolayers (Mattjus et al., 1995). The spectroscopic properties of 25-NBD-
cholesterol have been characterized in detail (Chattopadhyay and London, 1987,
1988). A critical evaluation of both NBD-cholesterols has been published by Scheidt
et al. (2003), who observed that they adopt a reverse (up-side-down) orientation
within a phospholipid bilayer. In contrast, Chattopadhyay and London (1987) found
that the fluorophore of 25-NBD-cholesterol was deeply buried within the bilayer.
Possibly, the high mobility of the sterol may explain these discrepant results. 22-
NBD-cholesterol has successfully been employed to prove and characterize the
cholesterol binding of the cholesterol-binding proteins ‘steroidogenic acute regu-
latory protein’ and ‘sterol carrier protein-2’ by spectroscopic techniques (Avdulov
et al., 1999; Petrescu et al., 2001). When applied to CHO cells, a mistargeting to
mitochondria has been observed for both 22- and 25-NBD-cholesterol (Mukherjee
et al., 1998). However, in L-cell fibroblasts, 22-NBD-cholesterol distributed sim-
ilarly as dehydroergosterol from the plasma membrane into lipid droplets (Frolov
et al., 2000; Atshaves et al., 2000). In hamsters fed with a diet containing 22-NBD-
cholesterol, the sterol was found to be absorbed (less efficiently than cholesterol)
by intestinal epithelial cells and packaged into lipoproteins (Sparrow et al., 1999).
Within the enterocytes most of the sterol was translocated into large apical droplets
and was presumably stored there in esterified form. 22-NBD-cholesterol was ver-
ified as a good substrate for esterification in different cells (Sparrow et al., 1999;
Frolov et al., 2000; Lada et al., 2004). HDL-associated 22-NBD-cholesterol was
imaged in 3T3-L1 fibroblasts differentiating to adipocytes (Dagher et al., 2003).
At early stages of differentiation, 22-NBD-cholesterol colocalized with scattered
Golgi structures, while in developing adipocytes, the fluorescent sterol gradually
concentrated in lipid droplets (Dagher et al., 2003).

1.6.4 Bodipy-Cholesterol

Several cholesterol analogs have been synthesized in which the Bodipy group was
inserted into the aliphatic chain of cholesterol. The most promising reporter of
this series is cholesterol linked to a Bodipy moiety at position C-24 (Fig. 1.5).
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This compound preferentially partitioned into liquid-ordered domains in model
membranes and giant unilamellar vesicles (Li et al., 2006; Shaw et al., 2006;
Li and Bittman, 2007). Recently, this compound was used as promising tool to
visualize sterol trafficking in living cells and organisms. When compared with
[3H]cholesterol, Bodipy-cholesterol has a higher tendency to be released from cells
and its esterification rate was markedly lower (Holtta-Vuori et al., 2008).

1.6.5 Fluorescent PEG-Cholesterol

The fluorescein ester of poly(ethyleneglycol)cholesteryl ether (fPEG-Cholesterol)
(Fig. 1.5) has been introduced as a special cholesterol probe (Ishiwata et al., 1997;
Sato et al., 2004; Takahashi et al., 2007). Due to its water solubility and the absence
of a hydroxyl group at C3, fPEG-Cholesterol is certainly not a good cholesterol
mimic. However, this probe exclusively incorporates into the outer leaflet of the
plasma membrane, co-localizes to some degree with rafts markers, and is thus
useful to monitor the dynamics of cholesterol-rich membrane microdomains. The
trafficking of fPEG-cholesterol was found to be different from that of dehydroergos-
terol. FPEG-cholesterol was not observed in the endocytic recycling compartment.
Instead, it internalizes slowly via clathrin-independent pathways into endosomes
and the Golgi region together with some raft markers. In fixed and permeabilized
fibroblasts, the fluorescence pattern of fPEG-cholesterol was similar to that of fil-
ipin. The probe was also able to detect the mislocalization of cholesterol in NPC
fibroblasts (Sato et al., 2004). However, one should be aware that the ester bond in
fPEG-cholesterol could be easily cleaved by intracellular esterases.

1.6.6 Dansyl-Cholestanol

With the synthesis of 6-dansyl-cholestanol we have recently introduced a novel
fluorescent cholesterol probe (Fig. 1.5) (Wiegand et al., 2003). The introduc-
tion of a photoreactive azo-group at the same position (6-azi-5α-cholestanol, see
below) has proven to be a useful tool for cholesterol–protein interaction studies, as
described below. Derivatization at position 6 did not change the biophysical param-
eters of the cholesterol analogue in model membranes (Mintzer et al., 2002). The
‘dansyl’-group was chosen because it is one of the smallest fluorescent groups avail-
able. Using CHO cells we compared the behaviour of dansyl-cholestanol versus
[3H]cholesterol with respect to esterification rate, efflux kinetics, and distribution
in detergent-insoluble lipid domains (‘rafts’). Dansyl-cholestanol showed the same
kinetics of esterification by ACAT as compared with [3H]cholesterol. Also, the
efflux kinetics and subcellular distribution profile were found to be same for both
sterols (Wiegand et al., 2003). Further observations indicated the quality of dansyl-
cholestanol as a probe for cholesterol: (i) The cellular influx of dansyl-cholestanol
occurred rapidly by an energy-independent pathway via the endoplasmic reticu-
lum. In previous biochemical studies with [3H]cholesterol, it had been proposed
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that plasma membrane-derived cholesterol passed through the endoplasmic reticu-
lum prior to its transfer to other intracellular sites (Lange et al., 1993; Liscum and
Munn, 1999). (ii) Following inhibition of ACAT the unesterified dansyl-cholestanol
accumulated in the endoplasmic reticulum in accordance with earlier predictions for
cholesterol (Butler et al., 1992; Blanchette-Mackie, 2000). (iii) Dansyl-cholestanol
was finally translocated to lipid droplets. This agrees well with the trafficking
behavior of 22-NBD-cholesterol and dehydroergosterol as described above. (iv) In
a recent imaging study, dansyl-cholestanol was also observed in cholesterol-rich
microdomains and showed overall distribution patterns similar as dehydroergos-
terol (Petrescu et al., 2009). (v) Analysis of the membrane penetration depth
revealed that the dansyl group of the probe is localized at the interfacial region
of the membrane in agreement with the location of cholesterol in fluid-phase mem-
branes (Shrivastava et al., 2009). Thus, 6-dansyl-cholestanol is certainly a promising
cholesterol probe. One disadvantage concerns its substantial photobleaching that
shortens the imaging time.

1.7 Spin-Labelled Cholesterol

Spin-labeled lipids provide information about the structure of biological membranes
by using nuclear magnetic and electron spin resonance spectroscopy. Cholesterol
analogues with a nitroxide spin-label (doxyl moiety) attached at the C-3 or C-25
position have been synthesized to analyze the orientation, distribution and transbi-
layer movements of the cholesterol probe in liposomes and biological membranes.
Spin–spin interaction of 3β-doxyl-5α-cholestane in liposomes provided evidence
for the formation of cholesterol-enriched domains (Tampe et al., 1991). Using this
probe, it was also observed that cholesterol undergoes a rapid transbilayer move-
ment (<1 min) in liposomes and human erythrocytes (Muller and Herrmann, 2002).
An even faster flip-flop (<1 s) of cholesterol has been reported (Steck et al., 2002).
Concerning its condensing effect on phospholipids the spin-labeled compound 25-
doxyl-cholesterol (Fig. 1.6) was found to be an excellent cholesterol analogue. This
sterol probe revealed a cholesterol-like orientation, with the doxyl group at C-25
facing the chain termini of the phospholipids (Scheidt et al., 2003). The localiza-
tion of the doxyl group in the membrane interior was confirmed by the finding
that the nitroxide label was inaccessible from the aqueous phase as it could not
be reduced by ascorbate (Scheidt et al., 2003). Probes with the spin-label group
accessible from the aqueous phase (e.g. at C-3 as in 3β-doxyl-5α-cholestane) allow
to measure cholesterol flip-flop by chemical reduction of the nitroxide radical with
ascorbate (Morrot et al., 1987). However, cholesterol analogues with modifications
at C-3 are not regarded as faithful mimics of cholesterol. For example, 3β-doxyl-5α-
cholestane was not able to exert a comparable condensing effect on phospholipids
as cholesterol (Scheidt et al., 2003). Investigations on the transmembrane diffusion
of lipids obtained with spin-labeled and fluorescent lipid probes have recently been
summarized (Devaux et al., 2002).
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23,24-bisnorcholan-5-en-3β-ol (D, R=R1), the fluorenone moiety (D, R=R2)

1.8 Affinity Labelling with Photoreactive Cholesterol

Specific cholesterol binding proteins can be directly identified by the usage of pho-
toreactive cholesterol analogues. In the first photoreactive cholesterol analogues
that were synthesized, the photoreactive groups were incorporated either at the
C-3 position (cholesteryl diazoacetate, 3α-azido-5-cholestene, or 3α-(4-azido-3-
iodosalicylic)-cholest-5-ene) (Middlemas and Raftery, 1987; Corbin et al., 1998)
or at the aliphatic side chain of cholesterol (25-azidonorcholesterol or sterols with
diazoacetate, aryldiazirines or fluorodiazirine attached at C-22 or C-24) (Stoffel
and Klotzbucher, 1978; Terasawa et al., 1986). Unfortunately, not many applica-
tions have been described for most of these compounds. The nicotinic acetylcholine
receptor binds cholesterol but reveals very low structure–activity requirements for
cholesterol. Even analogues derivatized at the C-3 positions with a broad range
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of substituents or bile acid derivatives support receptor activity (Fernandez et al.,
1993; Corbin et al., 1998). Using 3α-(4-azido-3-iodosalicylic)-cholest-5-ene or the
bile acid p-azidophenacyl 3α-hydroxy-5β-cholan-24-ate as photoreactive probes,
all subunits of the nicotinic acetylcholine receptor could be labeled in membranes
or proteoliposomes (Corbin et al., 1998). Photoreactive cholesteryl diazoacetate
also labeled the nicotinic acetylcholine receptor (Middlemas and Raftery, 1987).
Although this probe is modified at C-3, it immobilized in lipid bilayers like
cholesterol and upon irradiation incorporated into the choline head group of phos-
phatidylcholine (Keilbaugh and Thornton, 1983). However, cholesteryl diazoacetate
behaved differently to cholesterol concerning its exchange kinetics from unilamellar
vesicles (Kan et al., 1992). The acetylcholine receptor may be an exception con-
cerning its broad tolerance for cholesterol substitutes. To develop a probe with more
general applicability, we synthesized [3H]6-azi-5α-cholestanol in which both the C-
3 and the isooctyl side chain left unattached (Fig. 1.6B) (Gimpl and Gehrig-Burger,
2007). The azi-group was introduced at position C-6 because this modification was
functionally tolerated by the oxytocin receptor that we studied in detail with respect
to its specific requirement for cholesterol (Klein et al., 1995; Gimpl et al., 1995,
1997; Burger, 2000). The first application of this compound (designated as pho-
tocholesterol) was published by Thiele et al. (2000). Up to now, several putative
cholesterol binding proteins have been labelled with 6-azi-5α-cholestanol, among
these are synaptophysin, caveolin (Thiele et al., 2000), vitellogenins (Matyash
et al., 2001), proteolipid protein (Simons et al., 2000; Kramer-Albers et al., 2006),
tetraspanins (Charrin et al., 2003), cholesterol absorption proteins in enterocytes
(Kramer et al., 2003), STARD3 (Alpy et al., 2005; Reitz et al., 2008), and the E1
fusion protein from Semliki Forest virus (Umashankar et al., 2008). In all these stud-
ies, 6-azi-5α-cholestanol was primarily used to identify or confirm the cholesterol
binding of a candidate protein. Recently, we demonstrated for STARD1 that this
photoreactive probe could also be used to identify cholesterol binding sites within a
protein (Reitz et al., 2008). Another related tritiated photoreactive cholesterol ana-
logue, [3H]7-azi-5α-cholestanol (Fig. 1.6B), has been synthesized by Cruz et al.
(2002). A direct binding of this analogue with caveolin-1 and Niemann-Pick C1
(NPC1) protein has been demonstrated (Cruz et al., 2002; Ohgami et al., 2004; Liu
et al., 2009b).

Spencer et al. (2004) synthesized a series of eight benzophenone-containing
photoreactive cholesterol analogues. Due to the larger size of these photophores
compared with the diazirines, these sterol analogues have the disadvantage of
being less cholesterol-like. On the other hand, benzophenone derivatives show a
high crosslinking yield and a preferential reaction with C-H bonds, which may be
beneficial for the sterol labelling of some proteins. In one group of benzophenone-
containing cholesterol probes, the photophore moiety extended, or replaced, most of
the cholesterol isooctyl side chain. In another group of analogues, the photophore
was attached at C-3 via an amide linkage. Surprisingly, for all of these analogues
even those with modifications at C-3 were similarly effective as cholesterol when
tested in an apolipoprotein A-I dependent sterol efflux assay. This indicates that at
least in relation to certain transport pathways of cholesterol, biological membranes
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show an unexpected tolerance for cholesterol substitutes (Spencer et al., 2004).
One of these analogues, tritiated 22-(p-benzoylphenoxy)-23,24-bisnorcholan-5-
en-3β-ol (Fig. 1.6B, R=R1), photolabelled caveolin effectively (Fielding et al.,
2002). Fluorenone-containing cholesterol probes that are structurally similar to
the corresponding benzophenone derivatives (Fig. 1.6B, R=R2) represent a further
interesting group of compounds since they are both photoreactive and fluorescent
(Spencer et al., 2006). Two such analogues behaved similar to cholesterol in the
above mentioned sterol efflux assay (Spencer et al., 2006).

In experiments with photoreactive cholesterol analogues, one has to consider that
at least in the plasma membrane cholesterol is always present in large amounts,
so that each integral membrane protein faces cholesterol in its direct environ-
ment. One expects that only membrane proteins are photolabelled that possess
one ore more specific cholesterol docking site(s). Membrane proteins residing in
cholesterol-enriched microdomains are good candidates. However, even if they are
functionally dependent on cholesterol, their affinity for cholesterol could be low
(~ millimolar range), since embedded in a cholesterol-rich environment they will
always be in contact with cholesterol. In contrast, cholesterol-dependent membrane
proteins residing in cholesterol-poor organelles such as the mitochondrion or the
endoplasmic reticulum, should be evolutionary selected towards higher affinity for
cholesterol. Therefore, it should be considered that the employment of high concen-
trations of photoreactive cholesterol could artefactually label proteins that do not
possess a specific cholesterol binding site.

1.9 Concluding Remarks

A couple of membrane proteins such as GPCRs, receptor tyrosine kinases and
ion channels, have been shown to reside in cholesterol-rich microdomains. Some
of them may directly interact with cholesterol. However, due to the abundance
of cholesterol in the plasma membrane, particularly in lipid rafts, the affinity of
these proteins to cholesterol may be very low and therefore difficult to determine
with traditional radioligand binding assays. Therefore, alternative binding proto-
cols are required. To explore the binding or interaction of proteins to cholesterol,
a variety of cholesterol probes bearing radio-, spin-, photoaffinity- or fluorescent
labels are currently available. Examples of proven cholesterol binding molecules are
polyene compounds, cholesterol-dependent cytolysins, enzymes accepting choles-
terol as substrate, and proteins with cholesterol binding motifs. As far as we know
to date, cholesterol binding domains are heterogenous structures existing either
as hydrophobic cavities, an assembly of several transmembrane helices, or small
stretches of amino acids. Possibly, water-soluble cholesterol binding modules could
be applied in the future as ‘solubilizers’ and competitors for cholesterol bind-
ing. Of course, to be useful as potential cholesterol donors in binding assays, the
affinity of these binding modules to cholesterol has to be lower than that of the
candidate cholesterol binding protein. In contrast, high-affinity cholesterol binding
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domains might be useful as efficient cholesterol acceptors and could then substitute
for the widely used β-cyclodextrins that currently function as non-specific choles-
terol carrier molecules. Among the cholesterol modifying enzymes, the cholesterol
oxidases have achieved a wide range of applications. They are used to deter-
mine the cholesterol concentration in all kinds of biological samples such as
membranes, cells, serum, or food. Additionally, susceptibility to cholesterol oxi-
dase provides information about the localization of cholesterol and the structure of
cholesterol-containing membranes. Filipin, a member of the polyene compounds, is
the standard reporter for the distribution of free cholesterol in fixed cells. Among the
family of cholesterol-dependent cytolysin, perfringolysin O and fragments there-
from have been introduced to selectively label the localization of cholesterol-rich
microdomains. Hopefully, other members of this family will be added as choles-
terol probes in the future. Cholesterol research has been markedly stimulated by
the development of different cholesterol derivatives such as photoreactive, spin-
labelled, and fluorescent cholesterol analogues. The administration of photoreactive
cholesterol probes offers a direct approach to identify and define cholesterol binding
sites, whereas fluorescent sterols allow us to explore the trafficking and distri-
bution of cholesterol in vivo. In addition, fluorescent cholesterol analogues have
been established as important tools to analyze cholesterol-protein binding. Due
to tremendous progress in microscopy/spectroscopy (e.g. FRET analysis, lifetime
microscopy) in recent years, cholesterol research will focus more and more on
living cells, thereby expanding our knowledge on all facets of cholesterol–protein
interaction in the future.
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Chapter 2
Cholesterol in Alzheimer’s Disease
and other Amyloidogenic Disorders

J. Robin Harris and Nathaniel G.N. Milton

Abstract The complex association of cholesterol metabolism and Alzheimer’s
disease is presented in depth, including the possible benefits to be gained from
cholesterol-lowering statin therapy. Then follows a survey of the role of neu-
ronal membrane cholesterol in Aβ pore formation and Aβ fibrillogenesis, together
with the link with membrane raft domains and gangliosides. The contribution
of structural studies to Aβ fibrillogenesis, using TEM and AFM, is given some
emphasis. The role of apolipoprotein E and its isoforms, in particular ApoE4,
in cholesterol and Aβ binding is presented, in relation to genetic risk factors for
Alzheimer’s disease. Increasing evidence suggests that cholesterol oxidation prod-
ucts are of importance in generation of Alzheimer’s disease, possibly induced by
Aβ-produced hydrogen peroxide. The body of evidence for a link between choles-
terol in atherosclerosis and Alzheimer’s disease is increasing, along with an asso-
ciated inflammatory response. The possible role of cholesterol in tau fibrillization,
tauopathies and in some other non-Aβ amyloidogenic disorders is surveyed.

Keywords Cholesterol · Alzheimer’s disease · Amyloid-β · Aβ ·
Oligomerization · Fibrillogenesis · Statin · HMG-CoA reductase inhibitor

Abbreviations

AD Alzheimer’s disease
Aβ Amyloid-beta

2.1 Introduction

An understanding of the role of circulatory cholesterol in cardiovascular disease
and cerebrovascular disease has long been at the forefront of medical science.
Cholesterol is now also thought to impinge strongly upon the field of dementia
and neurological disease, in particular its possible role in the development of
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Alzheimer’s disease (AD) and other neurological and peripheral amyloidogenic
disorders. Because diverse medical, biomedical and basic scientific approaches are
being used to pursue studies in relation to AD and the involvement of cholesterol,
meaningful correlation of data is not always easy, but in the present state of rapidly
expanding knowledge it is nevertheless thought to be appropriate to attempt this
review.

Many studies on AD and cholesterol do not relate to the binding of choles-
terol to the well-characterized predominantly extracellular amyloid-β (Aβ) protein
fragments that occur in vivo, rather they impinge upon metabolic and biochemical
considerations. For the sake of completeness it is necessary to include discussion of
most of these; furthermore, it is likely that they will have a secondary impact of sig-
nificance to the structural aspects. The brain synthesizes most of its own cholesterol,
but dietary/circulatory cholesterol almost certainly impacts upon cerebrovascular
amyloid in the condition termed cerebral amyloid angiopathy (CAA) or vascular
dementia. It is not always clear whether one should place emphasis upon free choles-
terol, esterified cholesterol or cholesterol oxidation products of both these forms.
With the increasing interest in the deleterious effects of free radical and metal ion-
induced oxidation within medical systems and the likely benefits to be gained from
dietary and therapeutic antioxidants, cholesterol oxidation has emerged as a topic of
considerable significance in neurological disease (see also Chapter 6).

This subject has been under discussion for some years and has been reviewed
extensively, primarily from a metabolic stance (Hartmann, 2005; Koudinov and
Koudinova, 2001a; Ledesna and Dotti, 2006; Lukiw et al., 2005; Raffaï and
Weisgraber, 2003; Shobab et al., 2005), but less so from a more structural
point of view (Yanagisawa, 2005); accordingly, this latter aspect will be given
greater emphasis within the present chapter. Studies on the role of cholesterol in
Alzheimer’s disease range widely from in vivo human and animal experimenta-
tion, including dietary, immunological and pharmaceutical approaches and the use
of transgenic knock-out and knock-in animals, through to cultures of neuronal and
other cells and numerous in vitro biochemical and structural approaches. Overall,
a remarkable strength comes from this technical diversity, despite the inevitable
instances where data appears to be conflicting. Although the material below is pre-
sented as discrete topics, there is considerable overlap of subject matter between the
sections.

2.2 Cholesterol Metabolism and Alzheimer’s Disease

Implicit in this topic is the underlying concept that cholesterol participates in the
control of the membrane-bound amyloid precursor protein (APP) expression, and
the expression and activity of the proteases (β- and γ-secretases) involved in APP
cleavage, to generate the extracellular soluble amyloid-β peptide fragments that par-
ticipate in AD. Thus, cholesterolemia is widely considered as a major risk factor in
AD (Canevari and Clark, 2007), although the multi-faceted cholesterol interaction
in vivo remains far from being fully understood. The possibility that cholesterol
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Fig. 2.1 The levels of cholesterol and the activities of β- and γ-secretases in normal and AD
brain samples. Panel A shows that the enzymic determination of cholesterol in AD samples is
significantly higher than in normal brain samples. Panel B shows the chemical determination of
total brain cholesterol. AD brains have a significantly higher cholesterol content compared to non-
AD brains. Panel C shows the analysis of brain lysates for β- and γ-secretase activity. The activities
of both enzymes are significantly higher in the AD samples, compared to non-AD brain samples.
From Xiong et al. (2008), with permission from Elsevier

retention in the Alzheimer’s disease brain might be responsible for high β- and
γ-secretase activities was advanced by Xiong et al. (2008), in an impressive study
on the brains of AD patients, and cultured mouse cells stably transfected with the
human APP gene (Fig. 2.1). These workers concluded that cholesterol homeosta-
sis and transport was impaired, leading to increased retention in AD brains, due
to altered levels or activities of nuclear receptors, and similar suggestions were
made by Burns et al. (2003a). Brain cholesterol accumulation could be expressed by
an increase in myelin membrane, neuronal plasma- and cyto-membrane membrane
cholesterol content, by intra- or extra-cellular cholesterol inclusions, but the precise
location(s) are yet to be defined. Indeed, that Aβ alters intracellular vesicle traf-
ficking and cholesterol homeostasis, resulting in decreased cholesterol esterification
and changes in neuronal free cholesterol distribution that are likely to be relevant to
neurodegeneration, was advanced by Liu et al. (1998). Cholesterol accumulation in
senile plaques of AD patients and transgenic APP (SW) mice was shown by Mori
et al. (2001), using filipin fluorometric staining for cholesterol and an enzymatic
technique (see also Section 1.4). It should, however, be mentioned that this work
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has recently been challenged by Lebouvier et al. (2009), who maintained that the
purported presence of cholesterol in senile plaque was due to false positive results.
Whilst it has to be accepted that cholesterol is naturally abundant in brain tissue, its
presence bound within senile plaques could be at a low molecular level, rather than
at the gross level of cholesterol crystalline or other lipid-rich deposits know to be
present within vascular atherosclerotic plaques.

The presence of an increased amount of cholesterol in Aβ-positive presynaptic
nerve terminals from AD brains led Gylys et al. (2007) to suggest that this might
underlie neuronal dysfunction (synaptic loss), prior to or independent of subse-
quent extracellular Aβ deposition. A more general statement on the co-localization
of cholesterol and raft lipids with extracellular disease-associated amyloid fibres
extracted from tissues was advanced by Gellermann et al. (2005). Also at the neu-
ronal level, earlier studies were performed on the role of cholesterol in synaptic
plasticity and neuronal degeneration by Koudinov and Koudinova (2001b).

Independent support for the involvement of cholesterol in AD has come from
dietary studies, where animals were subjected to high-fat or high-cholesterol feed-
ing. Zatta et al. (2002) fed rabbits on a high cholesterol diet and found microglial
activation and astrocytosis with over-expression of metallothionein-1 and -II, along
with intraneuronal Aβ accumulation and occasional extracellular Aβ deposits.
Intestinal epithelial cells of mice fed on a high fat diet were found by Galloway et al.
(2007) to have an increased APP and Aβ concentration, leading to the interpretation
that Aβ could serve as a chylomicron regulatory apolipoprotein, via its hydrophobic
domain. A high cholesterol dietary-induced neuroinflammation and APP processing
(Thirumangalakudi et al., 2008) was correlated with the loss of working mem-
ory in mice. Other supportive data has come from Hooijmans et al. (2009) who
showed that cholesterol-containing diets influenced Alzheimer-like pathology, cog-
nition and cerebral vasculature in transgenic mice. With a mouse genetic model for
cholesterol loading, Fernández et al. (2009) showed that mitochondrial cholesterol
loading enhanced Aβ-induced inflammation and neurotoxicity, modulated via mito-
chondrial glutathione. The work of Crameri et al. (2006) showed that deficiency in
the cholesterol synthesising enzyme seladin-1 increases Aβ generation by increas-
ing the β-secretase (β-site APP-cleaving enzyme: BACE) processing of the APP.
Overexpression of seladin-1 had the reverse effect and increased the cholesterol in
the membrane detergent resistant domains. Seladin-1 is also neuroprotective against
Aβ and shows reduced expression in the AD brain (Greeve et al., 2000).

The muscle disorder termed sporadic inclusion body myositis (IBM) exhibits
pathological similarities to AD, with respect to an increased skeletal muscle level of
APP and Aβ. Rabbits fed a cholesterol-rich diet were found by Chen et al. (2008) to
exhibit increased mRNA and proteins levels of APP and increased secretase activity
favouring Aβ production, the pathological features of IBM.

Using the cholesterol-fed rabbit as a model for Alzheimer’s disease, Sparks and
his colleagues (Sparks and Schreurs, 2003; Sparks, 2004, 2007) have maintained
that the presence of trace copper ions is necessary for Aβ to accumulate in the
brain. In the absence of copper, rabbits with elevated cholesterol clear Aβ to the
blood and liver. Supportive evidence has come from the studies of Opazo et al.
(2002) and Puglielli et al. (2005), who claimed that copper-mediated oxidation of
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cholesterol might be responsible for AD pathogenesis and plaque formation. In a
cholesterol-fed mouse model Lu et al. (2009) have shown that trace amounts of
copper induced APP up-regulation, which activated the inflammatory pathway and
exacerbated neurotoxicity. Other metal ions, such as those of zinc and iron, have also
been implicated in AD (Ghribi et al., 2007; Gehman et al., 2008). Paradoxically, in
rat brain tissue Bishop and Robinson (2004) claimed that the complex of Aβ with
copper ions was not neurotoxic, whereas Aβ-iron and Aβ-zinc complexes were. The
cholesterol-fed rabbit model has also been used by Prasanthi et al. (2008), who
determined the extent to which brain hypercholesterolemia-induced Aβ levels were
linked to a number of Aβ processing enzymes and receptors.

Even prior to the turn of the 21st century and more recently, cholesterol depletion
induced by administration of statins to neuronal cultures and to humans was linked
to a reduced risk of developing Alzheimer’s disease (Simons et al., 1998, 2001;
Fassbender et al., 2001; Wolozin et al., 2000; Wolozin, 2004; Zamrini et al., 2004)
and the extended role of Aβ in lipid metabolism has been reviewed in depth by
Zinser et al. (2007). Overall, the message that cholesterol-lowering strategies using
statins (3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) may provide
a useful therapeutic approach to combat AD has emerged strongly, but extremely
long-term epidemiological and clinical studies are required to provide the neces-
sary proof. It is generally thought that the more lipophilic statins, such as lovastatin,
are likely to carry greater protective potential (Ferrera et al., 2008). Atorvastatin
administration to brain-injured rats has been found to be beneficial, in terms of
reduced oedema and lipid peroxidation (Turkoglu et al., 2008), possibly mediated
by a metabolite of atorvastatin that possesses antioxidant properties and inhibits
membrane cholesterol-containing raft/domain formation (Mason et al., 2006).

Apart from the metabolic studies relating to statin reduction of APP production
and processing, there is recent evidence that cholesterol depletion reduces Aβ aggre-
gation (oligomer formation and fibrillogenesis) in hippocampal neurons (Schneider
et al., 2006) and Aβ fibrillogenesis in macrophages (Gellermann et al., 2006), which
provide support for the earlier concept that cholesterol also plays a key role in Aβ

fibrillogenesis in vitro (Harris, 2002): see below.

2.3 Cholesterol Binding to Aβ and Aβ Fibrillogenesis

The interaction between Aβ and cholesterol has been assessed at the cellular and
extracellular level. At the cell membrane level, cholesterol appears to be complexed
with ganglosides and sphingolipids within neutral detergent-insoluble raft domains
where it may influence APP cleavage by membrane-bound β-secretase (β-site APP-
cleaving enzyme: BACE) followed by γ-secretase cleavage to release soluble Aβ

(the amyloidogenic pathway) (see Zinser et al., 2007). In the cytoplasmic and most
importantly extracellular compartments, cholesterol may promote the oligomeriza-
tion and fibrillogenesis of the Aβ peptide. The extracellular deposition of brain
senile plaques containing fibrillar Aβ in association with cholesterol, and a number
of other proteins and glycoproteins, is of main concern within the present section,
but it is necessary to briefly survey the relevant literature on other aspects.
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2.3.1 Cholesterol and Membrane-Associated Aβ Pore Formation
and Fibrillogenesis

The membrane disordering effect of Aβ has been largely investigated using cellu-
lar, liposomal and lipid monolayer systems, and related to the β-sheet conversion
of Aβ and subsequent peptide aggregation/polymerization, in relation to mem-
brane fluidity and neurotoxicity (reviewed by Eckert et al., 2005). That membrane
cholesterol can act as a modulator of both membrane-associated Aβ fibrillogene-
sis and neurotoxicity has been advanced by McLaurin et al. (2002) and Yip et al.
(2001). The requirement for cholesterol for the cytotoxic effects of Aβ on vascular
smooth muscle cells and for Aβ binding to the muscle cell membrane was shown
by Subashinghe et al. (2003), and clearly linked to beneficial drug-induced choles-
terol lowering. Although implicit in the above studies, at a biophysical level Wood
et al. (2002) have shown more specifically that it is the presence of cholesterol in the
outer lipid monolayer of the neuronal cell membrane that is responsible for Aβ accu-
mulation. Synaptic plasma membranes from cerebral cortex and hippocampus were
shown by Chochina et al. (2001) to be enriched in cholesterol, compared to cerebel-
lum. This neuronal membrane enrichment with cholesterol was linked to an increase
in membrane fluidity, resulting in hydrophobic Aβ accumulation and fibrillogenesis.

The combined influence of metal ions and cholesterol on Aβ1–42 interaction with
model membranes (Lau et al., 2007; Gehman et al., 2008) has provided further evi-
dence for the conversion of the peptide α-helix to β-sheet structure, the increase in
hydrophobicity then enabling the peptide oligomer/pre-pore to penetrate the lipid
bilayer as an ion channel. This concept has been advanced to account for the cyto-
toxicity of amyloidogenic proteins in general (Cheon et al., 2007; Rabzelj et al.
2008), together with the fact that these pore-forming proteins and peptides may
share structural and functional homology (Yoshiike et al., 2007). That the dynamic
formation of Aβ membrane-penetrating pores can act as calcium-selective ion chan-
nels responsible for neurotoxicity is gaining support (Jang et al., 2007b), and the role
of cholesterol in this event was implied from studies on planar lipid bilayer mem-
branes (Micelli et al., 2004). Molecular dynamics modelling of putative ion channels
formed by neurotoxic Aβ ion channels (Jang et al., 2007a), formed by peptides of
different length, has provided support for the overall hypothesis that an intermediate
protein unfolding leads to exposure of hydrophobic β-sheet membrane-penetrating
peptide hairpins (sometimes termed “U-shaped β-strand-turn-β-strands”; Jang et al.,
2007b), in the form of oligomeric β-barrels. It is likely that there is a difference
between Aβ1–42 and Aβ1–40 with respect to oligomer and ion channel formation
(Kirkitadze and Kowalska, 2005) that may be responsible for the significantly higher
Aβ1–42/ Aβ1–40 ratio commonly found in familial AD. Using a liposomal model
system Qui et al. (2009) have shown that the lateral organization of cholesterol,
presumably in raft-like domains, controls the formation of oligomeric Aβ, which in
turn could be linked to the toxicity of Aβ in neuronal membranes.

A strong parallel between the various amyloid cytotoxic cation channels and
the cholesterol- and other lipid-dependent pore-forming toxins has been drawn by
Lashuel and Lansbury (2006) and indeed suggested earlier by Gilbert et al. (1998),
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which will be expanded upon in Chapter 21. This concept is supported by the
study of Srisailam et al. (2002) who investigated the transformation of the all β-
barrel acidic fibroblast growth factor from Notopthalmus viridescens and found
partially-structured intermediates leading to fibril formation. There are several doc-
umented instances where a low concentration of SDS or other alkyl sulfate induces
or potentiates amyloid fibril formation, again indicating the importance of a criti-
cal level of protein unfolding with exposure of (paired) hydrophobic β-sheets that
associate/polymerize in a linear manner as extremely stable (SDS resistant) crossed
β-sheets.

2.3.2 Gangliosides and Aβ Fibrillogenesis

The role of monosialoganglioside (GM1) in AD, alone and in association with
cholesterol, has been given considerable attention in recent years (reviewed by
Yanagisawa, 2005, 2007). Both cellular and biochemical studies have been per-
formed in relation to GM1-containing lipid rafts and Aβ production from APP
(Ehehalt et al., 2003; Kalvodova et al., 2005). That the GM1-Aβ complex could
act as a seed for the production of fibrillar Aβ on the neuronal surface has been
proposed (Kakio et al., 2001, 2002), and this concept has been extended to intracel-
lular release of Aβ via a deviant endocytic pathway into endosomes (Kimura and
Yanagisawa, 2007; Yuyama et al., 2008).

Support for the involvement of both ganglioside and cholesterol in the forma-
tion of cell surface-bound fibrillar Aβ1–42 has come from the study of Wakabayashi
and Matsuzaki (2007), by showing degenerate neurites on NFG-differentiated PC12
neuron-like cells. Using the same neuronal-like cell line for Aβ cytotoxicity test-
ing, Lin et al. (2008) concluded that both GM1 and cholesterol are essential for the
formation of the GM1-Aβ complex on the cell surface and the modulation of the
cytotoxicity of monomeric Aβ. In a liposomal model system, containing lipids sim-
ilar to those in brain cortical membrane, Tashima et al. (2004) assessed Aβ release
and fibril formation in the presence and absence of GM1 and cholesterol, and con-
cluded that fibril formation required both these components. Further evidence that
an age-dependent GM1 enrichment of neuronal presynaptic terminals forms zones
where Aβ binds and promotes fibrillar amyloid assembly has recently been shown
by Yamamoto et al. (2008).

2.3.3 Cholesterol and In Vitro Aβ Fibrillogenesis:
Structural Studies

Surprisingly, of the numerous biochemical and structural publications dealing with
in vitro oligomerization and fibrillogenesis of the amyloid-β peptides (the naturally
occurring and chemically synthesised peptides of varying length), rather few have
linked the influence of cholesterol to these events. Using fluorescently-labelled
lipids, Avdulov et al. (1997) showed that Aβ aggregates, the nature of which was not
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fully defined, had a preferential binding for cholesterol rather than for phosphatidyl-
choline and fatty acids. Although most studies have been performed using the
longer Aβ fragments, D’Errico et al. (2008) showed a cholesterol-dependent inter-
action between Aβ25–35 and phospholipid bilayers, apparently due to an increased
membrane fluidity. That native, and in particular oxidized, plasma lipoproteins can
potentiate Aβ fibrillogenesis was shown by Stanyer et al. (2002), with the sugges-
tion that this might be mediated via reactive aldehyde groups, as fibrillogenesis was
inhibited in the presence of an aldehyde scavenger. More recent insights into lipid
aldehyde-initiated fibrillogenesis of Aβ has come from Scheinost et al. (2008), who
maintained that the ε-amino group of Aβ Lys16 adjacent to the central hydrophobic
cluster (amino acids 17–21; Nelson and Alkon, 2007), could be a target for aldehyde
adduction.

Native high density lipoprotein (HDL), with and without the three ApoE iso-
forms, was shown to inhibit Aβ fibrillogenesis (Olsen and Dragø, 2000), but this
observation was not linked to cholesterol sequestration by HDL. Although relating
more to Aβ production than fibrillogenesis, using a cholesterol-protein binding blot
assay Yao and Papadopoulos (2002) showed that cholesterol binds to the hydropho-
bic amino acid sequence 10–20 of Aβ, thereby blocking the access of the α-secretase
and cleavage of APP to Aβ17–40, i.e. inhibiting the non-amyloidogenic pathway.
Furthermore, the binding of cholesterol to LDL was inhibited by Aβ1–40 and the
binding of cholesterol to ApoE and LDL was completely abolished by Aβ1–42.

The transmission electron microscope (TEM) and to a somewhat lesser extent
the atomic force microscope (AFM) can provide detailed molecular information on
the structure of Aβ oligomers through to protofibrils and fibrils, together with fibril
polymorphism (Harris, 2002, 2008; Milton and Harris, 2009). X-ray fibre diffraction
has also provided higher resolution data on the repeating crossed β-sheet structure
that underlies fibril formation (Malinchik et al., 1998; Stromer and Serpell, 2005),
which is broadly accepted as a structural feature of all known amyloid fibrils. As
a slight variant Sinha et al. (2001) proposed a domain swapped interdigitating β-
hairpin model for amyloid fibril elongation. Although several of the investigations
relating to membrane-bound cholesterol in relation to Aβ fibrillogenesis have uti-
lized AFM and TEM in a serious manner (Yip and McLaurin, 2001; Yip et al.,
2001), other studies have only touched upon the possibilities that these micro-
scopies, in particular TEM, can offer for the in vitro study of these interactions,
particularly when placed alongside other more indirect biochemical and biophys-
ical techniques (Castaño et al., 1995; Mizuno et al., 1999; Koppaka et al., 2003).

Other than for natural membrane, mixed-lipid liposomal and bilayer model sys-
tems, it is difficult to know how one should present cholesterol experimentally
for interaction with Aβ in vitro. Cholesterol has a very low solubility in aque-
ous systems (Harberland and Reynolds, 1973) resulting in the formation of planar
cholesterol microcrystals when an ethanolic solution of cholesterol is dispersed in
an aqueous phase (Harris, 1988). Esterified cholesterol forms a suspension of glob-
ular particles in aqueous solution, similar in size to low density lipoproteins, when
prepared in a similar manner (Harris, 2002). A commercially available “soluble”
cholesterol (Sigma-Aldrich, termed cholesterol-PEG 600), is a waxy solid in which
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the 3β-OH group of cholesterol has been linked to a polyethylene glycol chain,
resulting in an average mass of ∼600 Da. This product more accurately creates a
micellar solution, in all probability with the sterol at least partially buried beneath
the surface hydrophilic polyethylene glycol chains. Nevertheless, this synthetic
cholesterol derivative has been found to be a useful soluble cholesterol substitute for
cellular studies (Ishiwata et al., 1997), as well as for studies on cholesterol binding to
Aβ fibrils (Harris, 2008). Examples of cholesterol microcrystals, esterified choles-
terol and LDL particles, and cholesterol PEG600 micelles are shown in Fig. 2.2.
The clustering of Aβ1–42 fibrils on and around cholesterol microcrystals is shown
in Fig. 2.3. Detail of the Aβ1–42 peptide binding to cholesterol microcrystals, with
protofibrils visible on the crystal surface is shown in Fig. 2.4. Other Aβ peptide

Fig. 2.2 Examples of four different experimental cholesterol substrates, shown in negatively
stained TEM images, usable for Aβ fibrillogenesis studies. (a) A cluster of cholesterol microcrys-
tals (Harris, 1988); (b) cholesterol acetate globular micelles; (c) human low density lipoprotein
(LDL); (d) cholesterol-PEG600 micelles (soluble cholesterol)
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Fig. 2.3 (a) Cholesterol microcrystals (CM) surrounded by a cluster of Aβ1–42 fibrils; (b) a higher
magnification survey showing the double helical nature of the mature Aβ1–42 fibrils formed in the
presence of cholesterol microcrystals. The scale bars indicate 100 nm. From Harris (2002), with
permission from Elsevier

Fig. 2.4 Cholesterol microcrystals showing a thin surface coating of forming Aβ1–42 protofib-
rils and fibrils, strongly indicative of the positive binding of the peptide to cholesterol and the
subsequent promotion of fibril formation
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Fig. 2.5 Cholesterol microcrystals surrounded by and binding fibrils formed by the Aβ22–35 frag-
ment. These fibrils do not exhibit the characteristic double helical structure shown by mature
Aβ1–42 fibrils (Harris and Milton, previously unpublished data)

fragments, such as the Aβ25–35 fragment, also show an affinity for cholesterol
(Fig. 2.5), but it has yet to be demonstrated that Aβ fibril-forming peptide fragments
lacking the central hydrophobic domain have lost the capacity to bind to choles-
terol. The binding of soluble cholesterol-PEG600 to preformed Aβ1–42 fibrils, and
fibrils formed in the presence of soluble cholesterol (Harris, 2002, 2008), is shown
in Fig. 2.6. However, fibrils formed from the bacterial protease inhibitor Pepstatin
A (an eight amino acid bacterial peptide), do not bind soluble cholesterol-PEG600
micelles and similarly, no evidence has been obtained by the authors to indicate that
fibrils formed by the peptide amylin (islet amyloid peptide) have any cholesterol-
binding potential. When Aβ1–42 fibril formation is performed in the presence of
both cholesterol and aspirin, fibril formation is prevented, but clusters of short rod-
like Aβ1–42 aggregates attach to the cholesterol microcrystals (Harris, 2002). This
suggests that although aspirin inhibits fibril formation, it may not prevent oligomer
formation by the Aβ1–42 peptide.

2.4 Apolipoprotein E, Cholesterol and Alzheimer’s Disease

There is an extensive literature to link the differing apolipoprotein E (ApoE) iso-
forms to Aβ binding and late-onset AD (see: Carter, 2005; Crutcher, 2004; Hatters
et al., 2006; Sullivan et al., 2008). However, until recently there has been relatively
little evidence as to how the known cholesterol-binding of ApoE could modulate this
Aβ interaction (Hirsch-Reinshagen and Wellington, 2007; Reiss, 2005). The most
significant fact to emerge from the early ApoE studies is that in individuals carrying
the ApoE3 allele and most particularly the ApoE4 allele, and thus expressing these
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Fig. 2.6 (a) Amyloid β1-42 fibrils formed in the presence of cholesterol PEG600. The negatively
stained image shows that protofilaments have cholesterol-PEG600 micelles clustered obliquely
along the length of the fibril (arrowheads), whereas the double helical mature filaments appear
to have a smooth surface coating of the cholesterol derivative (arrows). From Harris (2002), with
permission from Elsevier. (b) Amyloid β1–42 fibrils prepared in the presence of 0.5 mg/ml choles-
terol, followed by incubation with cholesterol-PEG600. The mature double helical fibrils, which
are clustered around a stack of cholesterol microcrystals, are well-coated with cholesterol-PEG600
micelles, but there is no indication of the periodic binding shown in (a). From Harris (2008), with
permission from Elsevier

isoforms in higher ratio, are susceptible to an increased AD risk. Those carrying the
ApoE2 allele have the lowest AD risk. Although Castaño et al. (1995) showed that
in vitro fibrillogenesis of Aβ was promoted by ApoE, this aspect has not be followed
further in recent years in relation to the properties of the different ApoE isoforms.

Brain ApoE is synthesized primarily by glial cells and possibly also by neurons,
and is present in the CSF within HLD-like lipoprotein particles. There is little or
no evidence for transfer of peripheral ApoE, where it is present in plasma HDL
and VLDL particles, across the blood-brain barrier to the CSF. The ApoE molecule
has a molecular mass of 34.2 kDa (299 amino acids) and is present in the CSF as
a major protein component, at the relatively high concentration of ~5 mg/ml. It is
looked upon as a lipid transport protein and in the plasma is considered to have
anti-atherogenic properties. The C-terminal domain of ApoE (amino acid residues
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216–299) is thought to be responsible for both binding to Aβ and to lipids, whereas
the N-terminal domain is responsible for binding of ApoE to the LDL receptor.

As already mentioned, ApoE exists as three main isoforms in man, ApoE2
(Cys112, Cys258), E3 (Cys112, Arg158 and E4 (Arg112, Arg158), with the gene for E3
being the most common allele. The blood plasma ApoE4 has a greater lipid-binding
capacity, including cholesterol, and tends to locate to VLDL rather than HDL. A
conformational change within the ApoE4 molecule exposing amphipathic α-helices
results in a change in surface hydrophobicity that is thought to account for increased
lipid binding, rather than the direct involvement of the arginine substitution at posi-
tion 112, since this is out-with the N-terminal lipid-binding domain. The Apo E
phenotype can also influence the effectiveness of lipid lowering therapies with more
effects observed with fibrates compared to statins (Christidis et al., 2006).

An important finding using Aβ and ApoE immunostaining was the co-
localization of Aβ and ApoE in AD-affected brain samples (Aizawa et al., 1997),
in addition an antibody against the C-terminal of ApoE showed greater similar-
ity of staining to the anti-ApoE mAb than did an anti-ApoE N-terminal antibody.
Furthermore, in an AD transgenic mouse model Burns et al. (2003b) have shown
the co-localization of extracellular cholesterol, ApoE and fibrillar Aβ in amyloid
plaques. Figure 2.7 shows the co-localization of Aβ and cholesterol, in parallel with
thioflavin S staining of fibrillar plaques (courtesy of Marc Burns). Also using trans-
genic mice, Fryer et al. (2005) investigated cerebral amyloid angiopathy (CAA),
which is found in most AD patients, in relation to the ApoE3 and ApoE4 isoforms.
They showed that the expression of human ApoE4 in mice led to substantial CAA
plaques, but with few parenchymal amyloid plaques. Young ApoE4-expressing mice
had an elevated ratio of Aβ 40:42 in the brain extracellular pool, but a lower ratio

Fig. 2.7 Co-localization of fibrillar amyloid with cholesterol oxidase in the cortex of a 12-month-
old PS/APP mouse. (a) A low-power overview of amyloid plaques stained with 4G8. (b–d) Plaques
from within the boxed area double-labelled for Ab (b) and thioflavin S (c), and a consecutive
section labeled for cholesterol oxidase (d). Scale bars 100 mM. From Burns et al. (2003b), with
permission from Elsevier
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in the CSF, suggestive of altered clearance and transport of Aβ. Although not impli-
cating ApoE isoforms, support for the mediation of ApoE in cholesterol efflux
from astrocytes came from the study of Abildayeva et al. (2006), showing that
24(S)-hydroxycholesterol induced ApoE-mediated efflux of cholesterol via a liver
X receptor-controlled pathway, of likely relevance for neurological disease.

Cellular studies on ApoE isoforms in primary rat hippocampal neurons and astro-
cytes (Rapp et al., 2006) have indicated that the ApoE4 isoform is involved to
a greater extent in neuronal cholesterol homeostasis than the other isoforms, and
that this is more pronounced in neurons compared to astrocytes. However, Gong
et al. (2002) showed that astrocytes from ApoE4 knock-in mice had a reduced
cholesterol release into HDL-like particles compared to ApoE3 knock-in mice.
Extending this study, Gong et al. (2007) have shown that in a neuronal culture sys-
tem with ApoE bound to the surface of extracellular synthetic lipid particles, the
ApoE4 isoform inhibited the release of cholesterol from neurons. However, in an
attempt to link the ApoE isoform status to AD, Morishima-Kawashima et al. (2007)
using ApoE4 knock-in mice were unable to show an ApoE4-specific effect on the
increased association of Aβ with low-density brain membrane domains. In Down
Syndrome (DS) the overexpression of APP is thought to contribute to the devel-
opment of AD symptoms. The cholesterol levels in DS patients are not associated
with AD symptoms, however, an Apo E4 allele was associated with susceptibility
to hypercholesterolaemia (Prasher et al., 2008).

It has been recently suggested that Aβ binding to ApoE compromises physio-
logical lipid binding and transport by ApoE, which in turn could have implications
for amyloid plaque formation and cholesterol accumulation (Tamamizu-Kato et al.,
2008). The convergence of risk factors, including the ApoE4 allele, in AD and
cardiovascular disease (Martins et al., 2006) has emerged as a significant factor
in cholesterol metabolism (see also Section 2.6). Other cholesterol-related genes
such as those for hydroxy-methylglutaryl-coenzyme A reductase and the choles-
terol transporter ABCA1 have also been claimed to modulate the risk of Alzheimer’s
disease (Rodríguez-Rodríguez et al., 2009).

2.5 Cholesterol Oxidation and Alzheimer’s Disease

A link between oxidative stress and AD has been proposed for several years, but
the precise mechanisms have yet to be fully defined (reviewed by Butterfield et al.,
2002; Schöneich, 2002; Pappolla et al., 2002; Nelson, 2007). A broad survey on
the role of oxysterols in neurodegenerative diseases has been recently presented by
Björkhem et al. (2009). One has to consider the involvement of several reactive oxy-
gen species when producing damage to membrane lipids, to Aβ and other proteins,
together with the role of reactive metal ions, in particular copper and iron. Possible
protection, particularly from the water- and lipid-soluble antioxidant vitamins, has
been given considerable attention (Behl, 2005), yet it remains unclear whether this
therapeutic approach really provides significant benefit, in the shorter or longer
term. Remarkably, in a cellular study it has been claimed by Yao et al. (2002) that
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22R-hydroxycholesterol, an intermediate in the production of pregnenolone from
cholesterol, protected neuronal cells from Aβ-induced cytotoxicity by complex-
ing with Aβ. Although implicit, it was not shown whether 22R-hydroxycholesterol
bound to Aβ with a higher affinity than cholesterol.

Using lipid monolayers, oxidative damage to membrane lipids was claimed by
Koppaka et al. (2003) to be linked synergically via Aβ1–42 to the promotion of fib-
ril formation by Aβ1–40. That Aβ induces oxidation of membrane lipids emerged
from a number of studies, exemplified clearly by Cutler et al. (2004), who claimed
that in hippocampal neurones oxidative stress led to the accumulation of ceramides
and cholesterol, preventable by inclusion of α-tocopherol. In several studies, the
exact chemical nature of the oxysterols and cholesterol oxidation products are not
defined, however Vaya and Schipper (2007) provided a detailed analysis of the
range of oxysterol intermediates that can act as ligands for the liver X-activated
receptor (LXR) nuclear receptors, regulators of genes involved in cholesterol
homeostasis (see below). The principle cholesterol oxidation metabolites, derived
from hydrogen peroxide and oxygen free radical interaction, are water soluble
24S-hydroxycholesterol and 7β-hydroxycholesterol; indeed, it has bee shown that
hydrogen peroxide is produced catalytically by interaction of Aβ with cholesterol
(Ferrera et al., 2008). Although 24S-hydroxycholesterol can cross the blood-brain-
barrier (Björkhem et al., 2009) and is the primary cholesterol elimination product of
the brain (with an increased level in the brains of AD patients) it has also been sug-
gested that 24S-hydroxycholesterol has protective properties, by complexing with
Aβ (Krištofiková et al., 2008). Differential expression and polymorphism of the
gene encoding cholesterol 24S-hydroxylase, cytochrome P450 46 (CYP450 46), has
been associated with AD, with a predisposition in certain genotypes (Kölsch et al.,
2002; Papassotiropoulos et al., 2003; Borroni et al., 2004; Brown et al., 2004); this
association has been challenged by others (Desai et al., 2002; Tedde et al., 2006).
However, from a proteome analysis of cortical neurones Wang et al. (2008) con-
cluded that 24S-hydroxycholesterol is a down-regulator of cholesterol synthesis and
thereby important for brain cholesterol hemostasis. The crystal structure of the prin-
cipal brain cholesterol hydroxylase, CYP450 46A1, has been determined by Mast
et al. (2008) at 2.6 Å and at a slightly improved resolution, with and without bound
substrate (White et al., 2008). This structural and biochemical data may ultimately
lead to the development of therapeutically useful stimulatory and inhibitory agents.
The alternative hydroxycholesterol, 27-hydroxycholesterol, synthesized by sterol
27-hydroxylase (CYP27A1), is known to facilitate the flow of cholesterol from the
circulation across the blood brain barrier into the brain, and is likely to have a sig-
nificant impact upon brain APP processing and Aβ production (Scott Kim et al.,
2009). Further emphasis on the importance of 27-hydroxycholestrol has come from
the studies of Prasanthi et al. (2009) and Ghibi et al. (2009).

At the genetic level, there has also been interest shown in a link between choles-
terol and the enzyme heme oxygenase-1, which stimulates oxysterol production, but
also activates the liver X receptor-β (Infante et al., 2008).

Other cholesterol oxidation products include 7-ketocholesterol and cholesterol
epoxides (Ong et al., 2003), but their likely pathological roles have yet to be fully
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defined. Another reactive cholesterol oxidation metabolite that may be involved in
inflammatory atherogenesis (Stewart et al., 2007) and Aβ aggregation (Zhang et al.,
2004), is cholesterol seco-aldehyde (3β-hydroxy-5-oxo-5, secocholestan-6-ol), pro-
duced by ozonolysis of cholesterol. Sathishkumar et al. (2007) found that although
cholesterol seco-aldehyde-induced neurotoxicity could be prevented by N-acetyl-l-
cysteine, this compound did not prevent Aβ aggregation. In their detailed in vitro
study, Scheinost et al. (2008) found that fibrillogenesis of both Aβ1–40 and Aβ1–42
was accelerated by cholesterol seco-aldehyde, involving a site-specific adduction
of the aldehyde to the ε-amino group of Lys16 pf Aβ. Cholesterol inhibited this
cholesterol seco-aldehyde-induced fibrillogenesis of Aβ, perhaps unexpectedly.

That Aβ, and APP, possess an inherent copper-dependent enzyme-like activity
in the presence of cholesterol and other substrates (Opazo et al., 2002; Yoshimoto
et al., 2005), resulting in the catalytic production of hydrogen peroxide, with oxi-
dation of the cholesterol at the C3β –OH group to produce 4-cholesten-3-one
(Puglielli et al., 2005) or alternatively 7β-hydroxycholesterol (Nelson and Alkon,
2005), appears to be a highly significant observation. The correlation of this catalytic
activity with the pathogenic mechanism leading to accumulation of cholesterol and
cholesterol oxidation products remains to be clarified, but the fact that oxidative
mechanisms are emerging strongly as mediators for both atherosclerotic and amy-
loid plaque formation indicates the likely importance of future research in this area
(see below and Chapter 5).

2.6 Atherosclerosis and Alzheimer’s Disease

That deviant cholesterol metabolism and deposition might be a link between
peripheral vascular disease, cardiovascular disease and cerebrovascular disease, i.e.
cerebral amyloid angiopathy, Alzheimer’s disease and dementia, has been suggested
for several years (Hofman et al., 1997; Li et al., 2003), and the topic has been widely
reviewed (Sparks et al., 2000; Casserly and Topol, 2004; Kalman and Janka, 2005;
Martins et al., 2006; Cechetto et al., 2008). That this link might also involve both
peripheral and cerebral proinflammatory events is also apparent (Finch, 2005). In the
periphery there is long-standing evidence that blood vessel macrophages accumulate
free and esterified cholesterol (Klinknera et al., 1995), but despite the fact that brain
astrocyte proliferation is associated with AD there is limited evidence for cholesterol
accumulation by these cells or microglia. With circulatory macrophages, Aβ bound
to modified LDL has been found to enhance cholesterol accumulation, foam cell
formation and Aβ deposition in blood vessel walls (Schulz et al., 2007), but it is not
clear whether this is due to the peptide monomer or to an oligomerized/fibrillar form
of Aβ. On the other hand, microglial inflammatory activation has been found under
conditions of cholesterol embolization (Rapp et al., 2008) and in dietary-induced
hypercholesterolemia (Streit and Sparks, 1997; Xue et al., 2007). Modulation of
this inflammatory response by liver X receptors has indicated that LXRs have the
capacity to maintain phagocytosis in fibrillar Aβ-stimulated microglia (Zelcer et al.,
2007). An overall improvement of cerebrovascular function, including reduced
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inflammation and soluble Aβ levels, following the administration of simvastatin to
aged APP mice was shown by Tong et al. (2009). However, no reduction in the
number of Aβ-containing plaques and memory improvement was detected.

Phagocytosis by activated microglia has also been implicated in demyelination
disease (Smith, 2001), but this aspect has not received any emphasis in relation
to the established presence of microglia within amyloid plaques. However, Stadler
et al. (1999) concluded from their study on amyloid plaques in the brains of APP23
transgenic mice that microglial activation and phagocytosis might be associated with
neuronal loss. In an attempt to relate the influence of Aβ on the cholesterol content
of the Golgi complex in astrocytes, Igbavboa et al. (2003) concluded that extra-
cellular Aβ42, in oligomeric rather than fibrillar state, disrupted cellular cholesterol
homeostasis. Extending this study, Igbavboa et al. (2009) have shown that Aβ stim-
ulates the trafficking of both cholesterol and caveolin-1 from the plasma membrane
of primary astrocytes to the Golgi complex. The likely importance of the precise
distribution of cholesterol, rather than just total brain cholesterol, was shown by
Burns et al. (2006), who found that reduction of cholesterol level by statins also
caused translocation of cholesterol from brain membrane cytofacial lipid monolayer
to the exofacial monolayer. Cholesterol lowering by statins and the link between
atherosclerosis and AD has been given due emphasis by Panza et al. (2005) and
Orr (2008), and at the genetic level (Papassotiropoulos et al., 2005; Carter, 2007;
Reiman et al., 2008) the likely association of multiple gene polymorphisms associ-
ated with cholesterol and lipoprotein metabolism in peripheral and cerebral vascular
disease, and AD susceptibility, has been assessed.

2.7 Cholesterol and Tau Fibrillization in AD, the Tauopathies
and Non-Aβ Amyloidogenic Disorders

The intracellular neuronal accumulation of paired helical filaments of the hyper-
phosphorylated tau protein represents a well-studied parallel aspect of AD and
Niemann-Pick type C disease (NPC), in addition to Aβ studies, which in both dis-
eases appears to be significantly influenced by cholesterol or cholesterol metabolism
(see also Chapter 11). Despite the increasing interest in the similarities of AD
and NPC, and the value of this comparison (Distl et al., 2003; Ohm et al., 2003;
Burns and Duff, 2002; Michikawa, 2004; Adalbert et al., 2007), it is clear that the
genetic lesion in NPC is clearly defined as a fatal autosomal recessive neurovis-
ceral cholesterol storage disorder. In NPC there is intracellular tau fibrillization and
secondary intracellular Aβ accumulation, which presents a significantly different
feature to AD, where neuronal cholesterol accumulation although significant is less
pronounced and where fibrillar Aβ formation is predominantly extracellular.

Dietary-induced cholesterol-dependent hyperphosphorylation of tau is common
to both AD and NPC, and is ApoE isoform dependent (Saito et al., 2002; Rahman
et al., 2005; Ghribi et al., 2006; Michikawa, 2006). Contrary to this Fan et al. (2001)
had earlier claimed that inhibition of cholesterol synthesis in cultured neurons
resulted in hyperphosphorylation of tau. The more widely accepted current point
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of view is that cells containing neurofibrillary tangles contain more free choles-
terol than tangle-free NPC neurons (Distl et al., 2001). Contrary to AD, which is a
neuronal disorder, in NCP the cholesterol storage defect is expressed by neurones,
astrocytes and glial cells.

Early neuronal cholesterol accumulation is present within Purkinje neuronal den-
dritic trees (Reid et al., 2004), but subsequent age-dependent cellular changes in
NPC are more clearly linked to the endosomal/lysosomal pathway, with respect to
both cholesterol accumulation, and APP processing and Aβ aggregation (Yamazaki
et al., 2001; Nixon, 2004). In an elegant cellular and subcellular study Liao et al.
(2007) presented convincing evidence in Npc-/- mouse brain that autophagic dys-
function is linked to cholesterol accumulation, with the presence of neuronal
vacuole-like structures and multivesicle bodies (see also Chapter 11). Also, in a
Drosophila model for NPC1, Phillips et al. (2008) provided evidence for progressive
filipin-staining of cholesterol aggregates in brain and retinal cells during ageing.

Over-expression of the protein α-synuclein is associated with Parkinson’s dis-
ease, Lewy body formation, and other neurodegenerative α-synucleinopathies.

That normal membrane localization of cholesterol-containing lipid rafts is mod-
ified in the Parkinson’s-associated A30P mutation, due to raft disruption and
redistribution away from synapses, has been claimed by Fortin et al. (2004) to under-
lie the pathogenesis of Parkinson’s disease. Further indication of the involvement
of cholesterol has been shown in a cellular model of Parkinson’s disease, where
statins reduced α-synuclein aggregation and cholesterol supplementation increased
α-synuclein aggregation (Bar-On et al., 2008). Similar to AD, it has also been
claimed that cholesterol oxidation products are closely involved in α-synuclein fib-
rillization, of relevance to the development of Parkinson’s and Lewy body disease
(Bosco et al., 2006). Contrary to the above, Karube et al. (2008) have shown that the
N-terminal region of α-synuclein is essential of fatty acid-induced oligomerization
of this protein.

The involvement of cholesterol in the generation of other amyloid diseases is lim-
ited. Hou et al. (2008) presented evidence that cholesterol and anionic phospholipids
are important for transthyretin fibrillogeneis and the resulting cytotoxicity of this
protein, which is responsible for familial amyloidotic polyneuropathy. Calcitonin,
a 32-aminoacid peptide involved in bone calcium metabolism, undergoes a struc-
tural transformation similar to other amyloidogenic proteins (Avidan-Shpalter and
Gazit, 2006). The pore-like oligomers formed by calcitonin have an affinity for
cholesterol containing rafts in membranes, “termed hydrophobicity-based toxicity”
(Diociaiuti et al., 2006), which act as calcium channels. Similarly, in type II dia-
betes, amylin, the islet amyloid protein which leads to pancreatic fibrillar deposits,
undergoes a cytotoxic membrane interaction (Jayasinghe and Langen, 2007), but
the evidence presented indicated that phosphatidyl serine was the required lipid
for the partly unfolded amylin hydrophobic β-sheet interaction within the mem-
brane bilayer, rather than cholesterol. However, Cho et al. (2008) have produced
evidence to suggest that cholesterol regulates amylin non-fibrillar aggregation and
deposition within planar cholesterol-containing raft lipid membranes. These work-
ers have recently extended their studies by using model membranes (Cho et al.,
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2009), by showing amylin clustering and aggregation on cholesterol-containing
membranes, whereas on cholesterol-depleted membranes amylin formed smaller
oligomeric structures.

Acidic phospholipids were shown to be necessary for pore formation by human
stefin B in model membranes (Rabzelj et al., 2008). Oxidized cholesterol alde-
hyde products, present in atherosclerotic lesions also have the ability to promote
apolipoprotein C-II amyloid fibril formation (Stewart et al., 2007).

2.8 Conclusions

Whole animal and human metabolic studies, together with genetic, cellular and bio-
chemical studies have provided a wealth of information supporting a link between
cholesterol and Alzheimer’s disease. Increasing evidence suggests that cholesterol
interaction is involved in the oligomerization, membrane pore formation and fibril-
logenesis of the Alzheimer’s Aβ peptide and other amyloid peptides. Undoubtedly,
further structural studies will have much to contribute, and are likely to correlate
well with the other diverse approaches being used extensively for the study of
Alzheimer’s disease and other amyloidopathies.
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Chapter 3
Cholesterol-Binding Viral Proteins in Virus
Entry and Morphogenesis

Cornelia Schroeder

Abstract Up to now less than a handful of viral cholesterol-binding proteins have
been characterized, in HIV, influenza virus and Semliki Forest virus. These are pro-
teins with roles in virus entry or morphogenesis. In the case of the HIV fusion
protein gp41 cholesterol binding is attributed to a cholesterol recognition consensus
(CRAC) motif in a flexible domain of the ectodomain preceding the trans-membrane
segment. This specific CRAC sequence mediates gp41 binding to a cholesterol affin-
ity column. Mutations in this motif arrest virus fusion at the hemifusion stage and
modify the ability of the isolated CRAC peptide to induce segregation of cholesterol
in artificial membranes.

Influenza A virus M2 protein co-purifies with cholesterol. Its proton transloca-
tion activity, responsible for virus uncoating, is not cholesterol-dependent, and the
transmembrane channel appears too short for integral raft insertion. Cholesterol
binding may be mediated by CRAC motifs in the flexible post-TM domain,
which harbours three determinants of binding to membrane rafts. Mutation of
the CRAC motif of the WSN strain attenuates virulence for mice. Its affinity to
the raft–non-raft interface is predicted to target M2 protein to the periphery of
lipid raft microdomains, the sites of virus assembly. Its influence on the mor-
phology of budding virus implicates M2 as factor in virus fission at the raft
boundary. Moreover, M2 is an essential factor in sorting the segmented genome
into virus particles, indicating that M2 also has a role in priming the outgrowth of
virus buds.

SFV E1 protein is the first viral type-II fusion protein demonstrated to directly
bind cholesterol when the fusion peptide loop locks into the target membrane.
Cholesterol binding is modulated by another, proximal loop, which is also impor-
tant during virus budding and as a host range determinant, as shown by mutational
studies.
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Keywords HIV gp41 influenza M2 protein · Alphavirus E1 protein · Peripheral
raft protein · Cholesterol binding site · Virus budding · Virus fusion · Virus
fission · Filamentous virus particles

Abbreviation

aa amino acid
CBPPA cholesterol-protein binding blot assay
CCM cholesterol consensus motif
CHS cholesterol hemisuccinate
CRAC cholesterol recognition amino acid consensus
DHSM dihydrosphingomyelin
DRM detergent-resistant membrane
DSC differential scanning calorimetry
DV dengue virus
FP fusion peptide
FPLC fast performance liquid chromatography
gp41 glycoprotein 41 (refers to molecular weight 41 kD)
GPCR G protein-coupled receptor
HA hemagglutinin
HIV human immunodeficiency virus
K-D Kyte-Doolittle (scale of hydrophobicity)
ld liquid-disordered
LLP lentivirus lytic peptide
lo liquid-ordered
LUV large unilamellar vesicles
Mab monoclonal antibody
MAS magic angle spinning
MBP maltose binding protein
MLV murine leukaemia virus
MPR membrane proximal region
mβCD methyl-β-cyclodextrin
NA neuraminidase
NMR nuclear magnetic resonance
pHtrans pH of conformational transition
PIP3 phosphatidylinositol-3,4,5-triphosphate
PIP4,5P2 phosphatidylinositol-4,5-bisphosphate
PM plasma membrane
POPC palmitoyl oleyl phosphatidylcholine
pre-TM pre-transmembrane
pre-TMp pre-transmembrane peptide
RNP ribonucleoprotein
S protein spike protein
SARS severe acute respiratory syndrome
SFV Semliki Forest virus
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SIN Sindbis virus
SIV Simian immunodeficiency virus
SM sphingomyelin
SOPC stearoyl oleyl phosphatidylcholine
β2AR human β2-adrenergic receptor
TBE tick-borne encephalitis virus
TM transmembrane
TSPO outer mitochondrial membrane translocator protein
TX-100 Triton X-100
Udorn influenza A/Udorn/307/72
VSV Vesicular stomatitis virus
WSN influenza A/WSN/33
W-W White-Wimley (scale of hydrophobicity)
XIP exchanger inhibitory peptide

3.1 Introduction

Viruses cross membrane barriers in the process of infection and again during assem-
bly and release through membranous compartments. The role of membrane lipid
composition and protein-lipid binding for specific biological functions of viruses
and organelles is an area of intense investigation. Proteins with functions in mem-
brane domain organization, trafficking, fusion and fission often possess specific lipid
binding sites. X-ray crystallography revealed the first cholesterol-binding site in the
3D-structure of a signalling protein (Cherezov et al., 2007, Hanson et al., 2008). The
discovery of another cholesterol binding motif 10 years earlier in a mitochondrial
protein (Li and Papadopoulos, 1998) has been influential for a number of studies of
viral proteins carrying this motif.

Cholesterol is a class apart from the other membrane lipids. Unlike these it cannot
form membranes on its own, and being the most compact of the lipids, it penetrates
less deeply into the hydrophobic layer of membrane leaflets, while its miniature
hydroxyl head-group barely projects into the interfacial zone. Cholesterol is also
the most diffusible lipid, and the one most akin to small-molecule drugs in structure
and function. Modulation of membrane cholesterol levels – physiological or induced
by drug therapies or viral infection itself – can have significant consequences for
virus replication. Cholesterol anchors on antiviral drugs and other inhibitors make
these raftophilic and target and concentrate them into membrane rafts and to mem-
brane trafficking pathways where they interfere most effectively with pathogenic
processes (reviewed by Rajendran et al., 2010).

Membrane rafts are implicated in the entry and egress of many virus species
(Nayak and Hui, 2004; Ono and Freed, 2005). Rafts are nanoscale dynamic, lat-
eral membrane domains with a specific lipid and protein composition, enriched in
cholesterol and sphingolipids, that form a liquid ordered-like phase separated from
bulk membrane (Simons and Ikonen, 1997; Hancock, 2006). Signalling cycles at the
plasma membrane involve reversible coalescence and disassembly of rafts driven by
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activation states of the raft proteins (Rajendran and Simons, 2005), whereas during
virus morphogenesis rafts merge irreversibly into microscale platforms of assembly
and budding (for reviews see Schmitt and Lamb, 2005; Waheed and Freed, 2009).
The affinity of virus envelope proteins to rafts is not attributed to specific lipid bind-
ing sites but to a combination of acylation and long transmembrane (TM) segments
(Scheiffele et al., 1997; Melkonian et al., 1999; Rousso et al., 2000). In addition,
certain viral envelope proteins exhibit distinct affinity to cholesterol. It has proved
challenging to correlate this property to specific cholesterol binding sites on the
one hand and to biological function on the other. These issues are at the center of
this review. Since viral cholesterol-binding proteins usually are components of the
virion, the review begins with virus lipidomics.

3.1.1 Virus Lipidomics

The composition of influenza virus (IFV) and human immunodeficiency virus (HIV)
envelopes was determined by liquid chromatography (Aloia et al., 1993; Zhang
et al., 2000), while recent data for HIV and other viruses has been generated by
mass spectroscopy (Brügger et al., 2006, 2007; Chan et al., 2008; Kalvodova et al.,
2009; Lorizate et al., 2009).

The lipid compositions of the envelopes of ‘non-raft’ enveloped viruses (Semliki
Forest virus, SFV, family Togaviridae, genus Alphavirus) and vesicular stomatitis
virus – VSV, family Rhabdoviridae, genus Vesiculovirus) are remarkably similar
and closely resemble that of the host cell plasma membrane (PM) from which they
bud (Kalvodova et al., 2009). No significant differences between SFV and VSV
were seen at the lipid class level, but saturated and mono-unsaturated glycerophos-
pholipids were enriched in SFV as compared to VSV and differences in fatty acid
chain length were seen. Compared to PM the viruses showed some selectivity for
sphingomyelin (SM), especially, long chain and dihydrosphingomyelin – DHSM,
and depletion of GM3 (Kalvodova et al., 2009).

IFV buds from apical PM with an envelope of cholesterol and sphingolipid-
rich raft membrane (Scheiffele et al. 1999, Zhang et al., 2000). Raft association
is intrinsically encoded in HA (Scheiffele et al., 1997), the most abundant envelope
glycoprotein. The ability of viral envelope proteins to select a cognate lipid environ-
ment is uncovered in IFV mutants defective in raft association and budding. Thus,
the envelope of a double mutant lacking the cytoplasmic tails of hemagglutinin
(HA) and neuraminidase (NA) (HAt-/NAt-) incorporated three times more triglyc-
erides and proportionally less raft lipids, cholesterol and SM (Zhang et al., 2000).
Membrane rafts and specifically cholesterol are also involved in IFV entry. Sun and
Whittaker (2003) demonstrated that depleting IFV envelope cholesterol by methyl-
β-cyclodextrin (mβCD) extraction specifically blocked the fusion of infectious virus
with the PM of pH 5-treated host cells, a process mimicking virus infection by
fusion with the endosomal membrane. Similarly, the requirement of cholesterol
in the HIV envelope for infection (Campbell et al., 2002; Guyader et al., 2002)
correlates with the integrity of viral envelope rafts (Campbell et al., 2004).
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Brügger et al. (2006) presented the first comprehensive HIV-1 lipidomics,
extended by Chan et al. (2008) who added analysis of phosphoinositides and com-
pared retroviruses, HIV-1 and 2 and murine leukaemia virus (MLV), as well as the
PMs of three host cell lines. The lipid compositions of HIV-1 and 2 vary with that of
the plasma membrane raft domain of their host cells (Chan et al., 2008). For exam-
ple, the content of DHSM in HIV-1 from a macrophage cell line (MDM) is twice
that of the T cell line H9. Similar differences in lipid composition were observed
between HIV budding from MT4 versus 293T cells and correlated to membrane
order of the virus envelope reported by the dye laurdan (Lorizate et al., 2009).

The HIV envelope protein gp160 seems to exert little influence on the envelope’s
lipid composition (Chan et al. 2008). Nevertheless, there are ways in which HIV
proteins modify the lipid composition of the viral envelope. HIV accessory protein
Nef enforces the raft character of the plasma membrane by significantly reducing
polyunsaturated PC species and enriching SM (Brügger et al., 2007). Although Nef
also boosts cholesterol synthesis (Zheng et al., 2003), cholesterol levels of the PM
and the virus envelope are not altered in HIV infection (Brügger et al., 2007). Nef is
a raft protein (Wang et al., 2000) but cholesterol binding by Nef itself (Zheng et al.,
2003) has been contested (Brügger et al., 2007).

Gag is the main determinant of HIV raft association (Bhattacharya et al.,
2006) and the driving force of particle formation and budding (Morita and
Sundquist, 2004).

Phosphatidylinositol phosphates are the one raft lipid class preferentially incor-
porated into retroviral envelope over PM. Phosphatidylinositol-4,5-bisphosphate
(PIP4,5P2) enrichment disappears upon deletion of the polybasic stretch at the head
of the Gag protein MA domain (Chan et al. 2008), confirming its essential binding
to PIP4,5P2 and via PIP4,5P2 to membrane (Ono et al., 2004; Murray et al., 2005;
Chukkapalli et al., 2008). Enzymatic degradation of PIP4,5P2 also interferes with
HIV budding (Chan et al., 2008). Similarly, PIP4,5P2 and PIP3 levels are increased
during Respiratory syncytial virus (RSV) infection, and inhibiting their synthesis
impaired formation of virus progeny (Yeo et al., 2009).

3.1.2 Cholesterol Binding Sites

In 1998 Papadopoulos and colleagues described a cholesterol recognition site
VLNYYVWR in the outer mitochondrial membrane translocator protein TSPO,
formerly known as peripheral-type benzodiazepine binding protein. Based on
homology searches of other cholesterol binding proteins they proposed a choles-
terol recognition amino acid consensus L/V-(X)1-5-Y-(X)1-5-R/K (CRAC; Li and
Papadopoulos, 1998). TSPO is involved in cholesterol transport to cytochrome P450
which catalyzes the first steroidogenic reaction (Papadopoulos et al., 2007) (see
also Chapter 15). The cholesterol-binding groove in a hydrophobic α-helix near the
cytosolic C-terminus was confirmed by mutational studies and modelled (Li and
Papadopoulos, 1998, Li et al., 2001, Jamin et al., 2005). Contributions from other
TSPO α-helices to the binding site were predicted (Jamin et al., 2005; Murail et al.,
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2008) and presented in a 3D homology model based on apolipophorin III, with
the five TM α-helices surrounding one cholesterol molecule docked to the CRAC
domain (Rone et al., 2009).

The crystal structure of a human β2-adrenergic receptor (β2AR), a G protein-
coupled receptor (GPCR), revealed a cholesterol binding site formed by amino acids
of α-helices IV and II (Cherezov et al., 2007; Hanson et al., 2008). These define
a cholesterol consensus motif, CCM, conserved among human class A GPCRs
(Hanson et al., 2008). For the purpose of comparison to CRAC, CCM is written as
R/K-(X)7-10-W/Y-(X)4-I/V/L on one α-helix, and F/Y on the other. The motifs CCM
and CRAC are obviously related by inversion. In three dimensions both motifs may
determine similar binding grooves, however, β2AR in contrast to TSPO appears
to bind two stacked molecules of cholesterol. Since CRAC and CCM are both
quite degenerate, they occur frequently; not every occurrence will be a cholesterol
recognition site. A common feature of CRAC and CCM is the α-helical secondary
structure. It is reasonable to muster additional criteria for a cholesterol recogni-
tion site of this type, i.e. inclusion in or proximity to an α-helical amphiphilic or
trans-membrane (TM) domain. Table 3.1 cites examples of CRAC motifs in viral
proteins reviewed here, in comparison to CRAC motifs of cellular proteins. Also
shown are CRAC motifs currently not implicated in cholesterol binding. For exam-
ple, the influenza A M1 protein exhibits three such motifs, one of which is shown.
It is part of the helix six domain which has affinity to membrane and to RNP
(Ruigrok et al., 2000). Other short sequence motifs proposed in cholesterol binding
(cf. Politowska et al., 2001; Yao and Papadopoulos, 2002) have not been analysed in
virus proteins.

3.1.3 Methods Demonstrating Protein–Cholesterol Binding

Since cholesterol adheres to hydrophobic surfaces, evidence of binding specificity
collected with independent methods is desirable. Table 3.2 lists approaches for prob-
ing the physical association of proteins with cholesterol, as reported for selected
viral and cellular proteins. A comprehensive discussion of such methods is the sub-
ject of Chapter 1 of this book (Gimpl, 2010). The upper half of Table 3.2 lists ways
of analysing cholesterol bound to proteins or peptides, purified or in membrane
fractions, the lower part addresses binding-site mapping. The β2-adrenergic recep-
tor, where X-ray crystallography revealed the cholesterol binding site belongs to
the GPCR superfamily; previous studies on various GPCR have indicated a func-
tion of cholesterol in receptor activity (reviewed by Hanson et al., 2008; Paila et al.,
2009). The natural variation of the cholesterol-binding site CCM in GPCRs will
enable structure-function analysis. In Drosophila metabotropic glutamate receptor,
ligand affinity increases with raft association; labelling with 3H-photocholesterol
(Thiele et al., 2000) demonstrated the sterol affinity of this particular GPCR (Eroglu
et al., 2003). Semliki Forest Virus (SFV) E1 fusion protein was also labelled with
photocholesterol (Umashankar et al., 2008).
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Table 3.2 Methods and parameters in the analysis of cholesterol binding

Method/parameter Protein

HIV
gp41

Influenza
M25

SFV
E1 TSPO GPCR Aβa

Binding
properties

Cholesterol incorporation − + − +7 − +14

– stoichiometry
cholesterol per subunit

− 0.5−1 − − 2 11,12 −

– binding constant − − − 6.1 nM 8 − −
– Filipin staining − + − − − −
Affinity chromatography +1 + − − − −
Chemical shift of

cholesterol carbon
atoms (13C MAS
NMR)

+2 − − − − −

Complexation with
cholesterol crystallites

(+)3 − − − − +15

Binding site CBPPAb mapping − − − − − +14

Binding site
transplantation

+1 − − +9 − −

Photo-affinity labelling
with 3H steroid

− − +6 +9 +13 −

X-ray crystallography − − − − + −
Mutant studies (+)4 − − +7,9,10 − −

aAβ is the cleavage product of amyloid precursor protein
bCPBBA – Cholesterol–protein binding blot assay
1)Affinity chromatography on cholesterol-hemisuccinate (CHS) agarose (Vincent et al., 2002)
2)Epand et al. (2003)
3)Experiments on short peptides, not full-length gp41
4)Mutant studies on full-length protein biological function, not cholesterol binding (cf. Table 3.3)
5)Schroeder and Lin (2005)
6)Umashankar et al. (2008)
7)Jamin et al. (2005)
8)Lacapère et al. (2001)
9)Li et al. (2001)
10)Li and Papadopoulos (1998)
11)Cherezov et al. (2007)
12)Hanson et al. (2008)
13)Eroglu et al. (2003)
14)Yao and Papadopoulos (2002)
15)Harris and Milton (2009)

The TSPO CRAC motif is currently the best-studied cholesterol-binding site,
which perhaps explains why such motifs are being investigated in other proteins.
Single mutants, where the signature residues Y and R of the CRAC motif were
replaced by S and L abolished cholesterol uptake by bacteria expressing TSPO (Li
and Papadopoulos, 1998). Transplantation of the CRAC motif into another protein,
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as done for TPSO and for HIV gp41, substantiated its assignment as a cholesterol-
binding site. Photoaffinity labelling with 3H-promegestone of the TPSO CRAC
motif transplanted onto Tat, a cell-permeating HIV protein, was competed 1000-
times more efficiently by cold cholesterol than by promegestone. The triple mutant
V149G, Y152S, R156L of this construct could not be photoaffinity labelled (Li
et al., 2001), and the TSPO single mutant Y152S no longer bound 3H-cholesterol
(Jamin et al., 2005). A cholesterol-protein binding blot assay enabled the delineation
of a cholesterol-binding site in Aβ (Yao and Papadopoulos, 2002). Independent
studies by electron microscopy also point to specific cholesterol binding of β-
amyloid (Harris and Milton, 2009; see also Chapter 2). The analysis of the chemical
shift of cholesterol carbon atoms in complexes with short peptides containing
cholesterol-binding motifs was pioneered by Epand et al. (2003) and applied to
gp41 CRAC. These authors also studied a number of sequence variations in short
CRAC-containing peptides, discussed in Section 3.2.3.

3.2 Human Immunodeficiency Virus Fusion Protein gp41

In 2009 the notion that HIV is the paradigm of a virus that enters cells by fusion with
the plasma membrane (reviewed by Gallo et al., 2003) was overturned. HIV enters
the cell by receptor-mediated endocytosis, albeit at neutral pH (Miyauchi et al.,
2009). HIV is transmitted either by free virus particles or via fusion of infected with
non-infected cells, forming multi-nucleate syncytia. Both the Env protein clusters
on the donor side, and primary and secondary receptors on the acceptor side, reside
in raft membrane domains (reviewed by Waheed and Freed, 2009).

Interactions of HIV gp41 with cholesterol have been investigated more exten-
sively than those of any other viral protein. HIV gp41 is derived by proteolytic
cleavage from its precursor, the envelope glycoprotein 160. In complex with the
other cleavage product gp120, gp41 forms the trimeric spikes of the virus parti-
cle. The gp120 subunit presents the receptor binding sites for the primary receptor
CD4 and for secondary receptors and, with the gp41 subunit, functions as a class I
fusion protein. Fusion is prepared by a sequence of events triggered by adsorption to
the primary receptor (Fig. 3.1). Receptor binding sets off extensive restructuring of
gp41 to expose and propel the N-terminal fusion peptide into the target membrane
(reviewed by Gallo et al., 2003).

The ectodomain comprises defined sub-domains, which refold into different sec-
ondary structures during fusion. From the point of view of cholesterol binding, the
pre-transmembrane (pre-TM) or membrane proximal region (MPR) (Fig. 3.1) of 20
amino acids (664–683) immediately preceding the TM segment has attracted special
interest: DKWASLWNWFNITNWLWYIK. It forms an α-helix in lipid micelles,
wherein four of the five tryptophan and the tyrosine residues align as a ‘collar of
aromatic residues’ (Schibli et al., 2001). Analogous to tryptophan-rich antimicro-
bial peptides, the aromatic collar was predicted to engage with the aqueous interface
of the membrane bilayer. The pre-TM terminates on LWIYK (679–683), the CRAC
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Fig. 3.1 Conformational transitions of HIV protein gp41 during the fusion cascade. A Release of
the metastable state of the gp120-gp41 complex by binding to the primary and secondary recep-
tors, CD4 and CKR. The membrane-proximal region MPR (pre-TM) is exposed adjacent to the
virus envelope. The MPR-distal sequence occludes the fusion peptide. B gp120 trimers refold into
extended α-helical structure and harpoon the fusion peptide into the target membrane. Coil-to-
amphipathic helix transition of the MPR-distal sequence enables immersion of the pre-TM in the
membrane interfacial zone. C Extended α-helices zip into a six-helix bundle (6HB) and clamp
virus and cell membrane, causing (D) hemifusion and, by pulling the pre-TM into the trimer of
hairpins, (E) fusion pore opening. Model of Bellamy-McIntyre et al. (2007), Figure 8 (modified),
with permission from the American Society for Biochemistry and Molecular Biology

motif immediately proximal to the transmembrane domain. The role of the pre-TM
has been studied at all levels of complexity, from mutational study of virus repro-
duction in the cell and effects on the various functions of gp41, to isolated proteins
and peptides in artificial membrane systems.

3.2.1 Mutational Studies on the Pre-TM CRAC Motif
in Virus-Cell Systems

Helseth et al. (1990) found that substituting the lysine of the LWYIK motif by
isoleucine reduced syncytium formation by 95%. The mutation did not interfere
with translation, processing and cell surface expression of Env, or with its binding
to CD4, but this mutant Env expressed from a plasmid was completely unable to
trans-complement the single-cycle replication of an Env-deleted virus. Salzwedel
et al. (1999) explored the function of the pre-TM through substitution, deletion and
insertion, and constructed a number of CRAC mutants – prior to the recognition
of its cholesterol-binding significance. They found that the pre-TM is dispensable
for maturation, trafficking, cell surface expression and CD4 binding, but is required
for cell–cell fusion. The substitution WA within LWYIK was tolerated. In contrast,
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replacing K abrogated fusion. Deletion of LWYI inhibited incorporation of gp120
into virus particles, viral entry and syncytium formation (Salzwedel et al., 1999)
while lipid mixing and small molecule transfer were only reduced by 50% (Muñoz-
Barroso et al., 1999). Analogously, inserting nine amino acids between Y and K
inhibited entry (Salzwedel et al., 1999) and fusion, but reduced lipid and small con-
tent mixing only by about 50%. Thus, a dysfunctional LWYIK motif appeared to
allow fusion pore formation, but arrest fusion pore expansion.

Ten years later, a new mutational study has now focused on the CRAC motif
(Chen et al., 2009). Three deletion mutants and three point mutations were studied:
�LWYIK, �YI, �IK, KE, WA, YA. All mutant proteins underwent normal syn-
thesis, oligomerization, cell surface expression, and incorporation with normally
assembled Gag into mutant virus, i.e. budding was not impaired. However, multi-
cycle replication of deletion mutants was significantly slowed, and virus infectivity
and cell-cell fusion were strongly impaired (Table 3.3). The deletion mutants also
interfered in trans with virus infectivity and to a lesser degree with fusion elicited
by wild-type Env. The mutation KE suppressed infectivity in trans and eliminated
fusion, and WA substitution was less disruptive than the other point mutations.

Overall, the recent study by Chen et al. (2009) shows that function of the
LWYIK motif in virus infection is most sensitive to alteration of the CRAC con-
sensus residues L, Y and K, confirming the earlier results of Salzwedel et al.
(1999). �LWYIK gp41 remains susceptible to peptides blocking the formation of
the six-helix bundle fusion intermediate (Fig. 3.1), which proves a degree of func-
tional independence of these subdomains. Thus, the effects of the mutations may
be attributed to local interactions of the LWYIK motif with lipid membranes. Of
interest, none of the mutations of the CRAC motif influenced raft association of
gp41. In a dye transfer assay between Env-expressing effector and CD4-expressing
target cells pre-TM �LWYIK supported lipid mixing, tantamount to hemifusion,
but inhibited small molecule content mixing (Chen et al. 2009). The Chen study

Table 3.3 Phenotypes of CRAC motif∗ mutations of HIV gp41

Infectivity
Transdominant
interference with

Mutant Direct Transcomplementation
Cell–cell
fusion

Cell–cell
fusion Virus

Lipid vs. content
mixing

�LWYIK1 4 4 1 70 25 140 vs. 32
�YI1 8 8 2 66 30 −
�IK1 8 8 <1 60 35 −
LI2 − − 44−70 − − −
WA1 37 43 90 100 90 −
YA1 46 48 35 − − −
KE1 40 17 < 10 − − −
% control; ∗consensus residues are underlined; – not done
after 1Chen et al. (2009); 2Epand et al. (2006)



88 C. Schroeder

confirms the conclusions of earlier studies (Muñoz-Barroso et al., 1999; Salzwedel
et al., 1999), showing that LWYIK is required for the formation and dilation of
fusion pores.

3.2.2 Studies on Full-Length gp160, gp41 and Polypeptide
Constructs

One method for assaying the cholesterol affinity of a protein is by binding to
cholesterol hemisuccinate (CHS) linked to agarose. Vincent et al. (2002) found
that a soluble Env construct binds to CHS, but hardly at all to cholic acid
agarose. As further controls, calmodulin agarose bound the construct via the Env
calmodulin binding site and ConA-sepharose B via gp120-linked mannose. Maltose
binding protein (MBP) fusions of gp41 sequences overlapping the pentapeptide
LWYIK, even the minimal construct MBP-LWYIK, also attached to cholesterol
hemisuccinate agarose, whereas others like the gp41 N-terminal fusion peptide, an
immunodominant epitope or an endodomain fragment (aa752–856) did not. This
sequence spans two CRAC motifs (Table 3.2), which are thus discounted. MBP
fusions with complete or incomplete gp41, with or without TM, bound equally, as
did a construct containing LWYIR. The study of Vincent et al. (2002) presented
compelling evidence of cholesterol binding by the gp41 pre-TM CRAC motif,
however, Chen et al. (2009) made the point that none of this work was replicated.

3.2.3 Peptide Studies and Modelling

The pre-TM has been analysed in detail by modelling and by experiments on iso-
lated peptides and their membrane interaction. According to epitope mapping and
hydropathy analyses pre-TM was subdivided into short defined sequence elements.
N-terminally, pre-TM overlaps the epitope of the monoclonal antibody (Mab) 2F5.
Residues 666–673 constitute interfacial subdomain I, 670–676 the epitope of Mab
4E10, and 677–683 interfacial subdomain II (reviewed by Lorizate et al., 2008).
Different from the TM segment, which is hydrophobic according to the classi-
cal Kyte-Doolittle (K-D) scale, the pre-TM exhibits interfacial hydrophobicity as
defined by White and Wimley (1999) (W-W). The K-D scale is based on phase par-
titioning of hydrophobic side chains, while the W-W scale reflects whole residue
partitioning of oligopeptides into the bilayer interface of POPC. For the N-terminal
fusion peptide W-W and K-D hydropathy overlap. In contrast, for pre-TM of HIV-1,
2 and SIV the distance between the W-W peak and the transmembrane K-D peak
is 15–20 residues. Pre-TM interfacial hydrophobicity analysed in a narrow window
of 5 aa exhibits two peaks, and mutations eliminating this bifurcation also interfere
most with fusion (Sáez-Cirión et al., 2003), e.g. �LWYI, the CRAC deletion of
Salzwedel et al. (1999).
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Suárez et al. (2000a) tested the ability of the gp41 fusion (FP) and pre-TM
peptides (pre-TMp) to permeabilize and fuse artificial membranes. Surprisingly,
induction of membrane leakage by, and fusogenic activity of pre-TMp on large
unilamellar vesicles (LUVs), is greater than the activity of the fusion peptide (FP).
The validity of these peptide assays with respect to the earlier virus-cell studies
(Salzwedel et al., 1999) was underscored by the inactivity of pre-TMp mutant W(1–
3)A and its inability to cooperate with FP (Suárez et al., 2000a, b). Equimolar
mixtures of wild-type pre-TMp and FP exhibited cooperativity and an increase
in tryptophan fluorescence, indicative of physical interaction. Binary peptide mix-
tures exhibited higher reactivity to the Mab2F5 epitope of pre-TM (Fig. 3.1), and
peptide hybrids exhibited even greater antibody affinity but less membrane desta-
bilizing power. Their binary interaction was interpreted as a ‘kinetic trap’ stalling
fusion, and it was inferred that in the metastable structure of gp120/gp41 the two
membrane-active segments mutually mask their hydrophobic surfaces (Fig. 3.1A;
Lorizate et al., 2006a, b).

In planar supported membrane bilayers with SM and cholesterol where liquid-
ordered (lo) and –disordered (ld) lipid domains co-exist, pre-TMp clusters formed
exclusively at the domain boundary (Sáez-Cirión et al., 2002). In a strictly
cholesterol-dependent manner Mab4E10 bound and blocked liposome permeabi-
lization by these pre-TMp clusters (Lorizate et al., 2006c). These findings are con-
sistent with the pre-TM structure being embedded in the HIV envelope (Fig. 3.1B),
as seen in the low resolution pre-fusion SIV spike 3D-structure (Zhu et al., 2006).

The Epand group investigated the potential of peptides derived from the pre-
TM sequence to bind cholesterol and induce phase separation in membranes (see
also Chapter 9). Differential scanning calorimetry (DSC) was used to monitor the
enthalpy of acyl chain melting transition, which increases upon demixing of choles-
terol (Epand et al., 2003). As a consequence of demixing, cholesterol crystallites
form. Liposomes were prepared in the presence of peptide at high peptide-to-lipid
ratio, 5 to 15 mol%. Introduction of LWYIK into multilamellar vesicles (MLV)
of cholesterol admixed to SOPC or POPC increased the enthalpy of acyl chain
melting transition and concomitantly induced cholesterol segregation into crystal-
lites. Nuclear Overhauser effect spectroscopy indicated deeper penetration of the
aromatic amino acids into the bilayer in the presence of cholesterol. This was cor-
roborated by the increased quench of tryptophan fluorescence in the presence of
cholesterol, of LWYIK (Epand et al., 2003) and LASWIK (Epand, 2004; Epand
et al., 2005b), the analogous gp41 sequence of most HIV-2 strains. 13C Magic angle
spinning NMR suggested stronger interactions with the cholesterol A ring than with
the interior of the leaflet. The complete pre-TMp was actually less prone to sequester
cholesterol into domains than LWYIK itself, with LASWIK intermediate (Epand
et al., 2005b). Cholesterol sequestration in SOPC/Cholesterol and enhancement of
Trp fluorescence in the presence of cholesterol generally were strongest for wild-
type CRAC and were diminished most by consensus-violating substitutions (Epand
et al., 2006).

Altering the first CRAC residue L to V (within consensus) or A had a less pro-
found effect than to I. IWYIK, unlike all other CRAC peptide variants, lowered
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the melting enthalpy of pure SOPC (Epand et al., 2006). The formation of choles-
terol crystallites in SOPC/cholesterol was interpreted as displacement of cholesterol
from positions adjacent to SOPC molecules rather than domain formation as with
LWYIK (Greenwood et al., 2008). These three variants were also probed in the con-
text of gp41 co-expressed with Tat from a plasmid. The mutation LI had similar
effects as other single mutations of the CRAC motif (Table 3.3). A series of dou-
ble mutants was made to alter the consensus or the intervening residues. Whereas
GWGIK and LWGIG inhibited cell-cell fusion by > 60%, LGYGK inhibited only
25–30% (Vishwanathan et al., 2008a, b). Epand et al. (2006) also modelled a struc-
ture maximizing cholesterol-peptide interactions. All variants partitioned in the acyl
chain-polar interface, but LWYIK was unique in that cholesterol OH was both H-
bond acceptor to tyrosine OH, and H-bond donor to the lysine terminal CO. In the
optimized model LWYIK enwraps the cholesterol A-ring and does not contact the
hydrophobic bulk of the molecule.

3.3 Infuenza Virus M2 Protein

3.3.1 Influenza Virus Entry and Egress

Influenza virus has a segmented RNA genome packed as ribonucleoprotein (RNP)
into a protein matrix, surrounded by an envelope carrying three transmembrane pro-
teins, HA, NA and M2. The eight RNA segments are transcribed and replicated in
the nucleus (reviewed by Whittaker et al., 2000). IFV invades the cell by adsorp-
tive endocytosis (reviewed by Smith and Helenius, 2004), which delivers the virus
to a perinuclear site (Lakadamyali et al., 2003). Here, the endosomal pH decreases
to a threshold (pHtrans) triggering conformational transition of viral hemagglutinin
and activation of the proton channel M2. The fusion peptide of HA is unburied
and propelled into the endosomal membrane, launching fusion of the viral with the
endosomal membrane (reviewed by Cross et al., 2001). Concomitant proton influx
through the M2 ion channel dissociates the dense matrix (‘uncoating’) making RNP
susceptible to primary transcription (cf. Whittaker et al., 2000). It is critical that
all eight genome segments arrive in the nucleus. Likewise, at completion of the
infectious cycle during virus assembly, the eight RNA segments must be sorted into
the virus particle. The M2 protein plays a role both in packing and unpacking the
genome.

3.3.2 M2 Protein Structural and Functional Domains

Influenza A M2 protein is a unique, multifunctional protein critical for initiation
and completion of the infectious cycle. M2 is a tetrameric class III, single-pass TM
protein (Holsinger and Lamb, 1991; Sugrue and Hay, 1991). Figure 3.2 depicts
the structural and functional domains of influenza A M2. The 25 amino-acid
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Fig. 3.2 Structural and functional domains of influenza A M2 protein. Influenza A strains: WS
– WSN/33 (H1N1) – NCBI accession L25818.1; Ud – Udorn/307/72 – NCBI accession J02167.1
(H3N2); We – Weybridge/27 (H7N7) – EMBL accession AX006731.1. Bold print: post-TM. Bold
printed, underlined residues interact with M1 protein

ectodomain is required for the incorporation of M2 into virus particles (Park et al.,
1998) and forms the channel mouth. The α-helical 19 amino-acid TM segment
(Lamb et al., 1985; Schnell and Chou, 2008; Stouffer et al., 2008) defines a min-
imal proton channel (Duff and Ashley, 1992). However, the following sequence up
to at least residue 62 is also necessary for ion channel activity in vivo (Tobler et al.,
1999). This amphipathic post-TM domain (D44–K60) comprises a sharp turn and
a second alpha-helix according to solid-state NMR of the monomer (Tian et al.,
2003). The 3D structure of the tetramer M218-60 elucidated by NMR in solution
(Schnell and Chou, 2008) shows the TM and the post-TM α-helices connected
by a loop of residues 47–50 (Fig. 3.3). The post-TM includes the palmitoylation
site and CRAC motifs overlapping a sequence with predicted affinity to PIP4,5P2
(Table 3.1). Most of the M2 endodomain is involved in virus assembly, required

Fig. 3.3 3D-model of the
tetrameric M2
transmembrane and post-TM
structure (Schnell and Chou,
2008). The four helices
forming the ion channel are in
the upper left, the four
post-TM helices in the lower
right. Key residues are
indicated: S50 marks the
position of the palmitoylated
C50 of the wild-type
sequence. L46 is the first and
Y52 the central residue of a
common M2 CRAC motif.
The position normally
occupied by a basic residue is
mutated in the Udorn strain
(E56) (cp. Table 3.1, Fig. 3.2)
(Redrawn after MMDB ID:
62125; PDB ID: 2RLF.)
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both for the incorporation of M1 and genome packing (McCown and Pekosz, 2005,
2006; Iwatsuki-Horimoto et al., 2006; Chen et al., 2008).

3.3.3 Influenza Virus Membrane Rafts

HA and NA are integral raft proteins (Skibbens et al., 1989, Kurzchalia et al., 1992;
Scheiffele et al., 1997; Zhang et al. 2000; Nayak and Barman, 2002) and the bud-
ding of influenza virus particles is raft-dependent (Scheiffele et al., 1999, Zhang
et al., 2000). Raft trans-membrane proteins typically possess a long TM segment,
since raft membranes are thicker than bulk membrane (Coxey et al., 1993; Ren
et al., 1997). M2 differs from the large spike proteins HA and NA by its short 19
residue TM segment vs. 25–30 for the latter. Compared to HA and NA only a small
amount of M2 is extracted into detergent-resistant membrane (DRM) by cold TX-
100 (Zhang et al., 2000, Schroeder et al., 2005). Clusters of HA can be visualized in
contours of the cell surface by immuno-gold labelling, whereas non-raft mutant HA
is distributed more uniformly; these clusters were identified as raft micro-domains
and platforms of virus budding (Takeda et al., 2003), which also contain NA and
the raft marker GM1 (Leser and Lamb, 2005). Low density of M2 staining did not
allow for assessment of its surface distribution in PM contours. In planar plasma
membrane sheets HA appears in large 2-dimensional clusters (Hess et al., 2005)
and these enable analysis of HA, M1 and M2 co-clustering (Chen et al., 2008). M2
protein co-clustered with M1, however, an alanine-scanning mutant M271 SMR →
AAA (cp. Fig. 3.2) did not. Statistical analysis of co-clustering with HA revealed
that this mutant still displayed significant long-range (> 200 nm) association with
HA, albeit less than wild-type M2. Moreover, M1 in the background of this M2
mutation also remains associated with HA. This analysis suggested that different
sequence elements of M2 are responsible for the association with M1 on the one
side and HA on the other, and that association of M2 with HA is not mediated by
M1 (Chen et al., 2008). Indeed, M1-binding sites in the M2 sequence are spatially
separated from the post-TM (Fig. 3.2). We hypothesized that M2 attaches peripher-
ally to the HA-studded membrane raft (Schroeder et al., 2005). Its short TM domain
should lock M2 into non-raft membrane while post-TM lipid-binding determinants
form a bridge into raft domains (see Section 3.6).

3.3.4 Cholesterol in the Apical Transport and Maturation of M2
Protein

In contrast to HA and NA, M2 is recycled between the PM and the TGN (Henkel
and Weisz, 1998) where it equilibrates pH and protects acid-labile HA species
from premature low-pH conformational transition (Sugrue et al., 1990; Grambas
and Hay, 1992; Ciampor et al., 1992a, b; Ohuchi et al., 1994; Takeuchi and
Lamb, 1994). HA and M2 are apparently co-transported to the PM, sharing the
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same transport pathways and vesicles. By peripherally inserting at the raft–non-
raft interface, M2 may already associate to HA-bearing rafts during vesicular
transport.

Cholesterol depletion slows down apical transport via sphingolipid-cholesterol
rafts and causes mis-sorting of HA to the basolateral membrane (Keller and Simons,
1998). Cholesterol is also required for the maturation and stability of M2. This was
first observed in a heterologous expression system. Extreme cholesterol depletion of
insect cells altered the ultrastructure of the Golgi and interfered with cytotoxicity of
expressed M2 (Cleverley et al., 1997). We studied cholesterol requirements of the
ion channel function on M2 expressed in insect cells in the presence of cholesterol.
The proton channel activity of liposome-reconstituted M2 was found to be indepen-
dent of cholesterol (Lin and Schroeder, 2001). We also expressed M2 protein in E.
coli which is intrinsically cholesterol-free. Irrespective of cholesterol content, dif-
ferent M2 preparations exhibited nearly the same activity and susceptibility to the
antiviral drug rimantadine (Schroeder et al., 2005). While cholesterol is not directly
required for ion channel activity it promotes tetramerization, a prerequisite of ion
channel activity (Sakaguchi et al., 1997). Synthetic lipid bilayers of Golgi thickness
(C16-C18 phospholipids) support tetramerization of the TM peptide M219-46 bet-
ter than shorter phospholipids. Inclusion of cholesterol into the bilayers enhanced
membrane thickness as well as M2 tetramerization. Judged by Scatchard analy-
sis cholesterol did not directly bind to the transmembrane peptide (Cristian et al.,
2003). Full-length M2 expressed in the absence of cholesterol in E. coli exhibited
a higher dimer content and lower stability than M2 expressed in insect cells in the
presence of serum (Schroeder et al., 2005). The lack of M2 activity in cholesterol-
free insect cells (Cleverley et al., 1997) may therefore be attributed to a thinning of
the Golgi membranes resulting in the failure of M2 to tetramerize. This is all the
more likely as insect cells are cholesterol auxotroph and grow at 27◦C, and their
membranes are composed of shorter phospholipids than membranes of cells grown
at 37◦C (Rietveld et al., 1999). Introduction of cholesterol also causes the incorpo-
ration of longer chain phospholipids into insect cell membranes (Gimpl et al., 1995;
Marheineke et al., 1998).

3.3.5 M2 Protein-Cholesterol Binding Experiments

M2 protein co-purifies with cholesterol which survives extensive detergent washes
(Schroeder et al., 2005). Following expression and immunoaffinity purification from
virus-infected chick embryo cells labelled with tritiated cholesterol the co-purified,
extractable neutral lipid was subjected to thin-layer chromatography. About 69%
of the extracted material coincided with the cholesterol spot. The cholesterol con-
tent of purified Weybridge M2 was 0.9 mol per M2 subunit. Sequence-identical M2
protein expressed and purified from insect cells by immunoaffinity FPLC contained
0.5 mol cholesterol per subunit. By prolonged treatment of solid-phase bound M2
with 40 mM 1-octyl-β-D-glucoside, most but not all cholesterol could be removed
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(C.S., unpublished). This M2 preparation was captured by cholesteryl hemisucci-
nate agarose but not by unmodified agarose (Schroeder et al., 2005). Cholesterol
co-purification with M2 isolated from homologous and heterologous expression sys-
tems and adsorption to cholesterol hemisuccinate indicated cholesterol binding by
M2 (Table 3.2).

3.3.6 Membrane Raft Binding Determinants and CRAC Motifs
in the Post-TM

The post-TM sequence of the M2 protein (D44–K60; see Figs. 3.2 and 3.3) exhibits
interfacial hydrophobicity (White and Wimley, 1999) up to residue 57 (cf. Schroeder
et al., 2005) and covers three overlapping determinants of lipid raft binding, palmi-
toylation at C50, one or two CRAC motifs, and an XIP-like motif (Table 3.1). The
M2 protein of influenza A/Udorn 307/1972 (H3N2) (Udorn) lacks R54, K56 and
L55 and therefore does not possess a bona-fide CRAC motif, but basic residues
are present further downstream of Y52 (Table 3.1). The M2 Weybridge post-TM
sequence is most closely homologous to the XIP region of Na/Ca exchangers
(Table 3.1) that has specific affinity to PIP4,5P2 (He et al., 2000), a lipid species
enriched in the cytoplasmic leaflet of raft membranes (Liu et al., 1998). NAP-
22 is another example of a protein predicted to interact with cholesterol via an
N-terminal motif similar to CRAC with longer spacers between the L, Y, and K
residues (Terashita et al., 2002; Epand et al., 2004, 2005a; Table 3.1). Similar to M2
post-TM, this motif also exhibits a close overlap of elements determining raft bind-
ing, myristoylation, affinity to PIP4,5P2, and predicted cholesterol affinity. Epand
et al. (2005a) determined that replacing the Y residue of this motif in a 19 residue
NAP-22 peptide abolishes its ability to induce a cholesterol-depleted domain in
LUVs.

Influenza B and C viruses also encode M2-like ion channel proteins, albeit
less extensively studied, with analogous roles to influenza A M2, despite lack of
sequence homology, involved in virus entry and capable of equilibrating pH gradi-
ents; BM2 also has a function in viral assembly and egress similar to AM2 (Hongo
et al., 2004; Imai et al., 2004, 2008; Betakova and Hay, 2007; Pinto and Lamb,
2006). Both influenza B and C M2 sequences include a CRAC motif of unknown
significance (not shown).

Stewart et al. (submitted) introduced mutations at CRAC motifs of M2 of the
Udorn and WSN strains. The substitution R54F that restores a standard CRAC
motif into Udorn M2 (see Table 3.1) neither influenced virus replication kinetics in
vitro nor affected the formation of filamentous virus or the incorporation of matrix
and envelope proteins into progeny virus. Likewise, alanine substitution of the key
residues L46, Y52 and R54 eliminating the CRAC motif (WSN M2delCRAC) did
not affect WSN replication in vitro, but caused attenuation of virulence. At a dose
of 105 TCID50 infection by WSN was lethal, whereas 80% of mice infected with
WSN delCRAC survived; mutant R54F had an intermediate phenotype.
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M2 palmitoylation at C50 is not conserved in all influenza virus strains, e.g. C50
is present in most H3N2 but only in a third of the H1N1 strains (Grantham et al.,
2009). This is in contrast to HA where palmitoylation is conserved throughout the
subtypes and improves virus budding (Jin et al., 1996), raft targeting (Melkonian
et al., 1999) and assembly with the M1 protein in a strain-dependent manner (Chen
et al., 2005). Judged by the behaviour of M2 C50S mutants, C50 palmitoylation
was not required for the replication or filamentous budding of the Udorn and WSN
strains in vitro, however, the WSN C50S virus mutant was attenuated in mice
(Grantham et al., 2009). The robustness of IFV to mutations abolishing palmitoy-
lation and the CRAC motif of the M2 post-TM implies functional redundancy and
the need to disrupt more than one membrane-targeting determinant in the post-TM
to see effects in vitro.

The properties of the short TM and amphiphilic post-TM sequence may encode
dual affinity to raft and non-raft membrane, targeting M2 to the membrane domain
border as a ‘peripheral raft protein’. We proposed a simple model (Fig. 3.4 ) of the
post-TM anchored in membrane rafts via palmitate. Palmitoylation, CRAC motifs
and the PIP4,5P2-binding motif may support affinity to the periphery of rafts, while
the short TM segment remains surrounded by non-raft membrane.

M2 post-TM features a conserved endocytic internalization motif at residues
52–55, YxxF, that often marks tight turns in the three-dimensional structures of
internalized proteins (Collawn et al., 1990); also a kink at K60 was predicted by
Saldanha et al. (2002). These elements may confer the structural flexibility required
for a role of the post-TM region in membrane fission (see below). Figure 3.3 shows
a cartoon of the 3D-model of M218-60 C50S (Schnell and Chou, 2008) indicating
the position of the CRAC motif. Inclusion of C50 palmitoylation providing a sec-
ond anchor perpendicular to the membrane plane should cause significant alterations
to this model. Schnell and Chou (2008) address this issue: ‘Modelling shows that
extending the transmembrane helix to Phe 48 would place residue 50 facing the
membrane, allowing for insertion of the palmitoyl acyl chain into the lipid bilayer.

Fig. 3.4 Peripheral raft association of the M2 tetramer. (a) Cross-section of the membrane show-
ing the TM and post-TM of two of the four subunits of the tetramer. TM is surrounded by non-raft
membrane while post-TM connects to raft membrane via the palmitate bound to C50 (C50p) and
other raft-targeting sequence elements. (b) Tetramer viewed from the endodomain. Subunits bridge
separate rafts. (c) Merger of rafts, trapping the tetramer in small patch of non-raft membrane within
raft domain. From Schroeder et al. (2005), with permission from Springer Publishers
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This minor rearrangement would also move the amphipathic helices closer to the
transmembrane domain.’ Only structural studies on palmitoylated M2 will reveal
whether and in which membrane environments such elongated TM segments may
exist.

3.3.7 Morphogenesis and Budding

Influenza virus buds at the plasma membrane as spherical (80–120 nm in diame-
ter) or filamentous particles up to > 10 μm long (for a recent review see Schmitt
and Lamb, 2005). The latter may have a role in virus transmission in infected lung
tissue by bridging infected and non-infected cells (Roberts and Compans, 1998),
while spherical particles are expected to be more stable and suitable for aerosol
transmission between hosts (Bourmakina and García-Sastre, 2003). Transmission
electron microscopy of serially sectioned budding virus particles revealed seven
RNP segments of different lengths surrounding the central eighth segment, project-
ing downwards from the top of the bud (Noda et al., 2006). Once the virus particle
is pinched off the RNP segments become indistinguishable. An unknown packaging
mechanism sorts the eight different RNP segments into each assembling virus (Fujii
et al., 2003; Noda et al., 2006). The M2 protein is involved in this process (McCown
and Pekosz, 2005, 2006).

Filamentous particles usually predominate irrespective of virus subtype, passage
history or host species (cf. Elleman and Barclay, 2004). The filamentous phenotype
is associated with gene segment 7 (Smirnov et al., 1991) encoding M2 and M1
protein and also requires a functional cortical actin microfilament array (Roberts
and Compans, 1998; Simpson-Holley et al., 2002). Like spherical morphogenesis,
the formation of virus filaments is raft-associated (Simpson-Holley et al., 2002).
The outgrowth of virus filaments appears to bypass a decision point to complete
spherical morphogenesis, as suggested by the following observations:

M2 is implicated in influenza virus morphogenesis, since a specific monoclonal
antibody to the M2 ectodomain (Mab 14C2) suppressed the production of filamen-
tous virus; strains unable to generate filamentous particles were not susceptible
(Zebedee and Lamb, 1989; Elleman and Barclay, 2004). The antibody clusters the
M2 protein on the PM and reduces its surface expression. Moreover, this anti-
body labelled M2 in spherical but not in filamentous virus particles (Hughey et al.,
1995). Resistance to 14C2 mapped to the M2 endodomain, or to the M1 (matrix)
protein of A/Udorn (Fig. 3.2; Zebedee and Lamb, 1989), resulting in distinct mor-
phological phenotypes. M1 A41V generates exclusively spherical particles (Roberts
et al., 1998; Elleman and Barclay, 2004). This substitution also occurs in high pro-
ducer H1N1 laboratory strains PR8/34 and WSN/33 that have lost the morphotype
switch, which confers no selective advantage for propagation in vitro. Mutations in
Udorn M2 (S71Y or K78Q, Fig. 3.2) render filamentous particles less susceptible
to antibody restriction but these have a much lower yield of infectious virus and
may be defective in pinching-off (Hughey et al., 1995; Roberts et al., 1998). This
data implicated interactions between the M2 endodomain region 71–78 with M1
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31-41 (Zebedee and Lamb, 1989). Physical interaction of M1 with the M2 cytoplas-
mic tail has since been proven by immunoprecipitation and pull-down experiments
(McCown and Pekosz, 2006; Chen et al., 2008). In the ensuing mutational stud-
ies of the M2 and M1 genes of filamentous Udorn and spherical WSN it turned
out that mutations at these and other sites where the M1 s differ, or truncation of
the M2 cytoplasmic tail, switch the morphotype (Bourmakina and García-Sastre,
2003; Elleman and Barclay, 2004; Burleigh et al., 2005; McCown and Pekosz, 2006;
Iwatsuki-Horimoto et al., 2006; Chen et al., 2008).

Truncation of the M2 cytoplasmic tail (McCown and Pekosz, 2006) but
also mutation at the extreme N-terminus of NA (Barman et al., 2004) led to
‘daisy chains’ of spherical, budding virus particles, defective in pinching-off
(fission). A recent observation directly implicates membrane rafts in this pro-
cess: Viperin is an interferon-induced protein that disperses lipid rafts (Wang
et al., 2007) as evidenced by reduced copatching of HA with GM1, enhanced
membrane fluidity, TX-100 extractability and lateral mobility of HA. Viperin
binds and inhibits farnesyl diphosphate synthase upstream the cholesterol biosyn-
thetic pathway. Remarkably, viperin expression also elicits ‘daisy chain’-like IFV
budding.

3.3.8 Incorporation of M2 into Virus Particles and the Process
of Membrane Fission

Although M2 is expressed as abundantly as HA, the ratio of HA (trimer) to M2
(tetramer) in the virus envelope was estimated to be 500:15 (Zebedee and Lamb,
1988) and this sub-stoichiometric incorporation attributed to the exclusion of M2
from rafts (Zhang et al., 2000). The essential functions of M2 in virus uncoat-
ing (Kato and Eggers, 1969; Takeda et al., 2002) and genome packaging imply
mechanisms specifically incorporating a few molecules of M2 into the envelope.
As detailed in the previous sections: (1) The M2 endodomain at and beyond residue
71 physically interacts with matrix protein M1. (2) Although not an integral raft
protein, M2 is associated specifically with raft-embedded HA, independent of M1
binding, apparently mediated by determinants for peripheral raft association in the
pre-TM (Fig. 3.4). (3) M2 transits with HA through the trans-Golgi to the PM
within the same transport vesicles. (4) M2 truncated at residue 70 still packages
into virus particles (McCown and Pekosz, 2006), thus, the sequences responsible
for M2 packaging include the post-TM. (5) The M2 post-TM is implicated as a fac-
tor in membrane fission (pinching-off) as are membrane rafts. We suggested that
pinching-off occurs at the fault-line between raft and non-raft membrane at the bud-
ding pore (Schroeder et al., 2005; Schroeder and Lin, 2005), where M2 protein
concentrates due to its affinity to the raft periphery. This gained further support
from an experiment where transient cholesterol depletion, restricted to the process
of pinching-off, actually increased the yield of spherical (WSN strain) particles
(Barman and Nayak, 2007).



98 C. Schroeder

The proposed role of M2 in pinching-off is in agreement with electron micro-
graphs showing immunogold-labelled M2 clustered at the neck of virus buds
(Hughey et al., 1995; Lamb and Krug, 1996). The antibody 14C2 that stalls filamen-
tous growth is not effective as Fab chains (Hughey et al., 1995), it must cross-link
M2 to cluster it. We suggested that M2 cross-linking would accelerate pinching-off
like a draw-string (Schroeder et al., 2005). The role of M2 in genome packaging
(McCown and Pekosz, 2005, 2006) and the fact that the genome segments are coor-
dinated to the top of the bud (Noda et al., 2006) suggests that M2 may also prime
budding as an initial focus for RNP and M1 assembly. This would produce virus
particles with distinct poles of M2.

In summary, the data indicates that the cholesterol affinity of the M2 protein is
one of the functionally redundant elements targeting it to the periphery of membrane
rafts. Association to the raft periphery appears to underlie its role during the budding
and fission of virus particles.

3.4 Fusion Proteins of Alphavirus Species

The class II fusion proteins, E1 and E, of alpha- and flaviviruses power low pH-
dependent fusion of the viral and the endosomal membrane during virus infection
(reviewed by Heinz and Allison, 2000; Kielian, 1995, 2006). Alphavirus is a genus
of togaviridae, flavivirus a genus of flaviviridae. In cholesterol-depleted insect cells
alphavirus Semliki Forest virus (SFV) growth is 1000-fold restricted (Phalen and
Kielian, 1991), whereas a less cholesterol-dependent point mutant, P226S, is only
restricted 40-fold (Vashishtha et al., 1998). This mutation has arisen independently
and repeatedly during appropriate selection conditions (Chatterjee et al., 2002).
Likewise, the Sindbis alphavirus (SIN) is cholesterol-dependent for entry and egress
(Lu et al., 1999). Fusion and infection of insect cells by SFV and Sindbis virus are
stimulated by cholesterol. Despite similarity in fusion mechanism flaviviruses like
yellow fever and several dengue virus (DV) strains do not require cholesterol.

Umashankar et al. (2008) demonstrated that an SFV E1 ectodomain protein
(E1∗) incubated with liposomes was labelled by photocholesterol (Table 3.2) at
pH 5, the pH of fusion, whereas DV2 E∗ protein was not. A cholesterol-dependent
cytolysin served as the positive control, which was also labelled by photocholes-
terol. In contrast, full length E1 membrane-inserted by its TM domain was not
photoaffinity labelled, even at low pH. Labelling by photocholesterol indicates a
specific interaction of the fusion peptide with cholesterol in the target membrane.

SFV E1∗ inserted into liposomes encompassing a liquid ordered SM and
cholesterol-enriched phase could be extracted with mβCD, along with the choles-
terol, while DV E∗ was not extracted (Umashankar et al., 2008), similar to E∗ of
tick-borne encephalitis virus (TBE), another flavivirus (Stiasny et al., 2003). Both
SFV and SIN, although requiring SM and cholesterol for infection, do not depend
on membrane rafts (Waarts et al., 2002), and it is just the ectodomain during fusion
but not the full length E1 protein that associates with rafts (Ahn et al., 2002).
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The P226S mutation of SFV and SIN (Lu et al., 1999) is located to the ij loop
which is apposed to the fusion peptide loop in the E protein 3D structure (Roussel
et al., 2006) and apparently modulates cholesterol dependence of fusion. Recently
the mutation A226V arose during a Chikungunya (alphavirus) epidemic. This muta-
tion was associated with transmission by a new vector, Aedes albopictus and, at the
same time, increased cholesterol dependence of the virus (Tsetsarkin et al., 2007).

SIN and SFV virus budding also exhibits a cholesterol requirement, attenuated
by the same P226S mutation in E1 protein. In the absence of cholesterol, E1 protein
is preferentially degraded rather than incorporated into progeny virus.

3.5 Other Cholesterol-Binding Virus Proteins

The first instance of a virus protein reported to bind cholesterol was Sendai virus
class I fusion (F) protein (Asano and Asano, 1988). 3H-cholesterol was added to a
purified F protein preparation and a complex isolated by immuno-precipitation. The
3-OH group of cholesterol was not required for binding. Cholesterol labelled about
10% of the monomer. Cholesterol binding was blocked by a fusion inhibitory pep-
tide. This work was apparently not followed up. Sendai virus F protein is extracted
into DRM and the virus is proposed to bud from membrane rafts (Sanderson et al.,
1995; Ali and Nayak, 2000).

The coronavirus spike (S) protein is a class I fusion protein, structurally and func-
tionally similar to HIV Env. Analogous to HIV gp41, peptides representing the S
protein pre-TM amphiphilic sequence are able to permeabilize and fuse membranes
(Sainz et al., 2005). The pre-TM sequences of SARS and other coronaviruses,
e.g. mouse hepatitis virus, harbor a CRAC motif (not shown). Cholesterol-binding
studies have not been reported.

3.6 Conclusions

HIV gp41, influenza A M2 and SFV E1 protein are vastly different in structure and
function. They have in common flexible domains which undergo conformational
transition during the membrane restructuring processes and contain cholesterol
binding sites. The type of studies performed and the amount of data available docu-
menting cholesterol binding and its biological function vary greatly. For HIV gp41
cholesterol dependence of fusion is proven, a specific CRAC motif is shown to
mediate cholesterol binding of gp41-derived peptides, and mutations to this motif
arrest HIV infection at the hemifusion stage. The missing link in the chain of
evidence is the demonstration at the virus-cell level that these gp41 mutations abro-
gate fusion due to impaired cholesterol binding. The influenza A virus M2 protein
binds cholesterol which is, however, not required for its proton channel function.
Mutation of a potential cholesterol binding CRAC motif attenuates virus virulence.
This motif may be one of the lipid-binding determinants linking M2 peripherally to



100 C. Schroeder

raft microdomains and predicted to play a role in virus budding and fission. Since
this hypothesis was first published data has accrued consistent with peripheral raft
targeting and supporting the role of the M2 cytoplasmic tail in morphogenesis. The
specific role of cholesterol-binding in these processes requires further study. SFV
is the first virus for which direct cholesterol binding by the fusion peptide was
proven. A second-site locus modulating cholesterol affinity is related to host range
and virulence in a number of alphavirus species.
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Chapter 4
Sterol–Protein Interactions in Cholesterol
and Bile Acid Synthesis

Emma De Fabiani, Nico Mitro, Federica Gilardi, and Maurizio Crestani

Abstract Cholesterol and other cholesterol related metabolites, oxysterols, and bile
acids, establish specific interactions with enzymes and other proteins involved in
cholesterol and bile acid homeostasis, triggering a variety of biological responses.
The substrate-enzyme binding represents the best-characterized type of complemen-
tary interaction between proteins and small molecules. Key enzymes in the pathway
that converts cholesterol to bile acids belong to the cytochrome P450 superfam-
ily. In contrast to the majority of P450 enzymes, those acting on cholesterol and
related metabolites exhibit higher stringency with respect to substrate molecules.
This stringency, coupled with the specificity of the reactions, dictates the chemi-
cal features of intermediate metabolites (oxysterols) and end products (bile acids).
Both oxysterols and bile acids have emerged in recent years as new signalling
molecules due to their ability to interact and activate nuclear receptors, and con-
sequently to regulate the transcription of genes involved in cholesterol and bile
acid homeostasis and metabolism, but also in glucose and fatty acid metabolism.
Interestingly, other proteins function as bile acid or sterol receptors. New findings
indicate that bile acids also interact with a membrane G protein-coupled receptor,
triggering a signalling cascade that ultimately promote energy expenditure. On the
other end, cholesterol and side chain oxysterols establish specific interactions with
different proteins residing in the endoplasmic reticulum that result in controlled pro-
tein degradation and/or trafficking to the Golgi and the nucleus. These regulatory
pathways converge and contribute to adapt cholesterol uptake and synthesis to the
cellular needs.
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Abbreviations

SREBP Sterol Regulatory Element Binding Protein
Scap SREBP cleavage activating protein
HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A
LXR liver X receptor
FXR farnesoid X receptor;
CYP7A1 cholesterol 7α-hydroxylase
CYP27 sterol 27-hydroxylase
LBD ligand binding domain
DBD DNA binding domain
PXR pregnane X receptor
VDR vitamin D receptor
LDL low density lipoprotein
ER endoplasmic reticulum

4.1 Introduction

The aim of this chapter is to critically review recent publications dealing with
the binding and/or interaction of cholesterol and other cholesterol derivatives,
namely oxysterols, and bile acids, with enzymes and other proteins involved in
cholesterol and bile acid homeostasis. The nature of sterol-protein interactions is
crucial in numerous aspects: substrate specificity, as in the case of enzymes act-
ing on cholesterol and/or its derivatives (i.e. cytochrome P450 s); intracellular
trafficking, as in the case of Sterol regulatory element binding protein (SREBP)
cleavage activating protein (SCAP); stability and susceptibility to degradation,
as in the case of 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reduc-
tase and Insig proteins; ligand-specific conformational changes and consequently
interactions with other protein complexes involved in the regulation of gene tran-
scription, as in the case of nuclear receptors. The features of the interactions
between sterols and nuclear receptors have been discovered and elucidated more
recently but their molecular and metabolic consequences in the feedback regulation
of cholesterol and bile acid synthesis, in the modulation of cholesterol transport,
and in other key cellular functions, have immediately gained a primary level of
attention.

Other sterol–protein interactions play a highly relevant role in cholesterol home-
ostasis, We refer in particular to proteins involved in cholesterol efflux from
cells, for example the membrane transporters belonging to the ATP-binding cas-
sette (ABC) family, and in its transport in the blood stream, specifically the
apo-components of lipoprotein particles. Since these topics will be described in
detail in other chapters, we will only cover a few concepts that are strictly linked
to the subjects of the present chapter. The exit of cholesterol from non-hepatic
cells, the initial event in the so-called reverse cholesterol transport, is carried out
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mainly by members of the ABC family (ABCA1 and ABCG1). In the extracel-
lular compartment, Apolipoprotein (apo) E represents one of the most important
cholesterol acceptors. The expression of these proteins is positively regulated at
the level of gene transcription by the nuclear receptor activated by oxysterols
(see below). A relevant fraction of blood cholesterol is transported by low density
lipoprotein whose clearance is accomplished through a receptor-mediated pathway.
The expression of this receptor is finely modulated through multiple mechanisms
(see below) that adapt intracellular cholesterol levels to cellular needs and, at
the same time, greatly influence the levels of circulating lipoprotein-associated
cholesterol.

4.2 Brief Overview of Cholesterol and Bile Acid Biosynthesis

A complete overview of cholesterol and bile acid biosynthesis is far beyond the
scope of this chapter and readers interested in a deeper description of this issue can
find more complete information elsewhere (see (Goldstein and Brown, 1990) and
related references for cholesterol synthesis and (Chiang, 2004, Russell, 2003), for
bile acid synthesis).

Figure 4.1 summarizes the main steps of cholesterol and bile acid synthesis.
Cholesterol synthesis, also referred to as mevalonate pathway, is a ubiquitous path-
way and virtually every cell possesses the essential complement of enzymes and
intracellular transport proteins to produce cholesterol and non sterol isoprenoids
(Fig. 4.1A). Bile acid production is a typical liver function and the complete set
of enzymes and proteins required for bile acid synthesis through the classic path-
way is selectively expressed in hepatic cells (Fig. 4.1B). However, it should be
pointed out that commitment of cholesterol to bile acid conversion can also com-
mence in non-liver cells, through the so-called alternative pathway. In this pathway,
the hydroxylation of cholesterol side-chain precedes the hydroxylation at position 7
of the B ring.

From a general point of view, the pathways leading to cholesterol and bile acid
synthesis share some common features:

• Most of the key enzymes of both cholesterol and bile acid synthesis are
transmembrane proteins residing in the endoplasmic reticulum (ER).

• The rate of both cholesterol and bile acid synthesis is regulated at an early
stage, namely at the level of the conversion of HMG CoA to mevalonate and
at the level of 7α-hydroxylation of cholesterol, respectively. Furthermore, the
enzymes catalyzing the rate-limiting steps, HMG CoA reductase and cholesterol
7α-hydroxylase (CYP7A1), are mainly regulated at the transcriptional level.

• The end products of the pathways, and/or closely related metabolites, are the most
potent effectors exerting a feedback control. In fact, HMG CoA reductase senses
the negative effect of sterols and oxysterols, whereas CYP7A1 is down-regulated
by bile acids. Both cholesterol and bile acids control their own synthesis through
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multiple mechanisms, thus accomplishing a finely and highly regulated tuning of
their metabolic pathways.

4.3 The Binding of (Chole)sterols to Cytochrome P450 Enzymes:
Highly Stringent and Less Stringent Enzyme–Substrate
Interactions

Several members of the cytochrome P450 (P450) superfamily utilize cholesterol
or its derivatives as substrates for enzymatic reactions. These members include
enzymes of the bile acid biosynthetic pathway and enzymes producing steroid
hormones. In this chapter we will focus in particular on CYP7A1 and sterol
27-hydroxylase (CYP27A1).

It is well known that many P450 enzymes are involved in the biotransformation
of xenobiotics and indeed, from a certain point of view, bile acid synthesis can be
considered as a way to eliminate cholesterol from the body, following the classical
steps used to remove highly lipophilic exogenous compounds. These steps include,
firstly, introduction or generation of hydroxyl and carboxyl groups, and then conju-
gation with amino acids, taurine or glycine, to increase hydrophilicity and produce
molecules suitable for excretion.

Hydroxylation at the 7α-position of cholesterol B ring is an essential feature
of primary bile acids and is carried out by the liver-specific CYP7A1, in the clas-
sic pathway, and by the more widely expressed oxysterol 7α-hydroxylase, in the
alternative pathway (Schwarz et al., 1998, Lathe, 2002). Since the early obser-
vations in the late 1950 s (Bergstrom, 1958), it was immediately clear that the
7α-hydroxylation of cholesterol represents a key step in the conversion of choles-
terol to bile acids through the classic pathway, thus opening the way to a great deal
of work aimed at discovering the biochemical features of the enzymatic reaction.

CYP7A1 is active almost exclusively on cholesterol and on its 5α-saturated ana-
log cholestanol (Ogishima et al., 1987), thus showing a strict substrate specificity
that is unusual for P450 enzymes. In addition, CYP7A1 displays high catalytic effi-
ciency, a feature that well correlates with the ability of the liver to convert about

�

Fig. 4.1 Main steps of cholesterol and bile acid synthesis. A The synthesis of cholesterol is mainly
regulated at the level of the conversion of HMG-CoA to mevalonate by the HMG-CoA reductase,
an ER protein expressed in almost all tissues and cells. B The synthesis of bile acids starts in
the liver (classic pathway) with the hydroxylation of cholesterol carried out by the P450 enzyme
CYP7A1 and proceeds with modifications of the 4-ring system and the oxidation of the side chain
by the mitochondrial P450 CYP27A1. The main primary bile acids found in humans are cholic
acid and chenodeoxycholic acid. An alternative pathway has been described to take place in non-
hepatic cells, according to which cholesterol is first hydroxylated at the side chain by CYP27A1.
The hydroxyl group at the C7α position is introduced by the oxysterol 7α-hydroxylase (CYP7B1)
and further reactions required for the conversion to bile acids are carried out in liver by the same
enzymes of the classic pathway
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600 mg of cholesterol a day, in comparison to the minute amounts (few milligrams)
of other hydroxyl-derivatives of cholesterol produced by other sterol hydroxylases
(Murtazina et al., 2002, Mast et al., 2004). CYP7A1 shows more stringent require-
ments for the substrate ring system than for the side chain, since it acts only on
substrates carrying a free hydroxyl group at C3 and a trans or quasi-trans A/B
ring configuration (Ogishima et al., 1987), but, on the other hand, has the ability
to metabolize side-chain hydroxyl-cholesterols (Norlin et al., 2000a, b).

The molecular basis of the high substrate specificity of CYP7A1 were elegantly
investigated in detail by the group of I. Pikuleva by using several complementary
approaches: computer modeling, site-directed mutagenesis, and substrate-binding
assays.

Mammalian P450 s are membrane-associated proteins that are anchored in the
membrane by an N-terminal helix. Additional membrane binding sites were identi-
fied in some P450 s and crystallographic data suggest that these non-contiguous
portions of the protein form a monofacial hydrophobic surface (Williams et al.,
2000). In mammalian, as well as in bacterial P450 s, the F and G helices and
the F/G-loop, which are flexible and undergo open/closed motions, are portions
of the P450 polypeptide chain of particular importance for substrate access and
catalysis. By using a theoretical approach, it was concluded that the F/G-loop is in
contact with the membrane and it has been hypothesized that lipophilic substrates
enter P450 protein from the membrane through an access path close to the F/G-
loop and hydroxylated products leave the active site through another egress path,
directly to the cytoplasm (Williams et al., 2000). To test whether this model also
applies to CYP7A1, Nakayama and colleagues generated and analyzed a series of
mutant CYP7A1 proteins. Mutations within the hydrophobic region of CYP7A1,
comprising residues 214-227 and corresponding to the putative F/G-loop and the
adjacent helical segments, yield to impaired interactions of recombinant enzyme
with Escherichia coli membrane, reduced kcat, increased Km, but not Kd, for choles-
terol (Nakayama et al., 2001). The results obtained with these mutations suggest that
the strict substrate specificity of CYP7A1 is in part determined by the initial recog-
nition that takes place on the surface of the molecule. Further studies by the same
group provided evidence suggesting that Asn288 is a key residue for binding choles-
terol, because its side chain interacts with the 3β-hydroxyl group either directly or
via a water molecule (Mast et al., 2005). According to the view of these authors,
Asn288 could form a stabilizing hydrogen bond network in the substrate-free pro-
tein, thus contributing to maintain a stable structure. However, when cholesterol
is appropriately docked at the active site, the C3 β-hydroxyl group of the sub-
strate would allow for an alternate network. The mutagenesis data reported by Mast
et al. also suggest that other amino acids of CYP7A1 interact with cholesterol, thus
strengthening the concept of a complementary fit between the cholesterol molecule
and the enzyme active site, possibly due to reduced rotational freedom of the sub-
strate inside the enzyme active site, resulting in a single binding orientation (Mast
et al., 2005).

Hydroxylation of sterol side chain at position C27 is carried out by sterol 27-
hydroxylase (CYP27A1), a mitochondrial P450 expressed in many tissues and cell
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types. This hydroxylase participates in bile acid synthesis, efficiently acting on bile
acid intermediates in the classic pathway, or on cholesterol itself in the alternative
pathway. In this respect, CYP27A1 would appear to exhibit less stringent require-
ments for substrate molecules in comparison to CYP7A1. However, it was observed
that phospholipids stimulate enzyme activity to a greater extent when the sub-
strate is cholesterol than when it acts on 5β-cholestane-3α,7α,12α-triol (Murtazina
et al., 2004). To explain the molecular basis of this peculiar behaviour, I. Pikuleva
and her group investigated how the two physiological substrates, cholesterol and
5β-cholestane-3α,7α,12α-triol, interact with CYP27A1, by combining computer
modelling and site-directed mutagenesis (Mast et al., 2006). The computer models
suggest that cholesterol and 5β-cholestane-3α,7α,12α-triol occupy different regions
within the substrate-binding pocket and binds in different orientations. As a result,
some of the active site residues interact with both substrates, although they are
situated differently relative to each steroid, and some residues bind only one sub-
strate. Mutation of the overlapping substrate-contact residues affected CYP27A1
binding and enzyme activity in a substrate-dependent manner and allowed identi-
fication of several important side chains. Threo110 is proposed to interact with the
12α-hydroxyl of 5β-cholestane-3α,7α,12α-triol, whereas Val367 seems to be crucial
for correct positioning of the cholesterol C26 methyl group and for region-selective
hydroxylation of this substrate. Dissecting the role of individual amino acids in the
binding of physiological substrates to CYP27A1 active site may provide valuable
insight for the understanding of phenotypic manifestations of cerebrotendinous xan-
thomatosis (CTX). CTX is a rare autosomal recessive disease caused by a deficiency
of CYP27A1 (Cali et al., 1991) and characterized by a wide array of symptoms, ten-
don xanthomas, cataract, and complex neurologic impairment (Federico and Dotti,
2001). Since the cloning of the cDNA encoding the human gene, many muta-
tions have been found and characterized. Pathologic allelic variants cause amino
acid substitution, synthesis of truncated protein, and abnormal pre-mRNA splicing.
Although a genotype-phenotype correlation has not been found so far, unravelling
the structure of CYP27A1 might contribute to the understanding of its function in
patho-physiology.

4.4 Bile Acid–Protein Interactions: The Molecular Mechanisms
Underlying Bile Acid Synthesis Feedback Regulation
and Beyond

Bile acids have been known in the past simply as cholesterol end-products,
whose only reported function was the formation of mixed micelles because
of their amphipathic nature. In fact, bile acids present specific conformational
and physicochemical properties, displaying a concave hydrophilic face harbour-
ing 2 (chenodeoxycholic acid) or 3 (cholic acid) hydroxyl groups, and a con-
vex hydrophobic face, through which bile acids interact with other hydrophobic
molecules.
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An unexpected breakthrough in bile acid biology occurred with the discovery that
physiological bile acids bind and activate a nuclear receptor, the farnesoid X recep-
tor (FXR) (Makishima et al., 1999; Parks et al., 1999), thus emerging as signalling
molecules that can modulate gene transcription. A few years later, the biological
properties of bile acids expanded further with the demonstration that they can also
interact with a G protein-coupled receptor (TGR5) (Kawamata et al., 2003).

Nuclear receptors are ligand-activated transcription factors (Chawla et al., 2001).
FXR belongs to Class II, a group of nuclear receptors that are mainly localized in the
nucleus, also when not activated by their ligand and depending on the receptor, they
can bind DNA either as heterodimers, homodimers or, in some cases, as monomers.
Almost all members of this nuclear receptor class present a conserved modu-
lar structure (Fig. 4.2). Essential elements of this structure are the A/B-domain,
containing the ligand-independent transcription activation function (AF-1) at the N-
terminus; the C-domain containing the DNA-binding domain (DBD), characterized
by two typical zinc-fingers that are involved in the recognition of specific DNA
consensus sequences; the D-domain, also known as hinge region, which confers
flexibility to the receptor for dimerization and interaction to the DNA consensus
sequences located on target genes; the D-domain can also interact with co-repressor
proteins (Horlein et al., 1995; Chen and Evans, 1995); the E-domain comprising
the ligand-binding domain (LBD), a hydrophobic pocket that can accommodate the
receptor ligand, and the ligand-dependent transcription activation function (AF-2).
The binding of the ligand promotes conformational changes that allow the physical
interaction with coactivator proteins. A key role is played by helix 12 (H12) in the
LDB of the nuclear receptor and by a short α-helical LxxLL sequence present on
coactivator proteins, but it should be underlined that other helices, i.e. H3 and H4,
of the nuclear receptor contribute to the contact area.
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Fig. 4.2 Modular structure of nuclear receptors. Nuclear receptors present a conserved struc-
ture consisting of functional domains that are essential for their action. At the N-terminus,
the A/B domain contains the ligand-independent transcription activation function (AF-1). The
C domain contains the DNA binding domain (DBD) and is separated by a hinge region (D-
domain) from the E-domain. This domain presents the ligand binding domain (LBD) and the
ligand-dependent activation function 2 (AF-2). The F-domain is not conserved in all nuclear
receptors



4 Sterol–Protein Interactions 117

Hydrophobic bile acids, chenodeoxycholic acid, deoxycholic acid and lithocholic
acid were the first reported ligands of FXR (Parks et al., 1999, Makishima et al.,
1999), however, in the following years, the list of natural and synthetic compounds
active as FXR ligands has increased tremendously. For a complete overview on
FXR, its ligands and biological effects, interested readers are referred to a recent
review by Lefebvre et al. (2009).

First of all, it should be pointed out that the ability of a given compound to bind
and activate a nuclear receptor can be assessed by different means, using either
cell-based and cell-free assays. Very briefly, in the cell-free fluorescence resonance
energy transfer (FRET) assay, the binding of a molecule to the LBD is evaluated
indirectly by measuring the recruitment of a cofactor peptide. Therefore the potency
and efficacy of the ligand depend in part on the cofactor peptide used in the assay
and consequently, when translating these observations in biological systems, the
expression levels and availability of nuclear cofactors influence the final effect. On
the other hand, the ability of a given compound to activate a nuclear receptor and
gene transcription can be evaluated in transfection assays in cell cultures, usually
employing standard reporting systems, i.e. promoters bearing responsive elements,
often in multiple copies. In this case, the potency and efficacy may be influenced by
the rate of uptake, modification and or sequestration of the ligand.

Although the approaches mentioned above are standardized procedures com-
monly used in the screening and characterization of nuclear receptor ligands, in
this section we will focus and summarize the findings on the structural interactions
between FXR and its natural ligands, bile acids, obtained by X-ray crystallography
and/or by computer modelling. Although FXR binds to bile acids with a ~1000-fold
weaker affinity than other steroid receptors bind to their cognate hormones, FXR
displays a remarkable specificity for bile acids, the recognition being based on their
unique non-planar shapes and amphipathic physicochemical properties.

Valuable hints on the interactions between the nuclear receptor and its cognate
ligand/s have been obtained by solving the crystallographic structure of the LDB of
FXR complexed with natural and synthetic agonists (Downes et al., 2003; Mi et al.,
2003). These studies have revealed that similarly to other nuclear receptors, the FXR
LDB is organized in a 12 α-helix bundle. Upon interaction with the ligand, it under-
goes major structural transitions that enable the selective recruitment of coactivators
by forming a charge clamp and a hydrophobic groove that function as an interaction
interface with the LxxLL motifs present in coactivator proteins (Mi et al., 2003).
Due to the fact that their skeleton is not planar, bile acids present a rounded shape
that allows a close fit with respect to the pocket in FXR. Furthermore, it is note-
worthy that bile acids occupy their pocket with their steroid nucleus positioned in
the reverse orientation to that of all other steroids (Mi et al., 2003). In addition, the
FXR ligand-binding pocket also utilizes the amphipathic properties of the bile acids
to provide additional molecular recognition beyond their unique shape. In particu-
lar, the role and contribution to the binding of individual hydroxyl groups at position
3α, 7α, 12α, of the A/B ring conformation, and of the carboxyl terminus have been
investigated in considerable detail. The side chain oxygen of Tyr366 establishes
hydrogen bonds with the axial 7α-OH on ring B, and the lack of this hydroxyl in
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lithocholic acid lowers its affinity for the receptor. Similar results were obtained by
modelling the molecule of chenodeoxycholic acid into the binding pocket of the
human FXR (Downes et al., 2003). According to this model, potential bonds could
occur between the hydroxyl groups of the bile acid with residues on helices 7 and
11, while hydrophobic interactions were predicted to secure helix 3 in an orientation
allowing a compact conformation of helix 12 (activation function-2 domain), that
enables stable interactions between the nuclear receptor and their coactivator part-
ners. The influence of the hydrophobic interactions between the ligand and helix 3
on the activation state of the receptor is well demonstrated by the synthetic ligand
fexaramine, that establishes a greater number of contacts and is a stronger activator
in comparison to chenodeoxycholic acid (Downes et al., 2003). All naturally occur-
ring bile acids contain a cis-oriented A/B ring juncture and a 3α-hydroxyl group
in their A ring. The FXR structure shows the A ring and the 3-hydroxy group ori-
ented toward helix 12 where they interact with a His residue on helix 10/11 (His444)
and a Trp residue on helix 12 (Trp-466). Therefore the binding of ligand stabilizes
the interaction between the indole ring of Trp466 (π electron system) and the Nε

(cation) on the perpendicularly oriented His444 side chain. This molecular switch
for nuclear receptor activation is peculiar of FXR and of the oxysterol receptor, as
will be discussed below. By using a 3α-dehydroxylated bile acid, Mi et al. (2003)
also demonstrated that the 3α-hydroxyl group is not indispensable to induce the
optimal conformation change of FXR and that a correctly positioned ring A is the
dominant factor mediating the agonist function of bile acids. On the other hand, bile
acids lacking the hydroxyl group at 7 position have been predicted to interact only
with helix 7, thus failing to bridge helix 3 to helix 7 as securely as chenodeoxy-
cholic acid, a condition that in turn would affect the rigidity of helix 12. Moreover,
as the ligand pocket does not provide any polar side chains to accommodate the
12α-OH group on ring C, the binding of cholic acid and deoxycholic acid would be
energetically costly in comparison to chenodeoxycholic acid (Mi et al., 2003). The
carboxylic extremity of bile acids is oriented towards the entry of the ligand binding
pocket, thus explaining why conjugated derivatives still exhibit the ability to bind
and activate FXR. It should be emphasized that the binding of different bile acids
to FXR per se does not explain the complexity of the biological outcome, since the
conformational changes caused by the ligand, which vary depending on the chemi-
cal structure of the ligand, induce the recruitment of cofactors and the assembly of
complexes promoting gene transcription in a promoter- and tissue-specific fashion.

To complete the issue of the interactions between bile acids and nuclear recep-
tors, it should be mentioned that the secondary bile acid lithocholic acid activates
two other members of the nuclear receptor superfamily, the pregnane receptor, PXR
(Staudinger et al., 2001, Xie et al., 2001) and the vitamin D receptor (Makishima
et al., 2002). PXR is also activated by a variety of drugs and xenobiotics and indeed
the crystal structure of the LBD has been investigated using ligands other than litho-
cholic acid. According to crystallographic studies, the PXR LBD presents a flexible
and conformable ligand-binding pocket that adjusts its shape to accommodate lig-
ands of distinct size and structure, establishing a combination of hydrophobic and
polar interactions with PXR ligand-binding pocket residues (Watkins et al., 2003a,
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b; Watkins et al., 2001). These structural features account for the ligand binding
promiscuity of PXR.

Surprisingly, lithocholic acid can also activate the vitamin D receptor (VDR),
another member of the nuclear receptor superfamily, and studies of the structure-
function relationships have allowed the identification of amino acids required for
the specific interactions with 1α, 25-dihydroxyvitamin D3 (high affinity ligand) and
lithocholic acid (low affinity ligand), suggesting that VDR adopts distinct confor-
mations in response to the binding with the two molecules (Adachi et al., 2004; Choi
et al., 2003).

The discovery of bile acids as ligands for a novel G protein-coupled receptor
(TGR5) was reported by two independent groups as a result of chemical library
screenings (Maruyama et al., 2002; Kawamata et al., 2003). TGR5 is a cell-surface
receptor associated with the intracellular accumulation of cyclic AMP, which is
widely expressed in diverse cell types and whose downstream effects vary from
attenuation of pro-inflammatory cytokine production by monocytes (Kawamata
et al., 2003), to enhancement of energy expenditure in adipocytes and myocytes
(Watanabe et al., 2006).

The initial observations indicated that the rank order of potency was correlated
to hydrophobicity, lithocholic acid being the most hydrophobic and the most potent,
and cholic acid the most hydrophilic and the weakest agonist, independent of the
conjugation state (Kawamata et al., 2003; Maruyama et al., 2002). Notably, the 7β-
hydroxyl epimer of chenodeoxycholic acid, ursodeoxycholic acid, and cholesterol
were found to be only slightly active (Kawamata et al., 2003).

Taking advantage of their experience in structure-activity relationship studies on
bile acid derivatives as FXR modulators, Pellicciari et al. (2007) investigated the
impact of modifications in the side chain of chenodeoxycholic acid on FXR and
TGR5 activation. Their results from docking experiments indicated that the bind-
ing pocket for bile acids is not entirely conserved between TGR5 and FXR since
TGR5 displays an accessory binding pocket. Further studies showed that the tauro-
conjugated derivatives as well as the sulfonic substituted of bile acids are more
potent agonists of TGR5, probably due to the presence of the sulfonic moiety (Sato
et al., 2008). In this regard it is noteworthy that binding pockets specifically rec-
ognizing sulfonic moieties in general do not contain positively charged residues
(Macchiarulo and Pellicciari, 2007). On this basis the authors speculated that TGR5,
converse to FXR, is endowed with a neutral charged binding site (Sato et al., 2008).

The proteins described in this section, FXR and TGR5, mediate most of the bio-
logical effects exerted by bile acids. The findings collected in recent years clearly
indicate that bile acids are master regulators of bile acid metabolism and trans-
port in liver and intestine (FXR activation); they contribute to the hepatic control
of triglycerides and glucose homeostasis (FXR activation); they promote energy
expenditure in skeletal muscle and adipose tissue (TGR5 activation); they may exert
anti-inflammatory activity on macrophages (TGR5 activation).

Finally, it should not be forgotten that bile acids are likely to interact with other
proteins/receptors, some of which are still unknown, through still undefined molec-
ular interactions. These interactions are responsible for the activation of several
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protein kinases (see for review Hylemon et al., 2009) and also underlie processes
such as the activation state of hepatic nuclear factor 4 (De Fabiani et al., 2001) and
the nuclear-cytoplasmic shuttling of histone deacetylase 7 (Mitro et al., 2007a).

4.5 The Liver X Receptor: “Sterol” or “Non-sterol”,
This Is the Question

The liver X receptor (LXR) α and β are nuclear receptors belonging to class II, as
well as FXR, and display most of the general features described in the previous
section. LXRs have been defined as sterol sensors, essential for the maintenance of
cholesterol homeostasis and protecting the cells from cholesterol overload. In fact,
LXRs regulate the expression of proteins involved in cholesterol efflux and trans-
port and, at least in rodents, metabolism to bile acids through CYP7A1 (Tontonoz
and Mangelsdorf, 2003). The two isoforms are differently expressed in cells and
tissues since the α isoform is more abundant in liver, kidney, intestine, fat tissue,
macrophages, lung, spleen, while the β isoform is ubiquitously expressed. The two
isoforms also share a high sequence identity (78%) and significantly, residue dif-
ferences are located far away from the ligand-binding pocket (Alberti et al., 2000,
Williams et al., 2003).

With the aim of identifying endogenous LXR ligands, Janowski et al. (1996)
found that “oxysterol congeners”, that is oxygenated forms of cholesterol, whose
known function at that time was the repression of cholesterol synthesis (see below),
were able to activate gene transcription through LXRα at concentrations not too far
from physiology. Similar results were obtained soon after by other groups (Lehmann
et al., 1997; Forman et al., 1997). Figure 4.3 shows a list of some oxysterols display-
ing the ability to activate LXRs and the corresponding enzymes responsible for their
synthesis. In the following years a number of steroidal and non-steroidal compounds
were synthesized and characterized, also because LXR activation appeared as an
attractive pharmacological strategy to prevent atherosclerosis, due do their effects
on ABC transporters and apoE (Millatt et al., 2003).

Initial studies on the structure-function relationship showed that the minimal
pharmacophore for receptor activation is a sterol with a hydrogen bond acceptor
at C24, such as that found in 24(S),25-epoxycholesterol (Spencer et al., 2001).
According to the model, Trp443 in LXRα AF2 is essential for activation by
oxysterols, since the side chain of 24(S),25-epoxycholesterol adopts a low-energy
extended conformation that permits a hydrogen bond interaction between this
residue and the epoxide oxygen. The model proposed by Spencer and colleagues
also identified Arg305 as the amino acid that may interact with the C3 hydroxyl
group of the sterol A-ring at the other end of the ligand-binding pocket (Spencer
et al., 2001).

The X-ray crystal structures of LXRα/β LBD, published in 2003 by three
independent groups, provided valuable insights on the structural determinants for
ligand-dependent activation of these receptors. Svensson et al. reported the crystal
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Fig. 4.3 Oxysterols activating LXRs. The chemical structures of side chain oxysterols exhibiting
the ability to activate LXRs are shown. These molecules are enzymatic products and the enzymes
responsible are indicated

structure of LXRα LBD complexed to a synthetic ligand and the docking of oxys-
terols on the obtained structure (Svensson et al., 2003), whereas Williams et al. and
Farmegardh et al. reported the structure of LXRβ LBD complexed with natural and
synthetic ligands (Farnegardh et al., 2003, Williams et al., 2003). The accessible
volume of the LXRα ligand-binding pocket was estimated to be in the range 700-
800 Å3 (Svensson et al., 2003) while the cavity volume of the LXRβ ligand binding
pocket was reported to vary depending on the size of the ligand (from a minimum
of ~600 to a maximum of 1100 Å3) (Farnegardh et al., 2003; Williams et al., 2003).
In both cases, the volume is larger than those found in classic steroid hormone
receptors. The analysis of the overall LBD structure of both receptors revealed a
remarkable flexibility and capability to accommodate ligands of different structure,
in accordance with the fact that LXRs can be activated by ligands with different
chemical structures.

Svensson et al. (2003) showed that the ligand binding pocket of LXRα is predom-
inantly hydrophobic, with only a few possible hydrogen bond interactions and the
docking results suggested a common anchoring of the side chain hydroxyl/epoxy
group to His421 and Trp443. The structural data were confirmed by functional
analysis of mutated forms of LXRα LBD by transfection assays with reporter sys-
tems, since it was demonstrated that the transcriptional activation of oxysterols is
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strictly dependent on His421 and Trp443 (Svensson et al., 2003). It is notewor-
thy that both residues are present in corresponding positions in FXR and are most
likely responsible for the cation-π interaction of this receptor with bile acids, as
discussed above (Mi et al., 2003). As expected on the basis of the high degree of
identity between the two isoforms, the crystal structure of LXRβ LBD complexed
with the natural oxysterol 24(S),25-epoxycholesterol provided similar results. In
particular Williams and colleagues showed that the sterol bound with the A ring
oriented toward helix 1 and with the D-ring and epoxide tail oriented toward the
C-terminal end of helix 10 (Williams et al., 2003). In particular, the epoxide oxy-
gen atom, although adjacent to Trp457 (corresponding to Trp443 in the α isoform),
actually makes its hydrogen bond with the imidazole ring of His435 (corresponding
to His421 in the α isoform), in contrast with the model proposed by Spencer et al.
(2001), discussed above. Histidine is unique among the naturally occurring amino
acids in that it is able to function as either a hydrogen bond donor or acceptors
by changing tautomers. Therefore His435 can donate a hydrogen bond to neu-
tral oxysterols (i.e. 24(S),25-epoxycholesterol) whereas it may act as an acceptor
with acidic ligands. The hydrogen bond present within the side chain of 24(S),25-
epoxycholesterol affects the orientation adopted by the His435 imidazole, which is
in turn crucial for the electrostatic interaction (cation-π) between the electropositive
nuclei of His435 imidazole and the electronegative π-cloud of Trp457 side chain.
This structural feature would explain the mechanism through which oxysterols hold
the AF-2 helix of LXRβ in its active conformation. The importance of this mecha-
nism in the recruitment of coactivator proteins and, ultimately, in the transactivation
potential of the bound nuclear receptor, is underscored by the fact that the synthetic
ligand T0901317, through it’s acidic hydroxyl group, makes a shorter hydrogen
bond with His435, thus leading to stronger electrostatic interactions with Trp457
(Williams et al., 2003) and exhibiting higher ability to recruit cofactors in func-
tional assays, in comparison to natural oxysterols (Albers et al., 2006). Since the
amino acids that line the ligand binding pocket are conserved in LXRα, the mecha-
nism of ligand activation is almost certainly identical for the two isoforms, making
the identification of α/β selective LXR ligands difficult.

Despite the large amount of evidence, there is no complete consensus that oxys-
terols may act in vivo as the true LXR endogenous ligands, owing to the fact
that transgenic mouse models with markedly reduced or increased concentration of
some specific oxysterols do not seem to present marked disturbances in cholesterol
turnover and homeostasis (Bjorkhem, 2009); and, indeed, the attempt to demonstrate
the relevance of endogenous oxysterols as LXR ligands by using a triple knock-out
model deficient in sterol 27-hydroxylase, cholesterol 24-hydroxylase and choles-
terol 25-hydroxylase, did not provide a clear-cut phenotype (Chen et al., 2007).
On the other hand, overexpression of a sulfotransferase that specifically transfers
a sulphate group to oxysterols that become inactive as LXR ligands, prevents the
induction of LXR target genes in response to dietary cholesterol (Chen et al., 2007).
Therefore, in our opinion it is likely that oxysterols might truly act as LXR lig-
ands; however, the possibility that other endogenous metabolites may activate LXR
should not be excluded.
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In a recent paper Mitro and colleagues provided sound evidence that LXRs can be
bound and transactivated by glucose, at concentrations that can be normally found
in the liver after a meal (Mitro et al., 2007b). Data obtained in functional assays
support the idea that glucose directly interacts with the receptors and promotes the
recruitment of cofactors. The crystal structure of LXR LBD complexed with glu-
cose is not yet available, however, the fact that addition of a synthetic LXR ligand
to cultured cells potentiates glucose effects on gene expression, suggests that the
receptor can be simultaneously activated by both ligands (Mitro et al., 2007b). This
discovery is extremely important in order to fully appreciate the biological roles
of LXRs. By sensing sterols, LXRs contribute to maintain cholesterol homeostasis,
promoting its efflux from cells through the ATP-binding cassette transporters and
apolipoprotein E (Tontonoz and Mangelsdorf, 2003). Furthermore, LXR activation
also suppresses low-density lipoprotein (LDL) uptake through a newly identified
mechanism by which LDL receptor (LDLR) is targeted to degradation by ubiq-
uitination of its cytoplasmic domain carried out by an E3 ubiquitin ligase named
Idol (Inducible Degrader of the LDLR), transcriptionally induced by LXR (Zelcer
et al., 2009). On the other hand, by sensing glucose levels, LXRs participate in the
regulation of both lipogenesis and carbohydrate metabolism.

4.6 Interactions Between Sterols and Sterol-Sensing Proteins
Dictate Their Fate Toward Retention in the Endoplasmic
Reticulum

Synthesis of cholesterol through the mevalonate pathway and its uptake via the low
density lipoprotein (LDL) receptor pathway are finely tuned to meet the needs of
cells. Cholesterol and oxysterols suppress cholesterol synthesis and uptake through
multiple and complex mechanisms, whose existence has long been known (Brown
and Goldstein, 1980, 2009).

In 1993, J. Goldstein and M. Brown reported the purification and characterization
of a nuclear protein named sterol regulatory element binding protein (SREBP) due
to its ability to bind a sequence of DNA mediating the effects of sterols on gene tran-
scription (SRE), present in the LDL receptor promoter (Briggs et al., 1993; Wang
et al., 1993). Since that discovery, Goldstein and Brown have worked extensively
to dissect the multiple aspects of the SREBP pathway, transport from ER to the
nucleus through the Golgi compartment, proteolytic activation, component of the
sterol-sensing machinery. Briefly, SREBP proteins are oriented in ER membranes
in a hairpin fashion with both the N-terminal domain and the C-terminal regula-
tory domain of the transcription factor facing the cytosol. Immediately after their
synthesis on ER membranes, the SREBPs bind to SREBP cleavage activating pro-
tein (Scap) through an interaction between the C-terminal regulatory domain of the
SREBP and the cytosolically-oriented C-terminal WD-repeat domain of Scap. Scap
is embedded in ER membranes through its N-terminal domain. In sterol-depleted
cells, the Scap/SREBP complex exits the ER in COPII-coated vesicles that bud
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Fig. 4.4 Interactions between cholesterol and/or oxysterols ER proteins underlying the regula-
tion of cholesterol homeostasis. A In the ER of cholesterol-deprived cells, the interaction between
SREBP and Scap results in a conformational switch allowing the interaction with COPII pro-
teins through the MELADL sequence on Scap. This association promotes the budding of vesicles
and transport of the SREBP-Scap complex to Golgi where SREBP is processed to a mature form
that can translocate to the nucleus and bind DNA at target promoters. Under these conditions,
ER residing Insig proteins become accessible to the action of gp78 ubiquitin ligase, and undergo
proteasomal degradation. HMG-CoA reductase is retained in the ER as well. In sterol-loaded
cells, cholesterol interacts with a transmembrane region of Scap causing a conformational change
that allows the association to Insig (B). This association is also promoted by interaction of Insig
with oxysterols (C). Sterol-induced interaction of Scap with Insig blocks the transport of SREBP
to Golgi and the downstream effects on gene transcription. The interaction between HMG-CoA
reductase and cholesterol precursors (B) or oxysterols (C) promotes binding of Insig. The ubiqui-
tin ligase gp78 associated to Insig acts upon HMG-CoA reductase directing it toward proteasomal
degradation

from ER membranes (Goldstein et al., 2006) (Fig. 4.4A). Cholesterol and oxysterols
inhibit SREBP processing by blocking the Scap-mediated transport of SREBP to the
Golgi (Nohturfft et al., 2000). Hence Scap represents the central “sensor” through
which the regulation of the proteolytic activation of SREBP occurs. The block of
ER-Golgi transport of SREBP is, in turn, the consequence of sterol-induced inter-
action of Scap with other ER anchor proteins, Insig-1 and Insig-2 (Adams et al.,
2003, 2004) (Figs. 4.4B,C). Notably, cholesterol and oxysterols induce the Scap-
Insig interactions through different mechanisms that were investigated in great detail
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by the group of Goldstein and Brown. According to their results, Scap interacts
with cholesterol through a “sterol-sensing” domain present in the transmembrane
portion of the protein (Hua et al., 1996; Nohturfft et al., 1998); it specifically rec-
ognizes the 4-ring system and the 3β-hydroxyl group of cholesterol, independent of
the presence of the side chain, but it does not bind a sterol containing a hydroxyl
group in the side chain (Radhakrishnan et al., 2007). Based on these observations
the authors suggested that Scap recognizes cholesterol in its usual orientation in the
membrane, i.e. when its 3β-hydroxyl group is exposed at the surface and its side
chain is buried in the hydrophobic bilayer. Hydroxylation of the side chain would
most likely prevent such membrane insertion, thus making impossible the inter-
action with the sterol-sensing domain of Scap. It was then demonstrated that the
sequence involved in the formation of the Scap-Insig complex is a tetrapeptide motif
YIYF, located in the transmembrane segment of Scap (Yabe et al., 2002; Yang et al.,
2002). On the contrary, Insig-2 binding has an absolute requirement for a sterol side
chain with a hydroxyl group, that can be located in the side chain at position 22, 24,
25 or 27, thus suggesting that it recognizes a sterol that lies on the cytosolic surface
of the membrane with its hydroxylated side chain exposed (Radhakrishnan et al.,
2007). Either the hydroxyl group orients the oxysterol in relation to the membrane
lipid bilayer so that Insig-2 can recognize it, or Insig-2 interacts indirectly with the
hydroxyl group of the oxysterol through water-mediated interaction, as reported for
the yeast oxysterol-binding protein Osh4 (Im et al., 2005).

Hence, the binding of cholesterol to Scap and of oxysterols to Insig have a
common result, i.e. the triggering of Scap-Insig interaction that results in a con-
formation change of Scap. The following question can be posed: by which means
does this conformational change block the exit of the SREBP-Scap complex from
the ER?

First of all, the characterization of the type of vesicles containing SREBP-Scap,
the dynamics of the process and the effect of oxysterols was investigated in great
detail using isolated microsomal membranes, but also confirmed in living cells (Sun
et al., 2005; Nohturfft et al., 2000; Espenshade et al., 2002). Taken together, the
results obtained indicate that the SREBP-Scap complex is carried to the Golgi by
means of COPII-coated vesicles (Espenshade et al., 2002), through the interaction
of Scap with Sec24, one of the five proteins that, in complex with Sec23 (Sec23/24
heterodimer), form the COPII coat (Sun et al., 2005), and that sterols block the
budding of the Scap-containing vesicles from the ER (Nohturfft et al., 2000). In par-
ticular, the binding site of Scap for Sec24 is presented as a hexapeptide sequence,
Met-Glu-Leu-Ala-Asp-Leu (MELADL), located in the cytoplasmic loop between
transmembrane α helices 6 and 7 (Sun et al., 2005). Cholesterol and oxysterols
prevent the interaction between the MELADL sequence of Scap and Sec24 (Sun
et al., 2005), thus ultimately blocking SREBP export from ER and cleavage. To fur-
ther dissect the mechanism through which sterols affect this interaction, Sun and
colleagues provided evidence suggesting that the binding of Insig to Scap induces
a conformational change that moves the cytoplasmatic MELADL sequence of Scap
closer to the membrane, sequestering it from Sec24 and therefore out of reach of
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the COPII proteins (Sun et al., 2007). In particular, mutational analysis revealed
that the distance between the MELADL sequence of Scap and the membrane, rather
than its absolute structure, is crucial for the binding of COPII proteins. Putting all
these findings together, the model of sterol-mediated feedback of cholesterol syn-
thesis and uptake via SREBP can be summarized as follows: the regulatory action
of cholesterol and oxysterols initiate by binding to intracellular receptors, Scap
for cholesterol, and Insig for oxysterols. Thereafter, their actions converge since
both ligands cause Insig to bind to Scap, and this produces a single conformational
change that switches the MELADL sorting signal in Scap to a new location with
respect to the ER membrane, thereby precluding COPII protein binding.

4.7 Interactions Between Sterols and Sterol-Sensing Proteins
Dictate their Fate Toward Degradation

The links between Insig proteins and the Scap-SREBP pathway are indeed more
complex than those described in the preceding section. In fact, sterol deprivation,
by causing the transfer of the Scap-SREBP complex to the Golgi, the proteolytic
activation of SREBP and its nuclear translocation, ultimately results in activation
of SREBP-regulated genes that include Insig-1 (Yang et al., 2002; Horton et al.,
2002). On the contrary, Insig-2 is constitutively expressed. The levels of Insig-1 are
also regulated at the level of protein stability since, in the absence of sterols, it dis-
sociates from the Scap-SREBP complex, is then ubiquitinated on lysine residues,
and rapidly degraded in proteasomes (Gong et al., 2006). Sterol-mediated reasso-
ciation of Insig-1 to the Scap-SREBP complex prevents its ubiquitination. Based
on the discovery of gp78 as an Insig-1-associated protein (Song et al., 2005b), Lee
et al. (2006) described in detail the mechanism of Insig-1 ubiquitination and the role
of cholesterol in this process. In sterol-depleted cells, Insig-1 binds to a fraction
of gp78, which transfers ubiquitin to Insig-1, targeting it for proteasomal degra-
dation (Fig. 4.4A). In the presence of sterols, Scap binds to Insig-1 in a reaction
that displaces gp78, thus preventing ubiquitination of Insig-1, which results in the
stabilization of the protein (Fig. 4.4B).

Based on these findings, the sterol-modulated production and degradation of
Insig-1 represents a “convergent feedback inhibition” mechanism that adapts the
rate of cholesterol synthesis and uptake to the cellular needs. In summary, the pro-
duction of new Insig-1 protein, induced by sterol-deprivation, must be followed
by the availability of newly synthesized cholesterol in order to trigger the con-
formational change of Scap necessary to retain SREBP in the ER and inhibit its
processing. This convergence ensures that SREBP processing will not be terminated
before the cholesterol needs of the cell are met (Gong et al., 2006).

Protein stability is an important level of regulation of HMG-CoA reduc-
tase and it was shown that both sterol and non-sterol end-products of meval-
onate metabolism contribute to accelerate degradation of the enzyme through a
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mechanism mediated by the ubiquitin-proteasome pathway (McGee et al., 1996;
Ravid et al., 2000; Roitelman and Simoni, 1992). In all mammalian species inves-
tigated so far HMG-CoA reductase localizes to the ER membrane and consists of
two domains: the cytoplasmic C-terminal domain, containing the catalytic domain,
and the N-terminal domain that is integrated into membranes by virtue of eight
membrane-spanning segments. Early studies had shown that expression of the
truncated, cytosolic C-terminal domain of reductase produced a stable, catalyti-
cally active protein whose degradation was not influenced by sterols (Gil et al.,
1985). Whereas a fusion protein containing the membrane domain of HMG-CoA
reductase exhibited sterol-accelerated degradation, similar to the full length reduc-
tase (Skalnik et al., 1988). The HMG-CoA reductase protein, as well as Scap
and other polytopic membrane proteins, contains a sequence of transmembrane α

helices defined as the sterol-sensing domain (Kuwabara and Labouesse, 2002). It
was then demonstrated that ubiquitination and degradation of HMG-CoA reduc-
tase was accelerated by the sterol-induced binding of its sterol-sensing domain to
Insig-1 (Sever et al., 2003b) and mutational analysis revealed that the binding of
HMG-CoA reductase to Insig-1 strictly depends on a YIYF sequence, located in
the transmembrane segment of HMG-CoA reductase (Sever et al., 2003a), and also
found in the transmembrane segment of Scap, as mentioned above. However, in con-
trast with Scap, that interacts selectively with cholesterol, the ubiquitination of the
HMG-CoA reductase is stimulated by sterols others than cholesterol. In fact, HMG-
CoA reductase ubiquitination in permeabilized cells is promoted by oxysterols,
25-hydroxycholesterol, 5-cholesten-3β,16β,27-triol, 24(S)-hydroxycholesterol, 27-
hydroxycholesterol, 24(S),25-epoxycholesterol, and 19-hydroxycholesterol, at con-
centrations in the micromolar range (Song and DeBose-Boyd, 2004). Further studies
demonstrated that also lanosterol and its metabolite 24,25-dihydrolanosterol, two
intermediates in cholesterol biosynthesis, stimulate the ubiquitination and degrada-
tion of HMG-CoA reductase, although less potently than oxysterols (Song et al.,
2005a). Experiments with isolated ER membranes incubated with sterols indicated
that the mechanism of action is direct. The analysis of the structural requirements
revealed that the 4,4-dimethyl moiety of lanosterol is most likely the major deter-
minant, while the 3β-hydroxyl group and the C14 methyl group seems to play a
secondary role in recognition (Song et al., 2005a). Therefore, the interaction of
HMG-CoA reductase with sterols represents the indispensable trigger for the forma-
tion of the complex with Insig proteins and subsequent ubiquitination. As discussed
above, ubiquitination of Insig proteins is made possible because they associate in
ER membranes with the ubiquitin ligase gp78. Song et al. (2005b) investigated in
great detail the interactions among all these ER proteins, and the effect of sterols
on these interactions, by coupling affinity purification with tandem mass spectrom-
etry. As mentioned above, they found that gp78 is an Insig-1-associated protein, that
Insig-1 binds to the membrane domain of gp78 in the absence or presence of sterols,
and moreover, that upon the addition of sterols, HMG-CoA reductase is recruited
to the complex (Figs. 4.4B,C). Hence, the formation of this complex represents a
key step that commits HMG-CoA reductase toward dislodgement from the ER and
proteasomal degradation.
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4.8 Summary

In the above sections we have described in detail the molecular interactions between
individual proteins and cholesterol related molecules. However, these interactions
should also be considered from a more general point of view, to appreciate the
contributions of different pathways to a regulatory network, to highlight com-
mon mechanisms, and to identify effector molecules to which multiple pathways
converge for the maintenance of homeostasis.

Cholesterol uptake: In most cells cholesterol uptake is mediated by the LDL
receptor. In cholesterol-deprived cells the production of the receptor is transcription-
ally induced by nuclear SREBP. Under these conditions, ER residing Insig proteins
can no longer interact with Scap, become accessible to the action of the associated
gp78 ubiquitin ligase, and undergo proteasomal degradation. In apparent contradic-
tion, new Insig-1 protein molecules are produced under the transcriptional control of
SREBP to attenuate the action of SREBP itself, once intracellular levels of choles-
terol are restored. On the other hand, in sterol-loaded cells, cholesterol itself, by
interacting directly with Scap, and side chain oxysterols, and by interacting directly
with Insig, cause the retention of SREBP in the ER, thus reducing the transcription
of LDL receptor gene. At the same time, side chain oxysterols, by activating LXRs,
induce the expression of the ubiquitin ligase Idol and the proteasomal-mediated
degradation of existing LDL receptor molecules.

Cholesterol synthesis: The rate limiting step in cholesterol synthesis is the
reaction catalyzed by HMG-CoA reductase. It is regulated at the level of gene tran-
scription by SREBP in a sterol-modulated fashion, similarly to the LDL receptor.
In addition, existing HMG-CoA reductase is degraded via the proteasome with the
involvement of Insig proteins and gp78, and the molecular trigger is represented
by the direct interactions between its membrane domain and cholesterol, or closely
related metabolites (side chain oxysterols and the precursor lanosterol).

Cholesterol transport: Side chain oxysterols, by activating LXRs, induce the
expression of genes encoding cholesterol transporters and acceptors, thus favouring
its efflux and protecting cells and tissues against abnormal cholesterol accumulation.

Bile acid synthesis: In mammals, one of the main pathways to eliminate choles-
terol from the body is its conversion to bile acids. The key enzymes in this pathway,
cholesterol 7α-hydroxylase and sterol 27-hydroxylase, are atypical P450 enzymes
inasmuch as they exhibit stringent requirements for substrate molecules. This fea-
ture may be linked to the fact that cholesterol is the most abundant sterol in
mammals. A major consequence of this substrate-specificity is the production of pri-
mary bile acids with a typical overall shape and the presence of hydroxyl groups at
conserved key positions. Due to their features, primary bile acids, in particular chen-
odeoxycholic acid, can specifically interact and activate the nuclear receptor FXR,
triggering a signalling cascade that has important effects on bile acid homeostasis:
feedback downregulation of their synthesis, upregulation of bile acid transporters to
promote their excretion.

Energy metabolism: Bile acid-dependent activation of FXR in the liver pro-
foundly affects glucose metabolism. Furthermore, through the membrane receptor
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TGR5, bile acids, in particular secondary bile acids, regulate energy metabolism in
extra-hepatic tissues promoting energy expenditure. On the other hand, activation of
LXR, results in increased hepatic synthesis of fatty acids, at least in rodents.

4.9 Conclusions

Cholesterol, its hydroxylated derivatives, oxysterols, and bile acids, are much more
than intermediates or end products of metabolic pathways; they are indeed multi-
tasking signalling molecules that, by interacting with different types of protein
targets, exhibit regulatory functions on cholesterol metabolism and homeostasis,
and beyond. Given the relevance of these regulatory mechanisms for understanding
both the physiological chemistry and the bases of various diseases (hypercholes-
terolemia, cardiovascular disease, metabolic syndrome, diabetes), some issues
should be carefully addressed.

Various distinct regulatory networks can be modulated by the same class of
molecules, thus showing that chemical entities, similar for the core structure, but
different for physico-chemical properties, also differ in their ability to interact with
protein partners. For example, 25-hydrocholesterol is the most potent inhibitor of
SREBP processing, but is one of the weakest oxysterol ligands of LXR. Therefore,
we need to gain further insights into the structure-activity relationships of these
molecules. Secondly, while there is no doubt about the role of primary bile acids in
the physiological activation of FXR in liver and intestine, observations in several cell
types suggest that different oxysterols may be produced in a cell and tissue-specific
fashion, with different downstream effects on gene transcription. For example, 24-
hydroxycholesterol is typically found in cells of the nervous system expressing high
levels of cholesterol 24-hydroxylase, whereas in macrophages that express sterol
27-hydroxylase, 27-hydroxycholesterol is the physiological ligand of LXR.

Finally, by the use of global approaches, library screenings and “omics” tech-
nologies, it is likely that new partners and new functions for both sterols and bile
acids will be discovered.
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Chapter 5
Cholesterol Oxidase: Structure and Function

Alice Vrielink

Abstract Cholesterol oxidase is a bacterial-specific flavoenzyme that catalyzes the
oxidation and isomerisation of steroids containing a 3β hydroxyl group and a dou-
ble bond at the �5–6 of the steroid ring system. The enzyme is a member of a
large family of flavin-specific oxidoreductases and is found in two different forms:
one where the flavin adenine dinucleotide (FAD) cofactor is covalently linked to the
protein and one where the cofactor is non-covalently bound to the protein. These
two enzyme forms have been extensively studied in order to gain insight into the
mechanism of flavin-mediated oxidation and the relationship between protein struc-
ture and enzyme redox potential. More recently the enzyme has been found to play
an important role in bacterial pathogenesis and hence further studies are focused
on its potential use for future development of novel antibacterial therapeutic agents.
In this review the biochemical, structural, kinetic and mechanistic features of the
enzyme are discussed.

Keywords Cholesterol oxidase · Flavoenzyme · Enzyme mechanism · Redox
catalysis · Oxygen channel · Protein structure

5.1 Introduction

Cholesterol oxidases are secreted bacterial enzymes that catalyze the first step
in the degradation of cholesterol. They are flavoenzymes containing the redox
cofactor, flavin adenine dinucleotide (FAD). The enzyme catalyzes three chemi-
cal conversions (see Fig. 5.1). In the first step, called the reductive half-reaction,
the 3β-hydroxyl group of the steroid ring system is oxidized to the corresponding
ketone. Key to this conversion is the FAD cofactor, which becomes reduced in the
process. In the second step the enzyme catalyzes isomerization of the double bond
in the oxidized steroid ring system from the �5–6 position to �4–5 position, to give
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Fig. 5.1 Reaction catalyzed
by the enzyme cholesterol
oxidase showing the
substrate, cholesterol, the
product, cholest-4-en-3one
and the intermediate formed
after oxidation and prior to
isomerisation,
cholest-5-en-3-one. The
cofactor, FAD (flavin adenine
dinucleotide) remains bound
to the enzyme and is
reoxidized in the oxidative
half reaction by dioxygen to
form hydrogen peroxide

the final steroid product, cholest-4-en-3-one. In the final step of the enzyme, called
the oxidative half-reaction, the reduced cofactor reacts with dioxygen and is thus
reoxidized while O2 is reduced to H2O2.

5.2 Forms of Cholesterol Oxidase

The enzyme is found only in microorganisms and studies have shown that for
many bacteria the enzyme expression can be induced by the presence of choles-
terol in the growth medium. Reports in the literature indicate that some bacteria,
such as Mycobacterium, Rhodococcus and Nocardia produce an intracellular form
of the enzyme that is membrane associated (Buckland et al., 1976; Zajaczkowska
et al., 1988; Zajaczkowska and Sedlaczek, 1988; Wilmanska et al., 1995) while the
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enzyme from Arthrobacter, Schizopyllum, Streptoverticillium Brevibacterium and
Streptomyces is found in the extracellular fraction (Fukuyama and Miyake, 1979;
Inouye et al., 1982; Ishizaki et al., 1989; Kamei et al., 1978; Lartillot and Kedziora;
1990, Uwajima et al., 1973; Wilmanska and Sedlaczek, 1988). In addition to the dif-
ferences in location of the enzyme, two molecular forms are also known and have
been extensively characterized.

The majority of known examples of the enzyme contain the FAD cofactor tightly
but non-covalently bound to the protein (CO-1). The second form has the cofactor
covalently attached to the protein chain via a bond linking the 8-methyl group of
the isoalloxazine portion of the FAD to a histidine side chain of the polypeptide
chain (CO-2). The amino acid sequences of these two forms of the enzyme differ
substantially and indeed their structure, biochemical and kinetic properties are also
highly divergent (see below for further discussion). There is one reported case of the
enzyme containing covalently bound flavin mononucleotide (FMN) as the cofactor,
however evidence does not appear to be conclusive (Iwaki et al., 2005).

Cholesterol oxidases are part of a unique class of enzymes that are soluble pro-
teins although they interact with highly insoluble substrates. The natural substrate,
cholesterol, is an important membrane component exhibiting low solubility in the
aqueous medium of the cell, hence the enzyme must interact with the lipid bilayer in
order to for the substrate to partition out of the membrane and undergo oxidation at
the enzyme active site. In this regard cholesterol oxidase is an interfacial enzyme as
it binds transiently to the membrane surface during catalysis and can only access the
substrate from the membrane phase. Other examples of interfacial enzymes include
phospholipases (Berg et al., 2001; Gelb et al., 1995; Jain et al., 1995).

Early studies on the substrate specificity by the enzyme from Nocardia erythro-
polis were carried out by Smith and Brooks (Brooks and Smith, 1975, 1980; Smith
and Brooks, 1974, 1975, 1977). Since then, further studies on the enzyme from
different bacterial sources have added to our understanding of the steroid speci-
ficity. In general, the enzyme exhibits a broad specificity for steroid substrates with
the main feature being the presence of a hydroxyl group in a β configuration at
the C3 center of the steroid A ring and a trans A–B ring junction (see Fig. 5.1);
hydroxyl groups bonded to the A ring in α-linkage are not oxidized by the enzyme.
However, the presence of a steroid skeleton is not essential for oxidation; low molec-
ular weight alcohols, including methanol and propan-2-ol, can also be oxidized by
the enzyme (albeit that higher concentrations are required, indicating poorer bind-
ing affinity for smaller substrates) (Pollegioni et al., 1999). This highlights the
notion that cholesterol oxidases may have been adapted from alcohol oxidases to
accommodate the large and bulky steroid ring system, while still retaining oxidation
activity.

In addition, features needed for isomerization have evolved within the same pro-
tein such that the enzyme is able to carry out this added catalytic step. Interestingly,
bacterial-specific ketosteroid isomerases are known that carry out the isomerisa-
tion step independently of steroid oxidation (Linden and Benisek, 1986; Talalay
and Wang, 1955). The reasons for having bifunctional (oxidation and isomerisa-
tion reactions are carried out by the same enzyme) as well as monofunctional
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(when only isomerisation chemistry is carried out) enzymes in bacteria are not well
understood.

In eukaryotes, steroid oxidation and isomerisation are important steps in the
synthesis of a wide variety of steroid hormones and are carried out by NAD+ depen-
dent 3β-hydroxysteroid dehydrogenases as membrane-bound proteins located in the
endoplasmic reticulum and mitochondria (Cherradi et al., 1993, 1994, 1997; Luu
The et al., 1989; Sauer et al., 1994; Thomas et al., 1998). Hence flavin mediated
cholesterol oxidation is a process unique to microorganisms.

5.3 Applications of Cholesterol Oxidase

Cholesterol oxidase has a number of important commercial applications. Initial
studies on the enzyme focused on its use for the determination of cholesterol in
serum, HDL or LDL (see review, Smith and Brooks, 1976). Serum cholesterol
levels are determined using a three-enzyme assay, including cholesterol esterase,
cholesterol oxidase and peroxidase (Richmond, 1973; Allain et al., 1974; Richmond,
1976). More recently electrochemical biosensors with immobilized cholesterol oxi-
dase have been employed to determine cholesterol levels in serum or food (Arya
et al., 2007; Basu et al., 2007; Vidal et al., 2004). Determining the serum cholesterol
levels is critical for the assessment of a variety of diseases including hypercholes-
terolemia, coronary heart disease and lipid disorders for estimating the risk of
thrombosis and myocardial infarction.

The enzyme has also been used extensively as a probe for studying biological
membranes (Bittman et al., 1994; Slotte, 1992a, b, 1995; Ohvo-Rekila et al., 1998;
Barenholz et al., 1978; Lange, 1992; Lange et al., 1984, 2007; el Yandouzi and Le
Grimellec, 1993) and the role cholesterol–lipid interactions play in the formation of
membrane microdomains such as caveolae and lipid rafts (Lange and Steck, 2008;
Le Lay et al., 2009; Gimpl and Gehrig-Burger, 2007). These studies have helped
in the study of eukaryotic membranes and the function of lipid rafts, which are
implicated in many cellular processes such as signal transduction, protein and lipid
sorting events and viral budding.

In addition the enzyme has been found to exhibit insecticidal properties against
cotton boll weevil larvae (Purcell et al., 1993) as well as tobacco budworms, corn
earworms and pink bollworm (Greenplate et al., 1995). Due to these observations,
genetic approaches are being used to produce transgenic plants designed to express
the enzyme as an effective in situ insecticide (Corbin et al., 1994, 1998). The lethal
effect exhibited by the enzyme on larvae has been attributed to the oxidation of
cholesterol in the epithelial membrane of the organism’s midgut, thus resulting in the
physical and functional destruction of the membrane (Purcell et al., 1993). Corbin
and colleagues have shown that the enzyme is expressed in transgenic tobacco plants
and that insecticidal activity against boll weevil larvae was observed (Corbin et al.,
2001). Furthermore they showed that when the enzyme was produced in the cytosol,
low levels of saturated sterols were found and the plant exhibited developmental
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aberrations, whereas if the enzyme was targeted to chloroplasts a larger accumula-
tion of saturated sterols occurred and the plant appeared more normal in terms of
development and phenotype.

More recently cholesterol oxidase has been found to play a role in bacterial
pathogenesis due to its membrane disrupting activity (Navas et al., 2001). A num-
ber of microorganisms, including fast-growing mycobacteria, are able to metabolize
cholesterol and use it as a carbon and energy source (Martin, 1977; Sedlaczek,
1988; Pandey and Sassetti, 2008). A gene cluster containing enzymes involved in
cholesterol catabolism has been identified in Mycobacterium sp. and found to be
upregulated during bacterial survival in macrophages (Van der Geize et al., 2007).
Indeed these results correlated well with earlier studies that showed cholesterol to
be essential for the uptake of mycobacteria by macrophages (Gatfield and Pieters,
2000). Further studies by Brzostek and co-workers on Mycobacterium tuberculosis
indicate that cholesterol oxidase is essential for the survival of the bacteria dur-
ing infection and hence plays a role in pathogenesis of M. tuberculosis (Brzostek
et al., 2007). Similarly, the bacterium, Rhodococcus equi was originally identified
as a horse pathogen, however, more recently it has been found to be pathogenic
in humans, affecting especially immune compromised individuals such as those
infected with HIV (Weinstock and Brown, 2002). Like mycobacteria, these bac-
teria also infect host macrophages through cholesterol oxidase-mediated membrane
lysis (Fuhrmann et al., 2002). The uptake of the bacterium in macrophages was
correlated to increased survival of the bacteria and oxidation of cholesterol in
macrophages. Furthermore, cholesterol oxidation was increased in the presence of
the sphingomyelinase-producing bacterium, Corynebacterium pseudotuberculosis
(Linder and Bernheimer, 1982). The sphingomyelinase activity results in sublytic
damage to the membrane, thus allowing cholesterol oxidase to more easily reach
its target substrate. The 3-hydroxyl group of cholesterol is thought to mediate
sterol-phospholipid interaction and, once oxidized, disrupts the membrane structure
(Linder, 1984). Thus the observed virulence activity occurs in a cooperative manner
resulting in membrane damage, similarly to what has been reported with hemolysin
and phospholipases in Listeria (Vazquez-Boland et al., 2001). Importantly, since
there is no equivalent enzyme in eukaryotes, the enzyme constitutes a potential
target for development of new antibacterial therapeutic agents to treat immune
compromised patients.

The enzyme from Streptomyces natalensis has been shown to play a key role
in the biosynthesis of the polyene macrolide pimaricin, an important antifungal
antibiotic used in the food industry to prevent mold contamination (Aparicio et al.,
2003, 2004). A cluster of genes coding encoding enzymes involved in pimaricin
biosynthesis includes 13 polyketide synthases, incorporated into 5 multifunctional
enzymes as well as 12 other proteins that control the modification of the polyketide
skeleton, in addition to proteins involved in export and regulation of gene expres-
sion (Anton et al., 2007; Mendes et al., 2001, 2005). One of the genes (pimE) within
this cluster encodes a cholesterol oxidase. Gene inactivation studies showed that the
enzyme adversely affected pimaricin biosynthesis, suggesting that it plays a role as
a signaling protein in the production of the antifungal agent (Mendes et al., 2007).
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The antifungal activity of pimaricin is due to its interaction with membrane sterols
thus resulting in membrane disruption and cell damage.

5.4 Redox Properties of Cholesterol Oxidase

Flavoproteins exhibit a unique absorption spectrum due to the presence of the FAD
cofactor. This absorption spectrum provides information on the electronic state of
the isoalloxazine moiety, the chromophore of the cofactor, and hence, on the redox
state and the ionization state of the flavin. The precise details of the spectra are
sensitive to the microenvironment of the cofactor and thus give information on the
active site region of the enzyme (Ghisla and Massey, 1986). The absorption spectra
of both CO-1 and CO-2 are shown in Fig. 5.2 in the oxidized and fully reduced
enzyme states. In addition the spectrum of free FAD is shown. Evident from these
spectra are the precise location of the two maxima at the near UV (360 nm) and
visible (450 nm) wavelength regions for the oxidized forms of the cofactor and the
absence of these peaks in the reduced states. The precise locations of the maxima can
vary by up to ∼20 nm depending on the microenvironment around the isoalloxazine
moiety. As the maxima shift towards longer wavelengths (red shift) compared to the
free FAD, the flavin moiety within the protein is in a more apolar environment; in

Fig. 5.2 The absorption spectra of cholesterol oxidase containing FAD non-covalently bound to
the enzyme, Streptomyces hygroscopicus, (SCO) is shown in blue lines and the enzyme containing
FAD covalently bound to the enzyme from Brevibacterium sterolicum (BCO) is shown in red lines.
The spectrum for free FAD is shown in black lines. In each case the spectra include the oxidized
(ox) and reduced (ref) forms of the cofactor. Figure reproduced with permission from Vrielink and
Ghisla, 2009



5 Cholesterol Oxidase 143

contrast when the maxima shift towards shorter wavelengths (blue shift) than free
FAD, the flavin is in a more polar environment. The reduced flavin spectra also
reveal the electronic state of the reduced cofactor.

Both forms of the enzyme catalyze the dehydrogenation of the steroid substrate
via a single 2-electron step resulting in a fully reduced FAD cofactor (FADH2 or
FADH ¯+ H+). The redox properties of the two enzyme forms differ however in
terms of their kinetic and thermodynamic behavior. Wild-type CO-2 exhibits a redox
potential, Em = −101 mV however a H121A mutant of the enzyme where the cova-
lent linkage between the flavin and the polypeptide chain has been removed exhibits
a redox potential Em = −204 mV (Lim et al., 2006). This mutation shows that the
isoalloxazine moiety of the flavin cofactor adopts a more planar conformation than
in the wild-type enzyme structure suggesting that the flavin ring conformation plays
a role in modulating the reduction potential of the cofactor. The redox potentials
for two different non-covalent forms of the enzyme have been studied and show
some degree of difference with reported values of Em = −217 mV for the enzyme
from Streptomyces hygroscopicus (Gadda et al., 1997) and Em = −131 mV for
Streptomyces SA-COO (Chen et al., 2008). In the case of the Streptomyces SA-COO
cholesterol oxidase, both sequence and structural information can provide insight
into the factors that mediate redox potential activity. For the Streptomyces hygro-
scopicus enzyme there is currently no known structure or sequence information,
thus the factors that lead to the redox potential are not as clearly understood.

Extensive structural and kinetic work has been carried out for both the covalent
form of cholesterol oxidase (from Brevibacterium sterolicum) and the non-covalent
enzyme (from Streptomyces SA-COO and Rodococcus equi). These studies have
provided extensive insights into the mechanism of catalysis by each form of the
enzyme. The structural and mechanistic features will be described further below.
The sequences of the covalent and non-covalent forms of the enzyme differ signif-
icantly (15% identity between the two sequences) suggesting that the topologies of
the enzyme forms will differ as well. Indeed, this was shown to be the case from
their high resolution crystal structures (Coulombe et al., 2001; Vrielink et al., 1991;
Yue et al., 1999).

5.5 Structure Characterization

5.5.1 Non-covalent Enzyme Structure

The structures of two non-covalent forms of the enzyme from Streptomyces SA-
COO and Rhodococcus equi have been determined by crystallographic methods
(Vrielink et al., 1991; Yue et al., 1999). The enzyme comprises two domains: an
FAD-binding domain and a substrate-binding domain (see Fig. 5.3a). The FAD-
binding domain is responsible for anchoring the FAD cofactor in the enzyme; it is
composed of a 5-stranded beta pleated sheet, sandwiched between two sets of alpha
helices. This domain contains a consensus sequence of glycine residues (GXGXXG)
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a) b)

c) d)

Fig. 5.3 Three dimensional structures of (a) cholesterol oxidase from Streptomyces sp SA-COO
and (b) Brevibacterium sterolicum. The secondary structure elements are shown and the loop
regions important for substrate access to the active site and proposed to be involved in interac-
tion with the membrane where the substrate is located are coloured red. The FAD cofactor is
shown in yellow bonds. Close up solvent accessible surface representations of the substrate bind-
ing site for (c) the enzyme from Streptomyces sp SA-COO in complex with the bound substrate,
dehydroisoandosterone, (PDB id 1COY) (Li et al., 1993) and (d) the enzyme from Brevibacterium
sterolicum with a cholesterol molecule bound in the active site cavity. The surfaces are computed
using a sphere with radius 1.4 Å equivalent to the radius of a water molecule. The electrostatics of
the protein have been mapped onto the surface. Red indicates negatively charged regions and blue
indicates positively charged regions of the protein. The bound steroid molecules are shown with
blue bonds

located at a loop region between the N terminus of the first alpha helix and a beta
strand in the structure. This motif of conserved glycine residues has been seen in
many nucleotide binding proteins (Eventoff and Rossmann, 1975; Ohlsson et al.,
1974) and accommodates a close approach of the negatively charged diphosphate
moiety of the cofactor to the protein chain in such as way as to stabilize the negative
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charge by the positively charged electrostatic field at the amino terminus of the
helix. Further interactions are seen between the 2’ and 3’ hydroxyl groups of the
cofactor ribose moiety and a conserved glutamate/aspartate residue located at the C
terminal region of the first beta strand and approximately 20 residues away from the
glycine-rich loop.

The second domain is called the substrate-binding domain. It contains a 6-
stranded beta pleated sheet, forming a “roof” over the substrate-binding cavity with
alpha helices on one side of the sheet. The isoalloxazine moiety of the FAD cofactor
is positioned on one side of the substrate-binding cavity. A series of loops close over
a buried cavity, which is large enough to accommodate the 4 steroid ring structure
but not the hydrocarbon moiety at C17 of the steroid D ring. This was confirmed by
a structure of an enzyme/steroid complex using dehydroisoandosterone as the sub-
strate (Li et al., 1993) (Fig. 5.3c). The loops that close the substrate-binding cavity
from the bulk solvent are proposed to act as the entrance route for cholesterol and
play a role in interaction with the steroid C17 hydrocarbon “tail” as well as with the
membrane in order to extract the steroid from the bilayer into the buried enzyme
active site cavity. Differences in the loops are evident between the two non-covalent
structures (Rhodococcus equi and Streptomyces SA-COO) that are correlated with
substrate binding affinity. In the Streptomyces SA-COO structure one of the loops
contains an amphipathic helical turn; in the Rhodococcus structure the loop is an
extended coiled structure and exhibits higher temperature factors. The decreased
rigidity in the loop for the Rhodococcal structure is correlated with higher observed
binding constants (Km) for cholesterol and dehydroisoandosterone compared to that
observed for the Streptomyces enzyme (Sampson et al., 1998). It is thought that
the rigidity of the loops pre-orients the amino acid residues needed for binding the
steroid C17 hydrocarbon tail and thus increases the efficiency of the enzyme for
catalysis.

5.5.2 Covalent Enzyme Structure

The covalent enzyme structure also comprises two domains, however the topology
lacks the characteristic nucleotide binding fold seen in most FAD binding proteins
(see Fig. 5.3b). The cofactor is covalently linked to a histidine residue (His121)
located in a loop region between the third and fourth beta-strand of a four stranded
beta pleated sheet (Coulombe et al., 2001). In addition, the phosphate oxygen atoms
of the cofactor make hydrogen bond interactions with main chain nitrogen atoms
of this loop region, however there are no hydrogen bond interactions between the
protein and the 2’ and 3’ ribose hydroxyl groups of the cofactor. Despite the covalent
linkage the cofactor remains bound to the protein even when the histidine residue
needed for covalent linkage is mutated to alanine, hence the covalent bond is not an
absolute requirement for FAD binding. Structural and redox studies on this mutant
have however shown that it is involved in modulating the redox potential of the
cofactor; mutation to alanine decreases the redox potential by ∼100 mV relative
to wild-type enzyme (Motteran et al., 2001). The structure of the mutant enzyme
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confirms that the cofactor is no longer covalently linked to the protein (Lim et al.,
2006). Furthermore this mutant structure revealed differences in the conformation of
the isoalloxazine ring system relative to the wild-type enzyme that adversely affect
redox chemistry. Studies on the apoenzyme form of this mutant indicate reduced
protein stability relative to the holoenzyme form, suggesting a link between enzyme
stability and cofactor linkage (Caldinelli et al., 2005, 2008).

As observed for the non-covalent enzyme, the substrate binding domain in the
covalent enzyme is also composed of a large beta pleated sheet which forms a
“roof” over the steroid binding cavity buried within the structure of the protein.
Two extended loops exhibiting higher thermal motion relative to the remainder of
the enzyme are proposed to form the entrance to the steroid binding cavity.

The active site cavity is large enough to contain the entire cholesterol sub-
strate including the C17 hydrocarbon moiety, as shown in a model of the
enzyme/cholesterol complex (Fig. 5.3d). The isoalloxazine moiety of the cofactor
is located at the base of the cavity. Its position provides a basis for modelling of
the steroid substrate in the cavity and hence insight into the residues that may be
implicated in catalysis (see further discussion below).

5.6 Catalytic Mechanism

In order for the cholesterol oxidase to efficiently carry out both oxidation and iso-
merization catalysis a number of important features are required. The substrate must
be oriented correctly relative to the flavin ring system to allow for: 1) hydride trans-
fer from the steroid C3 to N5 of the cofactor and 2) rearrangement of the double
bond to give the final conjugated ketone product. Furthermore, to facilitate both
steps of steroid oxidation and isomerization a base is required. In the steroid dehy-
drogenation step, the base is needed to deprotonate the steroid C3–OH proton; both
the high pKa of the unactivated steroid hydroxyl group (>15) and the concerted
mechanism of O–H and C–H bond breakage strongly indicate the need for a base
in the steroid dehydrogenation step. Furthermore, as the isomerization step requires
both a C–H bond breaking and a C–H bond making step, an acid/base residue is
likely to be needed.

5.6.1 Non-covalent Enzyme Mechanism

The structure of an enzyme/steroid substrate (Fig. 5.3c) complex for the non-
covalent enzyme has given important initial insights into binding mode of the
substrate and the catalytic residues that are likely to be involved in the mechanisms
of oxidation and isomerisation (Li et al., 1993). Hypotheses regarding the roles of
residues in catalysis, based on this complex structure have been further tested by
mutagenesis, kinetic analyses and further structural work. Originally the base for
oxidation chemistry in the non-covalent enzyme was thought to be His447 (Kass
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and Sampson, 1998a; Li et al., 1993; Yue et al., 1999; Yamashita et al., 1998) how-
ever high resolution structural studies have shown that, in the active pH range of
the enzyme, this histidine is protonated at NE2 precluding its ability to act as a
base. Reinterpretation of the mutagenesis and kinetic results directed at studies of
this residue suggested it acts as a hydrogen bond donor to the steroid hydroxyl oxy-
gen atom thereby allowing correct orbital alignment for deprotonation of the steroid
C3–OH proton and hydride transfer of the C3–H as to the cofactor (Lario et al.,
2003; Lyubimov et al., 2006).

Further residues that may be important in oxidation chemistry in the non-covalent
enzyme include Asn485 and Tyr446. Asn485 acts to stabilize the reduced cofac-
tor through a movement of the side chain closer to the reduced cofactor, allowing
hydrogen bond interactions between the amide side chain NH2 group and the π sys-
tem of the cofactor pyrimidine ring. Mutagenesis of Asn485 to leucine or aspartate
decreases the reduction potential relative to the wild-type enzyme thereby adversely
affecting the ability of the cofactor to be reduced (Lyubimov et al., 2009; Yin
et al., 2001).

Recent structural work on a complex of the H447Q/E361Q double mutant,
exhibiting much slower oxidation chemistry than the wild-type enzyme, bound to
a substrate analogue revealed differences in the conformation of the isoalloxazine
ring moiety due to steric pressure exerted on the ring by alternate conformations of
the side chain of Tyr446 (Lyubimov et al., 2007) (see Fig. 5.4). The altered isoal-
loxazine ring conformation, induced by substrate binding at the active site and the
movement of Tyr446 is thought to modulate the reduction potential of the cofac-
tor and thus affect oxidation chemistry. Further studies on the role of Tyr446 in
oxidation chemistry and in substrate binding need to be carried out.

Identification of the base for deprotonation of the substrate C3–OH proton is
still under some debate. Glu361 may act as the base, (see proposed mechanism on
Fig. 5.5) however this residue is also required as the base for the isomerisation step
(see below). If Glu361 acts as the base for both oxidation and isomerisation the pro-
ton extracted from the steroid during oxidation would need to be transferred away
from the glutamate side chain before the isomerisation step could occur. The pro-
ton extracted is likely to be transferred to oxygen during the oxidative half reaction
when the cofactor is reoxidized. However the exact mechanism and kinetics of this
step is not yet clearly understood.

The isomerisation step, where the intermediate cholest-5-en-3-one is converted
to the final product, cholest-4-en-3-one, occurs through the transfer of a hydrogen
atom from the C4 to the C6 position on the steroid by a single base (Kass and
Sampson, 1995). The reaction is facilitated by activation of the C–H group at C4
by the neighboring C3 carbonyl group formed during the previous oxidation step.
As mentioned above, Glu361 is the base required to carry out this chemistry. It is
positioned in the structure on the “roof” of the active site cavity lying above the
C4–C6 locus of the steroid ring system. Furthermore, the side chain exhibits higher
temperature factors in the crystal structure (Vrielink et al., 1991; Yue et al., 1999)
suggesting it is highly mobile as needed to transfer the proton from C4 to C6 of
the steroid substrate (see proposed mechanism in Fig. 5.6). Studies by Sampson
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Fig. 5.4 Depiction of the proposed induced fit mechanism upon substrate binding observed for the
non-covalent enzyme from Streptomyces sp SA-COO. The isoalloxazine moiety of the FAD cofac-
tor is shown. In the absence of the substrate the isoalloxazine ring system is non planar (FADOx).
Upon binding of the substrate, the side chain of Tyr446 reorients placing steric pressure on the
dimethylbenzene portion of the isoalloxazine ring system and resulting in further bending. The
increased distortion of the isoalloxazine moiety modulates the redox potential of the cofactor thus
facilitating substrate oxidation (FADOx

∗)

Fig. 5.5 Proposed mechanism of oxidation for the non-covalent enzyme from Streptomyces sp
SA-COO. Glu361 acts as the base for abstraction of the 3β-hydroxyl proton and His447 acts
to orient the hydroxyl proton through a hydrogen bond. Asn485 adopts two conformations, one
with the side chain amide nitrogen pointing away from the pyrimidine ring of the isoalloxazine
moiety when the cofactor is oxidized and the second conformation pointing towards the pyrimi-
dine ring system when the cofactor is reduced. This second conformation stabilizes the reduced
cofactor
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Fig. 5.6 Proposed mechanism for isomerisation of the steroid intermediate, cholest-5-ene-3-one
after oxidation. Glu361 acts as the base extracting the proton from C4 of the steroid A ring to
generate a negatively charged transition state stabilized by interaction with His447. The side chain
of Glu361 reorients to reprotonate the steroid at C6 to give the final cholest-4-en-3-one product

and co-workers have shown that the isomerisation reaction proceeds stereospecifi-
cally on the β-face of the steroid ring system by Glu361 (Kass and Sampson, 1995,
1998b).

5.6.2 Covalent Enzyme Mechanism

Although numerous studies have been carried out to characterize the catalytic mech-
anism of the non-covalent enzyme, there has been less work on the covalent form.
The steroid binding pocket for this form is much more hydrophilic in nature than
the non-covalent enzyme. Two charged side chain (Glu475 and Arg477) adopt mul-
tiple conformations in the crystal structure correlated with one another, suggesting
they move in a concerted fashion. The covalent enzyme has not been crystallized
in the presence of a steroid ligand, thus the mode of substrate binding is only spec-
ulative and based on an in silico enzyme/substrate model (Coulombe et al., 2001)
(Fig. 5.3d). However the positions of side chains relative to the flavin moiety pro-
vide some basis for hypotheses as to the roles of specific residues in oxidation and
isomerisation chemistry.

Based on the enzyme/substrate model, it was initially proposed that Glu475 acts
as the base for extraction of the steroid C3–OH proton in the reductive half reaction
(Coulombe et al., 2001). In addition, the positively charged Arg477 was thought to
stabilize the reduced cofactor in a similar manner to Asn485 in the non-covalent
enzyme. Alternatively this residue may play a similar role to that of His447 in
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the non-covalent enzyme by positioning the substrate hydroxyl hydrogen appropri-
ately for correct orbital alignment to allow deprotonation of the C3–OH and hydride
transfer of the C3–H to the cofactor. Furthermore, Glu475 was also thought to be
the base for the isomerisation step, hence the same residue may act as the base for
both oxidation and isomerisation, as has recently also been proposed for the non-
covalent enzyme. If this residue is needed as the base for both steps the proton
extracted from the steroid C3–OH group must be transferred to another site after
oxidation and prior to isomerisation. Based on an inspection of the residues that lie
near to Glu475, Glu311 may play the role of a proton shuttle residue, accepting the
proton from Glu475. Interestingly Glu311 is also located near to the proposed oxy-
gen entry channel and hence may transfer the proton onto an incoming O2 molecule
(see below).

Mutational and kinetic analyses have been carried out for Glu311, Glu475 and
Arg477 (Piubelli et al., 2008). These studies fail to show a marked decrease in either
substrate oxidation or intermediate isomerisation for mutations of Glu475 which
remove its basic properties, hence the authors concluded that this residue is not
likely to be essential for catalysis. However their studies did show a pronounced
decrease in both substrate oxidation and isomerisation for mutations of Glu311,
supporting the hypothesis that it plays a role in catalysis. Perhaps the base needed
for oxidation and isomerisation is Glu311. As in the non-covalent enzyme, the finite
identification of the base for proton abstraction remains elusive and will require
further study.

5.7 Oxygen Channel

Cholesterol oxidases require the binding and oxidation of molecular oxygen to com-
plete the catalytic cycle of the enzyme (see Fig. 5.1). Molecular oxygen accepts
the electrons from the reduced FAD cofactor in order to reoxidize it. This oxida-
tive half reaction results in the formation of H2O2. The kinetics of O2 binding to
the enzyme has been the subject of some studies for the covalent enzyme from
Brevibacterium sterolicum and for the non-covalent enzyme from Streptomyces
hygroscopicus (Pollegioni et al., 1999). These studies reveal that reaction with
dioxygen occurs very differently for the two enzyme forms. In the covalent enzyme,
reaction with O2 proceeds with two phases: an initial rapid phase that shows a sat-
uration dependence on [O2] followed by a slow phase, independent of [O2]. It was
proposed that this behavior results from the interconversion of two enzyme states,
each with different reactivities toward O2. The proposed scheme for oxygen reactiv-
ity is shown in Fig. 5.7. The reduced enzyme converts between two different forms:
E~FADred and E~FAD∗

red. One form (denoted E~FADred in Fig. 5.7) is more reac-
tive to oxygen and thus is the preferred pathway for flavin reoxidation (formation of
E~FADox and H2O2).

In the case of the non-covalent enzyme from Streptomyces hygroscopicus, reoxi-
dation of reduced FAD by O2 in the absence of bound ligand occurs in a monophasic
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Fig. 5.7 Proposed mechanism for reaction of reduced FAD in cholesterol oxidase from
Brevibacterium sterolicum with dioxygen. E~FADred and E~FADred

∗ depict different conforma-
tional forms of the reduced enzyme. E~FADox denotes the oxidized form of the cofactor. Dioxygen
reacts more readily with E~FADred than with E~FADred

∗

manner, similarly to what was been observed for the majority of flavoprotein
oxidases (Ghisla and Massey, 1989). However the enzyme reduction kinetics is dif-
ferent in the presence of the bound steroid product, cholest-4-en-3-one, where the
reaction exhibits a dependence on [O2] (Pollegioni et al., 1999) suggesting some
similarities with the covalent enzyme. Flavin-dependent hydroxylases are known to
form an intermediate (such as a 4a-flavin hydroperoxide) during the oxidative half
reaction (Ghisla and Massey, 1989).

The structures of both the covalent and non-covalent enzyme forms give intrigu-
ing keys into the oxidative half reaction and the mechanism of dioxygen binding. In
the non-covalent enzyme initial structural studies at 1.8 Å resolution did not give a
clear indication of a unique oxygen binding pathway into the enzyme active site. It
was supposed that molecular oxygen entered the active site through the surface loops
which also allowed entry of the steroid substrate. However, when structural studies
were carried out to atomic resolution (0.95 Å), a narrow channel was visible, large
enough to accommodate a dioxygen molecule (Lario et al., 2003) (Figs. 5.8a,b).
This channel is located at the interface between the FAD and substrate-binding
domains, extending from the surface of the protein, opposite to the steroid entry
loops, towards the isoalloxazine moiety in the buried binding cavity. The channel is
visible because of the ability to resolve multiple side chain conformations for dis-
crete residues in the active site and along the channel surface at higher resolution.
Two mutually exclusive side chain populations are evident; when the side chains
adopt conformer A, access from the exterior to the active site through the channel
is blocked. In contrast, when the side chains adopt conformer B, there is sufficient
space in the channel to allow a dioxygen molecule to move from the exterior of the
protein to the active site (Fig. 5.8b). Based on these observations it was proposed
that the channel functioned as the entry route for dioxygen in the oxidative half reac-
tion. Gating of the channel is accomplished by Asn485, the same residue shown to
be important for stabilization of the reduced cofactor (Lyubimov et al., 2009; Yin
et al., 2001). Based on these observations it was suggested that cofactor reduction
was correlated to oxygen entry through the movement of Asn485 and that once this



152 A. Vrielink

a) b)

c) d)

Fig. 5.8 Close up of the active site regions of both forms of cholesterol oxidase depicting the
gating residues and the proposed oxygen channel formed. The non-covalent enzyme is depicted in
(a) channel closed conformation and (b) channel open conformation. In (b) a dioxygen molecule
is seen bound inside the channel. Residues involved in channel gating are labeled. The covalent
enzyme is depicted in (a) channel closed conformation and (b) channel open conformation. Models
of the bound substrate are shown with blue bonds. The surface was computed as described in
Fig. 5.3

side chain moved to stabilize the reduced cofactor, other side chains were also able
to move allowing the oxygen entry channel to open. Mutation and kinetic analysis of
the gate residue (Asn485Asp), as well as residues that line the channel (Phe359Trp
and Gly347Asn) show that these residues, decrease the overall catalytic efficiency
of oxidation by the enzyme and suggests that oxygen binds to the enzyme to form
a complex before chemically reacting with the flavin. Furthermore, a rate-limiting
conformational change occurs for the binding of oxygen to the enzyme (Chen et al.,
2008). Indeed the tunnel-mutant forms of the enzyme exhibit kinetic cooperativity
with respect to dioxygen. This is not observed in the wild-type enzyme suggesting
that a rate-limiting conformational change occurs for binding of oxygen and the
release of hydrogen peroxide in the non-covalent enzyme. These studies support the
role of the channel in oxygen binding and access to the enzyme.

In the covalent enzyme the presence of a narrow channel between the FAD bind-
ing domain and the substrate binding domain is evident in the structure at 1.7 Å
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resolution (Coulombe et al., 2001). Gating is also evident in the structure through
the alternate positions of Glu475 and Arg477 (Figs. 5.8c,d). Studies by Pollegioni
and co-workers have shown that mutations of Glu311 affect reaction of the reduced
enzyme with dioxygen by altering the Glu475/Arg477 gate (Piubelli et al., 2008).

In general the observed channels in the structures of both forms of cholesterol
oxidases and the effect mutations of residues have, either in gating the channel, or
by affecting the channel gating residues, indicate that dioxygen must enter the active
site through specific engineered routes and that control of oxygen entry is mediated
by the protein. These studies add to the increasing evidence that enzymes specific for
reactivity with oxygen have engineered routes to allow these small gaseous substrate
to access the reactive centres and they do not simply diffuse into the proteins (Saam
et al., 2007; Furse et al., 2006; Hofacker and Schulten, 1998; Soulimane et al., 2000;
Brunori, 2000; Deng et al., 2007; Moustafa et al., 2006).

The extensive biochemical and kinetic studies on cholesterol oxidase have pro-
vided important insights into flavin-mediated redox chemistry. These studies have
also revealed features necessary for modulating the flavin reduction potential and
hence the reactivity of the enzyme. Importantly, studies of this enzyme have also
revealed gated access routes for molecular oxygen to enter protein active sites result-
ing in new views regarding the mechanisms by which the protein controls oxygen
access and reactivity. Further studies should perhaps focus more on understanding
the detailed features of protein recognition of the substrate in the context of the
membrane environment where cholesterol is found and the role that this enzyme
plays in bacterial pathogenesis. Indeed, such knowledge may provide guide future
work on the enzyme as a target for novel therapeutic agents as inhibitors to treat
virulent bacterial infections such as tuberculosis.
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Chapter 6
Oxysterol-Binding Proteins

Neale D. Ridgway

Abstract In eukaryotic cells, membranes of the late secretory pathway contain
a disproportionally large amount of cholesterol in relation to the endoplasmic
reticulum, nuclear envelope and mitochondria. At one extreme, enrichment of the
plasma membrane with cholesterol and sphingolipids is crucial for formation of
liquid ordered domains (rafts) involved in cell communication and transport. On
the other hand, regulatory machinery in the endoplasmic reticulum is maintained
in a relatively cholesterol-poor environment, to ensure appropriate rapid responses
to fluctuations in cellular sterol levels. Thus, cholesterol homeostasis is absolutely
dependent on its distribution along an intracellular gradient. It is apparent that this
gradient is maintained by a combination of sterol-lipid interactions, vesicular trans-
port and sterol-binding/transport proteins. Evidence for rapid, energy-independent
transport between organelles has implicated transport proteins, in particular the
eukaryotic oxysterol binding protein (OSBP) family. Since the founding member
of this family was identified more than 25 years ago, accumulated evidence impli-
cates the 12-member family of OSBP and OSBP-related proteins (ORPs) in sterol
signalling and/or sterol transport functions. The OSBP/ORP gene family is charac-
terized by a conserved β-barrel sterol-binding fold but is differentiated from other
sterol-binding proteins by the presence of additional domains that target multiple
organelle membranes. Here we will discuss the functional and structural character-
istics of the mammalian OSBP/ORP family that support a ‘dual-targeting’ model
for sterol transport between membranes.

Keywords Cholesterol · Endoplasmic reticulum · Golgi apparatus ·
Oxysterols · Sterol transport
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APP amyloid precursor protein
CERT ceramide transfer protein
ER endoplasmic reticulum
FFAT two phenylalanines in an acidic tract
LDL low density lipoprotein
LXR liver X receptor
NPC Niemann-Pick C
OHD OSBP-homology domain
OSBP oxysterol binding protein
ORP OSBP-related protein
NVJ nuclear-vacuolar junction
PDK phosphoinositide-dependent kinase
PIP phosphatidylinositol phosphate
PI4P phosphatidylinositol 4-phosphate
PI4, 5P2 phosphatidylinositol 4,5-bisphosphate
PH pleckstrin homology
PM plasma membrane
PP2A protein phosphatase 2A
RNAi RNA interference
SREBP sterol-regulatory element binding protein
SM sphingomyelin
START steroidogenic acute regulatory transport
VAP vesicle-associated membrane protein-associated protein

6.1 Introduction

Cellular and extracellular cholesterol homeostasis is primarily controlled by the
sterol-regulatory element binding protein (SREBP)/SREBP-cleavage activating pro-
tein/Insig complex (Goldstein et al., 2006) and nuclear liver X receptors (LXR)
(Schmitz and Langmann, 2005), transcriptional regulatory circuits that physically
interact with cholesterol or its oxygenated derivatives (oxysterols) in the endoplas-
mic reticulum (ER) and nucleus to impart negative and positive feed-back regulation
of cholesterol synthesis, catabolism, uptake and efflux. The ER and nuclear envelope
contain <1% of total cholesterol (Lange and Steck, 1997). However, culminating
with the plasma membrane (PM), which contains 25-90% of total cellular sterols,
organelles along the secretory pathway are progressively enriched in cholesterol.
Hence transport between cholesterol-rich compartments and the ER are impera-
tive in this regulatory scheme. It is increasingly apparent that de novo synthesized
and lipoprotein-derived cholesterol is redistributed along the cellular cholesterol
gradient by non-vesicular mechanisms involving transport proteins, and by associ-
ation with sphingolipids in laterally segregated, liquid-ordered membrane domains
termed ‘rafts’ (Ikonen, 2008).
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6.2 Pathways of Intracellular Cholesterol Transport

Low density lipoprotein (LDL)-derived and de novo synthesized cholesterol tra-
verses a complex intracellular pathway in membrane transport vesicles or com-
plexed with carrier proteins (Ikonen, 2008; Liscum and Munn, 1999). Cholesterol
synthesized in the ER is rapidly exported to the PM and late Golgi compartments by
a non-vesicular, energy-dependent, cytoskeleton-independent pathway with kinetics
that are consistent with involvement of transport proteins (Heino et al., 2000; Lange
et al., 1991; Urbani and Simoni, 1990). Although controversial, recent evidence
using fluorescence analogues indicates that 60-70% of cholesterol that arrives at the
PM is associated with the cytosolic leaflet (Mondal et al., 2009). PM cholesterol is
rapidly redistributed to the endosome recycling compartment with a T1/2 of 2.5 min,
indicative of a protein carrier(s) (Hao et al., 2002; Maxfield and Wustner, 2002). On
the other hand, cholesterol is transported from the endosome recycling compartment
to the PM by an energy-dependent mechanism with kinetics that suggest vesicular
and tubulo-vesicular carriers (Hao et al., 2002). Cholesterol transported from the PM
to the ER inhibits processing of SREBP and is esterified by acyl-CoA:cholesterol
acyltransferase (ACAT). Transport is sensitive to hydrophobic amines and disrup-
tion of intermediate filaments but insensitive to energy poisons, indicating soluble
carriers are involved that transit the lysosomes/endosomes (Liscum and Munn,
1999; Underwood et al., 1996). The sphingolipid content of the PM also dictates
the rate of cholesterol desorption and delivery to PM. Removal of sphingomyelin
(SM) with sphingomyelinase results in rapid influx of cholesterol to the ER where
it is esterified and inhibits SREBP processing (Porn and Slotte, 1990; Scheek et al.,
1997; Slotte et al., 1990). Sphingomyelinase-mediated cholesterol efflux to the ER
is energy independent and unaffected by inhibitors of vesicular trafficking (Skiba
et al., 1996).

The trafficking itinerary of LDL-derived cholesterol is relatively well understood
due to studies on the Niemann-Pick C (NPC) cholesterol/sphingolipid storage dis-
ease (see Chapter 11). The cholesterol esters in endocytosed LDL are hydrolyzed
by acid lipase in late endosomes (Chang et al., 2006). Cholesterol then appears to
have two fates; transport to the PM and subsequent redistribution to the ER and
other membranes (Cruz et al., 2000; Wojtanik and Liscum, 2003) or transport to
the Golgi and ER (Underwood et al., 1998; Urano et al., 2008). NPC disease is
caused by mutations in two genes products (NPC1 and NPC2) that promote egress
of cholesterol and sphingolipids from late endosomes (Vance, 2006). NPC1 is a
polytopic protein in the endosomes that binds oxysterols and cholesterol (Infante
et al., 2008a; Ohgami et al., 2004), while NPC2 is a 16 kDa soluble glycoprotein in
the lumen of the endosomes/lysosomes that binds and transfers cholesterol in vitro
(Cheruku et al., 2006; Millat et al., 2001). Because of phenotypic similarities result-
ing from NPC1 and NPC2 deficiencies, it is possible that the two proteins function
in a common pathway to promote cholesterol efflux from endosomes (Infante et al.,
2008a,b).
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6.3 Cholesterol Transfer by Soluble Binding Proteins

Although many cholesterol trafficking pathways involve transfer proteins, technical
obstacles, such as high rates of spontaneous cholesterol transfer, lack of suit-
able probes and functional redundancy, have hampered their identification. Despite
these problems, cholesterol transfer pathways have been identified that involve: 1)
caveolin-stabilized lipid particles (Smart et al., 1996; Uittenbogaard et al., 1998), 2)
ATP-binding cassette (ABC) transporters (Oram and Vaughan, 2006) and 3) soluble
sterol-binding proteins. Although cholesterol has an appreciable rate of spontaneous
exchange between membranes, transfer is significantly enhanced by soluble binding
proteins that shield cholesterol from the aqueous environment by accommodation in
hydrophobic pockets (Frolov et al., 1996; McLean and Phillips, 1981). Two large
gene families that encode proteins with unique, high-affinity lipid binding folds
have been implicated in sterol transfer; steroidogenic acute regulatory transport
(START) proteins and OSBP/ORPs. The 15-member mammalian START family
has helix-grip folds that, in the case of STARD1/StAR, STARD3/MLN64, STARD4
and STARD5, bind and/or transfer cholesterol (Kishida et al., 2004; Miller, 2007;
Soccio et al., 2005). For a detailed overview of the START domain family, the reader
is referred to a recent review (Alpy and Tomasetto, 2005) and Chapter 15 herein.

6.4 Oxysterol-Binding Protein (OSBP) and OSBP-Related
Proteins (ORPs)

Oxysterol-binding protein (OSBP), the founder of a 12-member mammalian gene
family, was identified in the 1980s as a high affinity receptor for a variety of side-
chain and ring oxides of cholesterol (termed oxysterols) (Kandutsch and Shown,
1981). Although originally touted as a mediator of oxysterol suppression of choles-
terol synthesis and uptake, recent studies indicate that the OSBP family has sterol
transfer and/or sterol-sensing activities that serve to integrate cholesterol and lipid
homeostasis with other cellular activities. The nomenclature for the mammalian
family follows two related designations (Fig. 6.1); OSBP1, OSBP2, OSBPL1,
OSBPL2, OSBPL3 and OSBPL5-OSBPL11 (Jaworski et al., 2001) or OSBP and
ORP1-ORP11. The majority of studies use the latter designations and thus it will
be used in this review and clarified where necessary. Since yeast OSBP homo-
logues (OSH) were recently reviewed (Prinz, 2007; Schulz and Prinz, 2007), the
emphasis here will be on structural and functional characterization of mammalian
OSBP/ORPs, and evidence supporting the signalling and/or sterol transfer activity
for this family.

6.5 Phylogenetic Distribution of OSBP/ORPs

OSBP/ORPs are restricted to eukaryotic lineages, with numerous homologues iden-
tified in animals, plants, fungi and protists (Beh et al., 2001; Lehto and Olkkonen,
2003; Skirpan et al., 2006; Zeng and Zhu, 2006). For example, the S. cerevisiae
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Fig. 6.1 Structural organization of the human OSBP/ORP family. Human OSBP/ORP family
members are arranged into families I–VI (Lehto and Olkkonen, 2003). Alternate nomenclature
is indicated in brackets next to each OSBP/ORP. Included in the figure are only those truncated
or ‘short’ variants whose protein expression was verified in cell lines or tissue. Individual domain
are colour-coded (see key) as follows; black, ankyrin; green, pleckstrin; blue, FFAT; red, OHD
(sterol-binding); yellow, trans-membrane. The hatched line at the N-terminus of ORP4S indicates
two alternate translation start sites.

genome encodes seven Osh proteins while mammalian genomes encode 12 mem-
bers that can be subdivided into six subfamilies based on sequence similarity
(Jaworski et al., 2001; Lehto and Olkkonen, 2003; Schulz and Prinz, 2007)
(Fig. 6.1). OSBP/ORP expression does not strictly correlate with sterol biosyn-
thetic activity since D. malanogaster and C. elegans, which do not synthesize but
require sterols for survival, express four OSBP homologues (Jaworski et al., 2001)
(Flybase and Wormbase websites). In an extreme case, parasitic apicomplexan pro-
tists have minimal synthetic capacity for lipids and sterols but express two ORPs that
bind various negatively charged glycerolipids and possibly sterols (Zeng and Zhu,
2006).

Phylogenetic relationships between 120 taxa revealed support for clustering on
the basis of type rather than taxonomic distribution. The clustering of OSBP/ORPs
from numerous taxa into related groups suggests a set of early evolutionary ances-
tors (Jaworski et al., 2001; Zeng and Zhu, 2006). However, groupings of two to three
mammalian and fungal OSBP/ORPs within each cluster also indicate more recent
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duplication events. Presently, there is insufficient data on individual OSBP/ORPs
to determine whether groupings are indicative of a common function(s), but it is
noteworthy that the presence or absence of domains in several human and fungal
isoforms predicts their grouping into subfamilies.

6.6 Structural Organization of the OSBP/ORP Family

6.6.1 Ligand Binding Domain

All OSBP/ORPs share a highly conserved C-terminal 300–350 amino acid OSBP-
homology domain (OHD) that binds cholesterol and/or oxysterols (Lehto et al.,
2001; Ridgway et al., 1992) (Fig. 6.1). ORPs exist as either full-length, multi-
domain proteins or truncated versions containing only the OHD. Recently, a 1.5 Å
resolution structure of the OHD-only yeast homologue Osh4p was solved, to reveal
a 270 amino acid, 19-strand β-barrel capped by a flexible α-helical lid (Im et al.,
2005). Interestingly, the interior of the β-barrel is lined with hydrophobic residues
but also contains as many as 15 water molecules, some of which form hydrogen
bonds between the 3-hydroxyl of cholesterol, side-chain hydroxyls of oxysterols
and amino acids lining the binding fold. The sterol 3-hydroxyl group is positioned
at the bottom of the tunnel via hydrogen bonding to two water molecules and polar
amino acids. The α-helical lid assumes a closed conformation by van der Waals
interactions between the sterol ligand and aromatic residues in the lid and leucine
residues in the lid hinge. The absence of direct ligand-protein interactions, structural
similarity to other known binding proteins and similar affinity for cholesterol and
oxysterols led the authors to conclude that Osh4p is a sterol transporter and not a
signalling protein. This is also supported by a proposed sterol-binding mechanism,
which involves a series of four basic residues around the entrance to the binding tun-
nel that in the apo conformation facilitate binding to anionic lipids and extraction
of sterols (Im et al., 2005). This binding and release mechanism for sterol transfer
between membranes is supported by molecular dynamics simulations (Canagarajah
et al., 2008), and analysis of sterol binding and transfer by Osh4p mutants in vitro
(Raychaudhuri et al., 2006).

The high degree of sequence conservation in the OHD suggests that other family
members bind sterols in a similar manner to Osh4p. OSBP, ORP9, ORP4, ORP1 and
ORP8 bind oxysterols (KD 20–50 nM) and/or cholesterols (KD 200–400 nM) (Ngo
and Ridgway, 2009; Wang et al., 2002, 2008; Yan et al., 2007a, 2008) with similar
affinity to Osh4p. The affinity and specificity of other ORPs for sterols is uncer-
tain; all were derivatized to varying extents with photo-activated cholesterol and/or
25-hydroxycholesterol, but not with photo-activated phosphatidylcholine, in vitro
and/or when expressed in COS cells (Suchanek et al., 2007). Osh4p, as well as the
OHD-only proteins ORP2, ORP1S, ORP9S and ORP10S, bound phosphatidylinos-
itol phosphates (PIP) and other anionic phospholipids through surface electrostatic
interactions, possibly as part of a sterol extraction mechanism. However, Osh4p also
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catalyzed the transfer of phosphatidylinositol 4,5-bisphosphate (PI4,5P2) and phos-
phatidylserine between vesicles in vitro, suggesting that lipid acyl-chains could be
accommodated in the sterol binding fold (Raychaudhuri et al., 2006). The absence
of direct contacts between sterol ligands and amino acid residues lining the Osh4p
binding fold supports the concept of relaxed binding specificity, however non-sterol
ligands have yet to be identified.

6.6.2 Organelle-Specific Targeting Domains

In addition to the highly conserved ligand-binding domain, OSBP/ORPs contain
other protein modules-pleckstrin homology (PH), two phenylalanines in an acid
tract (FFAT), Golgi dynamics and ankyrin domains-that bind lipids and proteins
(Fig. 6.1). The unique combination and specificities of these domains facilitates
the differential interaction of ORPs with organelle membranes as part of a sterol-
transfer or signalling function. PH domains are found in a majority of OSBP/ORP
and facilitate interaction with PIPs that are enriched in specific organelle mem-
branes (Lemmon and Ferguson, 2001). For example, OSBP and ORP9L bind
phosphatidylinositol 4-phosphate (PI4P) with relatively high specificity resulting
in Golgi localization (Levine and Munro, 1998; Ngo and Ridgway, 2009), while N-
terminal PH domains in ORP3, ORP6 and ORP7 facilitate localization to the PM
(Lehto et al., 2004). A comprehensive analysis in yeast demonstrated that Osh1p
and Osh2p were two of only six PH domain-containing proteins that were relatively
non-specific for PIPs when assayed in vitro, but displayed high affinity for sub-
cellular membranes, especially the Golgi apparatus (Yu et al., 2004). The lack of
specificity for individual PIPs indicates that other factors also participate in interac-
tion of OSBP/ORP PH domains with membranes, such as the small GTP-binding
protein Arf1 (Godi et al., 2004; Levine and Munro, 2002; Roy and Levine, 2004).
PH domains are present in ORPs across all taxa indicating this is a conserved
mechanism for membrane binding.

Eight mammalian ORPs have FFAT domains (EFFDAxE) that interact with
vesicle-associated membrane protein-associated protein (VAP) (Loewen and
Levine, 2005; Wyles et al., 2002; Wyles and Ridgway, 2004). VAP is a type II
integral membrane protein consisting of a N-terminal major sperm protein domain,
an internal coiled-coiled domain and a C-terminal transmembrane domain (Skehel
et al., 1995). Mammalian VAP-A and B genes encode isoforms that share 60%
identity, localize to the ER and appear to be functionally redundant with respect
to interaction with ORPs. Structural similarity to and interaction with v- and t-
SNAREs indicates that VAP is involved in vesicular trafficking events (Soussan
et al., 1999; Weir et al., 1998, 2001). However, results from these overexpression
and in vitro studies could be due to non-specific sequestration of SNARES by VAP
and inhibition of subsequent vesicular trafficking events.

VAP has a pleiotropic role in lipid transport and regulation by anchoring numer-
ous proteins, including OSBP/ORPs, to the ER. FFAT motifs interact with a VAP
consensus motif imbedded in the major sperm protein domain in a 2:2 stoichiometry
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(Kaiser et al., 2005). Since FFAT domains are found in other lipid metabolic and reg-
ulatory proteins (Loewen et al., 2003), such as Nir2 and ceramide transfer protein
(CERT), VAP is a docking site for other lipid regulatory and transfer proteins at
the ER. A mutation in VAP (P56S) was shown to be the causative factor in a rare
form of amyotrophic lateral sclerosis, by inappropriately inducing an unfolded pro-
tein response in the ER (Park et al., 2002). Whether mistargeting of OSBP/ORPs to
the ER plays a role in the etiology of this form of amyotrophic lateral sclerosis is
unknown.

Only ORP1L contains ankyrin motifs, a ubiquitous protein module involved in
protein–protein interactions (Li et al., 2006). Ankyrin motifs in ORP1L mediate
interaction with rab7 on the cytoplasmic aspect of endosomes. Interestingly, yeast
Osh1p and Osh2p also have N-terminal ankyrin motifs, which in the case of Osh1p
is required for localization to the nuclear-vacuolar junction (NVJ) (Levine and
Munro, 2001), the site of piecemeal microautophagy of the nucleus. Recruitment
of Osh1p to the NVJ occurs in response to nutrient deprivation and could be
a mechanism to sequester Osh1p away from the Golgi apparatus, where it is
involved in sterol-dependent transport of permeases to the PM (Kvam and Goldfarb,
2006, 2007).

A myriad of ORP mRNAs are produced as a result of alternate splicing and pro-
moters, a feature that potentially impacts on the distribution of organelle-specific
targeting domains and functions of individual ORPs. While data on these trun-
cated variants is limited, truncated or ‘short’ ORP1, ORP4 and ORP9 (denoted by
S) that encompass the C-terminal sterol binding domain and are missing the PH
domains (Fig. 6.1), have activities that are distinct from the full-length or ‘long’
versions (denoted by L) (Johansson et al., 2003; Wang et al., 2002; Wyles and
Ridgway, 2004).

6.7 Role of Mammalian OSBP/ORPs in Sterol Transport
and Signalling

Mammalian OSBP/ORPs have been implicated in cell signalling (Wang et al.,
2005, 2008), cytoskeletal organization (Johansson et al., 2007; Wang et al., 2002;
Wyles et al., 2007), lipid homeostasis (Laitinen et al., 2002; Yan et al., 2007a,b),
LXR/ABCA1 regulation (Bowden and Ridgway, 2008; Johansson et al., 2003; Yan
et al., 2008), cell adhesion (Lehto et al., 2008) and SM metabolism (Bowden and
Ridgway, 2008; Perry and Ridgway, 2006; Ridgway, 1995). A major challenge
has been to explain how these diverse outcomes could be related to a common
activity. For instance, how is OSBP regulation of CERT and ABCA1 (Bowden
and Ridgway, 2008; Perry and Ridgway, 2006), related to the observation that
OSBP is a cholesterol-dependent scaffold for phosphatases that regulate extracel-
lular signal-regulated kinase (ERK) activity (Wang et al., 2005)? The apparent
complexity has lead to the mutually inclusive views that OSBP/ORPs are sterol-
signalling and/or transport proteins. Starting with OSBP, we will review the state
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of knowledge surrounding individual mammalian ORPs in the context of these two
proposed functions.

6.7.1 OSBP

OSBP was originally identified in the mid-1980s by Andrew Kandutsch and
co-workers as a soluble, high affinity receptor for oxysterols such as 25-
hydroxycholesterol. (Kandutsch and Shown, 1981; Kandutsch et al., 1984).
Purification, cDNA cloning and expression studies revealed a unique 809 amino
acid peptide that bound a variety of oxysterols but not DNA (Dawson et al., 1989a,b;
Ridgway et al., 1992). It was only after searchable cDNA and genomic DNA
databases were established that it became apparent that OSBP was the founding
member of a large family of related sterol-binding proteins.

The PH domain of OSBP has affinity for a variety of phosphorylated PIs, but has
preference for PI4P and PI4,5P2 (Levine and Munro, 1998, 2002; Ngo and Ridgway,
2009). In vivo, OSBP interacts with the trans Golgi/TGN in a PI4P-specific manner,
but also requires additional factors such as Arf1 (Levine and Munro, 2002). The
FFAT domain of OSBP interacts with VAP in the ER (Loewen et al., 2003; Wyles
et al., 2002). Thus the function(s) of OSBP are intimately related to ‘dual targeting’
to the ER and Golgi apparatus, which is modulated by sterol-binding (Ridgway
et al., 1992; Wyles and Ridgway, 2004), phosphorylation status (Mohammadi et al.,
2001; Wyles et al., 2007) and cellular SM content (Mohammadi et al., 2001).

In vitro, OSBP binds 25-hydroxycholesterol and cholesterol with high affinity
(KD s of 10 and 173 nM, respectively) (Dawson et al., 1989a; Wang et al., 2008),
and catalyzes the PI4P-dependent transfer of cholesterol between liposomes (Ngo
and Ridgway, 2009). Initial deletion mutations showed the OSBP sterol-binding
domain encompassed amino acids 455–805 (Ridgway et al., 1992), the location of
the predicted β-barrel from the structure of Osh4p (Im et al., 2005). However, a
recent deletion analysis identified a minimal region between amino acids 408 and
459 that was sufficient for cholesterol and 25-hydroxycholesterol binding (Wang
et al., 2008). This short region contains a putative cholesterol recognition/interaction
amino acid consensus (CRAC) motif (Epand, 2006) that encompasses just the α-
helical lid and β-sheets 1–3 of the predicted binding fold (Im et al., 2005). Moreover,
CRAC domains are generally involved in sterol binding by integral proteins, and it
is difficult to rationalize how this motif is involved in sterol-binding by a soluble
protein such as OSBP.

Overexpression studies showed that OSBP increased cholesterol synthesis,
reduced cholesterol esterification (Lagace et al., 1997) and enhanced oxysterol-
dependent activation of SM synthesis (Lagace et al., 1999; Ridgway, 1995). The
effects on cholesterol regulation could not be reproduced by RNA interference
(RNAi) experiments and were likely related to sterol sequestration (Nishimura et al.,
2005; Perry and Ridgway, 2006). Because eight OSBP family members have FFAT
motifs and interact with the ER, it was not unexpected that ACAT activity and
SREBP processing were unaffected by the loss of OSBP. However, the other site(s)
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for dual localization of OSBP/ORPs are unique and functions in these compart-
ments are sensitive to silencing of individual genes. This implies a situation where
numerous OSBP/ORPs collect sterols at the ER and deliver these ligands to unique
compartments throughout the cell.

The activation of SM synthesis by 25-hydroxycholesterol was blocked by RNAi
depletion of OSBP, and required sterol-dependent translocation of the ceramide
transfer protein (CERT) to the Golgi apparatus. Like OSBP, CERT has PH and
FFAT domains that mediate vectoral delivery of ceramide, bound by a C-terminal
START domain, from the ER to SM synthase 1 in the trans Golgi/TGN (Hanada
et al., 2003). Mechanistically this involves the VAP, PH and sterol-binding activities
of OSBP, but not a physical interaction with CERT. Recent in vitro studies show-
ing that OSBP extracts and transfers cholesterols imply that the effect on CERT
is mediated indirectly by altering the sterol environment in the Golgi compartment
(Ngo and Ridgway, 2009). Indeed, a TGN/endosomal PI4-kinase IIα is activated by
OSBP, possibly by altering its sterol environment, leading to increased PI4P synthe-
sis and CERT recruitment to the Golgi apparatus (Banerji and Ridgway, unpublished
results). Thus OSBP is a sterol-transfer protein that regulates the cholesterol and/or
oxysterol environment of the late Golgi compartment, an activity that is coupled
to CERT-dependent ceramide delivery and SM synthesis in the same compartment
(Fig. 6.2). This provides a plausible mechanism for coordinated raft assembly, which
is known to occur in the trans Golgi/TGN (Klemm et al., 2009).

Fig. 6.2 Functional consequences of OSBP- and ORP9L-dependent sterol transfer between the
ER and Golgi apparatus. Directional transfer of cholesterol and/or oxysterol by OSBP and
ORP9L would maintain sterol homeostasis in the ER to trans-Golgi/TGN as well as downstream
organelles. In the case of OSBP, sterol transfer would optimize the membrane environment of
PI4KIIα resulting in increased PI4P synthesis, recruitment of CERT and increased ceramide deliv-
ery for SM synthesis. The coordinated transfer and synthesis of sterols and SM in elements of
the late Golgi apparatus and endosomes would then maintain lipid raft assembly. In the case of
ORP9L, cholesterol delivery to the Golgi apparatus affects secretion and sterol levels in post-Golgi
compartments. The boxed insert shows that the mechanism of OSBP/ORP9L sterol transfer could
involve: (1) sequential binding to donor and acceptor membranes or (2) tethering at membranes
contact sites through simultaneous PH and FFAT domain interactions (Levine, 2004).
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In addition to sterol-transfer activity, OSBP also imparts sterol-dependent reg-
ulation of cellular signalling pathways. In HEK293 cells, OSBP is a scaffold for
two phosphatases that regulate the ERK pathway (Wang et al., 2005). Binding
of cholesterol to OSBP recruits protein phosphatase 2A (PP2A) and the phos-
photyrosine phosphatase HePTP resulting in ERK dephosphorylation and reduced
kinase activity. Depletion of cholesterol or exogenous oxysterols dissembled the
complex resulting in ERK hyper-phosphorylation. OSBP overexpression also sta-
bilized the complex and promoted ERK dephosphorylation. Viral overexpression
of OSBP in liver and hepatoma cells caused a similar decrease in phospho-ERK
levels that was correlated with increased nuclear expression of SREPB-1c (Yan
et al., 2007b). Deletion mapping and pull-down experiments showed that PP2A and
HePTP bind at non-overlapping sites in the C-terminal 400 amino acids of OSBP
(Wang et al., 2008).

In an apparently unrelated role, stimulation of pro-atherogenic profillin-1 expres-
sion in endothelial cells by 7-ketocholesterol is preceded by JAK2 phosphorylation
of Y394 in OSBP, and recruitment and phosphorylation of STAT3 (Romeo and
Kazlauskas, 2008). This provides a mechanism for oxysterol-mediated dysfunction
of the cytoskeleton in endothelial cells but seems at odds with the relatively low
affinity of OSBP for side-chain hydroxylated sterols (Dawson et al., 1989b; Taylor
et al., 1984).

OSBP is also phosphorylated on serines 381, 384 and 387 adjacent to the FFAT
motif in response to changes in SM and cholesterol metabolism (Mohammadi et al.,
2001). Based on consensus sequences, S381 could be a protein kinase A site while
S384 and S387 are casein kinase I sites. Depletion of cellular SM and choles-
terol (>6 h) results in OSBP dephosphorylation and enhanced Golgi localization
(Mohammadi et al., 2001; Ridgway et al., 1998b; Storey et al., 1998). Disruption
of the Golgi with brefeldin A also promoted OSBP dephosphorylation (Ridgway
et al., 1998a). This suggests that Golgi-localized OSBP is dephosphorylated and
activated while the phospho-form is cytoplasmic or ER-localized. This model fits
with recent studies of CERT, which is phosphorylated at a similar serine-rich site by
protein kinase D and casein kinase I, rendering the enzyme cytoplasmic and inactive
(Fugmann et al., 2007; Kumagai et al., 2007; Tomishige et al., 2009).

It is not surprising given the potential for functional redundancy within a multi-
member gene family that manipulation of OSBP expression has only minor effects
on SREBP regulation in the ER. In fact, OSBP appears to predominately affect
cholesterol-regulated functions at the Golgi apparatus and in post-Golgi com-
partments. The activity and expression of the cholesterol and lipid efflux pump
ABCA1 was increased by RNAi silencing of OSBP (Bowden and Ridgway, 2008).
Interestingly, this did not involve transcriptional activation by LXR but rather stabi-
lization of ABCA1 protein by a mechanism that involves the OSBP sterol-binding
domain. This suggests that OSBP works in opposition to LXR by exposing ABCA1
to a membrane environment that increases protease degradation, possibly by inter-
nalization to endosomal compartments where calpains reside (Martinez et al., 2003;
Wang et al., 2003). OSBP expression is also negatively correlated with processing of
amyloid precursor protein (APP) to the amyloidogenic Aβ peptide (Zerbinatti et al.,
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2008). Since APP processing by secretases is cholesterol-regulated (Grimm et al.,
2005; Wolozin, 2001), OSBP could affect the sterol composition of membranes
where Aβ processing occurs. Collectively, these data point to a model wherein
OSBP controls cholesterol or oxysterol distribution in post-Golgi compartments,
thus regulating the activity of cholesterol sensitive functions, including secretases,
PI 4-kinases and ABCA1.

6.7.2 ORP1

Two ORP1 variants are expressed from separate promoters; a full-length protein
containing ankyrin, PH, FFAT and sterol binding domains (ORP1L), and a trun-
cated variant containing the FFAT and sterol-binding domains (ORP1S) (Johansson
et al., 2003) (Fig. 6.1). ORP1L binds 25- and 22(R)-hydroxycholesterol, and mod-
ulates LXR transcriptional activity when overexpressed in macrophages (Yan et al.,
2007a) and COS cells (Johansson et al., 2003). The PH domain of ORP1L has
low specificity and affinity for PIPs and does not localize to organelle membranes
when expressed in isolation. However, like full-length ORP1L, GFP-fusions with
the ankyrin motifs are localized to the limiting membranes of endosomes. ORP1S is
primarily found in the cytoplasm, binds anionic phospholipids and regulates vesicle
transport from the Golgi apparatus (Xu et al., 2001).

ORP1L interaction with rab7 and the rab7-interacting lysosomal protein (RILP)
has been implicated in positioning and maturation of endosomes. The dynein-
dynactin motor is recruited to late endosomal membranes by interaction of RILP
with p150Glued and ORP1L with βIII spectrin (Johansson et al., 2005, 2007).
This complex is then competent for minus-end transport of late-endosomes along
microtubules. The cholesterol content in the outer membranes of late endosomes
regulates the recruitment of the dynein-dynactin/p150glued complex by a sensing
function of the ORP1L sterol-binding domain (Rocha et al., 2009). When endo-
somal cholesterol is elevated, ORP1L binds cholesterol and promotes minus end
transport and clustering of endosomes around the microtubule organizing cen-
ter. Depletion of endosomal cholesterol changes the confirmation of ORP1L to
enhance interaction with the ER partner VAP and subsequent displacement of the
dynein/dynactin/p150glued, a situation that favours dispersion of the late-endosomes.

Regulation of endosomal positioning and maturation could potentially affect
cholesterol egress to other organelles and the sterol regulatory machinery in the
ER or at other sites. While this has not been directly addressed, OPR1L enhanced
(Johansson et al., 2005, 2007) or repressed (Yan et al., 2007a) the activity LXR and
expression of some target genes, indicating a cell-specific effect at the levels of a
sterol-transfer or signalling function.

6.7.3 ORP2

ORP2 is the only mammalian isoform expressed exclusively as a truncated
‘short’ version missing the PH but harbouring a FFAT motif. ORP2 bound
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22(R)-hydroxycholesterol with a KD of 17 nM, but affinity for 25-and 7-keto-
cholesterol are substantially less (Hynynen et al., 2009). ORP2 does not have a
PH domain, but reportedly binds anionic phospholipids in a region of the sterol-
binding domain analogous to the yeast homologue Osh4p (Li et al., 2002). In the
case of Osh4p, anionic lipid binding stimulates cholesterol-transport activity and
itself could also be a direct substrate for transfer (Raychaudhuri et al., 2006).

PIP binding activity could also be responsible for targeting of ORP2 to the Golgi
apparatus where it disrupted ER-Golgi trafficking when overexpressed in CHO cells
(Laitinen et al., 2002; Xu et al., 2001). However, overexpression studies in A431
cells showed that ORP2 was localized to the surface of lipid droplets and dis-
sociated to the cytoplasm upon addition of exogenous 22(R)-hydroxycholesterol
(Hynynen et al., 2009). Localization of endogenous ORP2 has yet to be verified,
but its presence on lipid droplets is consistent with an inhibitory role in triglyceride,
phospholipid and cholesterol ester metabolism (Hynynen et al., 2009; Kakela et al.,
2005; Laitinen et al., 2002).

6.7.4 ORP3, ORP6 and ORP7

These three ORPs share extensive organizational and sequence similarity and are
grouped in subfamily III (Lehto and Olkkonen, 2003) (Fig. 6.1). ORP3 has a com-
plex pattern of alternate splicing that produces species with intact sterol-binding
and PH domains, as well as variants with C-and N-terminal truncations that remove
most of the sterol-binding and PH domains, respectively (Collier et al., 2003; Lehto
et al., 2004). The kidney, lymph nodes and thymus have the highest level of ORP3
expression (Lehto et al., 2004). The sterol-binding activity of ORP3 has not been
fully characterized but it was derivatized with photoactive 25-hydroxycholesterol
and cholesterol (Suchanek et al., 2007). The ORP3-PH domain interacts with PI
3-phosphate, PI 3,4-bisphosphate and PI4,5P2, and is localized to the PM when
expressed as a tandem fusion with GFP (Lehto et al., 2005). This, combined with
efficient targeting to the ER by its FFAT motif, suggests that ORP3 facilitates sterol
transfer or communication between the PM and ER. The only functional analysis
of ORP3 demonstrated effects of overexpression on cell spreading, adhesion and
cytoskeleton organization that were consistent with negative regulation of ras activ-
ity (Lehto et al., 2008). ORP3 is also phosphorylated in response to loss of cell
adhesion indicating regulation by inside out signalling via cell adhesion receptors.
It remains to be determined how sterol binding by ORP3 is involved in ras regulation
at the PM.

ORP6 is expressed highly in the brain and skeletal muscle, while ORP7 expres-
sion is limited to the stomach and intestinal tract (Lehto et al., 2004). ORP6
and ORP7 bound photo-activated 25-hydroxycholesterol but not photo-cholesterol
(Suchanek et al., 2007). C- and N-terminal splice variants were identified that
remove the PH and sterol binding domains, however the functional significance of
these truncations is unknown. Interestingly, ORP6 is the only family member to be
up-regulated in cholesterol-loaded macrophages (Lehto et al., 2001).
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6.7.5 ORP4

ORP4 has a restricted expression profile with the highest mRNA levels in the brain,
retina, heart and kidney (Moreira et al., 2001; Wang et al., 2002). Expression of
OSBP and ORP4L in the retina suggests that these two receptors could protect
against oxysterols in that tissue (Moreira et al., 2001). ORP4 (termed HLM) was
also detected in the peripheral blood of patients with different solid tumours and in
various cancer cell lines, and could be a prognostic marker for poor clinical outcome
(Fournier et al., 1999).

ORP4 shares the greatest degree of sequence similarity and sterol-binding prop-
erties with OSBP, yet appears to be functionally unrelated. The ORP4 gene is
expressed from alternate promoters to produce full-length ORP4L and an ORP4S
variant missing the PH domain (Wang et al., 2002). Both forms bound 25-
hydroxycholesterol (KD 48 nM) and cholesterol (KD 267 nM) in vitro (Wyles et al.,
2007), but were insensitive to sterol-induced translocation to organelle membranes
when expressed in CHO cells. Instead, ORP4S constitutively interacted with and
reorganized or ‘bundled’ the vimentin intermediate filament network, such that it
collapsed around the nucleus of CHO cells (Wang et al., 2002). The vimentin bind-
ing site is in the sterol-binding region of ORP4, but the two binding sites appeared
to be non-interacting in vitro (Wyles et al., 2007). A leucine repeat adjacent to the
FFAT motif in ORP4 was required for normal vimentin organization; overexpression
of leucine repeat mutants of ORP4L or ORP4S caused reorganization and bundling
of the vimentin filament network. Overexpression of ORP4L and ORP4S inhibits
cholesterol esterification (Wang et al., 2002), consistent with the role of vimentin
in mobilization of LDL-derived cholesterol from endosomes to the ER (Evans,
1994; Styers et al., 2004). Interestingly, ORP4L heterodimerized with OSBP, and
mutations in the corresponding leucine repeat of OSBP also disrupted the vimentin
network in an ORP4L-dependent manner (Wyles et al., 2007). Thus ORP4 could
regulate cholesterol homeostasis by either directly modifying vimentin/endosome
interaction or by utilizing vimentin as a scaffold for directed sterol transport.

6.7.6 ORP5 and ORP8

These two family members have C-terminal transmembrane domains and N-
terminal PH domains, but lack FFAT motifs (Fig. 6.1). The transmembrane domain
anchors ORP8 to the ER, presumably with the N-terminal region extending into the
cytoplasm (Yan et al., 2008), thus dispensing with the need for the FFAT motif. The
C-terminal region of ORP8 (a.a. 242–828) excluding the transmembrane domain,
bound 25-hydroxycholesterol but not 24(S)- or 7-keto-cholesterol (Yan et al., 2008).

Gene silencing by RNAi revealed that ORP8 negatively regulates ABCA1
expression in macrophages. Depletion of ORP8 in THP-1 macrophages increased
ABCA1 expression via up-regulation of LXR promoter activity due to: (1) seques-
tration of LXR ligands at the ER or (2) an effect on ER sterol metabolism that
impacts indirectly on LXR activity in the nucleus (Yan et al., 2007b). This is similar



6 Oxysterol-Binding Proteins 173

to the observed negative regulation of ABCA1 expression by OSBP (Bowden and
Ridgway, 2008), except that effect was at the post-transcriptional level. The domain
structure of ORP5 is similar to ORP8 but its characteristics and functions have not
been explored.

6.7.7 ORP9

ORP9 is expressed as a full-length (ORP9L) and N-terminal truncated variant
expressed from an alternate promoter (ORP9S) (Wyles and Ridgway, 2004). ORP9L
mRNA and protein are expressed highly in liver, kidney, heart and skeletal muscle
(Wyles and Ridgway, 2004). Expression of the ORP9S mRNA was restricted to
liver, lung, heart and prostate, and the protein is absent from most commonly used
immortalized cell lines (unpublished results).

The ORP9L PH domain is specific for PI4P in the trans and medial Golgi
(Ngo and Ridgway, 2009), while the FFAT domain binds VAP in the ER (Wyles
et al., 2002; Wyles and Ridgway, 2004). Interestingly, ORP9L does not bind
25-hydroxycholesterol or cholesterol when the sterols are presented in aqueous
dispersions but efficiently extracts and transfers cholesterol between phospholipid
liposomes (Ngo and Ridgway, 2009). This is in contrast to OSBP, which binds
sterols under both conditions. Cholesterol extraction and transfer by ORP9L was
stimulated by PI4P and required intact sterol-binding and PH domains. Interestingly,
transfer was only stimulated when PI4P was in donor or donor and acceptor lipo-
somes, suggesting that the PH domain ligand must be in the correct context with the
cholesterol ligand (Ngo and Ridgway, 2009).

In accordance with dual localization to the Golgi/ER and cholesterol transfer
activity, a role for ORP9 in cholesterol homeostasis in the early secretory path-
way was proposed (Ngo and Ridgway, 2009). Knockdown of ORP9L with siRNAs
caused fragmentation of the Golgi and a modest reduction in ER–Golgi protein
trafficking. In ORP9L knockdown CHO cells, there was a significant increase in
cholesterol accumulation in the endosomal compartment (measured by filipin fluo-
rescence) and 10–20% increase in total cellular cholesterol. This data suggests that
ORP9L regulates cholesterol in the ER and Golgi apparatus, disruption of which
causes abnormal cholesterol accumulation in the endosomes and defective vesicu-
lar transport. OSBP and ORP9L have non-overlapping functions in the ER/Golgi
since ORP9L did not effect SM synthesis (Ngo and Ridgway, 2009) and OSBP did
not affect ER-Golgi transport or Golgi organization (Perry and Ridgway, 2006).
A recent study identified an up-regulated microRNA that modifies cholesterol
uptake and represses ORP9 expression in oxidized-LDL-stimulated macrophages,
further evidence for a role in cellular cholesterol transport and regulation (Chen
et al., 2009).

When inducibly overexpressed in CHO cells, ORP9S caused reversible cessation
of cell growth and ER-Golgi protein transport, and promoted Golgi fragmentation
(Ngo and Ridgway, 2009). These effects were dependent on sterol binding and FFAT
domains, indicating that ORP9S is a dominant inhibitor of ORP9L (and possibly
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other ORPs) at the ER. A negative regulatory role in ER–Golgi secretion is sup-
ported by the observation that ORP9S complemented the inhibitory effects of Osh4p
on Golgi secretion in yeast (Fairn and McMaster, 2005).

ORP9L is phosphorylated at serine 473, a phosphoinositide-dependent kinase
(PDK) 2 site that is required for the activation of a variety of AGC kinases
(Lessmann et al., 2007). Phosphorylation of ORP9S at the corresponding site was
increased in antigen-stimulated bone marrow-derived mast cells, and was sensitive
to PKC inhibitors. Although not linked directly to function, depletion of OPR9L in
CHO cells resulted in reduced phosphorylation of the AGC kinase Akt at a PDK2
site that is required for activation of the PI 3-kinase pathway. In light of recent
evidence implicating ORP9 in cholesterol trafficking and ER-Golgi secretion, we
suspect that Akt phosphorylation is linked to altered cellular sterol distribution.

6.7.8 ORP10 and ORP11

These final two members are grouped in the poorly characterized subfamily VI
(Fig. 6.1). ORP10 is expressed in a number of tissues, including liver, kidney and
lung, while ORP11 is highly expressed in lung and spleen (Lehto et al., 2001). Both
proteins were labelled with photo-25-hydroxycholesterol, but not photo-cholesterol
(Suchanek et al., 2007), and a truncated version of ORP10 missing the PH domain
bound PI-3P that was immobilized on nitrocellulose (Fairn and McMaster, 2005).
A potential role for ORP11 in lipid metabolism was highlighted by elevated mRNA
expression and significant linkage between single nucleotide polymorphisms and
LDL-cholesterol, hyperglycemia/diabetes and other abnormalities associated with
Metabolic Syndrome (Bouchard et al., 2007, 2009).

6.8 Summary and Conclusions

Recent evidence from our lab and others suggest that many functions of fungal
and mammalian OSBP/ORPs can be explained by a sterol transfer activity that
alters the membrane sterol environment and thus activity of associated proteins and
pathways. In this context, one can envision how this could be viewed as a sterol-
signalling function, particularly when the sequence of events between sterol-binding
and the observed phenotypic event are not identified. Dual targeting to organellar
membranes, coupled with high affinity sterol binding, would allow OSBP/ORPs
to selectively transfer cholesterol or oxysterols between donor and acceptor mem-
branes in the following manner (Fig. 6.2). In the case of OSBP and ORP9L, binding
to ER membranes by VAP recognition would initiate sterol extraction. The sterol-
loaded form would then interact with an acceptor Golgi membrane containing PI4P
and release the bound sterol. Transfer could take place by: (1) a diffusional mecha-
nism, wherein the liganded ORP completely disengages from the donor membrane
prior to interaction with the target membrane, or (2) bridging of closely apposed
donor and acceptor membranes at contact sties by simultaneous binding of VAP
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and PIPs (Levine, 2004) (Fig. 6.2). Cholesterol delivery from the ER to the late
Golgi/TGN by OSBP and ORP9L could be important to maintain the sterol gradi-
ent within the secretory pathway and coordinate this with SM to synthesis facilitate
raft assembly.

However, before concluding that all ORPs are sterol transfer proteins it is nec-
essary to resolve a number of outstanding issues. Important among these will be to
assess the sterol-binding and transfer specificity of individual ORPs in vitro and in
vivo. The measurement of in vivo transfer will be challenging owing to potential
redundancy within the family and technical problems associated with measuring
sterol transfer between organelles. The concept of redundancy was demonstrated in
yeast, where lethality caused by deletion of all 7 OSH genes was rescued by expres-
sion of any one OSH gene (Beh and Rine, 2004). Yeast missing all 7 OSH genes
displayed increased ergosterol levels (Beh et al., 2001), and a >7-fold reduction in
cholesterol and ergosterol transfer from the PM to ER (Raychaudhuri et al., 2006).
Defective sterol transfer was partially rescued by expression of Osh3p, Osh5p
or Osh4p (Raychaudhuri et al., 2006), but results suggested that additional Osh
proteins are also involved.

The ligand specificity of individual ORPs has also not been fully explored nor
has the relationship between cholesterol versus oxysterol binding. Some ORPs
bind oxysterols with an affinity that is approximately 5-fold greater than that for
cholesterol (Im et al., 2005; Wang et al., 2008; Wyles et al., 2007). However, the
concentration of cholesterol in a cell far exceeds that of oxysterols (approximately
103-fold), suggesting that the primary ligand is cholesterol. With this in mind, oxys-
terols could: (1) preferentially bind to ORPs in the cytoplasmic compartment or (2)
alter the conformation and transfer activity due to differential interaction in the ORP
sterol-binding pocket.

Unlike other sterol-binding and transfer proteins, the OSBP family of proteins
possess high affinity sterol-binding coupled with auxiliary domains that target these
proteins to organelle membranes. This combination designates them as important
factors in the regulation of cholesterol distribution between membranes, which
impacts on cholesterol synthesis, esterification and efflux. However, diverse expres-
sion, ligand specificity and localization ensure that the complex function(s) of this
gene family will not be solved without considerable future effort.
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Chapter 7
High Density Lipoprotein Structure–Function
and Role in Reverse Cholesterol Transport

Sissel Lund-Katz and Michael C. Phillips

Abstract High density lipoprotein (HDL) possesses important anti-atherogenic
properties and this review addresses the molecular mechanisms underlying these
functions. The structures and cholesterol transport abilities of HDL particles are
determined by the properties of their exchangeable apolipoprotein (apo) compo-
nents. ApoA-I and apoE, which are the best characterized in structural terms,
contain a series of amphipathic α-helical repeats. The helices located in the
amino-terminal two-thirds of the molecule adopt a helix bundle structure while
the carboxy-terminal segment forms a separately folded, relatively disorganized,
domain. The latter domain initiates lipid binding and this interaction induces
changes in conformation; the α-helix content increases and the amino-terminal
helix bundle can open subsequently. These conformational changes alter the abil-
ities of apoA-I and apoE to function as ligands for their receptors. The apoA-I and
apoE molecules possess detergent-like properties and they can solubilize vesicu-
lar phospholipid to create discoidal HDL particles with hydrodynamic diameters
of ~10 nm. In the case of apoA-I, such a particle is stabilized by two protein
molecules arranged in an anti-parallel, double-belt, conformation around the edge
of the disc. The abilities of apoA-I and apoE to solubilize phospholipid and stabi-
lize HDL particles enable these proteins to be partners with ABCA1 in mediating
efflux of cellular phospholipid and cholesterol, and the biogenesis of HDL particles.
ApoA-I-containing nascent HDL particles play a critical role in cholesterol trans-
port in the circulation whereas apoE-containing HDL particles mediate cholesterol
transport in the brain. The mechanisms by which HDL particles are remodeled by
lipases and lipid transfer proteins, and interact with SR-BI to deliver cholesterol to
cells, are reviewed.
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Abbreviations

ANS 8-anilino-1-napthalenesulfonic acid
AP acute phase
apo apolipoprotein
CE cholesterol ester
CETP cholesteryl ester transfer protein
DMPC dimyristoyl PC
EL endothelial lipase
FC free (unesterified) cholesterol
HDL high density lipoprotein
HL hepatic lipase
LCAT lecithin-cholesterol acyltransferase
LDL low density lipoprotein
LUV large unilamellar vesicle
MLV multilamellar vesicle
PC phosphatidylcholine
PL phospholipid
PLTP phospholipid transfer protein
RCT reverse cholesterol transport
SAA serum amyloid A
SUV small unilamellar vesicle
TAG triacylglycerol
VLDL very low density lipoprotein

7.1 Introduction

Human serum lipoproteins are soluble complexes of proteins (apolipoproteins) and
lipids that represent the major cholesterol transport vehicles in both the intravascular
and extravascular compartments. Lipoprotein particles are synthesized by the liver
and intestine and mediate lipid transport from the intestine to the liver, and between
the liver and cells in the periphery of the body. Mature lipoproteins are microemul-
sion or emulsion particles (diameter range = 7–600 nm) containing a core of neutral
lipids (triacylglycerol (TAG), cholesteryl ester (CE) and cholesterol) stabilized by
a surface monomolecular film of phospholipids (PL), cholesterol and apolipopro-
teins (apo). Lipoprotein particles are traditionally fractionated on the basis of their
densities (Jonas and Phillips, 2008).

Apolipoproteins are part of a multi-gene family (Li et al., 1988). ApoB100 is
the principal protein constituent of low density lipoprotein (LDL) particles and, by
acting as a ligand for the low density lipoprotein receptor, it targets TAG and choles-
terol for delivery to cells. Because of this activity, apoB100-containing lipoprotein
particles are atherogenic (see Chapter 8 for details). The focus in this chapter is
on the anti-atherogenic lipoprotein, high density lipoprotein (HDL), which medi-
ates the efflux of cellular cholesterol. HDL participates in the reverse cholesterol
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transport process whereby excess cholesterol in cells in the periphery is trans-
ported to the liver and ultimately excreted from the body in the feces (Cuchel
and Rader, 2006). Apolipoprotein-mediated interactions of HDL particles with cell
surface receptors and lipid transporters are critical for this process. HDL contains
exchangeable apolipoproteins of the A, C and E families that evolved from a com-
mon ancestral gene and are structurally similar. These protein molecules contain
22-amino acid tandem repeats that are often separated by a proline residue (Li
et al., 1988). The repeating 22-amino acid segments form amphipathic α-helices
(Segrest et al., 1992) thereby enabling these apolipoprotein molecules to bind well
to PL-water surfaces and stabilize lipoprotein particles. Lipoprotein particles in the
circulation are highly dynamic and, besides acting as ligands for cell surface recep-
tors, apolipoproteins also mediate lipoprotein remodeling. In the case of HDL, the
apolipoproteins participate in particle remodeling by interacting with lipid transfer
proteins and enzymes that modify lipids (Lund-Katz et al., 2003). These reactions
are critical for HDL metabolism and effective reverse cholesterol transport (RCT).

In this consideration of apolipoproteins as cholesterol transport proteins, the
focus is on human HDL and two of its constituent proteins, apoA-I and apoE, that
are the best characterized in structural terms. The structural basis for the multiple
functions of these protein molecules and how they influence the contributions of
HDL to RCT are addressed in the following sections.

7.2 Structures of ApoA-I and ApoE in the Lipid-Free State

7.2.1 Primary and Secondary Structures

The genes of apoA-I and apoE contain four exons and three introns, with similar
locations of intron–exon boundaries and similar intron and exon lengths for the first
three exons. The differences in the total length of the mRNA are due to variations
in the length of the fourth exon. Exons three and four in the apoA-I and apoE genes
encode the entire mature protein sequence. In both cases, exon 4 codes for a pri-
mary structure of 11- and 22-amino acids tandem repeats that span residues 44–243
in apoA-I and 62–299 in apoE (Fig. 7.1A) (Li et al., 1988). Each of these repeats has
the periodicity of an amphipathic α-helix and these helices are often separated by a
proline residue (Li et al., 1988; Segrest et al., 1992). The amphipathic α-helices have
been classified into several distinct classes according to the distribution of charged
residues around the axis of the helices (Segrest et al., 1994). The class A amphi-
pathic helix is a major lipid-binding motif in exchangeable apolipoproteins and is
characterized by the location of basic residues near the hydrophilic/hydrophobic
interface and acidic residues at the center of the polar face (Fig. 7.1B). Class G∗ and
Y amphipathic α-helices are also present in exchangeable apolipoproteins (Segrest
et al., 1992). The class G∗ helix is similar to the amphipathic α-helices present in
water-soluble globular proteins and possesses a random radial arrangement of posi-
tive and negative amino acids in the polar face. Sometimes the amphipathic α-helix
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Fig. 7.1 A Distribution of amphipathic α-helices in the human exchangeable apolipoproteins,
apoA-I and apoE. The letter P below the rectangles indicates positions of all proline residues. B
Amphipathic helix classes found in the exchangeable apolipoproteins. Classification is based on
the distribution of charged residues (see Section 2.1). These figures were adapted from Segrest
et al. (1992)

is characterized by the presence of a Y-shaped cluster of basic amino acids in the
polar face (Fig. 7.1B) giving a class Y helix (Segrest et al., 1994).

Human apoA-I is a 243 amino acid protein (molecular mass = 28.1 kDa) in
which the region coded by exon 4 is predicted to contain eight 22-mer and two
11-mer amphipathic α-helices with most of the helices being punctuated by pro-
lines (Fig. 7.1A) (Brouillette et al., 2001; Segrest et al., 1992). The predicted
α-helices shown in Fig. 7.1A for human apoA-I include approximately 80% of
the amino acids and represent the maximal helix content; for comparison, the
lipid-free protein is about 50% α-helical in dilute solution, as revealed by circular
dichroism measurements (Saito et al., 2003b). Comparison of sequences between
mammals indicates that the N-terminal region of apoA-I is highly conserved while
the central and C-terminal regions show conservative substitutions between species
(Brouillette et al., 2001; Frank and Marcel, 2000). Studies of synthetic peptides
corresponding to each of the 22-residue amphipathic α-helices of human apoA-I
have shown that the first (residues 44–65) and last (residues 220–241) repeat helices
have the greatest lipid affinity (Palgunachari et al., 1996). Hydropathy analysis of
the amino acid sequence indicates that the C-terminal region of human apoA-I
is very hydrophobic (Saito et al., 2004b), consistent with this region having sig-
nificant lipid binding ability. Studies of both natural and engineered mutations in
the human apoA-I molecule have revealed that the C-terminal region is indeed
important for lipid binding (Brouillette et al., 2001; Saito et al., 2004b) and that
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the central region corresponding to residues 121–186 is important for activation of
the enzyme lecithin: cholesterol acyltransferase (LCAT) (Frank and Marcel, 2000;
Sorci-Thomas and Thomas, 2002).

Human apoE is a 299 amino acid protein with a molecular mass of 34.2 kDa
(Weisgraber, 1994), that is predicted to contain amphipathic α-helices along its
length. In contrast to apoA-I, a high proportion of these amphipathic α-helices are
class G∗ (Fig. 7.1A). The distribution of 22-residue repeats and the proline punctu-
ation are less regular than occurs in the apoA-I molecule (Fig. 7.1A). The predicted
α-helices include about 70% of the amino acids which is somewhat higher than
the value of ∼60% measured by circular dichroism for lipid-free apoE in dilute
solution (Morrow et al., 2000). There is a high degree of sequence conservation
across species with the exceptions of the N- and C-termini: homology begins in
the vicinity of residue 26 in the human sequence and continues to approximately
residue 288 (Weisgraber, 1994). Hydropathy analysis of the human apoE sequence
shows that the C-terminus as well a central region (residues 192–215) are relatively
hydrophobic (Saito et al., 2004b); the C-terminal region plays a critical role in lipid
binding (Saito et al., 2004b; Weisgraber, 1994). Human apoE exists as three major
isoforms, apoE2, apoE3 and apoE4, each differing by cysteine and arginine at posi-
tions 112 and 158. ApoE3, the most common form, contains cysteine and arginine
at these positions, respectively, whereas apoE2 contains cysteine and apoE4 con-
tains arginine at both sites (Weisgraber, 1994). These apoE isoforms are associated
with different levels of disease risk, most notably for atherosclerosis (Davignon
et al., 1988; Getz and Reardon, 2009) and Alzheimer’s disease (Mahley et al., 2009;
Mahley and Huang, 1999) (see also Chapter 2). Comparisons of apoE2, apoE3 and
apoE4 together with studies of other natural apoE mutations have led to the identifi-
cation of a cluster of basic amino acids in the regions spanning residues 136–150 as
the recognition site responsible for the binding of apoE to the low density lipoprotein
(LDL) receptor (Hatters et al., 2006; Weisgraber, 1994).

7.2.2 Tertiary Structure

A variety of studies using protein engineering techniques have provided impor-
tant insights into the lipid-free structures of apoA-I and apoE (for reviews, see
Brouillette et al., 2001; Davidson and Thompson, 2007; Saito et al., 2004b;
Weisgraber, 1994). Proteolysis analysis (Roberts et al., 1997) and deletion muta-
genesis studies (Davidson et al., 1996; Saito et al., 2003b) have suggested that the
lipid-free apoA-I molecule is organized into two structural domains; the N-terminal
and central parts form a helix bundle whereas the C-terminal α-helices form a sep-
arate, less organized structure. The helix bundle organization in the N-terminal
domain is also supported by fluorescence studies of single tryptophan mutants of
human (Brouillette et al., 2005; Davidson et al., 1999) and chicken apoA-I (Kiss
et al., 1999). The guanidine-induced denaturation curve of apoA-I is monophasic
(Reijngoud and Phillips, 1982) whereas that for apoE is biphasic (Morrow et al.,
2000) indicating that apoE also adopts a two-domain tertiary structure, and that the
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N- and C-terminal domains unfold independently. The helix bundle motif of the N-
terminal domain is similar in apoA-I and apoE except for it being less organized and
less stable in apoA-I. A thermal unfolding study has demonstrated that the apoA-I
molecule exhibits a loosely folded, molten globular-like structure (i.e. the α-helices
do not occupy fixed positions with respect to one another and are not organized into
a unique tertiary structure) (Gursky and Atkinson, 1996).

ApoA-I is the only intact human apolipoprotein in the lipid-free state for which
a high resolution structure is available to date. The crystal structure (Ajees et al.,
2006) reveals an N-terminal anti-parallel four-helix bundle domain and a sepa-
rate two-helix C-terminal domain (Fig. 7.2A). Apparently, the conditions used for
crystallization induced helix formation because some 80% of the residues in this
structure are in α-helices, whereas the helix content is closer to 50% for monomeric
apoA-I in dilute solution. Nevertheless, cross-linking/mass spectrometry experi-
ments (Silva et al., 2005) indicate that the apoA-I molecule in solution is still
folded into two domains, with residues 1–189 forming the helix bundle and residues
190–243 folding separately. In the case of apoE, the structure of the 22-kDa N-
terminal fragment has been solved by crystallographic (Wilson et al., 1991) and

Fig. 7.2 Crystal structures of human apolipoproteins in the lipid-free state. A The six α-helices
in human apoA-I are shown (from Ajees et al., 2006, with permission). The N-terminal anti-
parallel four-helix bundle contains helices A (residues 10–39), B (50–84), C (97–137), and D
(147–187). The C-terminal domain is formed by the two α-helices E (residues 196–213) and F
(219–242). Hydrophobic residues located in the interior of the helix bundles are shown as sticks. B
Ribbon model of the structure of the 22-kDa N-terminal domain fragment of human apoE3 (from
Weisgraber (1994), with permission). Four of the five helices are arranged in an anti-parallel four-
helix bundle. The residues spanned by each helix, together with the region in helix 4 recognized
by the LDL receptor, are indicated
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NMR (Sivashanmugam and Wang, 2009) methods (Fig. 7.2B). As occurs with
apoA-I, this domain forms a globular bundle of four elongated α-helices in which
the helices are arranged in an anti-parallel manner with their hydrophobic faces
oriented towards the interior of the bundle. This structure shares the same basic
architecture as the helix bundle of insect apolipophorin III (Narayanaswami and
Ryan, 2000). The N-terminal fragments of all three apoE isoforms adopt such a
four-helix bundle motif, but subtle differences in the side-chain conformations and
salt-bridge arrangements of the isoforms affect their functions and characteristics
(Dong et al., 1994, 1996; Wilson et al., 1994). Studies of guanidine (Morrow et al.,
2000) and thermal (Acharya et al., 2002) denaturation revealed that the N-terminal
fragments of the apoE isoforms differ in stability (apoE4 < apoE3 < apoE2), indi-
cating that replacing cysteine residues by arginine results in a progressive decrease
in hydrophobicity and stability of the helix bundle such that in apoE4 this domain
exhibits molten globule characteristics (Morrow et al., 2002).

The structural organization of the C-terminal domain in both apoA-I and
apoE is not well characterized. Fluorescence measurements with 8-anilino-1-
naphthalenesulfonic acid (ANS) have suggested that the C-terminal domain of apoE
forms a solvent-exposed, less organized structure (Saito et al., 2003a). A model
has been proposed in which the helices in the C-terminal domain form an inter-
molecular coiled-coil helix structure (Choy et al., 2003). The polymorphism at
position 112 in the N-terminal domain of apoE affects the properties of the C-
terminal domain because of interactions between the domains (Hatters et al., 2006).
In apoE4, the N- and C-terminal domains interact differently than they do in the
other isoforms: Arg-112 causes a rearrangement of the Arg-61 side chain in the N-
terminal domain of apoE4, allowing it to interact with Glu-255 in the C-terminal
domain (Dong et al., 1994; Dong and Weisgraber, 1996). This domain interaction in
human apoE4 leads to a less organized structure in the C-terminal domain, leading
to preferential association with VLDL rather than HDL, which is contrary to the
behavior of apoE3 (Weisgraber, 1990). The domain interaction in apoE4 has been
suggested to contribute to the accelerated catabolism of this isoform and, conse-
quently, the increased cholesterol and LDL levels in the plasma of individuals with
this genotype (Davignon et al., 1988; Mahley et al., 1999). Fluorescence energy
transfer measurements indicate that the N- and C-terminal domains of lipid-free
apoE3 are close to one another and interact, probably through weak hydrophobic
interaction (Narayanaswami et al., 2001); the two domains are closer together in
apoE4 than in apoE3 (Hatters et al., 2005). In the case of apoA-I, an electron para-
magnetic resonance spectroscopic study indicated that the helices in the C-terminal
domain form a compact anti-parallel alignment with residues 188–205 existing as
a flexible loop (Oda et al., 2003), whereas fluorescence resonance energy transfer
measurements suggested an extended conformation (Behling Agree et al., 2002).
Regardless of its exact conformation, the C-terminal domain appears to be relatively
disorganized because it contains an exposed hydrophobic surface that is accessible
to ANS binding (Saito et al., 2003b). Analogous to the situation with apoE, the N-
and C-terminal domains in the apoA-I molecule interact with each other to maintain
the overall structure of the protein (Fang et al., 2003; Tricerri et al., 2000). Human
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and mouse apoA-I both adopt a two-domain tertiary structure implying that apoA-
I from all higher mammals is organized similarly (Tanaka et al., 2008). Human
apoA-I functions with a relatively stable N-terminal helix bundle and a hydrophobic
C-terminal domain, whereas mouse apoA-I functions with an unstable helix bundle
domain and a polar C-terminal domain.

7.2.3 Quaternary Structure

It is well established that lipid-free apoA-I and apoE tend to self-associate in aque-
ous solution because of hydrophobic interaction between amphipathic α-helices.
Lipid-free apoA-I self-associates reversibly as a function of protein concentra-
tion and forms oligomers at concentrations > 0.1 mg/ml (Donovan et al., 1987;
Vitello and Scanu, 1976). Sedimentation equilibrium ultracentrifugation and gel
filtration chromatography data suggest a model of apoA-I self-association that
involves equilibration between monomer–dimer–tetramer–octamer states. Studies
on C-terminal truncation mutants demonstrate that the oligomerization is less
pronounced (Davidson et al., 1996), indicating that self-association of apoA-I is
mediated by hydrophobic interactions between α-helices in the C-terminal domain
(Section 2.2). Compared to human apoA-I, lipid-free mouse apoA-I undergoes only
minimal concentration-dependent self-association (Gong et al., 1994), because its
C-terminal domain is relatively polar (Tanaka et al., 2008).

ApoE is known to exist as a tetramer in the lipid-free state (Yokoyama et al.,
1985) and this tetramerization is thought to be mediated by the C-terminal domain,
because the N-terminal 22-kDa fragment is monomeric whereas the 10-kDa C-
terminal fragment is tetrameric in aqueous solution (Aggerbeck et al., 1988).
Sedimentation velocity experiments provide direct evidence for heterogeneous
solution structures of apoE3 and apoE4 (Perugini et al., 2000). In a lipid-free envi-
ronment, both proteins exist as a slow equilibrium mixture of monomers, tetramers,
octamers and a small proportion of higher oligomers. Experiments with mix-
tures of apoE and phospholipid micelles indicate that apoE oligomers undergo a
phospholipid-induced dissociation, suggesting that the monomeric form predomi-
nates on lipoprotein particle surfaces (Perugini et al., 2000). Sedimentation velocity
studies using recombinant apoE isoforms fused with an amino-terminal extension
of 43 amino acids confirmed that monomers, dimers and tetramers are the major
species of lipid-free apoE2, apoE3 and apoE4 (Barbier et al., 2006). Analysis of
apoE C-terminal truncation variants indicates that the extreme C-terminal residues
267–299, which are known to be very hydrophobic by hydropathy analysis (Saito
et al., 2004b), are responsible for the self-association of apoE (Westerlund and
Weisgraber, 1993). A segment containing residues 218–266 in the apoE C-terminal
domain possesses a high propensity to form a coiled-coil helix structure and an
apoE construct containing C-terminal residues 201–299 gives circular dichroism
spectra characteristic of coiled-coil helices (Choy et al., 2003). This apoE C-
terminal domain construct predominantly forms dimeric and tetrameric species
in aqueous solution. A monomeric, biologically active apoE C-terminal domain
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mutant has been prepared using protein engineering techniques (Fan et al., 2004).
In this model, five bulky hydrophobic residues (F257, W264, V269, L279, and
V287) are replaced with either smaller hydrophobic or polar/charged residues.
Cross-linking experiments indicate that this mutant is 100% monomeric even at
concentrations as high as 5 mg/ml. A monomeric, biologically active, full-length
apoE has also been generated in similar fashion (Zhang et al., 2007). This mutant is
nearly 95–100% monomeric even at 20 mg/ml, consistent with interactions between
hydrophobic residues in the C-terminal domain playing a key role in the self-
association process. To understand the molecular basis for the different degrees of
self-association of the apoE isoforms, the effects of progressive truncation of the C-
terminal domain in human apoE3 and apoE4 on their lipid-free structures have been
compared (Sakamoto et al., 2008). In contrast to previously reported findings, gel
filtration chromatography experiments demonstrate that the monomer–tetramer dis-
tribution is different for the two isoforms with apoE4 being more monomeric than
apoE3; removal of the C-terminal helices in both isoforms favors the monomeric
state.

Overall, it can be inferred that self-association of apoA-I and apoE promotes
stabilization of the potential α-helical segments of the C-terminal domain (Sections
7.2.1 and 7.2.2) that are less organized in the monomeric form.

7.3 Interaction of ApoA-I and ApoE with Lipids

7.3.1 Molecular Mechanism of Lipid-Binding

It is well established that the C-terminal domain in the apoA-I and apoE molecules
is critical for lipid-binding (for reviews, see Weisgraber, 1994; Saito et al., 2004b;
Hatters et al., 2006). In the case of apoA-I, an early model proposed a multi-step
mechanism in which the initial binding to lipid occurs through the C-terminal region
followed by a conformational switch of residues 1–43 which unmasks a latent lipid-
binding domain comprising residues 44–65 (Rogers et al., 1998). By using a series
of deletion mutants that progressively lacked different regions along the molecule,
we showed that the binding of apoA-I to lipids is modulated by reorganization
of the N-terminal helix bundle structure (Saito et al., 2003b). Recent fluorescence
experiments with pyrene-labelled apoA-I indicate the helix bundle can open upon
interaction with the surface of a lipid particle (Kono et al., 2008). This concept is
consistent with earlier experiments with apoE demonstrating that upon binding to
lipids, the four-helix bundle in the N-terminal domain undergoes a conformational
reorganization to expose the hydrophobic faces of its amphipathic helices for inter-
action with lipid molecules (Weisgraber, 1994). Molecular area measurements at
an air-water interface indicated that the N-terminal domain occupies a larger sur-
face area than can be accounted for by its globular four-helix bundle conformation,
suggesting adoption of an open conformation by the helix bundle (Weisgraber et al.,
1992; Weisgraber, 1994). Subsequent studies using infrared spectroscopy (Raussens
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et al., 1998), fluorescence resonance energy transfer (Fisher and Ryan, 1999), and
inter-helical disulfide mutants of the apoE N-terminal domain (Lu et al., 2000) con-
firmed that the four-helix bundle undergoes conformational opening when apoE is
complexed with PL. This conformational rearrangement is associated with changes
in functionality (Saito et al., 2004b). The helix bundle can adopt either open (rec-
ognized by the LDL receptor) or closed (not recognized by the LDL receptor)
conformations, depending upon the concentration of apoE bound to the PL parti-
cle surface (Saito et al., 2001). The rate of interfacial rearrangement is affected by
the stability of the helix bundle domain. Thus, apoE4 rearranges more rapidly than
apoE3 upon binding to a lipoprotein surface (Nguyen et al., 2009) because, as men-
tioned in Section 7.2.2, the apoE4 N-terminal domain is relatively unstable. The
different domain-domain interaction in apoE4 compared to apoE3 (Section 7.2.2)
causes the C-terminal domain in apoE4 to be relatively disorganized, leading to a
higher lipid affinity for this apoE isoform (Saito et al., 2003a).

The similar two-domain tertiary structures of apoA-I and apoE (Section 7.2.2)
led to a common two-step mechanism describing the binding of both proteins to
spherical lipid particles (Fig. 7.3) (Saito et al., 2003b, 2004b). In this model, the
apolipoprotein initially binds to a lipid surface through amphipathic α-helices in the
C-terminal domain; this process is accompanied by an increase in α-helicity in this
domain (Oda et al., 2003; Saito et al., 2003b). Subsequently, the helix bundle in
the N-terminal domain undergoes a conformational opening, converting hydropho-
bic helix-helix interactions to helix-lipid interactions. The conformational transition
from random coil to α-helix upon lipid-binding provides the energetic source to
drive the lipid interaction of apolipoproteins (Massey et al., 1979). Calorimetric
measurements of binding of apoA-I (Arnulphi et al., 2004; Saito et al., 2003b),

Fig. 7.3 Model of the two-step mechanism of apoA-I binding to a spherical lipid particle. In the
lipid-free state, apoA-I is organized into two structural domains in which the N-terminal domain
forms a helix bundle whereas the C-terminal domain forms a separate, less organized structure.
Initial lipid binding occurs through amphipathic α-helices in the C-terminal domain accompanied
by an increase in α-helicity probably in the region including residues 187–220. Subsequently, the
helix bundle in the N-terminal domain undergoes a conformational opening, converting hydropho-
bic helix-helix interactions to the helix–lipid interaction; this second step is only slowly reversible.
Reproduced with permission from Saito et al. (2003b)



7 HDL and Cholesterol Transport 193

apoE (Saito et al., 2001) and apoA-I model peptides (Gazzara et al., 1997) to lipid
particles, indicate that lipid-binding of these proteins is accompanied by a large
release of exothermic heat, consistent with the lipid-binding of apolipoproteins
being enthalpically driven. The contribution of α-helix formation to the enthalpy of
binding of apoA-I to egg PC small unilamellar vesicles is –1.1 kcal/α-helical residue
(Saito et al., 2004a), is in agreement with a prior estimate (–1.3 kcal/α-helical
residue) for plasma apolipoproteins using different membrane systems (Massey
et al., 1979). α-Helix formation in apoA-I also contributes to an increase in the
favourable free energy of binding to lipid (–42 cal/α-helical residue), leading to
an approximately two-order of magnitude increase in the affinity of binding (Saito
et al., 2004b). This indicates that the transition of random coil to α-helix plays a
critical role in driving apoA-I to interact with a lipid surface. This phenomenon
probably explains why many exchangeable apolipoproteins in the lipid-free state
contain random coil structure especially in the lipid-binding domain, such as the
C-terminal domain of apoA-I and apoE.

The binding of apoA-I and apoE to PL is affected by the composition of the lipid
particle. For example, addition of either 20–40 mol% cholesterol or 33 mol% egg
yolk phosphatidylethanolamine to 100 nm egg yolk phosphatidylcholine (PC) large
unilamellar vesicles (LUV) increases the amount of apoA-I binding by increasing
the PL polar headgroup space in the relatively flat surface of the LUV (Saito et al.,
1997). In contrast, addition of cholesterol to either 100 nm TAG-PC emulsion parti-
cles (Saito et al., 1997) or to 20 nm PC small unilamellar vesicles (SUV) (Arnulphi
et al., 2004) decreases apoA-I binding; this effect apparently occurs because choles-
terol condenses the PL packing and decreases the space available in the highly
curved SUV surface.

7.3.2 Apolipoprotein Conformation in Discoidal and Spherical
HDL Particles

It is difficult to obtain high resolution structures for HDL particles, because they are
not suitable for study by X-ray crystallography and NMR. However, progress has
been made by applying alternative methods to study homogeneous, reconstituted,
HDL particles containing apoA-I as the sole protein. The study of such particles is
relevant because apoA-I is the major protein component of both nascent discoidal
and circulating spherical HDL particles (Lund-Katz et al., 2003). The reconsti-
tuted HDL discs comprise a segment of PL bilayer surrounded at the edge by
apoA-I molecules arranged in a belt-like fashion. The generally accepted double-
belt model for the structure of a discoidal HDL particle containing two apoA-I
molecules (Segrest et al., 1999) is depicted in Fig. 7.4A. The details of the helix
organization in this structure have been resolved by chemical cross-linking and mass
spectrometry methods (Davidson and Silva, 2005; Thomas et al., 2006). The two
apoA-I molecules are aligned in an anti-parallel fashion so that the amphipathic
α-helix spanning residues 121–142 in one apoA-I molecule is opposite the same
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Fig. 7.4 ApoA-I
conformation on discoidal
and spherical HDL particles.
The apoA-I molecules are
organized as a double-belt in
discoidal particles and as a
trefoil in spherical particles.
All helix–helix interactions
between the two molecules of
apoA-I in the disc double-belt
arrangement are also present
between the three apoA-I
molecules in the trefoil
organization on the surface of
a spherical HDL particle.
Reproduced with permission
from Silva et al. (2008)

helix in the other apoA-I molecule. Salt-bridges between the two apoA-I molecules
help to stabilize this structure. While there is general agreement about the basic
structure shown in Fig. 7.4A, there are uncertainties about the organization of the
N- and C-terminal ends of the two apoA-I molecules (Davidson and Thompson,
2007; Thomas et al., 2008). The size of the discoidal HDL particle is deter-
mined primarily by the number of apoA-I molecules per particle. However, several
discrete-sized particles can be formed in complexes containing a constant number of
apoA-I molecules (Li et al., 2004). The conformationally flexible apoA-I molecule
(Section 7.3.1) adjusts to different particle sizes by certain segments in the protein
desorbing from the particle surface and looping into the aqueous phase. Neither
the location within the apoA-I molecule nor the precise nature of the protrud-
ing segments are well established (Davidson and Thompson, 2007; Thomas et al.,
2008).

Given the similarities in apoA-I and apoE structure (Section 7.2), it is unsurpris-
ing that apoE also complexes with PL to make HDL particles. As occurs in discoidal
HDL particles containing apoA-I, the α-helices in apoE molecules also align per-
pendicular to the acyl chains of the PL molecules (Narayanaswami et al., 2004;
Schneeweis et al., 2005). However, the apoE-PL interaction is more complex than
that seen with apoA-I in that some apoE helices seem to be situated among the PL
polar headgroups on the faces of the disc. X-ray diffraction data for dipalmitoyl
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PC complexes containing two apoE molecules (Peters-Libeu et al., 2006, 2007)
indicate that, unlike apoA-I, apoE does not simply form discoidal particles. Rather,
the apoE particles are quasi-spheroidal and the apoE molecules are folded into a
helical hairpin and interact primarily with the PL polar headgroups (Hatters et al.,
2009; Peters-Libeu et al., 2006, 2007).

In vivo, discoidal nascent HDL particles created by the activity of ABCA1
(Section 7.5.2) are remodelled by various factors (Section 7.3.3) to yield the mature
spherical HDL particles found in the circulation (Jonas and Phillips, 2008; Lund-
Katz et al., 2003). These spherical HDL particles contain a neutral lipid core
composed of CE and TAG surrounded by a monolayer of PL and cholesterol
molecules and, unlike a discoidal particle, do not have a particle edge to con-
strain the apolipoproteins. However, the protein-protein interactions that occur in
the double-belt model of a discoidal particle are maintained in a spherical, apoA-I
containing, HDL particle (Fig. 7.4B) (Silva et al., 2008). All three apoA-I molecules
in the trefoil model of a spherical HDL particle are in identical conformations and
the inter-molecular salt bridges are the same as those that exist in the double-belt
model of a discoidal particle. The apoA-I molecules in the trefoil arrangement are
thought to provide the structural scaffold that stabilizes the spherical HDL particle.
However, there is another pool of HDL-associated apoA-I molecules that readily
exchanges on and off the particle surface. These apoA-I molecules are likely to be
bound with only their C-terminal domain in contact with the particle surface and
their N-terminal helix bundle domain in the closed conformation protruding into
the aqueous phase (Kono et al., 2008) (cf. Fig. 7.3). ApoE molecules associated
with spherical HDL particles also presumably adopt either the helix bundle-closed
or -open conformation (cf. Section 7.3.2).

7.3.3 Remodeling of HDL Particles

Remodeling by plasma factors is a critical part of HDL metabolism and underlies
the dynamic nature of HDL particles. Thus, the various subpopulations of HDL par-
ticles that exist in human plasma (Lund-Katz et al., 2003; Zannis et al., 2006) are
continually interconverting due to the lipolytic and lipid transfer activities of the
plasma factors listed in Table 7.1. As shown in Fig. 7.7 in Section 7.5.1, the changes
in HDL particle shape and size caused by these plasma factors are also central to the

Table 7.1 Plasma factors involved in remodeling of HDL

HDL conversion Plasma factors

disc → sphere LCAT
large sphere → small sphere + free apo A-I CETP and HL
large sphere → small sphere EL
sphere → larger and smaller spheres + free apo A-I PLTP
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participation of HDL in the RCT pathway. The key function of lecithin-cholesterol
acyltransferase (LCAT) is to form CE while the other enzymes, hepatic lipase (HL)
and endothelial lipase (EL), are involved in releasing fatty acids from PL and TAG.
The lipid transfer proteins, cholesterol ester transfer protein (CETP) and phospho-
lipid transfer protein (PLTP), are involved in moving CE, TAG and PL molecules
among HDL and other lipoprotein particles (Masson et al., 2009; Rye et al., 2009).
As shown in Table 7.1, the interconversion of HDL particles is frequently accompa-
nied by the release of apoA-I molecules into the aqueous phase; rearrangements of
HDL particles that are accompanied by a decrease in net surface area lead to desorp-
tion of apoA-I molecules and vice versa. Such cycling of apoA-I molecules between
HDL particles and the aqueous phase is critical for HDL metabolism (Pownall and
Ehnholm, 2006; Rye and Barter, 2004).

LCAT is secreted by the liver in humans and is the major enzyme responsible for
the esterification of free unesterified cholesterol (FC) present in circulating lipopro-
teins (Santamarina-Fojo et al., 2000; Zannis et al., 2006). The protein comprises a
single polypeptide chain of 416 amino acids and it is glycosylated at four sites giv-
ing a molecular mass of ∼60 kDa. This lipase contains an α/β-hydrolase fold and an
Asp-His-Ser catalytic triad, with Ser 181 being in the active site (Jonas, 2000). The
enzyme catalyses a transesterification reaction in which an unsaturated fatty acid is
transferred from the sn-2 position of PC to the hydroxyl group of cholesterol via Ser
181, generating CE and lyso-PC. ApoA-I is the major activator of LCAT in plasma
so PC and FC molecules in HDL particles are the preferred substrates. Amphipathic
α-helices located between residues 143–187 in the apoA-I molecule apparently
mediate the binding of LCAT to the HDL particle, with three arginine residues
(R149, R153, R160) playing a critical role (Roosbeek et al., 2001). LCAT binds
with high affinity to apoA-I-containing discoidal HDL particles (cf. Section 7.3.2)
and converts the FC in them to CE. The CE molecules produced are poorly soluble
in a PL bilayer and form a neutral lipid core; the resultant spherical, microemulsion-
like, particle is stabilized by a mixed PL/apoA-I monolayer (cf. Section 7.3.2). As
expected, in LCAT-knockout mice the levels of spherical CE-enriched HDL parti-
cles are reduced and the levels of FC-enriched discoidal HDL particles are increased
(Santamarina-Fojo et al., 2000).

CETP and PLTP are members of the lipopolysaccharide-binding/lipid transfer
protein family and each contains 476 residues in a single polypeptide chain; both
proteins are glycosylated and the apparent molecular masses are 74 and 84 kDa,
respectively (Masson et al., 2009; Rye et al., 2009). The primary structure of PLTP is
~25% identical to that of CETP and both proteins can be predicted to have a similar
tertiary structure. The crystal structure of CETP indicates that the molecule contains
a 6 nm-long tunnel that can be filled with two CE molecules and plugged at each
end by a PC molecule (Qiu et al., 2007). It is suggested that when CETP binds to a
lipoprotein particle, PL molecules bound at the end of the tunnel merge into the PL
monolayer at the particle surface and allow neutral lipid molecules to enter and exit
the tunnel. Since CETP can bind CE and TAG molecules, it is possible that the pro-
tein transfers lipids between lipoprotein particles by a shuttle mechanism. However,
CETP can bridge two HDL particles to form a ternary complex and induce particle
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fusion, thereby changing HDL particle size (Rye et al., 1997) (cf. Table 7.1). CETP-
mediated exchange of CE and TAG between HDL and VLDL enriches the HDL
particles with TAG, which destabilizes them and promotes dissociation of apoA-I
molecules (Rye et al., 2009; Sparks et al., 1995). TAG-enriched HDL particles are
also good substrates for HL, the activity of which further reduces the particle size
and enhances apoA-I dissociation (Table 7.1). PLTP transfers PL molecules between
VLDL and HDL, as well as between different HDL particles (Huuskonen et al.,
2001; Van Tol, 2002). As indicated in Table 7.1, PLTP remodels HDL into large and
small particles and promotes the dissociation of apoA-I. This remodelling process
involves HDL particle fusion and the remodelling is faster with TAG-enriched HDL
(Settasatian et al., 2001). The activities of both CETP and PLTP impact signifi-
cantly on plasma HDL levels. Thus, PLTP-knockout mice exhibit ∼50% reductions
in plasma HDL levels, whereas inhibition of CETP in both animals and humans
increases HDL levels (Masson et al., 2009).

HL and EL are members of the lipase gene family that also includes pancreatic
lipase and lipoprotein lipase; members of this family have similar tertiary struc-
tures (Wong and Schotz, 2002). Both HL and EL hydrolyze HDL lipids, although
the substrate specificities are different. HDL TAG and PL are substrates for HL
whereas EL is primarily a phospholipase (Jaye and Krawiec, 2004; Thuren, 2000).
Presumably, this variation in substrate specificity is the reason that HL action on
TAG-enriched HDL leads to dissociation of apoA-I (Clay et al., 1991), whereas
EL action does not (Jahangiri et al., 2005); lipolysis reduces HDL particle size in
both cases (Table 7.1). Both lipases affect plasma HDL levels although to different
extents; EL-knockout mice have ∼50% elevated HDL cholesterol levels (Badellino
and Rader, 2004), whereas HL-knockout mice exhibit much smaller increases in
HDL cholesterol levels (Homanics et al., 1995).

Plasma HDL consists of particles that contain only apoA-I and particles that
contain both apoA-I and apoA-II (Lund-Katz et al., 2003). The latter particles are
formed by LCAT-induced fusion of nascent, discoidal HDL particles that contain
either apoA-I or apoA-II (Clay et al., 2000). Compared to apoA-I, apoA-II is more
lipophilic and dissociates less readily from HDL particles (Pownall and Ehnholm,
2006). The presence of apoA-II stabilizes the HDL particle and reduces its ability
to be remodeled. Thus, apoA-II inhibits the ability of CETP to shrink spherical
HDL particles and prevents apoA-I dissociation; the latter effect occurs because
of stabilizing protein-protein interactions between apoA-I and apoA-II in the HDL
particle surface (Rye et al., 2008).

7.4 Lipid Solubilizing Properties of ApoA-1 andApoE

7.4.1 Historical Perspective

The fact that the apolipoproteins of HDL can stabilize ~10 nm lipid microemulsion
particles with the structure depicted in Fig. 7.4B for a spherical HDL particle, indi-
cates that an exchangeable apolipoprotein such as apoA-I possesses detergent-like
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properties and can solubilize lipids. This was first demonstrated directly in the
1960 s by Scanu (1967), who reported that the apoproteins from human HDL can
form stable, water-soluble, lipid–protein complexes with HDL PL when the mixture
is sonicated. Subsequently, electron microscopic examination (Forte et al., 1971)
indicated that such complexes are disc-shaped and circular dichroism measurements
(Lux et al., 1972) showed that the interaction with lipid increases the α-helix content
of the apolipoprotein. Scanu and colleagues also used the sonication procedure to
show that (a) apo HDL can complex with a range of synthetic phospholipids when
the lipids are in a liquid-crystalline state (Kruski and Scanu, 1974) and (b) spherical
HDL particles can be reassembled in vitro when the HDL neutral lipids (CE and
TAG) are included (Hirz and Scanu, 1970).

HDL particles reconstituted with either natural or synthetic lipids have been the
subject of extensive investigations since the early 1970s. The first detailed char-
acterization in 1974 was of the disc-shaped complexes formed by dimyristoyl PC
(DMPC) and porcine apo HDL (primarily apoA-I). Co-sonication of this mixture
under conditions where all the apoprotein is complexed yields lipoprotein discs
consisting of two apoprotein molecules and about 200 DMPC molecules; the major
diameter is 8–9 nm and the thickness is 4.4 nm, in good agreement with the thick-
ness of a DMPC bilayer (Hauser et al., 1974). The acyl chain melting transition
of the DMPC in such a reconstituted HDL particle is broadened, indicating that
the apoprotein molecules modify the packing of the lipid molecules (Barratt et al.,
1974). The fundamental organization of the discoidal particle as a small segment
of DMPC bilayer stabilized by apoprotein molecules was confirmed by small-angle
X-ray scattering (Atkinson et al., 1976), and it was found that the apoprotein amphi-
pathic α-helices reduce the cooperativity of DMPC acyl chain motions, but do not
bind the lipid molecules tightly (Andrews et al., 1976). Importantly, it was shown
in these studies with porcine apo HDL that sonication is not required and that the
highly surface-active protein molecules can spontaneously solubilize multilamel-
lar vesicles (MLV) of DMPC to form discoidal HDL particles of the type described
above (also see Fig. 7.5) (Hauser et al., 1974). In 1977 it was demonstrated that pure

Fig. 7.5 Schematic representation of the spontaneous solubilization of dimyristoyl phosphatidyl-
choline (DMPC) multilamellar vesicles (MLV) by apoA-I. When apoA-I is incubated with the
turbid MLV suspension at 24◦C (the melting temperature of the DMPC acyl chains), the solution
becomes optically clear because the DMPC bilayers are solubilized in a few minutes to create
discoidal HDL particles that are too small to scatter visible light
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apoA-I, either human or bovine, can form discoidal complexes with DMPC (Jonas
et al., 1977) and that the particle size increases with increasing DMPC/apoprotein
ratio (Tall et al., 1977); the latter finding is consistent with the predominant loca-
tion of the apoprotein being an annulus around the perimeter of the disc (Tall et al.,
1977) (cf. Fig. 7.4A).

7.4.2 Mechanism of Solubilization Reaction

The first detailed study of the kinetics of solubilization of DMPC by human apoA-
I was conducted by Pownall and colleagues in 1978 (Pownall et al., 1978). They
used turbidimetric measurements (Fig. 7.5) to show that the rate of conversion of
DMPC MLV into discoidal apoA-I/DMPC complexes is highest at the gel to liquid-
crystal phase transition temperature (24◦C) of DMPC. The enhanced rate at the
phase transition is due to the presence of lattice defects that create sites to which
apoA-I molecules can bind (with an associated increase in α-helix content), thereby
destabilizing the DMPC bilayer and promoting rearrangement into discoidal, HDL-
like, particles (Pownall et al., 1979, 1981). These fundamental concepts concerning
the mechanism of PL solubilization by apolipoproteins are now well accepted. The
laboratories of Pownall (Pownall et al., 1987) and Jonas (1992) have contributed
much of our detailed understanding of the solubilization process. Generally, the
reaction is kinetically controlled. Factors such as the physical state of the PL bilayer,
the stability of the bilayer, the curvature of the vesicles and their cholesterol content
(see below) are important. Regarding the apolipoprotein component, its molecular
weight, hydrophobicity and state of self-association affect the rate of solubilization.

Analysis of the clearance kinetics in longer-term incubations of apoA-I with
DMPC MLV at 24◦C shows that the reaction is second order and consists of two
simultaneous kinetic phases (Segall et al., 2002). As summarized in Fig. 7.6, the
two kinetic components are proposed to arise from two distinct types of binding site
(with or without lattice defects) for apoA-I on MLV surfaces. If the initial apoA-
I/MLV contact occurs at a packing defect in the DMPC bilayer surface, then the
reaction proceeds directly to stage 2. Initial contact at a non-defect site requires
diffusion of the apoA-I molecule over the surface to a defect site, giving rise to a
slow kinetic phase in obtaining stage 2. After adsorption of apoprotein molecules to
DMPC bilayer defects, the rate of arrival at stage 3 depends upon the rate at which
these molecules can rearrange and insert their α-helices into the defects (Fig. 7.6).
As proposed earlier (Pownall et al., 1987), once a critical concentration of α-helices
absorbed in the defects is attained, the lipid bilayer becomes unstable and rearranges
to form a bilayer disc (stage 3 in Fig. 7.6). Apoprotein molecules at stage 2 of the
reaction are bound to the DMPC vesicle surface reversibly whereas the vesicle to
disc conversion in stage 3 is irreversible. The reaction of apoA-I with either SUV
or MLV of DMPC to form discoidal complexes proceeds similarly. Detailed exam-
ination of this system (Jonas et al., 1980; Jonas and Drengler, 1980) has shown
that apoA-I binding to saturate the vesicle surface (stage 1) is rapid and that the
bilayer disruption is relatively slow. The nature of any intermediates in the vesicle
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Fig. 7.6 Molecular model explaining the two simultaneous kinetic phases of DMPC solubiliza-
tion by apolipoproteins. The solubilization of DMPC MLV by apolipoprotein molecules involves
four states (as indicated). Completion of the first and second of these stages can each occur by two
simultaneous alternative pathways, one more rapid than the other, whereas stages three and four
comprise a common pathway. Flexible apolipoprotein molecules react more rapidly than inflex-
ible ones. See Segall et al. (2002) for more details. Reproduced with permission from Segall
et al. (2002)

to disc conversion step (stage 3 in Fig. 7.6) is not well understood. In the case of
a DMPC SUV (∼20 nm in diameter), when the surface is saturated with apoA-
I the DMPC/apoA-I stoichiometry is ∼1000/1 mol/mol, as compared to a ratio
of ∼ 100/1 in the discs that are formed (Jonas et al., 1980). Thus, it follows that an
entire DMPC SUV cannot convert directly in one step into discoidal product with-
out either incorporation of additional apoA-I molecules or the loss of excess DMPC
to other particles. Intermediate complexes have not been detected in the DMPC
SUV/apoA-I reaction (Jonas et al., 1980) but the formation of small discs proceeds
through the formation of a large disc intermediate when DMPC LUV (∼100 nm
diameter) are solubilized by apoA-I (Zhu et al., 2007).

At temperatures other than the DMPC gel to liquid/crystal transition temperature
of 24◦C, apoA-I reacts slowly with DMPC vesicles because the bilayer contains rel-
atively few packing defects (Pownall et al., 1978, 1987). However, the addition of
cholesterol to the DMPC bilayer accelerates the rate of solubilization. The reaction
is fastest at 12 mol% cholesterol and it becomes less temperature sensitive (Pownall
et al., 1979). The combined effects of cholesterol and temperature can alter the rate
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of reaction by more than three orders of magnitude because of large variations in the
number of lattice defects in the DMPC-cholesterol mixed bilayer. All the cholesterol
is solubilized by apoA-I when the DMPC vesicle contains less than about 20 mol%
cholesterol but higher levels of cholesterol inhibit the formation of discoidal com-
plexes. The sizes of the HDL particles formed are dependent upon the initial level of
cholesterol in the DMPC MLV (Massey and Pownall, 2008); increasing the bilayer
cholesterol concentration results in the formation of larger sized discoidal particles
that contain more apoA-I molecules.

In contrast to the DMPC system, MLV prepared from a PL such as an egg
PC obtained from natural sources, are not solubilized in a matter of minutes at
room temperature by apoA-I. The reason for this low reactivity is that the natu-
ral PC molecules contain unsaturated acyl chains so that their gel to liquid-crystal
phase transition temperatures are well below room temperature and the bilayers
contain few lattice defects into which apoA-I molecules can insert (cf. Fig. 7.6).
However, a complex lipid mixture representing the lipids of a mammalian plasma
membrane forms MLV that are solubilized by apoA-I at 37◦C (Vedhachalam et al.,
2007a). The rate of ∼10% solubilization per hour is much slower than that typically
observed with DMPC MLV, presumably because the numbers of lattice defects are
fewer in the membrane lipid bilayer. Such a membrane bilayer solubilization pro-
cess is integral to the mechanism of nascent HDL particle formation by ABCA1
(cf. Section 7.5.2).

7.4.3 Influence of Apolipoprotein Structure

All exchangeable apolipoproteins exhibit some ability to solubilize PL vesicles and
create discoidal HDL particles which is consistent with the amphipathic α-helix,
rather than a specific amino acid sequence, being the structural motif responsi-
ble for this activity (cf. Section 7.3). In agreement with this concept, fragments of
the human apoA-I molecule corresponding to residues 1–86 and 149–243 contain
amphipathic α-helices and can form similar discoidal DMPC complexes to the intact
apoA-I molecule (Vanloo et al., 1991). Since the hydrophobic C-terminal domain
(residues 190–243) of human apoA-I molecule is critical for lipid binding (Fig. 7.3),
deletion of this segment reduces the ability of the protein to solubilize DMPC MLV
(Vedhachalam et al., 2007a). For the same reasons, either deletion or disruption of
the C-terminal α-helix (residues 221–243) has the same effect. Deletion of residues
1–43 or 44–65 in the N-terminal helix bundle domain has a less marked effect on
the ability of the protein to solubilize DMPC (Vedhachalam et al., 2007a).

Human apoE also solubilizes DMPC vesicles to create discoidal particles
(Innerarity et al., 1979). However, apoE reacts more slowly than apoA-I and this
is attributed to the less flexible structure of the apoE molecule which reduces the
rate of stage 2 in the solubilization reaction (see Fig. 7.6) (Segall et al., 2002).
As observed with human apoA-I, removal of the lipid-binding C-terminal domain
(residues 192–299) greatly reduces the rate at which apoE solubilizes DMPC MLV.
The isolated and flexible C-terminal domain of apoE solubilizes DMPC at a similar
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rate to apoA-I. The reaction rates of the helix bundle domains of the three com-
mons apoE isoforms vary inversely with the stabilities of these fragments. Overall, it
seems that flexibility in an apolipoprotein molecule increases the time-average expo-
sure of hydrophobic surface area, thereby increasing the rate of PL solubilization
(see Figs. 7.5 and 7.6; Segall et al. (2002)).

7.5 HDL and Reverse Cholesterol Transport (RCT)

7.5.1 Overview of RCT Pathway – HDL Species and Receptors
Involved

Figure 7.7 summarizes the RCT pathway in which HDL mediates the movement of
cholesterol from peripheral cells to the liver for excretion from the body (Fielding
and Fielding, 1995; Oram and Heinecke, 2005). It is clear from the pathway shown
in Fig. 7.7 that apoA-I is involved in all stages of RCT, including the formation of

Fig. 7.7 Schematic overview of the major pathways involved in HDL-mediated macrophage
cholesterol efflux and reverse cholesterol transport to the liver. ApoA-I is produced by the liver
and acquires free cholesterol (FC) and phospholipid (PL) from liver and peripheral cells (including
macrophages) via the ABCA1 transporter to form nascent (discoidal) HDL particles. Non-lipidated
apoA-I is cleared by the kidney. FC efflux from macrophages to HDL particles is also promoted
by the ABCG1 transporter and SR-BI. As discussed in Section 7.3.3, the FC in discoidal HDL
particles is converted to CE by LCAT activity leading to the formation of mature, spherical HDL
particles. PLTP mediates transfer of PL from VLDL into HDL thereby providing PL for the LCAT
reaction. Mature HDL particles can be remodeled to smaller particles with the release of apoA-I by
the actions of hepatic lipase (HL) and endothelial lipase (EL) which hydrolyze HDL TAG and PL,
respectively. In humans, but not rodents, HDL-CE can be transferred to the VLDL/LDL pool by
CETP and taken up by endocytosis into hepatocytes via interaction with the LDL receptor (LDLR).
HDL-CE and FC are also transferred directly to hepatocytes via SR-BI-mediated selective uptake.
Cholesterol taken up by the liver can be recycled back into the ABCA1 pathway, secreted into bile
as either FC or bile acids, or assembled into lipoprotein particles that are secreted back into the
circulation (not shown)
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nascent HDL particles, HDL remodeling by LCAT and delivery of HDL cholesterol
to the liver via scavenger receptor class B, type 1 (SR-BI). The finding that the severe
HDL deficiency associated with the genetic disorder, Tangier disease, is caused by
mutations in the ATP-binding cassette transporter A1 (ABCA1) demonstrated that
this transporter plays a critical role in HDL production (Oram, 2000). The bulk
of the HDL particles in the circulation are produced by ABCA1 expressed in the
liver and intestine, with the former being the major contributor (Lee and Parks,
2005). Removal of cholesterol from macrophages in the walls of blood vessels via
RCT is critical for preventing the development of atherosclerotic plaque (Cuchel
and Rader, 2006).

Studies of macrophage RCT in mice have demonstrated that both apoA-I and
ABCA1 play essential roles in promoting RCT; it follows that they are anti-
atherogenic proteins (Wang et al., 2007a; Zhang et al., 2003). These two proteins
interact to mediate the first step in RCT, the efflux of cellular cholesterol (Fig. 7.7).
Efflux of cholesterol from macrophages involves both active and passive processes
(Yancey et al., 2003). In addition to the active ABCA1-mediated efflux of cel-
lular PL and FC to lipid-free/poor apoA-I, a related transporter, ABCG1, can
promote FC efflux to HDL particles. Passive FC efflux from macrophages also
occurs by the so-called aqueous diffusion pathway (Adorni et al., 2007). This sim-
ple diffusion process involves desorption of FC molecules from the PL bilayer
of the plasma membrane, followed by their diffusion in the aqueous phase and
collision-mediated absorption into HDL particles (Phillips et al., 1987). Efflux of
cellular FC from macrophages to HDL can also be facilitated by SR-BI (Adorni
et al., 2007).

As can be seen from Fig. 7.7, besides being located in macrophages, SR-BI is
located on the surface of hepatocytes. SR-BI is abundantly expressed in the liver
where it mediates the selective uptake of FC and CE from HDL (Trigatti et al.,
2003; van Eck et al., 2005; Zannis et al., 2006). This FC and CE is then released
into bile as either FC or bile acid and then, in the last step of RCT, excreted from
the body in feces (Fig. 7.7). The hepatic expression of SR-BI positively promotes
the flux of cholesterol from macrophages through the RCT pathway (Zhang et al.,
2005). In contrast, the SR-BI expressed in macrophages, which can promote efflux
of cellular cholesterol (see Section 7.5.3), does not promote macrophage RCT in
vivo (Wang et al., 2007b). However, at later stages of atherosclerotic lesion devel-
opment in mice, SR-BI in macrophages plays an anti-atherogenic role (van Eck
et al., 2005). Consistent with this atheroprotective effect, inactivation of the SR-BI
gene in apoE-null mice accelerates coronary atherosclerosis (Trigatti et al., 1999).
The loss of SR-BI activity is associated with an increase in total plasma cholesterol
and the incidence of abnormally large, apoE-enriched HDL particles (Rigotti et al.,
1997). The fact that the incidence of atherosclerosis in these animals is associated
with higher HDL cholesterol levels indicates that the quality and not the quantity of
HDL particles is critical in preventing coronary artery disease. The HDL particles
that are present must be able to maintain the appropriate flux of cholesterol through
the RCT pathway (Fig. 7.7). Enhancement of RCT from plaque to liver can enhance
rapid regression of atherosclerosis (Williams et al., 2007).
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7.5.2 ABCA1

ABCA1 is a member of the ATP binding cassette (ABC) family of membrane trans-
porters and its ability to translocate PL across the plasma membrane of cells leads
to the formation of nascent HDL particles when lipid-free/poor apoA-I is present
in the extracellular medium. The preferred substrate for translocation by ABCA1
has not been established unambiguously, but it is clear that phosphatidylserine can
be pumped across the membrane (Alder-Baerens et al., 2005; Chambenoit et al.,
2001). ABCA1 is a 2261 amino acid integral membrane protein consisting of two
halves of similar structure (Oram and Heinecke, 2005). Each half contains a six-
helix transmembrane domain together with a cytosolic nucleotide-binding domain
that mediates the ATPase activity. The topology in a cell plasma membrane is
predicted to involve a cytosolic N-terminus and some extracellular loops that are
heavily glycosylated (Dean et al., 2001). The two transmembrane helical domains
form a chamber in which PL molecules are translocated. The molecular mechanism
of this pumping action in ABCA1 has not been elucidated, but is likely to be sim-
ilar to that of a related microbial lipid transporter whose crystal structure is known
(Dawson and Locher, 2006).

The expression of ABCA1 is increased by loading cells with cholesterol because
the consequent increase in oxysterol level activates the nuclear liver X receptor
(LXR) (Oram and Heinecke, 2005). The transcription of ABCA1 is also induced
by ligands for the retinoid X receptor and, in the case of murine macrophages, also
by cyclic AMP. ABCA1 is degraded rapidly after transcription (half-life of 1–2 h)
and its cellular level is sensitive to the presence of an apolipoprotein such as apoA-I,
because apoA-I binds to ABCA1 and stabilizes it by modulating its phosphoryla-
tion, thereby protecting the transporter from calpain-mediated proteolysis (Wang
and Tall, 2003; Yokoyama, 2006). ABCA1 recycles rapidly between the plasma
membrane and late endosomal/lysosomal compartments (Neufeld et al., 2001) and
is degraded at an intracellular site during this trafficking. When apoA-I is bound
to ABCA1 (Oram et al., 2000; Vedhachalam et al., 2007b; Wang et al., 2000), the
endocytosis is unaffected whereas the intracellular degradation is reduced which
leads to higher levels of the transporter recycling back to the plasma membrane (Lu
et al., 2008). This effect leads to enhanced HDL biogenesis because the ABCA1-
mediated assembly of nascent HDL particles occurs at the cell surface (Denis et al.,
2008; Faulkner et al., 2008).

The nascent HDL products of the apoA-I/ABCA1 reaction are primarily dis-
coidal particles (cf. Section 7.3.2) containing 2, 3 or 4 apoA-I molecules (Duong
et al., 2006; Krimbou et al., 2006; Liu et al., 2003). These particles are not only
heterogeneous with respect to diameter, but also with respect to lipid composi-
tion in that they have different FC contents and PL compositions (Duong et al.,
2006). This creation of variable nascent HDL species underlies the heterogeneity
in the population of HDL particles present in the plasma compartment (Lund-Katz
et al., 2003). The ABCA1/apoA-I reaction also leads to the production of some
monomeric apoA-I molecules that are associated with 3–4 PL molecules; this lipid-
poor apoA-I (preβ1-HDL) (Chau et al., 2006) is a product of the reaction but also
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a substrate in that it can react further and be converted into larger discoidal parti-
cles (Duong et al., 2008). Different apolipoproteins such as apoE (Krimbou et al.,
2004; Vedhachalam et al., 2007c), and peptides containing amphipathic α-helices
(Remaley et al., 2003), can react with ABCA1 to create nascent HDL particles
and the particle sizes are dependent upon the protein structure. A striking exam-
ple of such a protein structural requirement is the observation that removal of the
C-terminal α-helix of human apoA-I drastically reduces the level of PL and FC
efflux (Vedhachalam et al., 2004), prevents formation of normal size nascent HDL
particles and causes formation of very large HDL particles (Liu et al., 2003). As
summarized in Sections 7.3 and 7.4.1, the C-terminal α-helix of apoA-I plays a
critical role in lipid-binding and lipid-solubilization. It can be inferred that, since
this helix is also essential for ABCA1-mediated HDL particle biogenesis, plasma
membrane microsolubilization occurs during HDL biogenesis (Gillotte et al., 1999).

As summarized above, much has been learned about the ways in which ABCA1
contributes to the biogenesis of HDL particles. There has been great interest in elu-
cidating the mechanism by which the transporter and apoA-I react to create nascent
HDL particles and various models have been proposed (for reviews see Oram and
Heinecke, 2005; Yokoyama, 2006; Zannis et al., 2006). Figure 7.8 summarizes a
reaction scheme we have proposed recently, that integrates key findings from the
literature and our laboratory (Vedhachalam et al., 2007a). A central feature of this
mechanism is that membrane PL translocation via ABCA1 induces bending of the
membrane bilayer to create high curvature sites to which apoA-I can bind and sol-
ubilize membrane PL and FC to create nascent HDL particles. Step 1 involves
binding of apoA-I (in a lipid-free/poor state but not in a fully lipidated state) to the
ABCA1 molecule probably via interaction of an amphipathic α-helix with a site on
an extracellular loop of ABCA1 (Fitzgerald et al., 2002). As mentioned above, this
association with apoA-I stabilizes the transporter in the plasma membrane, which
leads to enhanced PL translocation and asymmetric PL packing across the bilayer.
The resultant membrane strain is relieved by formation of highly curved exovesic-
ulated domains in the plasma membrane to which apoA-I molecules can bind with
high affinity (Step 2). The high curvature disorders the molecular packing in the
bilayer and creates spaces between the PL polar groups into which apoA-I amphi-
pathic α-helices can penetrate. The binding of apoA-I to the exovesiculated plasma
membrane domains creates conditions for the formation of nascent HDL particles,
which follows in Step 3.

Step 3 requires the spontaneous solubilization (cf. Section 7.4) of the membrane
lipid bilayer to create nascent HDL. We have defined this process, which leads
to simultaneous release of cellular PL and FC, as membrane microsolubilization
(Gillotte-Taylor et al., 2002; Gillotte et al., 1998, 1999). As discussed in Section
7.4.1, apoA-I can spontaneously solubilize bilayers comprised of the PL typically
found in the plasma membrane of mammalian cells to create discoidal HDL par-
ticles (Vedhachalam et al., 2007a). The apolipoprotein content of these particles is
determined by apoA-I/PL/FC interactions in which ABCA1 is not directly involved
and by the structural properties of the apoA-I molecule. Step 3 in the reaction
scheme summarized in Fig. 7.8 is the slowest and, therefore, rate-limiting. This fact
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Fig. 7.8 Mechanism of interaction of apoA-I with ABCA1 and efflux of cellular phospholipids
and cholesterol. The reaction in which apoA-I binds to ABCA1 and membrane lipids to create
discoidal nascent HDL particles contains three steps. Step 1 involves the high affinity binding of
a small amount of apoA-I to ABCA1 located in the plasma membrane PL bilayer; this regula-
tory pool of apoA-I up-regulates ABCA1 activity, thereby enhancing the active translocation of
membrane PL from the cytoplasmic to exofacial leaflet. This translocase activity leads to lateral
compression of the PL molecules in the exofacial leaflet and expansion of those in the cytoplasmic
leaflet. Step 2 involves the bending of the membrane to relieve the strain induced by the unequal
molecular packing density across the membrane and the formation of an exovesiculated domain
to which apoA-I can bind with high affinity. This interaction with the highly curved membrane
surface involves apoA-I/membrane lipid interactions and creates a relatively large pool of bound
apoA-I. Step 3 involves the spontaneous solubilization by the bound apoA-I of membrane PL and
cholesterol in the exovesiculated domains to create discoidal HDL particles containing two, three
or four apoA-I molecules/particle. In the diagram, the two transmembrane six-helix domains of
ABCA1 are represented as rectangles, whereas the two ATPase domains are shown as ovals. The
space between the two rectangles represents the chamber in which translocation of PL molecules
occurs. Reproduced with permission from Vedhachalam et al. (2007a)
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Fig. 7.9 Suggested molecular mechanism for the solubilization of PL bilayers by apoA-I to create
discoidal HDL particles. This process is envisaged to underlie the solubilization of DMPC MLV
depicted in Figs. 7.5 and 7.6, and Step 3 in the formation of nascent HDL particles in the apoA-
I/ABCA1 reaction depicted in Fig. 7.8

is exemplified by the observation that apoA-I structural alterations that modulate the
rate of model membrane bilayer solubilization have a similar effect on the rate of PL
and FC efflux from cells via ABCA1 (Vedhachalam et al., 2007a). Figure 7.9 sum-
marizes a molecular mechanism for Step 3 in which vesiculated membrane bilayers
are fragmented into small segments to form discoidal HDL particles. Overall, the
mechanism depicted in Fig. 7.8 is consistent with the known properties of ABCA1
and apoA-I.

As shown in the summary of the RCT pathway (Fig. 7.7), the removal of excess
cholesterol from macrophages can occur via both ABCA1 and ABCG1 pathways.
The nascent HDL particles created by the ABCA1 reaction contain some FC (Duong
et al., 2006, 2008), but they are able to acquire additional cholesterol by participa-
tion in the ABCG1 pathway. Thus, ABCA1 and ABCG1 can act sequentially to
mediate cellular cholesterol export to apoA-I (Gelissen et al., 2008; Vaughan and
Oram, 2006). This synergy between lipid transporters is important for regulating
cholesterol efflux and maintaining the appropriate cholesterol levels in macrophages
(Jessup et al., 2006; Marcel et al., 2008).

7.5.3 SR-BI

SR-BI was the first recognized HDL receptor and it mediates the flux of FC and CE
between bound HDL particles and the cell plasma membrane (Acton et al., 1996).
Of particular note, SR-BI mediates the selective uptake of CE from HDL, a process
whereby HDL lipids are taken up preferentially by cells through a non-endocytic
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mechanism without either degradation of apolipoproteins or whole particle uptake
(Connelly and Williams, 2004; Pittman et al., 1987; Zannis et al., 2006). SR-
BI is an 82-kDa membrane glycoprotein containing a large extracellular domain
(408 residues) and two transmembrane domains with short cytoplasmic N- and
C-terminal domains. The extracellular domain plays a critical role in mediating
the selective uptake process (Connelly et al., 1999, 2001; Gu et al., 1998). SR-
BI contains a PDZK1 binding motif in its C-terminal domain and interaction with
this scaffold protein controls the abundance and localization in the plasma mem-
brane of hepatic SR-BI (Fenske et al., 2008). A minor, alternatively spliced, form
called SR-BII has a different C-terminal domain that does not bind to PDZK1,
so that this isoform is mostly located in the cell interior (Eckhardt et al., 2004).
SR-BI self-associates into dimers and tetramers but this process is not dependent
upon the C-terminal domain (Sahoo et al., 2007). SR-BI-mediated lipid uptake does
not require endocytosis, indicating that the uptake occurs at the plasma membrane
(Harder et al., 2006; Nieland et al., 2005). Furthermore, interactions with other pro-
teins or specific cellular structures are not required for this activity as it has been
shown that the purified protein reconstituted into a model membrane is functional
(Liu and Krieger, 2002).

As befits a scavenger receptor, SR-BI binds to a range of ligands besides HDL;
these include VLDL, LDL, modified LDL and PL vesicles (Connelly and Williams,
2004; Trigatti et al., 2003; Zannis et al., 2006). The amphipathic α-helix is the recog-
nition motif for SR-BI and HDL binds to the receptor via the multiple amphipathic
α-helical repeats in the apoA-I molecule (Williams et al., 2000). A specific amino
acid sequence in apoA-I is not required for the interaction and there is more than
one apolipoprotein binding site on the SR-BI molecule (Thuahnai et al., 2003). The
binding of HDL to SR-BI is influenced by the conformation of apoA-I so that larger
(∼10 nm diameter) HDL particles bind better than smaller (∼8 nm) particles (de
Beer et al., 2001a; Thuahnai et al., 2004). The presence of apoA-II in HDL particles
attenuates the binding to SR-BI (de Beer et al., 2001b). The dependence on HDL
concentration of binding to SR-BI and CE selective uptake is similar, indicating
that the two processes are linked (Rodrigueza et al., 1999). It is apparent that the
mechanism of HDL CE selective uptake by SR-BI involves a two-step process in
which the initial binding of an HDL particle to the receptor is followed by the trans-
fer of CE molecules from the bound HDL particle into the cell plasma membrane
(Gu et al., 1998; Rodrigueza et al., 1999). The rate of CE selective uptake from the
donor HDL particle is proportional to the amount of CE initially present in the par-
ticle, indicating a mechanism in which CE moves down its concentration gradient
from HDL particles docked on SR-BI into the cell plasma membrane. The activation
energy for this process is ∼9 kcal/mol, which is consistent with the uptake occur-
ring by a non-aqueous pathway. As depicted in the model shown in Fig. 7.10, HDL
binding to SR-BI allows access CE molecules to a channel formed by the extracel-
lular domain of the receptor, from which water is excluded and along which HDL
CE molecules move down their concentration gradient into the cell plasma mem-
brane (Rodrigueza et al., 1999). An alternative model proposed a hemi-fusion event
between the PL monolayer of an HDL particle and the external leaflet of the plasma
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Fig. 7.10 Model of SR-BI-mediated selective uptake of cholesteryl ester (CE) from HDL. This
model proposes that SR-BI contains a non-aqueous channel, which excludes water, and serves
as a conduit for hydrophobic CE molecules diffusing from bound HDL down their concentration
gradient to the cell plasma membrane. The scheme depicts a channel formed by a single SR-
BI molecule, but it is possible that self-association of SR-BI is required to create the channel.
Reproduced with permission from Rodrigueza et al. (1999)

membrane, thereby allowing lipid transfer to occur (Gu et al., 1998). However, the
fact that the relative rates of selective uptake of CE, FC, PC and sphingomyelin from
HDL are different (Rodrigueza et al., 1999; Thuahnai et al., 2001) argues against this
model. The efficient transfer of lipid molecules from HDL to the cell plasma mem-
brane requires an optimal alignment of the apoA-I-containing HDL/SR-BI complex
(Liu et al., 2002; Thuahnai et al., 2004). The presence of an apolipoprotein such
as apoA-I in the donor particle is required for the selective uptake of CE to occur
because in the absence of apolipoprotein-mediated binding to SR-BI, the lipid com-
ponents of the donor fuse with the cell membrane giving stoichiometric lipid uptake
(Thuahnai et al., 2001). This phenomenon suggests that there is a fusogenic motif
in the extracellular domain of SR-BI.

Because the SR-BI-mediated transfer of lipid molecules between bound HDL
and the cell plasma membrane is a passive process, the rate and direction of net
transfer are sensitive to the concentration gradient existing between the HDL par-
ticle and the plasma membrane. Thus, in the case of FC, SR-BI facilitates the
bi-directional flux between HDL and the plasma membrane (Yancey et al., 2003).
The concentration gradient for FC is sensitive to the PL content of HDL so that the
net transfer of cholesterol out of the cell is promoted by PL-enrichment of HDL
(Pownall, 2006; Yancey et al., 2000). Different kinds of cells exhibit large differ-
ences in the rate of FC efflux to PL-containing acceptors (Rothblat et al., 1986) and
these variations are due to differences in the expression levels of SR-BI (Ji et al.,
1997; Jian et al., 1998). The fact that SR-BI-mediated FC efflux to HDL is depen-
dent upon HDL binding to the receptor (Gu et al., 2000) and that the appropriate
apoA-I/SR-BI complex must be formed (Liu et al., 2002), point to a similar mecha-
nism operating for SR-BI-mediated HDL CE selective uptake and cellular FC efflux.
Depending upon the concentration of HDL present in the extracellular medium, SR-
BI-facilitated FC efflux can occur by pathways dependent on and independent of
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HDL binding to the receptor (Thuahnai et al., 2004). FC efflux is binding-dependent
at low concentrations of HDL, where binding to SR-BI is not saturated; under this
condition (Fig. 7.10), FC molecules diffuse from the plasma membrane to the bound
HDL particle via the hydrophobic channel created by SR-BI. At saturation concen-
tration of HDL, FC efflux is independent of HDL binding to SR-BI. Under this
condition, efflux occurs by the aqueous diffusion mechanism whereby FC particles
desorb from the plasma membrane and diffuse through the aqueous phase and col-
lide with HDL acceptor particles. The receptor enhances the rate of FC efflux via
aqueous diffusion because it perturbs the packing of FC molecules in the plasma
membrane; this reorganization and activation of plasma membrane FC molecules
is evident from the increased pool of FC accessible to cholesterol oxidase in SR-
BI-containing membranes (Kellner-Weibel et al., 2000; Llera-Moya et al., 1999).
Similar to CE selective uptake, SR-BI-mediated FC efflux is dependent upon HDL
particle size so that, at the same particle concentration, large HDL promotes more
FC efflux than small HDL.

7.5.4 ApoE-HDL

In the plasma compartment, apoE influences the lipid concentration because it
affects the levels of all lipoproteins by modulating their receptor-mediated clear-
ance into cells. In addition, apoE affects the production of hepatic VLDL and the
lipolytic processing of TAG-rich lipoproteins. ApoE, one of the least abundant
plasma apolipoproteins, is present on all lipoprotein particles, with the exception
of LDL (Mahley and Rall, 1995). The RCT pathway (Section 7.5.1) directs excess
cholesterol in peripheral tissues through HDL acceptors to the liver for elimination
(Fig. 7.7). Although the major apolipoprotein in HDL2 and HDL3 is apoA-I, HDL2
also contains significant amounts of apoE. ApoE uniquely facilitates RCT by allow-
ing CE-rich core expansion in HDL (Mahley et al., 2006) after LCAT converts FC
to CE (Section 7.3.3). ApoA-I-containing HDL can accommodate only a limited
amount of CE in its core, resulting in a limited size expansion, whereas the size and
CE content of HDL can be increased significantly when apoE is present. Since apoE
is a ligand for the LDL receptor, these apoE-enriched HDLs can deliver choles-
terol acquired from the periphery to the liver via hepatic LDL receptors (Mahley,
1988). After secretion from the liver as a component of VLDL, apoE redistributes
to enrich chylomicrons, remnant lipoprotein particles and HDL (Fazio et al., 2000).
ApoE associated with lipoprotein particles serves additional functions such as bind-
ing to heparan sulfate proteoglycans to facilitate internalization of the lipoprotein
by cells (Mahley et al., 2006). The rapid removal of chylomicron remnant particles
requires the presence of a cellular pool of apoE. ApoE internalized by hepatocytes
is partially protected from lysosomal degradation and recycles through the Golgi
apparatus, suggesting that recycled apoE may have a physiological role in lipopro-
tein assembly, remnant removal and cholesterol efflux (Fazio et al., 2000). After
receptor-mediated endocytosis, the intracellular fate of the TAG-rich lipoproteins
is very complex and differs from the degradation pathway of LDL (Heeren et al.,
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2006). The majority of TAG-rich lipoprotein-derived apoE remains in peripheral
recycling endosomes. This pool of apoE is then mobilized by HDL or HDL-derived
apoA-I to be recycled back to the plasma membrane; this apoE is secreted into the
extracellular medium where it can participate in the formation of apoE-HDL par-
ticles. The recycling of apoE in murine macrophages occurs via ABCA1 and, in
the presence of apoA-I, recycled apoE exits the cells on HDL-like particles (Hasty
et al., 2005). On the other hand, apoA-I stimulates secretion of apoE indepen-
dently of cholesterol efflux in a human macrophage cell line; this effect reflects
a novel, ABCA1-independent, positive feedback pathway for stimulation of apoE
secretion (Kockx et al., 2004). Intracellular trafficking of recycling apoE in Chinese
hamster ovary cells appears to be linked to cellular cholesterol removal via the
endosomal recycling compartment and PL-containing receptors in an alternative
pathway to that of the ABCA1/apoA-I route (Braun et al., 2006). The relationships
between apoE and ABCA1 for regulating cellular sterol efflux have been examined
in macrophages expressing both apoE and ABCA1. ABCA1 expression is required
for apoE-mediated cholesterol efflux when endogenously synthesized apoE accu-
mulates extracellularly. However, an ABCA1-independent pathway for lipid efflux
that requires the intracellular synthesis and/or transport of apoE also exists (Huang
et al., 2006). Overall, it is clear that the secretion of apoE from macrophages is a
regulated process and that both ABCA1-dependent and -independent pathways exist
(Kockx et al., 2008).

ApoE is the major apolipoprotein in cerebrospinal fluid and it plays a pivotal
role in maintaining cholesterol homeostasis in the brain. The most cholesterol-rich
organ in the body is the brain, which contains some 25% of total body cholesterol;
this cholesterol is a major component of myelin and neuronal and glial cell mem-
branes (Dietschy and Turley, 2001). Nearly all brain cholesterol is synthesized in
situ and it is transported on apoE-HDL particles that circulate in the cerebrospinal
fluid (Pitas et al., 1987; LaDu et al., 2000). ABCA1 and ABCG1 are involved in reg-
ulation of lipid and lipoprotein metabolism in the brain. ABCA1 mediates the initial
lipidation of nascent apoE particles (cf. Section 7.5.2), which are secreted from
both astrocytes and microglia (Hirch-Reinshagen and Wellington, 2007). These dis-
coidal particles are then thought to acquire further lipids from either neurons or glia
through an active transport process mediated by ABCG1 (Kim et al., 2006). This
step, together with the subsequent maturation of the circulating lipoprotein, results
in the spherical apoE-containing particles observed in cerebrospinal fluid. ApoE has
been implicated in the clearance and deposition of amyloid-β in the brain. When
complexed with amyloid-β, apoE facilitates the cellular uptake of amyloid-β via
apoE receptors (Tokuda et al., 2000). ApoE is required for the extracellular depo-
sition of amyloid-β as amyloid and it delays the clearance of amyloid-β across the
blood-brain barrier (Hirch-Reinshagen and Wellington, 2007). It is probable that one
of the major functions of apoE in the central nervous system is to mediate neuronal
repair, remodelling and protection with apoE4 being less effective than the apoE2
and apoE3 isoforms (Mahley and Huang, 1999). ApoE has been linked to the patho-
genesis of Alzheimer’s disease with apoE polymorphism having significant effects
(Roses, 1996). The apoE4 allele is a major susceptibility gene that is associated with
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40–65% of cases of sporadic and familial Alzheimer’s disease; individuals carrying
this isoform have an increased occurrence and reduced age of onset of the disease
(Corder et al., 1993). The apoE2 allele may be even more protective than apoE3
against the development of Alzheimer’s disease (Corder et al., 1994). The mecha-
nisms by which apoE is involved in the pathogenesis of Alzheimer’s disease remain
incompletely understood. Cholesterol homeostasis and trafficking is currently rec-
ognized to participate in aspects of amyloid-β metabolism, but how this may be
related to apoE as a risk factor for Alzheimer’s disease requires further clarification.

7.6 HDL and Inflammation

Inflammation, such as is caused by direct tissue injury induces the acute phase (AP)
response in which the liver increases the synthesis of a number of particular pro-
teins including serum amyloid A (SAA) (O′Brien and Chait, 2006). Macrophages
are mobilized to the injury site where cell death has occurred to remove the
cell debris, such as membranes rich in PL and cholesterol. This movement of
macrophages to the injury site is assisted by HDL, which becomes proinflamma-
tory in the AP response and can induce monocyte chemotaxis (Ansell et al., 2007).
The HDL is also required to mediate RCT and remove the excess cholesterol from
the macrophages. The conversion of HDL from its usual anti-inflammatory condi-
tion to a proinflammatory state during the AP response is caused by the activity
of the AP proteins, SAA and Group IIa secretory phospholipase A2 (Ansell et al.,
2007; Kontush and Chapman, 2006; van der Westhuijzen et al., 2007). The enhanced
expression of these proteins leads to extensive HDL remodelling and lower cir-
culating levels of HDL cholesterol and apoA-I (Jahangiri et al., 2009; van der
Westhuijzen et al., 2007). These changes in HDL are presumably beneficial during
the 24 hours or so of the AP response. However, the presence of proinflammatory
HDL during the chronic inflammation associated with atherosclerosis (Kontush and
Chapman, 2006; O′Brien and Chait 2006) is harmful (Ansell et al., 2007). Although
SAA is a major player in the HDL remodeling that occurs during the AP response,
current understanding of the role of SAA in the inflammatory response and of how
this protein affects HDL metabolism and cholesterol transport is limited.

7.6.1 Serum Amyloid A

SAA consists of four isoforms and, of these, isoforms SAA1 and SAA2 are major
AP response proteins whose plasma concentrations increase by some three orders
of magnitude after injury. Most of the plasma SAA is bound to HDL so that SAA is
the major protein in AP HDL (Tam et al., 2002; van der Westhuijzen et al., 2007).
Human SAA1 and SAA2 each contain 122 amino acids and structure prediction
analysis suggests that about 80% of these residues are located in an N-terminal helix
bundle, with the remainder of the C-terminus being disordered (Stevens, 2004); this
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structure is analogous to that of apoA-I (see Section 7.2.2). Furthermore, SAA con-
tains amphipathic α-helices and can bind to PL to create SAA-PL complexes in
an analogous fashion to apoA-I (Bausserman et al., 1983; Segrest et al., 1976).
However, unlike apoA-I, SAA can directly bind cholesterol in solution with high
affinity to form an equimolar complex (Liang and Sipe, 1995); the N-terminal region
is involved in the binding site (Liang et al., 1996). The lipid-binding capabilities of
the SAA molecule allow it to replace apoA-I on HDL particles and thereby modify
HDL-mediated cholesterol transport (van der Westhuijzen et al., 2007).

Currently, it is thought that the SAA in AP HDL particles is involved in enhanc-
ing removal of cholesterol from macrophages at sites of injury thereby playing a
protective role (Tam et al., 2002; van der Westhuijzen et al., 2007). Consistent with
this concept, like apoA-I, SAA can participate in the various pathways for FC efflux
from macrophages (see Fig. 7.7). Thus, SAA in a lipidated state can mediate cellular
FC efflux via SR-BI (Cai et al., 2005; Marsche et al., 2007) (cf. Section 7.5.3) while
lipid-free SAA promotes ABCA1-dependent FC and PL efflux and nascent HDL
particle assembly (Abe-Dohmae et al., 2006; Stonik et al., 2004) (cf. Section 7.5.2).
AP HDL promotes more FC efflux from cholesterol-loaded macrophages than nor-
mal HDL and this is thought to occur because SAA2 promotes the availability for
export of FC in cells (Tam et al., 2002; van der Westhuijzen et al., 2007). Thus,
peptides from SAA2 have been reported to operate inside macrophages to reduce
acyl CoA-acyltransferase (ACAT) activity and increase neutral CE hydrolase activ-
ity (Tam et al., 2002). These various abilities of SAA to promote cellular cholesterol
efflux lead to the retention of cholesterol efflux capacity in AP plasma despite
marked decreases in HDL cholesterol and apoA-I levels (Jahangiri et al., 2009).

7.7 Summary and Conclusions

Significant progress is being made in understanding the structures of human
exchangeable apolipoproteins, especially apoA-I and apoE. It is established that
the amphipathic α-helical repeats in these proteins are the key structural elements
responsible for the functions of these molecules. The application of protein engi-
neering techniques together with a range of physical-biochemical methods has
shown that apoA-I and apoE adopt two-domain tertiary structures. The α-helices
located in the N-terminal two-thirds of the molecule adopt a helix-bundle confor-
mation while the C-terminal region forms a separately folded, relatively disordered,
domain. ApoA-I and apoE bind to lipid surfaces with high affinity, and this binding
is initiated by the C-terminal domain, which becomes more α-helical upon inter-
action with the lipid. Subsequently, the N-terminal helix bundle domain can open,
allowing helix–helix contacts to be replaced by helix-lipid interactions. ApoA-I and
apoE possess detergent-like properties in that their lipid-binding capabilities permit
them to solubilize vesicular phospholipid and form discoidal HDL particles. The
apoA-I molecules in such particles adopt a ‘double-belt’ conformation with defined
protein-protein contacts that are also maintained in spherical HDL particles. These
structural models are proving valuable for understanding HDL function, but atomic
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level resolution structures are required to elucidate the detailed molecular mecha-
nisms underlying the participation of HDL in the RCT pathway. The heterogeneity
of HDL with regard to particle size, particle shape, protein composition and lipid
composition complicates attempts to derive high resolution structural information.
The lipid-binding and lipid-solubilizing properties of apoA-I and apoE underlie their
abilities to interact with ABCA1, efflux cellular lipids and create nascent HDL par-
ticles. Detailed understanding of why a heterogeneous population of nascent HDL
particles is formed will require more knowledge of the structure and lipid translo-
case activity of ABCA1, as well as of the membrane microenvironment in which
it resides. Good progress is being made in understanding the ways in which apoA-
I-containing HDL particles participate in the reverse transport of cholesterol from
peripheral cells to the liver. Less is known about how apoE-HDL mediates choles-
terol transport in the brain. At this stage, relatively little in structural and mechanistic
terms is known about the effects of natural mutations and oxidative modifications
on the functionalities of apoA-I, apoE and the HDL particles they form.
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Chapter 8
Lipoprotein Modification and Macrophage
Uptake: Role of Pathologic Cholesterol
Transport in Atherogenesis

Yury I. Miller, Soo-Ho Choi, Longhou Fang, and Sotirios Tsimikas

Abstract Low-density lipoprotein (LDL) is a major extracellular carrier of choles-
terol and, as such, plays important physiologic roles in cellular function and
regulation of metabolic pathways. However, under pathologic conditions of hyper-
lipidemia, oxidative stress and/or genetic disorders, specific components of LDL
become oxidized or otherwise modified, and the transport of cholesterol by modified
LDL is diverted from its physiologic targets toward excessive cholesterol accu-
mulation in macrophages and the formation of macrophage “foam” cells in the
vascular wall. This pathologic deposition of modified lipoproteins and the attendant
pro-inflammatory reactions in the artery wall lead to the development of atheroscle-
rotic lesions. Continued accumulation of immunogenic modified lipoproteins and a
pro-inflammatory milieu result in the progression of atherosclerotic lesions, which
may obstruct the arterial lumen and/or eventually rupture and thrombose, caus-
ing myocardial infarction or stroke. In this review, we survey mechanisms of LDL
modification and macrophage lipoprotein uptake, including results of recent in vivo
experiments, and discuss unresolved problems and controversial issues in this grow-
ing field. Future directions in studying foam cell formation may include introducing
novel animal models, such as hypercholesterolemic zebrafish, enabling dynamic in
vivo observation of macrophage lipid uptake.

Keywords Low density lipoprotein · Macrophage · Cholesterol transport · Foam
cell · Atheroscleosis
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Hb hemoglobin
HDL high density lipoprotein
FH familial hypercholesterolemia
LDL low density lipoprotein
LDL-C LDL cholesterol
LDLR LDL receptor
12/15LO 12/15-lipoxygenase
LRP-1 LDL receptor related protein-1
LOX-1 lectin-like oxidized LDL receptor-1
LXR liver X receptors
M-CSF macrophage colony stimulating factor
MPO myeloperoxidase
Nox NADPH oxidase
OxLDL oxidized LDL
(PRRs) pattern recognition receptors
PL phospholipid
PUFA polyunsaturated fatty acids
SR-A scavenger receptor type A
RAGE receptor for advanced glycation end products
SR-BI scavenger receptor type BI
SREC-I scavenger receptor expressed by endothelial cells
SR-PSOX/CXCL16 scavenger receptor for phosphatidylserine and oxidized

lipoprotein/chemokine (C-X-C motif) ligand 16
Syk spleen tyrosine kinase
VLDL very low density lipoprotein

8.1 Introduction

8.1.1 Physiologic Role of LDL in Cholesterol Transport

Cholesterol metabolism is highly regulated and includes dietary delivery, endoge-
nous synthesis as well as numerous pathways for cholesterol utilization. Dietary
lipids are absorbed in the intestine where chylomicrons are synthesized to deliver
nutrient lipids to tissues and the liver. The liver stores cholesterol and fatty acids
and synthesizes VLDL, which is metabolized to LDL intravascularly. LDL then
delivers cholesterol and other lipids to all tissues in the body. One LDL particle car-
ries approximately 600 molecules of free cholesterol, 1600 molecules of cholesteryl
esters, 700 molecules of phospholipids, and 185 molecules of triglycerides. LDL
is recognized by the LDL receptor (LDLR), which is ubiquitously expressed and
mediates LDL internalization. HDL and apoAI then participate in “reverse choles-
terol transport” from cells, including macrophages in the vessel wall, to the liver.
Abnormal regulation or genetic disorders of VLDL, LDL and HDL metabolism are
etiologic factors in many diseases of lipid metabolism and constitute the leading
cause of atherosclerosis.
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8.1.2 Atherosclerosis and the LDL Paradox. Modified LDL

It is now widely accepted that elevated plasma levels of LDL cholesterol (LDL-
C) are the major pathogenic factor in the development of atherosclerosis. Primary
evidence for this is the development of atherosclerosis and myocardial infarc-
tion in children with homozygous familial hypercholesterolemia (FH) (Goldstein
et al., 1983) and the reduction in the incidence of all cause mortality and recur-
rent cardiovascular events with statin therapy, which reduces endogenous synthesis
of cholesterol, upregulates LDL receptors and lowers plasma levels of LDL-C
(Steinberg et al., 2008). Statin therapy results in 20–30% reductions in LDL-C
levels and 20–30% reductions in the incidence of coronary artery disease (CAD).
Even more strikingly, recent studies demonstrated that a 28% reduction in the
LDL-C levels sustained through life, as in patients with loss-of-function muta-
tions in PCSK-9, was associated with an 88% decrease in the risk of CAD (Horton
et al., 2009). Plasma and intracellular PCSK-9 promote degradation of the LDLR,
and the PCSK-9 deficiency leads to a higher abundance of the LDLR on the cell
surface, more efficient LDL removal and reduced LDL-C levels. In contrast, loss-
of-function mutations in the LDLR gene, as in FH patients, result in elevated
levels of LDL-C. Homozygous FH patients have LDL-C levels of 600–800 mg/dl
and often develop myocardial infarction in the first two decades of life (Goldstein
et al., 1983).

Although patients with homozygous FH have very few or no LDL receptors, yet
they accumulate cholesterol in subcutaneous tissues and tendon xanthomas and in
arterial lesions. Therefore, cholesterol accumulation must be occurring by a pathway
other than the LDL receptor. Furthermore, incubation of monocyte/macrophages
with native LDL in vitro does not lead to significant accumulation of cellular
cholesterol (Goldstein et al., 1979).

This apparent “LDL paradox” was explained by demonstrating the presence of
oxidized or modified LDL, which is taken up by macrophages via several mech-
anisms and receptors other than the LDLR and which accumulate in the arterial
walls (Fig. 8.1). Goldstein and Brown (Goldstein et al., 1979) initially described the
“acetyl LDL receptor”, which binds LDL modified in vitro with acetic anhydride.
Unlike the LDL receptor, which is downregulated as the cell cholesterol content
increases, the acetyl LDL receptor was not downregulated, but continued to be fully
active even as the cell cholesterol content increased markedly. Subsequently, the
acetyl LDL receptor was cloned and sequenced, and re-designated the scavenger
receptor, type A, or SR-A (Kodama et al., 1990). Further studies identified a number
of other scavenger receptors as well as non-scavenger receptor-mediated mecha-
nisms of uptake of lipoproteins by macrophages. It was also apparent from the in
vitro experiments that LDL needed to be oxidized or otherwise modified and/or
aggregated, in order to be internalized by macrophages. This led to formulating
the oxidation hypothesis of atherosclerosis, summarized by Steinberg, Witztum and
colleagues in 1989 in their classic article “Beyond cholesterol: Modifications of low
density lipoprotein that increase its atherogenicity” (Steinberg et al., 1989), suggest-
ing that oxidative modifications of LDL promote LDL atherogenicity. In this article,
we will describe mechanisms of LDL oxidation and non-oxidative modification,
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Fig. 8.1 Physiologic and pathologic metabolism of LDL. Native LDL delivers cholesterol and
other lipid nutrients to peripheral cells and is recycled in the liver. These processes are mediated by
the LDL receptor (LDLR) ubiquitously expressed on many cell types. Hypercholesterolemia leads
to LDL accumulation in blood vessel walls. Unlike native LDL, modified LDL is poorly recognized
by the LDLR, but is internalized mostly by macrophages via scavenger receptors-mediated uptake
and other mechanisms discussed in this review. Modified LDL also facilitates the macrophage
uptake of native LDL, like in mmLDL-induced macropinocytosis

including in vitro models as well as in vivo evidence of LDL modification, and
discuss the mechanisms of macrophage lipoprotein uptake. Important mechanisms
of reverse cholesterol transport from lipid-laden macrophages to the liver will be
discussed elsewhere in this journal issue.

8.2 Mechanisms of LDL Oxidation and Enzymatic Degradation

There are now many lines of evidence that oxidation of lipoproteins does occur in
vivo and that this process is quantitatively important. This evidence is summarized
in Box 8.1. The LDL particle is uniquely sensitive to oxidative damage due to its
complex lipid-protein composition. Each LDL particle contains approximately 700
molecules of phospholipids, 185 of triglycerides and 1600 of cholesteryl esters. The
polyunsaturated acyl chains of each of these lipid classes are vulnerable to oxidation,
as are the sterol of cholesteryl esters and 600 molecules of free cholesterol. LDL
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contains one molecule of apolipoprotein B-100, made of 4536 amino acid residues,
with many exposed tyrosines and lysines, which can be directly oxidized or modified
by lipid oxidation products.

Box 8.1 Evidence that LDL undergoes oxidation in vivo

• LDL gently extracted from the atherosclerotic tissue of rabbits and
humans has all of the physical, biological, and immunologic properties
observed with LDL oxidized in vitro

• A small fraction of circulating LDL particles display a number of
chemical indices consistent with early stages of LDL oxidation

• Subtle modifications of LDL render autologous LDL immunogenic;
“oxidation-specific” epitopes are present in atherosclerotic lesions, and
“oxidation-specific” antibodies avidly bind to atherosclerotic lesions

• Autoantibodies to a variety of epitopes of OxLDL can be found in
plasma of experimental animals with atherosclerosis

• The presence of OxLDL in the vessel wall can be imaged in vivo using
radiolabeled oxidation-specific antibodies

8.2.1 LDL Oxidation by Copper

Overnight exposure of LDL to copper sulfate leads to its profound oxidative degra-
dation (Steinbrecher et al., 1984). This type of Cu2+-catalyzed oxidative attack on
the polyunsaturated fatty acids (PUFA) in the sn-2 position of phospholipids may
lead to degradation of 40% of the phosphatidylcholine and 50–75% of the PUFA
(Esterbauer et al., 1987; Reaven et al., 1993). The apoB also undergoes drastic alter-
ations, to a degree where it is no longer recognized by the LDLR. The recognition of
oxidized LDL (OxLDL) by scavenger receptors depends in part upon the generation
of neoepitopes created by the masking of epsilon amino groups of lysine residues
by aldehyde fragments generated from the PUFA. Non-enzymatic oxidation cat-
alyzed by Cu2+ is believed to depend upon the presence of lipid hydroperoxides in
the starting material (Esterbauer et al., 1992). These hydroperoxides are degraded
to peroxy radicals and alkoxy radicals by Cu2+ and in turn, these radicals initi-
ate a chain reaction that generates many more hydroperoxides. The fatty acid side
chains of cholesterol esters are susceptible to oxidative damage and the polycyclic
sterol ring structure of the cholesterol molecule is also subject to oxidative attack.
Incubation of LDL with Cu2+ for even a few hours, or with 15-lipoxygenase, is
sufficient to oxidize it to the point that it develops important new biological prop-
erties (Berliner et al., 1990; Sigari et al., 1997; Miller et al., 2003b). This form
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of LDL, designated mmLDL, or “minimally oxidized LDL”, is still recognized
by the LDLR and it is not, at this stage of oxidation, a ligand for the scavenger
receptors (Berliner et al., 1990; Navab et al., 1996). In vitro experiments have indi-
cated a large number of biological properties that could in principle make mmLDL
proatherogenic (Berliner et al., 2001; Miller et al., 2003a, 2005; Choi et al., 2009;
Bae et al., 2009). Although copper-oxidized LDL is a convenient in vitro model
of OxLDL, copper ions are unlikely to significantly contribute to LDL oxidation
in vivo.

8.2.2 LDL Oxidation by Heme

Divalent iron cations (Fe2+) can also induce LDL oxidation but to a lesser degree
than the Cu2+. However, heme, an iron complex with protoporphyrin IX, is a
strong LDL-oxidizing agent, particularly when activated with low concentrations
of peroxides (Miller et al., 1995). Heme is the oxygen-binding prosthetic group of
hemoglobin. LDL oxidation by hemoglobin (Hb) results in apoB-apoB crosslinking
and in Hb-apoB crosslinking in blood, as well as in robust lipid peroxidation (Miller
et al., 1996; Ziouzenkova et al., 1999). Small amounts of Hb are constantly leaking
from damaged erythrocytes, particularly in the vascular regions with turbulent flow,
such as vessel bifurcations and aortic curvatures. These processes are exacerbated
in hemodialysis patients with high rates of hemolysis, and Hb-induced LDL oxida-
tion has been suggested to significantly contribute to the increased levels of OxLDL
found in the plasma of the patients on hemodialysis (Sevanian and Asatryan, 2002;
Ziouzenkova et al., 2002).

In plasma, the oxidative damage by free Hb is prevented by Hb binding to hap-
toglobin (Miller et al., 1997). In plasma, haptoglobin (Hp) exists as a homodimer,
and each of its monomers could be one of two common allelic variants, Hp1 or Hp2.
The Hp2 variant is less effective than Hp1 in preventing Hb-induced oxidation, and
the anti-oxidative efficiency of Hp2 is further reduced when it is complexed with
glycated Hb1Ac, present in diabetic patients (Asleh et al., 2003). Remarkably, sub-
jects with the Hp2-2 phenotype, found in up to 37% of Caucasians, have a higher
risk of cardiovascular events than the Hp1-1 or Hp2-1 populations (Asleh et al.,
2005). The odds ratio of having CVD in diabetic patients with the Hp2-2 phenotype
is 5 times greater than in the patients with the Hp1-1 phenotype. An intermediate
risk of CVD is associated with the Hp2-1 phenotype (Levy et al., 2002; Roguin
et al., 2003; Burbea et al., 2004).

Furthermore, transgenic Hp2-2 mice on an apoE-/- background and Hp2-2 dia-
betic patients have more iron deposits and lipid peroxidation products, as well as the
macrophage accumulation in atherosclerotic lesions compared to respective Hp1-1
genotypes (Levy et al., 2007; Moreno et al., 2008). Remarkably, antioxidant vitamin
E supplements reduced the incidence of myocardial infarction, stroke and cardio-
vascular death in diabetic Hp2-2 patients by more than 50%, which led to early
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termination of the clinical trial due to obvious beneficial effect of the treatment
(Milman et al., 2008).

Even intact erythrocytes can be a source of catalytically active heme.
Hemoglobin catabolism yields low levels of free hemin (Fe3+), which accumulates
in the erythrocyte membrane. Under normal circumstances, hemopexin and albu-
min clear hemin from the erythrocyte membrane. However, an in vitro study of the
kinetics of hemin clearance demonstrates that under conditions of hyperlipidemia
and inflammation, LDL can transiently bind hemin in whole blood, resulting in LDL
oxidation (Miller and Shaklai, 1999).

8.2.3 Enzymatic and Cell-Mediated Oxidation of LDL

Incubation of LDL with several cell types in vitro accelerates its oxidative mod-
ification. Included among these are endothelial cells, smooth muscle cells and
monocyte/macrophages, i.e. all of the cell types that are found in an atheroscle-
rotic lesion. LDL is oxidized not only within the artery wall but also at peripheral
sites of inflammation (Liao et al., 1994). There are many postulated mechanisms
by which LDL could become oxidized within the artery wall or in plasma. A num-
ber of different enzyme systems, such as lipoxygenases, myeloperoxidase, NADPH
oxidases, and nitric oxide synthases, have been shown to have the potential of
contributing to the oxidation of LDL. Endothelial cells (EC), vascular smooth mus-
cle cells (VSMC), macrophages and neutrophils express one or several of these
enzymes. While macrophages may not be required to initiate LDL oxidation, they
are likely to amplify oxidative reactions in macrophage-rich areas of atherosclerotic
lesions.

8.2.3.1 12/15-Lipoxygenase

Among several mechanisms suggested to explain how LDL is oxidized in vivo,
12/15-lipoxygenase (12/15LO) has been proposed to play a major role (Cyrus et al.,
1999, 2001; Glass and Witztum, 2001; George et al., 2001; Reilly et al., 2004;
Huo et al., 2004). The family of 12/15LO enzymes is conserved between vari-
ous animal and plant species and includes human 15LO, mouse 12/15LO (both
expressed in macrophages), soybean lipoxygenase (SLO) and others (Yamamoto,
1992; Liavonchanka and Feussner, 2006). The classic in vitro reaction of 12/15LO
is the oxygenation of arachidonic acid at carbons 12 and/or 15 (hence the name
of the LO enzyme). 12/15LO is capable of oxygenating not only free fatty acids
(FFA) but also polyunsaturated acyl chains in phospholipids (PL) and cholesteryl
esters (CE) (Yamamoto, 1992). This is in contrast to 5LO, which oxygenates only
FFA. An incubation of LDL with isolated 12/15LO or with the cells express-
ing 12/15LO produces hydroperoxides of three classes, FFA-OOH, PL-OOH and,
most profusely, CE-OOH (Yamamoto, 1992; Ezaki et al., 1995; Belkner et al.,
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1998; Harkewicz et al., 2008). Yoshimoto and co-workers suggested a highly
plausible mechanism of how intracellular 12/15LO mediates oxidation of extra-
cellular LDL and particularly of it’s CE residing in the hydrophobic core of the
lipoprotein (Zhu et al., 2003; Takahashi et al., 2005). According to their hypoth-
esis, LDL binds to macrophage LDL receptor related protein-1 (LRP-1), which
in turn induces 12/15LO translocation from the cytosol to the cell membrane, to
the site of LDL–LRP-1 binding. This would be compatible with plasma mem-
brane translocation of 12/15LO in macrophages during phagocytosis to sites where
apoptotic cells were bound (Miller et al., 2001). At the site of the LDL–LRP-1
complex, LRP-1 initiates an exchange of CE between LDL and the cell, lead-
ing to 12/15LO-mediated oxygenation of the CE in an LRP-1-dependent manner.
Further, LRP-1 contributes to the efflux of oxidized CE back to the LDL parti-
cle. This mechanism agrees well with the known preferential oxygenation of CE
by 12/15LO expressing cells (Ezaki et al., 1995). Accumulation of CE hydroper-
oxides has been documented in human atherosclerotic lesions and in the lesions
of apoE-/- mice fed a high-fat diet (Letters et al., 1999; Upston et al., 2002;
Leitinger, 2003).

The importance of 12/15LO in the development of diet-induced atherosclerosis
has been established in several murine models, including 12/15LO knockout and
transgenic mice (Cyrus et al., 1999, 2001; George et al., 2001; Reilly et al., 2004;
Huo et al., 2004; Poeckel et al., 2009). The 12/15LO-/-, apoE-/- double knockout
mice fed a high-fat diet have less atherosclerosis, significantly lower titers of autoan-
tibodies against OxLDL in plasma and lower isoprostane levels in urine as compared
to apoE-/- mice, indicating that 12/15LO is important in LDL oxidation in vivo
(Cyrus et al., 2001). Overexpression of 15LO in the rabbit or in mouse macrophages
paradoxically reduced atherosclerosis, which may be due to increased synthesis of
15LO-dependent anti-inflammatory eicosanoids (Shen et al., 1996; Merched et al.,
2008).

8.2.3.2 Myeloperoxidase

Myeloperoxidase (MPO) is a heme enzyme secreted by neutrophils and mono-
cyte/macrophages that generates a number of oxidants, including hypochlorous
acid and peroxynitrite, which can initiate lipid and protein oxidation and produce
chlorinated and nitrated LDL. Reactive nitrogen species convert LDL into a high
affinity ligand for CD36, which mediates their uptake by macrophages (Podrez
et al., 2000). More recently, it has been demonstrated that MPO-catalyzed car-
bamylation of LDL converts it into a SR-A ligand (Wang et al., 2007). MPO has
been identified in human atherosclerotic lesions and is of particular interest because
modifications found in human atherosclerosis bear similarities to hypochlorous
acid-mediated derivation of lipoprotein components in vitro (Daugherty et al.,
1994). MPO has been recently shown to specifically bind to HDL within human
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atherosclerotic lesions, with selective targeting of apoAI for site-specific chlori-
nation and nitration by MPO-generated reactive oxidants in vivo. One apparent
consequence of MPO-catalyzed apoAI oxidation includes the functional impairment
of the ability of HDL to promote cellular cholesterol efflux, thereby generat-
ing dysfunctional HDL (Nicholls et al., 2005; Shao et al., 2006). However, in
bone marrow transplantation experiments in which LDLR-/- mice received MPO-
deficient bone marrow progenitor cells, larger lesions were observed than in
LDLR-/-mice transplanted with wild type progenitor cells. Similar results were
seen when MPO-deficient mice were crossed into LDLR-/- mice. This could be
explained by the absence of MPO from murine lesions and the types of MPO-
dependent oxidation products found in human lesions were not present in murine
lesions (Brennan et al., 2001), suggesting that murine MPO could not be directly
related to lesion formation in mice. Overexpression of human MPO in macrophages
transplanted into LDLR-/- mice resulted in increased atherosclerosis burden
(McMillen et al., 2005).

8.2.3.3 Endothelial and Inducible Nitric Oxide Synthases
and NADPH Oxidases

Isolated nitric oxide (product of eNOS or iNOS), superoxide and hydrogen perox-
ide (products of NADPH oxidases [Nox]) are relatively weak oxidizers. However,
nitric oxide and superoxide form peroxynitrite, a strong oxidizing agent, and
hydrogen peroxide is needed for Fenton-type and peroxidase reactions, catalyzed
by iron, peroxidase enzymes, like MPO, hemoglobin or hemin. In addition to
their role in lipoprotein oxidation, many studies suggest that NOS and Nox
enzymes play important signaling roles in many cell types. For example, we
have recently demonstrated that mmLDL activates macrophage Nox2, which
in turn mediates secretion of pro-inflammatory cytokines and VSMC migration
(Bae et al., 2009).

Although one would predict that Nox2 would be proinflammatory, and thus
proatherogenic, conclusive experimental data to support such a role in vivo is not
currently available. The role of Nox components p47phox or gp91phox have been
evaluated in various murine models by examining whole body knockouts in the
background of apoE deficiency (Kirk et al., 2000; Hsich et al., 2000; Barry-Lane
et al., 2001). In one study, the knockout of p47phox decreased lesion formation in
the whole aorta, but not at the aortic root (Barry-Lane et al., 2001). In a second
study, disruption of p47phox led to no changes in lesion formation at the aortic
ring (Hsich et al., 2000). Yet, in a third study, gp91phox knockout led to lowered
plasma cholesterol levels, but no measured decreases in atherosclerosis (Kirk et al.,
2000), which in the setting of lowered plasma cholesterol, might even be inter-
preted as enhanced lesion formation. The reasons for these differences are not clear,
but could be related to a differential impact of Nox on different stages of lesion
development, or to its role in different cell types (Cathcart, 2004). Tissue specific
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knockouts will be required to evaluate the latter possibility. Similarly, conflicting
results have been observed for the contributions of eNOS and iNOS to the develop-
ment of atherosclerosis in mouse models (Detmers et al., 2000; Ihrig et al., 2001;
Shi et al., 2002).

8.2.4 Non-oxidative Enzymatic Modifications of LDL

Subendothelial retention of LDL is a very early step in the development of
atherosclerotic lesions (Tabas et al., 2007). LDL entrapped by extracellular matrix,
particularly by proteoglycans, is vulnerable to hydrolysis by lipases and proteases.
It has been demonstrated that lipoprotein lipase (LpL), secretory sphingomyelinase
(S-SMase), secretory phospholipase A2 (sPLA2), cholesteryl ester hydrolase (CEH),
matrix metalloproteinases (MMP), and plasmin are capable of LDL degradation and
produce atherogenic LDL forms that are rapidly internalized by macrophages and/or
activate inflammatory responses and the complement system (Bhakdi et al., 1995;
Torzewski et al., 2004; Tabas et al., 2007; Fenske et al., 2008; Boyanovsky and
Webb, 2009).

Recent experimental animal studies have convincingly demonstrated the role
of acid SMase and sPLA2 in the development of atherosclerosis. Deletion of the
acid SMase gene Asm, which gives rise to both lysosomal and soluble SMase,
in either apoE-/- or LDLR-/- mice resulted in 40–50% decrease in early foam
cell aortic root lesion area and dramatically reduced subendothelial LDL reten-
tion (Devlin et al., 2008). Two isoforms of sPLA2, group IIa and group V,
have been shown to accelerate atherosclerosis in mouse models (Ivandic et al.,
1999; Bostrom et al., 2007). Like group V sPLA2, the group X enzyme exhibits
the highest phospholipolytic activity toward LDL in vitro (Webb and Moore,
2007), but its role in the development of murine atherosclerosis has not yet been
demonstrated.

8.3 Macrophage Uptake of Modified LDL

Under atherogenic conditions, normal cholesterol transport by LDL to cells
and tissues is partially diverted toward excessive accumulation of cholesterol
in macrophages within the blood vessel walls. Unlike the LDLR, which sur-
face expression is tightly regulated by intracellular cholesterol levels, expression
of scavenger receptors responsible for the uptake of modified LDL lacks this
negative feedback mechanism, therefore mediating massive cholesterol accumu-
lation in the macrophage. Some forms of modified LDL stimulate phagocyto-
sis and macropinocytosis, which also contribute to lipoprotein accumulation in
macrophages. In addition, modified LDL is immunogenic and/or recognized by the
complement system, and is internalized by macrophages as immune complexes via
FcRγ or via complement receptors (Box 8.2).
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Box 8.2 Major pathways mediating uptake of modified LDL
by macrophages

Scavenger Receptor family

• CD36 • LOX-1 • SR-PSOX/CXCL16
• SR-A • RAGE • SREC-I

Macropinocytosis

• TLR4-dependent
• Constitutive

(in M-CSF differentiated macrophages)

Phagocytosis

Uptake of LDL aggregates

LDL Receptor family

• LDLR • LRP-1 • VLDLR

FcR and Complement Receptors

Modified LDL complexes with antibodies, CRP, and complement

8.3.1 Pattern-Recognition Receptors

Pattern recognition receptors (PRRs) are capable of recognizing pathogen-
associated molecular patterns (PAMPs) rather than being strictly specific to individ-
ual ligands. PRRs have been proposed to play physiologic roles in the recognition
and clearance of microbial pathogens and apoptotic cells. It appears that modified
LDL has chemical moieties exposed on its surface that precisely match or closely
resemble PAMPs and, accordingly, are recognized by PRRs.

8.3.1.1 CD36, SR-A and Other Scavenger Receptors

Macrophages express on their surface a large repertoire of PRRs at high densities,
including so-called scavenger receptors that mediate binding and uptake of OxLDL
via actin-independent mechanisms. CD36 and SR-A have the highest affinity for
OxLDL and acetylated LDL and are responsible for up to 90% of their uptake by
macrophages in vitro (Kunjathoor et al., 2002). The CD36-mediated OxLDL uptake
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depends on the activation of Src and JNK kinases (Rahaman et al., 2006). A com-
parison of monocyte/macrophages from patients with a total deficiency of CD36
with normal monocyte/macrophages suggests that about 50% of the in vitro uptake
of OxLDL is attributable to this receptor, under the conditions studied (Yamashita
et al., 2007). However, no complete human data correlating the CD36 deficiency
with atherosclerosis are yet available, and mouse model studies produced mixed
results. Using hypercholesterolemic CD36-/- and SR-A-/- mouse models, several
groups suggested that SR-A and CD36 play quantitatively important roles in medi-
ating uptake of OxLDL and promoting the development of atherosclerosis in apoE-/-

mice (Suzuki et al., 1997; Sakaguchi et al., 1998; Febbraio et al., 2000; Kuchibhotla
et al., 2008). In contrast, a different group demonstrated that SR-A-/-, apoE-/- and
CD36-/-, apoE-/- double knockout mice, although having significant reductions in
peritoneal macrophage lipid accumulation in vivo, had increased atherosclerosis or
no change in the lesion size (Moore et al., 2005). The follow up study by this group
confirmed that even the combined CD36/SR-A deficiency in apoE-/- mice had no
effect on foam cells in atherosclerotic lesions or the lesion size, but revealed reduced
complexity and the size of necrotic areas in the lesions, suggesting the role for CD36
and SR-A in cell death (Manning-Tobin et al., 2009). The discrepancy between the
results received in different laboratories underscores the complexity of the mecha-
nisms of macrophage lipid accumulation and atherosclerosis (Witztum, 2005; Webb
and Moore, 2007).

Recently, new functions for CD36 related to the development of atherosclero-
sis have been suggested. It has been reported that CD36 is involved in oxidized
lipid-induced platelet activation and that it mediates a pro-thrombotic pheno-
type under dislipidemic conditions (Podrez et al., 2007). In addition, CD36 has
been shown to mediate cytoskeletal and Nox activity in macrophages in response
to oxidized phospholipids and beta-amyloid (Moore et al., 2002; Park et al.,
2009).

Other scavenger receptors reported to mediate OxLDL internalization include
lectin-like oxidized LDL receptor-1 (LOX-1), scavenger receptor for phos-
phatidylserine and oxidized lipoprotein (SR-PSOX/CXCL16), scavenger receptor
expressed by endothelial cells (SREC-I), scavenger receptor type BI (SR-BI), CD68,
and receptor for advanced glycation end products (RAGE) (Witztum, 2005; Webb
and Moore, 2007). While inhibition of macrophage scavenger receptor activity
could potentially provide the basis of an anti-atherogenic therapy, it may be the case
that several classes of proteins will have to be targeted simultaneously. Since these
receptors are also involved in clearing microorganisms, enhanced susceptibility to
specific infectious pathogens may also occur. It is also possible that inhibition of
scavenger receptor function could have deleterious effects if they play an important
role in the clearance of apoptotic cells or other critical functions. For example,
although SR-BI binds OxLDL, its major function is to mediate reverse cholesterol
transport by HDL, and SR-BI deletion in apoE-/- mice causes severe atherosclero-
sis with evidence of plaque rupture and acute myocardial infarction, complications
that are rare in other murine models of atherosclerosis (Braun et al., 2002; Huby
et al., 2006).
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8.3.1.2 TLR4 and Macropinocytosis

Toll-like receptors (TLRs) are an important class of PRRs, sensing the presence
of many microbial PAMPs and activating diverse programs of pro-inflammatory
gene expression and cytoskeletal responses. The work from our laboratory has
demonstrated that minimally oxidized LDL (mmLDL) binds CD14, a co-receptor
of TLR4, and activates macrophages via TLR4/MD-2 (Miller et al., 2003b). The
Tabas laboratory has reported that acetylated LDL also signals via TLR4 (Seimon
et al., 2006). mmLDL and its active components, polyoxygenated cholesteryl ester
hydroperoxides, induce extensive membrane ruffling and cytoskeletal rearrange-
ments in macrophages in a TLR4-dependent manner (Harkewicz et al., 2008; Choi
et al., 2009). The membrane ruffles eventually close to form large pinosomes, the
process known as fluid phase uptake, or macropinocytosis (Fig. 8.2). We have
demonstrated that the signalling of mmLDL-induced macropinocytosis includes
the recruitment of spleen tyrosine kinase (Syk) to a TLR4 signaling complex,
TLR4 and Syk phosphorylation, activation of a Vav1-Ras-Raf-MEK-ERK1/2 sig-
naling cascade, phosphorylation of paxillin, and activation of Rac, Cdc42 and
Rho. These mmLDL-induced and TLR4- and Syk-dependent signalling events and
cytoskeletal rearrangements lead to enhanced uptake of small molecules, dextran
and, most importantly, of both native and oxidized LDL, resulting in intracellu-
lar lipid accumulation. Remarkably, TLR4-dependent lipoprotein uptake occurs not
only in differentiated macrophages but also in peripheral blood monocytes. An intra-
venous injection of fluorescently labelled mmLDL in wild type mice resulted in its
rapid accumulation in circulating monocytes, which was significantly attenuated in
TLR4-deficient mice (Choi et al., 2009). As TLR4 is highly expressed on the surface
of circulating monocytes in patients with cardiovascular disease, and cholesteryl
ester hydroperoxides are present and stable in plasma, lipid uptake by monocytes in
circulation may contribute to the pathological roles of monocytes in atherogenesis.

Fig. 8.2 Actin-dependent and –independent mechanisms of modified LDL uptake. Actin-
dependent endocytosis is characterized by robust actin polymerization and formation of membrane
ruffles, which eventually close and form large pinosomes, the process known as fluid phase
uptake, or macropinocytosis. On the right, mmLDL-induced ruffling in macrophages; staining with
FITC-phalloidin (F-actin) and Hoechst (nucleus)
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8.3.1.3 Immune and Complement Complexes

Soluble PRRs, such as IgM and C-reactive protein (CRP), which bind oxidized and
enzymatically modified LDL in plasma and in atherosclerotic lesions, can in turn
bind complement and undergo enhanced binding via complement receptors (Bhakdi
et al., 1995; Hartvigsen et al., 2009). In addition, oxidized and other modified LDL
are immunogenic, and OxLDL/IgG complexes are found in plasma. These immune
complexes can be internalized via Fc receptors (Virella and Lopes-Virella, 2008).

8.3.2 Constitutive Macropinocytosis

Monocyte differentiation into macrophages in atherosclerotic lesions requires
macrophage colony stimulating factor (M-CSF). The osteopetrotic mouse, which
carries a naturally occurring mutation in the gene encoding M-CSF and exhibits a
near complete absence of macrophages, is extremely resistant to the development of
atherosclerosis when bred to apoE-deficient mice, despite an increase in circulating
cholesterol levels (Qiao et al., 1997). Because M-CSF-dependent differentiation of
monocytes in vitro leads to the development of a macrophage phenotype character-
ized by constitutive macropinocytosis, Kruth, Jones and colleagues have suggested
that foam cell formation in atherosclerotic lesions can occur due to increased
uptake of native LDL mediated by scavenger receptor-independent macropinocy-
tosis (Jones et al., 2000; Kruth et al., 2005; Zhao et al., 2006). Macropinocytosis
in M-CSF-differentiated macrophages is inhibited by agonists of liver X receptors
(LXR), suggesting an additional mechanism by which LXR agonists may inhibit
macrophage cholesterol accumulation and atherosclerosis (Buono et al., 2007).
Importantly, a macropinocytosis-type uptake of fluorescent nanoparticles, which are
the size of LDL, by macrophages, has been convincingly demonstrated to occur in
murine atherosclerotic lesions (Buono et al., 2009).

8.3.3 Phagocytosis and Patocytosis of Aggregated LDL

Disruption of LDL integrity often leads to its aggregation. For experimental pur-
poses, LDL aggregation can be achieved simply by a vigorous shaking (vortexing)
of a test tube for 1 minute. More relevant to atherogenesis, aggregation is often a
result of enzymatic hydrolysis of LDL by sPLA2, S-SMase, and proteases or by
their combination, or extensive oxidation of LDL, as well as of the LDL reten-
tion by extracellular matrix in the subendothelial space (Oorni et al., 2000; Sakr
et al., 2001). Aggregated LDL is taken up by macrophages via a phagocytic mecha-
nism, which, similarly to macropinocytosis, requires intact actin cytoskeleton (Khoo
et al., 1988). An alternative mechanism is patocytosis, which involves degradation of
aggregated LDL by macrophage-released plasmin and subsequent uptake of cleaved
fragments (Kruth, 2002). It has been reported that group V sPLA2-modified LDL
binds syndecan-4, which in turn mediates PI3K-dependent uptake of modified LDL
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(Boyanovsky et al., 2008). Because sPLA2-modified LDL readily aggregates and
the PI3K activity is needed for both macropinocytosis and phagocytosis, it is diffi-
cult to discern which of these two actin-dependent processes are more relevant to
the sPLA2-modified LDL uptake.

8.3.4 LDLR Family Receptor-Mediated Uptake

Aggregated LDL as well as VLDL and triglyceride-rich remnant lipoprotein bind
to the LDLR, LRP-1, and VLDLR on the cell surface, and mediate selective uptake
of components of these lipoprotein particles. Thus, similarly to the mechanism of
LDL oxidation by 12/15LO (see Section 8.2.3.1), LRP-1 mediates selective uptake
of cholesteryl esters from aggregated LDL, without any involvement of cytoskele-
tal proteins (Llorente-Cortes et al., 2006). These cholesteryl esters are stored in
lipid droplets, cannot be removed by HDL-mediated reverse cholesterol transport,
and induce expression of adipocytes differentiation-related protein (Llorente-Cortes
et al., 2006, 2007).

8.4 Future Directions

Oxidative and/or enzymatic modifications of LDL, uptake of modified LDL by
macrophages and the formation of cholesterol-laden macrophage foam cells are
rate-limiting processes of atherogenesis. Arguably, targeting foam cells in fatty
streaks early would effectively treat atherosclerosis and prevent its subsequent com-
plications (Steinberg et al., 2008). Although several molecular mechanisms leading
to foam cell formation, as outlined in this review, have been proposed, controversy
still surrounds their importance. Even less is known about the temporal and quan-
titative contributions of such mechanisms in fatty streak formation. The problem
with interpreting the results of in vitro experiments studying modified LDL uptake
by macrophages is that the relative abundance of a specific modified LDL species
in vivo is unknown and may be different at different stages during the progression
of atherosclerosis. Thus, given a variety of the uptake mechanisms, it is difficult to
quantify their significance in atherogenesis. New approaches need to be developed
to address these problems.

8.4.1 Zebrafish Model for Studying Early Events
in Atherogenesis

One of the approaches that could be helpful in understanding the quantitative sig-
nificance of different mechanisms of macrophage lipoprotein uptake would be to
determine individual rates of in vivo lipid uptake via specific mechanisms and then
build a cumulative model of foam cell formation. This challenging task could be
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accomplished using a novel hypercholesterolemic zebrafish model, as we suggested
in a recent paper (Stoletov et al., 2009). In this work, we transplanted genetically
modified mouse macrophages into zebrafish larvae in which a high-cholesterol diet
has induced the formation of fatty streaks. Because zebrafish larvae are transpar-
ent and we used fluorescently labelled cells and dietary lipids, we were able to
monitor macrophage lipid uptake in vivo, directly in the environment of a fatty
streak. Using this model, we found that the rate of in vivo lipid uptake by TLR4-
deficient macrophages was significantly lower compared to the uptake by wild type
macrophages, supporting the results of our in vitro experiments (Choi et al., 2009;
Stoletov et al., 2009). Similar measurements with macrophages lacking other recep-
tors and signalling molecules discussed in this review will produce a set of rate
constants that could be used in putting together a computational model of foam
cell formation. Because the majority of the cellular aspects of macrophage biology
are conserved from worms to mammals, such a quantitative model will be useful in
understanding the processes of atherogenesis in humans and enable informed design
of therapies targeting foam cells. An advantage of the optically transparent zebrafish
model is that, unlike in cell culture experiments in which lipoproteins are modified
in vitro, in these settings, macrophages are exposed to a multitude of lipoprotein
modifications occurring in vivo.

8.5 Summary

Pathologic cholesterol transport by modified LDL results in cholesterol accumu-
lation in the arterial walls and in a variety of pro-inflammatory pathways that
lead to development of atherosclerotic lesions and, in humans, clinical events
manifested by death, myocardial infarction, stroke and peripheral arterial disease.
These multifaceted processes involve a variety of mechanisms of LDL modifi-
cation and complex pathways of lipoprotein macrophage uptake. Understanding
the most significant elements of these processes and designing efficient therapies
targeting excessive cholesterol accumulation in macrophages will have important
implications for the treatment of atherosclerosis.
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Chapter 9
Cholesterol Interaction with Proteins
That Partition into Membrane Domains:
An Overview

Richard M. Epand, Annick Thomas, Robert Brasseur, and Raquel F. Epand

Abstract Biological membranes are complex structures composed largely of pro-
teins and lipids. These components have very different structural and physical
properties and consequently they do not form a single homogeneous mixture.
Rather components of the mixture are more enriched in some regions than in
others. This can be demonstrated with simple lipid mixtures that spontaneously
segregate components so as to form different lipid phases that are immiscible
with one another. The segregation of molecular components of biological mem-
branes also involves proteins. One driving force that would promote the segregation
of membrane components is the preferential interaction between a protein and
certain lipid components. Among the varied lipid components of mammalian
membranes, the structure and physical properties of cholesterol is quite differ-
ent from that of other major membrane lipids. It would therefore be expected
that in many cases proteins would have very different energies of interaction
with cholesterol vs. those of other membrane lipids. This would be sufficient to
cause segregation of components in membranes. The factors that facilitate the
interaction of proteins with cholesterol are varied and are not yet completely under-
stood. However, there are certain groups that are present in some proteins that
facilitate interaction of the protein with cholesterol. These groups include satu-
rated acyl chains of lipidated proteins, as well as certain amino acid sequences.
Although there is some understanding as to why these particular groups favour
interaction with cholesterol, our knowledge of these molecular features is not
sufficiently developed to allow for the design of agents that will modify such
binding.
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9.1 Lipid Mixtures That Spontaneously Segregate
into Cholesterol-Rich Domains

9.1.1 Lipid Mixtures Exhibiting Liquid–Liquid Phase
Immiscibility

In the last several years, the phase properties of a mixture of equimolar concentra-
tions of three lipids, dioleoyl phosphatidylcholine (DOPC), cholesterol and a high
melting lipid of bovine brain sphingomyelin or dipalmitoyl phosphatidylcholine
(DPPC) have been studied (Veatch et al., 2004;Veatch and Keller, 2005a,b). When
sphingomyelin is used as the high melting lipid, this lipid mixture corresponds to the
major lipid components of the outer leaflet of mammalian cell plasma membranes.
It is also similar to the mixture of lipids found in the low density detergent insol-
uble fraction of these membranes (Brown and London, 2000). It has been pointed
out that the lipid in this detergent insoluble fraction, also called detergent resistant
membranes (DRM), is not necessarily equivalent to a pre-existing domain in the
membrane (Lichtenberg et al., 2005).

9.1.2 The Liquid Ordered Phase

Lipid mixtures of the type described above that exhibit liquid-liquid immiscibility
have two physically different kinds of liquid phases – a common kind of liquid dis-
ordered phase as well as a liquid ordered phase that may be particular for phases
enriched with a sterol (Ipsen et al., 1987; Zuckermann et al., 2004). The difference
between the two kinds of liquid phases is that the acyl chains of the phospholipids
in the liquid ordered state are largely extended, resembling the acyl chain conforma-
tion observed in the solid or gel phase. However, both the liquid ordered and liquid
disordered phases are liquid phases and exhibit rapid lateral mobility, a characteris-
tic of a liquid phase. The putative “raft” domains in biological membranes (Simons
and Ikonen, 1997) are thought to be in the liquid ordered state (Lingwood et al.,
2008; Risselada and Marrink, 2008).

9.1.3 Comparison Between the Domains Formed in Simple Lipid
Mixtures and Those of Biological Membranes

One obvious difference between the domains in model membranes and those in
biological membranes is the presence of proteins in the later system. In addition,
most model system studies are done with membrane bilayers that do not exhibit
transbilayer asymmetry, while surface membranes of mammalian cells exhibit large
differences between the extracellular and cytoplasmic leaflets. However, there is
also a more subtle difference that is yet to be fully explained and that is the size
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of the membrane domains that are formed. It has recently been suggested that
cytoskeletal obstacles may cause domains to break up into small size units (Yethiraj
and Weisshaar, 2007). An alternative explanation of the formation of transient
small domains is that they represent critical fluctuations (Honerkamp-Smith et al.,
2009). In the case of the model membranes showing liquid-liquid immiscibility, the
domains are of the order of microns in size and can be easily visualized by light
microscopy. However, unless a cell is stimulated or molecular components of rafts
are crosslinked, mammalian cells do not exhibit raft-like domains that are detectible
by light microscopy. This finding has led to a prolonged controversy as to whether
“raft” domains exist in biological membranes. There is little controversy regarding
the question of whether there are domains in biological membranes. There is much
evidence to indicate a large transmembrane asymmetry, with both the lipid and pro-
tein compositions being different for each monolayer. In addition, many studies have
shown the presence of lateral inhomogeneity in the membrane, indicating the pres-
ence of domains within each monolayer of the membrane. However, a more difficult
question is whether any of these domains should be classified as membrane “rafts”.
Part of the difficulty comes from an evolving definition of what constitutes a “raft”
domain. A recent version of the definition of rafts is that they are small, highly
dynamic microdomains of eukaryotic plasma membranes that function to compart-
mentalize several membrane-associated cellular processes (Pike, 2006). In practice,
a membrane raft has often been defined empirically by the criterion used for its
identification. A simple criterion that had been used defined a raft as the low density
membrane fraction that was insoluble in 1% Triton X-100 at 4◦C (Brown and Rose,
1992). The highly empirical nature of this criterion is illustrated by the fact that
variation of the concentration of the detergent, the nature of the detergent or the tem-
perature of solubilization, caused a change in the fraction of the membrane that was
detergent insoluble. In addition, a more fundamental criticism was raised that the
detergent caused a rearrangement of molecular components of the membranes such
that the detergent insoluble fraction was formed as a consequence of the addition of
the Triton and was not pre-existing in the membrane (Heerklotz, 2002).

Although the nature and even the very existence of “raft” domains in membranes
is not completely resolved, there is a microdomain with many of the characteris-
tics of “rafts” that is well described and understood in greater detail. These are the
caveolae. Caveolae are domains that, like rafts, are enriched in sphingomyelin and
cholesterol. They differ from rafts by concentrating the protein caveolin into this
domain. Caveolin plays an important function in maintaining the integrity of this
domain (Parton and Simons, 2007). This protein also is likely responsible for the
characteristic morphology of this domain 50–80 nm diameter, flask-shaped invagi-
nations in the plasma membrane. These domains are not present in all cells but are
specific for cells that have a high capacity for endocytotic or transcytotic transport,
such as endothelial, epithelial or phagocytic cells. Caveolae, like rafts (Simons and
Toomre, 2000), are believed to function in signal transduction but are also involved
in a separate pathway for endocytosis, including the uptake of certain pathogens
(Parton and Simons, 2007; Harris et al., 2002).
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9.1.4 Detection of Rafts in Biological Membranes

The detailed characterization of “floating rafts”, i.e. cholesterol and sphingomyelin-
rich domains that are not part of caveolae, but rather are free floating in the
membrane, is a theme that is currently an active area of investigation. We describe
the current state of progress.

Although individual raft domains are too small to visualize by light microscopy,
there are conditions in which domains coalesce to form larger, micron-size struc-
tures. One of the common ways of visualizing raft domains by fluorescence
microscopy is with the use of a fluorescently-labelled B-subunit of cholera toxin
that has specificity for binding to the ganglioside GM1, a marker lipid for raft
domains. Since cholera toxin is pentavalent, it causes the formation of patches of
GM1 resulting in the aggregation of rafts to form structures that can be visual-
ized by light microscopy (Brown and London, 2000; Harder et al., 1998; Kusumi
and Suzuki, 2005). An alternative approach to labelling individual molecules in
membranes in order to avoid the probe inducing the formation of domains or pro-
moting the merger of existing domains is to use a monovalent antibody directed
against a membrane component. Such monovalent antibodies can be produced in
Llama glama, an animal that makes antibodies devoid of light chains and therefore
do not aggregate antigens (Conrath et al., 2003). Such antibodies have been used
for FLIM studies to evaluate the enlargement of membrane domains following the
activation of the EGF receptor (Hofman et al., 2008). FLIM has also provided evi-
dence for the presence of submicron lipid domains in biological membranes (Stockl
et al., 2008).

Since the cytoplasmic leaflet of the plasma membrane is often the monolayer
that is more directly involved in signal transduction pathways (Simons and Ikonen,
1997), it is important to show that raft domains are present in both leaflets of the
plasma membrane. Evidence for the presence of cholesterol-rich domains on the
cytoplasmic leaflet comes from studies using labelled perfringolysin O (see also
Chapter 22), a cytolysin that binds specifically to cholesterol. The toxin could be
expressed within the cell as a fusion protein with the Green Fluorescent Protein.
Its punctate binding to the plasma membrane was evidence for the presence of
cholesterol-rich domains on the plasma membrane (Hayashi et al., 2006).

9.1.5 Properties of Rafts in Biological Membranes

Phospholipids in the liquid ordered state are considered to have lateral mobility
similar to that found in the liquid phase but have extended and more ordered acyl
chains, resembling the gel phase. Despite the rapid lateral mobility expected in rafts,
about a two-fold difference can be detected between the diffusion constant of lipids
in the liquid ordered and that in the liquid disordered phase in model membranes
(Dietrich et al., 2001). In addition to this slower rate of diffusion, it can be observed
by single particle tracking that both raft associated lipids as well as proteins in the
membranes of murine fibroblasts do not diffuse freely through the membrane but are
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trapped in regions termed transient confinement zones (TCZ) (Dietrich et al., 2002).
The size of these TCZs were found to be ~700 nm with an average residence time
of about 13 seconds (Schutz et al., 2000), although there was some heterogeneity
between raft domains (Drbal et al., 2007). It should be realized that the formation
of a TCZ can have several causes including being located in rafts, interacting with
the actin cytoskeleton (Langhorst et al., 2007) or with other proteins (Douglass and
Vale, 2005). Gold-labelled GPI-anchored proteins have been found to be transiently
confined to a smaller area of ∼100 nm diameter (Dietrich et al., 2002). A laser trap
was employed to confine the motion of a bead bound to a raft protein to an area
of about 100 nm in diameter. Local diffusion of this protein was then followed by
high resolution single particle tracking. A domain size of ∼25 nm was measured,
from which the protein did not leave over the time course of the experiment of
10 minutes (Pralle et al., 2000). Recently, stimulated emission depletion (STED) far-
field fluorescence nanoscopy was employed to image very small and transient raft
domains (Eggeling et al., 2009). It was found that sphingolipids and GPI-anchored
proteins are transiently trapped for ∼10–20 ms in cholesterol-dependent domains
that are <20 nm in diameter.

In addition to the imaging methods described above, it is possible to use flu-
orescent properties to obtain information about domains at a shorter length scale.
These methods include fluorescence quenching, Forster resonance energy transfer
(FRET), and fluorescence lifetime imaging microscopy (FLIM). In model sys-
tems the detailed analysis of FRET and FLIM results indicate the presence of
small domains in certain lipid systems, with diameters approaching that which are
expected for lipid rafts in biological membranes (Loura et al., 2009; de Almeida
et al., 2009). Using FRET data, Meyer et al. (2006) concluded that G-protein
coupled receptors were concentrated 80-fold into domains whose size was below
10 nm diameter. In another study FRET was measured between CFP and YFP
proteins. It was shown that the extent of FRET was not sensitive to the aggrega-
tion state of the individual proteins and that fixing the cells significantly increases
intramolecular FRET efficiency (Anikovsky et al., 2008). FRET has also been
used to demonstrate the cholesterol-dependence of the interactions of proteins
in the case of the interaction of the tetanus neurotoxin with Thy-1 (Herreros
et al., 2001) and between BACE, the β site of amyloid precursor protein-cleaving
enzyme, and the low density lipoprotein receptor-related protein (von Arnim
et al., 2005).

9.1.6 Transbilayer Coupling and Rafts

As mentioned above, biological membranes exhibit marked transbilayer asymme-
try. Some of the important functions ascribed to rafts involve proteins that reside
on the cytoplasmic leaflet of the membrane and are involved in signal transduction
events within the cell. However, the prominent lipid components of rafts are choles-
terol and sphingomyelin. In the plasma membrane, sphingomyelin is primarily on
the extracellular leaflet of the membrane. How then are the sphingomyelin-rich raft
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domains of the extracellular leaflet related spatially and functionally with the sig-
nal transduction proteins on the inner leaflet, whose function is also thought to be
dependent on being in a raft domain?

Workers in the laboratory of Lukas Tamm have greatly advanced our understand-
ing of the relationship of membrane domains and transbilayer asymmetry (Kiessling
et al., 2009). They have overcome several technical difficulties in order to study this
issue with the use of asymmetric supported bilayers. To measure lipid asymme-
try, Tamm and colleagues adopted the method of fluorescence interference contrast
microscopy to obtain rates of lipid flip-flop (Crane et al., 2005). They showed that
flip-flop rates could be slowed and asymmetry maintained with the use of a polymer
cushion between the asymmetric bilayer and the solid support (Kiessling and Tamm,
2003; Wagner and Tamm, 2000). Using known lipid compositions for each mono-
layer in the supported bilayer system that corresponded to the lipid compositions
of the cytoplasmic and extracellular leaflets of the plasma membrane of eukaryotic
cells, these workers showed a colocalization of liquid-ordered domains on each of
the monolayers (Wan et al., 2008). This work demonstrated, in a simple controlled
model system, that there could be transbilayer coupling in a raft-like domain. Such
a property explains how signal transduction across the cell membrane could occur
in the raft domains of biological membranes.

9.2 Perturbation of Phase Behaviour by Proteins

The phase behaviour of lipid mixtures have been extensively studied, and mix-
tures have been identified that exhibit liquid-liquid phase immiscibility. However,
to relate this information to the properties of biological membranes one must also
take into account the presence of proteins in the membrane. Proteins would in
general be expected to interact with different affinities to different lipids. This is
particularly true for the relative affinities of the protein to cholesterol compared
with phospholipids. Cholesterol has a very different chemical structure to phospho-
lipids, as well as different physical properties, being generally more hydrophobic
and also having a more rigid, less flexible structure. Proteins will promote the for-
mation of cholesterol-rich domains if they preferentially interact with cholesterol.
However, the formation of cholesterol-rich domains will also be facilitated in cases
in which proteins have a lower tendency to bind cholesterol compared with phos-
pholipids (Epand et al., 2004). One can think of this as being analogous to the
role of polyunsaturated acyl chains in promoting the formation of raft domains by
excluding cholesterol (Soni et al., 2008). With regard to proteins and cholesterol
in membranes, in general one would anticipate that proteins would be excluded
from cholesterol-rich domains because such domains are more tightly packed and
rigid and therefore it is more difficult for other materials to mix with this region
of the membrane. Thus, in general one would anticipate that membrane proteins
would facilitate the formation of cholesterol-rich domains by being excluded from
interactions with cholesterol.
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9.3 Proteins Favouring Colocalization with Cholesterol

However, there are also proteins that have favourable interactions with cholesterol
and are found in cholesterol-rich domains to stabilize them. This may have an
important functional role to group interacting proteins together in a more concen-
trated form within a domain. The motifs that promote interaction of proteins with
cholesterol are not completely understood. There certainly are proteins that prefer-
entially partition into raft domains. For example, the transmembrane segment of the
influenza virus hemagglutinin has been found to sequester to raft domains (Scolari
et al., 2009). However, the features of transmembrane segments that favour parti-
tioning into raft domains are not known. There are also roles for segments near
the membrane interface that recognize cholesterol. Some of the features of these
proteins favouring interaction with cholesterol will be discussed below.

9.3.1 Lipidated Proteins

Just as polyunsaturated acyl chains disfavour interaction with cholesterol, so do cer-
tain lipid moieties that are covalently linked to proteins. In general the partitioning
of lipidated proteins between cholesterol-rich and cholesterol-poor domains can be
rationalized in terms of the compatibility of the lipid chain to pack together with
cholesterol in the membrane. Thus, polyunsaturated acyl chains are highly flexi-
ble and disordered and hence mix poorly with the more rigid domains containing
cholesterol with its fused ring system. Acylation is a post-translational modification
of proteins that adds rigid saturated acyl chains, either as myristic acid on the N-
terminal amino group of Gly or as palmitic acid on cysteine residues (Brown and
London, 2000; Resh, 2004; Chakrabandhu et al., 2007; Resh, 2006). These satu-
rated acyl chains behave in a manner opposite to the polyunsaturated acyl chains
and favour interaction with the rigid cholesterol ring. Another example is the cova-
lent attachment of cholesterol moieties that because of their smooth, regular surface
would also partition with cholesterol-rich domains (Karpen et al., 2001). The oppo-
site situation occurs with prenylated proteins that are excluded from raft domains
because of the rough contour of their lipid chain with protruding methyl groups
(Melkonian et al., 1999). GPI-linkage is another motif of lipidated proteins that par-
tition into raft domains (Morandat et al., 2002; Sharom and Lehto, 2002; Milhiet
et al., 2002; Wang et al., 2002; Sharma et al., 2004). The structure of the GPI
linkage is that it has a phosphatidylinositol (PtnIns) moiety that is further glyco-
sylated on the inositol sugar of the PtnIns headgroup. The most abundant form of
PtnIns in mammalian membranes is 18:0/20:4. The arachidonoyl chain at the sn-2
position of glycerol would inhibit partitioning into a raft domain. However, it has
recently been found that there is remodelling of the acyl chains of PtnIns when it
is converted to the final GPI anchor that is then linked with proteins (Houjou et al.,
2007; Maeda et al., 2007; Kinoshita et al., 2008). The arachidonoyl (20:4) chain of
PtnIns is replaced by a stearoyl (18:0) group in the final form of the GPI anchor that
would be expected to partition well into raft domains. Some GPI groups have an
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ether linkage in the sn-1 position as a 1-alkyl, 2-acyl-PI derivative (McConville and
Ferguson, 1993; Redman et al., 1994). Thus the acyl chain composition of the GPI
anchor in nucleated cells is uncommon, by having a saturated acyl chain at the sn-2
position. This acyl chain replacement takes place in the Golgi apparatus (Fujita and
Jigami, 2008). The importance of acyl chain remodelling of GPI-proteins is demon-
strated by the fact that knockout mice defective in this function died quickly after
birth and had developmental defects (Ueda et al., 2007).

An exception to this general motif of GPI groups with two saturated acyl chains
has been found with the GPI-proteins of human erythrocytes. The GPI group in these
proteins maintains an unsaturated acyl chain in the sn-2 position but in addition
has a third acyl chain as a palmitoyl group linked to the 2-position of the inositol
ring. Thus, these proteins have two saturated acyl chains and one unsaturated one
(Roberts et al., 1988; Rudd et al., 1997).

9.3.2 CRAC Motif

Apart from the roles of lipidation, there has been limited progress in identifying
the properties that determine the partitioning of proteins among different lipids. The
first difficulty in formulating general rules about which protein sequences would
favour interaction with cholesterol in biological membranes, is to divide membrane
proteins into those that associate with “rafts” and those that do not. A simple way
of doing this is by use of the DRMs, but this criterion for raft association has its
own caveats. Nevertheless, there are proteins for which there is good evidence that
they interact with cholesterol and that cholesterol may even be required for the func-
tioning of these proteins. Among these proteins there has been identified a common
motif that has been termed the cholesterol recognition/interaction amino acid con-
sensus (CRAC) motif (Li and Papadopoulos, 1998). A CRAC motif is defined as
one with the pattern –L/V-X1-5-Y- X1-5-R/K-. There is only one position, the Y
residue, which is a unique residue. The first residue can be either L or V and the last
residue, either of the two basic amino acids, R or K. One of the difficulties about
this pattern is that there are two variable segments, X1-5, each of which can have
any length between 1 and 5 residues, as well as any kind of sequence. The loose-
ness of this definition has been pointed out by Palmer (Palmer, 2004). He noted
that the genome of Streptococcus agalactiae encodes 2094 known and hypothetical
proteins. Since bacteria do not synthesize or contain cholesterol, almost all of these
proteins will probably have no functional relationship with cholesterol whatsoever.
The CRAC sequence occurs 5,737 times among these proteins, corresponding to 2.7
occurrences per protein, or to 1 occurrence in every 112 amino acids. The situation
is similar with Staphylococcus aureus and of Escherichia coli. This makes clear
the fact that the CRAC algorithm has limited predictive value in determining which
proteins sequester into raft domains. Nevertheless, among proteins that are known
to interact with cholesterol, many of them are found to contain CRAC segments. In
such cases these segments likely play a role in the interaction with cholesterol. In
addition, if one also requires that the CRAC segment be juxtaposed at the membrane
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interface, generally by being adjacent to a transmembrane segment, then the corre-
lation between the presence of this segment and cholesterol interaction is found to
be more reliable.

Two lines of evidence have been used to test the relationship of CRAC segments
with function. One is to mutate the CRAC segment in the protein and determine
if this alters function and/or interaction with cholesterol-rich domains. An alter-
native strategy is to utilize a peptide corresponding to the CRAC domain and test
if the peptide has the ability to preferentially interact with cholesterol. The use of
such peptides has advantage that their interactions with membranes of defined lipid
composition can be accurately determined. Of course, the two approaches are not
mutually exclusive and mutations in the CRAC domain in an intact protein can also
be studied by using peptides with modified sequences.

Several proteins have been identified as interacting with cholesterol and having a
CRAC segment adjacent to a transmembrane helix (Epand, 2006). We will mention
two recently identified examples. One of them is the major protein of peripheral
myelin, the P0 protein. This protein undergoes a cholesterol-dependent conforma-
tion change (Luo et al., 2007). This protein has a single transmembrane domain.
It has a CRAC motif on both sides of the transmembrane segment. The sequence
VTLYVFEK fulfils the requirements of a CRAC domain and is located on the amino
terminal side of the transmembrane segment, which would correspond to the extra-
cellular side of the membrane. On the carboxy-terminal side of the transmembrane
segment is the sequence LFYLIR that is also a CRAC motif. Cholesterol is required
for the formation and compaction of myelin. It was also demonstrated by labelling
with a photo-activatable cholesterol that there is direct interaction between choles-
terol and the P0 protein (Saher et al., 2009). Cholesterol also plays a role in the
exiting of the P0 protein from the endoplasmic reticulum (ER), although choles-
terol is not required for the exit of another major protein of peripheral myelin, the
myelin-associated glycoprotein (MAG). We also discuss below the role of choles-
terol in preventing escape of another protein, SCAP, from the ER. Mutating the
cytoplasmic CRAC domain of the P0 protein from LFYLIR to LFSLIL resulted
in the exit from the ER being independent of the presence of cholesterol (Saher
et al., 2009).

Another recent example of the role of a CRAC segment in the interaction with
cholesterol is the cytolethal distending toxin C of Aggregatibacter actinomycetem-
comitans (CdtC). This toxin is not an integral membrane protein and does not
have any transmembrane segments. Nevertheless, it has been shown that this toxin
sequesters to membrane microdomains (Boesze-Battaglia et al., 2006; Shenker
et al., 2005). In addition, the localization of CdtC to these domains is prevented
by cholesterol depletion, as is the cytotoxicity of this protein (Boesze-Battaglia
et al., 2009). These workers also identified a CRAC segment on the toxin with
the sequence LIDYKGK. The toxin binds preferentially to liposomes containing
cholesterol and mutation of the required Y residue to P resulted in reduced binding
to cholesterol-containing membranes as well as to the surface of target cells, result-
ing in lower toxicity (Boesze-Battaglia et al., 2009). This CRAC domain is part of an
amphoteric protein and thus the CRAC domain is not adjacent to a transmembrane
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segment, but is rather exposed on the surface of the protein, making it accessible for
binding to cholesterol in target membranes.

There are several cases of fusion proteins of enveloped viruses that have CRAC
domains adjacent to a transmembrane segment. One example that has been more
extensively studied is the gp41 fusion protein of HIV-1. This protein has a CRAC
domain on the extracellular side of the membrane that is adjacent to the transmem-
brane segment of this protein. This region of the gp41 has been suggested to be
important for membrane fusion (Munoz-Barroso et al., 1999; Salzwedel et al., 1999;
Lorizate et al., 2008; Saez-Cirion et al., 2003, 2002; Suarez et al., 2000; Apellaniz
et al., 2009; Vishwanathan and Hunter, 2008) and it is also a target for developing
vaccines (Huarte et al., 2008a,b; Lorizate et al., 2006; Sun et al., 2008).

Cholesterol was found to be required for HIV infection (see also Chapter 2)
(Liao et al., 2001; Sarin et al., 1985; Schaffner et al., 1986) as well as for fusion
promoted by synthetic peptides that include the membrane proximal region (Liao
et al., 2001; Shnaper et al., 2004). In addition, depletion of cholesterol from target
membranes results in the loss of HIV infectivity (Liao et al., 2003; Viard et al., 2002;
Graham et al., 2003). An indication that cholesterol is important for the membrane
interactions of HIV is the finding that the cholesterol/phospholipid ratios in the viral
membrane of HIV are generally higher than that of the host membranes (Aloia et al.,
1993), although the exact increase varies from strain to strain and also depends on
other factors including the growth conditions and the type of target cell used. It has
been suggested that the HIV envelope has a lipid composition that would have raft-
like properties (Brugger et al., 2006). HIV viral membrane proteins have also been
shown to sequester into cholesterol-rich raft domains in the membrane during viral
assembly (Leung et al., 2008). Cell membrane raft domains are important for viral
entry and assembly (Luo et al., 2008). Cholesterol may be particularly important for
viral fusion and internalization since these processes are inhibited by lowering viral
membrane cholesterol even though membrane binding is not inhibited (Guyader
et al., 2002). Another indication of the importance of cholesterol for viral fusion
is that removing the receptor for HIV, CD4, from raft domains by mutating the
receptor results in the inhibition of HIV-1 infection (Del Real et al., 2002). The
chemokine co-receptor of HIV-1 also has to be colocalized into raft domains (Popik
et al., 2002).

The CRAC sequence that is adjacent to the transmembrane domain in the gp41
protein is LWYIK. This small segment has been demonstrated to interact with
cholesterol by measuring the binding of a fusion protein of a segment of gp41 that
is N-terminal to the transmembrane segment and the maltose binding protein bind-
ing with cholesterol-hemisuccinate agarose (Vincent et al., 2002). This work further
demonstrated that the short peptide, LWYIK, was inhibitory to this interaction. In
addition, we have shown that N-acetyl-LWYIK-amide can induce the segregation
of cholesterol into cholesterol-rich domains in mixtures with 1-stearoyl-2-oleoyl
phosphatidylcholine (SOPC) and that the aromatic groups of this peptide will pen-
etrate more deeply into bilayers containing cholesterol than to membranes of pure
phosphatidylcholine (Epand et al., 2003). A recent report has shown that a mutation
of gp41 that deletes the LWYIK segment still appears to translocate to cholesterol
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domains (Chen et al., 2009). However, the criterion for raft association used in this
work is that the protein be located in the detergent resistant membranes (DRM).
This is not a very good criterion and has been put into question in recent years. Even
using this criterion, Chen′s results would be hard to explain based on sequestration
of the protein to a particular domain. Why would deleting LWYIK cause a very large
increase of this protein in DRM? All the mutants show increased DRM partitioning.
It suggests that deleting residues in this region facilitates protein aggregation in the
presence of Triton so that the mutated protein is not solubilized. In addition, how-
ever, this study demonstrates the lower fusogenic ability of the mutant proteins and
suggests that the LWYIK segment promotes the enlargement of fusion pores and is
involved in postfusion events (Chen et al., 2009).

There is thus good evidence that the segment LWYIK interacts with cholesterol
and has a functional role in the fusion of HIV-1. The segment LWYIK fulfils the
requirements of a CRAC motif. We have used the segment LWYIK to test how
well the CRAC algorithm predicts the functioning of variations of this sequence.
There is only one residue that is uniquely required in the CRAC motif, the Y
residue. However, there are variants of HIV-1 known in which this Y (residue 681)
of gp41 is substituted with S, making it a non-CRAC sequence. It is possible that
this substitution makes the virus bind less well to cholesterol, but it still retains some
infectivity. It should also be pointed out that both Y and S have OH groups in the
side-chain that may have similar H-bonding functions. In addition to these mutant
strains of HIV-1, there is also HIV-2 and several strains of SIV that have the seg-
ment LASWIK in place of the CRAC domain of HIV-1. This sequence has some
cholesterol-sequestering activity, but less than that of LWYIK (Epand et al., 2005).
This suggests that HIV-2 may have less dependence on the presence of raft domains
in target membranes compared with HIV-1. This is supported by the observation
that glycosphingolipids, components of raft domains, are required for the entry of
HIV-1 (Hug et al., 2000; Rawat et al., 2004; Viard et al., 2004), while HIV-2 does
not require the presence of glycosphingolipids for fusion (Hug et al., 2000). Since
HIV-2 fusion is independent of the raft lipids, glycosphingolipids, it is likely also
independent of the presence of rafts. Thus raft domains may be less important for
the infectivity of HIV-2 compared with HIV-1.

We further evaluated how changes in the sequence LWYIK affected the interac-
tion of peptides with membranes with and without cholesterol. In many cases we
also compared these peptides with the consequences of the corresponding changes
in sequence of the intact gp41 protein of HIV on the efficiency of membrane
fusion. The three positions are required by the CRAC motif are L/V, Y and K/R.
For LWYIK this corresponds to the first, third and fifth residue. We compared
a group of peptides in which we did not replace the W or I residues. We made
a series of N-Acetyl-peptide-amides in which the first, third and fifth residues
of LWYIK are substituted. Among the peptides used the native sequence of this
CRAC domain, N-acetyl-LWYIK-amide, is the most potent in segregating choles-
terol followed by N-acetyl-LWFIK-amide, and then N-acetyl-LWYIR-amide and
N-acetyl-LWYIH-amide that have comparable potencies (Epand et al., 2006). N-
acetyl-LWWIK-amide and N-acetyl-LWLIK-amide have still weaker potency and
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N-acetyl-IWYIK-amide is the poorest in forming regions in the membrane devoid
of cholesterol. Differences in membrane partitioning among the peptides did not
account for these results. The behavior of these peptides is not completely pre-
dicted by the CRAC algorithm. The peptide N-acetyl-LWFIK-amide is not formally
a CRAC peptide and it is not as selective as N-acetyl-LWYIK-amide in sequester-
ing cholesterol at low concentration, however it is more potent than another peptide
that does correspond to a CRAC motif, N-acetyl-LWYIR-amide. Interestingly, the
weakest peptide in sequestering cholesterol is N-acetyl-IWYIK-amide, which is not
a CRAC motif. The two peptides that are the most different from the average are the
LWYIK that sequesters cholesterol the best and IWYIK that is weakest in seques-
tering cholesterol. These results support the concept of CRAC sequences being
required to sequester cholesterol. However, the other peptides do not quantitatively
fit in with the CRAC algorithm, suggesting that these rules are suggestive, but have
limited predictive power.

Even though LWYIK and IWYIK have such large differences sequestering
cholesterol, the two peptides differ only in the movement of a CH3 group from
one carbon atom to another. We extended this comparison to include the other
amino acids with aliphatic side chains, i.e. A and V. Substitution of either of
these two amino acids in the first position of LWYIK produced a peptide (all as
N-acetyl-peptide-amides, but for simplicity only the sequence of the peptide por-
tion is indicated) with intermediate cholesterol-sequestering ability between that of
LWYIK and IWYIK (Vishwanathan et al., 2008a). This also shows the limitations
of the CRAC algorithm in being a quantitative predictive method, since VWYIK is
also a CRAC sequence, like LWYIK, but is much less active. The results also illus-
trate that the behaviour of these peptides is not simply the result of differences in
hydrophobicity since VWYIK and AWYIK are at opposite ends of the hydropho-
bicity scale for this group of peptides, yet they have about the same behaviour.
It appears that the native sequence, LWYIK, is the most effective in sequestering
cholesterol.

One of the factors that may contribute to decreased cholesterol sequestering abil-
ity is conformational flexibility since residues with a branched chain at the β-carbon,
i.e. I or V in the first position of the CRAC segment result in poor cholesterol
sequestering activity. We therefore systematically substituted either G, P or A in
positions 2 or 4 of LWYIK to replace W and I (Vishwanathan et al., 2008b). These
are the variable positions of the CRAC sequence; hence all of these peptides were
CRAC motifs. The residues were chosen so as to maximize conformational flexi-
bility with G, an amino acid with only a H-atom on the α-carbon; or to minimize
conformational flexibility with P, an amino acid with limited conformational flex-
ibility because of a ring structure implicating the backbone. The peptide with the
greatest conformational flexibility had the largest effect in sequestering cholesterol.

A search was made for the most favorable conformation of LWYIK and analogs
using PepLook (Thomas et al., 2006). The energy of peptide conformations was
calculated by an all atom description of structures with the addition of van der
Waals, electrostatic, internal and external hydrophobicity energy terms. When struc-
tures were calculated in water, the contribution of solvent was accounted for by an
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external hydrophobicity energy term where the solvent-accessible surface of atoms
was calculated (Thomas et al., 2004; Brasseur, 1995; Lins et al., 2003). From the
500,000 calculated models, generally 99 or in some cases 999 of the most stable
conformations were saved. Calculations were run either in conditions of implicit
water, lipids or at a membrane interface. We found that the mean force potential
(MFP) of the LWYIK 3D models at the interface were the largest, supporting the
conclusion that this peptide has the best intrinsic possibilities of stability especially
in a membrane interface. All 3D models of the peptides LWYIK, IWYIK, AWYIK
and VWYIK prefer being at the membrane interface rather than in water or in the
lipid core. The most stable at the interface is IWYIK, the difference with LWYIK
being small. Interestingly, IWYIK has the largest structure diversity at the interface,
more than LWYIK, AWYIK or VWYIK. IWYIK shows 5 different structures at the
interface whereas there are only 2 for LWYIK and 3 for AWYIK and VWYIK. Next
we analyzed the cholesterol-peptide interaction: all peptides generated electrostatic
interactions with the OH group of cholesterol, at least as a H-donor or as a H-
acceptor, but none was simultaneously a H-acceptor and donor as found for LWYIK.
This double interaction satisfies all polar possibilities of cholesterol. Cholesterol in
a membrane normally interacts as an H-donor with PC. The presence of LWYIK
in a membrane will impair that possibility and thus should facilitate the segrega-
tion of cholesterol away from PC. A possibility that would explain the calorimetric
data (Vishwanathan et al., 2008a) is that the structural diversity of IWYIK allows
it to bind either PC or cholesterol polar headgroups, whereas the optimal binding
cavity of LWYIK for the polar head of cholesterol with a well positioned H-donor
and H-acceptor will prevent the cholesterol from any other specific interaction with
PC or other lipids (Fig. 9.1). Hence, LWYIK selectivity would be linked to a pref-
erential interaction with cholesterol resulting in a displacement of the cholesterol
binding capacities. This analysis extends to the double mutants at positions 2 and 4

Fig. 9.1 One of the low energy complexes of LWYIK with cholesterol. Left is stick model with the
dual H-bonding donor and acceptor interactions of the peptide with the OH group of cholesterol.
Right is space-filling model illustrating the potential favorable packing of an aromatic side chain
of the peptide with the cholesterol ring system
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of LWYIK. We calculated that as expected LGYGK has the largest plasticity with
a RMS deviation of the 999 PepLook models of up to 4 Å, the most constrained
peptide being LPYPK. When we sorted the PepLook models of lower energy at the
membrane interface and ranked them by delta energy we noticed that LWYIK has
wider energy pits than LPYPK. Therefore, LPYPK is both structurally and energet-
ically restricted, LGYGK has wider structural and energy possibilities, and LWYIK
with intermediate structural possibilities has the best capacity of energy stabiliza-
tion. This again demonstrates that LWYIK is the peptide that shows the greatest
stability at a membrane interface.

Computer modeling studies show that the major factors contributing to the dif-
ferences among these peptides include their structural flexibility, their position at
the interface and their mechanism of interactions with cholesterol. However, in
some conditions, more frequent with other peptides, aromatic groups stack with
the A ring of cholesterol. The Y residue of the CRAC motif of the benzodiazepine
receptor is also important for interaction with cholesterol (Jamin et al., 2005). A
model was presented for the interaction of the CRAC motif of the peripheral-type
benzodiazepine receptor and cholesterol. The modelling of LWYIK indicates that
aromatic groups are likely important for stacking with cholesterol, but the con-
formation of the peptide and its presentation to the membrane are also important
in determining its ability to preferentially bind and to increase the possibility of
forming cholesterol-rich regions in the membrane. The central Y residue in LWYIK
may have a particular role in stabilizing interactions with cholesterol by forming
H-bonds. However, as expected because of the short length and flexibility of these
peptides, this feature is necessary for cholesterol selectivity but is not sufficient.
Changing K for R decreases this capacity because the polar head of R tends to force
the peptide outward towards the water and decreases the structural flexibility at the
interface.

In collaboration with Eric Hunter and Sundaram A. Vishwanathan at the Emory
Vaccine Research Center, Atlanta, GA, we have also made mutations in the gp41
fusion protein of HIV-1 that corresponded to some of the peptides that we had
studied with regard to preferential interaction with cholesterol. The juxtamembrane
CRAC domain in the gp41 protein of HIV-1, LWYIK, corresponds to residues 679
to 683 of the intact protein. The fusion efficiency of L679I, L679A and L679V were
all between 69 and 79% that of the wild-type protein, as assessed by the luciferase
assay. The L679I mutant showed the least fusion, while the L679A and L679V
showed similar patterns (A being slightly higher than V). The β-galactosidase assay
gave similar results. The average number of nuclei per syncytium is lowest for I,
and highest for A (Vishwanathan et al., 2008a). The results agree with another
report qualitatively showing reduced fusogenicity of the L679A mutant (Zwick
et al., 2005). There is only a small reduction in cell surface expression of any of
the mutants, relative to the wild-type protein taken as 100%. Expression levels for
the mutant (as % of wild type) were 79 ± 13 for L679A; 77 ± 12 for L679V; 73 ±
11 for L679I. The difference in cell surface expression among the mutants is small
and within experimental error. However, the mutants have a slightly lower level of
expression than the wild-type protein. This could make a small contribution to, but
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not fully account for, the weaker fusogenic activity of the mutants compared with
the wild-type gp41. Previous studies from the Hunter laboratory demonstrated that
in order to obtain a 50% decrease in fusion from the Env of SIV a 10-fold difference
in expression level was required (Lin et al., 2003). In the present study a decrease
of approximately 20% in the expression level leads to almost a 50% decrease in the
number of nuclei per syncytia demonstrating that the reduction in fusion cannot be
accounted for by the small differences in expression level.

There is a very good phenomenological correlation between the behavior of these
protein segments with model membranes with regard to interaction with cholesterol
and the fusogenic potency of mutant forms of the gp41 protein of HIV expressed
in cells. One would not expect an exact agreement, as other factors in addition to
cholesterol interactions undoubtedly affect fusogenic activity. This correlation holds
reasonably well within this set. We can also compare the mutations and peptides
expected to have a high degree of conformational flexibility. The fusion efficiency
of W680G, I682G was somewhat less than the wild type, but was much greater than
for L679G, Y681G or Y681G, K683G. All three of these mutations corresponded
to replacing two residues of the LWYIK segment with G. The W680G, I 682G is
the only one of the three peptides that has a CRAC domain and it also is potent in
sequestering cholesterol. However, the interaction with cholesterol is not the only
factor determining the fusogenic activity of the mutant forms of gp41. Thus, the
L679I mutant has about the same fusogenic activity as does the W680G, I682G
mutant. Nevertheless, the peptide LGYGK is much more effective in sequestering
cholesterol (Vishwanathan et al., 2008b) than is the peptide IWYIK (Vishwanathan
et al., 2008a). This supports the CRAC hypothesis for cholesterol interactions since
LGYGK is a CRAC sequence but IWYIK is not. Although LGYGK has a stronger
interaction with cholesterol than IWYIK, L679I and the W680G, I682G gp41
mutants have comparable fusogenic activity. Changing L to I involves only mov-
ing a methyl group from one carbon atom to another, while the W680G, I682G
mutant replaces two hydrophobic, bulky residues with two that are small, confor-
mationally flexible and not hydrophobic in a region of gp41 that is invariant. It is
thus remarkable that this drastic change in the LWYIK segment of gp41 results in
retaining 70% of the fusion activity, the same amount that is seen with a simple shift
of a methyl group. There are undoubtedly other factors, in addition to the interac-
tion with cholesterol that will determine the biological properties of these mutants.
Nevertheless, within a similar series of mutations the correlation between the pep-
tide affecting cholesterol distribution and the fusogenic activity of the mutant gp41
is good. In addition, the fact that we can make a drastic change in the LWYIK seg-
ment of gp41, and still retain considerable fusogenic activity as well as cholesterol
sequestering ability (with the W680G, I682G mutant), is good evidence that interac-
tions of this region of the protein with cholesterol play an important, but not unique
role, in viral fusion.

It is also interesting to consider how cholesterol could affect the interaction of the
intact HIV with membranes since there has been some imaging of the native struc-
ture of Env on the surface of the virion. One study proposed a splayed-legs model for
Env wherein the Env trimer positions itself in the viral membrane like a tripod (Zhu
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et al., 2006). This model suggests extensive interaction of gp41 molecules with the
viral membrane, and possible interaction of the Env with cholesterol-rich membrane
domain on the target cell membrane. This could affect Env stability and subsequent
internalization. However, there is an alternate model (Zanetti et al., 2006) in which
a compact stalk-like Env structure interacts with membranes. In this model there is
less interaction of gp41 monomers with the membrane and more with each other.
For this model it is difficult to visualize the possible affects of modifications of the
CRAC segment on viral entry. Thus, our results indicate that the CRAC domain is
important for gp41-induced cell-cell fusion. It is not certain what its importance is
for viral-cell fusion. Based on the model presented by (Zhu et al., 2006), it would
be likely that this lipid interaction also has a role in virus–cell fusion.

9.3.3 Sterol-Sensing Domains

A type of cholesterol recognition domain that is very different to the short interfacial
segments of the CRAC motif is the sterol-sensing domain. This domain contains
five transmembrane helices and is found in several proteins that are involved in
cholesterol homeostasis, including the enzymes 3-hydroxy-3-methylglutaryl coen-
zyme A reductase (HMG-CoA reductase) and 7-dehydrocholesterol reductase that
are required for the biosynthesis of cholesterol (Kuwabara and Labouesse, 2002).
The enzyme HMG-CoA reductase catalyzes the first step in cholesterol biosyn-
thesis and it is the target for statins, a group of cholesterol-lowering drugs. The
rate of cholesterol biosynthesis is also regulated at the level of transcription of
cholesterol-synthesizing enzymes. This regulation is indirectly determined by the
level of cholesterol in the ER (Goldstein et al., 2006). The cholesterol sensor in the
ER is the SCAP protein (SREBP-cleavage activating protein) that contains a sterol-
sensing domain (Levine, 2004). SCAP binds to cholesterol with a high degree of
cooperativity resulting in a sensitive control of the cholesterol concentration in the
ER (Radhakrishnan et al., 2008). Cholesterol in the ER is also responsive to changes
in the level of cholesterol in other cell membranes, in particular the plasma mem-
brane that has a much higher concentrations of cholesterol. It has been suggested
that the concentration of cholesterol normally in the plasma membrane corresponds
to a region in the phase diagram that is very sensitive to cholesterol concentration,
which may result in the plasma membrane concentration of cholesterol regulating
the rate of transport of this sterol to the ER (Radhakrishnan and McConnell, 2000).
SCAP functions by carrying the sterol response element binding protein (SREBP)
to the Golgi where SREBP is cleaved. A portion of SREBP then translocates to
the nucleus where it acts as a transcriptional regulator of cholesterol-synthesizing
enzymes. Cholesterol levels in the ER regulate the exit of this protein to the Golgi
together with the transcription factors. When the cholesterol concentration is high,
SCAP binds to cholesterol and adopts a conformation that allows it to bind to
INSIG-1, an integral membrane protein of the ER, retaining the complex in the
ER. This interaction is also sensitive to increased levels of expression of INSIG
that can lower the concentration of cholesterol required to retain SCAP in the ER
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(Radhakrishnan et al., 2008). In this way the cholesterol level in the ER, by binding
to SCAP, can turn off its own synthesis.

There are several residues in SCAP that are important for its biological function.
In particular, there is a segment YIYF corresponding to residues 298–301 of SCAP
that is required for binding of SCAP to INSIG (Yang et al., 2002; Yabe et al., 2002).
When SCAP is mutated to replace the Y-298 with C, the protein is not prevented by
high cholesterol concentrations from escorting SREBP to function as a transcription
factor, resulting in greater cholesterol synthesis (Brown et al., 2002). The impor-
tance of this segment is also indicated by the finding that the two Y residues in YIYF
are conserved from human, hamster, C. elegans and D. melanogaster. The segment
YIYF also occurs in HMG-CoA reductase, another protein with a sterol-sensing
domain. In both cases, the YIYF is present at the C-terminal end of a transmembrane
helix. In the case of SCAP the topology of the protein puts YIYF at the cyto-
plasmic side of the ER, while with HMG-CoA reductase it is on the luminal side.
Interestingly, although both SCAP and HMG-CoA reductase bind to INSIG, their
fate is quite different. HMG-CoA reductase is ubiquitinated and rapidly degraded,
while SCAP is retained in the ER. SCAP exhibits a high degree of cooperativity
in binding to cholesterol (Radhakrishnan et al., 2008), perhaps as a consequence of
this protein having a tendency to oligomerize into a tetramer (Radhakrishnan et al.,
2004), resulting in cholesterol biosynthesis being turned on and off over a narrow
range of cholesterol concentrations.

In order for SCAP to dissociate from INSIG and be escorted out of the ER, the
cholesterol concentration must be low, which results in a conformational change
in SCAP, as detected by the appearance of new proteolytic cleavage sites (Adams
et al., 2004; Brown et al., 2002). In sterol-depleted cells a small GTP binding pro-
tein, Sar1, binds to the ER and attracts Sec23 and Sec24. The Sec24 then binds
to SCAP by interacting with a site on a cytoplasmic loop between helices 6 and 7
(Sun et al., 2005). Interestingly, the segment YIYF, that we suggested above inter-
acts with cholesterol, is on an adjacent cytoplasmic loop between helices 2 and 3.
Low cholesterol concentrations would result in the dissociation of cholesterol from
binding to the YIYF segment and thereby freeing access to the adjacent cytoplasmic
loop to bind the segment of SCAP with the sequence MELADL (Sun et al., 2005).
The binding of Sec24 to this site mediates the binding of COPII coat proteins result-
ing in SCAP and SREBP exiting the ER in the form of COPII-coated vesicles that
bud from the ER membrane (Fig. 9.2).

In support of the role of the YIYF segment in SCAP for binding to cholesterol,
we have studied the ability of the peptide N-acetyl-YIYF-amide to form cholesterol-
rich domains in bilayers of SOPC and cholesterol using DSC. We find that the
peptide has no effect on the phase transition of pure SOPC, but it markedly raises
the enthalpy of the gel to liquid crystalline phase transition of this phospholipid in
mixtures with 30 or 40 mol% cholesterol. We interpret these findings to indicate
that the peptide is very potent in recruiting cholesterol into a domain, leaving the
remainder of the membrane partially depleted of cholesterol. In addition, this pep-
tide promotes the crystallization of anhydrous cholesterol even in mixtures of SOPC
with only 30 mol% cholesterol and 5 mol% N-acetyl-YIYF-amide (unpublished



270 R.M. Epand et al.

Fig. 9.2 A cartoon model of the polytopic protein SCAP with its 8 transmembrane helices. The
protein is embedded the ER membrane and the cytoplasmic and ER Lumen sides are indicated.
The 6 transmembrane helices corresponding to the sterol-sensing domain (SSD) are indicated. A
cholesterol molecule is shown between helices 1 and 2 to illustrate its potential interaction with the
YIYF sequence in the extramembranous loop between helices 2 and 3. Binding of cholesterol to
SCAP causes the protein to be retained in the ER by binding to INSIG. Export of SCAP requires
the binding of other proteins, beginning with the binding of Sec24 to the segment MELADL in
the extramembranous loop between helices 4 and 5. We suggest that the juxtaposition of the loop
between helices 2 and 3 with the loop between helices 4 and 5 prevents Sec24 and cholesterol
binding simultaneously to SCAP

observations). Thus, the segment YIYF segment can itself contribute to cholesterol
sequestration. This sequence occurs at the end of a transmembrane helix, a prop-
erty shared with many CRAC domains that have been identified as functioning in
cholesterol binding.

9.4 Summary and Future Perspectives

The interaction of proteins with cholesterol results in biological consequences of
great significance. These include the determination of the organization of the mem-
brane and the rearrangement of molecular components into domains, regulation of
the rate of cholesterol biosynthesis, the transfer of cholesterol within the cell and
the functioning of a class of bacterial toxin that is dependent on interactions with
cholesterol for its action. In the present review we have focused on two examples of
very different kinds of cholesterol binding motifs. One of these is the CRAC motif
of short protein segments that interact with cholesterol at the membrane interface.
The second is the sterol-sensing domain that is a large protein segment that includes
five transmembrane helices.

The CRAC domain is a small segment of a protein that interacts preferentially
with cholesterol over phospholipids. Although the CRAC algorithm predicts a very
large number of potential cholesterol-binding sequences and may therefore be of
limited predictive value, there are examples of many proteins that have CRAC
domains that are important for interaction with cholesterol and for the control of
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protein function. We use as a specific example the juxtamembrane CRAC domain
of the gp41 fusion protein of HIV-1. Analysis of this segment by studying native
and modified peptides interacting with lipid membranes, the mutation of the intact
viral gp41 protein and its effect on membrane fusion as well as in silico modelling
studies have contributed to understanding some of the factors by which this CRAC
domain interacts with cholesterol.

We discuss the sterol-sensing domain in the context of the SCAP protein.
Although this domain is large, it appears that certain small critical regions play
major roles in cholesterol recognition. Important functional regions of this protein
are the adjacent extramembranous loops on the cytoplasmic side of the ER mem-
brane. One of these loops contains the sequence YIYF that is required for interaction
with cholesterol while the adjacent loop contains the sequence MELADL that is the
site of binding of Sec24. We suggest that there is interaction between these two
sites resulting in competitive binding. When cholesterol is bound on the extramem-
branous loop between helix 2 and helix 3 it prevents Sec24 from binding at the
adjacent loop. In this state SCAP binds to INSIG and is retained in the ER. When
cholesterol is low and is not bound to SCAP, then Sec24 binds to the extramembra-
nous loop between helix 4 and helix 5 and SCAP resulting in SCAP leaving the ER
together with SREBP. The sterol-sensing domain is large and has other functions in
addition to binding to cholesterol.
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Chapter 10
Caveolin, Sterol Carrier Protein-2, Membrane
Cholesterol-Rich Microdomains
and Intracellular Cholesterol Trafficking
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Barbara P. Atshaves, Gregory G. Martin, and Ann B. Kier

Abstract While the existence of membrane lateral microdomains has been known
for over 30 years, interest in these structures accelerated in the past decade due to
the discovery that cholesterol-rich microdomains serve important biological func-
tions. It is increasingly appreciated that cholesterol-rich microdomains in the plasma
membranes of eukaryotic cells represent an organizing nexus for multiple cellular
proteins involved in transmembrane nutrient uptake (cholesterol, fatty acid, glucose,
etc.), cell-signaling, immune recognition, pathogen entry, and many other roles.
Despite these advances, however, relatively little is known regarding the organi-
zation of cholesterol itself in these plasma membrane microdomains. Although a
variety of non-sterol markers indicate the presence of microdomains in the plasma
membranes of living cells, none of these studies have demonstrated that cholesterol
is enriched in these microdomains in living cells. Further, the role of cholesterol-
rich membrane microdomains as targets for intracellular cholesterol trafficking
proteins such as sterol carrier protein-2 (SCP-2) that facilitate cholesterol uptake
and transcellular transport for targeting storage (cholesterol esters) or efflux is only
beginning to be understood. Herein, we summarize the background as well as recent
progress in this field that has advanced our understanding of these issues.
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CT-B cholera toxin subunit B
DChol 6-dansyl-cholestanol
DHE dehydroergosterol
DiD 1,1′-dioctadecyl-3,3,3′,3′-

tetramethylindodicarbocyanine,
4-chlorobenzenesulfonate salt(DiIC18(5))

DRM detergent resistant membranes
FRET fluorescence resonance energy transfer
HDL high density lipoprotein
L-FABP liver fatty acid binding protein
LSCM laser scanning confocal microscopy
MPLSM multiphoton laser scanning microscopy
MβCD Methyl-β-cyclodextrin
NBD-cholesterol 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-

23,24-bisnor-5-cholen-3β -ol
Pgp P-glycoprotein
PM plasma membrane
N-Rh-DOPE 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-

N-(Lissamine Rhodamine B Sulfonyl) (Ammonium
Salt)

SCP-2 sterol carrier protein-2
SRB1 scavenger receptor B1

10.1 Introduction

Cholesterol is the driving force for lipid-rich microdomain formation in plasma
membranes (Bretscher and Munro, 1993), providing a platform for several pro-
teins known to regulate uptake and transport of cholesterol (Fig. 10.1) (Everson
and Smart, 2005; Parathath et al., 2004; Connelly and Williams, 2004; Yancey
et al., 2003), fatty acids (Ortegren et al., 2007), and glucose (Saltiel and Pessin,
2003; Vainio et al., 2005; Ikonen and Vainio, 2005). The microdomain concept,
despite continually evolving details, provides a framework for understanding loca-
tion and function of receptors, transport/translocase proteins, and downstream
signaling molecules. Despite the importance of cholesterol for the very existence of
microdomains, little is known regarding the properties of cholesterol therein—either
in peripheral cells serving as cholesterol donors in reverse cholesterol transport or
in hepatocytes, which are key for the net removal of cholesterol from the body
as well as in transport and metabolism of both fatty acids and glucose. Likewise,
the role of intracellular cholesterol-binding proteins in mediating cholesterol trans-
fer from plasma membrane cholesterol-rich microdomains is only beginning to be
resolved.
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Fig. 10.1 Proposed mechanisms for transhepatocyte transport of HDL-derived cholesterol for
efflux into bile. Spontaneous diffusion through aqueous cytosol (dotted line), vesicular trans-
port (endocytosis), lateral diffusion through plasma membranes, and protein-mediated transport
(SCP-2, L-FABP). Basolateral membranes, white; canalicular membranes, green; cholesterol-
rich microdomains, purple; endocytosed cholesterol-rich microdomain surrounding HDL, purple
sphere; HDL, yellow; lipid droplet, gray. CEL, carboxyl ester lipase; ACAT, acyl CoA cholesterol
acyltransferase; mCEH, neutral cholesterol ester hydrolase; PM, plasma membrane; C, cholesterol;
CE, cholesterol ester; TG, triacylglycerol; PC, phosphatidylcholine; BS, bile salts

10.2 What Are “Cholesterol-Rich and -Poor Microdomains”?

As evidenced by over 5,000 publications in little over a decade, lipid-rich
microdomains have become a major focus in biomembrane research (Schroeder
et al., 2005; Pike, 2006). Lipid-rich microdomains are defined as small, highly
dynamic, cholesterol- and sphingolipid-rich domains that compartmentalize cellu-
lar processes and can be stabilized to form larger platforms through protein-protein
and protein-lipid interactions (Pike, 2006). These domains, also rich in saturated
or monounsaturated fatty acylated phospholipids, are physically distinct, liquid-
ordered structures intermediate between fluid liquid-crystalline and rigid gel phases
(Schroeder et al., 2005; Gallegos et al., 2006; Shahedi et al., 2006; Atshaves
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et al., 2007c). Lipid-rich microdomains range in size from 1-10 nm (single annular
shells of cholesterol surrounding lipids or proteins) to >1 μm (including opti-
cally visible microvilli, filopodia, pseudopodia) (Schroeder et al., 2005). Although
caveolin-1 was initially thought to be required for directing formation of remark-
ably stable cholesterol-rich microdomains enriched with a variety of proteins
involved in cholesterol uptake/efflux, signaling, and other processes, similarly-sized
microdomains also exist in cells lacking caveolin-1—suggesting that “caveolae”
are a subset of cholesterol-rich microdomains within the plasma membrane (Smart
and van der Westhuyzen, 1998; Schroeder et al., 2005; Pike, 2006). Although
biochemical cell fractionation techniques have been used to isolate cholesterol-
rich microdomains, the isolation methods are critical: (i) Quantity and purity vary
dramatically depending on isolation method; (ii) Detergent (detergent resistant
membranes, DRM) or high pH carbonate buffer-based preparations contain up to
30-75% contaminating non-microdomain and intracellular proteins. DRMs also
exhibit artifactual sterol crystals, abnormal sterol flux, are unresponsive to intracel-
lular cholesterol transfer proteins, and should not be identified with cholesterol-rich
microdomains; (iii) Detergent-free, high pH carbonate-free methods for isolat-
ing cholesterol-rich microdomains from purified plasma membranes (e.g. affinity
chromatography) are the least perturbing and simultaneously resolve highly puri-
fied cholesterol-rich and -poor microdomains (Gallegos et al., 2006; Schroeder
et al., 2005; Storey et al., 2007a; Foster et al., 2003; Babiychuk and Draeger,
2006; Feul-Lagerstedt et al., 2007; Lichtenberg et al., 2005). Little is known about
cholesterol-poor microdomains, since only recently were techniques developed that
isolate these microdomains in sufficient purity and quantity (Atshaves et al., 2003,
2007a; Gallegos et al., 2004; Storey et al., 2007a). With regards to the existence
of cholesterol-rich and -poor microdomains in plasma membranes of living cells,
evidence of such was previously only inferred through indirect markers. However,
recent real-time imaging studies of fluorescent sterols provide evidence for the
existence of cholesterol-rich microdomains in plasma membranes of living cells.

10.3 How Is Cholesterol Organized Within Plasma
Membranes?

Within model membranes, cholesterol can form small non-crystalline clusters (10–
25 nm) (Stillwell and Wassall, 2003; Tulenko et al., 1998; Troup et al., 2003;
McIntosh et al., 2003) whose hexagonal phase may account for the rapid spon-
taneous transbilayer migration of cholesterol (t1/2=sec to min) (Hayakawa et al.,
1998; Lange et al., 2007; Muller and Herrmann, 2002; Schroeder and Nemecz,
1990; Schroeder et al., 1991b; Haynes et al., 2000). Whether plasma membrane
cholesterol-rich microdomains are specifically enriched in these cholesterol clusters
is unknown.

Although plasma membrane transbilayer cholesterol gradients exist in non-
hepatocytes (Schroeder et al., 1991b; Wood et al., 1990; Kier et al., 1986;
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Schroeder and Sweet, 1988; Mondal et al., 2009), transbilayer distribution of
cholesterol within hepatocyte membranes is an enigma. The cytofacial leaflet of
non-hepatocyte plasma membranes is enriched in cholesterol (Sweet and Schroeder,
1988b; Schroeder, 1988; Pitto et al., 2000; Mondal et al., 2009). The cholesterol
enrichment in the cytofacial versus exofacial leaflet results in a transbilayer flu-
idity gradient with more rigid cytofacial leaflet and more fluid exofacial leaflet
(Schroeder and Sweet, 1988; Sweet and Schroeder, 1988a). However, enrichment
of plasma membrane phospholipids with n-3 polyunsaturated fatty acids (PUFAs)
significantly alters transbilayer cholesterol distribution and the transbilayer differ-
ence in structure (Sweet and Schroeder, 1988b; Schroeder, 1988; Pitto et al., 2000;
Mondal et al., 2009). The functional importance of a transbilayer fluidity gradient is
shown by Na+,K+-ATPase, whose activity is “optimal” at a specific lipid fluidity in
the cytofacial (but not exofacial) leaflet, where the ATP hydrolyzing site is localized
(Sweet and Schroeder, 1988a). ABC transporters involved in cholesterol efflux (e.g.
ABCA1, ABCG1, ABCG5, and ABCG8) also have cytofacial ATP hydrolysis sites,
and activities of several are sensitive to cholesterol content.

While plasma membrane lateral cholesterol-rich microdomains exhibit a unique
liquid-ordered phase (Schroeder et al., 2005; Gallegos et al., 2006; Pike, 2006),
transbilayer structure of lateral cholesterol-rich and -poor microdomains is only
beginning to be resolved (Atshaves et al., 2007c; Gallegos et al., 2004; Gallegos
et al., 2006). The cytofacial leaflet phospholipid fatty acyl chains of cholesterol-rich
microdomains from non-hepatocytes and hepatocytes are more rigid than cytofacial
acyl chains (Schroeder et al., 1989b; Jefferson et al., 1990; Wood and Schroeder,
1992; Igbavboa et al., 1996). Unexpectedly, despite the fact that the bulk lipid
(i.e. acyl chain) fluidity of cholesterol-rich microdomains is lower than that of
cholesterol-poor microdomains, cholesterol itself is less rigidly structured than the
bulk lipids therein (Atshaves et al., 2007c; Gallegos et al., 2004, 2006). Cholesterol
headgroup aqueous exposure in cholesterol-rich and -poor microdomains, especially
biological membranes, is not known (Harroun et al., 2008). Model membranes
exhibit two pools of cholesterol (Nemecz and Schroeder, 1988; Schroeder and
Nemecz, 1989; Schroeder et al., 1988a, b, 1991a): (i) a small, more aqueous-
exposed pool of exchangeable sterol; (ii) a large, less aqueous-exposed pool of very
slowly transferable sterol—consistent with the tighter packing, higher order, and
greater thickness of this region (Shaw et al., 2006).

10.4 What Are the Dynamics of Cholesterol Efflux
in Cholesterol-Rich Versus -Poor Microdomains?

Cholesterol efflux from non-hepatocyte plasma membranes resolves into fast
(t1/2=min–hr) and slow (t1/2=days) components (Schroeder et al., 1991a, 1996)
which are both lateral microdomains since cholesterol transbilayer migration is
rapid (sec–min) (Hayakawa et al., 1998; Lange et al., 2007; Muller and Herrmann,
2002; Schroeder and Nemecz, 1990; Schroeder et al., 1991b; Haynes et al., 2000).
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Cholesterol translocation in model membranes relates directly to fluidity, sug-
gesting that rapidly transferable cholesterol would be associated with more fluid
cholesterol-poor microdomains (Schroeder et al., 1991a; Jessup et al., 2006).
However, cholesterol efflux is actually faster from cholesterol-rich microdomains
(more rigid) in non-hepatocytes (Atshaves et al., 2003; Gallegos et al., 2001a,
2004, 2006, 2008; Storey et al., 2007a), indicating that cholesterol in biologi-
cal microdomains may not be organized in the same way as in model membrane
microdomains.

10.5 Does Membrane Lipid Composition Affect Cholesterol
Dynamics in Cholesterol-Rich and -Poor Microdomains?

Although regulation of cholesterol-rich microdomains has only been examined
in detail in model membrane and non-hepatocyte systems, much less is known
about microdomain regulation in hepatocytes (Schroeder et al., 2005; Atshaves
et al., 2007c).

Cholesterol content: Despite many studies in model membranes, little is known
regarding the role of cholesterol in regulating the structure of cholesterol-rich
and -poor microdomains in biological membranes. In non-hepatocytes, methylcy-
clodextrin and statins preferentially deplete the rapid (<1hr) cholesterol efflux pool
associated with cholesterol-rich microdomains (Jessup et al., 2006). While caveo-
lar structure/function in non-hepatocytes as well as SRB1 and P-gp localization are
exquisitely sensitive to cholesterol perturbation, ABCA1 activity is not (Martin and
Parton, 2005; Parton and Simons, 2007; Parton et al., 2006; Harder et al., 2007;
Orlowski et al., 2006).

Phospholipid content: Cholesterol uptake/efflux is sensitive to cholesterol-rich
microdomain phospholipid species. Sphingomyelin (SM) depletion inhibits choles-
terol flux mediated by caveolin-1 and SRB1 by displacing cholesterol and caveolin-
1 from cholesterol-rich microdomains (Jessup et al., 2006; Yu et al., 2005; Gulbins
and Li, 2006).

Dietary n-3 versus n-6 polyunsaturated fatty acids (PUFAs): Anthropological,
epidemiological, and molecular studies indicate that humans evolved on a diet
with a ratio of n-6/n-3 PUFA near 1:1 (Simopoulos, 2006; Morris, 2007a, b).
However, since the common use of hot milling (higher PUFA degradation, espe-
cially n-3 PUFA) for preparing flour began in the early 1900 s, the total PUFA
content in the modern Western diet has decreased, and the n-6/n-3 ratio has risen to
15:1 (Simopoulos, 2006; Morris, 2007a, b). Low dietary n-3 PUFAs as in Western
diets particularly correlates with the pathogenesis of age related diseases includ-
ing diabetes, accelerated cardiovascular disease, stroke, atherosclerosis, and chronic
inflammatory diseases (Simopoulos, 2006; Morris, 2007a; Morris, 2007b). Since
n-6 PUFAs [linoleic acid (18:2n-6), arachidonic acid (20:4n-6)] may be metabo-
lized to both pro- and anti-inflammatory mediators, a recent AHA Science Advisory
examining extensive literature concluded that high dietary n-6 PUFAs [linoleic
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acid (18:2n-6), arachidonic acid (20:4n-6)] may also exert cardiovascular/anti-
inflammatory benefits and may improve insulin resistance, effects likely to be
dependent on the relative proportion of the various mediators produced (Harris et al.,
2009). However, model membrane studies suggest cholesterol-rich microdomains
as a likely target for effects of n-3 PUFAs, more so than n-6 PUFAs (Stillwell and
Wassall, 2003). Cholesterol-rich microdomains of non-hepatocytes have much less
n-3 PUFA-containing phospholipids than cholesterol-poor microdomains (Atshaves
et al., 2003, 2007a; Pike et al., 2002), consistent with model membrane studies
where cholesterol preferentially interacts with phospholipids containing saturated
fatty acyl chains, but less so with n-3 PUFA acyl chains (Stillwell and Wassall,
2003). Supplementation of non-hepatocytes with n-3, but not n-6, PUFAs results in
preferential accumulation of n-3 PUFA in phospholipids in the plasma membrane
cytofacial leaflet (phosphatidylethanolamine, phosphatidylserine), which in turn is
thought to enhance cholesterol translocation from cytofacial to exofacial leaflet, a
location optimal for cholesterol transfer to/from HDL (Stillwell and Wassall, 2003;
Sweet and Schroeder, 1988b). Incorporation of n-3, but not n-6, PUFAs into deter-
gent resistant membrane (DRM) phospholipids of non-hepatocytes displaces SM
and/or cholesterol from DRMs, is consistent with increased cholesterol flux (Stulnig
et al., 2001; Ma et al., 2004; Li et al., 2007). In di-n-3 PUFA phospholipid model
membranes, the OH group of cholesterol is parallel to the bilayer plane (oppo-
site to normal perpendicular orientation), suggesting that n-3 PUFA phospholipids
in cholesterol-rich microdomains may facilitate transbilayer cholesterol movement
(Harroun et al., 2008).

10.6 How May Plasma Membrane Proteins Regulate
Cholesterol Dynamics?

Cholesterol distribution and dynamics in cholesterol-rich versus -poor
microdomains is also likely to be dependent upon interaction with proteins
within these microdomains. Key among these are reverse cholesterol transport
(RCT) proteins. RCT proteins such as caveolin-1, ABCA1, ABCG1, SRB1,
and P-gp are selectively distributed into cholesterol-rich microdomains of non-
hepatocytes (Everson and Smart, 2005; Jessup et al., 2006; Karten et al., 2006;
Bourret et al., 2006; Kamau et al., 2005) and their activities are sensitive to choles-
terol concentration and distribution. These RCT proteins also induce formation
of more aqueous-exposed, cholesterol-oxidase-accessible cholesterol (Smart and
van der Westhuyzen, 1998; Parathath et al., 2004; Vaughan and Oram, 2005; de
la Llera-Moya et al., 1999; Baldan et al., 2006). SRB1 increases the membrane
cholesterol pool available to cyclodextrin acceptors (Kellner-Weibel et al., 2000),
and caveolin-1 and SRB1, but not ABCA1, directly bind cholesterol and/or are
cross-linked by photoactivatable cholesterol (Thiele et al., 2000; Assanasen et al.,
2005; Wanaski et al., 2003). In contrast, since hepatocytes are essentially deficient
in caveolin-1 (Vainio et al., 2002; Atshaves et al., 2007c), microdomains and
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dynamics of cholesterol and RCT proteins could be significantly different to that
in other cell types. Hepatocyte basolateral plasma membranes contain SRB1 for
cholesterol uptake/efflux while canalicular membranes contain ABCA5, ABCA8,
Pgp, and possibly SRB1 for biliary excretion (Fig. 10.1). In non-hepatocytes,
caveolin-1 binds cholesterol and caveolin-1 overexpression increases cholesterol
content of cholesterol-rich microdomains (Schroeder et al., 2005; Everson and
Smart, 2005). SRB1 also binds cholesterol, increases aqueous accessibility of
plasma membrane cholesterol, facilitates ATP-independent, bidirectional, free
cholesterol flux across membranes, and increases non-lysosomal, selective endo-
cytic uptake of HDL cholesterol ester (Everson and Smart, 2005; Assanasen et al.,
2005; Kellner-Weibel et al., 2000). SRB1 overexpression in non-hepatocytes elicits
accumulation of PC species with longer mono- or PUFA acyl chains, consistent
with decreased PC/cholesterol interactions and increased cholesterol efflux to HDL
(Parathath et al., 2004). Since hepatocytes contain little if any caveolin-1, SRB1
location likely is more complex, depending on HDL-cholesterol load, expression of
co-regulator proteins PDZK1 (CLAMP) and MAP17 (Atshaves et al., 2007c; Silver,
2004) (Fig. 10.1). While some ABC transporters (ABCA1) do not interact with
cholesterol, others such as ABCG1 increase cholesterol content in cholesterol-rich
microdomains of non-hepatocytes (Karten and et al., 2006; Baldan et al., 2006).
Both affinity chromatography (not requiring detergents or high pH carbonate
buffers) and detergent-based methods suggest the existence of microdomains in
hepatocyte basolateral plasma membranes (Balbis et al., 2004; Mazzone et al.,
2006), while detergent-based methods suggest the existence of cholesterol-rich
microdomains containing ABCG5 (important for biliary cholesterol efflux),
ABCC2, ABCB4, and the bile salt export pump in hepatocyte canalicular plasma
membranes (Ismair et al., 2009).

10.7 How May Intracellular Cholesterol-Binding Proteins
Regulate Cholesterol Dynamics?

In non-hepatocytes, cholesterol movement from plasma membrane caveolae
microdomains through cytosol to intracellular sites is thought to be mediated
by slower vesicular transport and/or more rapidly via soluble cholesterol bind-
ing proteins (Schroeder et al., 2005; Everson and Smart, 2005). By contrast,
in hepatocytes transhepatocyte cholesterol movement is a very rapid (t1/2 of 1–
3 min), protein-mediated process (Fig. 10.1) (Schroeder et al., 2005). This rapid
trans-hepatocyte transport of cholesterol is much too fast to be accounted for
by spontaneous diffusion, vesicular transfer, or lateral diffusion in membranes
(Robins and Fasulo, 1999; Ji et al., 1999; Wustner et al., 2002). Instead, sev-
eral families of intracellular proteins are thought to facilitate cholesterol intra-
cellular movement in hepatocytes and other cells/tissues where they are highly
expressed.
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10.7.1 Sterol Carrier Protein-2 (SCP-2)

The SCP-2/SCP-x gene structure exhibits alternate transcription sites that encode
for two markedly different proteins (Gallegos et al., 2001b): (i) The shorter
SCP-2/SCP-x gene product, 15 kDa pro-SCP-2 (SCP-2 with a 20aa N-terminal pre-
sequence), undergoes complete post-translational cleavage to 13 kDa SCP-2. While
the presence of the 20aa presequence facilitates SCP-2 targeting to peroxisomes,
post-translational cleavage outside the peroxisome results in a more extraperox-
isomal SCP-2 distribution (Gallegos et al., 2001b). As a result, nearly half of
total SCP-2 is extraperoxisomal (Schroeder et al., 2000; Gallegos et al., 2001b).
SCP-2 is a ubiquitous protein found in nearly all mammalian cells/tissues exam-
ined (Gallegos et al., 2001b). Tissues in which SCP-2 is most highly expressed
are those most active in cholesterol uptake/transport/metabolism such as liver,
steroidogenic tissues (ovary, testis, adrenal), and intestine. SCP-2 has high affin-
ity for cholesterol (Kd 4–11 nM) (Schroeder et al., 1998, 2000; Gallegos et al.,
2001b; Martin et al., 2008b). SCP-2 also binds to cholesterol-rich microdomains
in anionic phospholipid-rich/cholesterol-rich model membranes and to caveolin-
1 in plasma membrane caveolae (Huang et al., 1999a, b; Parr et al., 2007; Zhou
et al., 2004). These features make SCP-2 an excellent candidate for facilitating
cholesterol transfer between membranes, a possibility born out by SCP-2’s ability
to alter cholesterol-rich microdomain structure and enhance cholesterol dynamics
(Atshaves et al., 2003, 2007c; Gallegos et al., 2001a). Overexpression of SCP-2 in
cultured cells enhances sterol uptake/efflux (Moncecchi et al., 1996; Murphy and
Schroeder, 1997; Atshaves et al., 2000). SCP-2 enhances cholesterol transfer from
plasma membranes to intracellular sites in intact non-hepatocytes and enhances
cytosolic diffusion of other bound ligands (fatty acids) in hepatocytes (Murphy and
Schroeder, 1997; Murphy, 1998; McArthur et al., 1999). (ii) The other SCP-2/SCP-
x gene product is the 58 kDa SCP-x (a branched-chain ketoacyl thiolase important
in bile acid synthesis). SCP-x is an exclusively peroxisomal protein that undergoes
partial post-translational cleavage to 13 kDa SCP-2 and a 46 kDa thiolase therein
(Gallegos et al., 2001b). SCP-x catalyzes cholesterol side-chain oxidation required
for bile acid synthesis (Gallegos et al., 2001b).

10.7.2 Liver Fatty Acid-Binding Protein (L-FABP)

L-FABP is a soluble, 14 kDa protein highly expressed in liver, intestine, and kidney
(McArthur et al., 1999). Levels in liver cytosol are very high (200-400 μM) and
can be upregulated as much as 4-5 fold in response to diet or reduction in SCP-2
(McArthur et al., 1999; Fuchs et al., 2001; Seedorf et al., 1998; Atshaves et al.,
2007c). L-FABP also binds cholesterol and other sterols (NBD-cholesterol, DHE,
photoactivatable FCBP), but with lower affinity than SCP-2 (Fischer et al., 1985;
Sams et al., 1991; Schroeder et al., 1998, 2000; Stolowich et al., 1999; Martin et al.,
2008b; Avdulov et al., 1999; Schroeder et al., 1998; Martin et al., 2009a). However,
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L-FABP is 40-fold more prevalent than SCP-2 in hepatocytes (McArthur et al.,
1999; Gallegos et al., 2001b; Stolowich et al., 2002; Schroeder et al., 1996) and
results obtained with purified plasma membranes (Nemecz and Schroeder, 1991;
Schroeder et al., 1996; Woodford et al., 1993, 1995a) and transfected cells (Jefferson
et al., 1991; Incerpi et al., 1991, 1992) suggest this protein may play a role not only
in intracellular trafficking of fatty acids (McArthur et al., 1999; Weisiger, 2005;
Schroeder et al., 2008), but also of cholesterol.

10.7.3 Steroidogenic Acute Regulatory Related (START) Proteins

Many of the 15-member START protein family participate in intracellular lipid
trafficking and signaling. START proteins are primarily membrane-bound (Kanno
et al., 2007; Murcia et al., 2006; Soccio and Breslow, 2003; Miller, 2007; Holthuis
and Levine, 2005). While StAR (released from ER, primarily in steroidogenic tis-
sues), MLN64 (endosomal membrane), and StarD5 (cytosolic) bind cholesterol, all
are reported mainly to facilitate cholesterol transfer to mitochondria for oxidation
(Tsujishita and Hurley, 2000; Murcia et al., 2006; Petrescu et al., 2001; Rodriguez-
Agundo et al., 2005). StARD4 (not yet shown to bind cholesterol; predicted to be
cytosolic) also facilitates cholesterol delivery to mitochondria (Soccio and Breslow,
2003; Miller, 2007). PCTP binds and transfers phosphatidylcholine (not cholesterol)
in cytosol and indirectly regulates phosphatidylcholine efflux into bile (Kanno et al.,
2007). Roles for START proteins in direct cytoplasmic transfer of cholesterol for
biliary efflux have not yet been established.

10.7.4 Oxysterol Related Proteins (ORP)

The 12-member ORP family participates in intracellular lipid trafficking (see also
Chapter 6). Cytosolic ORPs bind oxysterols, then target to intracellular membranes,
and influence transcriptional and post-transcriptional regulation of cholesterol
metabolism via LXR and SREBP (Holthuis and Levine, 2005; Laitinen et al., 2002;
Perry and Ridgway, 2006; Yan et al., 2007; Anniss et al., 2002). OSBP, ORP1L,
ORP3, ORP5, and ORP8 also bind cholesterol (Laitinen et al., 2002; Wang et al.,
2002, 2005; Lagace et al., 1997; Holthuis and Levine, 2005; Suchanek et al., 2007).
OSBP, ORP2, or ORP4 over-expression enhances cholesterol efflux to apoA1 and
decreases cholesterol esterification (Laitinen et al., 2002; Wang et al., 2002; Lagace
et al., 1997; Holthuis and Levine, 2005; Suchanek et al., 2007). Whether ORPs
promote rapid transhepatic cholesterol transfer is unknown.

10.7.5 Niemann Pick C (NPC) Proteins

Niemann Pick C (NPC1, NPC2, NPCL1) proteins facilitate intracellular lipid traf-
ficking (e.g. LDL-cholesterol), and NPC disease elicits hepatocyte cholesterol
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accumulation and death (Ohgami et al., 2004; Chang et al., 2005; Beltroy et al.,
2005; Gallegos et al., 2001b) (see also Chapter 11). Ablation of NPC1 (late endo-
somal membrane protein; binds oxysterol>cholesterol) (Subramanian and Balch,
2008) decreases SCP-2/SCP-x and increases lysosomal free cholesterol (Roff et al.,
1992). NPC2 (soluble in lysosomes, late endosomes) binds cholesterol but not oxys-
terol (Subramanian and Balch, 2008). NPC1L (plasma membrane protein primarily
in intestinal microvillus and in bile canaliculus of polarized hepatocytes) facilitates
intestinal cholesterol uptake, transports cholesterol from bile back into hepatocytes,
and is inhibited by ezetimibe (Zetia) (Petersen et al., 2008; Hui et al., 2008). Their
membrane (lysosomal, plasma membrane) and intralysosomal localizations sug-
gest that the NPC proteins are not directly involved in mediating rapid cholesterol
transfer across hepatocytes or other cells.

10.7.6 Other Intracellular Proteins

Acyl CoA cholesterol acyltransferase (ACAT) and neutral cholesterol ester hydro-
lase (CEH) are enzymes that contribute to regulating the amount of free cholesterol
available for biliary efflux (Cohen, 1999; Zanlungo et al., 2004). ACAT2 is the major
form of ACAT in murine liver, while low levels of ACAT1 are also present (Chang
et al., 1997, 2001). However, there is no evidence that these proteins are involved
in directly binding and transporting cholesterol rapidly through the cytoplasm of
hepatocytes or other cells.

In summary, cholesterol represents a driving force in formation of cholesterol-
rich, liquid-ordered lipid microdomains that provide a platform to localize receptors,
transport/ translocase proteins, and downstream signaling molecules that regulate
cellular uptake and efflux of cholesterol as well as uptake of fatty acids and glucose
in non-hepatocytes. Transhepatocyte cholesterol movement is very rapid, and not
readily explained by spontaneous diffusion, vesicular transfer, or lateral diffusion in
membranes. While many intracellular protein families (NPC, START, ORP, ACAT)
facilitate intracellular cholesterol trafficking/metabolism, most transfer cholesterol
to mitochondria, are membrane-bound, do not bind cholesterol, facilitate vesicular
transfer, or regulate free cholesterol level. Based upon these data and their ability to
enhance cytosolic transport of other lipids, SCP-2 and L-FABP are hypothesized to
be likely candidate proteins for mediating the rapid transhepatocyte transfer of HDL
free cholesterol from cholesterol-rich microdomains in the basolateral membrane to
cholesterol-rich microdomains in the canalicular membrane for biliary efflux.

10.8 Sterol Carrier Protein-2 Facilitates Intermembrane
Cholesterol Transfer In Vitro

The ability of SCP-2 to enhance transfer of cholesterol between model membranes
or between plasma membranes in vitro has been previously established and reviewed
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in detail (Schroeder et al., 1989a, 1998, 1991a, 1996, 2001b, 2005; Gallegos et al.,
2001b, 2008; McIntosh et al., 2008a; ). Key conclusions of these studies were that:
(i) SCP-2 enhances intermembrane cholesterol transfer by increasing the size of the
exchangeable sterol fraction in membranes and by increasing the size of the sol-
uble pool of cholesterol; (ii) SCP-2 directly interacts with the membrane anionic
phospholipids (rich in the cytofacial facing side of membranes) and with caveolin-
1 in plasma membrane caveolae (Huang et al., 1999a, b, 2002). Direct interaction
of SCP-2 with membranes is required to mediate intermembrane cholesterol trans-
fer (Woodford et al., 1995b); (iii) SCP-2 preferentially enhanced trafficking of
cholesterol from lysosomes to plasma membranes and from plasma membranes to
intracellular membranes in vitro (Schoer et al., 2000; Schroeder et al., 2001a; Frolov
et al., 1996a, b).

10.9 Do Cholesterol-Rich and -Poor Microdomains Exist
in the Plasma Membranes of Living Cells: Real-Time
Multiphoton Imaging of a Naturally Fluorescent Sterol
(Dehydroergosterol, DHE)?

While increasing evidence suggests the existence of cholesterol-rich and -poor
microdomains in model membranes and biological membranes, especially plasma
membranes, most of this evidence was indirect: (i) chemical analysis of cholesterol-
rich and -poor microdomains isolated by biochemical fractionation without the use
of detergents or high pH carbonate; (ii) imaging of non-sterol markers (Smart et al.,
1995; Schroeder et al., 1982, 2005; Atshaves et al., 2003, 2007a; Storey et al., 2007a,
b; Gallegos et al., 2006). Thus, until recently a key remaining question is whether
cholesterol-rich and -poor microdomains exist in the plasma membranes of living
cells. While real-time imaging cholesterol itself in live cells can be accomplished
by some physical methods (e.g. NMR of cholesterol labelled with deuterium or
carbon 13), the resolution of such approaches is insufficient to resolve cholesterol-
rich and -poor microdomains. Consequently, most investigators in the field have
turned to more sensitive fluorescence techniques utilizing fluorescent sterol probes.
Proper application of fluorescent sterols requires: (i) selective non-perturbing “tags”
for cholesterol; (ii) non-invasive, non-perturbing real-time visualization; and (iii) a
mathematical basis for assigning a totally random versus clustered pattern. These
issues were addressed by developing use of fluorescent sterols (Schroeder et al.,
1998; McIntosh et al., 2003, 2007, 2008a, b, c; Hao et al., 2001; Mukherjee et al.,
1998; Wustner et al., 2002, 2004, 2005). The first fluorescent sterol used for real-
time imaging of cholesterol distribution in the plasma membranes of living cells
was the naturally-occurring fluorescent sterol, dehydroergosterol (DHE). Although
the use of DHE for in vitro studies examining cholesterol-protein interaction as
well as distribution and dynamics in natural and model membranes is well estab-
lished (Schroeder and Nemecz, 1990; Schroeder et al., 1991a, 1996, 1998), UV
excitation of DHE results in significant photobleaching that precludes confocal
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imaging (Schroeder et al., 1998). Therefore, multiphoton laser scanning microscopy
(MPLSM) was developed to examine sterol distribution without significant photo-
bleaching (McIntosh et al., 2003, 2007, 2008a, b; Zhang et al., 2005; Schroeder
et al., 2005). DHE and cholesterol share many structural properties, and DHE
replaces up to 90% of cholesterol in cultured cells without altering composition
of other lipids or activity of cholesterol-sensitive enzymes and receptors (McIntosh
et al., 2008a, b, c). DHE codistributes with cholesterol in all cellular membranes and
in plasma membrane cholesterol-rich and -poor microdomains of non-hepatocytes
(L-cells, MDCK cells) (Hale and Schroeder, 1982; Schoer et al., 2000; Atshaves
et al., 2003; Gallegos et al., 2006; Storey et al., 2007a). DHE is esterified with a
similar fatty acid pattern (Schroeder et al., 1996; Frolov et al., 2000; Holtta-Vuori
et al., 2008), and effluxes from L-cells to HDL with similar kinetics to cholesterol
(Atshaves et al., 2000). Quantitative algorithms to analyze MPLSM images of DHE
pattern, proportion, and size distribution (McIntosh et al., 2003, 2007, 2008a, b;
Zhang et al., 2005; Gallegos et al., 2008) showed that DHE in plasma membranes
of living non-hepatocytes (McIntosh et al., 2003, 2007, 2008a, b; Zhang et al.,
2005; Schroeder et al., 2005) and hepatocytes (not shown) is clustered, rather than
spatially random (i.e. homogenous Poisson) or regular. These sterol-rich domains
comprised nearly 30% of plasma membrane imaging sections (Zhang et al., 2005),
consistent with the proportion of cholesterol-rich microdomains resolved from puri-
fied plasma membranes by ConA-affinity chromatography—and were 200–565 nm
diameter, which is in the lower quartile of sizes reported with other cholesterol-rich
microdomain/caveolae markers (Anderson and Jacobson, 2002; Schroeder et al.,
2005). Since caveolae are 50-100 nm in size and are known to cluster in many cell
types, including fibroblasts, the DHE-rich regions may represent clustered caveo-
lae (non-hepatocytes) or cholesterol-rich microdomains (hepatocytes) (Roper et al.,
2000; Schroeder et al., 2005; Zhang et al., 2005; McIntosh et al., 2007, 2008a, b;
Gallegos et al., 2008). Thus, MPLSM imaging of DHE provided the first evidence
supporting the existence of plasma membrane microdomains in living cells.

10.10 Can the Existence of Cholesterol-Rich and -Poor
Microdomains in Plasma Membranes of Living Cells
Be Confirmed by Other Real-Time Approaches
Using Synthetic Fluorescent Sterols Suitable
for Confocal Imaging?

Several synthetic fluorescence (Dansyl-cholestanol; BODIPY-cholesterol, BCθ)
probe approaches have been examined for selective probing of cholesterol-rich and
poor microdomains (Huang et al., 2009; McIntosh et al., 2008b; Ohno-Iwashita
et al., 2004; Shimada et al., 2002; Sugii et al., 2003). These probes are excited
at longer wavelengths suitable for laser scanning confocal microscopy (LSCM) and
well suited for fluorescence resonance energy transfer (FRET) with many commer-
cially available fluorophores. Dansyl-cholestanol (DChol), synthesized by our lab,
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was taken up and esterified similarly as cholesterol (non-hepatocytes) (Huang et al.,
2009): (i) L-cells incubated with DChol/ or cholesterol/methylcyclodextrin com-
plex for 30 min, washed and incubated with serum-containing medium for 24 h,
esterified DChol 19.4±0.7% and 14.5±1.0% respectively; (ii) L-cells incubated
overnight with DChol or 3H-cholesterol added to serum-containing medium ester-
ified DChol and 3H-cholesterol similarly, 3.4±0.8% and 3.9±0.2%, respectively;
and (iii) DChol and cholesterol ester fatty acid distributions were the same (GC/MS,
not shown). When L-cells were incubated for 30 min or less, <0.2% of DChol
or cholesterol was esterified, and both DChol and cholesterol were distributed
nearly 4-fold more into cholesterol-rich versus -poor microdomains resolved by
affinity chromatography of purified plasma membranes (Huang et al., 2009). To
further establish that the DChol-rich and -poor clusters obtained by imaging cor-
related with the biochemically-isolated DChol-rich and -poor clusters, a series of
colocalization and fluorescence resonance energy transfer (FRET) studies were per-
formed with additional markers of lipid-rich, cholesterol-rich microdomains (Huang
et al., 2009).

10.10.1 Colocalization of DChol with the Lipid-Rich
Microdomain Marker GM1

GM1, a known marker of cholesterol-rich domains (Atshaves et al., 2003; Schroeder
et al., 2005; Gallegos et al., 2006), was labelled by binding to Alexa Fluor 594 CT-B,

Fig. 10.2 Co-localization of
DChol and GM1 in L-cells.
GM1, a cholesterol-rich
domain maker, was labeled
by incubating the cells with
Alexa Fluor 594 CT-B. The
cells were then incubated
with DChol-MβCD at
10 μg/ml PBS for 10 min.
Emission of Alexa Fluor 594
CT-B (red, Panel A) and
DChol (green, Panel B) were
simultaneously imaged
through separate
photomultipliers. Panel C
shows the superposition of A
and B. Panel D shows only
the colocalized pixels in
yellow
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cholera toxin subunit B as described earlier (Huang et al., 2009). L-ells were incu-
bated with Alexa Fluor 594 CT-B, then with DChol-MβCD, followed by real time
imaging by LSCM. The emission of DChol and Alexa Fluor 594 CT-B were imaged
simultaneously though two separate photomultipliers. Alexa Fluor 594 CT-B was
distributed most intensely at the plasma membrane, but not uniformly (Fig. 10.2A).
After 10 min incubation of L-cells with DChol-MβCD, DChol was taken up and
distributed mostly at the plasma membrane, in a non-uniform pattern (Fig. 10.2B).
Superposition of the simultaneously acquired images of Alexa Fluor 594 CT-B (red)
and DChol (green), yielded a image with many pixels that were intermediate in
color, suggesting colocalization (Fig. 10.2C). When only the colocalized yellow pix-
els were shown (Fig. 10.2D), it was apparent that DChol significantly colocalized
with Alexa Fluor 594 CT-B bound to GM1 at the plasma membrane and this distribu-
tion was not uniform, but clustered. Confocal imaging colocalization and statistical
analysis of DChol codistribution with Alexa Fluor 594 CT-B in plasma membranes
of living L-cells showed that DChol strongly codistributed with cholesterol-rich
microdomain probe Alexa Fluor 594 CT-B (Huang et al., 2009).

10.10.2 DChol Colocalization and Fluorescence Resonance
Energy Transfer (FRET) with DiD, a Liquid Ordered
Phase Lipid-Rich Microdomain Marker

DiD is a fluorescent probe preferentially localized to plasma membrane liquid
ordered phase (Spink et al., 1990; Schram and Thompson, 1997), a character-
istic of lipid-rich (Atshaves et al., 2007c; Gallegos et al., 2004, 2006; Storey
et al., 2007a), cholesterol-rich microdomains (also known as lipid rafts), rather
than to plasma membrane liquid disordered phase, a characteristic of lipid-poor,
cholesterol-poor microdomains (also known as non-rafts) (Atshaves et al., 2007c;
Gallegos et al., 2004, 2006; Storey et al., 2007a). Imaging and FRET experiments
were carried out to determine if DChol colocalized with DiD, and whether they
localized in close proximity (Huang et al., 2009). L-cells were labelled with DiD
and DChol, and the two probes were imaged simultaneously. DiD was distributed in
the plasma membrane in a non-uniform, patchy pattern and also in the intracellular
sites (Fig. 10.3A). DChol (Fig. 10.3B) mainly distributed in the plasma membrane,
also in a non-uniform, patchy pattern. Colocalization (Fig. 10.3C) and displaying of
only colocalized pixels (Fig. 10.3D) demonstrated that significant amount of DChol
colocalized with DiD in the liquid ordered cholesterol-rich domains. Confocal imag-
ing colocalization and statistical analysis of DChol codistribution with DiD in
plasma membranes of living L-cells showed that DChol strongly codistributed with
cholesterol-rich, liquid-ordered microdomain probe DiD (Huang et al., 2009).

The above co-localization results obtained by imaging had a resolution near
2000 Å and many cholesterol-rich domains are thought to be much smaller (Pike,
2004; Schroeder et al., 2005). Fluorescence resonance energy transfer (FRET)
experiments were performed to improve the resolution (Huang et al., 2009),
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Fig. 10.3 Images of colocalization and FRET between DChol and DiD, a gel phase marker, in
living cells. L-cells were incubated with DiD (25 μM) in culture medium for 10 min at 37oC, and
then incubated with DChol-MβCD in PBS (DChol concentration 10 μg/ml) at room temperature
for 15 min. Colocalization of DChol and DiD are shown as following, Panel A, DiD fluorescence;
Panel B, DChol fluorescence; Panel C, DiD colocalization with DChol; Panel D, yellow colo-
calized pixels taken from Panel C. Panels (E–G) show the FRET between DChol and DiD. The
images were taken by excitation of donor DChol with 408 nm laser and monitoring emission of
acceptor DiD with 680/32 filter. Panel E, image of cells labeled with donor DChol only, no sig-
nificant fluorescence signal was detected. Panel F, image of cells labeled with acceptor DiD only,
no significant fluorescence signal was observed. Panel G, cells were labeled with both DChol and
DiD; enhanced DiD emission was observed, indicating DiD and DChol were in close proximity to
permit energy transfer from DChol to DiD
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because FRET occurs only when donor and acceptor are located in close proxim-
ity (˜10–100 Å apart) (Lakowicz, 2006). The significant overlap between DChol
emission spectrum and DiD excitation spectrum (not shown) made them a poten-
tial donor/acceptor pair for FRET. Therefore, FRET experiments were carried out
by exciting the donor DChol with 408 nm laser and observing the emission of
acceptor DiD with 680/32 emission filter. When only donor DChol was present,
no fluorescence signal was detected (Fig. 10.3E) because DChol did not emit at
680/32 region. When only DiD was present, no fluorescence emission signal was
observed (Fig. 10.3F) because DiD did not absorb at 408 nm. When both DChol and
DiD were present, the fluorescence emission of acceptor DiD was clearly observed
(Fig. 10.3G), indicating DiD and DChol were in close proximity to permit energy
transfer from DChol to DiD.

10.10.3 FRET Between DChol and DHE in Living Cells

DHE is a naturally occurring fluorescent cholesterol analog. To determine if DChol
and DHE were codistributed in close proximity at the plasma membrane of liv-
ing cells, FRET experiments between DChol (acceptor) and DHE (donor) were
carried out using multiphoton laser scanning microscopy (MPLSM) with three pho-
ton excitation at 900 nm, and two separate emission filters and photomultipliers,

Fig. 10.4 Fluorescence images of FRET between DChol and DHE. FRET between DChol and
DHE (panels A–D) was studies by multi-photon imaging with 900 nm laser three photon excitation,
and D375/50 (350-400 nm) emission filter for DHE (panels A, C), BGG22 (410–490 nm) emission
filter for DChol (panels B, D). Panel A, DHE emission when only donor DHE was present; Panel
B, DChol emission when only accepter DChol was present; Panel C, DHE emission when both
DHE and DChol were present; Panel D, DChol emission when both DHE and DChol were present.
When both DHE and DChol were present, decreased DHE emission and increased DChol emission
at plasma membrane indicated the DHE and DChol were closed enough for energy transfer from
DHE to DChol
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D375/50 (350–400 nm) filter for DHE and BGG22 (410–490 nm) filter for DChol
(Huang et al., 2009). When cells were incubated with DHE only, DHE emission
was detected mainly at the plasma membrane in a non-random pattern, and within
the cells with less intensity (Fig. 10.4A). DChol emission exhibited a similar pat-
tern when cells were incubated with DChol only (Fig. 10.4B). When L-cells were
incubated with both DHE (FRET donor) and acceptor DChol (FRET acceptor), the
emission of donor DHE became weaker (Fig. 10.4C), and the emission of accepter
DChol became stronger (Fig. 10.4D), clearly demonstrated energy transfer from
donor to accepter. Quantitative analysis of the FRET in the whole cell and at the
plasma membrane revealed the DChol emission was significantly increased several-
fold (Huang et al., 2009). The results indicated that in living L-cells DChol and
DHE were codistributed in close proximity, and appeared clustered into bright and
not so bright regions.

10.10.4 Colocalization and Fluorescence Resonance Energy
Transfer (FRET) Between DChol and BCθ

BCθ, the non-lytic fragment of a bacterial cytolysin, binds cholesterol in cholesterol-
rich domains with high affinity (Ohno-Iwashita et al., 2004) (see also Chapter 22).

Fig. 10.5 Fluorescence images of Colocalization and FRET between DChol and BCθ. Panels
A-D show the colocalization between DChol and BCθ. DChol was imaged with 408 nm laser
excitation and HQ530/40 emission filter. Alexa Fluor 660 BCθ was imaged with 647 nm laser
excitation and 680/32 emission filter. A, Alexa Fluor 660 BCθ emission; B, DChol emission; C,
colocalization of DChol and Alexa Fluor 660 BCθ; D, colocalized pixels are shown as yellow.
Panels E–G show FRET between DChol (donor) and Alexa Fluor 660 BCθ (acceptor). The images
were taken with 408 nm laser donor excitation and 680/32 acceptor emission filter. E, image when
only DChol was present; F, image when only Alexa Fluor 660 BCθ was present; G, image when
both DChol and Alexa Fluor 660 BCθ were present. When both donor and acceptor were present,
the enhanced acceptor emission when donor was excited showed the donor and acceptor were
located in proximity to permit energy transfer
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LSCM imaging showed Alexa Fluor 660 BCθ was distributed non-randomly at
the cell surface plasma membrane (Fig. 10.5A) (Huang et al., 2009). DChol was
highly colocalized with BCθ as shown in superposed image (Fig. 10.5C) of DChol
(Fig. 10.5B) and BCθ (Fig. 10.5A). Display of only colocalized pixels showed
that DChol/BCθ colocalized pixels were distributed in a clustered pattern at the
plasma membrane (Fig. 10.5D). Confocal imaging colocalization and statistical
analysis of DChol codistribution with BCθ in plasma membranes of living L-
cells showed that DChol strongly codistributed with cholesterol-rich microdomain
probe BCθ (Huang et al., 2009). To increase the resolution, FRET experiments
were performed by excitation of donor DChol (408 nm laser) and detection of
acceptor Alexa Fluor 660 BCθ emission (emission filter 680/32, 664–696 nm).
When DChol and Alexa Fluor 660 BCθ were both present, the acceptor emission
was significantly higher (Fig. 10.5G) as compared with when only the acceptor
was present (Fig. 10.5F). The increase in fluorescence was not due to emission
from donor DChol was confirmed by the absence of emission signal when only
DChol was present (Fig. 10.5E). Therefore FRET experiments confirmed that
DChol was distributed in close proximity with BCθ in the plasma membrane of
L-cells.

10.10.5 Weak Colocalization and Absence of Fluorescence
Resonance Energy Transfer (FRET) Between DChol
and N-Rh-DOPE

It is important to note that DChol distribution, like cholesterol distribution, into
cholesterol-rich versus -poor microdomains is not absolute, but rather subjec-
tive such that these microdomains are relatively rich or poor in sterol (Schroeder
et al., 2005; Huang et al., 2009). Therefore, DChol colocalization and FRET
was performed with N-Rh-DOPE [a marker for fluid, liquid-disordered, lipid-
poor, cholesterol-poor phase in membranes (Samsonov et al., 2001; de Almeida
et al., 2005)] in L-cell fibroblasts. Confocal imaging colocalization and statis-
tical analysis of DChol codistribution with N-Rh-DOPE in the plasma mem-
brane of living L-cells showed that DChol only weakly, partially distributed
with cholesterol-poor microdomain probe N-Rh-DOPE (Huang et al., 2009).
Fluorescence resonance energy transfer (FRET) experiments were carried out to
investigate if N-Rh-DOPE and DChol were in close proximity to permit FRET
(Huang et al., 2009). The data showed that DChol was not in sufficiently close
proximity to N-Rh-DOPE in the plasma membrane to permit FRET (Huang et al.,
2009).

In summary, colocalization, statistical analyses, and FRET experiments demon-
strated that DChol was in close proximity with cholesterol-rich microdomain
markers (DHE, DiD, BCθ), but not the cholesterol-poor microdomain marker
(N-Rh-DOPE) (Huang et al., 2009).
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10.11 Real-Time Imaging of Sterol Carrier Protein-2 Mediated
Cholesterol Dynamics Through Cholesterol-Rich
and -Poor Microdomains in Plasma Membranes
of Cultured Cells

Sterol carrier protein-2 (SCP-2) is known to directly interact with caveolin-1 in L-
cell plasma membrane caveolae (a subset of cholesterol-rich microdomains) (Parr
et al., 2007; Zhou et al., 2004) and to facilitate cholesterol transfer from purified
cholesterol-rich (but not cholesterol-poor) microdomains (Atshaves et al., 2003,
2007c; Gallegos et al., 2001a, 2004, 2006, 2008; Schroeder et al., 2005). Since
SCP-2 binds DChol with high affinity (Kd =33.8 ± 2.7 nM), SCP-2 expressing
and control (mock transfected) L-cell fibroblasts were used to examine the effects
of SCP-2 on DChol uptake from DChol-MβCD and efflux to MβCD in real time
by confocal microscopy. DChol fluorescence intensity in whole cells (WC), plasma
membranes (PM), intracellular regions, cholesterol-rich microdomains (pixels colo-
calized with cholesterol-rich microdomain marker Alexa Fluor 594 CT-B at PM),
and cholesterol-poor microdomain (pixels not colocalized with the cholesterol-rich
microdomain marker Alexa Fluor 594 CT-B cholesterol-rich domain maker at PM)
were determined.

For DChol uptake, cells were incubated with a cholesterol-rich microdomain
maker Alexa Fluor 594 CT-B and DChol-MβCD complex. For control L-cells: (i) at
early time points, such as 2 min, much more DChol were taken up into cholesterol-
rich than into cholesterol-poor microdomains (Fig. 10.6D,E); (ii) at 15 min, much
more DChol were taken up into whole cell, PM, intracellular sites, cholesterol-rich
and -poor microdomains than at 2 min; (iii) at 15 min, DChol was more concen-
trated in PM than in intracellular sites. While the above observations were also
true for SCP-2 expressing cells, expression of SCP-2 resulted in enhanced DChol
uptake into whole cells compared to control L-cells (Fig. 10.6A, 2 min), enhanced
DChol trafficking through cholesterol-rich microdomains to intracellular sites, and
increased DChol in intracellular sites concomitant with decreased DChol concen-
tration in cholesterol-rich microdomains at 15 min (Fig. 10.6C,D, 15 min). Even
though SCP-2 expression significantly decreased DChol appearing in cholesterol-
rich microdomains (Fig. 10.6D), it did not significantly alter the appearance of
DChol in cholesterol-poor microdomains (Fig. 10.6E). These results were consis-
tent with SCP-2 facilitating DChol trafficking through cholesterol-rich domains, but
not cholesterol-poor domains, for targeting to intracellular sites.

For DChol efflux, after pre-incubating the cells with DChol-MβCD complex for
15 min, efflux was initiated by addition of MβCD (3 mM). Alexa Fluor 594 CT-B
and DChol emission were monitored in real time by LSCM. Percentage of DChol
fluorescence remaining in whole cells (WC), plasma membranes (PM), intracellular
regions, cholesterol-rich and -poor microdomains was determined as described. In
control L-cells, DChol efflux was primarily from the plasma membrane (Fig. 10.7B)
and not from intracellular sites (Fig. 10.7C). While SCP-2 overexpression did not
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Fig. 10.6 Effects of SCP-2 expression on DChol uptake. SCP-2 expressing and control L-cells
were labeled first with a cholesterol-rich domain marker – Alexa Fluor CT-B, and then with DChol-
MβCD (DChol concentration 10 μg/ml). Fluorescence images of DChol and Alexa Fluor CT-B
emission were acquired in two different channels at 2 and 15 min after addition of DChol-MβCD.
DChol was excited with 408 nm laser, and imaged with HQ530/40 emission filter. Alexa Fluor
CT-B was excited with 568 nm laser, and imaged with HQ598/40 emission filter. Average DChol
fluorescence intensity (n=15–25 cells) was calculated in the following regions of interest, A, whole
cell; B, PM; C, intracellular regions; D, cholesterol-rich (PM that colocalized with cholesterol-rich
domain marker); E, cholesterol-poor domain (PM that were not colocalized with cholesterol-rich
domain marker)

alter this overall qualitative pattern, SCP-2 expression inhibited DChol efflux from
whole cells (Fig. 10.7A, 10 min), primarily due to decreased efflux from cholesterol-
rich microdomains (Fig. 10.6D). The average % DChol fluorescence remaining
in cholesterol-poor microdomains was lower for SCP-2 expressing cells than for
control L-cells (Fig. 10.7E), but the difference was not statistically significant.
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Fig. 10.7 Effects of SCP-2 expression on DChol efflux. SCP-2 expressing and control L-cells were
labeled first with a cholesterol-rich domain marker – Alexa Fluor CT-B, and then with DChol-
MβCD (DChol concentration 10 μg/ml) for 15 min. MβCD (3 mM) was added to the buffer
to initiate DChol efflux. Fluorescence images of DChol and Alexa Fluor CT-B emission were
acquired in two different channels at 3 and 10 min after addition of MβCD. DChol was excited
with 408 nm laser, and imaged with HQ530/40 emission filter. Alexa Fluor CT-B was excited
with 568 nm laser, and imaged with HQ598/40 emission filter. Percentage of DChol fluorescence
remaining (n=15–25 cells) was calculated in the following regions of interest, A, whole cell; B,
PM; C, intracellular regions; D, cholesterol-rich domain (PM that colocalized with cholesterol-rich
domain marker); E, cholesterol-poor domain (PM that were not colocalized with cholesterol-rich
domain marker)

In summary, taken together these data were consistent with SCP-2 enhanc-
ing DChol uptake from an extracellular acceptor by facilitating DChol trafficking
through (but not retention in) cholesterol-rich plasma membrane microdomains for
increased distribution to intracellular sites. Conversely, SCP-2 increased retention
of DChol, by decreasing DChol efflux from plasma membrane cholesterol-rich
microdomains to extracellular acceptors.
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10.12 Physiological Studies of Effects of SCP-2 Overexpression
and Gene Ablation on Cholesterol Dynamics

In order to examine the physiological impact of cholesterol binding proteins such as
SCP-2, the expression of SCP-2 in mice has been increased (SCP-2 overexpression)
or decreased (antisense cDNA treatment, SCP-2/SCP-x gene ablation). Although
studies with L-FABP overexpressing mice have not yet been reported, the L-FABP
gene has been independently ablated by several groups. The following sections
summarize the effects of these manipulations on hepatic cholesterol phenotype.

10.12.1 Effects of SCP-2 Over-Expression and Antisense
Treatment on Hepatic and Biliary Cholesterol

Studies with genetically engineered mice indicated that SCP-2 over-expression
increases hepatic cholesterol accumulation and biliary excretion of cholesterol and
bile acids (Zanlungo et al., 2000; Amigo et al., 2003; Atshaves et al., 2009). Hepatic
cholesterol accumulation in SCP-2 over-expressing mice correlated with increased
expression of select proteins involved in cholesterol uptake [LDL-receptor, SRB1
(HDL-receptor), SRB1 regulatory protein PDZK1, 3α-hydroxysteroid dehydroge-
nase]. Hepatic lipid accumulation was further exacerbated by a cholesterol-rich
diet in both female (cholesterol/cholesteryl esters) and male (cholesterol/cholesteryl
esters and triacylglycerol) SCP-2 over-expressing mice (Atshaves et al., 2009).
In contrast, SCP-2 antisense cDNA treatment in rats decreases biliary choles-
terol excretion (Puglielli et al., 1996). These findings were consistent with SCP-2
being an important contributor to hepatic cholesterol content and biliary cholesterol
secretion.

10.12.2 Effects of SCP-2/SCP-x Gene Ablation on Hepatic
and Biliary Cholesterol

Based on the preceding studies with SCP-2 overexpressing and antisense cDNA
treated mice, it was expected that SCP-2 gene ablation would decrease hepatic
cholesterol accumulation and biliary cholesterol secretion. While mice ablated only
in SCP-2 expression do not yet to our knowledge exist, SCP-2/SCP-x gene ablation
(loss of both SCP-2 and SCP-x) led to decreased hepatic lipid accumulation (choles-
terol esters, triglycerides), as predicted (Fuchs et al., 2001; Seedorf et al., 1998).
Further, the finding that decreased hepatic lipid accumulation (cholesterol, triacyl-
glycerol) in SCP-x gene-ablated mice suggests that the loss of SCP-x alone at least
contributes to decreased hepatic lipid accumulation (Atshaves et al., 2007b). In con-
trast to these findings, however biliary cholesterol excretion was not decreased, but
unexpectedly increased dramatically in SCP-2/SCP-x gene-ablated mice, an effect
attributed to concomitant upregulation of liver fatty acid binding protein L-FABP
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(Fuchs et al., 2001). Thus, while these studies with SCP-2/SCP-x gene-ablated mice
provided important insights, they were complicated by simultaneous disruption of
two proteins (SCP-2, SCP-x) and massive (5-6 fold) upregulation of another protein
(L-FABP) involved in fatty acid and cholesterol metabolism. Finally, studies with
cultured fibroblasts and serum from humans with genetic variations in the SCP-
2/SCP-x gene showed that this gene impacts both bile acid (cholesterol branched
side chain oxidation) and branched-chain fatty acid metabolism (Ferdinandusse
et al., 2006). Unfortunately, hepatic lipid data were not reported in the latter studies
to allow direct comparison with the phenotype of SCP-2/SCP-x gene-ablated mice.

10.13 Potential Compensation by Other Cholesterol-binding
Proteins

As indicated above studies with SCP-2/SCP-x null mice, hypersecretion of choles-
terol in bile in these mice was attributed to upregulation of the liver fatty acid
binding protein (L-FABP) (Fuchs et al., 2001; Seedorf et al., 1998). L-FABP also
binds cholesterol and other sterols (NBD-cholesterol, DHE), but with lower affinity
than SCP-2 (Fischer et al., 1985; Sams et al., 1991; Schroeder et al., 1998, 2000,
1998; Stolowich et al., 1999; Martin et al., 2008b, 2009a; Avdulov et al., 1999).

It is important to note that L-FABP is 40-fold more prevalent than SCP-2
in hepatocytes (McArthur et al., 1999; Gallegos et al., 2001b; Stolowich et al.,
2002; Schroeder et al., 1996) and results obtained with purified plasma membranes
(Nemecz and Schroeder, 1991; Schroeder et al., 1996; Woodford et al., 1993, 1995a)
and transfected cells (Jefferson et al., 1991; Incerpi et al., 1991, 1992) suggest this
protein may play a role not only in intracellular trafficking of fatty acids (McArthur
et al., 1999; Weisiger, 2005; Schroeder et al., 2008), but also of cholesterol.
However, there is disagreement as to whether L-FABP gene ablation elicits obesity
and hepatic cholesterol accumulation. Our lab first detected obesity in older (>6 mo,
but not younger) female (but not male) L-FABP null mice generated by complete
L-FABP gene ablation (Martin et al., 2008a, 2009b). Furthermore, increased hep-
atic cholesterol was observed in female N2–N6 backcross generation L-FABP null
mice generated by complete L-FABP gene ablation and fed either standard rodent
chow or cholesterol-rich diet (Martin et al., 2003a, 2006, 2008a), a phenotype main-
tained by the current N10 backcross, as shown by 1.8-, 1.5-, and 1.7-fold increased
hepatic total (p<0.01), free (p<0.01), and esterified (p<0.05) cholesterol in female L-
FABP null versus wild-type age- and sex- matched littermates (Martin et al., 2009a).
In contrast, while young (<5mo old) independently generated control chow-fed L-
FABP null mice generated by a GFP knock-in strategy did not display obesity, the
phenotype of older mice was not examined (Newberry et al., 2006). Likewise, while
young (<5 mo old) independently generated control chow-fed L-FABP null mice
generated by a GFP knock-in strategy did not display hepatic cholesterol accumula-
tion when backcrossed to the N10 generation, the hepatic cholesterol phenotype of
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older (>6 mo) mice was not reported (Newberry et al., 2008b). Interestingly, hep-
atic cholesterol accumulation was observed under some (western, lithogenic) but
not other (extended time on high cholesterol) dietary conditions (Newberry et al.,
2006; Xie et al., 2009). Since backcross generation number did not account for the
apparent discrepancy in hepatic cholesterol phenotype, several other possibilities
will now be considered.

1) Significant differences in gene-construct strategies:
The small L-FABP gene is composed of four exons: exon 1 (encodes aa1–22),

exon 2 (aa23–79), exon 3 (aa80–112), and exon 4 (aa 113–126) (Matarese et al.,
1989). Since others have reported that different ablation construct strategies for
proteins involved in lipid metabolism can yield mice sharing some but not other
aspects of lipid phenotype (Fex et al., 2006; Tansey et al., 2001; Martinez-Botas
et al., 2000), our complete L-FABP gene ablation construct was prepared to delete
most of the 5′ non-coding (promoter) region, all 4 exons of the small L-FABP gene,
and part of the 3′ noncoding region, thereby avoiding the potential for expressing
L-FABP fragments (Martin et al., 2003a). In contrast, the other L-FABP null con-
struct was generated by knock-in of GFP at the N-terminal protein translation start
ATG that left intact the 5′ noncoding region (includes part of untranslated region
of exon 1), a portion of intron 2, all of exons 3 and 4, and the 3′ non-coding
region (Newberry et al., 2003). This strategy resulted in over-expression of GFP
in liver as well as other tissues, but no controls were provided demonstrating that
GFP over-expression did not affect lipid phenotype, especially in the liver of these
mice. Furthermore, the presence of the 5′ non-coding region left unresolved the
issue of whether L-FABP peptide fragments were expressed in these L-FABP null
mice. Since peptide fragments of SCP-2 (e.g. N-terminal α-helical domain) do not
directly bind/transfer cholesterol, but bind membranes and potentiate SCP-2’s sterol
transfer activity (Huang et al., 1999a, b, 2002), the possibility that the latter strat-
egy may have resulted in peptide fragments that contribute biological activity was
not precluded. These subtly different cholesterol phenotypes obtained with differ-
ent gene ablation strategies may provide new insights regarding potential roles of
L-FABP’s N-terminal α-helical membrane interaction domain, whose full function
has yet to be completely determined.

2) L-FABP null mice generated by different construct strategies were back-
crossed to C57BL/6 mice obtained from different vendors:

The L-FABP null mice generated with the complete L-FABP gene ablation con-
struct were back-crossed to C57BL/6NCr mice from Charles River (Wilmington,
MA) obtained through the National Cancer Institute (Frederick Cancer Research
and Development Center, Frederick, MD) (Martin et al., 2003b, 2005, 2008a,
2009a, b). In contrast, L-FABP null mice generated by the GFP knock-in strat-
egy were backcrossed to C57BL/6 J mice from Jackson Labs (Bar Harbor, ME)
(Newberry et al., 2006, 2008a, b; Xie et al., 2009). Whether C57BL/6 mice
from these two sources might differ sufficiently to be different substrains is not
known.

3) Hepatic lipid phenotypes were examined at dramatically different ages for the
L-FABP null mice generated by different construct strategies:
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While L-FABP null mice generated by complete L-FABP gene ablation strategy
did not show hepatic cholesterol accumulation at young age (<6 mo), these mice
demonstrated sex-dependent hepatic cholesterol accumulation (in females, but not
males) at >6 months of age (Martin et al., 2003a, 2006, 2008a, 2009a). While L-
FABP null mice generated with a GFP knock-in strategy and aged <6 mo also did not
exhibit hepatic cholesterol accumulation, hepatic lipid phenotype was not reported
for mice >6 mo of age (Newberry et al., 2006, 2008a, b; Xie et al., 2009). It is not
known if L-FABP null mice generated with the GFP knock-in strategy exhibit a
sex-dependent hepatic cholesterol phenotype at ages >6mo.

4) L-FABP null mice generated by different construct strategies were fed control
chow diets obtained from different vendors:

L-FABP null mice generated by complete L-FABP gene ablation strategy were
fed control chow from Harlan Teklad (Madison, WI) (Martin et al., 2003a; Martin
et al., 2006; Martin et al., 2008a; Martin et al., 2009a), while L-FABP null mice
generated with a GFP knock-in strategy were maintained on control chow diets
(Picolab Rodent Diet, LabDiet, Richmond, IN) or MP Biomedicals (Solon, OH)
(Newberry et al., 2006, 2008a, b; Xie et al., 2009). Standard control rodent chows
from different vendors (or even from the same vendor using different sources of
components) can vary significantly in their contents of phytol and phytoestrogens,
both of which markedly influence hepatic lipid metabolism (Atshaves et al., 2004,
2005, 2007b; Mackie et al., 2009; Martin et al., 2005, 2006, 2008a, 2009b; Seedorf
et al., 1998; Thigpen et al., 1999a, b).

5) L-FABP null mice generated by different construct strategies were fed
experimental diets differed in source, caloric content, and controls:

L-FABP null mice generated by complete L-FABP gene ablation strategy were
fed a defined control diet (phytol-free, phytoestrogen-free) or isocaloric cholesterol-
rich control diet based on the control diet—both from Research Diets (New
Brunswick, NJ) (Martin et al., 2006, 2008a). In contrast, L-FABP null mice gen-
erated with a GFP knock-in strategy were fed control diets (Picolab Rodent Diet,
LabDiet, Richmond, IN) or MP Biomedicals (Solon, OH) while non-isocaloric
experimental diets (cholesterol-rich, high fat, western, lithogenic) were from com-
pletely different sources including Harlan Teklad (Madison, WI), Research Diets
(New Brunswick, NJ), or MP Biomedicals (Solon, OH) (Newberry et al., 2006,
2008a, b; Xie et al., 2009). Finally, the time on experimental diets (e.g. high choles-
terol) differed markedly—5 weeks on 1.25% cholesterol-diet for L-FABP null mice
generated by complete L-FABP gene ablation (Martin et al., 2006) versus 12 weeks
on 1.25 and 2% cholesterol diet for L-FABP null mice generated by GFP knock-in
strategy (Newberry et al., 2008b). Hepatic cholesterol content of control-chow fed
female mice is known to be higher than that of male mice (Atshaves et al., 2004;
Turley et al., 1998; Martin et al., 2005, 2006) and this phenotype is maintained
when fed for short times (3–4 weeks) on a 1.0–1.25% cholesterol-diet (Turley et al.,
1998; Martin et al., 2005, 2006). Since hepatic cholesterol accumulation increases
with increasing time on high cholesterol diet much more so for female than male
mice (Turley et al., 1998; Schwarz et al., 2001; Yu et al., 2000), it is possible that
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L-FABP null mice generated by GFP knock-in strategy fed cholesterol-rich diet
for 3mo (Newberry et al., 2008b) may have overcome differences noted with L-
FABP null mice generated by complete L-FABP gene ablation and fed for only
5 weeks, a much shorter duration (Martin et al., 2006). It remains to be shown
whether L-FABP null mice generated by GFP knock-in strategy will exhibit ele-
vated hepatic cholesterol accumulation when fed 1.25% cholesterol-rich diet for
shorter time (i.e. 5 weeks) rather than the much longer time (3 months) used
previously.

6) L-FABP null mice generated by different construct strategies were fasted for
markedly different times prior to sacrifice:

In all studies with L-FABP null mice generated by complete L-FABP gene abla-
tion strategy, the mice were fasted 12 h prior to sacrifice (Martin et al., 2003a, b,
2005, 2006, 2008a, 2009a, b; Atshaves et al., 2004, 2005; Mackie et al., 2009). In
contrast, in studies with L-FABP null mice generated by GFP knock-in strategy the
mice were fasted for variable times, 4 to 48 h (Newberry et al., 2003, 2006, 2008a,
b; Spann et al., 2006; Xie et al., 2009). Fasting for 12 h (but not 4 h) is sufficient
to clear most chylomicrons from the serum without inducing starvation while fast-
ing for 48 h represents starvation, a condition that significantly alters hepatic lipid
metabolism.

7) L-FABP null mice generated by different construct strategies, backcrossed
to C57Bl/6 mice from different vendors, fed control chow from different vendors,
and maintained in different laboratory animal facilities are likely to exhibit different
intestinal microflora:

In summary, while L-FABP null mice generated by different construct strategies
share significant features [e.g. reduced hepatic fatty acid uptake, reduced hepatic
fatty acid oxidation, and reduced hepatic triglyceride (males only)], only those gen-
erated by complete gene ablation exhibit an age- and sex-dependent obese and
hepatic cholesterol phenotype. While it has been suggested that the L-FABP null
mice generated by GFP knock-in strategy do not exhibit the latter phenotype, care-
ful comparison of the respective work indicates studies with the L-FABP null mice
generated by GFP knock-in strategy were not performed under the same conditions,
in particular with a different vendor source of C57Bl/6 mice for backcrossing, use of
significantly younger mice, comparisons to control diets not isocaloric and/or from
different vendors, length of time on experimental diet and comparison to appropri-
ate control diet, as well as other factors more difficult to control. Thus, the hepatic
cholesterol phenotype of L-FABP null mice generated by a GFP knock-in strat-
egy and sex-matched, aged at least 6 months, fed the same diets (from the same
vendor) and for experimental diets compared to the same control diets (from the
same vendor), and fasted for the same length of time as the L-FABP null mice
generated by complete L-FABP gene ablation remains to be determined. The phys-
iological significance of studies with L-FABP null mice to humans is underscored
by recent findings that human genetic variations in the L-FABP gene impact blood
lipoprotein/lipid levels and the response to lipid-lowering therapy with fenofibrate,
a cholesterol synthesis inhibitor (Brouillette et al., 2004; Fisher et al., 2007).
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10.14 Conclusions and Future Perspectives

Real-time fluorescence imaging has now established the existence of cholesterol-
rich microdomains in the plasma membranes of mammalian cells. Likewise, studies
performed in vitro and in transfected cells show that intracellular cholesterol bind-
ing proteins such as SCP-2 and L-FABP are both involved in cholesterol uptake,
intracellular trafficking, and targeting. While studies with genetically engineered
mice have proven valuable in elucidating physiological roles of SCP-2 and L-FABP
in cholesterol metabolism, the phenotypes of such mice are complicated by con-
comitant upregulation of L-FABP in SCP-2/SCP-x null mice and upregulation of
SCP-2 in L-FABP null mice. Furthermore, studies with two independently gen-
erated L-FABP null mice demonstrate the sensitivity of the hepatic cholesterol
phenotype to differences in construct strategy, source of mouse strain for back-
crossing, age and sex of the mice, experimental diet (source, caloric content),
conditions for experimental diet (concentration of cholesterol added, time on diet),
use of appropriate control diets used for comparison to experimental diets, dura-
tion of fasting (decrease chylomicrons, starvations), intestinal microflora, and other
nuanced variables difficult to control. Thus, it is important that conclusions regard-
ing the role of individual cholesterol-binding proteins be based not only on studies
with gene-targeted mice but that these conclusions should also be supported by
experiments performed in vitro (cholesterol binding, cholesterol transfer between
purified membranes, stimulation of cholesterol metabolism, etc.) with the respective
purified proteins and in transfected cells (cholesterol uptake, efflux, intracellular dif-
fusion/transport) over-expressing the respective proteins where variables are easier
to control.
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Chapter 11
Cholesterol in Niemann–Pick Type C disease

Xiaoning Bi and Guanghong Liao

Abstract Niemann-Pick Type C (NPC) disease is associated with accumulation of
cholesterol and other lipids in late endosomes/lysosomes in virtually every organ;
however, neurodegeneration represents the fatal cause for the disease. Genetic anal-
ysis has identified loss-of-function mutations in NPC1 and NPC2 genes as the
molecular triggers for the disease. Although the precise function of these proteins
has not yet been clarified, recent research suggests that they orchestrate cholesterol
efflux from late endosomes/lysosomes. NPC protein deficits result in impairment
in intracellular cholesterol trafficking and dysregulation of cholesterol biosynthe-
sis. Disruption of cholesterol homeostasis is also associated with deregulation of
autophagic activity and early-onset neuroinflammation, which may contribute to the
pathogenesis of NPC disease. This chapter reviews recent achievements in the inves-
tigation of disruption of cholesterol homeostasis-induced neurodegeneration in NPC
disease, and provides new insight for developing a potential therapeutic strategy for
this disorder.
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11.1 Introduction

Niemann–Pick disease type C (NPC) is a severe neurovisceral lysosomal lipid stor-
age disorder first described by Niemann in 1914 (Niemann, 1914), and further
characterized by Pick in 1933 (Pick, 1933). NPC disease is rare with a prevalence
of 1:150,000 in the general population. The associated loss-of-function mutations in
NPC1 (accounting for 95% of the cases) or NPC2 (accounting for the remaining 5%)
genes were identified as the genetic cause of this disease in 1997 and 2000, respec-
tively (Carstea et al., 1997; Naureckiene et al., 2000). Clinical manifestations of
NPC include vertical gaze palsy, ataxia, dystonia, dementia, cognitive impairment,
and seizures with hepatosplenomegaly in early childhood; progressive neurological
function defects are considered the cause of death that often occurs in teenage years
(Fink et al., 1989). Pathologic features in NPC brain include neuronal loss, espe-
cially in the cerebellum, axonal spheroids, meganeurite formation (Higashi et al.,
1993), and ectopic neurites (reviewed by Walkley & Suzuki, 2004). The hallmark
of NPC at the cellular level is accumulation of cholesterol and other lipids in late
endosome/lysosomes.

How disruption of cholesterol metabolism contributes to NPC neuropathology
remains largely unknown and currently no effective therapy is available for this
disease. Extensive investigations have focused on characterization of NPC pro-
tein functions and the links between NPC loss-of-function and cholesterol storage,
however the mechanism underlying NPC pathogenesis still remains to be fur-
ther elucidated. Interest in studying NPC disease was markedly increased after a
link between NPC disease and Alzheimer’s disease was discovered (Love et al.,
1995; Ohm et al., 2003). NPC and Alzheimer’s disease exhibit several similarities,
including endosomal/lysosomal abnormalities, cholesterol imbalance, neurofibril-
lary tangle formation, deregulation of the phosphatidylinositol-3 kinase signalling
cascade, and glial-mediated neuroinflammation (Auer et al., 1995; Baudry et al.,
2003; Bi & Liao, 2007; Bi et al., 2005; Distl et al., 2003; German et al., 2002;
Liao et al., 2007; Lynch & Bi, 2003; Suzuki et al., 1995). In addition, amyloid-beta
peptide deposition was also evident in brains of NPC patients with ApoE epsilon4
homozygosity (Saito et al., 2002) (see also Chapter 2). Similarly, accumulation of
beta-C-terminal fragments of amyloid precursor proteins was found in brains of
a mouse model for NPC (Burns et al., 2003). Recently, it has been reported that
brains of some NPC patients also contain aberrant alpha-synuclein accumulation
and Lewy bodies (Saito et al., 2004), which inspires the proposal to include NPC as
a subclass of “Lewy body diseases” (Hardy et al., 2009). New methodological and
technological developments have also greatly improved our understanding of the
functions of cholesterol and lipoproteins in brain. This review focuses on disruption
of cholesterol homeostasis, especially cholesterol intracellular trafficking-induced
neurodegeneration in NPC disease.

11.2 NPC Proteins and Intracellular Cholesterol Transport

Human NPC1 protein contains 1278 amino acids and 13 putative transmembrane
domains (Davies & Ioannou, 2000). To-date more than 200 mutations that induce
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NPC phenotype have been identified in the NPC1 gene (Runz et al., 2008). NPC1
proteins have been localized in late endosomes of various cell types using differ-
ent methods (Berger et al., 2007; Chikh et al., 2004; Higgins et al., 1999; Neufeld
et al., 1999; Urano et al., 2008; Zhang et al., 2003). Biochemical and structural anal-
yses have indicated that the protein contains a sterol sensing domain, homologous
to the sterol sensing domain found in other key proteins in cholesterol homeosta-
sis such as morphogen receptor Patched, 3-hydroxy-3-methylglutaryl coenzyme
A reductase, SREBP cleavage activating protein, and Niemann–Pick C1-like 1
(Carstea et al., 1997; Davies et al., 2000a, b; Loftus et al., 1997; Scott et al., 2004),
which is located between the third and seventh transmembrane domains (Davies
& Ioannou, 2000; Millard et al., 2005); the sterol sensing domain is essential for
NPC1 binding of cholesterol as demonstrated by using a photoactivatable choles-
terol analog (Ohgami et al., 2004). The sterol-sensing domain is also critically
involved in regulation of NPC1 protein stability (Ohsaki et al., 2006), as well as
its late endosomal targeting (Scott et al., 2004). Besides the sterol-sensing domain,
the N-terminal domain (amino acids 25-264) also exhibits high affinity binding for
cholesterol and side-chain oxysterols in vitro (Infante et al., 2008a); however, NPC1
proteins with mutations in this region affecting sterol binding still rescue NPC1-
deficient cells (Infante et al., 2008b), suggesting that the binding function of this
domain is not essential. Recently, it has been shown that this region may interact
with NPC2 to facilitate cholesterol efflux from late endosome/lysosomes (Infante
et al., 2008c).

Human NPC2 protein (also termed HE1) is a small soluble protein, which con-
tains 132 amino acids (Kirchhoff et al., 1996; Okamura et al., 1999). Eighteen
mutations in NPC2 gene have been identified (Runz et al., 2008). Structural and bio-
chemical studies have shown that NPC2 has a hydrophobic ligand binding pocket
(Friedland et al., 2003) and binds cholesterol with a 1:1 stoichiometry (Xu et al.,
2007) and a high affinity (Kd = 30–50 nM) (Ko et al., 2003). Cholesterol binding
is essential for NPC2 function since mutant NPC2 proteins that lack high affinity
cholesterol binding also fail to rescue NPC2-null cells (Ko et al., 2003). Currently,
it is generally accepted that NPC2 is mainly present in the lysosomal lumen
(Naureckiene et al., 2000; Willenborg et al., 2005). Although the two proteins are
very different structurally, recessive inheritance of either one leads to NPC disease
with almost indistinguishable phenotypes (Vance, 2006; Vanier & Millat, 2004),
suggesting that the two proteins must function in a closely related fashion. This
notion has been further confirmed by a direct comparison study of mice with Npc1,
Npc2, or Npc1/Npc2 double deficiency (Sleat et al., 2004). However, exactly how
the two proteins participate in cholesterol efflux from late endosomes/lysosomes
remains an open question. Using fluorescence-labelled NPC2 a recent study showed
that NPC2 was able to transfer cholesterol to vesicular membranes (Cheruku et al.,
2006), possibly by direct NPC2-membrane interaction (Xu et al., 2008). Using in
vitro assays, Infante et al. (2008c) showed that a bidirectional transfer of choles-
terol occurs between liposomes and either NPC1 or NPC2, although that mediated
by NPC1 is much slower compared to NPC2. However, in the presence of NPC2,
the bidirectional transfer is enhanced over 100 fold. These data suggest a model in
which NPC1 and NPC2 may bind cholesterol sequentially and promote its egress
from late endosomes/lysosomes.
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11.3 Cholesterol Accumulation in Niemann-Pick Type
C Disease

The essential role of cholesterol in maintaining functional integrity of virtually all
types of cell has gained tremendous attention. Cholesterol homeostasis is critical
for normal function of the central nervous system (CNS), which is particularly rich
in cholesterol. Although the human brain comprises only 2% of the body mass, it
contains about 25% of the total body unesterified cholesterol (Dietschy & Turley,
2001). In contrast to other peripheral tissues that obtain cholesterol from both
de novo synthesis within the cells and uptake of cholesterol-containing lipopro-
tein particles from serum, nearly all cholesterol supply in the CNS comes from
in situ synthesis (Turley et al., 1996). Previous studies have shown that during
early development neurons rely heavily on de novo cholesterol synthesis (Jurevics
et al., 1997; Turley et al., 1996), whereas uptake of exogenous cholesterol pro-
vided by glia may be critical for mature neurons later (Cruz & Chang, 2000; Pitas
et al., 1987; Weisgraber et al., 1994). Dysfunction of either de novo synthesis or
uptake of exogenous cholesterol can lead to disruption of cholesterol homeostasis in
neurons.

Cholesterol esterification impairment in NPC disease was first revealed in
fibroblasts cultured from NPC patients, which distinguished NPC disease from
other lysosomal storage diseases (Pentchev et al., 1985; Vanier et al., 1988).
Subsequent research found that not only unesterified cholesterol, but also gan-
gliosides GM2 and GM3, and bis-monoacylglycerol phosphate accumulated in
late endosomes/lysosomes (Kobayashi et al., 1999; Liscum & Munn, 1999; Sokol
et al., 1988; te Vruchte et al., 2004; Watanabe et al., 1998; Zervas et al.,
2001b). The discovery that lipids other than cholesterol also accumulated in late
endosomes/lysosomes has led to the debate over whether aberrant trafficking of
cholesterol or of other lipids is the primary cause of the NPC phenotype (te
Vruchte et al., 2004; Zervas et al., 2001b). It was suggested that cholesterol
accumulation was ganglioside-dependent since depletion of the ganglioside-related
enzyme GM2/GD2 synthase in NPC-deficient neurons diminished cholesterol accu-
mulation (Gondre-Lewis et al., 2003). However, a more recent study failed to
reproduce these results; Li et al reported that deprivation of either GM2/GD2
or GM3 did not reduce cholesterol accumulation or pathology in Npc1-/- mice
(Li et al., 2008). In fact, the lifespan was shortened by these manipulations
(Li et al., 2008). Another recent study suggested that sphingosine storage was
an initiating factor that caused altered calcium homeostasis in lysosomes, lead-
ing to the secondary accumulation of sphingolipids and cholesterol (Lloyd-Evans
et al., 2008). The caveat for this hypothesis is that both NPC1 and NPC2 have
been shown to directly bind cholesterol, and not sphingosine. Therefore, to argue
that sphingosine storage is the initiating event, some additional mechanism is
needed. In this regard, one recent study reported that mutation in the sterol-sensing
domain of a yeast NPC-related protein led to subcellular sphingolipid redistribu-
tion (Malathi et al., 2004). Whether this holds true in mammals remains to be
determined.
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Besides abnormal late endosomes/lysosomes (Zervas et al., 2001a), early endo-
somes were also reported to be substantially enlarged and to contain high levels of
the lysosomal hydrolase cathepsin D in Purkinje cells and microglia in brain tissues
of NPC patients (Jin et al., 2004). Furthermore, our previous research has shown
that cathepsin D immunoreactivity was increased not only in microglia, but also
in neurons in Npc1-/- mice (Liao et al., 2007, 2009), a murine model of NPC dis-
ease. The phenotype in these mice is almost identical to that in humans except that
only hyperphosphorylation of tau, but not neurofibrillary tangles, has been observed
in the mutant mouse brain (German et al., 2001). These observations suggest that
mutations in NPC1 gene impair functions in both early and late endocytic pathways;
whether disruption of early endosomes is induced by accumulation of cholesterol in
late endosomes/lysosomes or is an independent deficit needs further study.

Cholesterol accumulation was detected as early as postnatal day 9 in various
brain regions in Npc1-/- mice (Reid et al., 2004). In the cerebellum, although the
morphology of Purkinje cells was normal at this age, cholesterol accumulation was
already evident in cell bodies and dendritic arbors. In other brain areas, cholesterol
accumulation was first observed in neuronal perikarya and at the base of axonal
hillocks, especially in the thalamus (Reid et al., 2004). In later stages, cholesterol
accumulation was also found in astrocytes (Mutka et al., 2004; Reid et al., 2004) and
active microglia (Liao et al., 2009). Cholesterol accumulation in cell bodies, and to a
smaller degree in axons, was observed in sympathetic neurons cultured from Npc1-
/- mice and maintained in serum-free medium for only one day (Karten et al., 2002).
However, whether cholesterol accumulation occurs in embryonic brain tissues is still
under debate. Interestingly, the percentage of Npc1-/-pups bred from heterozygous
parents is about 12% instead of the predicted 25% (Karten et al., 2002), implicating
possible embryonic lethality in Npc1-/- mice. At embryonic day 16, the percent-
age of homozygous embryos is still 25%, which indicates that death takes place
after E16 (Henderson et al., 2000). Additional research is needed to define the
potential links between disruption of cholesterol homeostasis and embryonic death.
Nevertheless, studies reviewed in this section have clearly shown that cholesterol
accumulation occurs early in life in Npc1-/- mice, although the mechanism for this
early event remains obscure.

11.4 Suppression of Brain Cholesterol Synthesis
in NPC Disease

A paradox in brain cholesterol metabolism in Npc1-/- mice is that although choles-
terol accumulation in neurons and glia is clearly evident, the total amount of brain
cholesterol is not significantly increased, which is in contrary to what is found in
other organs. A direct measurement study showed that the total amount of choles-
terol in brain of newborn Npc1-/- mice was more than that of wild-type mice,
but gradually reduced with age (Xie et al., 2000). By 7-week postnatal, choles-
terol levels were significantly reduced in midbrain, brainstem and spinal cord in
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Npc1-/- mice and the reduction was paralleled with an increase in net choles-
terol turnover (Xie et al., 2000). Further study from the same research group
demonstrated that the synthesis rate of cholesterol was reduced while its excre-
tion from brain was enhanced (Xie et al., 2003). Excretion was independent of
the 24-hydroxycholesterol pathway that the brain normally uses to transfer excess
cholesterol to plasma. Research from other groups supported the notion that choles-
terol synthesis in Npc1-deficient mice was decreased. For instance, an in vitro study
showed that cholesterol synthesis in Npc1-deficient astrocytes was reduced (Reid
et al., 2003). Furthermore, the synthesis of neurosteroids, such as allopregnanolone
(Griffin et al., 2004) and testosterone (Roff et al., 1993), was also decreased in Npc1-
/- mice. Using microarray analysis we found that mRNAs for several key proteins in
the sterol biosynthesis pathway were significantly reduced (Liao et al., unpublished
data). However, other studies indicated that there were no significant changes in
cholesterol synthesis in Npc1-/- mice (Karten et al., 2005; Reid et al., 2008). These
controversial findings suggest that the impairment in cholesterol synthesis requires
further investigation.

11.5 Impairment of Cholesterol Transport in NPC Disease

The cloning of NPC1 protein, and later of NPC2 protein, sped up the investigation
of the mechanisms underlying pathogenesis in the disease. NPC1 protein is gen-
erally located in late endosomes (Higgins et al., 1999; Kobayashi et al., 1999). In
situ hybridization study showed that in mouse brain, Npc1 mRNA was detected
in the majority of neurons in nearly all regions, but at significantly higher levels
in cerebellum and in specific pontine nuclei; this regional specificity was estab-
lished by postnatal day 7 (Prasad et al., 2000). The earliest neuronal expression of
Npc1 mRNA was detected at embryonic day 15 (Prasad et al., 2000). As discussed
above, while the structure of the NPC1 protein is well characterized, little is known
regarding its function in vivo. Several lines of evidence indicate that NPC1 may
be involved in the trafficking of both LDL-derived and endogenously synthesized
cholesterol from the endoplasmic reticulum to the trans-Golgi network (Higgins
et al., 1999; Reid et al., 2003; see Scott & Ioannou, 2004 for a recent review).

Brain cholesterol homeostasis is achieved through different mechanisms from
those in other organs. In vivo, direct measurement of the uptake of low density
lipoproteins (LDL) in different brain regions has indicated that cholesterol car-
ried in LDL circulating in serum plays little or no role in the process of sterol
acquisition during brain development or in cholesterol turnover in the mature
central nervous system (Turley et al., 1996). In contrast, lipoproteins in brain trans-
port exogenous cholesterol generated in glia to neurons. Several members of the
LDL receptor family, including apolipoprotein E, A1, D, and J, are expressed in
brains with apolipoprotein E and apolipoprotein J being the major apolipopro-
teins in CNS (Gong et al., 2002). Apolipoprotein E is mainly synthesized by
astrocytes and microglia and to a small extent by neurons (Brecht et al., 2004).
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Extracellular cholesterol in the brain is transported mostly by apolipoprotein E
(Boyles et al., 1985), and a small amount by apolipoprotein A1, apolipoprotein
D, and apolipoprotein J (Patel et al., 1995). Expression of apolipoprotein D is
increased in Npc1-deficient mice (Li et al., 2005; Ong et al., 2002; Suresh et al.,
1998), although the exact function of apolipoprotein D in brain is not clear. Levels
of apolipoprotein E mRNA (Li et al., 2005) and protein (Liao et al., unpublished
data) are also increased in Npc1-/- mice. However, using a functional assay, Karten
and colleagues have shown that apolipoprotein E-containing lipoproteins generated
by Npc1-/- and Npc1+/+ glia were equally capable of stimulating axonal elonga-
tion (Karten et al., 2005). Furthermore, degeneration of neurons and glia in double
Npc1-/-/LDLR-/- deficient mice was similar to that in Npc1-/- mice, which indi-
cates an LDLR-independent pathogenic process (German et al., 2001). On the other
hand, neurons cultured from Npc1-/- mice exhibited cholesterol accumulation in cell
bodies, while distal axons had reduced cholesterol (Karten et al., 2002), suggesting
impairment in intracellular cholesterol trafficking. Overall, although the precise role
of lipoproteins in NPC disease needs to be further defined, these studies suggest that
disruption of cholesterol transport, especially inside neurons, may play a critical role
in NPC pathogenesis.

11.6 Cholesterol Accumulation-Associated Autophagy
in NPC Disease

Although NPC1 gene is expressed in all tissues, the nervous system manifestations
of the disease are predominant and lethal. The reason why neurons are most vulner-
able to NPC1 deficiency remains unknown. Apoptosis was found in cortical neurons
treated with a blocker of cholesterol transport, U18666A (Koh et al., 2006, 2007),
in liver cells of Npc1-/- mice (Beltroy et al., 2005), and in brains of NPC patients
and Npc1-/- mice (Wu et al., 2005). However, additional results support the notion
that another type of programmed cell death, autophagic cell death, plays a critical
role in neuronal death in NPC disease.

Autophagy or “self-eating” is an adaptation process conserved in cells from
yeasts to mice and humans (Klionsky & Emr, 2000). As a house-keeping mecha-
nism, autophagy engulfs fragments of damaged organelles and long-lived membrane
proteins and transfers packaged cargos to lysosomes for degradation (Xie &
Klionsky, 2007). Recent evidence indicates that autophagy is associated with neu-
rodegeneration in Alzheimer’s disease (Nixon, 2007), Parkinson’s disease (Pan
et al., 2008), and Huntington disease (Ravikumar et al., 2004). Research from
our laboratory and others have also shown that autophagy activity is increased in
Npc1-/- mice (Ko et al., 2005; Liao et al., 2007; Pacheco et al., 2007). Levels
of LC3 (microtubule-associated protein 1 light chain 3 protein)-II, a marker of
autophagic activation (Kabeya et al., 2000; Klionsky et al., 2008; Tanida et al.,
2005), are increased in brain of Npc1-/- mice (Liao et al., 2007) and in fibroblasts
with NPC1 deficiency (Pacheco et al., 2007). LC3-immunopositive granules were
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Fig. 11.1 Ultrastructure of Purkinje cells in Npc1-/- and Npc1+/+ mice. A A Purkinje cell of a
6-week-old Npc1+/+ mice. Npc, nucleus of Purkinje cell. ER, endoplasmic reticulum; G, Golgi
apparatus; L, lysosome; M, mitochondria. B A Purkinje cell of a 6-week-old Npc1-/- mice.
Numerous vacuoles (arrowheads) of different sizes with various levels of electron-dense mate-
rials are present in the cytoplasm. C Lysosome-like structures exist in Purkinje cells in Npc1+/+
mice. D–F Morphology of various membranous vacuoles. Some of them are with double mem-
branes (arrowheads), whereas others have multilamellated structures (arrows). Scale bars = 2 μm
(A and B), 1 μm (C–F). (Adapted from Liao et al., 2007)

also labelled with filipin-stained cholesterol, suggesting that autophagy in NPC is
closely associated with cholesterol accumulation (Liao et al., 2007). This notion is
further supported by our recent finding that suppression of autophagy by treatment
of mice with allopregnanolone, a neurosteroid that is deficient in brain of Npc1-/-
mice, was associated with reduction in cholesterol accumulation (Liao et al., 2009).
Ultrastructural analysis with electron microscopy revealed the existence of classic
double membrane vacuole-like structures in 6-weeks old Npc1-/- mice (Fig. 11.1)
(Liao et al., 2007). These results suggest an increase in autophagosomes in NPC.
However, as the volume of autophagosomes depends on the dynamics of influx
and efflux, whether this increase represents a net increase in autophagic activity
or a efflux jam because of lysosomal dysfunction remains an open question (Bi &
Liao, 2007).

The mechanism by which autophagic activity is elevated is largely unknown. It
is generally agreed that amino acid starvation induces autophagic activity; whether
lipid/cholesterol starvation also results in enhanced autophagic activity is not as
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certain. Depletion of cholesterol in human fibroblasts, by either acute chemical treat-
ment or metabolic suppression of cholesterol synthesis, increased levels of LC3-II
and LC3-II-immunopositive granules suggesting an increase in autophagic activ-
ity (Cheng et al., 2006). Electron microscopy examination revealed that autophagic
vacuoles induced by cholesterol depletion were indistinguishable from that induced
by amino acid starvation, which further supports the idea that cholesterol starva-
tion can also initiate autophagy. More convincing evidence suggesting an increase
in autophagic induction in NPC was obtained by Ishibashi and colleagues, who
recently reported that cholesterol depletion by U18666A inhibited the formation
of filipin-labeled LC3-immunopositive granules but promoted the formation of
ring-shaped filipin-negative LC3-immunopositive structures (Ishibashi et al., 2009).
However, the molecular basis for cholesterol depletion-induced autophagy remains
elusive. Blocking intracellular cholesterol trafficking by U18666A in wild-type
fibroblasts increased the expression of LC3 and the conversion of LC3-I to LC3-II, a
process that was dependent on the Beclin-1 rather than the mTOR (mammalian tar-
get of rapamycin) signalling pathway (Pacheco et al., 2007), which may imply that
cholesterol depletion-induced autophagy uses different molecular mechanisms from
those induced by amino acid starvation. In reviewing the literature, it is clear that an
increase in autophagosomes, possibly by enhanced initiation rather than decreased
efflux, is associated with cholesterol accumulation in NPC disease. However, the
underlying mechanism is not as clear.

11.7 Treatment Development for NPC Disease

Currently there is no effective treatment for NPC disease. Clinically, NPC patients
are often placed on a cholesterol-lowering treatment, although the results are not
very convincing. An animal study showed that introduction of functional npc1
gene in Npc1-/- mouse brain with a prion promoter prevented neurodegenera-
tion, normalized lifespan, and corrected sterility (Loftus et al., 2002). Results
from this study further emphasize the importance of neurodegeneration in NPC
disease. Another recent study has shown that restoring Npc1 function only in
astrocytes triples Npc1-/- mice lifespan, indicating that astrocytes play a critical
role in NPC disease (Zhang et al., 2008). Substrate-reduction therapy, by using
N-butyldeoxynojirimycin (Miglustat), an inhibitor of glycosphingolipid biosynthe-
sis, has also shown promising results; it extended the average lifespan from 67
days to 89 days in the NPC mouse model (Zervas et al., 2001b). Supplementing
the neurosteroid, allopregnanolone, by a single injection at postnatal day 7 has
been shown to double Npc1-/- mice lifespan (Griffin et al., 2004). Regarding the
potential mechanisms of allopregnanolone treatment, in vitro experiments indicated
that allopregnanolone-mediated Purkinje cell survival was blocked by the GABAA
receptor antagonist, bicuculline, suggesting that the effect of the drug might be
mediated by GABAA receptors (Griffin et al., 2004). However, this hypothesis
has been challenged by the finding that ent-allopregnanolone, an allopregnanolone
stereoisomer without GABAA receptor agonist function, has identical effects
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as natural allopregnanolone, which strongly suggests the existence of GABAA-
independent mechanisms (Langmade et al., 2006). On the other hand, T0901317,
a synthetic oxysterol ligand, acts in concert with allopregnanolone to promote sur-
vival and to delay the onset of neurological symptoms (Langmade et al., 2006). The
effects of allopregnanolone and T0901317 correlate with their ability to activate the
pregnane X receptor, suggesting a role for this receptor. However, other researchers
have reported that there is no detectable pregnane X receptor activity in mouse cere-
bellum (Bookout et al., 2006; Gofflot et al., 2007; Repa et al., 2007). Liu et al.
(2008) recently reported that administration of β-cyclodextrin, the vehicle used in
the allopregnanolone studies, also rescued Npc1-/- mice. This study has inspired a
“compassionate use” of β-cyclodextrin to twin NPC patients, which was approved
by the FDA (http://www.addiandcassi.com). However, results from our recent study
showed that while combined allopregnanolone and cyclodextrin treatment markedly
reduced cholesterol accumulation, autophagic/lysosomal dysfunction, microglia-
and astrocyte-mediated inflammation, and increased myelination in brain of Npc1-/-
mice at one month (Ahmad et al., 2005; Liao et al., 2009), cyclodextrin treatment
alone only slightly reduced cholesterol accumulation and had little effect on other
pathological features (Liao et al., 2009). These results raise caution regarding the
clinical use of cyclodextrin in NPC.

11.8 Conclusions

Recent studies have indicated that disruption in cholesterol homeostasis plays an
important role in several neurodegenerative diseases, including Alzheimer’s dis-
ease (see Chapter 2) and NPC disease. In NPC, cholesterol accumulation occurs
early and is closely associated with neurodegeneration. Although loss-of-function
mutations in NPC1 and NPC2 genes have been identified as the genetic cause of
this disorder, the precise mechanism by which NPC deficit leads to neuronal death
remains elusive. Recent research has led to a better understanding of the roles of
NPC1 and NPC2 in cholesterol flux through late endosomes/lysosomes, which may
reveal new therapeutic strategies. Other pathological features such as neuroinflam-
mation and autophagy are also linked to the development of the disease. Therefore,
we speculate that multiple therapeutic strategies, including lipid transport improve-
ment, inflammation suppression, and autophagy manipulation should be considered
along with gene therapy to provide a comprehensive treatment of this disease.
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Chapter 12
Protein Mediators of Sterol Transport Across
Intestinal Brush Border Membrane

J. Mark Brown and Liqing Yu

Abstract Dysregulation of cholesterol balance contributes significantly to
atherosclerotic cardiovascular disease (ASCVD), the leading cause of death in the
United States. The intestine has the unique capability to act as a gatekeeper for
entry of cholesterol into the body, and inhibition of intestinal cholesterol absorption
is now widely regarded as an attractive non-statin therapeutic strategy for ASCVD
prevention. In this chapter we discuss the current state of knowledge regarding
sterol transport across the intestinal brush border membrane. The purpose of this
work is to summarize substantial progress made in the last decade in regards to
protein-mediated sterol trafficking, and to discuss this in the context of human
disease.

Keywords Intestinal cholesterol absorption · Niemann-Pick C1-Like 1 · Sterol-
sensing domain · ATP-binding cassette transporters G5 and G8 · Scavenger receptor
class B type I · Animal model · Cell model · Ezetimibe
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NPC1L1 Niemann-Pick C1-Like 1
PPAR Peroxisome proliferators-activated receptor
SCAP Sterol regulatory element-binding protein-cleavage activating protein
SR-BI Scavenger receptor class B type I
SREBP Sterol regulatory element-binding protein

12.1 Introduction

As discussed in detail in several previous chapters, cholesterol is essential for
the growth and function of all mammalian cells. However, elevated low-density
lipoprotein (LDL) cholesterol (LDL-C) represents a major risk factor for the devel-
opment of atherosclerotic cardiovascular disease (ASCVD). For many years now,
statin-mediated inhibition of endogenous cholesterol biosynthesis has been the
major therapeutic means to lower LDL-C, yet ASCVD still persists in most of
the world (Rosamond et al., 2007). Therefore, additional LDL-C lowering is now
recommended, and the search for therapeutic strategies that work in synergy with
statins has now begun. As a result of this search, drugs that inhibit intestinal
cholesterol absorption have become an attractive therapeutic strategy to use in
combination with statins. However, only within the last decade have we begun to
understand how intestinal sterol absorption occurs at the molecular level. Recently
we have learned that intestinal sterol absorption is tightly regulated by key pro-
teins located at the brush border membrane. One of these proteins, Niemann-Pick
C1-Like 1 (NPC1L1), was recently identified to be essential for intestinal choles-
terol absorption, and will be discussed in detail. In direct opposition of NPC1L1,
the heterodimer of ATP-binding cassette transporters G5 and G8 (ABCG5/G8)
has been shown to be critical for intestinal disposal of sterols. In addition, the
scavenger receptor class B type I (SR-BI) has been implicated in modulating
intestinal cholesterol absorption. The purpose of this chapter is to summarize the
current state of knowledge regarding the structure and function of these apically-
localized cholesterol transporters, and to provide a detailed review as to how these
proteins and others interact to regulate the complex process of intestinal sterol
absorption.

12.2 Intestinal Cholesterol Absorption and Ezetimibe

Cholesterol in the intestinal lumen is mainly derived from bile and diet. A physiolog-
ical process by which cholesterol enters intestinal or thoracic duct lymph across the
small intestine is called intestinal cholesterol absorption (Wang, 2007a) (Fig. 12.1).
Cholesterol absorption involves at least the following three phases: (1) intralumenal
solubilization; (2) movement across the apical membrane of absorptive entero-
cytes; and (3) intracellular metabolism for incorporation into chylomicrons destined
for lymph. Intestinal cholesterol absorption rates range widely from 29 to 80%
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Fig. 12.1 Intestinal sterol absorption and secretion. Sterols including free cholesterol (FC) and
free plant sterols (PS) from diet and bile are mixed with phospholipids (PL) and bile acids (BA)
to form micelles. FC and PS solubilized in mixed micelles are transported into absorptive entero-
cytes via an NPC1L1-dependent and ezetimibe-inhibitable mechanism. FC is delivered to the ER
for esterification by acyl-CoA:cholesterol acyltransferase-2 (ACAT2) to form cholesterol esters
(CE) that is then packaged into nascent lipoprotein particles (nLP) and secreted as a constituent of
chylomicron. PS and FC that escapes ACAT2 esterification may be directly transported to nascent
HDL (nHDL) through basolateral ABCA1, or back to the gut lumen via ABCG5/G8

in normal men and women consuming a moderately low cholesterol diet (Bosner
et al., 1999). Molecular mechanisms underlying this large inter-individual variation
remain to be elucidated.

Since a detailed review of intestinal cholesterol absorption and its potential pro-
tein mediators is beyond the focus of this chapter, readers interested in this topic are
referred to many excellent reviews available (Wilson and Rudel, 1994; Dawson and
Rudel, 1999; Davis and Veltri, 2007; Levy et al., 2007; Wang, 2007a, Turley and
Dietschy, 2003; Iqbal and Hussain, 2009; Hui and Howles, 2005).

Intestinal cholesterol absorption represents an attractive target for developing
cholesterol-lowering drugs because it is a major pathway governing whole-body
cholesterol homeostasis. The Schering-Plough Research Institute successfully iden-
tified ezetimibe as a potent and specific inhibitor of intestinal cholesterol absorption
using in vivo models of cholesterol absorption (Clader, 2004). The drug is now
widely used in monotherapy or in combination with statins (inhibitors of choles-
terol biosynthesis) to efficiently treat hypercholesterolemia in the general population
(Davis and Veltri, 2007).

Intestinal cholesterol absorption was once thought to be a passive process. The
fact that ezetimibe potently inhibits intestinal cholesterol absorption at very low
doses (Van Heek et al., 1997, 2001a,2001b; Sudhop et al., 2002) suggests that spe-
cific protein(s) must be involved in cholesterol absorption (Turley and Dietschy,
2003). In a search for the ezetimibe-inhibitory protein(s), NPC1L1, a previously-
identified protein of unknown function (Davies et al., 2000a), was discovered in
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the ezetimibe-sensitive pathway because disruption of NPC1L1 in mice reduces
intestinal cholesterol absorption to the level seen in ezetimibe-treated animals
(Altmann et al., 2004, Davis et al., 2004). Whether NPC1L1 is the molecular tar-
get of ezetimibe has been under considerable debate (Smart et al., 2004; Kramer
et al., 2005; Labonte et al., 2007; Knopfel et al., 2007). Ezetimibe can bind
to intestinal brush border membrane vesicles from wild-type mice but not mice
lacking NPC1L1 (Garcia-Calvo et al., 2005). Recently, Weinglass and associates
from Merck Research Laboratories purified the NPC1L1-ezetimibe complex from
NPC1L1-expressing and ezetimibe-treated cells and found that NPC1L1 is the only
protein to account for ezetimibe binding (Weinglass et al., 2008). These pieces of
biochemical evidence, together with findings from animal, genetic and cell biol-
ogy studies (Yu, 2008) (see below), strongly supports that NPC1L1 is the molecular
target of ezetimibe.

12.3 NPC1L1

12.3.1 Structure: Gene, mRNA, and Protein Domains

In the human genome, NPC1L1 gene spans about 29 kb in chromosome 7p13 and
contains 20 exons. It produces a predominant mRNA transcript that skips exon 15.
This transcript, like that from rodents, encodes a 1332-amino acid protein, and has
been used in most, if not all, NPC1L1 studies (Davies et al., 2000a; Yu et al.,
2006; Altmann et al., 2004). The human NPC1L1 gene also produces two alter-
natively spliced transcripts (Davies et al., 2000a). One contains a 27-amino acid
insertion transcribed from the in-frame exon 15. The other skips exon 7 and ter-
minates within intron 8, encoding a truncated protein of 724 amino acids. The
physiological significance of these two alternatively spliced variants has yet to be
defined.

The human NPC1L1 protein is a homolog of Niemann-Pick C1 (NPC1), having
∼50% amino acid homology to NPC1 protein (Davies et al., 2000a; Davies and
Ioannou, 2006). Deficiency of human NPC1 causes an autosomal recessive lipid
storage disorder, Niemann-Pick disease type C1 that is characterized by defective
trafficking of intracellular cholesterol and lysosomal accumulation of free choles-
terol, gangliosides and other lipids (Carstea et al., 1997; Loftus et al., 1997) (see
Chapter 11). NPC1L1, like its homolog NPC1, also shares similarity with the
resistance-nodulation-division family of prokaryotic permeases that can pump out
lipophilic drugs, detergents, fatty acids, bile acids, metal ions, and dyes from the
cytosol of bacteria (Davies et al., 2000b; Davies and Ioannou, 2006).

Based on the amino acid sequences, human NPC1L1 is predicted to have a typical
signal peptide of 21 amino acids, 13 putative transmembrane domains (Fig. 12.2A),
and extensive potential N-linked glycosylation sites located within the extracel-
lular loops of the protein facing intestinal lumen (Altmann et al., 2004; Davies
et al., 2000a) or within the luminal loops of the protein if endocytosed from plasma
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membrane into intracellular vesicles (Yu et al., 2006; Ge et al., 2008; Wang et al.,
2009). The membrane topology and N-glycosylation of NPC1L1 have been exam-
ined experimentally and the findings are consistent with sequence-based prediction
(Iyer et al., 2005; Temel et al., 2007; Altmann et al., 2004; Davies et al., 2000a;
Wang et al., 2009).

A sterol-sensing domain (SSD) is another signature of NPC1L1 protein (Davies
et al., 2000a; Altmann et al., 2004) (Fig. 12.2A). This domain consists of ∼180
amino acids that form five predicted membrane-spanning helices with short inter-
vening loops (Radhakrishnan et al., 2004). The SSD is conserved in at least 7
other membrane proteins, all of which have relations to cholesterol (Kuwabara
and Labouesse, 2002), including the aforementioned NPC1 (Davies et al., 2000a;
Carstea et al., 1997; Loftus et al., 1997); 3-hydroxy-3-methylglutaryl (HMG)
CoA reductase, the rate-limiting enzyme of cholesterol biosynthesis (Brown and
Goldstein, 1999; Goldstein and Brown, 1990); sterol regulatory element-binding
protein (SREBP)-cleavage activating protein (SCAP), a protein that controls
the endoplasmic reticulum (ER)-to-Golgi transport and proteolytic activation of
membrane-bound transcription factors SREBPs (Brown and Goldstein, 1999;
Horton et al., 2002a; Goldstein and Brown, 1990); and Patched, a membrane recep-
tor for the cholesterol-linked signalling peptide Hedgehog (Cooper et al., 2003). The
function of NPC1L1 SSD remains unknown and may be implicated in cholesterol
regulation of NPC1L1 protein trafficking (Yu et al., 2006).
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12.3.2 Function: Lessons Learned from Animal Models
and Human Genetics

In mammals, NPC1L1 mRNA and protein are highly expressed in small intestine
(Altmann et al., 2004; Davies et al., 2005). In the small intestine, NPC1L1 protein
localizes at the apical surface of absorptive enterocyte (Altmann et al., 2004; Davis
et al., 2004). Gene knockout studies in mice have unambiguously established an
essential role of NPC1L1 in intestinal cholesterol absorption (Altmann et al., 2004;
Davis et al., 2004; Tang et al., 2008a, b; Temel et al., 2009). The cholesterol absorp-
tion inhibitor ezetimibe cannot further reduce intestinal cholesterol absorption in
NPC1L1-deficient mice, demonstrating that NPC1L1 is in the ezetimibe-sensitive
pathway (Altmann et al., 2004; Davis et al., 2004).

Interestingly, genetic ablation of NPC1L1 in mice also protects against obesity,
insulin resistance and fatty liver induced by a nutrient-rich diet (Labonte et al.,
2008; Davies et al., 2005) (Yu, L., unpublished observation). Ezetimibe treatment
also improves dyslipidemia, hepatic steatosis, non-alcoholic fatty liver disease, and
insulin resistance in several animal models (van Heek et al., 2001a; Assy et al.,
2006; Deushi et al., 2007; Zheng et al., 2008). Another interesting observation is
that NPC1L1 ablation in mice greatly attenuates dyslipidemia, lipogenic gene over-
expression, and hepatic steatosis induced by activation of nuclear receptor liver
X receptors (LXRs) (Tang et al., 2008b). LXR forms a heterodimer with retinoid
X receptor to regulate expression of their target genes in response to fluctuations
of cellular cholesterol content (Repa and Mangelsdorf, 2002). Given that rodent
NPC1L1 is almost exclusively expressed in the small intestine and the primary
defect of NPC1L1-null mice is the blockade of intestinal cholesterol absorption
(Altmann et al., 2004), the observed phenotypes are likely attributable to reduced
intestinal cholesterol absorption. Efficient intestinal cholesterol absorption may be
essential for maximizing LXR activities in the liver and small intestine, and perhaps
other tissues where cholesterol and its derivatives are likely used as endogenous
LXR ligands. LXR target genes involve the regulation of many metabolic path-
ways, including metabolism of cholesterol, fatty acids, and carbohydrates (Kalaany
and Mangelsdorf, 2006). Inhibition of NPC1L1-dependent intestinal cholesterol
absorption may improve some metabolic disorders by down-regulating tissue LXR
activities. Consistent with this notion, LXR knockout mice are protected against
obesity induced by a high fat diet (Kalaany et al., 2005).

Although NPC1L1 mRNA and protein are very abundant in the small intes-
tine of all mammals examined, their levels in the liver differ remarkably among
species. Rodents express only a negligible amount of NPC1L1 in the liver (Altmann
et al., 2004; Tang et al., 2006). In contrast, human livers have readily detectable
levels of NPC1L1 mRNA and proteins (Altmann et al., 2004; Davies et al., 2005;
Temel et al., 2007). The reason for the different expression pattern of NPC1L1
among species is unknown, but may result from their differences in cholesterol
metabolism (Dietschy and Turley, 2002; Yu, 2007). In the liver of nonhuman pri-
mates and humans, NPC1L1 localizes to the canalicular membrane of hepatocyte
(Yu et al., 2006; Temel et al., 2007). When over-expressed in the mouse liver by
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transgenic technology, human NPC1L1 also concentrates to the canalicular mem-
brane of hepatocyte (Temel et al., 2007). Whereas the function of NPC1L1 in human
livers remains to be elucidated, transgenic over-expression of human NPC1L1 in
the mouse liver dramatically reduces biliary cholesterol concentrations without
altering hepatic expression levels of the cholesterol efflux transporter ABCG5/G8
(Temel et al., 2007). This finding implies that hepatic NPC1L1 may inhibit bil-
iary cholesterol excretion by transporting cholesterol from the canalicular bile back
into hepatoctyes (Yu, 2008). The inhibition of NPC1L1 overexpression on biliary
cholesterol excretion can be rescued by ezetimibe treatment, suggesting that hepatic
NPC1L1 is another target for ezetimibe, at least in mice (Temel et al., 2007).

Increased cholesterol concentrations in the bile can result in gallstone formation.
If ezetimibe treatment results in an increase in biliary cholesterol concentration in
humans by inhibiting hepatic NPC1L1, it may have a potential to promote gallstone
formation, particularly in subjects in whom NPC1L1 is more abundantly expressed
in the liver than in the intestine. Currently, there is no evidence that ezetimibe
increases the incidence of gallstone disease and it remains unknown as to whether
hepatic NPC1L1 regulates biliary cholesterol excretion in humans. In a small human
study, inhibition of NPC1L1 for 30 days by ezetimibe treatment at 20 mg/day did
not alter biliary cholesterol molar percentage, cholesterol to phospholipid ratio, and
cholesterol saturation index in 5 overweight subjects without gallstones, but did
reduce these parameters significantly in 7 patients with gallstones (Wang et al.,
2008a). Ezetimibe may have its predominant effect at the intestinal level, thereby
reducing cholesterol that is transported from the gut lumen to the liver for biliary
secretion. In animals that express NPC1L1 predominantly in the small intestine,
inhibition of NPC1L1 by ezetimibe may reduce biliary cholesterol levels and pre-
vent gallstone disease. This notion is consistent with the following observations:
(1) NPC1L1 knockout mice have lower biliary cholesterol concentrations, even after
being challenged with a high cholesterol diet (Davis et al., 2004); (2) In Golden
Syrian hamsters, ezetimibe prevents high cholesterol diet-induced increase in biliary
cholesterol (Valasek et al., 2008); and (3) In wild-type mice, ezetimibe treatment
protects against lithogenic diet-induced increase in biliary cholesterol concentration
and gallstone formation (Zuniga et al., 2008).

Human genetic studies have shown that sequence variations in NPC1L1 are
associated with sterol absorption efficiency, LDL-C levels, and LDL-C response
to ezetimibe therapy (Cohen et al., 2006; Wang et al., 2005; Hegele et al., 2005;
Simon et al., 2005; Fahmi et al., 2008). These findings strongly support a key role
of NPC1L1 and NPC1L1-depedent cholesterol transport in whole-body cholesterol
homeostasis in humans.

12.3.3 Function: Lessons Learned from Cell Model Systems

In whole animals, NPC1L1 protein is asymmetrically enriched in the intestinal brush
border membrane (Altmann et al., 2004; Garcia-Calvo et al., 2005; Iyer et al., 2005;
Labonte et al., 2007; Sane et al., 2006) or hepatic canalicular membrane (Yu et al.,
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2006; Temel et al., 2007). In cultured cells, NPC1L1 proteins can localize to both
the plasma membrane and intracellular compartments (Yu et al., 2006; Davies et al.,
2005; Yamanashi et al., 2007; Iyer et al., 2005). Human NPC1L1 with a C-terminal
green fluorescent protein tag predominantly localizes at the endocytic recycling
compartment in actively growing McArdle RH7777 rat hepatoma cells (Yu et al.,
2006). Intriguingly, the intracellular itinerary of NPC1L1 protein in these cells and
in HepG2 hepatic carcinoma cells is under control of cellular cholesterol availabil-
ity (Yu et al., 2006). Cholesterol depletion results in a redistribution of NPC1L1
from the intracellular endocytic recycling compartment to the cell surface likely via
a mechanism involved in microfilament-associated myosin Vb/Rab11a/Rab11-FIP2
complex, and conversely, cholesterol reloading causes the proteins to transit from
the cell surface back into the cell interior likely through clathrin-mediated enocy-
tosis, which is coupled to NPC1L1-facilitated and ezetimibe-inhibitable cholesterol
uptake (Yu et al., 2006; Ge et al., 2008; Brown et al., 2007; Chu et al., 2009; Petersen
et al., 2008). This cholesterol regulated trafficking may explain why both intracellu-
lar and cell surface locations have been observed for NPC1L1 protein (Altmann
et al., 2004; Garcia-Calvo et al., 2005; Iyer et al., 2005; Labonte et al., 2007;
Sane et al., 2006; Knopfel et al., 2007; Yamanashi et al., 2007; Temel et al., 2007;
Yu et al., 2006).

The establishment of NPC1L1-dependent and ezetimibe-sensitive cholesterol-
uptake assay in cell models allows an opportunity to examine if NPC1L1 differ-
entiates plant sterols from cholesterol (Fig. 12.3). Each day, a large amount of
plant-derived sterol (mainly sitosterol and campesterol) are consumed. Although
these phytosterols are structurally similar to cholesterol, in normal individuals
phytosterols are poorly absorbed. The rank order of fractional intestinal sterol
absorption is cholesterol (∼45%) > campesterol (∼20%) > sitosterol (∼5%)

HO

24

HO

H2C

H3C

HO

H3C

HO

CH3

HO

H2C

H3C

Cholesterol (animal) Campesterol (plant)

Sitosterol (plant) Stigmasterol (plant)

Brassicasterol (plant/shellfish)

Fig. 12.3 Structures of sterols derived from animals and plants



12 Protein Mediators of Sterol Transport 345

(Lutjohann et al., 1995). In mammals, this discrimination for phytosterols may
be protective because phytosterols can displace cholesterol in the cell membrane
and interfere with cell functions (Wang et al., 1981; Su et al., 2006; Kruit et al.,
2008; Kim et al., 2008). Mechanisms underlying the defense against phytosterols
remain elusive. Although mutations in ABCG5 and/or ABCG8 cause accumulation
of phytosterols in the body (Berge et al., 2000; Lee et al., 2001), the rank order of
intestinal sterol absorption rates is maintained in mice lacking ABCG5 and ABCG8
(Yu et al., 2002a), implying that ABCG5/G8 is a gatekeeper rather than a discrimi-
nator for phytosterols. Is NPC1L1 a discriminator of phytosterols? Studies in mice
and humans suggest that NPC1L1 is a common transporter for all sterols because
NPC1L1 and ezetimibe-sensitive pathway are also essential for phytosterol absorp-
tion (Davis et al., 2004; Salen et al., 2004, 2006; Yu et al., 2005; Tang et al., 2008a).
However, cell culture studies suggest that NPC1L1 may not mediate cellular uptake
of all sterols equally. NPC1L1-mediated uptake is 60% lower for sitosterol than
cholesterol in intestine-derived CaCo-2 cells over-expressing NPC1L1 (Yamanashi
et al., 2007). Overexpression of NPC1L1 in McArdle RH7777 rat hepatoma cells
facilitates cholesterol, but not sitosterol uptake (Yu et al., 2006; Brown et al., 2007;
Yamanashi et al., 2007; Ge et al., 2008). These cell-based assays imply that NPC1L1
has lower affinity to sitosterol than cholesterol. The lower affinity of NPC1L1 to
phytosterols has the potential to determine the rank order of intestinal sterol absorp-
tion rates. NPC1L1 might be the first genetic defense against phytosterol absorption.
But this defense is not complete; otherwise, mutations in ABCG5/G8 would not
cause sitosterolemia in the presence of NPC1L1.

12.3.4 Regulation of Expression

Regulation of NPC1L1 gene expression is largely unknown and inconsistent. Since
activation of many nuclear receptors, including peroxisome proliferators-activated
receptor alpha (PPARα), PPARδ, liver X receptor (LXR), and retinoid X receptor
(RXR), reduces intestinal cholesterol absorption (Knight et al., 2003; Repa et al.,
2000; McNamara et al., 1980; Umeda et al., 2001; Vanhanen and Miettinen, 1995;
Yu et al., 2003; Oliver et al., 2001; van der Veen et al., 2005), effects of these nuclear
receptors on intestinal NPC1L1 expression have been examined in CaCo-2 cells and
in mice. In 2005, van der Veen and colleagues showed that PPARδ activation reduces
intestinal cholesterol absorption by 43% in DBA mice after 8 days of treatment,
coinciding with a significant reduction in intestinal NPC1L1 mRNA levels by 40%
(van der Veen et al., 2005). PPARδ activation may explain why fish oil and docosa-
hexaenoic acid treatments reduces NPC1L1 expression in CaCo-2 cells and in the
proximal small intestine of hamsters (Mathur et al., 2007). In 2007, Valasek and
colleagues made the interesting observation that fenofibrate significantly reduces
intestinal NPC1L1 mRNA and protein levels via a PPARα-dependent mechanism in
mice, but NPC1L1 gene does not seem to be the direct target of PPARα, because
short-term treatment with fenofibrate does not reduce NPC1L1 mRNA expression
and yet nuclear receptors generally enhance expression of their direct targets within
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several hours (Valasek et al., 2007). In the same study, these workers also found that
the effect of PPARα on intestinal NPC1L1 expression is LXR-independent because
the similar effect was observed in the LXRα/LXRβ double knockout mice.

Whether LXR directly modulates NPC1L1 expression is also uncertain. In a cell
culture study, LXR activation by 1 μM of a synthetic agonist T0901317 or GW3965
for 24 h reduces NPC1L1 mRNA levels by ∼30 or ∼60%, respectively, in CaCo-
2/TC7 cells (Duval et al., 2006). In studies with whole animals, LXR activation
reduces NPC1L1 mRNA levels by ∼35% in the duodena of apolipoprotein (apo)
E2-KI mice (lacking endogenous apoE but expressing human apoE2; Sullivan et al.,
1998) fed a Western diet (Duval et al., 2006), and ∼50% in the small intestine of
ABCB4 knockout mice (Kruit et al., 2005). However, LXR activation by T0901317
or GW3965 does not alter intestinal mRNA levels significantly in chow-fed wild-
type mice (Yu L, unpublished data) (Kruit et al., 2005). NPC1L1 mRNA levels
remains unaffected in the proximal small intestine of chow-fed LXRα/LXRβ double
knockout mice (Valasek et al., 2007). Thus, it is unlikely that intestinal NPC1L1 is
a direct target of LXR.

The human NPC1L1 promoter has a putative sterol regulatory element (Davies
et al., 2000a). In 2007, Alrefai and colleagues reported that SREBP-2 (Horton
et al., 2002b) can bind to the two putative sterol regulatory elements in the human
NPC1L1 promoter (Alrefai et al., 2007) that differ from the one predicted previ-
ously (Davies et al., 2000a). They also showed that the NPC1L1 mRNA levels
and promoter activities in CaCo-2 cells are decreased by 25-hydroxycholesterol
that suppresses SREBP activation, and are increased by mevinolin that induces
SREBP activation (Alrefai et al., 2007). This study is consistent with that NPC1L1
mRNA levels are ∼3-fold and ∼2.4-fold higher in cholesterol-depleted CaCo-2
cells induced by cyclodextrin and by taurocholate/phosphatidylcholine for 24 h,
respectively, and are significantly lower in CaCo-2 cells treated with choles-
terol and 25-hydroxycholesterol (Field et al., 2007). Alrefai et al. further showed
that co-expression of the human NPC1L1 promoter-luciferase reporter and the
active form of SREBP-2 dramatically increases human NPC1L1 promoter activ-
ity (Alrefai et al., 2007). Interestingly, SREBP-2 and the hepatocyte nuclear factor
4α (HNF4α) can synergistically increase human NPC1L1 promoter activity despite
HNF4α alone having no effect, and the presence of HNF4α appears to be essen-
tial for cholesterol-dependent regulation of NPC1L1 expression (Iwayanagi et al.,
2008).

Taken together, these studies suggest that NPC1L1 expression may be regu-
lated by cellular cholesterol availability in a SREBP-dependent manner. Consistent
with this regulation, we found that the hepatic NPC1L1 mRNA level is drastically
increased in ABCG5/G8 transgenic mice (Yu et al., 2002b) treated with lovas-
tatin, a condition that causes a compensatory increase in hepatic mRNA levels of
all cholesterol biosynthetic genes (Tang et al., 2006). Additionally, the intestinal
NPC1L1 mRNA level is reduced by ∼35% in mice lacking acyl-CoA:cholesterol
acyltransferase-2 versus wild-type mice fed a synthetic diet containing 20% energy
from palm oil and 0.17% cholesterol (Temel et al., 2005), and by ∼45% in phospho-
lipid transport protein-deficient versus wild-type mice fed a chow diet (Liu et al.,
2007), which are two conditions under which free cholesterol is accumulated in
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the intestine. Further, in ezetimibe-treated miniature pigs fed a Western-type diet,
intestinal and hepatic NPC1L1 mRNA levels are significantly increased (Telford
et al., 2007).

Despite several pieces of evidence supporting regulation of NPC1L1 expression
by cellular cholesterol availability, discrepancies exist in animal and cell culture
studies. For example, high cholesterol diet feeding does not suppress intestinal
NPC1L1 expression in mice (Valasek et al., 2007; Plosch et al., 2006), unless 0.5%
cholate is added to the diet (Davis et al., 2004). Ezetimibe treatment that reduces
cholesterol entry into enterocytes does not increase intestinal NPC1L1 expression
in the chow-fed mice (Valasek et al., 2007). In one cell culture study, ezetimibe
treatment for 16 h reduces rather than increases NPC1L1 mRNA by 65% in CaCo-2
cells (During et al., 2005). In another study, 24 h treatment of CaCo-2 cells with
ezetimibe causes no alterations in NPC1L1 mRNA levels or protein mass (Field
et al., 2007). Currently, it is unclear if these obvious discrepancies in cholesterol
regulation of NPC1L1 expression are related to differences in animal species, diet
compositions, duration of drug treatment, or experimental systems used or other
factors.

Other factors influencing NPC1L1 expression include estrogen receptors and
diabetic state. Administration of high-doses of 17β-estradiol (6 μg/day) to ovarec-
tomized AKR or C57L mice increases NPC1L1 mRNA expression in duodena and
jejuna, but not ilea (Duan et al., 2006). Intestinal and hepatic NPC1L1 mRNA lev-
els are significantly higher in streptozotocin-induced diabetic versus non-diabetic
rats (Lally et al., 2007a), and in Zucker diabetic fatty versus lean rats (Lally
et al., 2007b). NPC1L1 mRNA levels are also ∼2-fold higher in the intestinal
biopsy samples from type 2 diabetic patients than non-diabetic patients (Lally
et al., 2006, 2007b). Given the diabetes epidemic and clinical use of ezetimibe
(NPC1L1 inhibitor), exploring mechanisms underlying the relationship between
diabetes and NPC1L1 expression levels represents an important future direction and
has enormous translation potential.

12.3.5 Cholesterol and Ezetimibe Binding Studies

It is currently unknown if NPC1L1 protein binds cholesterol and other sterols.
The purified SSD-containing membrane region of SCAP can directly bind choles-
terol through receptor-ligand interaction and SCAP is thus considered as an ER
receptor for cholesterol (Radhakrishnan et al., 2004). The binding between NPC1
(a homolog of NPC1L1) and photoactivatable cholesterol analog appears to be
SSD-dependent (Ohgami et al., 2004). Unexpectedly, detailed cholesterol binding
assays using purified NPC1 protein and its truncated versions localize the binding
site of cholesterol and oxysterols to the luminal N-terminus (a 240-amino acid
domain with 18 cysteines), instead of SSD (Infante et al., 2008a, b). The N-terminal
extracellular domain of NPC1L1 protein consists of 263-amino acids (the signal
peptide of 21 amino acids excluded), 18 of which are also cysteines. NPC1L1,
like its homolog NPC1, may also bind cholesterol via this N-terminal cysteine-rich
domain (Fig. 12.2A).
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The NPC1L1 protein has two large extracellular loops facing intestinal lumen
(Fig. 12.2A). A 61-amino acid region in the extracellular loop-1 has been recently
shown to be critical for ezetimibe binding by Weinglass and associates (Weinglass
et al., 2008). In this study, these workers purified a NPC1L1-ezetimibe complex
from cultured cells and analyzed its constituents by mass spectrometry. They found
that NPC1L1 is the only protein to account for ezetimibe binding. Taking advantage
of the large difference in affinity between dog and mouse NPC1L1 for ezetimibe,
they further identified two residues in this loop of NPC1L1 that are mostly respon-
sible for the large differences in affinity between the two species. These residues
reside adjacent to a hotspot of human NPC1L1 polymorphisms that are associated
with reduced intestinal cholesterol absorption (Cohen et al., 2006). These find-
ings indicate that the extracellular loop-1 of NPC1L1 plays an important role in
mediating ezetimibe action and intestinal cholesterol absorption.

12.3.6 Potential Mechanisms for NPC1L1 to Mediate
Sterol Uptake

Several lines of evidence suggest that NPC1L1 may mediate cholesterol uptake via
the clathrin-mediated endocytic pathway (Yu, 2008). These include: (1) NPC1L1
cycles in a cholesterol-regulated manner to and from the cell surface (Yu et al.,
2006); (2) NPC1L1 physically resides at both plasma membrane and intracellu-
lar compartments in cultured cells and in absorptive enterocytes of small intestine
(Altmann et al., 2004; Garcia-Calvo et al., 2005; Iyer et al., 2005; Labonte et al.,
2007; Sane et al., 2006; Knopfel et al., 2007; Yamanashi et al., 2007; Temel et al.,
2007; Yu et al., 2006); (3) After extraction from cultured McArdle rat hepatoma
cells, NPC1L1 co-immunoprecipitates with the μ2 (mu2) subunit of an adaptor
protein complex AP2 and the clathrin heavy chain (Ge et al., 2008), two pro-
teins that are involved in the clathrin endocytic pathway; (4) Potassium depletion,
a condition known to arrest clathrin-mediated endocytosis (Larkin et al., 1983),
inhibits NPC1L1-dependent cholesterol uptake (Brown et al., 2007); and (5) Mice
lacking caveolin-1, a structural molecule of caveolae, display normal intestinal
cholesterol absorption (Valasek et al., 2005), demonstrating that caveolin-mediated
endocytosis (another important endocytic pathway) is not the cellular basis for
NPC1L1-dependent cholesterol uptake. Clathrin-mediated endocytosis appears to
be the cellular basis for intestinal fat absorption (Hansen et al., 2003, 2007). A simi-
lar mechanism may operate for intestinal cholesterol absorption and perhaps hepatic
cholesterol retrieval from canalicular bile (Temel et al., 2007). Ezetimibe appears to
inhibit the sterol-induced internalization of NPC1L1 via clathrin-mediated endocy-
tosis in cultured hepatoma cells (Ge et al., 2008; Chang and Chang, 2008; Petersen
et al., 2008).

To definitively identify molecular mechanisms underlying NPC1L1-mediated
cholesterol transport, many important questions have to be answered. For exam-
ple, how does cholesterol regulate NPC1L1 trafficking? What sorting signals in the
protein and sorting platforms in cells are involved in this regulation? Does NPC1L1
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bind cholesterol? If it does, what is the physiological significance of cholesterol
binding to NPC1L1? Do NPC1L1-cholesterol interactions function as a signal for
inducing clathrin-mediated endocytosis of NPC1L1 or as a process to recruit and
transfer free cholesterol to NPC1L1-containing membrane microdomains? Does
NPC1L1 bind cholesterol that resides in the plasma membrane or cholesterol present
in extracellular spaces such as the gut lumen and hepatic bile canaliculus (Temel
et al., 2007; Yu, 2008)? How does ezetimibe inhibit NPC1L1 internalization from
the plasma membrane? Does ezetimibe interfere with NPC1L1-cholesterol binding?
In addition, due to the dense and rigid microvillar cytoskeleton (Yamamoto, 1982),
the base of the microvilli of small intestine is likely the only site for endocytic mem-
brane traffic to occur (Hansen et al., 2003). Given that NPC1L1 abundantly localizes
at the microvilli, a dilemma is how the microvillus-localized NPC1L1 and its car-
gos are endocytosed. If the microvillus-localized NPC1L1 has to move to the base
of microvilli to mediate cholesterol uptake, what are signals triggering this translo-
cation or movement? Elucidation of all these questions will greatly enhance our
understanding of how cells such as enterocytes and hepatocytes handle extracellular
unesterfied cholesterol.

12.3.7 Therapeutic Perspectives

NPC1L1 is undoubtedly a gatekeeper of intestinal cholesterol absorption, thus posi-
tioning itself as an attractive drug target for prevention of cholesterol-driven diseases
such as ASCVD and gallstone disease. Additionally, several studies have shown that
NPC1L1 inhibition may provide benefits for important metabolic diseases such as
hepatic steatosis, dyslipidemia, high fat diet-induced obesity and insulin resistance
(Labonte et al., 2008; Davies et al., 2005; van Heek et al., 2001a; Assy et al., 2006;
Deushi et al., 2007; Zheng et al., 2008) (Yu, L., unpublished data). Further studies
are needed to define molecular mechanisms underlying these intriguing observa-
tions. Intestinal cholesterol has been reported to regulate fat storage (Kalaany et al.,
2005). Perhaps, simply by controlling how much cholesterol enters the body via
the small intestine, NPC1L1 can regulate responses of other metabolic pathways
and physiological processes to over-nutrition, thereby improving metabolic diseases
induced by metabolic overload.

Although the NPC1L1 inhibitor ezetimibe can efficiently lower blood choles-
terol, it is important to point out that inter-individual variations exist in response to
ezetimibe treatment (Hegele et al., 2005). Comparison of multiple species NPC1L1
orthologs have shown that the in vivo responsiveness to ezetimibe correlates with
NPC1L1 binding affinity (Hawes et al., 2007). Ezetimibe non-responders may have
distinct NPC1L1 sequence variations, and these individuals may be responsive to
other NPC1L1 inhibitors that work via distinct mechanisms. In addition, small
molecule NPC1L1 inhibitors, after entering the body, have the potential to cause
adverse effects. NPC1L1 localizes at the intestinal brush border membrane and its
extracellular domains are exposed to contents in the gut lumen. This unique loca-
tion and membrane topology makes NPC1L1 an ideal target for large molecule
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nonabsorbable NPC1L1 inhibitors (Davidson, 2009). Thus, NPC1L1 will remain
an attractive drug target in the future.

12.4 ATP-Binding Cassette Transporters G5 and G8
(ABCG5/G8)

12.4.1 Discovery of ABCG5/G8: The Power of Human Genetics

The discovery of the heterodimeric transporters ABCG5 and ABCG8 represents a
powerful example of human genetics leading to mechanistic understanding of the
underlying disease process. In this case, it has long been appreciated that choles-
terol is structurally very similar to plant sterols, with only minor differences in
side chain configurations (Schoenheimer, 1929) (Fig. 12.3). However, it has been
known for nearly a century that mammals consume large amounts of dietary plant
sterols, yet these phytosterols are excluded from the body, primarily at the level of
the intestine (Sudhop et al., 2005; Schoenheimer and Breusch, 1933; Borgstrom,
1968; Gould et al., 1969; Hernandez et al., 1954, Huang and Kuksis, 1965). A
major breakthrough regarding this issue came when Bhattacharayya and Connor
described a novel disease in which two sisters presented to the clinic with tendon
xanthomas, and were surprisingly shown to have extremely elevated levels of plasma
plant sterols (primarily β-sitosterol) (Bhattacharyya and Connor, 1974). Hence, the
disease was named β-sitosterolemia, and the authors proposed that this disease was
caused by a single genetic defect, which prevented the intestine from excluding plant
sterols from being absorbed. It was later discovered that sitosterolemic patients have
elevated fractional absorption of dietary sterols and diminished ability to secrete
multiple sterols into bile (Miettinen, 1980; Lutjohann et al., 1995; Gregg et al.,
1986). As a result, sitosterolemia manifests as the accumulation of both plant and
animal sterols in the plasma, skin, tendons, coronary arteries and other tissues, and
most affected individuals suffer from premature coronary heart disease (Salen et al.,
1985; Kolovou et al., 1996; Mymin et al., 2003; Bjorkhem et al., 2001). The sitos-
terolemia locus was subsequently mapped to a single site on human chromosome
2p21 that contains two genes, ABCG5 and ABCG8 (Patel et al., 1998), and muta-
tions in either of these genes is causative of sitosterolemia (Berge et al., 2000; Lee
et al., 2001).

12.4.2 Structure: Gene, mRNA, and Protein Domains

ABCG5 and ABCG8 genes are arranged in a head-to-head orientation with less
than 400 base pairs between their respective start codons, and each has 13 exons
and twelve introns (Berge et al., 2000). The two genes encode two distinct pro-
teins known as sterolin-1 (ABCG5) and sterolin-2 (ABCG8), which are mammalian
homologues of the Drosophila gene White. In addition to being in the same genetic
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neighborhood, ABCG5 and ABCG8 are also in close proximity at the protein level.
Both of these proteins contain an ATP-binding cassette near the N-terminus fol-
lowed by six putative transmembrane domains (Fig. 12.2B), and serve only as
non-functional half-transporters when expressed alone (Graf et al., 2002, 2003,
2004). ABCG5 and ABCG8 must heterodimerize to transport sterols across mem-
branes (Graf et al., 2002, 2003, 2004). This idea is supported by data demonstrating
that, when expressed together, the proteins colocalize in the ER and the plasma
membrane, they can be co-immunoprecipitated, and the exit of these proteins from
the ER to the plasma membrane requires coexpression of both proteins (Graf et al.,
2002, 2003, 2004). Even stronger evidence for obligate heterodimerization comes
from the fact that single mutations in either of these genes alone causes sitos-
terolemia (Berge et al., 2000; Lee et al., 2001). The current data support a model
where ABCG5 and ABCG8 heterodimerize in the ER, traffic together through
the Golgi apparatus, and subsequently target to apical subdomains in the plasma
membrane. Both ABCG5 and ABCG8 undergo N-linked glycosylation, and glyco-
sylation at Asn-619 in ABCG8 is critical for efficient trafficking of the heterodimer
(Graf et al., 2004). The ABCG5/G8 heterodimer requires the molecular chaper-
ones, calnexin and calreticulin for proper folding and trafficking out of the ER (Graf
et al., 2004; Okiyoneda et al., 2006). Subsequent site-directed mutagenesis experi-
ments demonstrated that the majority of mutants causative of sitosterolemia exhibit
impaired transport of the heterodimer from the ER to the plasma membrane (Graf
et al., 2004).

12.4.3 Function: Lessons Learned from Animal Models

Since the discovery of the genetic basis for sitosterolemia, there has been inten-
sive effort put forth to understand the function of the ABCG5/G8 heterodimer. Like
NPC1L1, ABCG5 and ABCG8 are expressed almost exclusively on the apical mem-
brane of enterocytes in the intestine and hepatocytes in the liver (Patel et al., 1998;
Berge et al., 2000; Lee et al., 2001; Graf et al., 2003; Klett et al., 2004a). It is gener-
ally accepted that the ABCG5/G8 heterodimeric complex serves as an efflux pump
to remove sterols (cholesterol and phytosterols) from hepatocytes and enterocytes.
In the intestinal brush border membrane, this function would allow for transport
of intracellular sterols back into the lumen of small intestine for fecal excretion. If
this were true, ABCG5/G8 would likely play an important role in intestinal sterol
absorption by opposing the action of NPC1L1.

A potential role for ABCG5/G8 in intestinal cholesterol absorption was first dis-
covered in sitosterolemic patients, who have elevated intestinal absorption of both
plant sterols and cholesterol (Miettinen, 1980; Lutjohann et al., 1995; Gregg et al.,
1986; Salen et al., 1989, 1992; Bhattacharyya et al., 1991). In fact, sitosterolemic
patients absorb roughly 20–30% of dietary sitosterol, compared to <5% absorp-
tion in unaffected individuals (Bhattacharyya and Connor, 1974; Miettinen, 1980;
Salen et al., 1989, 1992). Importantly, mice lacking either ABCG5 alone (Plosch
et al., 2004), ABCG8 alone (Klett et al., 2004b), or both transporters (Yu et al.,
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2002a) exhibit sitosterolemia, which can probably in part be explained by increased
intestinal absorption of phytosterols. In support of this concept, in mice lacking
both ABCG5 and ABCG8 fed a chow diet, intestinal absorption of cholesterol is
not significantly altered, yet the absorption of sitosterol, cholestanol, campesterol
is significantly increased (Yu et al., 2002a). In a recent study, Wang and col-
leagues demonstrated that the lymphatic transport rate of cholesterol and sitostanol
is increased by ∼40 and 500%, respectively in mice lacking ABCG8 (Wang et al.,
2007b). Furthermore, mice transgenically overexpressing ABCG5 and ABCG8 in
the intestine and liver exhibit a 50% reduction in fraction cholesterol absorption,
and fecal neutral sterol levels increase 3–6 fold (Yu et al., 2002b). Collectively,
studies in both sitosterolemic humans and animal models support an important role
for ABCG5/G8 in intestinal sterol absorption. Although ABCG5 and ABCG8 het-
erodimer is thought to influence intestinal sterol absorption by serving as an efflux
pump to deliver sterols from enterocytes back into the gut lumen for fecal disposal,
direct experiment evidence of the concept is still lacking.

12.4.4 Function: Lessons Learned from Cell Model Systems

There is a strong body of work examining the subcellular trafficking and dimer-
ization of ABCG5 and ABCG8, but characterization of the cellular sterol transport
properties of the heterodimer is still incomplete. For unknown reasons, although
ABCG5 and ABCG8 can be readily expressed and properly localized in mam-
malian cells, a standard reproducible functional assay for ABCG5/G8-dependent
sterol transport has not been established. Recently, one group was able to show that
overexpression of ABCG5 and ABCG8 in human kidney and gallbladder epithe-
lial cells promotes the efflux of cholesterol and plant sterols (Vrins et al., 2007;
Tachibana et al., 2007). In these studies it was shown that ABCG5/G8-dependent
efflux is dependent on the presence of mixed bile salt micelles as an acceptor,
whereas other cholesterol acceptors such as apoAI, high-density lipoprotein (HDL),
or methyl-β-cyclodextrin do not efficiently promote ABCG5/G8-dependent efflux.

Given that mutations in either ABCG5 or ABCG8 cause abnormal accumula-
tion of plant sterols in the body (Berge et al., 2000; Lee et al., 2001), most have
assumed that the ABCG5/G8 heterodimer is the primary, if not the sole protein
complex, responsible for sterol discrimination in the intestine. However, the current
knowledge base does not firmly support this conclusion. For example, genetically
sitosterolemic patients (Lutjohann et al., 1995), rats (Hamada et al., 2007), and
mice (Yu et al., 2002a) still possess the ability to discriminate between choles-
terol, campesterol, and sitosterol at the level of intestinal absorption, indicating that
ABCG5/G8 is a gatekeeper rather than the intestinal sterol discriminator. Given
this information, caution should be taken when assuming that the ABCG5/G8 het-
erodimer is the sole mediator of sterol selectivity in the intestine. Much more
work is needed in this area, and with recent progress using cell-based systems for
ABCG5/G8-dependent sterol transport, we may gain further mechanistic insights
into the critical question of substrate specificity.
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12.4.5 Regulation of Expression

Both ABCG5 and ABCG8 seem to be primarily controlled at the transcriptional
level. The sterol-sensing transcription factors LXRα and LXRβ appear to be the pri-
mary regulator of ABCG5 and ABCG8 mRNA expression. In support of this, both
dietary cholesterol and synthetic LXR agonists upregulate ABCG5 and ABCG8
mRNA expression in the small intestine and liver of wild type mice, but not LXR
knockout mice (Berge et al., 2000; Repa et al., 2002; Plosch et al., 2002; Kaneko
et al., 2003). This is indicative of a direct effect, but the presence of a bona fide
LXR response element in the ABCG5/G8 intergenic promoter or surrounding areas
has not been identified. The physiological relevance of LXR-driven upregulation of
ABCG5 and ABCG8 mRNA has recently been highlighted in two separate studies.
It was first shown that LXR-driven increases in hepatobiliary and fecal cholesterol
excretion rely on functional ABCG5 and ABCG8, since ABCG5/G8 knockout mice
could not elevate biliary and fecal sterol secretion in response to a synthetic LXR
agonist (Yu et al., 2003). In agreement, using ABCG5/G8 knockout mice, Calpe-
Berdiel and colleagues demonstrated that LXR-mediated induction of macrophage
to feces reverse cholesterol transport requires functional ABCG5/G8 (Calpe-Berdiel
et al., 2008).

Another transcriptional activator of the sitosterolemia locus is the liver recep-
tor homolog-1 (LRH-1) (Freeman et al., 2004). However, it is important to point
out that a functional LRH-1 binding site is only present in the human gene, and
rodent orthologs do not possess LRH-1-sensitive transcriptional activation (Freeman
et al., 2004). More recently, it was shown that three additional transcription factors
known as HNF-4α, GATA binding protein 4, and GATA binding protein 6 act in
a cooperative fashion to transactivate the human intergenic promoter (Sumi et al.,
2007). There is also evidence that bacterial endotoxin can downregulate ABCG5
and ABCG8 mRNA levels (Khovidhunkit et al., 2003), yet the transcription fac-
tors involved in this response have yet to be clearly elucidated. Collectively, it is
quite clear that ABCG5 and ABCG8 are coordinately regulated at the transcriptional
level. More work in this area may prove to be critical for future ABCG5/G8-centered
therapies.

More recently, there has been evidence for hormonal control of ABCG5/G8
expression at both transcriptional and post-transcriptional levels. In support of this,
hepatic insulin resistance promotes cholesterol gallstone formation, which is driven
in part by transcriptional regulation of ABCG5/G8 (Biddinger et al., 2008). In this
study it was shown that hepatocyte-specific deletion of the insulin receptor resulted
in reduced insulin-driven inhibition of the transcription factor forkhead box O1
(FOXO1), and that FOXO1 was a direct transcriptional activator of ABCG5/G8.
In addition to insulin-mediated regulation, ABCG5/G8 expression has also been
linked to the leptin axis in the liver (Sabeva et al., 2007). In this case, the hepatic
protein (not mRNA) abundance of ABCG5/G8 is reduced in mice lacking leptin
signalling. Furthermore, hypophesectomized rats have dramatic reductions in hep-
atic ABCG5/G8 mRNA levels that are coupled to decreased fecal sterol loss, and
these alterations can be normalized by thyroid hormone replacement (Galman et al.,
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2008). The mechanism by which thyroid hormone and leptin regulates ABCG5/G8
expression requires further exploration.

12.4.6 Biochemical Studies on ABCG5/G8-dependent Sterol
Transport

Although cellular functional assays have been somewhat elusive, ABCG5/G8-
dependent sterol transport has been successfully reconstituted in vitro with either a
recombinant or purified native ABCG5/G8, and the heterodimer can directly trans-
port sterols, sterol esters, and phospholipids from donor vesicles to proteoliposomes
in an ATP-dependent fashion and vanadate-sensitive manner (Wang et al., 2006,
2008b). With these established in vitro assays and complimentary cell-based mod-
els (Vrins et al., 2007; Tachibana et al., 2007) for ABCG5/G8-dependent sterol
transport we now have the tool to address important unanswered questions. For
instance, does the ABCG5/G8-transported pool of sterols originate from a cytoso-
lic pool, or does the heterodimer act primarily on a membrane-associated pool as
a flippase? Are other proteins required for ABCG5/G8-dependent sterol transport?
Additionally, what is the substrate specificity for ABCG5/G8?

12.4.7 Therapeutic Perspectives for ABCG5/G8

ABCG5/G8 plays a crucial role in cholesterol excretion from the body and there-
fore it seems logical to assume that mice lacking the heterodimer should have
increased atherosclerotic burden, while mice overexpressing ABCG5/G8 should be
protected against atherosclerosis. Consistent with these hypotheses, transgenic over-
expression of ABCG5/G8 in both the intestine and liver of LDL receptor knockout
mice results in reduced LDL-C and significantly less atherosclerosis (Wilund et al.,
2004a). In contrast, hepatocyte-specific ABCG5/G8 overexpression, which elevates
biliary sterol secretion by ∼2-fold, does not protect against atherosclerosis in the
LDL receptor or apoE knockout backgrounds (Wu et al., 2004). This result is very
confusing, since it was anticipated that a 2-fold increase in biliary cholesterol out-
put would result in atheroprotection. In a subsequent study, these same authors
clarified this confusing outcome, and showed that ezetimibe treatment in mice over-
expressing ABCG5/G8 specifically in the liver produces profound protection against
atherosclerosis (Basso et al., 2007). These data strongly support the opposing roles
of ABCG5/G8 and NPC1L1 (target of ezetimibe), and demonstrate that therapies
that simply increase biliary sterol output may not be effective at altering sterol bal-
ance and atherosclerosis, since these sterols can re-enter the body via the action of
intestinal NPC1L1 (Altmann et al., 2004). However, dual therapies that increase bil-
iary sterol output and block re-uptake of biliary sterols by the intestine continue to
hold promise.

It is well known that many sitosterolemic patients suffer from premature ASCVD
(Salen et al., 1985; Kolovou et al., 1996; Mymin et al., 2003; Bjorkhem et al., 2001).
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It is however not known whether this ASCVD is caused by the massive accumula-
tion of plant sterols in the blood or the associated hypercholesterolemia. Without
a doubt hypercholesterolemia is a major driving force in ASCVD progression, but
little is known about the consequences of elevated blood plant sterols because in
organisms with intact ABCG5/G8 plant sterols are efficiently excluded from the
body. Sitosterolemic patients and ABCG5/G8 knockout mice provide a unique
research opportunity to ask the age-old question: How are phytosterols metabo-
lized, and do phytosterols like their animal counterparts contribute to atherogenesis?
Importantly, the plant sterol stigmasterol has been shown to regulate cholesterol
metabolism by directly inhibiting SREBP-2 processing and activating LXR-driven
gene expression (Yang et al., 2004). In addition sitosterol has recently been shown to
drive macrophage cell death (Bao et al., 2006), an important feature of the late stages
of ASCVD. These and many other findings have promoted a potential role for plant
sterols in the progression of ASCVD in sitosterolemic patients. Recently, a study
examined the relationship between blood sitosterol levels and atherosclerosis in both
ABCG5/G8 knockout mice and in sitosterolemic patients (Wilund et al., 2004b). It
was found that plasma levels of plant sterols do not correlate with atherosclerosis
extent in either of these sitosterolemic models, leading the authors to conclude that
perhaps elevated plasma cholesterol levels are responsible for the development of
premature ASCVD in sitosterolemic patients.

Inter-individual variations exist in responses to statins (Kajinami et al., 2004),
and it was thought to be attributable to differences in the baseline of intestinal
cholesterol absorption and/or endogenous cholesterol synthesis among individuals
(Miettinen et al., 2000; Gylling and Miettinen, 2002). Stimulation of ABCG5/G8-
mediated cholesterol excretion not only promotes fecal disposal of cholesterol,
but also increases endogenous cholesterol synthesis (Yu et al., 2002b, 2004a).
Co-administration of a statin and a yet-to-be developed ABCG5/G8 activator is
expected to have a synergistic cholesterol-lowering effect. Consistent with this
notion is that transgenic overexpression of ABCG5/G8 in the liver and intestine
confers mice hypersensitivity to lovastatin in reducing plasma cholesterol (Tang
et al., 2006).

Unlike the successful story for NPC1L1 and its inhibitor ezetimibe, a specific
pharmacological activator for ABCG5/G8-dependent sterol transport has yet to be
developed. Most current attempts at promoting ABCG5/G8-dependent sterol trans-
port involve the use of synthetic LXR agonists, which robustly and transcriptionally
upregulates heterodimer expression in the liver and intestine (Berge et al., 2000;
Repa et al., 2002; Plosch et al., 2002; Kaneko et al., 2003). LXR activation, how-
ever, elicits the unwanted side effect of increased de novo lipogenesis, resulting in
pronounced hepatic steatosis (Rader, 2007; Cao et al., 2004), which rules out syn-
thetic LXR agonists as a safe way to promote ABCG5/G8 function. Alternative
strategies for ABCG5/G8 modulation need to be pursued. ABCG5/G8 heterodimer
may be directly targeted by small molecule activators. With in vitro and cell-based
functional assays for ABCG5/G8-dependent sterol transport in place, it is now pos-
sible to screen for such compounds. Based on the limited data generated in mice
transgenically overexpressing ABCG5 and ABCG8 (Yu et al., 2002b; Tang et al.,
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2006), pharmacologic activators of this pathway could serve as powerful promot-
ers of cholesterol removal from the body, and thus providing additional protection
against atherosclerosis when given in combination with a statin.

12.5 Scavenger Receptor Class B Type l (SR-Bl)

12.5.1 Discovery of SR-BI

SR-BI was originally discovered based on its sequence homology to another scav-
enger receptor known as cluster determinant 36 (CD36) (Calvo and Vega, 1993;
Acton et al., 1994). SR-BI is expressed in a wide variety of tissues, with the highest
level of expression in tissues regulating cholesterol metabolism such as the liver,
intestine, adrenal gland, testes, and ovary (Acton et al., 1994, 1996; Landschulz
et al., 1996). SR-BI is widely accepted as an HDL receptor, and can bi-directionally
transport sterols across biological membranes (Landschulz et al., 1996; Acton et al.,
1996). SR-BI-driven selective uptake into the liver promotes biliary and fecal excre-
tion of cholesterol (Kozarsky et al., 1997; Ji et al., 1999; Zhang et al., 2005a). In
addition, SR-BI-driven selective uptake into the adrenal gland is linked to steroid
hormone production (Rigotti et al., 1996, 1997; Temel et al., 1997). Since the role
of SR-BI in these processes has been the focus of previous reviews (Trigatti, 2005;
Connelly, 2009), these concepts will not be discussed in detail here. The purpose of
this section is to specifically discuss the structure and function of SR-BI in regards
to intestinal sterol transport.

12.5.2 Structure: Gene, mRNA, and Protein Domains

SR-BI belongs to the class B scavenger receptor superfamily, which includes other
proteins such as lysosomal integral membrane protein II (LIMP II), Drosophila
melanogaster croquemort membrane protein, and Snmp-1 (Franc et al., 1996, 1999;
Hart and Wilcox, 1993; Karakesisoglou et al., 1999; Vega et al., 1991). The human
SR-BI gene contains 13 exons, and resides on chromosome 12q24.2-qter (Cao et al.,
1997). The pattern of SR-BI full-length mRNA expression is similar in humans and
rodents, with the highest level of mRNA in the adrenal gland, ovary, liver, intestine,
and placenta (Acton et al., 1996; Landschulz et al., 1996; Cao et al., 1997). The
full-length SR-BI mRNA encodes a 509 amino acid protein containing a short N-
terminal cytoplasmic domain of 9 amino acids, a transmembrane spanning domain
of 22 amino acids, a predominant extracellular domain of 408 amino acids, a sec-
ond transmembrane domain of 23 amino acids, and a cytoplasmic C-terminus of
44 amino acids (Krieger, 1999; Williams et al., 1999). The predicted molecular
weight of SR-BI is ∼57 kDa, yet extensive N-linked glycosylation yields a pro-
tein that runs ∼82–84 kDa on a Western blot (Krieger, 1999; Williams et al., 1999).
SR-BI is also myristoylated and palmitoylated (Babitt et al., 1997), yet these post-
translational modifications do not seem to impact SR-BI function. The extracellular
domain of SR-BI is likely to form disulfide bridges since it contains six cysteine
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residues (Krieger, 1999). An alternatively spliced variant of SR-BI mRNA was iden-
tified, and this protein is known as SR-BII (Webb et al., 1998; Eckhardt et al., 2004,
2006). This alternatively spliced form has a slightly modified C-terminal tail, yet can
also function to transport sterols across biological membranes (Webb et al., 1998;
Eckhardt et al., 2004, 2006). Most recently, the PDZ domain-containing adaptor
protein PDZK1 has been shown to bind to the C-terminus of SR-BI and this protein-
protein interaction controls SR-BI activity via a tissue-specific post-transcriptional
mechanism (Silver, 2002; Yesilaltay et al., 2006; Kocher et al., 2003). In fact, mice
deficient in PDZK1 have elevated plasma cholesterol levels due to liver-specific
downregulation of SR-BI, implicating PDZK1 as a critical regulator of hepatic
SR-BI function (Kocher et al., 2003).

12.5.3 Function: Lessons Learned from Animal Models

Animal models of SR-BI deficiency or overexpression have shed light on the criti-
cal role of this protein in whole body sterol balance. Transgenic overexpression of
SR-BI results in diminished very low density lipoprotein cholesterol, LDL-C, and
HDL-cholesterol levels, increased biliary cholesterol secretion, and marked pro-
tection against atherosclerosis (Wang et al., 1998; Ueda et al., 1999, 2000; Arai
et al., 1999; Kozarsky et al., 2000; Ji et al., 1999). Conversely, mice lacking SR-
BI accumulate cholesterol in the plasma, have decreased biliary sterol excretion
and steroid hormone insufficiency, and develop severe atherosclerosis (Rigotti et al.,
1997; Varban et al., 1998; Trigatti et al., 1999). Mice lacking SR-BI in the apoE-
deficient background develop occlusive coronary artery atherosclerosis, myocardial
infarction, and die at a very early age (Braun et al., 2002; Zhang et al., 2005b). The
hyperlipidemic and proatherogenic effects seen with SR-BI deficiency are thought
to be primarily due to impairment of SR-BI’s critical role in selective uptake of
HDL cholesteryl esters into the liver. However, SR-BI is also abundantly expressed
in the intestine, and has been proposed to play a role in intestinal cholesterol absorp-
tion. The primary focus of this chapter is to discuss the current state of knowledge
regarding SR-BI’s role in the intestine, which is still a matter of debate.

Using immunohistochemical and biochemical approaches SR-BI protein expres-
sion has been documented to be expressed in enterocytes, and can be found on both
apical and basolateral membranes (Cai et al., 2001; Voshol et al., 2001; Hauser
et al., 1998; Hatzopoulos et al., 1998). The intestinal gradient of SR-BI expres-
sion is found most prominently along the proximal regions of the gastrocolic axis,
including the duodenum and jejunum where cholesterol absorption is thought to
occur (Cai et al., 2001; Voshol et al., 2001; Hauser et al., 1998; Hatzopoulos et al.,
1998),. The concept of SR-BI being involved in intestinal cholesterol absorption was
first supported by in vitro studies demonstrating that cholesterol uptake in intesti-
nal brush border membranes is reduced by anti-SR-BI blocking antibodies (Hauser
et al., 1998). Further, early evidence showed that intestinal cholesterol absorption
inhibitor ezetimibe could physically interact with SR-BI (Hatzopoulos et al., 1998).
Also, it was shown that SR-BI is a high-affinity cholesterol-binding protein in the
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intestinal brush border membrane (Altmann et al., 2002). However, mice genetically
lacking SR-BI have either slightly elevated or normal intestinal cholesterol absorp-
tion (Altmann et al., 2002; Mardones et al., 2001; Nguyen et al., 2009). SR-BI-null
mice still exhibit reduced fractional cholesterol absorption when treated with eze-
timibe, ruling out SR-BI as the ezetimibe-sensitive transport protein (Altmann et al.,
2002). In contrast to the results from SR-BI-deficient mice, intestine-specific trans-
genic overexpression of SR-BI promotes the appearance of radiolabelled cholesterol
into the plasma following an oil-based gavage administration (Bietrix et al., 2006).
This was interpreted as an increase in intestinal cholesterol absorption, yet this
method may not provide an accurate quantitative measure of fractional cholesterol
absorption. Collectively, there is evidence to support the ability of SR-BI to facilitate
the binding of cholesterol from bile salt micelle donors into brush border mem-
brane vesicles (Nguyen et al., 2009; Labonte et al., 2007; Knopfel et al., 2007),
but data from knockout mice confirm that this phenomenon is not rate limiting in
net cholesterol absorption (Altmann et al., 2002; Mardones et al., 2001; Nguyen
et al., 2009).

12.5.4 Function: Lessons Learned from Cell Model Systems

Although SR-BI may have been implicated in the apical to basolateral transport pro-
cess of intestinal cholesterol absorption, most cell models of SR-BI-dependent sterol
transport suggest a quite different trafficking pattern of SR-BI-delivered sterols.
Despite a matter of debate, in the steady state SR-BI seems to localize to both api-
cal and basolateral membranes in polarized cells (Cai et al., 2001; Voshol et al.,
2001; Hauser et al., 1998; Hatzopoulos et al., 1998; Silver et al., 2001; Burgos
et al., 2004; Harder et al., 2007; Wustner et al., 2004; Sehayek et al., 2003). In
polarized cells SR-BI undergoes sterol-dependent directional basolateral to apical
transcytosis (Silver et al., 2001; Burgos et al., 2004; Harder et al., 2007; Wustner
et al., 2004; Sehayek et al., 2003). This directional pattern of sterol transport is
consistent with SR-BI’s role as an HDL receptor promoting selective uptake of
cholesteryl esters from circulation to liver for biliary disposal (Silver et al., 2001;
Burgos et al., 2004; Harder et al., 2007; Wustner et al., 2004; Sehayek et al., 2003).
This selective uptake involves the internalization of HDL-associated cholesteryl
esters into the cell, without the net internalization and degradation of the lipoprotein
itself. Additionally, SR-BI can also promote selective uptake of free sterols, phos-
pholipids, triglycerides, and cholesteryl ethers (Stangl et al., 1999; Urban et al.,
2000; Greene et al., 2001). Selective uptake may involve the “retro-endocytosis”
pathway, which involves holoparticle uptake and the subsequent re-secretion of the
cholesteryl-ester poor HDL (Silver et al., 2001; Rhainds et al., 2004; de la Llera-
Moya et al., 1999). The precise molecular mechanism by which SR-BI facilitates
selective sterol uptake remains incompletely understood, but purified SR-BI recon-
stituted into liposomes can recapitulate high-affinity HDL binding and selective
uptake, indicating that these processes are intrinsic to the receptor itself (Liu and
Krieger, 2002).
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Although SR-BI is generally thought to be an HDL receptor, it can bind a
wide variety of ligands. In fact, the first SR-BI ligands described were modified
apoB-containing lipoproteins including acetylated-LDL and oxidized-LDL (Acton
et al., 1994; Gillotte-Taylor et al., 2001). In addition to binding native and modified
lipoproteins, SR-BI binds maleylated BSA (Acton et al., 1994), advanced glycated
proteins (Ohgami et al., 2001), anionic phospholipids (Rigotti et al., 1995; Fukasawa
et al., 1996), and β-amyloid (Paresce et al., 1996; Husemann et al., 2001; Husemann
and Silverstein, 2001). The majority of SR-BI ligand binding studies have been car-
ried out using native lipoproteins. Lipoprotein binding to SR-BI exhibits intrinsic
nonreciprocal cross competition (Ashkenas et al., 1993; Gu et al., 2000a). In this
case, HDL binding efficiently blocks subsequent LDL binding, yet the ability of
LDL to block HDL binding is relatively weak (Ashkenas et al., 1993; Gu et al.,
2000b). Therefore, it is generally accepted that LDL does not typically interfere with
HDL binding in vivo, further supporting the claim that SR-BI is the HDL receptor
(Acton et al., 1996; Landschulz et al., 1996). Importantly, not all HDL particles
bind to SR-BI with the same affinity. Lipid-free apoA-I and pre-β HDL particles are
poor substrates for SR-BI, whereas spherical large α-HDL particles bind with much
higher affinity (Xu et al., 1997; Liadaki et al., 2000; de Beer et al., 2001; Williams
et al., 2000). The interaction of HDL particles with SR-BI relies on interactions with
intrinsic HDL apolipoproteins including apoA-I, apoA-II, and apoE (Li et al., 2002;
Pilon et al., 2000; Bultel-Brienne et al., 2002; Liu et al., 2002).

In addition to facilitating cholesterol uptake from lipoproteins, SR-BI can
serve as a bi-directional sterol transporter, facilitating cholesterol efflux from cells
(Kozarsky et al., 1997; Ji et al., 1997; Jian et al., 1998; Yancey et al., 2000; Gu et al.,
2000a). This activity was originally established when SR-BI expression levels in a
variety of different cell lines are highly correlated to HDL-mediated sterol efflux
(Ji et al., 1997). Later it was shown in SR-BI gain of function experiments in cells
that SR-BI promotes cholesterol efflux to HDL and phosphatidylcholine-containing
liposomes (Jian et al., 1998). Studies done with mutated forms of apoA-I suggest
that a direct interaction between apoA-I and SR-BI must occur for efficient choles-
terol efflux (Liu et al., 2002), yet other studies have challenged the concept that
physical binding of the HDL particle to SR-BI is required for sterol efflux (Kellner-
Weibel et al., 2000; de la Llera-Moya et al., 1999). In the context of atherosclerosis,
the process of cholesterol efflux is thought to be most important in immune cells
present in the artery wall such as macrophages, but macrophage SR-BI does not
seem to play a major role in macrophage cholesterol efflux or in vivo reverse choles-
terol transport (Yu et al., 2004b; Yvan-Charvet et al., 2008; Wang et al., 2007c). The
physiological implication of SR-BI-mediated sterol efflux has yet to be understood.

12.5.5 Regulation of Expression

Since SR-BI is so critical to sterol balance and steroid hormone production, its
expression is highly controlled at the transcriptional level. In fact SR-BI expression
is regulated by trophic hormones, cholesterol, and fatty acids in a tissue specific
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manner (Rigotti et al., 1996; Wang et al., 1996; Cao et al., 1999; Towns et al.,
2005; Fluiter et al., 1998; Spady et al., 1999; Li et al., 1998; McLean and Sandhoff,
1998; Mizutani et al., 1997, 2000; Reaven et al., 1998, 1999; Azhar et al., 1998;
Li et al., 2001; Svensson et al., 1999). In the case of hormone regulation, SR-
BI expression is upregulated by adrenocorticotrophic hormone (Kozarsky et al.,
1997; Rigotti et al., 1996; Wang et al., 1996; Cao et al., 1999), luteinizing hormone
(Landschulz et al., 1996), human chorionic gonadotropin (Kozarsky et al., 1997;
Li et al., 1998; McLean and Sandhoff, 1998), pregnant mare serum gonadotropin
(Li et al., 1998; Mizutani et al., 1997; McLean and Sandhoff, 1998), cyclic AMP
analogs (Azhar et al., 1998), and insulin (Li et al., 2001). It is generally accepted
that trophic hormone-driven stimulation of SR-BI expression in steroidogenic cells
relies on cAMP-dependent activation of protein kinase A, and subsequent promoter
transactivation that depends on both steroidogenic factor-1 (SF-1) (Cao et al., 1997,
1999; Parker, 1998; Lopez and McLean, 1999) and CCAAT/enhancer binding pro-
teins (Lekstrom-Himes and Xanthopoulos, 1998). SF-1 is critical for both basal
and trophic hormone-stimulated transactivation of the SR-BI promoter, and directly
promotes the expression of SR-BI during the development of several steroidogenic
tissues (Cao et al., 1997, 1999; Parker, 1998; Lopez and McLean, 1999).

In addition to hormonal regulation, SR-BI expression is also sensitive to alter-
ation in cellular cholesterol levels (Wang et al., 1996; Cao et al., 1999; Sun et al.,
1999). In this case, a bona fide sterol response element has been identified in
the SR-BI promoter (Lopez and McLean, 1999). This element confers SREBP-
1a-dependent transactivation of the gene. Interestingly, in the ovary, gonadotropin
treatment induces the expression of SREBP-1a and subsequent enhancement of
SR-BI expression (McConihay et al., 2001). In line with this, depletion of plasma
cholesterol levels results in induction of SR-BI expression in the adrenal gland, an
effect that does not depend on plasma levels of adrenocorticotrophic hormone (Sun
et al., 1999). In further support of sterol-dependent transcriptional regulation, SR-
BI expression levels are dramatically altered in mouse models of altered cholesterol
metabolism (Wang et al., 1996; Ng et al., 1997). For example, mice genetically lack-
ing the steroidogenic acute regulatory (StAR) protein have elevated levels of adrenal
SR-BI (Cao et al., 1999). Mice lacking either apoA-I, lecithin:cholesterol acyltrans-
ferase, or hepatic lipase all exhibit increased levels of adrenal SR-BI (Cao et al.,
1999; Wang et al., 1996; Ng et al., 1997). Furthermore, the human SR-BI promoter
can be regulated by LXR in hepatocytes and adipocyte (Malerod et al., 2002).

Two transcriptional pathways are known to repress SR-BI expression, including
YY1 (Yin Yang 1) zinc transcription factor and DAX-1 (dosage-sensitive sex rever-
sal, adrenal hypoplasia congenital, critical region on the X chromosome, gene 1).
YY1-mediated repression occurs in the basal state due to direct binding of the SR-
BI promoter, and can alternatively bind directly to SREBP-1 functionally preventing
its transactivation of the SR-BI promoter (Shea-Eaton et al., 2001). In contrast,
DAX-1 represses SR-BI expression by directly interacting with the known tran-
scriptional activators such as SF-1 and SREBP-1a (Lopez et al., 2001). In addition
to these defined pathways, numerous additional modes of transcriptional regulation
of the SR-BI promoter are being discovered including PPARγ, HNF4α, and the



12 Protein Mediators of Sterol Transport 361

prolactin regulatory element-binding (PREB) transcription factor (Malerod et al.,
2003; Murao et al., 2008). Collectively, the SR-BI promoter is under complex
transcriptional control, and additional work is needed to more completely define
physiological implications of these regulatory pathways.

12.5.6 Cholesterol Binding Studies

Although it is well accepted that SR-BI can bi-directionally transfer cholesterol
across biological membranes, the precise molecular mechanism by which this is
carried out is a matter of debate. The vast majority of work has focused on the direct
interactions between SR-BI and apolipoproteins resident on HDL. However, there
has been some recent evidence that SR-BI can directly bind cholesterol (Assanasen
et al., 2005). In this work the authors tested whether SR-BI could bind a photoacti-
vatable cholesterol analog, and indeed found direct binding between the C-terminal
transmembrane domain of SR-BI and this cholesterol analog. The molecular base
for SR-BI to bind cholesterol has yet to be determined. The C-terminal trans-
membrane region of SR-BI does not contain a cholesterol recognition/interaction
amino acid consensus (CRAC) or steroidogenic acute regulatory protein-related
lipid transfer (START) domain found in other cholesterol-binding proteins (Li and
Papadopoulos, 1998; Ponting and Aravind, 1999; Epand, 2006). However, SR-BI is
not alone in its lacking of a canonical cholesterol-binding motif. Proteins in the
tetraspanin and synaptophysin families also bind cholesterol through a CRAC-,
or START-domain independent fashion (Thiele et al., 2000; Charrin et al., 2003).
Recent evidence suggests that SR-BI may dimerize or form higher order oligomers,
providing the potential for multiple C-termini to serve as a functional cholesterol
binding pocket (Reaven et al., 2004; Sahoo et al., 2007a, b). Additional work is
needed to define this possibility.

12.5.7 Therapeutic Perspectives for SR-BI

The hyperlipidemic and proatherogenic effects seen with SR-BI deficiency are
thought to be primarily due to loss of SR-BI’s critical role in selective uptake
of HDL cholesteryl esters into the liver, thereby reducing biliary and fecal sterol
excretion. However, effects of SR-BI deficiency in the intestine and other tis-
sues on whole-body cholesterol homeostasis should be considered as well. Several
investigators have proposed that SR-BI facilitates intestinal cholesterol absorption
(Altmann et al., 2002; Mardones et al., 2001; Nguyen et al., 2009; Bietrix et al.,
2006; Labonte et al., 2007; Knopfel et al., 2007). The main argument for this is
that SR-BI is present in intestinal brush border membrane vesicles, and an SR-BI
antibody reduces cholesterol binding to brush border membrane vesicles. However
these in vitro findings have not been substantiated in mice with targeted disruption of
SR-BI. In fact, mice lacking SR-BI have normal or enhanced intestinal cholesterol
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absorption (Altmann et al., 2002; Mardones et al., 2001; Nguyen et al., 2009). The
most thorough of these studies revealed that SR-BI deficiency significantly increases
fractional cholesterol absorption, under several conditions of dietary cholesterol
challenge (Mardones et al., 2001). Collectively, these studies have revealed that SR-
BI is highly expressed in the intestine, but its role in intestinal cholesterol absorption
has not been definitively established. In contrast to a role of SR-BI in the apical to
basolateral transport process of cholesterol absorption, we propose that intestinal
SR-BI may play a role in basolateral to apical transport of cholesterol in enterocytes.
This directional process of transintestinal cholesterol excretion or non-biliary fecal
sterol loss is a critical pathway to rid the body of excess cholesterol directly through
intestinal secretion (Kruit et al., 2006; Brown et al., 2008; van der Velde et al., 2008,
2007). Based on a number of cellular trafficking studies, SR-BI-mediated selective
uptake results in directional basolateral to apical trafficking of sterol cargo (Silver
et al., 2001; Burgos et al., 2004; Harder et al., 2007; Wustner et al., 2004; Sehayek
et al., 2003). This directional trafficking pattern for SR-BI cargo has been described
in vivo in the liver (Silver et al., 2001), and investigations are now underway to
examine whether a similar pathway exists in the proximal small intestine. At this
point, given our incomplete and opposite understanding of SR-BI’s role in intestinal
sterol trafficking, it is difficult to know whether intestinal SR-BI remains a viable
therapeutic target for ASCVD. More work is needed before this possibility can be
realized.

12.6 Other Proteins Influencing Intestinal Cholesterol
Absorption

Other proteins thought to influence intestinal cholesterol absorption at the intestinal
brush border membrane level include CD36 and aminopeptidase N (CD13). CD36 is
a scavenger receptor. Deletion of CD36 in mice appear to reduce cholesterol absorp-
tion from the proximal small intestine, but increase cholesterol absorption from
the distal small intestine, and therefore does not affect net cholesterol absorption
(Nguyen et al., 2009; Nauli et al., 2006). CD13 localizes to the apical membrane
of enterocyte and was reported to interact with ezetimibe (Kramer et al., 2005).
Physiological evidence for a role of CD13 in intestinal cholesterol absorption is
currently unavailable.

Cholesterol enters absorptive enterocytes as a free form. Cholesterol delivered
to intestinal and thoracic duct lymph mainly exists as an esterified form. The
enzyme that catalizes cholesterol esterification in absorptive enterocytes is acyl-
CoA:cholesterol acyltransferase-2 (Anderson et al., 1998) (Fig. 12.1). Thus, genetic
inactivation of acyl-CoA:cholesterol acyltransferase-2 in mice significantly reduces
intestinal cholesterol absorption (Buhman et al., 2000; Repa et al., 2004; Temel
et al., 2005).

Unesterified cholesterol, if not transported out back to the gut lumen by the
apically-localized heterodimer of ABCG5/G8, can enter the circulation via the
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basolaterally-localized ABCA1 (Temel et al., 2005) (Fig. 12.1) and this ABCA1-
dependent pathway plays a significant role in HDL biogenesis because mice lack-
ing ABCA1 display a reduced plasma HDL-cholesterol concentration (Brunham
et al., 2006).

In addition to proteins discussed in this article, many other cellular proteins
may also regulate intestinal sterol absorption, such as serine palmitoytransferase (Li
et al., 2009) and those listed in a classic review on regulation of intestinal cholesterol
absorption (Wang, 2007a), to which interested readers are referred.

12.7 Concluding Comments

Within the last decade, our understanding of protein-mediated intestinal choles-
terol transport has seen immense progress. We have gained important insights
into the structure, function, and regulation of a dedicated apical sterol trans-
porter NPC1L1, and its opposing heterodimeric protein complex ABCG5/G8.
Furthermore, the development of small molecule inhibitors of intestinal choles-
terol absorption has provided important tools to dissect the pathway. Such rapid
progress in our understanding of this complex physiological process has been
a powerful integration of many scientific disciplines, including human genetics,
pharmacology, cell biology, biochemistry, genetically altered mouse models, and
physiological approaches. Although we have made substantial progress in iden-
tifying several protein-mediators of sterol transport across intestinal brush border
membrane, it is unlikely this list is complete in its current form. Importantly, mech-
anistic understanding of protein-mediated sterol transport across plasma membrane
and subsequent intracellular trafficking of sterols in the absorptive enterocyte is still
in its infancy. By taking advantage of this same multidisciplinary approach, we
now have the tools in place to further our understanding of intestinal cholesterol
absorption and its protein mediators.
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Chapter 13
Cholesterol at the Endoplasmic Reticulum:
Roles of the Sigma-1 Receptor Chaperone
and Implications thereof in Human Diseases

Teruo Hayashi and Tsung-Ping Su

Abstract Despite substantial data elucidating the roles of cholesterol in lipid rafts
at the plasma membrane, the roles of cholesterol and related lipids in lipid raft
microdomains at the level of subcellular membrane, such as the endoplasmic retic-
ulum (ER) membrane, remain less understood. Growing evidence, however, begins
to unveil the importance of cholesterol and lipids on the lipid raft at the ER mem-
brane. A few ER proteins including the sigma-1 receptor chaperone were identified
at lipid raft-like microdomains of the ER membrane. The sigma-1 receptor, which is
highly expressed at a subdomain of ER membrane directly apposing mitochondria
and known as the mitochondria-associated ER membrane or MAM, has been shown
to associate with steroids as well as cholesterol. The sigma-1 receptor has been
implicated in ER lipid metabolisms/transports, lipid raft reconstitution at the plasma
membrane, trophic factor signalling, cellular differentiation, and cellular protection
against β-amyloid-induced neurotoxicity. Recent studies on sigma-1 receptor chap-
erones and other ER proteins clearly suggest that cholesterol, in concert with those
ER proteins, may regulate several important functions of the ER including fold-
ing, degradation, compartmentalization, and segregation of ER proteins, and the
biosynthesis of sphingolipids.
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ulum · Mitochondria-associated ER membrane · Lipid raft · Detergent-resistant
microdomain · Trophic factor
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PrP prion protein
erlin ER lipid raft protein
IP3 receptors inositol 1,4,5-trisphosphate receptors
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PtEt phosphatidylethanolamine
SBDL sterol-binding domain-like
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MAPK mitogen-activated protein kinase
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13.1 Introduction

Cholesterol is an important molecule not only for constituting the biological mem-
brane but also for regulating a spectrum of cellular processes including gene
transcription and signal transduction. Cholesterol serving as a universal precursor
of steroidgenesis can regulate gene transcriptions indirectly via steroid receptors.
Cholesterol can also directly activates cholesterol–sensing transcription factor, the
sterol regulatory element binding proteins (SREBPs), thus regulating transcriptions
of a spectrum of lipid enzymes (Brown and Goldstein, 1997; Bengoechea-Alonso
and Ericsson, 2007; Lavoie and King, 2009). Further, cholesterol, by forming lipid
microdomains with sphingolipids (also called as detergent-insoluble microdomains
or lipid rafts), can regulate membrane curvature, protein sorting, vesicle transport,
endocytosis, and trophic factor-induced signal transduction at the plasma membrane
(Simons and Ikonen, 1997; Simons and Toomre, 2000). Lipid rafts composed of
cholesterol and sphingolipids compartmentalize signalling molecules (e.g., recep-
tors, kinases) at the phospholipids bilayer, thus promoting selective and efficient
signal transduction (Pike, 2003).

The discovery of the lipid raft microdomain shed lights on the importance of
cholesterol as a direct modulator of signal transduction. Roles of cholesterol, partic-
ularly those in plasma membrane lipid rafts, have been thus extensively examined
by employing relevant models such as raft-residing trophic factor receptors and lipid
raft-dependent endocytosis (particularly that via caveolae, a subtype of rafts con-
taining caveolins) (Ikonen and Vainio, 2005; Lajoie and Nabi, 2007). On the other
hand, roles of cholesterol-rich lipid microdomains at subcellular membranes, except
for Golgi apparatus, have been less well-known.

Growing number of studies, however, has begun to elucidate the existence and
importance of lipid microdomains at subcellular organelles, which include mito-
chondria and the endoplasmic reticulum (ER). Although lipid rafts are considered
as ubiquitous constituents of plasma membrane or Golgi, which is in agreement
with the enrichment of lipid rafts in these loci, recent studies indicated that lipid
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rafts are similarly formed at the subcellular membranes with relatively low concen-
trations of cholesterol and glycosphingolipids (van Meer and van Genderen, 1994;
van Meer, 2000). For example, it is known that mitochondrial membranes con-
tain lipid rafts that are remodeled and redistributed during apoptotic and immune
reaction, thus initiating cell death signals derived from mitochondria (Malorni
et al., 2007).

Most recent studies also demonstrated that the ER membrane, although con-
tains considerably low levels of cholesterol and glycosphingolipids compared to
other organelles, can form lipid raft-like microdomains. A few ER proteins were
identified as being present in lipid raft-like microdomains, that include ER lipid
raft protein (erlin)-1 and -2, PrP, and the sigma-1 receptor chaperone (Hayashi
and Su, 2003a, , 2004b; Sarnataro et al., 2004; Hayashi and Su, 2005; Browman
et al., 2006; Campana et al., 2006; Hoegg et al., 2009). Erlin, the family of pro-
hibitin domain-containing (PHB) proteins including the prohibitins, the stomatins
and the flotillins, was found exclusively at detergent-resistant microdomains of the
ER membrane (Browman et al., 2006). The biological function of erlin, however,
remains elusive. A few recent studies implicated the potential role of ER rafts in
protein folding of prion protein (PrP). Campana et al. (2006) found that processing
of the PrPsc, the pathogenic glycoprotein causing neurodegenerative Creutzfeldt-
Jakob disease, depends on the association of PrP with lipid microdomains at the
ER. The pathogenic mutant PrP T182A mainly retains at lipid raft-like domains
at the ER. Importantly, the association of the protein with lipid rafts promotes the
folding of the protein, thus inhibiting scrapie-like conversion of PrP mutants and
protecting cells (Campana et al., 2006).

A line of recent study from our laboratory and others has demonstrated that
cholesterol plays important roles at the ER together with the ER protein sigma-1
receptor chaperone. We reported that sigma-1 receptor chaperones targeting ER
rafts regulate protein degradation and lipid transports (Hayashi and Su, 2003b,
2007). The sigma receptor is a protein originally proposed as a subtype of opi-
oid receptors, but later confirmed not to be an opioid receptor, rather being a novel
protein mainly localized at the ER (Su and Hayashi, 2003). Based on the ligand-
binding profile, it has been postulated that the sigma receptor consists of at least
two subtypes: sigma-1 and sigma-2. The sigma-1 receptor possesses high affinity
for the (+)-isomer of prototypic ligands such as (+)-SKF10047, whereas the sigma-2
receptor does it for the (−)-isomers (Su and Hayashi, 2003). Recent studies demon-
strated that both type-1 and -2 sigma receptors are present at lipid rafts (Hayashi
and Su, 2003b, 2004b; Gebreselassie and Bowen, 2004). Especially, the sigma-1
receptor, which was cloned in 1996 (Hanner et al., 1996), has been implicated in
lipid metabolisms, transports, and cellular survival (Hayashi and Su, 2005; Hayashi
et al., 2009). Further, recent studies begin to unveil the cholesterol-binding charac-
teristic of the sigma-1 receptors (Palmer et al., 2007). These findings given from the
sigma receptor research indeed provide several interesting aspects in terms of roles
of cholesterol at the ER. Thus, we seek in this chapter to revisit recent findings on
the sigma-1 receptor that may ultimately help understanding roles of cholesterol and
lipid microdomains at the ER as well as those in pathophysiology of certain human
diseases.
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13.2 Structure and Subcellular Localization of the Sigma-1
Receptor

In agreement with a fact that the N-terminus of the sigma-1 receptor has a double-
arginine ER retention signal (Hanner et al., 1996), several immunocytochemical
or biochemical studies have demonstrated the ER localization of sigma-1 recep-
tors (Alonso et al., 2000; Hayashi and Su, 2003a; Jiang et al., 2006; Dun et al.,
2007). Although a number of studies found that sigma-1 receptors modulate func-
tions of proteins at the plasma membrane (e.g., K+ channel) (Aydar et al., 2002;
Fontanilla et al., 2009; Johannessen et al., 2009), the possibility of sigma-1 receptors
in localizing at the plasma membrane has not been thoroughly clarified at present.
Importantly, sigma-1 receptors at the ER show typically a punctate staining pattern
in immunocytochemistry (Hayashi and Su, 2003a, 2004b), that is distinctive from
the pattern seen with other ER proteins such as cytochrome P450 reductase that
typically show the reticular or diffuse cytoplasmic pattern in immunostaining. A
recent study identified the ER subdomains enriched with sigma-1 receptors as the
mitochondria-associated ER membrane (MAM) (Hayashi and Su, 2007) (Fig. 13.1),
the ER membrane physically associating with the outer membrane of mitochondria
(Rusinol et al., 1994). The MAM plays critical roles in supplying Ca2+ directly
from the MAM via inositol 1,4,5-trisphosphate receptors (IP3 receptors) to mito-
chondria, thus regulating metabolism and bioenergetics in mitochondria (Rizzuto
et al., 1999; Hajnoczky and Hoek, 2007; Duchen et al., 2008). The MAM is also
important for lipid synthesis. The MAM express high levels of enzymes involved
in syntheses of phospholipids, cholesterol, neutral lipids, and ceramides (Vance,
1990; Rusinol et al., 1993, 1994; Bionda et al., 2004). Phosphatidylserine (PtSer)
synthesized at the MAM is transported to mitochondria via intermembrane lipid
transport (without a demand of energy and transport vesicles) for the synthesis of
phosphatidylethanolamine (PtEt) (Voelker, 2000). On the other hand, the role of the
MAM in cholesterol transport is poorly understood. Nevertheless, since the MAM
accommodates enzymes involved in cholesterol biosynthesis and since cholesterol
transported from ER to mitochondria is the primary step in steroidgenesis, the MAM
is proposed to serve as one of loci operating the cholesterol transport from the ER
to mitochondria (Hayashi et al., 2009). A study demonstrated that the MAM, which
was visualized by expressing sigma-1 receptors fused to the yellow fluorescent pro-
tein, accommodates the much higher level of free cholesterol when compared to
other ER membranes (Hayashi and Su, 2003b).

The sigma-1 receptor is a 24-kDa protein possessing two transmembrane
domains at the N-terminus and the center of the protein. The sigma-1 receptor also
possesses one membrane-anchoring domain at the C-terminus. A study analyzing
membrane topology of the sigma-1 receptor found the sigma-1 receptor possessing
one cytosolic loop flanked by two transmembrane domains with a long ER lume-
nal domain at the C-terminus (Hayashi and Su, 2007) (Fig. 13.2). A recent study
identified the sigma-1 receptor as a new class of molecular chaperone forming a
complex with another ER chaperone BiP/GRP78 (Hayashi and Su, 2007). The long
ER lumenal domain at the C-terminus is demonstrated to possess chaperone activity,
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Fig. 13.1 Mitochondria-associated ER membrane (MAM). A Spatial localization of MAM and
bulk ER membranes. MAM is visualized by immunofluorescence using anti-sigma-1 receptor
antibodies. ER membranes are visualized by expressing DsRed-tagged KDEL in the CHO cell.
Bar=10 μm. Note that sigma-1 receptors accumulated at punctate substructures of ER membranes
(arrows in the inset at higher magnification). B Spatial localization of MAM and mitochondria.
MAM is visualized by immunofluorescence using anti-sigma-1 receptor antibodies. Mitochondria
were visualized by expressing mitochondria-targeting red fluorescent proteins (Mito-DsRed) in the
CHO cell. Bar=10 μm. MAM expressing sigma-1 receptors apposes to mitochondria (arrows in
the inset at higher magnification)

which is negatively regulated by the association with BiP (Hayashi and Su, 2007).
The molecular function of the sigma-1 receptor will be discussed later with more
details.

Several studies have sought to identify the ligand-binding site(s) of sigma-1
receptors including that for steroids. A study showed that the amino acids in the
second transmembrane domain are responsible for binding of the ligands with a
slight difference in responsible amino acids for binding to agonists and antagonists,
respectively (Yamamoto et al., 1999). On the other hands, a few charged amino
acids in the ER lumenal domain at the C-terminus are shown to contribute to the
formation of the ligand-binding site as well (Ganapathy et al., 1999; Seth et al.,
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Fig. 13.2 ER lipid rafts composed of cholesterol and sigma-1 receptors. The mitochondria-
associated ER membrane (MAM) contains the relatively high level of cholesterol, when compared
to other bulk ER membranes, thus forming lipid rafts as reported by recent studies. The sphin-
golipid counterpart(s) constituting lipid rafts with cholesterol at the ER is not well defined. In
oligodendrocytes, galactosylceramide appears to represent a major sphingolipid component of
ER rafts. The sigma-1 receptor, which possesses two transmembrane domains, resides prefer-
entially at lipid rafts of the MAM. Amino acids marked with pink are shown to be involved
in ligand-binding of the sigma-1 receptor. Those in green are proposed to constitute sterol or
cholesterol-binding domains. Sigma-1 receptors at ER rafts have been shown to regulate lipid
transport/metabolism, Ca2+ signalling, reconstitution of plasma membrane lipid rafts, ganglioside
synthesis, cellular survival and differentiation. The arrow indicates the domains in the juxtaposed
position as demonstrated by sulfhydryl-reactive, radioiodinated photo-crosslinking

2001). The amino acids in the membrane-anchoring domain seem to be respon-
sible for binding of cocaine or progesterone (Chen et al., 2007; Pal et al., 2007,
2008; Fontanilla et al., 2008). Therefore multiple domains, including the transmem-
brane domains or amino acids in vicinity to the ER membrane, may constitute the
ligand/sterol-binding pocket of the sigma-1 receptor (Pal et al., 2008). Whether the
pocket is composed within a single molecule of the sigma-1 receptor or by homo
oligomerization of the protein is not examined yet.

13.3 The Potential Link Between the Sigma-1 Receptor
and Sterols

Sigma-1 receptors ubiquitously express in several organs of mammals including
brain, liver, pancreas, testis, overlay, placenta, and adrenal gland, as well as in
malignant tumors (Vilner et al., 1995; Hanner et al., 1996; Spruce et al., 2004).
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A number of studies using selective sigma receptor ligands have demonstrated
that sigma-1 receptors are involved in regulations of morphogenesis of neuronal
cells (e.g., synaptogenesis, neuronal differentiation, myelination), neuroprotection,
pain, pathophysiology of certain human diseases including depression, drug abuse,
Alzheimer’s disease and cancer (Nakazawa et al., 1998; Goyagi et al., 2001;
Maurice, 2004; Spruce et al., 2004; Liu et al., 2005; Marrazzo et al., 2005; Achison
et al., 2007; Bermack and Debonnel, 2007; Dun et al., 2007; Martin-Fardon et al.,
2007; Mei and Pasternak, 2007; Renaudo et al., 2007; Hayashi and Su, 2008; Smith
et al., 2008; Tchedre and Yorio, 2008). Sigma-1 receptors bind a variety of psy-
chotropic drugs and progesterone with submicromolar Ki (Su and Hayashi, 2003);
particularly the finding on progesterone raised first time a possibility that sigma-1
receptors may interact with sterols (Su et al., 1988).

The success of cloning of the sigma-1 receptor provided another striking evi-
dence supporting the link between the sigma-1 receptor and sterols. The sequence
of the sigma-1 receptor, although having no homology to any mammalian proteins,
shares a similarity to that of the yeast sterol C8-C7 isomerase (Hanner et al., 1996).
In spite of the high homology between these proteins, following studies however
negated the sigma-1 receptor serving as a mammalian C8-C7 sterol isomerase; the
sigma-1 receptor lacks the enzymatic activity and the cloned mammalian sterol
isomerase shares homology with neither the yeast sterol isomerase nor with the
sigma-1 receptor (Hanner et al., 1996; Moebius et al., 1997; Bae et al., 2001).
Nevertheless, the structural similarity, particularly that between the membrane-
spanning domain of the sigma-1 receptor and the sterol-binding pocket of the
yeast sterol isomerase (Hanner et al., 1996), argues the possibility that the sigma-1
receptor possesses the sterol-binding domain.

13.4 Sigma-1 Receptors Interact with Cholesterol

Although sigma-1 receptors were shown to bind some steroids in early in vitro bind-
ing assays, the possibility of sigma-1 receptors associating with cholesterol has just
begun to be examined recently. Immunocytochemical studies have revealed sigma-
1 receptors highly compartmentalized at the cholesterol-enriched subdomains of
the ER membranes (i.e., MAM) (Hayashi and Su, 2003b; Hayashi and Su, 2004b)
(Fig. 13.2). The cholesterol content in the ER membrane is generally kept at a
considerably low level when compared to that in the plasma or Golgi membrane.
However, filipin staining visualizing subcellular distributions of free cholesterol
found that cholesterol is accumulated at the MAM and co-localized with sigma-1
receptors (Hayashi and Su, 2003b). The MAM was originally found as a specialized
membrane domain for transports of lipids between ER and mitochondria (Vance,
1990). Thus, it is intriguing that the cholesterol is exceptionally enriched at the
MAM. Transfection of dominant-negative sigma-1 receptors, which fail to target the
MAM, is shown to disrupt the compartmentalization of cholesterol at MAM, lead-
ing to the diffuse distribution of cholesterol over the ER membrane (Hayashi and Su,
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2003b). Seemingly, sigma-1 receptors regulate, at least in part, the accumulation of
free cholesterol at the MAM.

Existence of lipid rafts at the ER has been under a debate for several years.
However, growing evidence supports the existence of lipid rafts at the ER membrane
(Hayashi and Su, 2003a, b, 2004b, 2005; Sarnataro et al., 2004; Browman et al.,
2006; Campana et al., 2006; Hoegg et al., 2009). Sigma-1 receptors were found to
reside in lipid rafts in NG108 neuroblastoma x glioma hybrid cells (Hayashi and
Su, 2003b). In oligodendrocytes, sigma-1 receptors also accumulate at lipids rafts
by forming the complex with cholesterol and galactosylceramides (Hayashi and Su,
2004b). In light of exceptional enrichment of cholesterol and sphingolipids (e.g.,
ceramides) at MAM among bulk ER membranes (Vance, 1990; Rusinol et al., 1993,
1994; Bionda et al., 2004), it is conceivable for the cell to form lipid rafts at the spe-
cialized subdomains. The identity of sphingolipid(s) forming rafts at the MAM is
however not clarified, except for that in oligodendrocytes (Hayashi and Su, 2004b).
In the sucrose-floatation centrifugation with Triton X-100, the ER-lipid rafts gener-
ally show lower buoyancy than that of plasma membrane rafts that mostly contain
gangliosides such as GM1 (Hayashi and Su, 2003b). Interestingly, a certain class of
caveolin shows similar buoyancy to ER rafts. Calveolin-2, but not caveolin-1 which
is enriched at the plasma membrane and Golgi, was indeed shown to co-localize
with sigma-1 receptors at the MAM (Hayashi and Su, 2003b).

Lipid rafts at the plasma membrane was classically proposed as platforms of
the signal transduction, which compartmentalize receptors and signalling molecules
for promoting protein-protein interactions (Simons and Ikonen, 1997; Simons and
Toomre, 2000). Several trophic factor receptors, upon stimulation, dimerize and
translocate into or out from lipid rafts to pursue activation of downstream sig-
nallings (Simons and Ikonen, 1997; Simons and Toomre, 2000). Similarly, sigma-1
receptors at ER rafts, upon stimulation with agonists, translocate from rafts to
non-raft ER membranes (Hayashi and Su, 2003b; Palmer et al., 2007). Treatment
with selective sigma-1 receptor agonist (+)pentazocine or (+)SKF10047 has been
shown to shift sigma-1 receptors from Triton X-100-insoluble to the soluble frac-
tions in a sucrose gradient centrifugation (Hayashi and Su, 2003b; Palmer et al.,
2007). As discussed below, sigma-1 receptor agonists replace cholesterol binding
to sigma-1 receptors (Palmer et al., 2007) and promote translocation of the receptor
at the ER (Hayashi and Su, 2003b; Hayashi and Su, 2003a). Thus, the ligand-free,
cholesterol-associating form of sigma-1 receptors seems to associate with ER rafts.

Although the above-mentioned evidence supports the possibility of sigma-1
receptors to bind cholesterol, the direct demonstration of cholesterol binding to
sigma-1 receptors has begun to be examined recently. Ruoho and colleagures iden-
tified two potential sterol-binding domains (SBDL-1, SDBL-II) of the sigma-1
receptors by using a series of photoaffinity labelings (Chen et al., 2007; Pal et al.,
2007, 2008; Fontanilla et al., 2008). They found that derivatives of fenpropimorph
(e.g., [125I]IAF), the inhibitor of yeast sterol isomerase that has also a high affinity
for sigma-1 receptors, can selectively photolabel amino acids 91-109 and 176-194
with showing a single population of binding sites for [125I]IAF to interact with
the sigma-1 receptor (Pal et al., 2007). These data propose a model in which the
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SBDL-I and SBDL-II are juxtaposed to form a sterol-binding site of the sigma-1
receptor (Pal et al., 2008). Palmer et al. (2007) by using the sequence matching
analysis found that the sigma-1 receptor possesses amino acid sequences similar to
the cholesterol-binding motif of the benzodiazepine receptor (i.e., L/V-X1-2-Y-X1-5-
K/R). They postulated two potential cholesterol-binding domains on the sigma-1
receptors: residues 171–175 and 199–208. They demonstrated that the synthe-
sized peptides containing these putative cholesterol-binding motifs (a.a. 161–180,
a.a. 191–210) indeed bind cholesterol on immobilized nitrocellulose membranes
(Palmer et al., 2007). The binding of cholesterol in the same system is reduced by
co-incubation with sigma-1 receptor agonist (+)-SKF10047 (Palmer et al., 2007).
Following energy minimization by Universal Force Field prediction, they proposed
that tyrosine173 and 206 at the surface of the lipid bilayer are critical for the
cholesterol-binding property of the sigma-1 receptors, since the substitutions of
tyrosine to serine at the sites abolished the cholesterol-binding property of the two
peptides (Palmer et al., 2007). These findings support the notion that sigma-1 recep-
tors may directly interacts with cholesterol at lipid rafts of the MAM (Fig. 13.2).
Further, the ability of the ligands in altering the sigma-1 receptor-cholesterol associ-
ation may partly explain the underlying mechanism in ligand-induced translocation
of sigma-1 receptors from rafts to non-raft ER membranes (Hayashi and Su, 2003b;
Hayashi and Su, 2003a).

13.5 Molecular Function of the Sigma-1 Receptor

Since the 1970 s, a numerous number of studies have demonstrated a variety of phar-
macological and physiological effects of sigma-1 receptors and their ligands in both
in vitro and in vivo systems; that include neuroprotection, anti/pro-apoptotic action,
cellular differentiation, potentiation of Ca2+ signalling via IP3 receptors, regulation
of ion channels such as K+ channel and NMDA receptor, potentiation of trophic
factor signalling (NGF, EGF, BDNF and MAPKs), cellular proliferation, protein
secretion, carcinogenesis, long-term potentiation of hippocampal neurons, learning
and memory, mood and cognition, and drug-dependence and craving (Maurice et al.,
2002; Takebayashi et al., 2002, 2004a, b; Matsumoto et al., 2003; Su and Hayashi,
2003; Chen et al., 2006; Yagasaki et al., 2006; Martina et al., 2007; Hayashi and
Su, 2008; Sabeti and Gruol, 2008; Fontanilla et al., 2009; Hayashi et al., 2009).
However, the basic molecular function of the sigma-1 receptor has been elusive until
the recent discovery of the innate activity. The sigma-1 receptor is a ligand-operated
molecular chaperone at MAM (Hayashi and Su, 2007). Under the physiological
concentration of Ca2+ in the ER lumen (0.5 mM), the lumenal domain of the sigma-
1 receptor forms a complex with BiP, an ER homologue of heat-shock protein 70
(Hsp 70), in a Ca2+/Mn2+-dependent manner (Hayashi and Su, 2007). Sigma-1
receptors forming the complex with BiP are basically at the dormant state, thus min-
imizing the chaperone activity (Hayashi and Su, 2007). The depletion of ER Ca2+
by activation of IP3 receptors or inhibition of the ER Ca2+ pump by thapsigargin
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triggers the dissociation of sigma-1 receptors from BiP, which in turn fully activates
sigma-1 receptor chaperones (Hayashi and Su, 2007; Hayashi et al., 2009).

Because of their specific localization at the MAM, sigma-1 receptor chaper-
ones are assumed to stabilize mostly MAM-residing proteins. So far, the type-3 IP3
receptor is only protein identified as a substrate of the sigma-1 receptor chaperone.
Knockdown of sigma-1 receptors causes rapid ubiquitination and degradation of
type-3 IP3 receptors residing at MAM, thus causing decrease of direct Ca2+ influx
from MAM to mitochondria (Hayashi and Su, 2007). Ca2+ uptaken into mitochon-
dria in turn activates dehydrogenases in the TCA cycle, leading to potentiation of
the ATP production in mitochondria (Rizzuto et al., 1999; Hajnoczky and Hoek,
2007; Duchen et al., 2008), the stabilization of IP3 receptors by sigma-1 receptor
chaperones is thus postulated to contribute to bioenergetics and cellular survival. In
this context, the role of cholesterol potentially specifying the MAM localization of
sigma-1 receptors seems vast.

13.6 Ligand-Binding Profile of the Sigma-1 Receptor

The prominent uniqueness of the sigma-1 receptor is that the innate chaperone activ-
ity can be activated/inactivated pharmacologically by synthetic compounds or by
sterols. Sigma-1 receptor agonists promote the dissociation of sigma-1 receptors
from BiP, which in turn activates chaperone activity of sigma-1 receptors in an ER
Ca2+-independent manner (Hayashi and Su, 2007). The action of the agonists is
blocked by antagonists. Structurally diverse compounds including steroids and some
clinically used psychotropic drugs and immunesuppressants exert high affinities for
sigma-1 receptors (Table 13.1). A recent study found that endogenous hallucinogen
dimethyltryptamine binds to sigma-1 receptors (Fontanilla et al., 2009). Selective

Table 13.1 Ligands of the sigma-1 receptor chaperone

Synthetic compounds
(+)Pentazocine
(+)Dextromethorphan
(+)SKF10047
Haloperidol
Fluvoxamine
Imipramine
Donepezil
SA31747

Natural/endogenous compounds
Progesterone
Dehydroepiandrosterone sulfate
Pregnenolone sulfate
Hyperforin/hypericin
Dimethyltryltamine
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sigma-1 receptor agonists have been demonstrated to possess therapeutic actions in
animal models of depression, schizophrenia, and strokes (Hayashi and Su, 2008).
Some steroids that have affinities to sigma-1 receptors indeed exert antiamnesic or
antidepressant-like actions via sigma-1 receptors (Hayashi and Su, 2008). Whether
cholesterol at the MAM may affect the chaperone activity of the sigma-1 receptor as
a potential endogenous ligand is an interesting unsolved question. The recent find-
ing showing ER rafts regulating folding of PrP (Campana et al., 2006), however,
raises a tempting speculation that ER cholesterol may gain the folding capability of
the ER by either mimicking a molecular chaperone by itself or by regulating activity
of ER chaperone proteins.

13.7 Roles of Sigma-1 Receptors in Subcellular Distribution
of Lipids and Reconstitution of Lipid Rafts

Studies exploring roles of sigma-1 receptors in lipid biology has just emerged.
Recent data suggest that sigma-1 receptors play important roles in the subcellular
distribution of cholesterol as well as its partitioning in lipid rafts at the plasma mem-
brane (Hayashi and Su, 2005). For example, overexpression of sigma-1 receptors,
although they are mainly at the ER (e.g., MAM), can increase cholesterol at the
plasma membrane rafts (Takebayashi et al., 2004b). Further, expression of dom-
inantly negative sigma-1 receptors decreases plasma membrane cholesterol with
concomitantly increasing cholesterol at the ER (Hayashi and Su, 2003b). Thus,
sigma-1 receptors at the ER seem to be involved in export of cholesterol from ER to
the plasma membrane.

Stable overexpression of sigma-1 receptors in PC12 cells promotes the alter-
ation of glycosphingolipids in plasma membrane lipid rafts (Takebayashi et al.,
2004b). Overexpression of sigma-1 receptors increases ganglioside GD1a in plasma
membrane rafts, the endproduct of the ganglioside synthesis, but decreases less-
glycosylated precursors of GD1a such as GM1 and GM2 (Takebayashi et al.,
2004b). Because the biosynthesis of glycopshingolipids downstream of ceramides
is entirely processed at Golgi (van Meer, 2000), this finding suggests the sigma-
1 receptor accelerating glycosylation of gangliosides at the Golgi apparatus. The
reconstitution of plasma membrane rafts caused by sigma-1 receptors therefore pro-
motes a significant alteration in signal transduction triggered by receptors of trophic
factors as mentioned below. How sigma-1 receptors associating with cholesterol
at the MAM regulate glycosylation of sphingolipids at Golgi is, however, an open
question at present.

Several trophic factor receptors, upon stimulation, dimerize and translocate into
lipid rafts for activation of downstream signallings. However, some trophic factor
receptors such as the EGF receptor conversely translocate from rafts to non-raft
membranes upon the activation; thus lipid rafts serve as both positive and neg-
ative regulators of trophic factor-related signals in the receptor-specific manner.
Importantly, it is known that the association of receptors with lipid rafts depends
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on sugar moieties of residing gangliposides; for example, EGF receptors have the
highest affinity for GM1 or GM2 ganglioside, but the lowest affinity for highly gly-
cosylated GD1a (Miljan et al., 2002). Thus, reconstitution of gangliosides in lipid
rafts caused by sigma-1 receptors promotes the relocation of EGF receptors from
rafts to non-rafts membranes, leading to potentiation of the EGF receptor activity
(Takebayashi et al., 2004b). In such, sigma-1 receptors by modulating lipid compo-
nents of the plasma membrane may regulate diverse signal transductions mediated
by trophic factor receptors as is indeed seen in other systems such as NGF or BFND
(Takebayashi et al., 2002; Yagasaki et al., 2006).

13.8 The Sigma-1 Receptor in Human Diseases

13.8.1 Neuropsychiatric Disorders

Since the first prototypic sigma receptor ligand SKF-10047 induces psy-
chotomimeric actions and some antipsychotics such as haloperidol have low-nM
affinities for sigma receptors (Su and Hayashi, 2003), the sigma-1 receptor lig-
ands had been expected to serve as a new class of psychotherapeutic drugs.
However, newly synthesized selective sigma-1 receptor ligands do not necessar-
ily have psychotimimetic effects (Hayashi and Su, 2004a). Further clinical studies
failed to show significant effect of sigma-1 receptor ligands on positive symp-
toms of schizophrenia (Volz and Stoll, 2004). On the other hand, recent preclinical
studies have accumulated substantial data showing that sigma-1 receptor ligands
possess robust neuroprotective action against, for example, β-amyloid- or ischemia
(Hayashi and Su, 2008). Sigma-1 receptor agonists also show anti-amnesic and
anti-depressant-like actions in animal models (Maurice et al., 2002).

On the analogy between psychostimulant-induced psychosis and schizophre-
nia, sigma receptor ligands have been extensively examined in animal models
of drug-dependence. The use of psychostimulants such as methamphetamine and
cocaine acutely causes psychosis in humans similar to positive symptoms of
schizophrenia. Further, the long-term use of psychostimulants promotes neuroad-
aptative/neuroplastic changes, often those are irreversible and promote hard-to-cure
symptoms such as withdrawal symptoms, craving, anxiety, aberrant stress-responses
and depression (Hyman et al., 2006). Recent studies have found that sigma-1 recep-
tors are upregulated in particular brains regions relating to dopaminergic reward and
motor systems following chronic treatments with psychosimulants (Stefanski et al.,
2004; Liu and Matsumoto, 2008).

It is not totally clarified how sigma-1 receptor chaperones at the MAM promote
neuronal plasticity that likely involves morphogenesis of cells in the central nervous
system. In in vitro studies, however, upregulation of sigma-1 receptors is shown
to promote neuronal differentiation and potentiation of BDNF signallings (Hayashi
and Su, 2004b; Yagasaki et al., 2006); both have been proven to be implicated in the
pathophysiology of depression and drug dependence (Hyman et al., 2006). Indeed,
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certain antidepressants promote neuritegenesis by activating sigma-1 receptors in
PC12 cells (Takebayashi et al., 2002). The action in activating neuronal differ-
entiation may involve at least in part the action of sigma-1 receptors to promote
reconstitution of plasma membrane lipid rafts that alters signal transduction of the
trophic factor receptors (Hayashi and Su, 2005). Recent studies demonstrate that
cholesterol is de novo synthesized in the brain, which is independent of choles-
terol supplied by the blood circulation. Further, cholesterol provided by astrocytes
is shown to serve as a potent inducer of neuronal morphogenesis including synap-
togenesis (Barres and Smith, 2001; Suzuki et al., 2007). In contrast, the aberrant
metabolism of cholesterols is known to cause neuronal dysfunction and degener-
ation (Pregelj, 2008). Thus, sigma-1 receptors regulating cholesterol transport and
raft formation may play important roles in neuroprotection and neuroplasticity in
the brain.

13.8.2 Cancer

Early binding studies found that sigma-1 receptors highly express in many can-
cer cells (Vilner et al., 1995). Recent studies demonstrated that some sigma-1
receptor ligands inhibit unstrained proliferation of carcinoma both in vitro and
in vivo (Spruce et al., 2004). A recent study provides an intriguing mechanism
of sigma-1 receptors in regulating proliferation in cancers. The study found that
sigma-1 receptor ligands cause the dissociation of cholesterol from sigma-1 recep-
tors, which subsequently leads to reconstitution of plasma membrane rafts (Palmer
et al., 2007). The reconstitution of lipid rafts promotes dramatic inhibition of cell
adhesion mediated by β-integrin, the strength is indicative of invasiveness of can-
cers (Palmer et al., 2007). Knockdown of sigma-1 receptors by siRNA shows the
similar phenotype. The effect of sigma-1 receptor ligands was abolished if the com-
position of lipid rafts is altered by using drugs that affect lipid raft formation such
as methyl- β -cyclodextrin (2% for 30 min) (Palmer et al., 2007). These findings
further suggest that cholesterol trafficking and raft formation regulated by sigma-1
receptors may be involved in promoting pathogenic processes involved in human
diseases.

13.9 Conclusions

In this book chapter, we introduced a novel sterol-binding ER protein, the sigma-
1 receptor chaperone. Sigma-1 receptor chaperones localize at the MAM, an ER
subcompartment apposing to mitochondria (Hayashi and Su, 2007), where sigma-1
receptors associate with lipid rafts (Hayashi and Su, 2005). The association of
sigma-1 receptors with cholesterol is altered by the ligand treatment, leading the
relocation of sigma-1 receptors at the ER membrane (Hayashi and Su, 2005; Palmer
et al., 2007). The sigma-1 receptor regulates the ER distribution of cholesterol
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as well as the formation of lipid rafts at the plasma membrane (Hayashi and Su,
2005). Further, sigma-1 receptors accelerate glycosylation of gangliosides at Golgi
(Hayashi and Su, 2005). It is unclear at present how exactly the innate activity of the
sigma-1 receptors (i.e., molecular chaperone activity) contributes to the regulations
of cholesterol transport, ganglioside syntheses, and reconstitution of lipid rafts
at the plasma membrane. Nevertheless, the regulation of lipid redistribution and
metabolisms certainly affect a variety of signal transductions mediated by receptors
of several trophic factors (e.g., EGF, NGF, BDNF), thus regulating cellular survival,
differentiation, and cell adhesion.

The role of ER cholesterol in regulation of SREBP has been exhaustively
examined, and elucidated evidence constitutes a clear picture wherein cholesterol
regulates one of fundamental functions of the ER: the lipid biosyntheses. However,
information for depicting roles of cholesterol in other basic ER functions (e.g.,
protein synthesis, protein folding, protein/lipid secretion, post-translational protein
modifications, Ca2+ signalling), if any, is considerably scarce. Thus, one ultimate
goal of this chapter is to cast fresh light on potential functions of cholesterol at
the ER by reviewing the sigma-1 receptor chaperone, and to provide a scope for
future investigations. The data from sigma-1 receptor chaperones and others clearly
suggest the potentials of ER cholesterol in regulating 1) protein folding and degra-
dation at the ER, 2) compartmentalization/segregation of ER resident proteins, 3)
the function of mitochondria via the ER-mitochondria contact, and 4) sphingolipid
biosyntheses.
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Chapter 14
Prominin-1: A Distinct Cholesterol-Binding
Membrane Protein and the Organisation
of the Apical Plasma Membrane
of Epithelial Cells

Denis Corbeil, Anne-Marie Marzesco, Christine A. Fargeas,
and Wieland B. Huttner

Abstract The apical plasma membrane of polarized epithelial cells is composed
of distinct subdomains, that is, planar regions and protrusions (microvilli, primary
cilium), each of which are constructed from specific membrane microdomains.
Assemblies containing the pentaspan glycoprotein prominin-1 and certain mem-
brane lipids, notably cholesterol, are characteristic features of these microdomains
in apical membrane protrusions. Here we highlight the recent findings concerning
the molecular architecture of the apical plasma membrane of epithelial cells and
its dynamics. The latter is illustrated by the budding and fission of prominin-1-
containing membrane vesicles from apical plasma membrane protrusions, which
is controlled, at least in part, by the level of membrane cholesterol and the
cholesterol-dependent organization of membrane microdomains.

Keywords Apical membrane · Cilium · Cholesterol · Ganglioside · Microvillus ·
Prominin

14.1 Introduction

The apical plasma membrane of polarized epithelial cells is composed of at least
two principal types of subdomains, (i) planar, non-protruding membrane regions
and (ii) membrane protrusions such as microvilli and primary cilia. In certain cells,
deep-apical membrane invaginations have also been described (Hansen et al., 2003),
yet these are not the topic of the present review. In resorptive epithelia such as those
found in kidney proximal tubules and small intestine, microvilli forming the brush
border membrane (BBM) play an important role in the absorption and processing
of nutrients, by hosting the appropriate hydrolytic ectoenzymes and membrane-
bound transporters (Semenza, 1986; Corbeil et al., 1992; Daniel and Rubio-Aliaga,
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2003). BBM also acts as a semi-permeable barrier preventing the entry of luminal
pathogens. The particular organization of microvilli results in an increase of the
cellular apical membrane surface by ∼40–100-fold. Each microvillus is about 1-
μm long with a diameter of 100-nm, and contains an actin-based cytoskeleton. In
other types of epithelial cells (e.g. neuroepithelial cells) where microvilli are less
abundant, their biological relevance is poorly understood. However, like the pri-
mary cilium, a tubulin-based structure common to most eukaryotic cells and acting
as a sensory organelle (for exhaustive reviews see Pazour and Bloodgood, 2008;
Berbari et al., 2009), microvilli may play an underestimated role in membrane
trafficking, as recently illustrated by the release of small extracellular membrane
vesicles (Marzesco et al., 2005; Dubreuil et al., 2007). In the recent years, a great
deal of attention has been directed to the plasma membrane of microvilli and pri-
mary cilia, as any alteration in their organization may lead to severe pathology in
several organs of the mammalian body (Reinshagen et al., 2006; Gerdes et al., 2009).
Nevertheless, a comprehensive picture of the molecular architecture of the apical
plasma membrane of epithelial cells is still missing.

Both types of apical plasma membrane protrusions contain specific sets of mem-
brane glycoproteins, some of which are organized with particular lipids in complex
assemblies known as membrane microdomains (Danielsen and Hansen, 2003). The
lipidic components of these microdomains are commonly named lipid rafts (for def-
inition see Pike, 2006) and are viewed as liquid-ordered domains that are more
tightly packed than the surrounding phase of the membrane bilayer (Simons and
Ikonen, 1997). They are enriched in sterols and sphingolipids present in the exo-
plasmic membrane leaflet. Therein, membrane cholesterol appears to be an essential
structural player. Certain membrane microdomain-associated proteins may interact
as well with components of the submembraneous cytoskeleton (Föger et al., 2001;
Viola and Gupta, 2007), as recently demonstrated for CD317/tetherin (Rollason
et al., 2009).

Membrane microdomains have been suggested to play a role in signal trans-
duction and in various membrane trafficking events, including membrane budding
and fission (Ikonen and Simons, 1998; Simons and Toomre, 2000; Huttner and
Zimmerberg, 2001; Ikonen, 2001; Sharma et al., 2002; Rajendran and Simons,
2005). The partitioning of particular proteins in and out of membrane microdomains
could also play a role in certain human pathologies (Simons and Ehehalt, 2002).
Technically, the classical biochemical method used to determine the association
of a given membrane protein with such membrane microdomains is based on its
resistance to extraction with certain non-ionic detergents (e.g. Triton X-100) in
the cold (Brown and Rose, 1992; reviewed in Chamberlain, 2004; Waugh and
Hsuan, 2009). Proteins associated with detergent–resistant membranes will float
in a cholesterol-dependent manner to low-buoyant density fractions upon density
gradient centrifugation (Brown and London, 2000; Lingwood and Simons, 2007).
It is important to mention that the results obtained from detergent-based analyses
do not necessary reflect the native state of membrane microdomains (Munro, 2003).
For instance, some detergents such as Triton X-100 may create ordered domains in a
homogeneous fluid membrane (Heerklotz, 2002). Consequently, these starting-point
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observations should always be complemented by morphological investigations
based on light and/or transmission electron microscopy.

By studying the polarity of neuroepithelial cells, we previously identified
prominin-1 (Weigmann et al., 1997), a cholesterol-interacting membrane glyco-
protein with a distinct membrane topology (see Section 14.2). Using prominin-1
as a specific marker of plasma membrane protrusions, we have obtained new
insights into the molecular organization of the apical plasma membrane of polar-
ized epithelial cells, notably the co-existence of distinct cholesterol-based mem-
brane microdomains (see Section 14.3). Studying the intracellular trafficking of
prominin-1, we have observed that both microvilli and primary cilia constitute donor
membranes of small extracellular membrane vesicles containing prominin-1. The
latter vesicles, which are found into various body fluids, may become valuable diag-
nostic tools for certain human diseases (see Section 14.4). These recent findings
concerning the architecture and dynamics of the apical plasma membrane will be
presented in this review.

14.2 Prominin Molecules and Plasma Membrane Protrusions

14.2.1 Prominin – Basic Facts

Prominin-1 (also known as CD133, for nomenclature see Fargeas et al., 2007)
is the first member of a novel evolutionarily conserved membrane glycoprotein
family, exhibiting a unique membrane topology (Weigmann et al., 1997; Miraglia
et al., 1997; Fargeas et al.,2003a). It contains five transmembrane segments with
two large extracellular loops (Fig. 14.1A). Prominin-1 was identified using the rat
monoclonal antibody 13A4 generated against mouse telencephalic neuroepithelium
and its cDNA cloned from adult mouse kidney (Weigmann et al., 1997). Several
splice variants have been identified and their expression characterized (Corbeil
et al., 1998; Yu et al., 2002; Fargeas et al., 2003b, 2004, 2007). Prominin-1 is
expressed at the apical plasma membrane of embryonic and adult epithelia, present
in numerous mammalian organs (Weigmann et al., 1997; Corbeil et al., 2000, 2001b;
Uchida et al., 2000; Florek et al., 2005; Jászai et al., 2007a, 2008; Lardon et al.,
2008; Karbanová et al., 2008). Non-epithelial cells, notably photoreceptor cells (see
below) and glial cells (i.e. oligodendrocytes and astrocytes), express it as well (Maw
et al. 2000; Zacchigna et al. 2009; Corbeil et al. 2009). Although broadly expressed
among various tissues, several organ-specific somatic stem and cancer stem cells
were identified and isolated based on prominin-1 expression (reviewed in Fargeas
et al., 2006; Bauer et al., 2008).

In mammals, a second prominin molecule has been identified and cloned
(Fargeas et al., 2003a). The overall amino acid identity between prominin-1 and
prominin-2 is low (<30%) (Corbeil et al., 2001a; Fargeas et al., 2003a), how-
ever their genomic organization is almost identical, indicating that both prominin
genes originated from a common ancestral gene. Neither prominin exhibits obvi-
ous sequence similarity to other proteins and no motif that could provide clues
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Fig. 14.1 Membrane topology of prominin-1 and its microvillar localization. (A) Topological
model of human prominin-1. This molecule contains five transmembrane segments (yellow cylin-
ders) separating two small intracellular domains and two large extracellular loops. The latters
contain all eight potential N-glycosylation sites (forks). Note that their position within the pro-
tein sequence varies between species. Upon cleavage of the signal peptide the N-terminal domain
is located in the extracellular space whereas the C-terminal domain is facing the cytoplasm. Its
cytoplasmic location has been confirmed by antibody accessibility and epitope insertion analy-
ses (Weigmann et al. 1997; Giebel et al. 2004). (B, C) Prominin-1 is specifically concentrated
in microvilli of polarized epithelial cells. Ultrathin cryosections of either prominin-1–transfected
MDCK cells (B) or Caco-2 cells (C) were staining with either rat mAb 13A4 (B) or mouse mAb
AC133 (C) followed by rabbit anti-rat IgG/IgM and 9-nm Protein A-gold or goat-anti mouse IgG
coupled to 15-nm gold particles (C), respectively. In both cell lines, prominin-1 immunoreactivity
is confined to microvilli present at the apical cell surface and often concentrated at their tips (black
arrowheads) mimicking the situation observed in native epithelia (Weigmann et al. 1997; Marzesco
et al. 2005). Note the absence of labelling in the intermicrovillar regions of the plasma membrane
(white arrowheads). Junctional complexes between two adjacent cells are indicated with asterisks

as to their physiological function has been identified in either sequence. Unlike
prominin-1, which shows a widespread expression profile, its paralogue prominin-2
appears to be limited to epithelial cells (Fargeas et al., 2003a; Jászai et al., 2007a,
2008), where its distribution is either non-polarized or enriched at the basolateral
plasma membrane, depending on the epithelium investigated (Florek et al., 2007;
József Jászai, Lilla M. Farkas, C.A.F., Peggy Janich, Michael Haase, W.B.H., and
D.C., manuscript submitted).

A remarkable characteristic of prominin-1 is its selective occurrence in specific
subdomains of the plasma membrane that, although distinct in structure in vari-
ous cell types, have one characteristic in common, i.e. to protrude from the planar
regions of the plasmalemma (reviewed in Corbeil et al., 2001a). Within the api-
cal plasma membrane of epithelial cells, prominin-1 is restricted to microvilli and
the primary cilium, where it often appears to be concentrated at the tips of these
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membrane protrusions (Weigmann et al., 1997; Dubreuil et al., 2007). In particular
epithelia such as epididymis and endometrium, it is also concentrated in stereocilia
and motile cilia, respectively (Fargeas et al., 2004; Karbanová et al., 2008). In con-
trast, prominin-1 is very rarely detected in the inter-microvillar plasma membrane
regions (Weigmann et al., 1997; Fargeas et al., 2004). The absence of prominin-1 in
the planar subdomain of the apical plasma membrane is particularly evident in neu-
ral progenitors, i.e. neuroepithelial cells (Weigmann et al., 1997; Marzesco et al.,
2005), which contain fewer microvilli compared to the kidney BBM. Interestingly,
the plasma membrane protrusion-specific localization of prominin-1 is not restricted
to epithelial cell, but is also observed in non-epithelial cells such as hematopoietic
stem cells or prominin-1–transfected fibroblasts (Weigmann et al., 1997; Corbeil
et al., 2000), suggesting that the molecular mechanism underlying such retention is
conserved between epithelial and non-epithelial cells and may reflect a cell type-
specific adaptation of a process common to all eukaryotic cells. Similarly, although
not restricted to the apical plasma membrane, prominin-2 exhibits a preference for
plasma membrane protrusions, and does so in all three plasmalemmal domains of
polarized epithelial cells, i.e. the apical, lateral and basal plasma membrane (Fargeas
et al., 2003a; Florek et al., 2007). Given their characteristic subcellular localization
in plasma membrane protrusions, we named the first-discovered molecule and the
entire family prominin (from the Latin word prominere – to stand out -; Weigmann
et al., 1997; Fargeas et al., 2003b).

14.2.2 Prominin-1 and Photoreceptors

Insights into the significance of the concentration of prominin-1 in plasma mem-
brane protrusions has come from the visual system, as the most conspicuous effect
of its loss of function is retinal degeneration. These results specifically concern reti-
nal photoreceptors, which are not the subject of the present review and will therefore
only be briefly summarized here, although the conclusions from these data may be
of general relevance.

In mammalian photoreceptors, the plasma membrane evaginations at the base
of the rod outer segment, which represent the early stages in rod photorecep-
tor disc biogenesis (Steinberg et al., 1980), are enriched with prominin-1, as are
the membrane disc evaginations of cones (Maw et al., 2000; Jászai et al., 2007b;
Yang et al., 2008). Is this specific subcellular localization of prominin-1 related to
disc formation, which includes complex transformations in membrane curvature?
Nascent discs are generated from the connecting cilium as flattened plasma mem-
brane evaginations enriched in cholesterol (Albert and Boesze-Battaglia, 2005).
Disc formation occurs during the entire life of the photoreceptor cell, suggesting that
any alteration may lead to visual impairment. The importance of prominin-1 in the
maintenance of photoreceptor architecture is well illustrated by human pathology
and further substantiated by data from prominin-1-deficient mice. Thus, mutations
in the human PROM-1 gene were reported to cause autosomal-recessive (Maw et al.,
2000) and dominant macular (Zhang et al., 2007; Yang et al., 2008) photoreceptor
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degeneration. We have recently observed using a prominin-1-deficient mouse line
that the lack of this molecule leads to progressive retinal photoreceptor degeneration
(Zacchigna et al., 2009). Specifically, in young prominin-1–/– animals, the rod outer
segments show a complete disorganization of membranes, whereas in older animals
the entire photoreceptor layer is absent (Zacchigna et al., 2009). Together, these
observations indicate that prominin-1 exerts an essential role in disc morphogenesis,
the specific details of which remain to be elucidated.

14.3 The Apical Plasma Membrane Contains Distinct
Cholesterol-Based Membrane Microdomains

A growing field of cell biology concerns the molecular mechanisms underlying the
biogenesis and maintenance of the apical plasma membrane domain of polarized
epithelial cells where distinct plasma membrane subdomains, e.g. microvilli, pri-
mary cilium and non-protruding regions, host-specific membrane proteins which are
essential to their function. It becomes more and more evident that players other than
the tight junctions or cytoskeletal elements are involved in this functional organiza-
tion. By studying the biochemical and morphological properties of the membrane
glycoprotein prominin-1, a selective marker of apical plasma membrane protrusions,
we have gained insight into this organization.

14.3.1 Prominin-1 – A Cholesterol-Interacting Protein Associated
with a Distinct Membrane Microdomain Subtype

How is prominin-1 selectively retained within apical plasma membrane protru-
sions of polarized epithelial cells? We have observed that prominin-1 maintains
its protrusion-specific localization in neuroepithelial cells (Weigmann et al., 1997;
Kosodo et al., 2004) even when the cells have lost functional tight junctions (Aaku-
Saraste et al.,1996) and the polarized delivery of canonical apical and basal plasma
membrane proteins (Aaku-Saraste et al., 1997), which is the case after the transi-
tion from the neural plate to the neural tube stage (reviewed in Götz and Huttner,
2005). These observations indicate that other mechanisms are operational in the
protrusion-specific localization of prominin-1 (Corbeil et al., 1999).

The microvillar retention of prominin-1 could result from direct protein-protein
interactions involving either a selective anchoring to sub-plasmalemmal cytoskele-
tal elements, e.g. members of the ezrin-radixin-moesin (ERM) family of proteins
(Mangeat et al., 1999; Yonemura et al., 1999), as reported for other integral mem-
brane proteins (Rotin et al., 1994; Chow et al., 1999; Rollason et al., 2009),
or a binding to extracellular components (Stechly et al., 2009). Prominin-1 may
also directly interact with other integral membrane proteins or membrane lipids.
These types of partner(s), i.e. cytoplasmic, membraneous or peripheral, may not
be mutually exclusive. We have addressed this issue in two epithelial cell mod-
els, prominin-1-transfected MDCK cells (Corbeil et al., 1999) and the human
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colon-carcinoma-derived Caco-2 cells, which express prominin-1 endogenously
(Corbeil et al., 2000), as these cell lines are easy to manipulate and, importantly,
reproduce the morphological characteristics of native epithelia expressing prominin-
1. For instance, in both cell lines prominin-1 is restricted to apical plasma membrane
protrusions (microvilli and primary cilium; Fig. 14.1B, C; Corbeil et al., 1999, 2000;
Florek et al., 2005, 2007). Likewise, the microvillar retention of prominin-1 is main-
tained in prominin-1–transfected MDCK cells cultured in low-calcium medium, i.e.
in the absence of functional tight junctions (Corbeil et al., 1999), as observed phys-
iologically in neuroepithelial cells during the process of differentiation (Weigmann
et al., 1997; Kosodo et al., 2004).

The cytoplasmic tail of prominin-1 contains a PDZ-binding domain (Fargeas
et al., 2007) and could possibly interact with the cytoskeleton through interaction
with PDZ-domain-containing proteins (e.g. NHERF proteins, reviewed in Seidler
et al., 2009) that act as cytoplasmic adaptor/linker proteins between integral mem-
brane proteins and the actin cytoskeleton (Muth et al., 1998). Yet, the specific
localization of prominin-1 in plasma membrane protrusions does not depend on
the cytoplasmic COOH-terminal domain (Fig. 14.1A), since it is not prevented by
deletion of this segment (Corbeil et al., 1999). Moreover, the preferential localiza-
tion of prominin-1 in microvilli is not abolished following a profound alteration
of their cytoskeletal architecture, as observed in Caco-2 cells displaying rarefied
and considerably altered microvilli (Röper et al., 2000) upon ectopic expression
of antisense RNA for the actin-bundling protein villin (Costa de Beauregard et al.,
1995). Villin is a key player in microvillar morphology (Friederich et al., 1989).
Thus, a “vertical” interaction with cytoskeletal elements appears dispensable for the
microvillar retention of prominin-1. Nielsen and colleagues (2007) have recently
drawn a similar conclusion for another microvillar membrane glycoprotein, podoca-
lyxin, suggesting that alternative determinants within the transmembrane segments
and/or extracellular domains of these molecules are necessary for their microvillar
localization.

Remarkably, using new tools to preserve and detect protein–lipid interactions,
we could demonstrate that the specific localization of prominin-1 in microvil-
lar membranes reflects its association with a novel cholesterol-based membrane
microdomain in which prominin-1 directly interacts with plasma membrane choles-
terol (Röper et al., 2000). The novel nature of these membrane microdomains is
revealed by our observation that the prominin-1 molecules associated with them
are solubilized in Triton X-100 but, importantly, are recovered in detergent-resistant
membrane complexes upon extraction of microvillar membranes in the cold using
another non-ionic detergent, Lubrol WX (Röper et al., 2000). Newly synthe-
sized prominin-1 located in early intracellular compartments, i.e. the endoplasmic
reticulum, remains Lubrol WX-soluble under these conditions, indicating that the
formation of such detergent-resistant membrane complexes occurs during intracel-
lular transport. Indeed, their formation was found to take place at the level of the
trans-Golgi network (TGN) (Röper et al., 2000). Other mild non-ionic detergents
such as Brij 58 and Triton X-102 give similar data, indicating that a detergent con-
taining a large polar headgroup may preserve these distinct subtypes of membrane
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microdomains (Röper et al., 2000). As reported for several membrane microdomain-
associated proteins recovered in Triton X-100–resistant membrane complexes (see
Introduction), Lubrol WX-resistant membrane complexes containing prominin-1
float to lower-density fractions upon centrifugation in a sucrose density gradient
(see Legend to Fig. 14.2A) and have a high content of cholesterol and glycolipids
(Röper et al., 2000).

Fig. 14.2 Biochemical analysis of detergent-resistant membrane complexes and the photoactivat-
able analogue of cholesterol. (A) Equilibrium density gradient centrifugation. Classically, upon cell
solubilization in non-ionic detergents such as Triton X-100 or Lubrol WX in the cold, detergent cell
lysates are analysed by equilibrium density gradient centrifugation. The lower density of detergent-
resistant membrane complexes allows their separation from the remaining solubilized membrane
components and/or cytoskeleton-associated proteins (pellet). Either a linear (5–35%) or stepwise
sucrose gradient approach can be used (Röper et al., 2000). The inclusion of detergents within
the gradient solution may influence the outcome (Röper et al., 2000). For more details, appro-
priate controls and technical limitations, see Lingwood and Simons (2007). (B) Photoactivatable
analogue of cholesterol, a tool to investigate protein-cholesterol interactions. Photoactivatable ana-
logue of cholesterol (often referred to as photocholesterol; left) lacks the �5 double bond and the
hydrogen at C-6 found in cholesterol, which are replaced by a photoactivatable diazirine ring (a
carbene precursor). To monitor the protein-photocholesterol interaction by fluorography, a tritiated
hydrogen is added. Upon irradiation by ultraviolet light (uv), activated [3H] photocholesterol is
formed (right). For more details concerning its synthesis and application, see Thiele et al. (2000)
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Do prominin-1–containing membrane complexes defined solely on a biochem-
ical basis (i.e. detergent extraction) have any physiological relevance? In other
words, do they mirror an existing functional entity? These questions were addressed
in vivo using a mild cholesterol depletion of the cell surface by adding methyl-
β-cyclodextrin (mβCD) in the cold to prominin-1–transfected MDCK cells. It is
important to note that under such experimental conditions the microvillar structures
remain intact (Röper et al., 2000), which is not necessarily the case when a harsh
mβCD–treatment is performed at physiological temperature (see below). The mβCD
has a high affinity for sterols as compared to other lipids, which renders this methy-
lated cyclic oligosaccharide compound useful for manipulating cellular cholesterol
content (Klein et al., 1995; Christian et al., 1997). Biochemically, cholesterol deple-
tion was found to lead to the fragmentation of the Lubrol WX-resistant membrane
complexes (as observed by differential centrifugation) and to their loss of buoyancy.
Morphologically, the mβCD–treatment caused a striking redistribution of prominin-
1 from an exclusively microvillar localization to a more homogeneous distribution
over the entire apical plasma membrane, as observed by confocal laser scanning
microscopy. The effect of cholesterol depletion is reversible since the re-feeding of
cells with cholesterol-loaded-mβCD restores the proper localization of prominin-1
(Röper et al., 2000). Interestingly, the cell surface-associated prominin-1 inter-
acts directly and specifically with membrane cholesterol as shown by photoaffinity
labelling using a photoactivatable radioactive derivative of cholesterol (Fig. 14.2B,
Thiele et al., 2000). This cholesterol analogue mimics the biological characteristics
of native membrane cholesterol (Thiele et al., 2000; Mintzer et al., 2002). Consistent
with the absence of prominin-1-containing membrane microdomains in the endo-
plasmic reticulum, no interaction of cholesterol with newly synthesized prominin-1
was observed, suggesting that such interaction requires a particular configuration of
prominin-1-membrane lipid assemblies (Röper et al., 2000). Taken together, these
observations suggest that membrane cholesterol is an essential component of a par-
ticular subtype of membrane microdomains which play a role in the retention of
prominin-1 within plasma membrane protrusions (Röper et al., 2000).

14.3.2 Distinct Cholesterol-Based Membrane Microdomain
Subtypes as Building Units of the Apical Plasma
Membrane

The complete solubility of prominin-1 in Triton X-100 is not unique to this molecule
since it was previously demonstrated for numerous brush border enzymes, notably
lactase-phlorizin hydrolase (Danielsen, 1995; Zheng et al., 1999; Jacob et al., 1997).
This enzyme, like prominin-1, is specifically associated with microvillar mem-
branes (Jacob et al., 1997). By contrast, certain apical components such as the
glycosylphosphatidylinositol (GPI)-linked transferrin-like iron-binding protein and
placental alkaline phosphatase, another GPI-anchored protein (Fiedler et al., 1993)
are insoluble in Triton X-100 (Danielsen and van Deurs, 1995; Röper et al., 2000),
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suggesting that distinct apical membrane microdomains could be preserved in this
detergent. Interestingly, Danielsen and van Deurs (1995) observed that the GPI-
linked transferrin-like iron-binding protein is primarily localized in patches of flat
or invaginated apical membrane subdomains rather than microvilli. Similarly, in
MDCK cells expressing both prominin-1 and placental alkaline phosphatase, their
segregation from each other was observed, with the latter protein being excluded
from the prominin-1-containing microvilli (Röper et al., 2000). Thus, the differ-
ential biochemical behaviour of these membrane proteins has its morphological
counterpart in segregation within the apical plasma membrane.

These morphological and biochemical features highlight a new structural facet of
the apical plasma membrane architecture with the existence of distinct cholesterol-
based membrane microdomain subtypes that are characteristic of either the protrud-
ing plasmalemma (biochemically defined to as Triton X-100–soluble but Lubrol
WX–resistant membranes; operationally referred to as Lubrol-resistant membrane
complexes; Fig. 14.3A, red) or the planar, intermicrovillar plasmalemma (Triton
X-100 – plus Lubrol WX–resistant membranes; referred to as Triton-resistant mem-
brane complexes; Fig. 14.3A, green) (Röper et al., 2000). Physiologically, the
affinity of certain plasma membrane proteins for particular subtypes of membrane

Fig. 14.3 Distinct subtypes of membrane microdomains as building units of the apical plasma
membrane of polarized epithelial cells. (A, B) Illustration of two plasma membrane protrusions
(microvillus and primary cilium) and the planar region of the apical domain with the membrane
microdomain subtypes found therein. These are defined by either the segregation of particular
membrane proteins (e.g. prominin-1 and placental alkaline phosphatase) that have differential
detergent extraction properties (Lubrol WX versus Triton X-100) (A) or the segregation of two
membrane microdomain-associated gangliosides, i.e. GM1 and GM3 (B). It remains to be deter-
mined whether GM1 and GM3 are located in the same membrane microdomain (yellow) or are part
of two distinct (red, green) but close entities within the primary cilium
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microdomains could maintain them in spatially distinct subdomains (protruding
versus flat regions) of the plasma membrane.

Prominin-2 also binds to plasma membrane cholesterol, as demonstrated by pho-
toaffinity labelling, and associates with a cholesterol-based membrane microdomain
subtype similarly to prominin-1, suggesting that also for the lateral and basal
domains of polarized epithelial cells the organization of plasma membrane protru-
sions may differ from the planar area (Florek et al., 2007). On a more general note,
it is important to keep in mind that cholesterol-based membrane microdomain sub-
types, which are preserved upon Lubrol WX, but not Triton X-100 extraction, are
not restricted to epithelial cells (Röper et al., 2000; Slimane et al., 2003; Delaunay
et al., 2007) but also found in non-epithelial cells (Chamberlain et al., 2001; Drobnik
et al., 2002; Buechler et al., 2002; Kalus et al., 2002; Vetrivel et al., 2005; Won et al.,
2008). Interestingly, the analysis of the corresponding detergent-resistant membrane
fractions indicates that they differ considerably in the lipid ratio from those derived
from Triton X-100 insoluble fractions (Drobnik et al., 2002). Moreover, certain
membrane proteins are specifically incorporated into membrane microdomains that
are preserved in Triton X-100, but not Lubrol WX, thus highlighting the complex
organization of the plasma membrane (Drobnik et al., 2002; reviewed in Pike, 2004).
It is of interest that the selective solubilization of different membrane fractions with
Lubrol WX and Triton X-100 is not a unique characteristic of the plasma membrane,
but may also occur in certain intracellular compartments (Moosic et al., 1982). A
differential solubilization of inner plasma membrane leaflet components by these
two detergents was also recently observed (Delaunay et al., 2008).

14.3.3 Distinct Ganglioside-Associated Membrane Microdomain
Within the Apical Plasma Membrane

How many subtypes of membrane microdomains co-exist within the plasma mem-
brane, and how can we define them in terms of specific lipids? Concerns about the
ability of mild non-ionic detergents, e.g. Lubrol WX, to selectively solubilize mem-
brane proteins and thus discriminate between those associated or not with membrane
microdomains have been raised (Shogomori and Brown, 2003). Yet, our hypothesis
that plasma membrane of protrusions contain distinct subtypes of cholesterol-based
membrane microdomains compared to the planar portion of the plasma membrane
was substantiated by the analysis of the co-distribution of prominin-1 with two
membrane microdomain-associated gangliosides, GM1 and GM3, which are selec-
tively enriched in distinct membrane microdomain subtypes in non-epithelial cells
(Gómez-Móuton et al., 2001; Giebel et al., 2004; Fujita et al., 2009; reviewed
in Bauer et al., 2008). Using confocal laser scanning microscopy of prominin-
1–transfected MDCK cells we observed that GM1 (as detected by cholera-toxin
B subunit) co-localized with prominin-1 on microvilli (Fig. 14.3B, red) whereas
GM3 was segregated from there, suggesting its localization in the planar areas of
the plasma membrane (Fig. 14.3B, green) (Janich and Corbeil, 2007). This is in
agreement with the previous report of Chigorno and colleagues demonstrating by
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immunolabelling electron microscopy that GM3 was found in the planar regions
of the MDCK plasma membrane (Chigorno et al., 2000). Analysis of the pri-
mary cilium, where prominin-1 is also concentrated (Florek et al., 2007; Dubreuil
et al., 2007), revealed that both, GM1 and GM3, were detected there (Fig. 14.3B,
yellow; Janich and Corbeil, 2007). Thus, GM3 appears to be enriched in the pri-
mary cilium, but not in microvilli, whereas both membrane protrusions contain
prominin-1 (Fig. 14.3B). These observations indicated that two plasma membrane
protrusions based on different structural bases (actin for the microvillus and tubulin
for the primary cilium) appear to be composed of distinct subtypes of membrane
microdomains.

The co-localization of prominin-1 and GM1 in microvilli and the primary cilium
raises the possibility that these molecules may physically interact. Prominin’s struc-
ture with its two large glycosylated extracellular loops (Fig. 14.1A) may well reflect
its preference for plasma membrane protrusions, which exhibit positive membrane
curvature (Huttner and Zimmerberg, 2001). Similar considerations may apply to the
conically shaped glycolipid GM1, which may also have a preference for positive-
curvature plasma membrane protrusions (Iglic et al., 2006). In this context, it may
be more than a coincidence that the first extracellular domain of prominin-1 contains
a potential ganglioside-binding motif (Taïeb et al., 2009).

14.3.4 How Are Prominins Incorporated
into the Protrusion-Specific Subtype of Membrane
Microdomains? – Facts and Hypotheses

How are prominins incorporated into the protrusion-specific cholesterol-based
membrane microdomains? At least three molecular mechanisms can be proposed.
First, the covalent attachment of lipophilic moieties to proteins, such as palmitoyla-
tion, frequently promotes the interaction of proteins with membrane microdomains
(Resh, 2004; Charollais and Van Der Goot, 2009). This lipid modification requires
no strict consensus sequence other than the presence of cysteine residues and often
occurs at cytoplasmic cysteine residues arranged in a cluster (McHaffie et al., 2007).
Notably, both prominin molecules contain a conserved cluster of cysteine residues
located at the boundary of the first transmembrane segment and the beginning of the
first intracytoplasmic loop. Our preliminary observations indicate that prominin-1
can be labelled with [3H]palmitic acid, suggesting that it undergoes palmitoylation
(Katja Röper, Peggy Janich, D.C., W.B.H., unpublished data). It will be important
to investigate whether mutations of these cysteine residues interfere with prominin’s
membrane microdomain association and it’s correct subcellular localization.

Second, the length of transmembrane segments was shown to play a role in
their retention in, versus their exit from, the Golgi complex (Munro, 1995a, b).
Thus, in a similar way, a certain length of prominin’s transmembrane segments
may be required for its lateral diffusion into, and concentration in, the protrusion-
specific membrane microdomains. In this context, it is of note that three of the five
transmembrane segments of prominin-1 and prominin-2 contain over 25 amino acid
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residues and thus exceed the average length of transmembrane segments of plasma
membrane proteins (Munro, 1995b). This may be significant for prominin’s inter-
action with the surrounding membrane lipids, notably cholesterol - an interaction
partner of prominins, as well as prominin’s preference for curved rather than planar
membrane domains.

Third, prominin’s glycan moieties may play a role in membrane microdomain
incorporation. Self-aggregation by homophilic interaction may cluster prominins
and thereby form and/or stabilize a microdomain within the microvillar plasma
membrane. A growing number of studies have presented evidence that some mam-
malian lectins such as galectin-4 and interlectin may also play a role in cross-linking
lipid and protein glycoconjugates and consequently contribute to formation of sta-
ble membrane microdomains (Braccia et al., 2003; Wrackmeyer et al., 2006; Stechly
et al., 2009). In this context, we have observed that the addition of the monoclonal
antibody 13A4, which is directed against the extracellular domain of prominin-1, to
prominin-1–transfected MDCK cells causes an increase in the amount of Lubrol-
resistant membrane complexes observed upon differential centrifugation (Röper
et al., 2000), consistent with a clustering of cell surface membrane microdomains
containing prominin-1.

14.4 Dynamics of Apical Plasma Membrane Protrusions

An important aspect of the apical plasma membrane is its dynamics. Here, studies on
the trafficking of prominin-1 have revealed novel forms of extracellular membrane
traffic.

14.4.1 Prominin-Containing Extracellular Membrane Vesicles

The intracellular traffic of cytoplasmic vesicles has been comprehensively investi-
gated for the past four decades, however, less is known about membrane particles
released from cells into the extracellular milieu. The most commonly studied
extracellular membrane vesicles are exosomes, the internal 50–90-nm vesicles of
multivesicular bodies that are released into the extracellular space by exocytosis
(reviewed in Lakkaraju and Rodriguez-Boulan, 2008). Many recent reports have
revealed an increasing diversity of extracellular membrane particles, not only with
regard to the kind but also their origin (reviewed in Doeuvre et al., 2009). Thus,
extracellular membrane particles are not only derived from multivesicular bodies,
but can also be released directly from the plasma membrane (Tanaka et al., 2005;
Marzesco et al., 2005; Bachy et al., 2008), a route previously known to be used
by enveloped viruses (Morita and Sundquist, 2004; Nayak et al., 2004). We have
identified two novel classes of extracellular membrane particles that were initially
observed in the ventricular fluid of the embryonic mouse brain, i.e. relatively large
(0.5–1 μm) electron-dense particles and small (50–100 nm) electron-translucent
vesicles (Marzesco et al., 2005). The large particles have been shown to derive
from the apical midbody of dividing neuroepithelial cells (Dubreuil et al., 2007)
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and are not the topic of this review. The small membrane vesicles appear to have
a widespread distribution, being found not only in the embryonic (Marzesco et al.,
2005) and adult (Huttner et al., 2008) cerebrospinal fluid, but also in various external
body fluids including saliva, seminal fluid and urine (Marzesco et al., 2005; Florek
et al., 2007). Prominin-1 has been the marker in the characterization of these small
extracellular membrane vesicles.

The sites of origin of the small extracellular prominin-1–containing vesicles
appear to be microvilli and primary cilia – where the formation of budding-
structures containing prominin-1 at their tips was observed (Marzesco et al., 2005;
Florek et al., 2007; Marzesco et al., 2009; Dubreuil et al., 2007). Prominin-2 is also
released into these body fluids in association with small membrane vesicles (Florek
et al., 2007; Jászai et al., 2008).

Little is known about the molecular mechanism underlying the release of these
membrane vesicles (see below). However, obtaining insight in this regard is not
only of importance for basic cell biology, but may also be relevant for developmen-
tal biology and medicine, as several lines of evidence suggest a link between the
release of prominin-1-containing membrane vesicles and cell differentiation or ded-
ifferentiation. Thus, the number of membrane vesicles increases in the ventricular
fluid of the embryonic mouse brain during neurogenesis (Marzesco et al., 2005), and
decreases in human patients with glioblastoma during the final phase of the disease
(Huttner et al., 2008). Given that certain glycosylated forms and splice variants of
prominin-1 appear to be characteristic of various stem and progenitor cells as well
as certain cancer stem cells (Weigmann et al., 1997; Yin et al., 1997; Uchida et al.,
2000; Lee et al., 2005; Corbeil et al., 2009), an intriguing possibility arises that
the release of the prominin-1–containing vesicles may contribute to cell differentia-
tion by reducing a stem and progenitor cell-characteristic membrane microdomains
within the plasma membrane (reviewed in Fargeas et al., 2006; Bauer et al., 2008).
Moreover, it cannot be excluded that these vesicles may play a role in intercellular
communication as well (reviewed in Bauer et al., 2008).

In a cell culture model, i.e. Caco-2 cells, we previously demonstrated that the
release of small prominin-1-containing membrane vesicles increases with their ente-
rocytic differentiation (Marzesco et al., 2005), which occurs about seven days
after the culture reaches confluency (Pinto et al., 1982; Louvard et al., 1992).
Differentiated Caco-2 cells thus appear as a suitable in vitro system to investigate
in greater details the mechanism underlying the release of prominin-1–containing
membrane vesicles from the donor membranes, the microvilli.

14.4.2 Role of Membrane Microdomains in the Release of Small
Extracellular Membrane Vesicles

In intracellular membrane traffic, the formation of cytoplasmic vesicles from the
TGN and plasma membrane is controlled not only by the respective protein machin-
ery, but also by lipids, notably membrane cholesterol (Wang et al., 2000; Rodal
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et al., 1999; Subtil et al., 1999; Thiele et al., 2000; reviewed in van Meer and
Sprong, 2004). Prominin-1 becomes incorporated into cholesterol-dependent mem-
brane microdomains (biochemically defined as Triton X-100–soluble but Lubrol
WX–resistant membrane complexes; see above) concomitant with the formation of
post-TGN membrane vesicles (Röper et al., 2000). The latter vesicles are directly
targeted to the apical plasma membrane (Corbeil et al. 1999; for a review con-
cerning epithelial trafficking see Rodriguez-Boulan et al., 2004). At the level of
the plasma membrane, our recent investigations suggest that changes in membrane
microdomain organization of microvilli influences the release of extracellular vesi-
cles (Marzesco et al., 2009). Specifically, cholesterol reduction (performed at phys-
iological temperature using lovastatin and mβCD; Marzesco et al., 2009), which
was previously shown to reduce the size of the Lubrol WX-resistant membrane
complexes containing prominin-1 (Röper et al., 2000), was found to significantly
enhance the release of prominin-1-containing membrane vesicles from microvilli
of differentiated Caco-2 cells (Marzesco et al., 2009). Similarly, the appearance of
small membrane vesicles in the immediate vicinity of microvilli has previously been
observed upon cholesterol depletion of enterocytes (Hansen et al., 2000). The mor-
phological correlate of the increased vesicle release from microvilli upon cholesterol
reduction was a transition in the structure of the microvilli from a tubular shape
to a pearling state – where membrane constrictions along their entire length were
observed (Fig. 14.4). These membrane constrictions were found at an equal distance
from one another (≈ 50–100 nm) that matched the size of the resulting membrane
vesicles (Fig. 14.4). When a microvillus showed only a single membrane constric-
tion, it was typically found near its tip, indicating that this was the site where
pearling was initiated (Fig. 14.4; Marzesco et al., 2009).

Pearling of tubular cell membranes and lipid bilayer tubes has previously been
demonstrated to reflect the balance of two competing parameters, i.e. tension and
curvature (Bar-Ziv and Moses, 1994; Roux et al., 2005). In the case of tubular
plasma membrane protrusions (e.g. microvilli), tension is exerted, at least in part,
by the actin-based cytoskeleton, the depolymerization of which (and hence the low-
ering of tension) leads to pearling (Bar-Ziv et al., 1999; McConnell and Tyska,
2007; Nambiar et al., 2009). Conversely, the transition from a tubular shape to a
pearling state upon cholesterol reduction reflects an increase in membrane curvature,
as tubular membranes exhibit curvature only in two-dimensions whereas pearling
membranes does so in three-dimensions. Our demonstration that a reduction in
membrane cholesterol, which is known to affect curvature (Evans and Rawicz, 1990;
Needham and Nunn, 1990; Chen and Rand, 1997; Huttner and Zimmerberg, 2001;
Wang et al., 2007), causes pearling of microvilli is consistent with early reports
on artificial lipid bilayers (Baumgart et al., 2003; Yanagisawa et al., 2008), extends
these studies to physiologically occurring plasma membrane protrusions and implies
that lowering cholesterol levels in these tubular membranes increases curvature.

The influence of membrane cholesterol levels on the incidence of pearling and on
the extent of extracellular membrane vesicle release appears to be physiologically
pertinent. The pearling of microvilli and the presence of small membrane vesicles
between duodenal microvilli of chicks fed on a low cholesterol diet have previously
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Fig. 14.4 Two hypothetical mechanisms underlying the release of prominin-1-containing mem-
brane vesicles from microvilli. In model 1, small prominin-1-containing membrane microdomains
(a, red) within the plasma membrane are converted into a larger one at the microvillar tip leading
to phase separation (b) from the surrounding – more fluid – lipid microdomains where the mem-
brane cholesterol is loosely packed (a, b, grey) and more sensitive to the depletion by mβCD (c).
Prominin-1 within the released membrane vesicles displays the same biochemical properties (i.e.
binding to cholesterol, differential solubility in distinct detergents) as the microvillus-associated
one. In model 2, an increased concentration of membrane cholesterol (a, red) toward the microvil-
lar tip together with the local curvature may lead to fission by promoting a restricted area of fluid
phase separation (b, blue). This latter phenomenon may be induced by depleting membrane choles-
terol (c). In both models, one cannot exclude that the cholesterol-binding protein prominin-1 itself
plays a role either in the coalescence of particular membrane microdomain subtypes (model 1)
or the concentration of membrane cholesterol (model 2). An active interplay between membrane
constituents and membrane-associated actomyosin system should be considered as well. It remains
to be determined whether mβCD-induced membrane vesicles (c, pink) have the same biochemical
characteristics as those released under physiological conditions (b, red)

been reported (Hobbs, 1980), indicating that pearling is a physiological interme-
diate state in the release of membrane vesicles from microvilli. Furthermore, the
differentiation of Caco-2 cells, which is associated with an increase in the release
of prominin-1-containing membrane vesicles into the culture medium (Marzesco
et al., 2005), is also accompanied by a decrease in membrane cholesterol levels
(Jindrichova et al., 2003), and an induction of vesicle fission from artificial lipid
bilayer tubes was observed upon cholesterol removal (Roux et al., 2005). Altogether,
these observations are consistent with the hypothesis that the budding and fission
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of small membrane vesicles from microvilli, and perhaps also from the primary
cilium, into extracellular fluids is controlled by the level of membrane cholesterol
and the cholesterol-dependent organization of membrane microdomains (Fig. 14.4).
Moreover, as proposed by Roux et al. (2005) for artificial lipid bilayer tubes,
the microvillar pearling and increased membrane vesicle formation observed upon
cholesterol removal may similarly reflect phase separation (Fig. 14.4). Two (alterna-
tive) models can be proposed. First, coalescence of small membrane microdomains
containing the cholesterol-binding protein prominin-1 into a larger microdomain,
particularly at the tip of microvilli, may induce a phase separation with regard to the
surrounding fluid microenvironment – where the cholesterol is loosely packed –,
leading to the fission of membrane vesicles (Fig. 14.4, model 1; Marzesco et al.,
2009). In agreement with this model, the biochemical properties of prominin-
1 within these vesicles are identical to that in microvilli, i.e. showing the same
differential solubility/insolubility in Triton X-100 versus Lubrol WX and spe-
cific interaction with membrane cholesterol (Marzesco et al., 2009). Likewise, the
pearling of microvilli induced upon interference with the microvillar actomyosin
system (Tyska et al., 2005) may reflect phase separation resulting from the cluster-
ing of small membrane microdomains into larger ones. Second, the concentration
of membrane cholesterol toward the microvillar tip together with the local curva-
ture may lead to fission by promoting a restricted area of fluid phase separation
(Fig. 14.4, model 2). Such concentration of membrane cholesterol has been previ-
ously demonstrated on filopodium-like processes (Möbius et al., 2002). Irrespective
of the specific scenario, prominin molecules may constitute multivalent modules
via their transmembrane segments and/or extracellular glycosylated loops, which
could potentially change the membrane curvature and thus affect the architecture
and dynamics of plasma membrane protrusions.

14.5 Perspectives

Our work on prominins has shown that these cholesterol-interacting pentaspan
membrane proteins and the cholesterol-based membrane microdomains they are
associated with exert a significant influence on the organization of plasma mem-
brane protrusions. These findings set the stage for a more detailed dissection of the
cell biology of prominin/membrane lipid assemblies. A functional analysis of their
role in the biogenesis and maintenance of apical plasma membrane protrusions can
now be undertaken using mouse models lacking prominins. Determination of the
proteome and lipidome of prominin–containing membrane microdomains should
reveal new players in the architecture of plasma membrane protrusions. Finally,
prominin-1-containing membrane vesicles may offer a valuable tool for diagnos-
tic purposes in clinical medicine, including cancer (Florek et al., 2005) and central
nervous system disease (Huttner et al., 2008).
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Chapter 15
Mammalian StAR-Related Lipid Transfer
(START) Domains with Specificity
for Cholesterol: Structural Conservation
and Mechanism of Reversible Binding

Pierre Lavigne, Rafael Najmanivich, and Jean-Guy LeHoux

Abstract The StAR-related lipid transfer (START) domain is an evolutionary con-
served protein module of approximately 210 amino acids. There are 15 mammalian
proteins that possess a START domain. Whereas the functions and specific ligands
are being elucidated, 5 of them have already been shown to bind specifically choles-
terol. The most intensively studied member of this subclass is the steroidogenic
acute regulatory protein (StAR) or STARD1. While its role in steroid hormone
production has been demonstrated, much less is understood about how its START
domain specifically recognizes cholesterol and how it releases it to be transferred
inside the mitochondria of steroidogenic cell of the gonads and adrenal cortex. A
major obstacle that is slowing down progress in this area is the lack of knowledge
of the 3D structures of the START domain of StAR in both its free and complexed
forms. However, 3D models of the START domain of StAR and mechanisms of
binding have been proposed. In addition biophysical studies aimed at validating
the models and mechanism have been published. What’s more, the crystal struc-
tures of the free forms of 3 START domains (STARD3, STARD4 and STARD5)
known to specifically bind cholesterol have been elucidated so far. In this chap-
ter, we will review and critically summarize existing data in order to provide the
most current view and status of our understanding of the structure and reversible
cholesterol binding mechanism of START domains.

Keywords StAR, START domains · Cholesterol · Steroidogenesis · LCAH

15.1 Introduction

The steroidogenic acute regulatory protein (StAR)-related lipid transfer (START)
domain is a protein module of approximately 210 amino acids. This module
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Fig. 15.1 A. The α/β helix grip fold. Note the presence of an N- and a C-Terminal helix gripping
a twisted 9–10 stranded b-sheet. Depending on the algorithms used for secondary structure assign-
ments, 9 or 10 β-strands can be identified. B. Superimposition of the backbone of the model of
StAR (1IMG.pdb; Mathieu et al., 2002) and the crystal structure of MLN64 (1EM2.pdb, Tsujishita
& Hurley, 2000), STARD4 (1JSS.pdb, Romonowski et al., 2002) and STARD5 (2R55.pdb, to be
published). C. Molecular surface of the STARD1 internal cavity. D. One cholesterol molecule fits
in the cavity. Figure made with Pymol (Delano, 2002)

has a α/β helix grip fold (Tsujishita and Hurley, 2000; Iyer et al., 2001 and
Fig. 15.1A) and binds a wide variety of lipids, i.e. cholesterol, ceramides,
Phosphatidylenthanolamine (PE), Phosphatidylcholine (PC) (Schrick et al., 2004).
Though not present in yeast, START domains are conserved through evolution
and are found in bacteria, plants, flies, nematodes and mammalians. In humans,
15 proteins possess a START domain (Alpy and Tomasetto, 2005). These pro-
teins are involved in lipid metabolism, lipid transfer and cell signalling and have
diverse expression patterns and cellular localizations. The diverse cellular func-
tions and known ligands of the 15 mammalians START containing proteins were
recently reviewed elsewhere (Alpy and Tomasetto, 2005). Here we will focus of the
START domains that are known to bind cholesterol, i.e. StAR (STARD1), MLN-
64 (STARD3), STARD4, STARD5 and STARD6 (Alpy and Tomasetto, 2005; Bose
et al., 2008).

The discovery that StAR was responsible for the acute steroidogenesis has
boosted much intense interest in an attempt to understand the molecular and struc-
tural biology of START domain containing proteins (Clark et al., 1994). In fact,
StAR regulates the cholesterol mobilization to the mitochondria of steroidogenic
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cells (gonads and adrenal cortex), following a ACTH stimulus. This mobilization
is the rate-limiting step of steroidogenesis and the production of pregnenolone by
the p450 cholesterol side chain cleavage complex located in the inner mitochondrial
membrane (Arakane et al., 1998; Bose et al., 2002). StAR has a mitochondrial tar-
get sequence N-Terminal to its START domain (Arakane et al., 1998; Wang et al.,
1998). However, this signal sequence is dispensable for cholesterol transport across
the mitochondrial membrane. Indeed, a truncated mutant of StAR lacking its first 62
residue (N62-StAR) retains full activity in the stimulation of pregnenolone produc-
tion by steroidogeneic mitochondrial preparations (Bose et al. 2002). Mutations in
the StAR gene cause lipoid congenital adrenal hyperplasia (LCAH), a severe auto-
somal recessive form of congenital adrenal hyperplasia (Bose et al., 1996; 2000).
Most of these mutations are located at or near the C-terminal α-helix.

There are currently two active areas of research in the field of StAR. The first,
which was recently reviewed in depth by Rone et al. (2009), focuses on the clar-
ification of the elusive mechanism by which cholesterol enters the mitochondrial
matrix. The other addresses the mechanism by which StAR reversibly binds and
dissociates from cholesterol. This area will be updated and survey in detail in the
present chapter.

MLN-64 is a member of the StAR group (Alpy and Tomasetto, 2005). Like StAR,
MLN-64 possesses a sub-cellular localization domain that targets it to the late endo-
somes (Clark et al., 1994; Alpy et al., 2001) where it is thought to be involved in
the mobilization of lysosomal cholesterol and its transfer to other organelles and
membranes. Like StAR and in isolation, the START domain of MLN-64 can also
stimulate steroidogenesis in steroidogenic mitochondrial preparations (Watari et al.,
1997). In fact MLN-64 is thought to be involved in steroidogenesis in tissues that
lack StAR expression such as the placenta (Watari et al., 1997). Conversely to StAR,
the crystal structure of the START domain (without cholesterol) of MLN64 has been
solved (Tsujishita and Hurley, 2000).

STARD4, STARD5 and STARD6 are members of the STARD4 group (Alpy
and Tomasetto, 2005). They are the only START proteins with no subcellular
localization domain and as such are thought to be cytosolic. Reports suggest that
STARD4 and STARD5 are able to stimulate steroidogenesis. However, a recent
study has shown that while STARD4, STARD5 and STARD6 can bind cholesterol,
only STARD4 and STARD6 can stimulate pregnenolone production in vitro (Bose
et al., 2008). By being able to diffuse through the cytoplasm, members of this fam-
ily are though to be able to provide multiple sources (membranes, lipid droplets
and organelles such as the ER, endosomes and lysosomes) with cholesterol for
steroidogenesis (Rone et al., 2009).

Despite all of the data discussed here and reviewed extensively elsewhere (Rone
et al., 2009), we still do not know the molecular determinants responsible for the
recognition of cholesterol by these START domains and the mechanism by which
the START domains bind and release cholesterol. Although mundane a first glance,
the mechanism of reversible binding is complicated by the fact that the binding site
of cholesterol is buried inside the START domain and hence necessitates an open-
ing reaction of some sort. Consequently, in this Chapter, we will review with in
some detail structural and functional data from the literature in order to present an
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up-to-date picture of the recent progress toward our understanding of the molecu-
lar recognition of cholesterol by START domains and how these protein modules
reversibly bind cholesterol.

15.2 The START Domains That Specifically Bind Cholesterol
Have a Highly Conserved α/β Helix Grip Fold

Our recent survey of the protein data bank has revealed that the crystal structures
of 6 mammalian START domains have been solved so far. These START domains
are those of STARD2 (Roderick et al., 2002), D3 (MLN64, Tsujishita and Hurley,
2000), D4 (Romanowski et al., 2002), D5 (2R55.pdb, to be published), D11 (Kudo
et al., 2008) and D13 (2PSO.pdb, to be published). STARD3, D4 and D5 have
specificity for cholesterol. STARD2 (PCPT) binds phosphatidylcholine (PC) and
STARD11 (CERT) binds ceramides, (sphingolipid precursors). The lipid specificity
of STAR13 (DCL-2) is not known as of yet.

Interestingly, apart from deletion and insertions in loops, the structures of all
the START domains are very similar. Indeed, on can see in Fig. 15.1 that the α/β
helix grip fold (Fig. 15.1A) of the START domains with affinity for cholesterol
(Fig. 15.1B) and throughout the groups (not shown) is conserved. Another striking
and common feature of these structures is the presence of an internal cavity large
enough to fit one lipid molecule, i.e. cholesterol (Fig. 15.1C, D), ceramide (Kudo
et al., 2008) or PC (Roderick et al., 2002).

While the structures of the START domains of STARD2 and STARD11 have
been solved with their respective ligands, no structure of the START domain-
cholesterol complex is currently available. Hence, the actual mode of binding and
the determinants of the specificity of STARD1, 3, 4, 5 and 6 towards cholesterol
remain to be understood and unravelled. In this regard, models for specific choles-
terol complexes of MLN-64 (Murcia et al., 2006) and StAR (Mathieu et al., 2002;
Yaworsky et al., 2005) have been proposed. In these models, the presence of con-
served (between StAR and MLN-64) salt bridge between an acidic side-chain in
β-strand 5 and an Arg in β-strand 6 at the bottom of the cavity was proposed to
be a key determinant. More precisely, it was proposed that the cholesterol OH
group forms a specific interaction with the guanidinium group of the conserved
Arg (Fig. 15.2). On the other hand, it appears unlikely that molecular recognition
and ligand selection rely only on one specific interaction (H-Bond). However, and
as noted by others (Romanowski et al., 2002), it is quite possible that the actual
shape of the cavity may play an important role in molecular recognition. To illus-
trate this, we present the molecular surface of the cavity of our 3D model of StAR
with one cholesterol molecule located inside. As can be observed, the shape of
the cavity matches almost perfectly that of the cholesterol molecule. Furthermore,
by fitting the cholesterol molecule in this cavity, the OH group is perfectly posi-
tioned to interact with the guanidino group of the Arg side-chain of the salt-bridge
(Fig. 15.2).
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Fig. 15.2 Depiction of a
putative specific interaction
between cholesterol and a
conserved salt-bridge in the
model of StAR (1IMG.pdb,
Mathieu et al., 2002). This
salt-bridge is conserved in
MLN64 and has been
proposed to be involved in the
specificity of interaction
between its START domain
and cholesterol (Murcia et al.,
2006)

While surface complementarity is a hallmark of molecular recognition, it has to
be emphasized that molecular recognition of small molecules by proteins usually
involves more than one H-bond. In addition, it also has to be noted that the choles-
terol binding site is totally buried inside the protein, which also a rather unusual
feature. Hence, it is quite possible that the small number of H-bond may be balanced
by perfect complementarity of non-polar and non-specific van der Waals interac-
tions between cholesterol and the rest of the cavity. On the other hand, it appears
as though these determinants are most likely different between the StAR (StAR,
MLN64) and STARD4 (STARD4, 5 and 6) groups. Indeed, the salt bridge con-
served in StAR and MLN-64 is not conserved in the STARTD4 group. However,
another salt bridge Asp-Arg in helix C is present in the structures of STARD4
and STARD5. This salt bridge is conserved in the primary structure of STARD6
(not shown) and could be involved, as proposed for MLN-64 and StAR, in the
recognition of cholesterol. As one can appreciate, while we have a fair amount of
structural data on the structure of START domains that specifically bind cholesterol,
we are still awaiting the validation of our models in order to understand exactly what
makes a START domain recognize cholesterol. This will come only with the crystal
or NMR structures of START-cholesterol complexes from the StAR and STARD4
groups.

15.3 “To Be or Not to Be” a Molten Globule to Bind
and Release Cholesterol Reversibly?

As one can appreciate, besides having a highly conserved fold, one peculiar fea-
ture of the structure of the START domains that bind cholesterol is the fact that
their binding sites are shielded from the solvent and in the very core of the protein
modules. Even though we are still trying to decipher the determinants of molecu-
lar recognition, this fact has prompted and stimulated many laboratories to search
for the mechanism by which cholesterol and other lipids can reach the interior of
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START domains (the binding site) in order to be transported to and then transferred
inside the mitochondria.

In the late 1990’s, the group of Walter Miller discovered that the N62-START
domain behaved like a molten globule at acidic pH (from pH 4.5 to 3). Indeed, while
the amount of secondary structure did not significantly changes from pH 4.5 to 3,
the thermodynamic stability at 25◦C (i.e. �G◦

u(25◦)) of the N62-START decreased
significantly (Bose et al., 1999). Note that the stability of N62-StAR as measured by
urea denaturation was observed to be constant from pH 8.3 to 4.5. This demonstrated
that the while the secondary structure was maintained, the amount of stable and ter-
tiary interaction was diminished at lower pH values. This is in complete agreement
with the existence of a molten globule, i.e. a protein with native like secondary struc-
ture but loosely a packed native tertiary structure (Ptitsyn, 1995). In the same study,
the Miller group found by proteolysis-MS analyses that the C-terminal region (193–
285) was less folded at acidic pH than the N-terminus (63–188). Coupled to their
hypothesis that the pH near the mitochondria OMM is acidic (∼4.5), the Miller
group put forth that a low pH induced molten globular state of StAR with the N-
terminus more tightly folded than the C-terminus plays an important role in the
cholesterol binding and transfer.

In 2002, we proposed an alternative mechanism for the reversible binding of
cholesterol by N62-StAR (Mathieu et al., 2002). This mechanism is proposed to
occur at neutral pH and was derived largely from the 3D model we had pro-
posed for the N62-StAR, which was based on the crystal structure of STARD3.
As initially uncovered in the crystal structures of STARD3 (Tsujishita and Hurley,
2000) and STARD4 (Romanowski et al., 2002)) our model depicted a large inter-
nal cavity assigned to the cholesterol-binding site. In fact the volume of the cavity
corresponded exactly to that of cholesterol (Mathieu et al., 2002 and Fig. 15.1C,D).

Based on the fact that such internal cavities destabilizes tertiary structures and
that the C-Terminal helix could move independently from the rest of the molecule,
we proposed the existence of an intermediate state with the N-terminus intact and the
C-terminal helix undergoing a microscopic (independent of global unfolding) and
reversible local unfolding (Mathieu et al., 2002; Roostaee et al., 2008; 2009). In this
intermediate state (Fig. 15.3), the cholesterol-binding site would become accessible
and explains cholesterol binding. In this mechanism, the C-terminal helix acts as a
gate. Indeed, the refolding of the C-terminal helix when a cholesterol molecule is in
the binding site it will lead to a more stable complex, with a lifetime long enough
to carry and deliver cholesterol to its target organelle and/or transporter (e.g. TSPO
(see Rone et al., 2009)).

15.4 Experimental Validation of the Two-State Model

We reasoned that if this mechanism is correct, the helical content of free N62-StAR
should be less than optimal and that upon addition of cholesterol the helical content
as well as the thermodynamic stability of N62-StAR should be increased at neutral
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Fig. 15.3 The two-state model. Because of the presence of a cavity in the absence of cholesterol,
the folded state of the closed and apo form of the START domain of StAR undergoes a local
and reversible unfolding of its C-Terminal helix. Boxed reaction. The intermediate and partially
unfolded state is proposed to initiate specific binding and allow for the dissociation of cholesterol

pH. As shown in Fig. 15.4, this is exactly what we have observed (Roostaee et al.,
2008; 2009). Indeed, as one can see, the far-UV CD spectrum (Fig. 15.4A) of N62-
StAR with an equimolar concentration of cholesterol depicts more negative molar
ellipticities than the free construct (of course the contribution of cholesterol has
been subtracted). This is indicative of an increase in secondary structure (α and/or
β). While there are many computational routines to determine the percentage of
secondary structure from CD spectra, these have sizable uncertainties. On the other
hand and more reliably, if the addition of cholesterol is accompanied by a transi-
tion from a mostly random coil C-terminus to the stabilization of this region into an
α-helix, an isosbestic point is expected at 203 nm. Random coil and α-helix have
the same molar ellipticity at 203 nm. However, the isosbestic point between the β

structure and random coil is close to 208 nm. Therefore, if cholesterol had induced
a random coil to β transition, an isosbestic point at ∼208 nm would have been
observed. As shown in Fig. 15.4A, an isosbestic point at 203 nm observed, hence
demonstrating that the addition of cholesterol stabilizes the C-terminus into an α-
helix from an otherwise mostly random coil configuration. Moreover, as expected,
the melting temperature T◦ of the cholesterol-N62-StAR (1:1) complex is increase
by almost 4◦ compared to the free construct (Fig. 15.4B). As described in detail
elsewhere, the thermodynamic stability of the complex is also increased at all tem-
peratures (Roostaee et al., 2008). Finally, by monitoring the increase in α-helical
content at 222 nm, we have titrated N62-StAR with cholesterol and confirmed,
like MLN-64 (Tsujishita and Hurley, 2000) that the START domain of StAR binds
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Fig. 15.4 The presence of stable tertiary structure in the START domain of StAR is a prerequisite
for cholesterol binding. A. Far-UV CD spectra of the N62-StAR construct in absence (solid line),
immediately (dotted line) and 20 minutes after addition of cholesterol at neutral pH (dashed line).
Note the presence of an isosbestic point at 203 nm (arrow), which is indicative of the stabilization
of α-helical structure from a random coil content upon addition of cholesterol and once equilib-
rium has been attained. B. Temperature-induced denaturation of the free (open circles) and 1:1
cholesterol complex (solid circles) of the N62-StAR construct at neutral pH. Note the cooperativ-
ity of the curves. This signifies that stable tertiary structure is present. C. Far-UV CD spectra of the
N62-StAR construct in absence (solid line), immediately (dotted line), 20 min (dashed line) and
an hour after addition of cholesterol at pH 3.5 (dashed and dotted line). D. Temperature-induced
denaturation of the free N62-StAR construct (open circles) and a 1:1 N62-StAR:cholesterol
mixture after 1 h of incubation (solid circles) at pH 3.5. Note that under these conditions, no
cooperativity is observed, denoting the absence of stable tertiary structure even in presence of
cholesterol

cholesterol in a 1:1 stoichiometry with apparent affinity of ∼3 · 10–8 (Roostaee
et al., 2008).

For the sake of comparison and in order to evaluate the ability of the molten glob-
ular state of N62-StAR to bind cholesterol, we have repeated the same experiment at
pH 3.5. As can be seen on Fig. 15.4C, the far-UV CD spectra of N62-StAR depicts a
sizable content of secondary structure at acidic pH. However, N62-STAR is devoid
of stable tertiary structure and does not bind cholesterol. Indeed, as one can see, the
temperature denaturation curves monitored by CD of N62-StAR does not show any
cooperativity and the presence of cholesterol does not alter the curve (Fig. 15.4D).
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This data indicates that the molten globule state cannot provide the minimal ter-
tiary structure necessary to allow for the specific binding of cholesterol. Hence,
while a putative pH induction of a molten globular state of StAR near the mito-
chondrial membrane could be an effective way to release cholesterol, however it
is not sure how such a state could reversibly refold into a structure with a stable
tertiary structure and undergo such a global transition cyclically. In fact, once acid-
ified N62-STARs solutions irreversible lose their capacity to bind cholesterol and
induce steroidogenesis (Roostaee et al., 2008). Moreover, it is known that one StAR
molecule can be responsible for the transfer of over 400 cholesterol molecules per
minute (Artemenko et al., 2001). It appears to us that the local unfolding of the C-
terminal is a much more efficient way to reversibly expose a well defined binding
site to allow for a repetitive binding and release of many cholesterol molecule per
START.

Furthermore, there are clear experimental evidences which show that restrict-
ing the movement of the C-terminal of N62-StAR hampers it’s cholesterol-binding
affinity and it’s ability to induce pregnenolone production in vitro assays. By cova-
lently attaching helix 4 to the loop between β-strands 1 and 2 with disulfide bridges
S100C/S261C or D106C/A268C (Fig. 15.5), caused StAR to lose half or completely
its binding and steroidogenic activity, respectively (Baker et al., 2005). However,

Fig. 15.5 A conserved hydrophobic core is present at the interface of helices 2, 3 and 4 (grey side
chains). This hydrophobic cluster in present in the 3D model of StAR and the crystal structures
of MLN64, STARD4 and STARD5 (not shown) and is proposed to stabilize the C-terminal helix
in its folded state. Localization of the mutations made by Baker et al. (2005) in order to prevent
movement of the C-terminal helix (black spheres)
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adding a reducing agent restored the binding and activity. In addition, weakening
hydrophobic and tertiary interactions at the interface of helices 2,3 and 4 (Fig. 15.5)
in the fully folded state of N62-StAR in the bound and free forms, reduced the ther-
modynamic stability of both forms and abridged the steroidogenic activity of the
mutants. This conserved hydrophobic cluster, involving Leu133, Trp147, Phe267 and
Leu271, is proposed to stabilize helix-4 in its closed form and provide the neces-
sary stabilization free energy to generate a stable and functional complex (Roostaee
et al., 200). While, mutating the conserved Phe267, Leu271 to polar residues with
similar respective volumes (i.e. Gln and Asn, respestively) promoted the opened
form but prevented the formation of a stable and functional complex (Roostaee et al.,
2008; 2009).

15.5 Towards a Consensual Model for the Reversible and
Specific Binding of Cholesterol by START Domain

As discussed, the START domains with affinity for cholesterol, have or can be
predicted to have an internal cavity with a volume equal to that of cholesterol.
Hence, in absence of cholesterol, the tertiary α/β helix grip fold will be destabi-
lized. Since, helix-4 is free to move from the rest of the molecule, this excess in
free energy should promote its unfolding (Fig. 15.3). In other words, that the lack
of stabilization free energy created by the absence of a ligand should be naturally
compensated by an increase in conformational entropy following the unfolding of
the C-terminal helix, and hence promote the population of an intermediate state.
This local unfolding (and intermediate state) can be seen as serving two purposes:
1 – stabilization of an otherwise unstable state and 2 – unveiling of the buried bind-
ing site. We propose that this is the state that recognizes cholesterol and from which
cholesterol will dissociate in order to be delivered to organelles by processes still not
fully understood (Rone et al., 2009). As discussed here, the discovery of the specific
determinants or interactions responsible for the molecular recognition await the res-
olution of the 3D structure(s) of START-cholesterol complex(es). Nonetheless, it
is increasingly evident that the species of START domains responsible for the for-
mation of an initial complex should possess a minimal tertiary structure content
capable to present (at least in part) the required structural determinants to allow for
the formation of a specific complex. As discussed by others (Tsujishita and Hurley,
2000) and shown experimentally, a molten globular state with non-defined (specific)
tertiary structure is a somewhat unsatisfactory purported entity to carry out such a
function.

Interestingly, many of the experimental results that originally led authors to pro-
pose or validate the molten globule model, agree with and support the two-state
model. Namely, the fact that the C-terminal helix is the most susceptible region
of N62-StAR and that restricting the movement of the C-terminal helix by the
engineering of disulfide bridges prevent binding and impede on the steroidogenic
activity of N62-StAR.
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At this stage, we believe that ambiguity or divergence in the interpretation of
the results available in the literature stems from the hypothesis of a role of low pH.
While, it is true that N62-StAR behaves like a bona fide molten globule at low pH,
the existence of pH values in the 3.5–4.5 range near the mitochondrial membrane
still needs to be demonstrated and the ability of such a state to specifically recognize
any ligand or protein is contrary to the established understanding of biomolecular
recognition.

15.6 Conclusions and Perspectives

Structural data on START domains that bind cholesterol and biophysical analysis
of START domain-cholesterol interactions reviewed in here point to a common
mechanism of molecular recognition and reversible binding. Indeed, many lines
of evidence suggest the occurrence of a local and microscopic unfolding event
of the α/β helix grip fold that leads to the population of key intermediate state
with the C-terminal helix unfolded (Fig. 15.3). It is this intermediate state that
is proposed to initiate the specific binding and release the cholesterol to its end
point. The formation and the stability of the fully folded complex is also consid-
eredto be crucial. Indeed, the formation of an unstable complex would lead to a
complex of short lifetime which would be unfit to deliver cholesterol to its final
destination.

Finally, the definite validation of the two-state model awaits the characteriza-
tion of the proposed movements or molecular unfolding events in the presence and
absence of cholesterol. In this regards, we have recently published preliminary NMR
data with and without cholesterol, which show that N62-StAR undergoes a slow
exchange between two states with stable tertiary structure. The characterization of
the structure and dynamics of both states is likely to shed the necessary light to
definitely validate the two-state model.
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Chapter 16
Membrane Cholesterol in the Function
and Organization of G-Protein Coupled
Receptors

Yamuna Devi Paila and Amitabha Chattopadhyay

Abstract Cholesterol is an essential component of higher eukaryotic membranes
and plays a crucial role in membrane organization, dynamics and function. The G-
protein coupled receptors (GPCRs) are the largest class of molecules involved in
signal transduction across membranes, and represent major targets in the develop-
ment of novel drug candidates in all clinical areas. Membrane cholesterol has been
reported to have a modulatory role in the function of a number of GPCRs. Two pos-
sible mechanisms have been previously suggested by which membrane cholesterol
could influence the structure and function of GPCRs (i) through a direct/specific
interaction with GPCRs, or (ii) through an indirect way by altering membrane
physical properties in which the receptor is embedded, or due to a combination of
both. Recently reported crystal structures of GPCRs have shown structural evidence
of cholesterol binding sites. Against this backdrop, we recently proposed a novel
mechanism by which membrane cholesterol could affect structure and function of
GPCRs. According to our hypothesis, cholesterol binding sites in GPCRs could
represent ‘nonannular’ binding sites. Interestingly, previous work from our labora-
tory has demonstrated that membrane cholesterol is required for the function of the
serotonin1A receptor (a representative GPCR), which could be due to specific inter-
action of the receptor with cholesterol. Based on these results, we envisage that there
could be specific/nonannular cholesterol binding site(s) in the serotonin1A receptor.
We have analyzed putative cholesterol binding sites from protein databases in the
serotonin1A receptor. Our analysis shows that cholesterol binding sites are inherent
characteristic features of serotonin1A receptors and are conserved through natural
evolution. Progress in deciphering molecular details of the GPCR-cholesterol inter-
action in the membrane would lead to better insight into our overall understanding of
GPCR function in health and disease, thereby enhancing our ability to design better
therapeutic strategies to combat diseases related to malfunctioning of GPCRs.
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Abbreviations

5-HT1A receptor 5-hydroxytryptamine-1A receptor
7-DHC 7-dehydrocholesterol
8-OH-DPAT 8-hydroxy-2(di-N-propylamino)tetralin
CCK cholecystokinin
CCM cholesterol consensus motif
DPH 1,6-diphenyl-1,3,5-hexatriene
FRET fluorescence resonance energy transfer
GPCR G-protein coupled receptor
MβCD methyl-β-cyclodextrin
SLOS Smith-Lemli-Opitz syndrome

16.1 Introduction

Biological membranes are complex two-dimensional, non-covalent assemblies of
a diverse variety of lipids and proteins. They impart an identity to the cell and
its organelles and represent an ideal milieu for the proper function of a diverse
set of membrane proteins. Membrane proteins mediate a wide range of essential
cellular processes such as signaling across the membrane, cell-cell recognition,
and membrane transport. About 30% of all open reading frames (ORFs) are pre-
dicted to encode membrane proteins and almost 50% of all proteins encoded by
eukaryotic genomes are membrane proteins (Liu et al., 2002; Granseth et al., 2007).
Importantly, they represent prime candidates for the generation of novel drugs in
all clinical areas (Drews, 2000; Dailey et al., 2009) owing to their involvement in a
wide variety of cellular processes. Since a significant portion of integral membrane
proteins remains in contact with the membrane (Lee, 2003), and reaction centers
in them are often buried within the membrane, the function of membrane proteins
depends on the surrounding membrane lipid environment. Work spanning several
years from a number of groups has contributed to our understanding of the require-
ment of specific lipids and/or the membrane environment for maintaining the proper
topology, structure and function of membrane proteins (Opekarová and Tanner,
2003; Lee, 2004; Palsdottir and Hunte 2004; Nyholm et al., 2007). These effects
have been attributed either to specific interactions of lipids with amino acids in pro-
teins or to bulk properties of membranes. Considering the diverse array of lipids in
natural membranes, it is believed that physiologically relevant processes occurring
in membranes involve a precise coordination of multiple lipid-protein interactions.
Such lipid-protein interactions are of particular importance because cells possess
the ability to vary the lipid composition of their membranes in response to a vari-
ety of stresses and stimuli, thereby changing the environment and the activity of
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the proteins in their membranes. Insights into the structure of membrane proteins
and specific lipid-protein interactions required for their function are therefore of
considerable interest and physiological relevance.

16.2 Cholesterol in Biological Membranes: A Tale of Two Faces

Cholesterol is an essential and representative lipid in higher eukaryotic cellular
membranes and is crucial in membrane organization, dynamics, function, and sort-
ing (Liscum and Underwood, 1995; Simons and Ikonen, 2000; Mouritsen and
Zuckermann, 2004). Cholesterol is a predominantly hydrophobic molecule compris-
ing a near planar tetracyclic fused steroid ring and a flexible isooctyl hydrocarbon
tail (see Fig. 16.1a). The basic hydrocarbon skeleton of cholesterol (and other sterols
found in eukaryotes) is sterane (Fig. 16.1b). Since sterane resists microbial attack
and is stable over long periods of time, sterols have emerged as important fossil
markers for paleontologists (Kodner et al., 2008). The 3β-hydroxyl moiety provides
cholesterol its amphiphilic character and helps cholesterol to orient and anchor in
the membrane (Villalaín, 1996). The tetracyclic nucleus and isooctyl side chain
create the bulky wedge-type shape of the cholesterol molecule. Interestingly, the
planar tetracyclic ring system of cholesterol is asymmetric about the ring plane.
The sterol ring has a flat and smooth side with no substituents (the α face) and
a rough side with methyl substitutions (the β face; see Fig. 16.1c). The smooth α

face of the sterol nucleus helps in favorable van der Waals interaction with the sat-
urated fatty acyl chains of phospholipids (Lange and Steck, 2008). The α face of
cholesterol contains only axial hydrogen atoms. The absence of any bulky group
in this face facilitates close contact between the sterol nucleus and phospholipid
chains. The bumpiness of the β face of cholesterol molecule is due to the protruding
methyl groups at positions C18, C19 and C21. The molecular structure of cholesterol
has been exceedingly fine-tuned over a very long time scale of natural evolution.
This is exemplified by the recent report that removal of methyl groups from choles-
terol results in altered tilt angle which affects ordering and condensing effects, as
shown by atomic scale molecular dynamics simulations (Róg et al., 2007; Pöyry
et al., 2008). Molecular simulation approaches have earlier shown that the α face of
cholesterol promoted a stronger ordering effect on saturated alkyl chains compared
to the β face (Róg and Pasenkiewicz-Gierula, 2001). In addition, molecular dynam-
ics simulation has shown that cholesterol orients its smooth α face toward saturated
chains and its uneven β face toward unsaturated chains of phospholipids (Pandit
et al., 2004), or with a bumpy transmembrane domain of an integral membrane
protein (see Fig. 16.1d).

Cholesterol is oriented in the membrane bilayer with its long axis perpendic-
ular to the plane of the membrane (Fig. 16.1d), so that it’s polar hydroxyl group
encounters the aqueous environment and the hydrophobic steroid ring is oriented
parallel to and immersed in the hydrophobic fatty acyl chains of the phospholipids
(Yeagle, 1985). It has been previously shown using X-ray and neutron diffraction
that cholesterol is aligned in bilayers with its 3β-hydroxyl group in the proximity
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Fig. 16.1 Chemical structure and membrane orientation of cholesterol: (a) Structure of choles-
terol showing the individual rings (A–D). Three structurally distinct regions are shown as shaded
boxes: the 3β-hydroxyl group, the rigid steroid ring, and the flexible alkyl chain. The 3β-hydroxyl
moiety is the only polar group in cholesterol thereby contributing to its amphiphilic character and
it helps cholesterol to orient and anchor in the membrane. Reproduced from Paila et al. (2009). (b)
Chemical structure of sterane. Sterane is the basic hydrocarbon skeleton of cholesterol and other
sterols found in eukaryotes. (c) Two faces of cholesterol. Cholesterol is characterized by a flat and
smooth α face, and a rough β face. The α face of cholesterol contains only axial hydrogen atoms.
The roughness of the β face is due to the protruding bulky methyl groups. (d) Schematic orienta-
tion of cholesterol in relation to a phospholipid molecule in a lipid bilayer. The smooth α face of
the sterol nucleus helps in favorable van der Waals interaction with the saturated fatty acyl chains
of phospholipids. α and β faces of cholesterol can simultaneously interact with a saturated fatty
acyl chain of phospholipids and uneven transmembrane domain of an integral membrane protein,
respectively. Cholesterol is shown to align in bilayers with its 3β-hydroxyl group in the vicinity
of the ester carbonyls of phospholipids and its tetracyclic ring immersed in the bilayer interior, in
close contact with a part of the phospholipid fatty acyl chain. Since the length of the cholesterol
molecule including the isooctyl tail in all-trans energy minimum conformation is ∼20 Å, a single
cholesterol molecule can traverse each leaflet of a bilayer composed of phospholipids typically
found in eukaryotic plasma membranes. It should be noted that the effective length of cholesterol
molecule in membranes could vary, depending on the nature of the phospholipids. See text for
other details
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of the ester bonds of phospholipids and its tetracyclic ring buried in the bilayer
interior, in close contact with a part of the phospholipid fatty acyl chains (Villalaín,
1996; Bittman, 1997). It should be mentioned here that although the hydroxyl group
of cholesterol is shown to be aligned at the level of sn-2 ester carbonyl group of
the phospholipid in Fig. 16.1d, unambiguous experimental evidence supporting the
interaction (hydrogen bonding) between the hydroxyl group of cholesterol and the
lipid carbonyl group is lacking. Since the length of the cholesterol molecule includ-
ing the isooctyl tail in all-trans energy minimum conformation is ∼20 Å, a single
cholesterol molecule can traverse one leaflet of a bilayer composed of phospholipids
(Bittman, 1997), typically found in eukaryotic plasma membranes (Fig. 16.1d).
In fact, cholesterol has previously shown to exist as transbilayer (‘tail-to-tail’)
dimers spanning the two leaflets of the membrane bilayer at low concentrations
(Harris et al., 1995; Mukherjee and Chattopadhyay, 1996; Loura and Prieto, 1997).
Interestingly, the transbilayer dimer arrangement of cholesterol was shown to be
sensitive to the membrane surface curvature and is stringently controlled by a narrow
window of membrane thickness (Rukmini et al., 2001). The environment around the
cholesterol dimers appears to be more rigid (Mukherjee and Chattopadhyay, 2005)
and the dimer population exhibits relatively slow lateral diffusion (Pucadyil et al.,
2007). Importantly, such transbilayer tail-to-tail cholesterol dimers have been impli-
cated in atherogenesis (Tulenko et al., 1998) and in human ocular lens fiber cell
plasma membranes, especially in cataractous condition (Jacob et al., 1999; 2001;
Mason et al., 2003).

Cholesterol is often found distributed non-randomly within domains found in
biological and model membranes (Liscum and Underwood, 1995; Schroeder et al.,
1995; Simons and Ikonen, 1997, 2000; Xu and London, 2000; Mukherjee and
Maxfield, 2004). Many of these domains (sometimes termed as ‘lipid rafts’) are
believed to be important for the maintenance of membrane structure and func-
tion. The idea of such specialized membrane domains assumes significance in
cell biology since physiologically important functions such as membrane sort-
ing and trafficking (Simons and van Meer, 1988), signal transduction processes
(Simons and Toomre, 2000), and the entry of pathogens (Simons and Ehehalt, 2002;
Riethmüller et al., 2006; Pucadyil and Chattopadhyay, 2007) have been attributed
to these domains. Importantly, cholesterol plays a vital role in the function and
organization of membrane proteins and receptors (Burger et al., 2000; Pucadyil and
Chattopadhyay, 2006).

16.3 Role of Membrane Cholesterol in the Function
of G-Protein Coupled Receptors

The G-protein coupled receptor (GPCR) superfamily is the largest and most diverse
protein family in mammals, involved in signal transduction across membranes
(Pierce et al., 2002; Perez, 2003; Rosenbaum et al., 2009). Cellular signaling by
GPCRs involves their activation by ligands present in the extracellular environ-
ment and the subsequent transduction of signals to the interior of the cell through
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concerted changes in their transmembrane domain structure (Gether, 2000). GPCRs
are prototypical members of the family of seven transmembrane domain pro-
teins and include >800 members which together constitute ∼1–2% of the human
genome (Fredriksson and Schiöth, 2005). GPCRs dictate physiological responses to
a diverse array of stimuli that include endogenous ligands such as biogenic amines,
peptides, glycoproteins, lipids, nucleotides, Ca2+ ions and various exogenous lig-
ands for sensory perception such as odorants, pheromones, and even photons. As
a consequence, these receptors mediate multiple physiological processes such as
neurotransmission, cellular metabolism, secretion, cellular differentiation, growth,
inflammatory and immune responses. It is therefore only natural that GPCRs have
emerged as major targets for the development of novel drug candidates in all clin-
ical areas (Nature reviews drug discovery GPCR questionnaire participants 2004;
Jacoby et al., 2006; Schlyer and Horuk, 2006; Insel et al., 2007; Heilker et al.,
2009). Interestingly, although GPCRs represent 30–50% of current drug targets,
only a small fraction of all GPCRs are presently targeted by drugs (Lin and Civelli,
2004). This points out the exciting possibility that the receptors which are not yet
recognized could be potential drug targets for diseases that are difficult to treat by
currently available drugs.

GPCRs are integral membrane proteins with a significant portion of the protein
embedded in the membrane. In the case of rhodopsin, molecular dynamics simula-
tion studies have estimated that the lipid-protein interface corresponds to ∼38% of
the total surface area of the receptor (Huber et al., 2004). This raises the obvious
possibility that the membrane lipid environment could be an important modulator
of receptor structure and function (Lee, 2004). The importance of a membrane lipid
environment for optimal function of membrane proteins in general, and GPCRs
in particular, is evident from the adverse effects of delipidation on receptor func-
tion (Kirilovsky and Schramm, 1983; Jones et al., 1988). Importantly, membrane
cholesterol has been shown to modulate the function of a number of GPCRs. From
the available data on the role of cholesterol on GPCR function (see Table 16.1), it
appears that there is a lack of consensus on the manner in which cholesterol mod-
ulates receptor function. For example, while cholesterol is found to be essential for
the proper function of several GPCRs, the function of rhodopsin has been shown
to be inhibited in the presence of cholesterol. This calls for a detailed mechanistic
analysis of the effect of cholesterol on any given receptor. What follows is a critical
analysis of the available literature on the role of membrane cholesterol in GPCR
function, with an overall objective to distinguish specific and general effects.

16.3.1 Effect of Membrane Cholesterol on the Function
of GPCRs: General Effect or Specific Interaction ?

The mechanism underlying the effect of cholesterol on the structure and function
of integral membrane proteins and receptors is complex and as yet no general con-
sensus has emerged (Burger et al., 2000; Pucadyil and Chattopadhyay, 2006; Paila
and Chattopadhyay, 2009). It has been proposed that cholesterol can modulate the
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Table 16.1 Membrane cholesterol and GPCR function

GPCR References

Rhodopsin Straume and Litman (1988); Mitchell et al. (1990); Albert and
Boesze-Battaglia (2005)

Cholecystokinin (CCK) Gimpl et al. (1997); Burger et al. (2000); Harikumar et al.
(2005)

Galanin (GAL2) Pang et al. (1999)
Serotonin1A (5-HT1A) Pucadyil and Chattopadhyay (2004, 2005, 2006); Paila et al.

(2005, 2008)
Serotonin7 (5-HT7) Sjögren et al. (2006)
Metabotropic glutamatea Eroglu et al. (2002, 2003)
δ Opioid Huang et al. (2007); Levitt et al. (2009)
κ Opioid Xu et al. (2006)
μ Opioid Lagane et al. (2000); Levitt et al., (2009)
Oxytocin Gimpl et al. (1995, 1997, 2002b); Fahrenholz et al. (1995);

Klein et al. (1995)
β2-adrenergic Kirilovsky and Schramm (1983); Kirilovsky et al. (1987);

Ben-Arie et al. (1988)
Chemokine (CXCR4,

CCR5)
Nguyen and Taub (2002a, 2002b, 2003)

Neurokinin (NK1) Monastyrskaya et al. (2005)
Cannabinoid (CB1) Bari et al. (2005a, 2005b)
M2 Muscarinic Colozo et al. (2007)

aThese studies were carried out in the Drosophila eye where the major sterol present is ergosterol

function of GPCRs in two ways: (i) by a direct/specific interaction with the GPCR,
which could induce a conformational change in the receptor (Gimpl et al., 2002a,b),
or (ii) through an indirect way by altering the membrane physical properties in
which the receptor is embedded (Ohvo-Rekilä et al., 2002; Lee, 2004) or due to
a combination of both. There could be yet another mechanism by which membrane
cholesterol could affect structure and function of membrane proteins. This mech-
anism invokes the concept of ‘nonannular’ binding sites of membrane lipids (Lee
et al., 1982; Simmonds et al., 1982). We recently proposed that cholesterol bind-
ing sites in GPCRs could represent nonannular binding sites (Paila et al., 2009; see
below). A comprehensive discussion on the representative GPCRs, for which the
mechanism of cholesterol-dependence of function has been addressed, is provided
below.

16.3.1.1 Rhodopsin

Rhodopsin, the photoreceptor of retinal rod cells, undergoes a series of confor-
mational changes upon exposure to light. The light-activated receptor exists in
equilibrium with various intermediates, collectively termed metarhodopsins. The
state of equilibrium is sensitive to the presence of cholesterol in the membrane
(Straume and Litman, 1988; Mitchell et al., 1990; Bennet and Mitchell, 2008).
An increase in the amount of cholesterol in the membrane shifts this equilibrium
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toward the inactive conformation of the protein. The inhibitory effect of choles-
terol on rhodopsin function has been explained by direct (see below) as well as
indirect modes of action. The indirect mode of action has been rationalized on the
basis of the free-volume theory of membranes, which relates the alteration in mem-
brane physical properties due to the presence of cholesterol, to receptor function
(Mitchell et al., 1990). The conversion of the photointermediates, metarhodopsin I
to metarhodopsin II, upon exposure to light involves an expansion of the protein in
the plane of the bilayer (Attwood and Gutfreund, 1980), which occupies the avail-
able partial free volume from the surrounding bilayer. The presence of cholesterol
in the membrane has been reported to inhibit the formation of metarhodopsin II,
due to its role in reducing the partial free volume in the membrane (Niu et al.,
2002). Importantly, fluorescence resonance energy transfer (FRET) measurements
have indicated an inherent property of rhodopsin to partition out of cholesterol-
rich regions of the membrane (Polozova and Litman, 2000). These results have
been reinforced by molecular dynamics simulation with rhodopsin in membranes
containing a mixture of cholesterol and polyunsaturated phospholipids (Pitman
et al., 2005).

16.3.1.2 Oxytocin and Cholecystokinin Receptors

Oxytocin and cholecystokinin (CCK) receptors have been shown to require mem-
brane cholesterol for their function (Fahrenholz et al., 1995; Klein et al., 1995;
Gimpl et al., 1995, 1997, 2002b; Harikumar et al., 2005). Interestingly, while the
interaction between the oxytocin receptor and cholesterol is believed to be specific,
the function of the CCK receptor appears to be dependent on the physical properties
of membranes, which are a function of cholesterol content. This is demonstrated by
the fact that these receptors exhibited different types of correlation, when fluores-
cence anisotropy of the membrane probe DPH was correlated with ligand binding
activity. In case of the CCK receptor, ligand binding showed linear increase with
measured anisotropy values (Gimpl et al., 1997). On the other hand, the ligand
binding activity of the oxytocin receptor showed a slight reduction upon choles-
terol depletion followed by a sharp decline, when the membrane cholesterol content
reached a certain critical level (∼57% of the original cholesterol content). This
shows that membrane cholesterol could affect the ligand binding activity of the
oxytocin receptor by a cooperative mechanism. Hill analysis of cholesterol content
versus ligand binding revealed that the oxytocin receptor binds several molecules
of cholesterol (n ≥ 6) in a positive cooperative manner (Burger et al., 2000; Gimpl
et al., 2002b). These conclusions were reinforced by structure-activity analysis of
the oxytocin and CCK receptor using a variety of cholesterol analogues (Gimpl
et al., 1997). In order to examine the specific molecular features of cholesterol
required to maintain the high-affinity state of the oxytocin receptor, MβCD was
used to replenish cholesterol-depleted membranes with a broad range of cholesterol
analogues that are subtly different from cholesterol in the headgroup, the steroid
ring, or in the hydrocarbon tail. Interestingly, ligand binding of the oxytocin recep-
tor could be restored only with certain analogues, thereby indicating a specific
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molecular feature in cholesterol to support receptor function. Although cholesterol
depletion reduces ligand binding to the CCK receptor, this effect could be reversed
with most analogues of cholesterol that could restore membrane order. The ligand
binding of the CCK receptor therefore was supported by each of the cholesterol
analogues and was well correlated with the corresponding fluorescence anisotropy
values. However, similar effects on the oxytocin receptor could be demonstrated
only with certain analogues that structurally resembled cholesterol in some critical
features. Taken together, these data provide support for a specific molecular interac-
tion between the oxytocin receptor and cholesterol. In addition, molecular modeling
studies have indicated a putative docking site (involving residues on the surface of
transmembrane segments 5 and 6) for cholesterol in the oxytocin receptor that is
absent in the CCK receptor (Politowska et al., 2001). Further, it has been reported
that cholesterol stabilizes oxytocin receptor against thermal inactivation and protects
the receptor from proteolytic degradation (Gimpl and Fahrenholz, 2002).

16.3.1.3 Galanin Receptors

Membrane cholesterol has been shown to be required for ligand binding and
intracellular signaling of the subtype 2 galanin receptor (GalR2) (Pang et al.,
1999). The role of membrane cholesterol in modulating ligand binding to the
galanin receptor was monitored by treating membranes with MβCD or by culturing
cells expressing the receptor in lipoprotein-deficient serum. These studies revealed
a marked reduction in galanin binding to the receptor in cholesterol-deficient
membranes. Importantly, replenishment of cholesterol to cholesterol-depleted mem-
branes restored galanin binding to normal levels. This interaction appears to be
specific, as only a limited number of cholesterol analogues were able to rescue
galanin binding. In addition, treatment of membranes either with filipin (which
binds cholesterol) or with cholesterol oxidase markedly reduced galanin binding.
Hill analysis suggested that several molecules of cholesterol (n ≥ 3) could bind in a
positively cooperative manner to GalR2 (Pang et al., 1999).

16.4 Nonannular Lipids in the Function of Membrane
Proteins

It has been proposed for the nicotinic acetylcholine receptor (which requires choles-
terol for its function) that cholesterol could be present at the ‘nonannular’ sites
of the receptor (Jones and McNamee, 1988). Early evidence for the presence of
nonannular lipids was obtained from experiments monitoring effects of choles-
terol and fatty acids on the Ca2+/Mg2+-ATPase (Lee et al., 1982; Simmonds et al.,
1982). Integral membrane proteins are surrounded by a shell or annulus of lipid
molecules, which mimics the immediate layer of solvent surrounding soluble pro-
teins (Jost et al., 1973; Lee, 2003). These are termed ‘annular’ lipids surrounding
the membrane protein. After several years of moderate controversy surrounding the
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interpretation of spectroscopic data, it later became clear that the annular lipids are
exchangeable with bulk lipids (Devaux and Seigneuret, 1985). The rate of exchange
of lipids between the annular lipid shell and the bulk lipid phase was shown to be
approximately an order of magnitude slower than the rate of exchange of bulk lipids,
resulting from translational diffusion of lipids in the plane of the membrane. It there-
fore appears that exchange between annular and bulk lipids is relatively slow, since
lipid-protein interaction is favorable compared to lipid-lipid interaction. However,
the difference in interaction energy is modest, consistent with the observation that
lipid-protein binding constants (affinity) depend weakly on lipid structure (Lee,
2003). Interestingly, the two different types of lipid environments (annular and bulk)
can be readily detected using electron spin resonance (ESR) spectroscopy (Marsh,
1990). In addition to the annular lipids, there is evidence for other lipid molecules in
the immediate vicinity of integral membrane proteins. These are termed as ‘nonan-
nular’ lipids. Nonannular sites are characterized by lack of accessibility to the
annular lipids, i.e., these sites cannot be displaced by competition with annular
lipids. This is evident from analysis of fluorescence quenching of intrinsic tryp-
tophans of membrane proteins by phospholipids or cholesterol covalently labelled
with bromine (Simmonds et al., 1982; Jones and McNamee, 1988), which acts as
a quencher due to the presence of the heavy bromine atom (Chattopadhyay, 1992).
These results indicate that nonannular lipid binding sites remain vacant even in the
presence of annular lipids around the protein (Marius et al., 2008). The exchange
of lipid molecules between nonannular sites and bulk lipids would be relatively
slow compared to the exchange between annular sites and bulk lipids (although
this has not yet been shown experimentally), and binding to the nonannular sites is
considered to be more specific compared to annular binding sites (Lee, 2003).

The location of the postulated nonannular sites merits comment. It has been
suggested that the possible locations for the nonannular sites could be either inter
or intramolecular (interhelical) protein interfaces, characterized as deep clefts (or
cavities) on the protein surface (Simmonds et al., 1982; Marius et al., 2008). For
example, in the crystal structure of the potassium channel KcsA from S. lividans, a
negatively charged lipid molecule was found to be bound as ‘anionic nonannular’
lipid at each of the protein-protein interface in the homotetrameric structure (Marius
et al., 2005). These nonannular sites show high selectivity for anionic lipids over
zwitterionic lipids, and it has been proposed that the change in the nature of the
nonannular lipid leads to a change in packing at the protein-protein interface which
modulates the open channel probability and conductance. Interestingly, the relation-
ship between open channel probability of KcsA and negative phospholipid content
exhibits cooperativity. This is consistent with a model in which the nonannular sites
in the KcsA homotetramer have to be occupied by anionic lipids for the channel to
remain open (Marius et al., 2008). This example demonstrates the crucial require-
ment of nonannular lipids in the function of membrane proteins and the stringency
associated with regard to specificity of nonannular lipids.

In the context of GPCRs, it is interesting to note that many GPCRs are believed
to function as oligomers (Park et al., 2004). More importantly, cholesterol has been
shown to improve stability of GPCRs such as the β2-adrenergic receptor (Yao and
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Kobilka, 2005), and appears to be a necessary component for crystallization of the
receptor since it facilitates receptor-receptor interaction and consequent oligomer-
ization (Cherezov et al., 2007). Since a possible location of the nonannular sites is
inter-protein interfaces (Simmonds et al., 1982; Jones and McNamee, 1988), it is
possible that cholesterol molecules located between individual receptor molecules
(see below, Fig. 16.2b) occupy nonannular sites and modulate receptor structure and
function.

16.4.1 Presence of Specific (Nonannular?) Cholesterol binding
Sites in the Crystal Structures of GPCRs

16.4.1.1 Rhodopsin

Specific interaction between rhodopsin and cholesterol has been monitored utiliz-
ing FRET between tryptophan residues of rhodopsin (donor) and cholestatrienol
(acceptor) (Albert et al., 1996). Cholestatrienol is a naturally occurring fluo-
rescent cholesterol analogue and has been reported to be a faithful mimic of
cholesterol (Gimpl and Gehrig-Burger, 2007; Wüstner, 2007). In the aforemen-
tioned work (Albert et al., 1996), replenishment of cholesterol or ergosterol into
cholesterol-depleted rod outer segment disk membranes was carried out and their
ability to inhibit the quenching of donor tryptophan fluorescence was monitored.
Interestingly, cholesterol was able to inhibit tryptophan quenching, whereas in
presence of ergosterol, quenching was observed due to energy transfer between
tryptophan residues of rhodopsin and cholestatrienol, indicating a specific inter-
action between rhodopsin and cholesterol. In addition, it was postulated that one
cholesterol molecule per rhodopsin monomer would be present at the lipid-protein
interface (Albert et al., 1996). This has been supported by the crystal structure of a
photo-stationary state, highly enriched in metarhodopsin I, which shows a choles-
terol molecule between two rhodopsin monomers, which could possibly represent
a nonannular site for cholesterol binding (Ruprecht et al., 2004; see Fig. 16.2a).
These authors also reported that cholesterol could improve the reliability and yield
of crystallization. In this structure, cholesterol is shown to be oriented with its tetra-
cyclic ring aligned normal to the membrane bilayer. Interestingly, these authors
proposed that some of the tryptophans in transmembrane helices would be able to
interact with the cholesterol tetracyclic ring. Recent crystallographic structures of
the β2-adrenergic receptor have shown similar interactions (see below).

16.4.1.2 β2-Adrenergic Receptor

Lipid molecules that are resolved in crystal structures of membrane proteins are
believed to be tightly bound. These lipid molecules, which are preserved even in
the crystal structure, are often localized at protein-protein interfaces in multimeric
proteins and belong to the class of nonannular (sometimes termed as ‘co-factor’)
lipids (Lee, 2003, 2005). Cholesterol has been shown to improve stability of the
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Fig. 16.2 Presence of tightly bound cholesterol molecules in the transmembrane regions in the
crystal structures of metarhodopsin I (panel a) and human β2-adrenergic receptor (panels b and c).
Panel (a) shows side view of metarhodopsin I showing cholesterol between transmembrane helices.
Notice the close proximity of tryptophan residues (W161 and W265) to cholesterol, independently
confirmed by FRET studies (see text for more details). Panel (b) depicts the structure of the human
β2-adrenergic receptor (shown in blue) bound to the partial inverse agonist carazolol (in green)
embedded in a lipid bilayer. Cholesterol molecules between two receptor molecules are shown in
orange. Panel (c) shows the Cholesterol Consensus Motif (CCM) in the β2-adrenergic receptor
(bound to the partial inverse agonist timolol) crystal structure. The side chain positions of the β2-
adrenergic receptor and two bound cholesterol molecules are shown. Residues at positions 4.39–
4.43 fulfill the CCM requirement (if one or more of these positions contains an arginine or lysine
residue) and constitute site 1 (shown in blue) toward the cytoplasmic end of transmembrane helix
IV. Site 2 (in cyan) represents the most important site at position 4.50 on transmembrane helix
IV since it is the most conserved site with tryptophan occupying this position in 94% of class A
GPCRs. The other choice of amino acid for this site is tyrosine. Site 3 (in green) at position 4.46
on transmembrane helix IV satisfies the CCM requirement if isoleucine, valine, or leucine occupy
the position. Site 4 (in orange) on transmembrane helix II is at position 2.41 and can be either
phenylalanine or tyrosine. Reproduced from Paila et al. (2009)

β2-adrenergic receptor (Yao and Kobilka, 2005), and appears to be necessary for
crystallization of the receptor (Cherezov et al., 2007). The cholesterol analogue,
cholesterol hemisuccinate, has recently been shown to stabilize the β2-adrenergic
receptor against thermal inactivation (Hanson et al., 2008). Since a possible location
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of the nonannular sites is at inter-protein interfaces (Simmonds et al., 1982; Jones
and McNamee, 1988), it is possible that cholesterol molecules located between indi-
vidual receptor molecules (see Fig. 16.2b) occupy nonannular sites and modulate
receptor structure and function. Importantly, the recent crystal structure of the β2-
adrenergic receptor has revealed structural evidence of a specific cholesterol binding
site (Fig. 16.2c, Hanson et al., 2008). The crystal structure shows a cholesterol
binding site between transmembrane helices I, II, III and IV with two cholesterol
molecules bound per receptor monomer. The cholesterol binding site appears to
be characterized by the presence of a cleft located at the membrane interfacial
region. Both cholesterol molecules bind in a shallow surface groove formed by seg-
ments of the above mentioned helices (I–IV), thereby providing an increase in the
intramolecular occluded surface area, a parameter often correlated to the enhanced
thermal stability of proteins (DeDecker et al., 1996). Calculation of packing values
of various helices in the β2-adrenergic receptor which are involved in the choles-
terol interacting site showed that the packing of transmembrane helices II and IV
increases upon cholesterol binding, which would restrict their mobility rendering
greater thermal stability to the protein (Hanson et al., 2008).

Earlier literature suggests that there are several structural features of proteins
that are believed to result in preferential association with cholesterol (Epand, 2006).
In many cases, proteins interacting with cholesterol have a characteristic stretch of
amino acids, termed the cholesterol recognition/interaction amino acid consensus
(CRAC) motif (Li and Papadopoulos, 1998). Another important cholesterol inter-
acting domain is the sterol-sensing domain (SSD). The SSD is relatively large and
consists of five transmembrane segments and is involved in cholesterol biosynthe-
sis and homeostasis (Kuwabara and Labouesse, 2002; Brown and Goldstein, 1999).
It has been recently proposed that cholesterol binding sequence or motif should
contain at least one aromatic amino acid, which could interact with ring D of
cholesterol (Hanson et al., 2008) and a positively charged residue (Epand et al.,
2006; Jamin et al., 2005), capable of participating in electrostatic interactions with
the 3β-hydroxyl group. In the crystal structure of the β2-adrenergic receptor, three
amino acids in transmembrane helix IV, along with an amino acid in transmembrane
helix II, have been suggested to constitute a cholesterol consensus motif (CCM,
see Fig. 16.2c). The aromatic Trp 1584.50 [according to the Ballesteros-Weinstein
numbering system (Ballesteros and Weinstein, 1995)] is conserved to a high degree
(∼94%) among rhodopsin-like GPCRs and appears to contribute the most signif-
icant interaction with ring D of cholesterol (see Fig. 16.1a; Hanson et al., 2008).
In this structure, the hydrophobic residue Ile1544.46 would interact with rings A
and B of cholesterol and is largely conserved (∼60%) in rhodopsin family GPCRs.
The aromatic residue Tyr702.41 in transmembrane helix II could interact with ring
A of cholesterol and with Arg1514.43 of transmembrane helix IV through hydrogen
bonding. The criterion of specific residues in CCM (as described above) could be
somewhat broadened by conservative substitutions of amino acids (see legend to
Fig. 16.2c).

The above description of CCM in the recently reported crystal structure of the
β2-adrenergic receptor raises the interesting possibility of the presence of putative
nonannular binding sites in transmembrane inter-helical locations in GPCRs in gen-
eral. It was previously proposed, from quenching analysis of intrinsic tryptophan
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fluorescence in the nicotinic acetylcholine receptor by brominated phospholipids
and cholesterol analogues, that there could be 5–10 nonannular sites per ∼250 kDa
monomer of the receptor (Jones and McNamee, 1988). This is consistent with the
above proposal of two putative nonannular sites per ∼50 kDa monomer of the
β2-adrenergic receptor.

16.5 The Serotonin1A Receptor: A Representative Member
of the GPCR Superfamily in the Context of Membrane
Cholesterol Dependence for Receptor Function

The serotonin1A (5-HT1A) receptor is an important neurotransmitter receptor and
is the most extensively studied of the serotonin receptors for a number of reasons
(Pucadyil et al., 2005a; Kalipatnapu and Chattopadhyay, 2007). Serotonin receptors
have been classified into at least 14 subtypes on the basis of their pharmacologi-
cal responses to specific ligands, sequence similarities at the gene and amino acid
levels, gene organization, and second messenger coupling pathways (Hoyer et al.,
2002). The serotonin1A receptor was the first among all types of serotonin recep-
tors to be cloned as an intronless genomic clone (G-21) of the human genome,
which cross-hybridized with a full length β-adrenergic receptor probe at reduced
stringency (Kobilka et al., 1987; Pucadyil et al., 2005a). Sequence analysis of this
genomic clone (later identified as the serotonin1A receptor gene) showed ∼43%
amino acid similarity with the β2-adrenergic receptor in the transmembrane domain.
The serotonin1A receptor was therefore initially discovered as an ‘orphan’ recep-
tor and was identified (‘deorphanized’) later (Fargin et al., 1988). The human gene
for the receptor encodes a protein of 422 amino acids (see Fig. 16.3). Considering
the presence of three consensus sequences for N-linked glycosylation in the amino
terminus, and the homology of the receptor with β-adrenergic receptor, it is pre-
dicted that the receptor is oriented in the plasma membrane with the amino terminus
facing the extracellular region and the carboxy terminus facing the intracellular
cytoplasmic region (Raymond et al., 1999; Pucadyil et al., 2005a; Kalipatnapu and
Chattopadhyay, 2007; see Fig. 16.3). The transmembrane domains (TM1–TM7) of
the receptor are connected by hydrophilic sequences of three extracellular loops
(EC1, EC2, EC3) and three intracellular loops (IC1, IC2, IC3). Such an arrangement
is typical of the G-protein coupled receptor superfamily (Gether and Kobilka, 1998).
Although the structure of the serotonin1A receptor has not yet been experimentally
determined, mutagenesis studies have helped in identifying amino acid residues
important for ligand binding and G-protein coupling of the serotonin1A receptor
(reviewed in Pucadyil et al., 2005a). Among the predicted structural features of
the serotonin1A receptor, palmitoylation status of the receptor has been confirmed
in a recent report (Papoucheva et al., 2004). An interesting aspect of this study is
that palmitoylation of the serotonin1A receptor was found to be stable and inde-
pendent of stimulation by the agonist. This is unusual for GPCRs, which undergo
repeated cycles of palmitoylation and depalmitoylation (Milligan et al., 1995). It
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Fig. 16.3 A schematic representation of the membrane embedded human serotonin1A receptor
showing its topological and other structural features. The membrane is shown as a bilayer of phos-
pholipids and cholesterol, representative of typical eukaryotic membranes. The transmembrane
helices of the receptor were predicted using TMHMM2. Seven transmembrane stretches, each
composed of ∼22 amino acids, are depicted as putative α-helices. The exact boundary between
the membrane and the aqueous phase is not known and therefore the location of the residues rel-
ative to the membrane bilayer is putative. The amino acids in the receptor sequence are shown
as circles and are marked for convenience. The potential sites (shown in lavender) for N-linked
glycosylation (depicted as branching trees in red) on the amino terminus are shown. A puta-
tive disulfide bond between Cys109 and Cys187 is shown. The transmembrane domains contain
residues (shown in cyan) that are important for ligand binding. The putative cholesterol bind-
ing site (see text) is highlighted (in orange). The receptor is stably palmitoylated (shown in
blue) at residues Cys417 and/or Cys420 (shown in green). Light blue circles represent contact
sites for G-proteins. Light pink circles represent sites for protein kinase mediated phosphoryla-
tion. Further structural details of the receptor are available in (Pucadyil et al., 2005a; Pucadyil
and Chattopadhyay, 2006). Reproduced from Paila et al. (2009). It is probable, based on com-
parison with known crystal structures of similar GPCRs such as rhodopsin and β2-adrenergic
receptor, that there are motionally restricted water molecules that could be important in inducing
conformational transitions in the transmembrane portion of the receptor (see, for example, Angel
et al., 2009)



454 Y.D. Paila and A. Chattopadhyay

has therefore been proposed that stable palmitoylation of the receptor could play an
important role in maintaining the receptor structure (Papoucheva et al., 2004).

Serotonergic signaling plays a key role in the generation and modulation of var-
ious cognitive, developmental and behavioral functions. The serotonin1A receptor
agonists and antagonists have been shown to possess potential therapeutic effects
in anxiety-or stress-related disorders (Pucadyil et al., 2005a). As a result, the
serotonin1A receptor serves as an important target in the development of therapeutic
agents for neuropsychiatric disorders such as anxiety and depression. Interestingly,
mutant (knockout) mice lacking the serotonin1A receptor exhibit enhanced anxiety-
related behavior, and represent an important animal model for genetic vulnerability
to complex traits such as anxiety disorders and aggression in higher animals (Toth,
2003; Gardier, 2009). Taken together, the serotonin1A receptor is a central player in
a multitude of physiological processes, and an important drug target.

Seminal work from our laboratory has comprehensively demonstrated the
requirement of membrane cholesterol in the function of the serotonin1A receptor
(Pucadyil and Chattopadhyay, 2004, 2006). We demonstrated the crucial modu-
latory role of membrane cholesterol on the ligand binding activity and G-protein
coupling of the hippocampal serotonin1A receptor using a number of approaches
such as treatment with (i) MβCD, which physically depletes cholesterol from
membranes (Pucadyil and Chattopadhyay, 2004, 2005) (ii) the sterol-complexing
detergent digitonin (Paila et al., 2005), and (iii) the sterol-binding antifungal polyene
antibiotic nystatin (Pucadyil et al., 2004). Interestingly, while treatment with MβCD
physically depletes membrane cholesterol, treatment with other agents merely mod-
ulates the availability of membrane cholesterol without physical depletion. The
common message from these observations is that it is the non-availability of mem-
brane cholesterol, rather than the manner in which its availability is modulated, is
crucial for ligand binding of the serotonin1A receptor. Importantly, replenishment
of membrane cholesterol using MβCD-cholesterol complex resulted in recovery of
ligand binding activity to a considerable extent. However, it was not clear from
these results whether the effect of membrane cholesterol on the function of the
serotonin1A receptor is due to specific interaction of membrane cholesterol with the
receptor, or general effect of cholesterol on the membrane bilayer, or a combination
of both.

In order to further examine the mechanism of cholesterol-dependent function
of the serotonin1A receptor and monitor the stringency of the process, membranes
were treated with cholesterol oxidase, which catalyzes the oxidation of cholesterol
to cholestenone. These results showed that oxidation of membrane cholesterol led
to inhibition of the ligand binding activity of the serotonin1A receptor without alter-
ing overall membrane order (Figs. 16.4a and 16.5; Pucadyil et al., 2005b). Based
on these results, it was proposed that there could be specific interaction between
membrane cholesterol and the serotonin1A receptor. Toward this effect, we have
recently generated a cellular model of the Smith-Lemli-Opitz Syndrome (SLOS),
using cells stably expressing the human serotonin1A receptor (Paila et al., 2008).
SLOS is a congenital and developmental malformation syndrome associated with
defective cholesterol biosynthesis in which the immediate biosynthetic precursor
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Fig. 16.4 (a) Effect of replenishment of 7-DHC and cholesterol into cholesterol-depleted mem-
branes on the specific binding of [3H]8-OH-DPAT to the hippocampal serotonin1A receptor.
Cholesterol depletion in native hippocampal membranes was achieved using MβCD followed by
replenishment with 7-DHC or cholesterol. In addition, this panel shows the effect of oxidation of
membrane cholesterol on the specific binding of [3H]8-OH-DPAT to the hippocampal serotonin1A
receptor. Membrane cholesterol was oxidized using cholesterol oxidase (CO). Values (means ±
standard error) are expressed as percentages of specific binding obtained in native membranes.
(b) Effect of replenishment of 7-DHC or cholesterol into solubilized membranes (denoted as
SM) on specific binding of [3H]8-OH-DPAT to the hippocampal serotonin1A receptor. Solubilized
membranes were replenished with 7-DHC or cholesterol, using the corresponding sterol:MβCD
complex. Values (means ± standard error) are expressed as percentages of specific ligand binding
obtained in native membranes. Adapted and modified from Pucadyil et al. (2005b) and Paila and
Chattopadhyay (2009)

Fig. 16.5 Effect of replenishment of 7-DHC or cholesterol into cholesterol-depleted, solubi-
lized membranes on fluorescence anisotropy (means ± standard error) of the membrane probe
DPH. Cholesterol depletion was carried out using MβCD. Fluorescence anisotropy of cholesterol-
oxidase treated membranes is also shown. Cholesterol was oxidized using cholesterol oxidase
(CO). Membranes (cholesterol-depleted or solubilized) were replenished with 7-DHC or choles-
terol, using the corresponding sterol:MβCD complex. Adapted and modified from Pucadyil et al.
(2005b) and Paila and Chattopadhyay (2009)
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of cholesterol (7-dehydrocholesterol or 7-DHC) is accumulated (Porter, 2008). We
have recently shown that the effects of 7-DHC and cholesterol on membrane orga-
nization and dynamics are considerably different (Shrivastava et al., 2008). The
cellular model of SLOS was generated by metabolically inhibiting the biosynthe-
sis of cholesterol, utilizing a specific inhibitor (AY 9944) of the enzyme required in
the final step of cholesterol biosynthesis. Importantly, AY 9944 treatment has pre-
viously been shown to generate animal (rat) models of SLOS (Wolf et al., 1996;
Gaoua et al., 2000). SLOS serves as an appropriate condition to ensure the spe-
cific effect of membrane cholesterol in the function of the serotonin1A receptor,
since the two aberrant sterols that are accumulated in SLOS, i.e., 7- and 8-DHC,
differ with cholesterol only by a double bond. Our results showed a progressive
and drastic reduction in specific ligand binding with increasing concentrations of
AY 9944 (Paila et al., 2008). In addition, these results show that the G-protein
coupling and downstream signaling of serotonin1A receptors are impaired in
SLOS-like condition, although the membrane receptor level does not exhibit any
reduction. Importantly, metabolic replenishment of cholesterol using serum par-
tially restored the ligand binding activity of the serotonin1A receptor under these
conditions.

Figure 16.4a shows that cholesterol depletion from native hippocampal mem-
branes followed by replenishment with 7-DHC did not result in restoration of
the ligand binding to the serotonin1A receptor, in spite of recovery of mem-
brane order (Fig. 16.5) (Singh et al., 2007). In addition, solubilization of the
hippocampal serotonin1A receptor is accompanied by loss of membrane choles-
terol, which results in a reduction in specific ligand binding activity and overall
membrane order (Chattopadhyay et al., 2005, 2007). It is important to note here
that the loss in ligand binding of the serotonin1A receptor is not necessarily
related to the reduction in overall membrane order. For example, solubilized mem-
branes retained higher ligand binding compared to cholesterol-depleted membranes
(Fig. 16.4), although overall membrane order appears to be lower in solubilized
membranes (Fig. 16.5). This implies that general effects may not be an important
factor.

Replenishment of cholesterol to solubilized membranes restores the cholesterol
content of the membrane and significantly enhances specific ligand binding activity
(Fig. 16.4b) and overall membrane order (Fig. 16.5). Importantly, replenishment of
solubilized hippocampal membranes with 7-DHC does not result in restoration of
ligand binding activity of the serotonin1A receptor (Fig. 16.4b), in spite of recov-
ery of membrane order (Fig. 16.5). We therefore conclude that the requirement for
maintaining ligand binding activity is more stringent than the requirement for main-
taining membrane order. Taken together, these results indicate that the molecular
basis for the requirement of membrane cholesterol in maintaining the ligand bind-
ing activity of serotonin1A receptors could be specific interaction, although global
bilayer effects may not be ruled out (Prasad et al., 2009). In the light of these
results, it is indeed interesting to note that there are reported cholesterol binding
sites (possibly nonannular) in the crystal structure of a closely related receptor i.e.,
the β2-adrenergic receptor, as discussed above.
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16.5.1 Cholesterol binding Motif(s) in Serotonin1A Receptors?

In the overall context of the presence of CCM in the recently reported crystal struc-
ture of the β2-adrenergic receptor (Hanson et al., 2008), it is tempting to consider
whether there is a similar CCM(s) present in the serotonin1A receptor and if present,
whether it is conserved during the natural evolution of the receptor. This is partic-
ularly relevant in view of the similarity between the serotonin1A and β2-adrenergic
receptors (∼43% amino acid similarity in the transmembrane domain) (Kalipatnapu
and Chattopadhyay, 2007), and the reported cholesterol dependence of serotonin1A
receptor function (Pucadyil and Chattopadhyay, 2006). In order to examine the evo-
lution of specific cholesterol binding site(s) of the serotonin1A receptor over various
phyla, we analyzed amino acid sequences of the serotonin1A receptor from avail-
able databases (see Fig. 16.6). Partial, duplicate and other non-specific sequences
were removed from the set of sequences obtained. The amino acid sequences used
for the analysis belong to diverse taxons that include insects, fish and other marine
species, amphibians and extending up to mammals. Initial alignment was carried
out using ClustalW. It is apparent from this alignment that the cholesterol binding
motif, which includes Tyr73 in the putative transmembrane helix II and Arg151,
Ile157 and Trp161 in the putative transmembrane helix IV (Figs. 16.3 and 16.6), is
conserved in most species. Realignment with ClustalW (after eliminating the rela-
tively divergent parts of the receptor) resulted in conservation of the motif across
all phyla analyzed, except in organisms such as T. adhaerens and S. purpuratus.
Interestingly, pairwise alignment of the human serotonin1A receptor with the human
β2-adrenergic receptor and rhodopsin exhibited conservation of the motif in all
sequences. Cholesterol binding sites may therefore represent an inherent charac-
teristic feature of serotonin1A receptors, which are conserved during the course of
evolution. It is interesting to note here that cholesterol binding sites appear to be
present even in organisms which are not capable of biosynthesis of cholesterol.
Organisms which lack cholesterol biosynthesis could, however, acquire cholesterol
through diet (Bloch, 1983). Organisms such as insects possess sterols that are differ-
ent from cholesterol, and which have diverged from cholesterol during the evolution
of the sterol pathway (Clark and Bloch, 1959). The presence of CCM in these organ-
isms could be due to binding of closely related sterols or dietary cholesterol to CCM.

16.6 Conclusion and Future Perspectives

Previous work from our laboratory has comprehensively demonstrated that mem-
brane cholesterol is required for the function of the serotonin1A receptor, which
could be due to specific interaction of the receptor with cholesterol. Based on these
results, we envisage that there could be specific/nonannular cholesterol binding
site(s) in the serotonin1A receptor. Mutation of the amino acid residues involved
in the cholesterol binding site of the serotonin1A receptor, followed by functional
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Fig. 16.6 Multiple alignment of the serotonin1A receptor around the CCM of interest with the
conserved residues highlighted. As evident from panel (a), Trp161 is the most conserved residue,
except in S. purpuratus. The sequences of T. adhaerens, M. sexta and A. gambiae are putative
serotonin1A receptors whereas those of S. pupuratus, B. taurus, O. anatinus, D. rerio, M. domes-
tica, M. mulatta and T. guttata are predicted by homology. The sequence of C. elegans belongs
to the serotonin receptor family. The sequences of C. porcellus, A. uniparens and A. inornata are
partial. The numbers of amino acid residues in respective sequences are mentioned in parentheses.
Amino acid sequences of serotonin1A receptors are from NCBI and Expasy databases. Panel (b)
is a graphical representation displaying the quality of alignment, with lighter shades representing
higher quality. Adapted and modified from Paila et al. (2009)

and organizational analyses of the receptor, are likely to provide further insight into
the membrane cholesterol-dependence of receptor function.

GPCRs are involved in a multitude of physiological functions and represent
important drug targets. Although the pharmacological and signaling features of
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GPCRs have been extensively studied, aspects related to their interaction with
membrane lipids have been addressed in very few cases. In this context, the real-
ization that lipids such as cholesterol could influence the function of GPCRs has
remarkably transformed our ideas regarding the function of this important class of
membrane proteins. With progress in deciphering molecular details on the nature of
this interaction, our overall understanding of GPCR function in health and disease
would improve significantly, thereby enhancing our ability to design better thera-
peutic strategies to combat diseases related to malfunctioning of these receptors. A
comprehensive understanding of GPCR function in relation to the membrane lipid
environment is important, in view of the enormous implications of GPCR function
in human health (Jacoby et al., 2006; Schlyer and Horuk, 2006), and the observa-
tion that several diagnosed diseases are attributed to altered lipid-protein interactions
(Pavlidis et al., 1994; Chattopadhyay and Paila, 2007).
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Chapter 17
Cholesterol Effects on Nicotinic Acetylcholine
Receptor: Cellular Aspects

Francisco J. Barrantes

Abstract Cholesterol is an essential partner of the nicotinic acetylcholine receptor
(AChR). It is not only an abundant component of the postsynaptic membrane but
also affects the stability of the receptor protein in the membrane, its supramolecular
organization and function. In the absence of innervation, early on in ontogenetic
development of the muscle cell, embryonic AChRs occur in the form of diffusely
dispersed molecules. At embryonic day 13, receptors organize in the form of small
aggregates. This organization can be mimicked in mammalian cells in culture.

Trafficking to the plasmalemma is a cholesterol-dependent process. Receptors
acquire association with the sterol as early as the endoplasmic reticulum and the
Golgi apparatus. Once AChRs reach the cell surface, their stability is also highly
dependent on cholesterol levels. Acute cholesterol depletion reduces the number of
receptor domains by accelerating the rate of endocytosis. In muscle cells, AChRs
are internalized via a recently discovered dynamin- and clathrin-independent,
cytoskeleton-dependent endocytic mechanism. Unlike other endocytic pathways,
cholesterol depletion accelerates internalization and re-routes AChR endocytosis to
an Arf6-dependent pathway. Cholesterol depletion also results in ion channel gain-
of-function of the remaining cell-surface AChRs, whereas cholesterol enrichment
has the opposite effect.

Wide-field microscopy shows AChR clusters as diffraction-limited puncta of
∼200 nm diameter. Stimulated emission depletion (STED) fluorescence microscopy
resolves these puncta into nanoclusters with an average diameter of ∼55 nm.
Exploiting the enhanced resolution, the effect of acute cholesterol depletion can
be shown to alter the short- and long-range organization of AChR nanoclusters.
In the short range, AChRs form bigger nanoclusters. On larger scales (0.5–3.5 μm)
nanocluster distribution becomes non-random, attributable to the cholesterol-related
abolition of cytoskeletal physical barriers normally preventing the lateral diffusion
of AChR nanoclusters. The dependence of AChR numbers at the cell surface on
membrane cholesterol raises the possibility that cholesterol depletion leads to AChR
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conformational changes that alter its stability and its long-range dynamic association
with other AChR nanoclusters, accelerate its endocytosis, and transiently affect the
channel kinetics of those receptors remaining at the surface. Cholesterol content at
the plasmalemma may thus homeostatically modulate AChR dynamics, cell-surface
organization and lifetime of receptor nanodomains, and fine tune the ion permeation
process.

Keywords Cholesterol · Acetylcholine receptor · Lipid domains ·
Cyclodextrins · Fluorescence microscopy · Lipid–protein interactions ·
Cell-surface receptor · “Raft” lipid domains · Trafficking · Membrane · Nicotinic

Abbreviations

AChR nicotinic acetylcholine receptor
αBTX α-bungarotoxin
Chol cholesterol
GP generalized polarization
M-β-CDx methyl-β-cyclodextrin
Chol- M-β-CDx cholesterol-methyl-β-cyclodextrin
NMJ neuromuscular junction
STED stimulated emission depletion

17.1 Introduction

Cholesterol is an abundant component of the postsynaptic membrane where the
nicotinic acetylcholine receptor (AChR) is located (for early reviews, see Barrantes
1979, 1989). As we learn more about the effects of this sterol on the properties of the
AChR, the accumulated evidence indicates that cholesterol constitutes an essential
partner in the life of the neurotransmitter receptor. The experimental evidence sup-
porting this conclusion is extensive: cholesterol affects the structural and functional
properties of the receptor protein, its trafficking from the site of synthesis to the
cell surface, its spatiotemporal distribution and organization–including clustering-
at the plasmalemma, its rate of endocytosis, and even single-channel behavior (see
reviews, Barrantes, 2003, 2004, 2007). The most important message that emerges
is that cholesterol effects on the AChR protein are multiple, are exerted at var-
ious levels of organization ranging from the molecular to the cellular level, and
occur within time windows from milliseconds (single-channel properties) to hours
(endocytic/exocytic trafficking), during ontogenetic development and adulthood.

Lipids in general, and cholesterol in particular, have been proposed to interact
with the AChR protein either directly or indirectly (Barrantes, 2002). Direct inter-
actions imply the binding of cholesterol to the AChR protein. Where this binding
occurs and the precise nature of the interaction of this lipid with the AChR is still
not known with precision, nor are the mechanisms by which these interactions are
finally traduced into the observed epiphenomenological changes in the receptor’s
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ligand binding affinity (Criado et al., 1982) or ion channel properties (Borroni et al.,
2007). In this Chapter I discuss the influence of cholesterol on AChR properties,
with special emphasis on the cellular aspects: cholesterol effects on the biosynthesis,
trafficking and stability of the receptor at the cell membrane.

17.2 The Natural Scenario of AChR-Cholesterol Interactions

Postsynaptic receptor localization is crucial for synapse formation and function. In
the postsynaptic membrane the AChR molecules are tightly packed at extraordinar-
ily high concentrations – 10,000–20,000 particles per μm2 (Barrantes, 1979, 1989)
– in a lipid microenvironment that differs from the rest of the bulk membrane bilayer
and has the biophysical properties of the liquid-ordered (lo) lipid phase (Antollini
et al., 1996). This biophysical description highlights one important feature of the
medium in which AChRs occur: they are surrounded by a “lipid-belt” or “annu-
lar” lipid, that is the protein-vicinal lipid in the immediate perimeter of the protein.
In the case of the AChR, this region was identified for the first time by means of
electron spin resonance (ESR) techniques (Marsh and Barrantes, 1978). The main
characteristic difference between the lipid immediately adjacent to the protein and
the rest of the bilayer lipid is its mobility: the lipid mobility surrounding the AChR
protein is reduced relative to that of the bulk membrane lipid, giving rise to a two-
component ESR spectrum from which the number and selectivity of the lipids at the
lipid-protein interface may be quantified. Spin-labelled sterols, phosphatidic acid,
and fatty acids were also shown to associate preferentially with the AChR (Marsh
et al., 1981; Ellena et al., 1983; Mantipragada et al., 2003).

Together with a few other neutral lipids, cholesterol has been found to influence
the activity of various ion channels (Bolotina et al., 1989) and to be a key mod-
ulator of AChR function in particular (Criado et al., 1982; Jones and McNamee,
1988; see reviews in Barrantes 1983, 1989, 1993a,b, 2003, 2004). This modula-
tion is exerted at different levels: molecular, cellular and metabolic. Since the two
main functional abilities of the receptor protein are the recognition of the ligand
and the subsequent opening and closure of its ion channel, over the course of recent
decades, studies have addressed the functional modulation exerted by cholesterol
on these separate but interconnected properties of the AChR. And indeed, modu-
latory roles have been found. Cholesterol and analogs are needed for the AChR to
undergo agonist-induced affinity state transitions (Criado et al., 1982, 1984) and
AChR-mediated ion influx increases as the membrane cholesterol content is raised
to a certain concentration (Dalziel et al., 1980; Criado et al., 1982; McNamee et al.,
1982). It is necessary to add cholesterol to AChR preparations reconstituted in pure
phospholipid to increase the thermal stability of the protein induced by cholinergic
ligands (Castresana et al., 1992; Fernández et al., 1993; Fernandez-Ballester et al.,
1992, 1994; da Costa and Baezinger, 2009). When AChRs were reconstituted into
lipid bilayers lacking cholesterol, agonists no longer stimulated cation flux (Rankin
et al., 1997).
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Cholesterol interacts with high affinity with the AChR, as demonstrated ini-
tially in reconstituted systems using planar lipid bilayers (Popot et al., 1978) and
using ESR spectroscopy on reconstituted liposomes (Ellena et al., 1983) or native
membranes (Marsh et al., 1981). Sterols in general were found to exhibit selec-
tivity for the boundary lipid surrounding the AChR protein (Ellena et al. 1983;
Marsh and Barrantes, 1978; Dreger et al., 1997) and cholesterol stabilizes AChR
structure in reconstituted vesicles (Artigues et al., 1989; Fernandez-Ballester et al.,
1992, 1994). I shall briefly discuss the potential sites for cholesterol binding and
their implication on AChR structural stability, a subject that is currently a focus of
attention.

17.3 Lipid-AChR Interactions at the Cellular Scale. Tentative
Association of AChR Clusters with a Specific Subset
of Lipid Domains, the Lipid “Rafts”

Proteins are seldom distributed uniformly in the plasmalemma; most often they
are segregated into supramolecular aggregates that range from the nanometer scale,
below the resolution of the light microscope (Jacobson and Dietrich, 1999) to the
micrometer scale, well accessible to optical microscopy. The AChR is unique in this
respect: not only does it occur at extraordinarily high densities in the postsynaptic
membrane, as indicated in the preceding section, but such molecular aggregates
occupy a relatively small proportion of the membrane surface, since these micron-
scale clusters containing up to 106−107 molecules are highly concentrated in a
restricted area in the fully developed neuromuscular junction in skeletal muscle or
in the electromotor synapse in electric fish (Barrantes, 1979). Remarkably, just a
few microns away from the synaptic region the AChR density drops sharply to val-
ues 100–500-fold lower. These low densities are also characteristically observed at
early stages of embryonic muscle development, where the AChR protein under-
goes changes from the monodisperse distribution at the surface of myoblasts in
the embryo to the fully developed, several micron-sized clusters in the mature
NMJ (Sanes and Lichtman, 2001). Analogously, the so-called lipid “raft” hypoth-
esis postulates the existence of compositional inhomogeneities in the lipid content
of the plasma membrane, in particular that sphingolipids and cholesterol are dis-
tributed non-homogeneously, occurring in laterally segregated domains or “rafts”
with similar spatial organizations (Edidin, 1997; Brown and London, 2000). Raft
lipid domains have been postulated to concentrate signalling molecules and various
types of receptors in particular regions of the cell surface (Maxfield, 2002).

The association of AChR with lipid “rafts” was postulated on the basis of bio-
chemical criteria: cold detergent extraction procedures combined with subcellular
fractionation techniques resulting in detergent-resistant (DRM) and detergent-
soluble fractions. The DRMs are thought to represent liquid order (lo) domains,
which coexist in the same membrane with liquid disorder (ld) domains (Brown and
London, 1998; 2000). The resistance of lo domains to detergent solubilization is
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ascribed to the close packing of lipids in the lo phase, which prevents detergent
incorporation into the bilayer (Xu et al., 2001). The homomeric neuronal α7-type
AChR was the first to be suggested to occur in lipid “rafts” at the surface of the
somatic spines in chick ciliary ganglion sympathetic neurons (Bruses et al., 2001).
Subsequently, muscle-type AChR was overexpressed in COS-7 cells (Marchand
et al., 2002) and the receptor protein was found to be present in the insoluble fraction
obtained by cold 1% Triton X-100 extraction followed by gradient centrifugation.
The correlation between isolated detergent-resistant membranes in vitro and raft
lipid domains in intact cells is still a contentious issue: the effects of detergents
on biological membranes are much too complex and in many cases “raft” mark-
ers are spatially segregated in the membrane into physically distinct compartments,
their association upon subcellular fractionation and detergent extraction being man-
tailored rather than reflecting the nanoscales organization in situ (see reviews by
Kusumi and Suzuki, 2003; Lichtenberg et al., 2005).

More recently, morphological criteria such as diminution in the size or changes
in the shape of large, micron-sized AChR clusters have been used as a measure
of lipid raft-AChR association upon methyl-β-cyclodextrin (M-β-CDx)-mediated
cholesterol extraction (Stetzkowski-Marden et al., 2006; Willmann et al., 2006).
Independently of these caveats, these studies clearly indicate the sensitivity of AChR
clusters, or the stability of such clusters (Willmann et al., 2006) to changes in
cholesterol content.

Agrin is a protein that promotes NMJ maturation and maintenance by inducing,
strengthening and sustaining AChR clustering via activation of the muscle-specific
kinase, MuSK. In fact agrin activates an AChR “clustering cascade” by phospho-
rylating src family kinases in a rapsyn-dependent manner, downstream of MuSK
(Mittaud et al., 2001). The clustering-promoting cascade is counteracted by another
nerve-derived factor, the natural neurotransmitter acetylcholine, which disperses
extrasynaptic AChR clusters (Lin et al., 2005; Chen et al., 2007). In a recent study
Campagna and Fallon (2006) showed that a fragment of agrin induced AChR clus-
tering in C2C12 myoblasts in culture, and that this phenomenon is sensitive to
M-β-CDx-mediated cholesterol depletion and cholera toxin-triggered lipid “patch-
ing”. C2C12 cells were treated with fluorescent-labeled cholera toxin B (which
labels and aggregates ganglioside GM1 (Holmgren et al., 1973), and fluorescent
αBTX, and circular-shaped 2–4 μm patches were measured. Overlap of the two
signals was only partial. From this, the authors concluded that AChRs in C2C12
reside in lipid “rafts”, and that agrin treatment increased by ∼3-fold the associa-
tion of AChRs and the shape of the AChR clusters, within lipid rafts. Campagna
and Fallon (2006) also showed that cholesterol depletion prior to agrin stimulation
results in more sparse fluorescent αBTX-stained AChR clusters with atypical cir-
cular morphology instead of the usual narrow, elongated shape. The authors did
not investigate the “raft” morphology in parallel. When M-β-CDx extraction was
undertaken after agrin stimulation, AChR clusters were larger than normal and also
atypical in shape.

Cholesterol has also been found to stabilize AChR clusters in denervated muscle
in vivo and in nerve-muscle explants. In paralyzed muscles cholesterol triggered
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maturation of nerve sprout-induced AChR clusters into the adult-type, pretzel-
shaped large clusters. A specific defect in AChR cluster stability in cultured double
knockout myotubes carrying defective (src-/-;fyn-/-) kinases could be rescued, and
clusters became stable upon addition of cholesterol (Willmann et al., 2006). When
long-term cholesterol depletion is accomplished by metabolic inhibition of a key
enzyme of cholesterol biosynthesis, cell-surface delivery of the AChR is disrupted
in CHO cells (Pediconi et al., 2004). The latter results provide a possible explanation
for the instability of the mature receptor clusters.

17.4 Cholesterol Sensitivity of AChR Exocytic Trafficking

Does the association of the AChR with cholesterol-sensitive regions occur exclu-
sively at the plasma membrane? Marchand et al. (2002) suggested that the exocytic
trafficking of the AChR could be mediated by cholesterol and sphingolipid-enriched
microdomains, and found AChRs in Triton X-100 insoluble fractions from whole
cells. Likewise, Zhu et al. (2006) and Stetzkowski-Marden et al. (2006) suggested
the association of the AChR with “raft” domains in the Golgi complex, but their sug-
gestion was based on experiments using DRMs from whole cells. In a recent study,
we analyzed the distribution of the AChR in lipid domains resistant to detergent
extraction (the so-called DRMs) prepared from intracellular membranes. Procedures
resulting in depletion of cholesterol and sphingolipid levels were carried out to
evaluate whether they affected the association of the receptor protein with intracel-
lular lipid domains. Impairment of sphingolipid biosynthesis in CHO-K1/A5 cells, a
clonal cell line expressing muscle-type AChR, resulted in a 40–50% decrease in the
amount of AChR in DRMs from both Golgi- and endoplasmic reticulum-enriched
membranes. Chronic metabolic cholesterol depletion by Mevinolin treatment pro-
duced similar changes. These results suggest that a pool of AChRs becomes
associated with lipid domains early on in the endoplasmic reticulum, and that
such association is sensitive to the sphingolipid and cholesterol content of the cell
(Gallegos, Baier, Pediconi and Barrantes, in preparation). Disruption of these lipid
domains by chronic cholesterol depletion could affect the insertion of the receptor
in exocytic vesicles, impairing its correct delivery to the plasma membrane, with
the concomitant accumulation of receptor molecules in the trans-Golgi/trans-Golgi
network (Pediconi et al., 2004) and diminution in the number of AChRs at the cell
surface.

In spite of all these recent efforts, no direct evidence has been produced to
date unambiguously demonstrating the occurrence of the AChR in cholesterol or
sphingolipid-enriched “raft” domains in situ. In the electrocyte, AChRs are located
exclusively at the innervated, ventral cell surface, where they colocalize with
e.g. some components of the so-called “raft” lipid domains, such as glycosphin-
golipids (Marcheselli et al., 1993), but the low resolution of this early morphological
study precludes any firm conclusion. Higher resolution techniques will be needed
to demonstrate the association of the AChR protein with the bona fide “raft” lipids,
cholesterol and sphingolipids.
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17.5 Cholesterol Sensitivity of AChR Endocytosis

Endocytosis of the AChR is clearly an important mechanism regulating the num-
ber of receptors at the cell surface, exerting neuromodulation at the neuromuscular
junction and possibly playing a role in the synaptic plasticity and in the pathol-
ogy of synapses in the central nervous system. We have recently characterized
the endocytic mechanism operating on AChRs expressed heterologously in CHO
cells or endogenously in C2C12 myocytes (Kumari et al., 2008). The endocytic
internalization of the AChR is a rather slow process (Fig. 17.1). We have fur-
ther shown that binding of αBTX or antibody-mediated crosslinking induces the
internalization of cell-surface AChR to late endosomes (Kumari et al. 2008).
Internalization occurs via sequestration of AChR-αBTX complexes in narrow, tubu-
lar, surface-connected compartments, indicated by differential surface-accessibility
of fluorescently-tagged αBTX-AChR complexes to small and large molecules, and

Fig. 17.1 Kinetics of AChR endocytosis in C2C12 myoblasts. Cells were labeled with Cy3αBTX
and chased for 0, 2 or 6 h, washed, fixed, and processed for indirect immunofluorescence for
the early endosomal marker EEA1 (upper panels) or the lysosomal marker LBPA (lower panels).
Insets are magnified areas, marked by the rectangle on the image; box with red outline for αBTX,
and with green outline for EEA1 or LBPA. Images of Cy3αBTX (red) and organelle specific mark-
ers (green) were collected from single slices using confocal microscopy and color-combined. Note
that Cy3αBTX-bound to AChR is initially extensively colocalized with EEA1, and following a
chase of 6 h it is located with the late endosomal marker. Scale bars, 10 μm. From Kumari et al.
(2008)
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Fig. 17.2 Kinetics of AChR sequestration and internalization into surface-accessible tubular struc-
tures. Total internal reflection fluorescence (TIRF) imaging in combination with wide-field (WF)
epifluorescence microscopy depict the presence of AChR in membrane proximal tubules prior to
late endosomal delivery. CHO-K1/A5 cells were labeled with Alexa488αBTX on ice and chased
at 37◦C for 2 h and imaged live, using TIRF microscopy. The figure shows snapshots at the indi-
cated time in seconds from a movie [(TIRF images in uppermost panels; middle panels show their
wide-field counterpart, and lower panels are pseudocolored merged images of the WF (green) and
TIRF (red) images)], showing αBTX-labeled tubular structures close to the cell surface. The mon-
tage of insets is a magnified time-lapse sequence from a region outlined in the cell depicted in the
lowermost panels, where red and green outlined boxes represent αBTX distribution in TIRF and
WF, respectively. Scale, 10 μm. From Kumari et al. (2008)

real-time total intensity reflection fluorescence (TIRF) microscopy (Fig. 17.2).
Internalization occurs in the absence of clathrin, caveolin or dynamin, but requires
actin-polymerization. Furthermore, αBTX-binding triggers a cascade of reactions
involving c-Src phosphorylation, and subsequent activation of the Rho GTPase
Rac1. Consequently, inhibition of c-Src kinase activity, Rac1 activity or actin
polymerization inhibits internalization via this unusual endocytic mechanism. This
pathway may regulate AChR levels at ligand-gated synapses and in pathological
conditions such as the autoimmune disease myasthenia gravis.

The plasma membrane is estimated to contain half of the total cellular choles-
terol content in Chinese hamster ovary (CHO) cells (Warnock et al., 1993). Our
laboratory has introduced a CHO-derived cell, CHO-K1/A5, that stably expresses
adult-type muscle AChR (Roccamo et al., 1999). These cells are devoid of
the AChR-anchoring proteins involved in AChR clustering, such as rapsyn and
muscle-specific tyrosine kinases. Rapsyn is a scaffold protein that interacts with
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the cytoplasmic domain of the AChR and links AChRs to cytoskeletal proteins and
also to other integral membrane proteins of the postsynaptic membrane, including
tyrosine kinases that are receptors for nerve-derived factors that regulate AChR clus-
tering. These latter kinases, and in particular src family kinases, are present in lipid
“rafts” (Simons and Ikonen, 1997) and appear to be important in the assembly and
stability of the adult NMJ. Thus, this cell line constitutes a minimalist mammalian
cell expression system ideally suited to study the putative association of the AChR
with lipid domains under conditions that mimic early stages of receptor develop-
ment: absence of innervation and lack of scaffolding receptor-associated scaffolding
proteins.

How does cholesterol affect the AChR internalization mechanism? We should
first recall that in most cells, M-β-CDx-mediated cholesterol depletion inhibits
clathrin and caveolar endocytic pathways, disrupts endosomal traffic (Le et al.,
2002), perturbs the actin network (Kwik et al., 2003), and partially inhibits cholera
toxin B uptake without affecting transferrin uptake (Kirkham et al., 2005). Thus,
in general, cholesterol depletion severely hinders endocytic processes, slowing
them down or bringing them to a complete standstill. The accelerated internal-
ization of a transmembrane protein, as observed with the AChR (Borroni et al.,
2007), appears to be an exception. Normally, AChRs submicron-sized puncta (240–
280 nm) remain stable at the cell-surface membrane of CHO-K1/A5 cells over
a period of hours. Concomitant with the decrease in cholesterol content, the flu-
orescent staining of AChRs sub-micron domains in CHO-K1/A5 cells stained
with a fluorescent adduct of the competitive antagonist α-bungarotoxin (Alexa488-
αBTX) diminished by ∼50%, in agreement with independent estimates from [125I]
αBTX binding and whole-cell patch-clamp recording experiments (Borroni et al.,
2007). Surface Alexa488-αBTX fluorescence, with a rate of disappearance t1/2
of 1.5 h in control cells, diminished to 0.5 h in cholesterol-depleted cells. The
accelerated internalization was mirrored by the appearance of vesicular structures
inside the cells (Fig. 17.3). In addition, cholesterol depletion produced ion channel
gain-of-function of the remaining cell-surface AChR, whereas cholesterol enrich-
ment had the opposite effect. Fluorescence measurements under conditions of
direct excitation of the probe Laurdan and of Förster-type resonance energy trans-
fer (FRET) using the intrinsic protein fluorescence as donor both indicated an
increase in membrane fluidity in the bulk membrane and in the immediate envi-
ronment of the AChR protein upon cholesterol depletion. It is worth pointing out
that cholesterol-depleted CHO cells do not, by themselves, replenish cholesterol
within the time range (Vrljic et al., 2005). Other constitutive cell-surface pro-
teins were not affected by cholesterol depletion; e.g. the cell-surface fluorescence
intensity of the transferrin receptor did not decrease but in fact increased signifi-
cantly, in agreement with literature reports (reviewed by Pichler and Riezman, 2004;
Subtil et al.,1999).

Zhu et al. (2006) reported that cholesterol depletion by M-β-CDx (0–2 mM) did
not affect AChR expression in C2C12 differentiated myoblasts subjected to agrin
stimulation. Neural agrin produced a dramatic increase (30-fold) in the aggrega-
tion of AChR into micron-sized clusters displaying a longer lifetime (Phillips et al.,
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Fig. 17.3 Cholesterol depletion decreases the number of cell-surface AChRs and shifts their dis-
tribution in living cells. (A) CHO-K1/A5 cells, heterologously expressing adult-type AChR were
first labeled with Alexa596-αBTX (red) for 1 h at 4◦C and incubated at the indicated times at 37◦C
with M1 buffer (control) or 15 mM methyl-β-cyclodextrin (MβCDx) and subsequently labeled
with Alexa488-αBTX for 1 h at 4◦C and examined by fluorescence microscopy. The time-course
of AChR internalization can be followed by simple inspection, as well as the acceleration of the
process associated with cholesterol depletion: The AChR-containing endosomes can be seen as
distinct (red) puncta inside the cells in cholesterol-depleted cells as early as 15 min after MβCDx
treatment. Scale, 10 μm (from Borroni et al., 2007)

1997). According to Zhu et al. (2006), highly stable agrin-induced AChR clusters
appear to be cholesterol insensitive, at variance with other studies on micron-
sized (Bruses et al., 2001; Marchand et al., 2002; Stetzkowski-Marden et al., 2006;
Willmann et al., 2006) or nanometer-sized, agrin- and rapsyn-less AChR clusters
(Borroni et al., 2007; Kellner et al., 2007). One possible explanation for the fact that
the results of Zhu et al. (2006) differ from those in the rest of the literature could be
that the M-β-CDx concentrations they used were insufficient to achieve some criti-
cally low cholesterol level required for triggering AChR endocytosis in C2C12 cells.
AChR endocytosis in response to CDx treatment is a dose-dependent phenomenon
(Borroni and Barrantes, 2009, unpublished results).

We recently explored the possible pathway(s) involved in receptor loss in
cholesterol-depleted cells (Borroni and Barrantes, in preparation). We found that
AChRs maintain their clathrin- and dynamin-independence and utilize an endo-
cytic mechanism that does not involve the presence of the AChR-associated protein
rapsyn. The small GTPase Rac1 is also required: expression of a dominant nega-
tive form of Rac1, Rac1N17, abrogates receptor endocytosis. However, at variance
with the default endocytic pathway in control CHO cells, the accelerated AChR
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internalization proceeds even upon disruption of the cortical actin cytoskeleton
and does not depend on the cytoskeleton-associated inositol lipid PI(4,5)P2; its
sequestration by the PH domain of phospholipase C does not alter internalization.
AChR endocytosis is, furthermore, found to require the activity of Arf6 and its
effectors Rac1 and phospholipase D. Thus, this non-canonical cholesterol-sensitive
mechanism constitutes a new alternative Arf6-dependent route for AChR endocytic
internalization.

17.6 “Diffuse” AChRs Are in Fact Organized in the Form
of “Nanoclusters” at the Cell Surface

Conventional far-field epifluorescence and confocal microscopies fall short of
resolving the fine structure of the sub-micron sized AChR aggregates owing
to their diffraction-limited resolving power. Thus, in conventional (wide-field)
fluorescence microscopy, AChRs are observed as diffusely distributed submicron-
sized puncta all over the surface of CHO-K1/A5 cells (Borroni et al., 2007).
Reducing the dimensionality of the specimens by “unroofing” the cells and
thus imaging only the coverslip-adhered ventral surface of the cells enabled the
visualization of AChR fluorescent spots of ∼0.25 μm, still beyond the resolu-
tion of conventional light microscopy. When cells were subjected to cholesterol
depletion by acute CDx treatment and treatment with receptor-specific antibod-
ies, although no changes could be observed in the mean diameter of the spots,
the mean fluorescence intensity increased by ∼50% with respect to the spots
in control specimens (Borroni et al., 2007), suggesting the antibody-mediated
recruitment of AChRs into the diffraction-limited puncta. The sub-micron sized
AChR domains are much smaller than the several micron-sized (macro) clusters
observed at later stages in developing muscle cells or in the adult NMJ (Sanes and
Lichtman 2001). Plaque-shaped AChR clusters are stabilized and adopt a pretzel-
shaped morphology, with AChRs located at the crests of the mature postjunctional
folds.

The diffraction limit of far-field fluorescence microscopy can be overcome by
applying new principles of physical optics (reviewed by Hell, 2009). There are
various experimental modalities to accomplish super-resolution light microscopy.
One such modality is termed STED (stimulated emission depletion microscopy).
STED is considered a member of a new family of microscopy concepts that,
despite using regular lenses, entails diffraction-unlimited resolution (Hell 1997;
2004). STED microscopy enabled the imaging of the supramolecular organization
of the AChR below the diffraction limit (Kellner et al., 2007). Since the puncta
represent a convolution of the particles with the finite effective point spread func-
tion, the actual protein aggregates have an estimated average diameter <55 nm,
and are hereafter referred to as AChR “nanoclusters”. This nomenclature takes
into account the size of fully developed clusters in the plaque-shaped adult verte-
brate NMJ (reviewed in Sanes and Lichtman, 2001; Willmann and Fuhrer, 2002) or
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Fig. 17.4 (continued)
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aneural C2 myotubes (23–94 μm in length, Kummer et al., 2004) and the smallest
AChR “sub-micron aggregates” visualized by light microscopy in aneural myotubes
(Kishi et al., 2005).

We analyzed the distribution of AChR clusters in the fluorescence images
at larger scales by applying Ripley’s K-function (Ripley, 1979). Representing a
second-order analysis of spatial point patterns, the K-function searches for spatial
randomness. As opposed to nearest neighbor methods, all inter-particle distances
over the study area are incorporated into the analysis, thus providing a thorough
topographical characterization which is compared to that of a complete spatial
randomness pattern (Ripley, 1979). Cholesterol depletion was accompanied by
an increase in long-range interactions (as compared to the nanometer scale of
the AChR clusters themselves) and hence a change in AChR cluster distribu-
tion was revealed by STED microscopy (Kellner et al., 2007). The hypothesis of
antibody-mediated AChR recruitment upon cholesterol depletion (Borroni et al.,
2007) received strong support from the STED microscopy data (Kellner et al., 2007).
Both control AChR nanoclusters and those disclosed by STED microscopy upon
cholesterol depletion exhibit a size distribution of tens of nanometers (Fig. 17.4,
upper panel). Nanoclusters observed in negatively stained electron micrographs
of Torpedo AChR in Triton X-100 appear as small oligomers (n = 4–6), dimers
and monomers of AChR molecules, the latter with a minimum diameter of about
8 nm ((Fig. 17.4, lower panel) and see Barrantes, 1982). In other words, STED
microscopy, using standard microcopical lenses and visible light, gives access to
the AChR supramolecular organization at a scale so far restricted to the realms of
electron microscopy.

17.7 How Do Cholesterol Levels Modulate AChR Stability
at the Cell Membrane?

The physical state of the AChR-vicinal lipid in Torpedo electrocytes (Antollini et al.,
1996) and more relevantly in CHO-K1/A5 cells (Zanello et al., 1996) is in the liquid-
ordered (Lo) state. Cholesterol can modulate the physical state of the bulk bilayer

�
Fig. 17.4 AChR nanoclusters imaged on the cell surface of CHO-K1/A5 cells using confocal
or STED microscopy and AChR oligomers imaged by electron microscopy. Upper panel: CHO-
K1/A5 cells were fixed and labeled with mAb210 monoclonal anti-AChR antibody and Atto
532-labeled secondary antibodies. High magnification views of the marked areas provide a side-
to-side comparison of the resolution achieved in confocal (A, C) and STED (C, D) microscopy
respectively (from Kellner et al., 2007). Lower panel: Transmission electron micrographs of
(a) Reduced and alkylated AChR monomers solubilized in Triton X-100. (b) Membranes pre-
pared throughout in N-ethyl-maleimide are predominantly made up of the dimeric, 13S AChR
species. (c) Dithio-nitrobenzoic acid-oxidized AChR-rich membranes. Higher-order oligomers are
observed. Negative contrast (1% uranyl acetate). From Barrantes (1982)
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and the AChR-vicinal lipid belt region (Borroni et al., 2007). How can we rational-
ize these observations in the framework of AChR stability at the cell surface? Lo
domain stability or lifetime is a function of size and protein–protein interactions of
constituent proteins (Hancock, 2006). This is an active, energy-dependent process
that confines lipid domain size. Recent views of lipid domain dynamics suggest
that Lo domains form spontaneously, diffuse laterally in the plasma membrane, but
have a limited lifetime (Turner et al., 2005). In this hypothesis, the more stable Lo
lipid–protein complexes can be captured by endocytic pathways that disassemble the
complexes and return lipid and protein constituents back to the plasma membrane.
In our hypothesis, a similar fate may be followed by the cholesterol-rich Lo-AChR
nanometer-sized clusters upon destabilization by cholesterol depletion. However, in
contradistinction to the hypothesis of Turner et al. (2005) we envision cholesterol
depletion as a perturbation that shifts the distribution of AChR from the surface to
intracellular compartments by accelerating an endocytic process of the larger-than-
normal, less stable AChR nanoclusters. This process would not normally operate
in CHO-K1/A5 cells or C2C12 myoblasts within the time window of a few hours,
unless triggered by external stimuli (e.g. anti-AChR antibodies, Kumari et al., 2008).
Interestingly, the number of nanoclusters depends on cholesterol levels (in agree-
ment with recent results of Willmann et al., 2006, in C2C12 myotubes), whereas
the number of receptors within these clusters appears to be fairly independent of
cholesterol levels.

17.8 Possible Relationship Between AChR Nanocluster
Organization and the Membrane-Associated Cortical
Cytoskeletal Network

Before establishment of the mature postsynaptic specializations, AChRs shift from
a diffusely dispersed form to a submicron-sized cluster distribution during the early
stages of embryonic development of the NMJ (Sanes and Lichtman, 2001; Willmann
and Fuhrer, 2002). These changes in AChR supramolecular organization occur
within a very narrow time window in ontogeny, between embryonic stages E13 and
E14 (Sanes and Lichtman, 2001). Postsynaptic maturation and cluster formation
can occur in the absence of nerve (Kummer et al., 2004), but it is not known how
these supramolecular aggregates are constructed at the cell surface in the absence of
innervation. We earlier entertained the hypothesis that AChR aggregation resembled
a protein-protein “nucleation” process (Barrantes, 1979) and we currently surmise
that cholesterol is involved in this process.

The influence of cholesterol levels on surface AChR organization is sub-
stantial: about half of the AChR nanoclusters in CHO cells are sensitive to
membrane cholesterol content (Borroni et al., 2007), in agreement with the
results of Bruses et al. (2001) on neuronal AChR; however, differences with the
endogenous neuronal α7 AChR and muscle-type AChR are also apparent. The
most likely reason for such differences is the presence of the receptor-anchoring
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machinery (neuronal agrin, MusK, rapsyn, etc.) in those cellular systems endoge-
nously expressing AChR and their absence in heterologous expression systems
such as the CHO cell line. Thus the cholesterol modulatory effect on AChR
supramolecular organization in the latter expression system must be related to other
factors.

Mature AChR clusters in the fully developed NMJ are believed to be tethered to
the cytoskeleton via scaffolding connections (Hall et al., 1981; Prives et al., 1982;
Wallace, 1992; Sanes and Lichtman, 2001). Campagna and Fallon (2006) discussed
their findings on cholesterol sensitivity of AChR cluster organization in the light of
an apparent mutually exclusive contribution of lipid “raft” recruitment of AChR ver-
sus cytoskeletal effects in stabilizing AChRs. Lipid raft aggregation, by for example
cholera toxin-mediated patching, may be an artifactual phenomenon that does not
necessarily reflect actual associations of lipid and protein (AChR) at that scale of
organization. Furthermore, we employed a cell line, CHO-K1/A5, which lacks gan-
glioside GM1; hence no such ganglioside-cholera toxin mediated “raft” aggregation
can occur in these cells. Patching can also cause a polymerization of F-actin and
clustered lipid “rafts” may themselves be tethered to the cytoskeleton (Harder and
Simons, 1999; Schutz et al., 2000). CDx-mediated cholesterol depletion can cause
F-actin depolymerization (Bruses et al., 2001). Harder and Simons (1999) argued
that lipid raft clustering can result in patch-associated tyrosine phosphorylation,
and this phosphorylation is required for actin polymerization. According to Harder
and Simons (1999) CDx treatment would disrupt the cytoskeleton by preventing src
kinase association with rafts, and therefore prevent F-actin phosphorylation.

The results of the Ripley’s spatial point pattern analysis revealed that the long-
range AChR organization at the plasmalemma of CHO-K1/A5 cells depends on
cholesterol-sensitive interactions that normally extend over the range of a few
microns in untreated cells (Kellner et al., 2007). A likely candidate for the main-
tenance of such an influence is the cortical cytoskeleton and, particularly, the actin
network (e.g. Kwik et al., 2003). The ability of AChR nanoclusters to aggregate
upon cholesterol depletion in whole cells was apparently lost in single plasma
membrane sheets devoid of the subcortical cytoskeleton. This provided additional,
albeit indirect, evidence that the long-range AChR supramolecular organization
is likely to be associated with the presence of an intact cytoskeletal network
under physiological energy supply and normal cholesterol levels (Borroni et al.,
2007). According to Kusumi and Suzuki (2003) membrane constituent molecules
undergo short-term confined diffusion within a compartment and long-term hop
diffusion between compartments. Compartment boundaries are made up of the
actin-based, membrane-associated cytoskeleton mesh (“fence”) and the transmem-
brane proteins (“pickets”) anchored to and lined up along the membrane skeleton
fence. In muscle, AChRs have been reported to be associated with actin via
urotrophin and rapsyn (Willmann and Fuhrer, 2002). In response to agrin, the
AChR-rapsyn association translates into binding to cytoskeletal proteins (Moransard
et al., 2003). The short-range extent and composition of the AChR nanoclusters
may also be maintained by protein-protein interactions (i.e. receptor-receptor and
receptor-nonreceptor proteins) by both fences and pickets, as well as receptor-lipid
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interactions, of which AChR-cholesterol interactions may constitute a prevailing
stabilizing force (Barrantes, 2004).

17.9 A Word on Cholesterol Binding Sites

Attempts to identify the cholesterol recognition site on the AChR protein have made
preferential use of photoaffinity labeling techniques that rely on photo-activatable
cholesterol analogs. Early experiments were targeted at the characterization of label-
ing to the intact subunit level (Middlemas and Raftery, 1987; Fernández et al.,
1993) and/or employed photoactivatable sterols that were purported to be functional
cholesterol substitutes (Corbin et al., 1998; Blanton et al., 1999). The most recent
attempts using photoaffinity labeling confirmed earlier results and led to the iden-
tification of putative cholesterol-AChR interaction sites at the M4, M3, and M1
segments of each subunit, fully overlapping the lipid-protein interface of the AChR
(Hamouda et al., 2006). The M4 segment showed the most extensive interaction
with the cholesterol analog. For αM4, the labeling pattern was consistent with azi-
cholesterol incorporation into αGlu-398, αAsp-407, and αCys-412, i.e. amino acid
residues that lie in a rather shallow region in the NH-term of the M4 transmembrane
segment. Hamouda et al. (2006) also point out that it is striking that the conserved
Asp at the N-terminus of each M4 segment (αAsp-407, βAsp-436, γAsp-448, δAsp-
454) is labeled, as well as βAsp-457, the only acidic side chain at the C-terminus of
the M4 segments.

Recent molecular dynamics simulations of the AChR in the presence or absence
of cholesterol led Brannigan et al. (2008) to conclude that the AChR possesses mul-
tiple cholesterol binding sites, most of which would be deeply buried in the protein,
and that the AChR collapses in the absence of the sterol. Their argument is based on
the observation of “holes” in the electron density maps of the AChR cryoelectron
microscopy images of Unwin and colleagues, which could accommodate up to 15
cholesterol molecules. We had calculated such a number of cholesterol molecules
from ESR experiments (Mantipragada et al., 2003), but at variance with Brannigan
et al. (2008) all the cholesterol molecules readily exchange with bulk lipids in the
ESR experiment, unlike the deeply buried cholesterols postulated from in silico cal-
culations. In fact only five out of the 15 cholesterol molecules are localized at the
protein–lipid interface, in agreement with the wealth of information gained from
experimental approaches (Barrantes, 2007), whereas the remainder suggested by
the molecular dynamics simulations occupy the deeply buried sites. Brannigan et al.
(2008) further propose that each cholesterol molecule consistently interacts with
at least 10 (mostly hydrophobic) residues in the AChR protein. Further studies are
needed to resolve this matter.
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Chapter 18
Cholesterol and Myelin Biogenesis

Gesine Saher and Mikael Simons

Abstract Myelin consists of several layers of tightly compacted membranes
wrapped around axons in the nervous system. The main function of myelin is to
provide electrical insulation around the axon to ensure the rapid propagation of
nerve conduction. As the myelinating glia terminally differentiates, they begin to
produce myelin membranes on a remarkable scale. This membrane is unique in
its composition being highly enriched in lipids, in particular galactosylceramide
and cholesterol. In this review we will summarize the role of cholesterol in myelin
biogenesis in the central and peripheral nervous system.

Keywords Oligodendrocyte · Schwann cell · Myelin · Cholesterol

18.1 Introduction

The myelin sheath is formed by the spiral wrapping of glial plasma membrane exten-
sions around axons, followed by the extrusion of cytoplasm and the compaction of
the stacked membrane bilayers (Sherman and Brophy, 2005). These tightly packed
membrane stacks provide the neuron with an insulating layer to prevent the expo-
sure to extracellular fluids and ions. The insulation around the axon changes the
electrical properties of the neurons. It dramatically increases the electrical resis-
tance across the cell membrane and decreases the capacitance thereby speeding up
propagation of electrical signals through the nervous system. To fulfil its function as
an insulating barrier myelin requires a specific molecular composition. One essen-
tial structural component is cholesterol. The hydroxyl group of cholesterol interacts
with the polar head group of phospholipids and sphingolipids, while the bulky
hydrophobic portion closely associates with the fatty acid chains of the lipids within
the membrane bilayer. Cholesterol might also directly interact with some myelin
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proteins. The structure of cholesterol is involved in stabilizing and sealing the
membrane, in particular to proton and sodium ions. In addition to its role in
regulating the permeability of a membrane, cholesterol is a critical factor for mem-
brane fluidity. Many of these established functions of cholesterol are particular
relevant in myelin as its main function is to shield the axon from the extracellular
environment. In this chapter, we will provide an overview of the role of cholesterol
in myelin of the central and peripheral nervous system (CNS; PNS).

18.2 Myelin Structure and Composition

Myelin has several typical structural features (Fig. 18.1) such as the periodic struc-
ture with alternating electron-dense and light layers (Baumann and Pham-Dinh,
2001). The major dense line (electron-dense) represents the closely attached cyto-
plasmic myelin membranes, whereas the interperiod lines consist of the tightly
apposed outer membranes. The compaction of these membranes is so tight that it
results in a periodicity of about 12 nm.

The myelinated segments of the axons are around 150 μm in length and inter-
rupted by spaces where myelin is lacking, the nodes of Ranvier. At the nodes of
Ranvier axons contain the sodium channels at high density that are required for
the saltatory propagation of the action potentials (Peles and Salzer, 2000; Salzer,
2003). The nodes are flanked on either side by lateral membrane loops formed by

Fig. 18.1 Myelin structure. An electron micrograph of the optic nerve is shown. The apposition
of the external faces of the membrane form the intraperiodic line whereas the cytoplasmic faces
form the major dense lines
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the myelinating glia. These paranodal loops form septate-like junctions with the
axonal membrane. The juxtaparanodal domain is located underneath the compact
myelin sheath adjacent to the paranodes.

Myelin has not only distinctive structural features, but also a unique molecular
composition. In contrast to most plasma membranes, myelin contains more lipids
than proteins. Lipids constitute 70–80% of the dry weight of myelin. Although
myelin-specific lipids are lacking, some lipids are found in high abundance.
Glycosphingolipids are particularly enriched in myelin. The major glycosphin-
golipids in myelin are galactosylceramide and its sulfated derivative, sulfatide (20%
of lipid dry weight) (Baumann and Pham-Dinh, 2001). These glycosphingolipids
are particularly rich in very long chain fatty acids containing 22–26 carbon atoms
that are saturated or monounsaturated. There is also an unusually high proportion
of ethanolamine phosphoglycerides in the plasmalogen form, which accounts for
one-third of the phospholipids. More than 25% of the total lipid content is choles-
terol, compared to less then 20% in most membranes. The molar ratio of cholesterol:
phospholipids: glycosphingolipids in myelin is between 4:3:2 and 4:4:2. This high
amount of cholesterol and glycosphingolipids might lead to an increase in mem-
brane lipid order, which could be important for myelin to perform its insulating
function.

A striking feature about myelin is not only the lipid, but also the protein com-
position. Myelin contains a relatively simple array of proteins, myelin basic protein
(MBP) and the proteolipid proteins (PLP/DM20) being the two major CNS myelin
proteins. PLP spans the myelin membrane bilayer four times, with two extracellular
loops stabilized by disulfide bonds. PLP contains a large number of hydrophobic
amino acids and several cysteine-bound acyl-chains (Weimbs and Stoffel, 1992).
MBPs are cytoplasmic proteins with a high density of basic amino acids that inter-
act with negatively charged lipid head groups such as phosphatidylinositol 4,5 –
bisphosphate (Harauz et al., 2004; Musse et al., 2008; Nawaz et al., 2009). One
important function of MBP is to promote the compaction between the two cyto-
plasmic membranes and to condense specific lipids in a lateral dimension (Fitzner
et al., 2006).

MBP and the P0 protein constitute the majority of the proteins in PNS myelin.
P0 is a single transmembrane protein with an extracellular domain containing
one immunoglobulin (Ig)-like domain. The adhesive properties of the extracellular
domain and the highly basic cytoplasmic domain are responsible for the compaction
of the myelin membrane (Quarles, 2002).

In addition to compact myelin membranes, myelin contains regions of non-
compact myelin. Some cytoplasm remains within the innermost and outermost
tongues of myelin membranes, in paranodal loops bordering nodes of Ranvier,
and in Schmidt-Lanterman incisures of the PNS. Non-compact myelin regions are
believed to facilitate transport of metabolites and ions. The protein composition
of non-compact myelin is distinct of compact myelin. While compact myelin pro-
teins are absent, non-compact myelin is characterized by the presence of marker
proteins, such as myelin associated glycoprotein (MAG) and the gap junction
protein connexin 32.



492 G. Saher and M. Simons

18.3 Schwann Cells

18.3.1 The Origin and Differentiation of Schwann Cells

Schwann cells are the myelinating glial cells of the peripheral nervous system of
vertebrates. They are derived from the neural crest cells, a transient cell popu-
lation that emerge at the dorsal part of the neural tube. From there, neural crest
cells migrate to various locations including the developing embryonic nerves (Le
Douarin and Dupin, 2003; Woodhoo and Sommer, 2008). Glial specification already
occurs at early stages of embryonic development and can be divided into three main
phases (Jessen and Mirsky, 2005). In the spinal nerves of the mouse, Schwann cell
precursors (SCPs) are born around embryonic day 12/13 (E12/13) from migrating
neural crest (Fig. 18.2). SCPs differentiate into immature Schwann cells around
E15/16 followed by the maturation into myelinating and non-myelinating Schwann
cells (Dong et al., 1999). Finally, peripheral myelination in rodents begins around
birth.

Each of the developmental stages is characterized by a distinct molecular profile
and signal responsiveness (Jessen and Mirsky, 2005). In embryonic nerves, axons

Fig. 18.2 The Schwann cell lineage. A schematic illustration of the main cell types and develop-
mental transitions in Schwann cell development is shown. Stippled arrows indicate the reversibility
of the final, and in rodents largely post-natal, transition that generates mature myelinating and
non-myelinating cells. The embryonic phase of Schwann cell development involves three tran-
sient cell populations. First, migrating neural crest cells. Second, Schwann cell precursors (SCPs).
These cells express a number of differentiation markers not found on migrating crest cells. Third,
immature Schwann cells. All these cells are considered to have the same developmental poten-
tial, and their fate is dictated by the axons with which they associate. Only those Schwann cells
that by chance envelop the large-diameter axons will be induced to myelinate, while those cells
that ensheath small-diameter axons progress to become mature non-myelinating cells. Reproduced
from Nature Reviews Neuroscience with minor modifications (Jessen and Mirsky, 2005), with
permission
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and SCPs are tightly packed lacking substantial connective tissue or blood vessels.
SCPs associate with axon fascicles and extensively with each other (Woodhoo and
Sommer, 2008). SCPs already express low levels of myelin proteins like P0, PMP22
and PLP. Nerves are profoundly remodelled when axons start to establish synaptic
connections, and SCPs differentiate into immature Schwann cells. The tight struc-
ture of nerves is loosened, coinciding with the development of the endoneurial space
containing blood vessels, connective tissue and endoneurial fibroblasts (Morell
and Norton, 1980). At this stage, immature Schwann cells surround small bun-
dles of axons forming “axon-Schwann cell-families” (Jessen and Mirsky, 2005).
A basal lamina encloses the Schwann cell together with associated axons. Among
other markers, immature Schwann cells are characterized by the expression of the
transcription factor Oct6 (SCIP, Tst-1, POU3fl), and the appearance of sulfatide
(sulfogalactosylceramide, O4 epitope) on their surface. In the process of radial sort-
ing, axon bundles are defasciculated such that finally each Schwann cell forms a
unit with a single axon. Myelinating Schwann cells downregulate Oct6 and start
to express the pro-myelin transcription factor Krox-20 (Egr-2). Myelin proteins
are strongly upregulated together with an enhanced lipid synthesis, including the
biosynthesis of cholesterol. Myelin is then formed as a spiral extension of the
plasma membrane with a unique composition of proteins and lipids. It has been
estimated that the membrane surface area of Schwann cells expands by 6500-fold
during myelination (Webster, 1971).

A number of factors that positively or negatively control the development of
Schwann cells have been found (Jessen and Mirsky, 2008). A factor that accompa-
nies the entire Schwann cell development is the epidermal growth factor Neuregulin
1 (NRG1) (Nave and Salzer, 2006). NRG1 binds to the family of ErbB recep-
tor tyrosine kinases, influencing various cellular processes. NRG1 is essential for
the survival of neural crest and SCPs and is by this means involved in the con-
trol of Schwann cell numbers in peripheral nerves (Grinspan et al., 1996). At this
stage of development, NRG1 is bound to the axonal membrane (NRG1 type III
isoform). Moreover, axonal NRG1 is involved in the regulation of myelin forma-
tion by Schwann cells. Unmyelinated axons normally express low levels of NRG1,
while the myelinated axons express high levels. Neurons lacking NRG1 expression
fail to be myelinated completely (Taveggia et al., 2005). Schwann cells “measure”
the axon calibre via the amount of NRG1 bound to ErbB receptors and adjust the
myelin thickness accordingly (Michailov et al., 2004). Mice heterozygous for NRG1
type III show a reduced myelin thickness, while NRG1 type III transgenic mice are
hypermyelinated.

In the context of cholesterol metabolism, NRG1 is also of interest. In cell
culture, NRG1 increases the transcription of the HMG-CoA-reductase (3-hydroxy-
3-methylglutaryl-coenzyme-A-reductase) gene, the rate-limiting enzyme of choles-
terol biosynthesis. It is hypothesized that axonal signals stimulate glial lipid
synthesis to accomplish the increased lipid demand (Fig. 18.3) that Schwann cells
encounter during myelination (Pertusa et al., 2007). The biosynthesis of myelin pro-
teins and lipids relevant for myelin formation might be coupled (Leblanc et al.,
2005). In vitro the pro-myelin transcription factor Krox-20 acts synergistically with
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Fig. 18.3 A model for the
axonal control of Schwann
cell cholesterol biosynthesis.
Membrane-attached axonal
neuregulin binds and activates
ErbB receptors exposed on
the membrane surface of
Schwann cells. ErbB
activation induces Schwann
cells to up-regulate
cholesterol biosynthesis by
activating the PI3K pathway
and a CREB/ATF
transcription factor. Question
mark indicates a putative
CRE-independent pathway
involved in HMG-CoA
reductase promoter activation
by neuregulin. Reproduced
from Glia with minor
modifications (Pertusa et al.,
2007), with permission

SREBP (sterol-responsive element binding protein) on the transcription of SREBP
target genes enhancing lipid and sterol biosynthesis.

18.3.2 Origin and Differentiation of Oligodendrocytes

Myelination of axons in the CNS by oligodendrocytes takes place early postnatally
(Miller, 2002; Rowitch, 2004). Oligodendrocyte precursor cells (OPCs) derive from
the neuroepithelium of the ventricular/subventricular zone from where they migrate
into the developing white matter. OPCs are highly dynamic and continuously extend
and retract numerous processes as they move towards their final position (Kirby
et al., 2006). These dynamic processes sense nearby OPCs, thereby regulating the
uniform spacing of oligodendrocytes that is required to ensure complete myelination
with evenly spaced nodes of Ranvier.

Upon arrival at their final position, OPCs stop to proliferate and differentiate
into myelin-forming oligodendrocytes (Baumann and Pham-Dinh, 2001). In par-
allel, oligodendrocytes become highly metabolically active, and many of the lipid
synthesising pathways become upregulated (Cahoy et al., 2008). Oligodendrocytes
not only start to synthesize large amounts of myelin components, but also undergo
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a dramatic change of their morphology with the formation of a large network of
branching processes (Sherman and Brophy, 2005; Simons and Trotter, 2007). Since
oligodendrocytes, unlike Schwann cells, myelinate multiple axons and can estab-
lish as many as 50 myelin segments, these processes have to reach many different
axons. Analogous to the dynamic behaviour of OPC processes, the process activ-
ity of mature oligodendrocytes might be important to fill unoccupied space and
facilitate complete myelination.

To ensure full myelination of all axonal tracts, the timing of OPC differentia-
tion needs to be tightly controlled by neurons (Barres and Raff, 1999; Simons and
Trajkovic, 2006). It was therefore surprising when cell culture experiments demon-
strated that the differentiation of oligodendrocytes occurs normally in the absence of
neurons (Dubois-Dalcq et al., 1986; Mirsky et al., 1980). In cell culture, the differ-
entiation of oligodendrocytes seems to follow a default pathway in which intrinsic
signals define the number of cell divisions before the cells exit the cell cycle (Temple
and Raff, 1986). In vivo, the situation is likely to be more complex with a number
of negative and positive regulators that operate in highly regulated fashion to ensure
timely oligodendrocyte differentiation and myelination.

Many studies now point to the importance of neuron-derived signalling
molecules at different stages of oligodendrocyte development (Barres and Raff,
1999). These signals help to control the proper timing of OPC differentiation and
they control and match the number of oligodendrocytes to the axonal surface area
requiring myelination. Several growth factors and trophic factors, such as PDGF-A,
FGF-2, IGF-1, NT-3 and CNTF, have been shown to regulate oligodendrocyte devel-
opment (Baron et al., 2005; Barres et al., 1994a, 1994b; Miller, 2002). PDGF-A is
produced by both astrocytes and neurons and regulates the proliferation and survival
of OPCs (Noble et al., 1988; Raff et al., 1988; Richardson et al., 1988). It is likely
that many of these growth factors directly influence signalling pathways involved
in the control of myelin membrane synthesis. Recently, the myelin gene regula-
tory factor (MRF) was identified from a microarray analysis of highly expressed
genes in oligodendrocytes (Emery et al., 2009). Deletion of this factor prevented
the expression of several myelin genes, whereas overexpression of MRF promoted
the appearance of myelin proteins within cultured oligodendrocyte progenitors. The
upregulation of myelin protein content is accompanied by increased synthesis of
lipids within oligodendrocytes. In fact, oligodendrocytes keep a fixed stoichiome-
try of cholesterol to proteins in the myelin membrane, and this ratio is likely to
be important for the function of myelin (Saher et al., 2005). One important open
issue is the mechanism by which the expression of myelin protein gene products is
coordinated with the synthesis of cholesterol and other lipids in oligodendrocytes.

18.4 Source of Cholesterol in Myelin

The brain contains the highest concentration of cholesterol with ∼15–20 mg/g of
cholesterol, compared to ten times lower levels in the whole animal (2.2 mg/g)
(Dietschy and Turley, 2004; Dietschy and Wilson, 1968). In the rat and mouse,
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around 70% of brain cholesterol is found in myelin (Snipes and Suter, 1997;
Muse et al., 2001). Many endocrine tissues also contain high amounts of choles-
terol (∼13 mg/g of cholesterol in the adrenal gland). Most of the cholesterol in
these tissues is found in the cytosol in an esterified form within lipid droplets.
In contrast, cholesteryl esters are virtually absent from the brain (Dietschy and
Turley, 2004). While the cellular concentration of cholesteryl esters can fluctuate
dramatically, free cholesterol is kept constant in a membrane. By the means of
complex regulatory mechanisms the cholesterol level in a membrane is adjusted
(Espenshade and Hughes, 2007). One important mechanism controls the activity of
acyl-CoA:cholesterol acyltransferase (ACAT) in the endoplasmic reticulum (ER),
which rapidly converts excess free cholesterol to cholesteryl esters. In the brain,
however, the role of ACAT seems to be less important. The reason for this differ-
ence is based on the way cholesterol is supplied to the cells in the brain. Whereas
most cells in the body acquire cholesterol from the blood by uptake of lipoprotein
particles, cholesterol seems to be almost entirely produced by de novo synthesis
in the brain (Dietschy and Turley, 2004). Endothelial cells of the blood-brain bar-
rier express functional lipoprotein transporters such as the low density lipoprotein
receptor, the scavenger receptor class B type 1 and the ABCA1 (Rubin and Staddon,
1999). However, there is little evidence for unselective transport of cholesterol
across the blood-brain barrier as the capillaries of the nervous system are partic-
ular tight lacking fenestrae and little bulk flow transcytosis. Indeed, LDL particles
might not cross the blood-brain barrier in significant amounts. When 125I-labeled
LDL was applied into the blood circulation, the uptake into brain was undetectable,
while the liver and adrenal gland incorporated high amounts of radioactivity (Spady
et al., 1987; Osono et al., 1995). Similar results were obtained using HDL labelled
[14C]cholesteryl esters. Isotopically labelled sterols or precursors have also been
used to measure the permeability of the blood-brain barrier and the incorporation
into myelin. After injection of [14C]cholesterol into rats or feeding deuterium-
labelled milk, less then 8% of brain sterol could be accounted for circulating
cholesterol (Dobbing, 1963; Edmond et al., 1991). When 3H2O was applied to rats
to determine the uptake of cholesterol in the brain, none of the radioactive choles-
terol came from the circulation (Morell and Jurevics, 1996). All of these studies
have failed to show transport of cholesterol across the blood-brain barrier and thus
established the concept that cholesterol is produced locally in the brain.

The sole dependence of brain biosynthesis as a source of cholesterol in myelin
may have important therapeutic consequences. The treatment with cholesterol low-
ering drugs such as statins that target the HMG-CoA reductase might reduce
cholesterol biosynthesis in oligodendrocytes below a critical level and thereby block
myelination. There is indeed evidence that statins inhibit remyelination after chem-
ically induced demyelination using cuprizone in the central nervous system in mice
(Klopfleisch et al., 2008; Miron et al., 2009).

In addition, in diseases that affect cholesterol biosynthesis, treatment with dietary
cholesterol might not be effective in the brain due to the dependence on de novo
synthesis. For example in the Smith-Lemli-Opitz syndrome, an autosomal recessive
disorder in which cholesterol biosynthesis is inhibited due to an enzymatic defect of
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the 7-dehydrocholesterol reductase, raising circulatory cholesterol levels does not
alleviate the neurological deficits.

Although it has been clearly shown that cholesterol is produced de novo in the
brain, little is known about the transfer of cholesterol between the individual cells
within the brain. One important cholesterol transferring apolipoprotein in the brain
is apoE (Bu, 2009). Astrocytes are believed to be the major source of apoE in the
brain (Boyles et al., 1985). In culture, these cells secrete cholesterol together with
apoE into the medium from where it can be taken up by neurons (Shanmugaratnam
et al., 1997). There is evidence that neurons depend on cholesterol derived from
astrocytes for efficient synapse formation (Mauch et al., 2001). Whether astrocytes
deliver cholesterol to oligodendrocytes for the generation of myelin has not been
shown. However, genetic inactivation of cholesterol biosynthesis in oligodendro-
cytes does not abolish myelin formation completely, as these cells are able to take
up cholesterol from a currently unknown external source (Saher et al., 2005).

In the brain, the rate of cholesterol turnover is extremely low. In the mouse around
0.4% of brain cholesterol is metabolised per day as compared to a whole-body
turnover rate of 8% (Dietschy and Turley, 2004). The reason for the low turnover of
myelin is the slow metabolism of cholesterol in myelin. The half-life of cholesterol
in myelin has been calculated to be more than 8 months (Smith, 1968). The fate
of the cholesterol that is turned over in myelin is not known. One major excretory
pathway from the CNS into the periphery involves the hydroxylation of cholesterol
at the 24 position by the cholesterol 24-hydroxylase (CYP 46A1) (Lutjohann et al.,
1996). Because 24(S)-hydroxycholesterol is able to cross the blood-brain barrier,
the generation of hydroxylated cholesterol represents the major pathway to remove
cholesterol from the brain. However, CYP46A1 seems to be primarily expressed in
a subtype of neurons and not in glia (Lund et al., 2003). It is therefore possible that
oligodendrocytes use CYP46A1-independent mechanisms to metabolise choles-
terol. Whether this involves the formation of lipoprotein particles is not known.
Recently it has been shown that oligodendrocytes secrete cholesterol-rich exosomes
into the extracellular space (Trajkovic et al., 2008). Exosomes are vesicles with a
diameter of 40–100 nm that are secreted upon fusion of multivesicular endosomes
with the cell surface (Simons and Raposo, 2009; Thery et al., 2009). These vesi-
cles contain relatively large amounts of cholesterol and may thus represent one
mechanism to remove free cholesterol from oligodendrocytes.

18.5 Cholesterol-Binding Proteins in Myelin

Despite the fact that myelin ranks among the cellular membranes richest in choles-
terol in the vertebrate organism, there are limited definitive data about myelin
proteins that directly associate with cholesterol. Plenty of candidates are found in
myelin: members of the tetraspan family of proteins (e.g. PLP, PMP22), proteins
with a single transmembrane domain that associate with detergent-resistent mem-
branes (DRMs) (e.g. P0), and proteins lacking a transmembrane domain that are
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Table 18.1 Myelin proteins that harbour a CRAC consensus sequence. The location of the CRAC
motif relative to the predicted transmembrane domains (TM) is given on the basis of the human
sequence (amino acids) and the Uniprot software

Protein CRAC motif (aa) Location relative to putative TM regions

Caveolin1 94–101 Before TM 1 of 1 TM
CD82 105–112 After TM 3 of 4
CNP Multiple No TM, but lipid anchor
MAG 526–537 After TM 1 of 1
MOG 174–183 After TM 2 of 3
P0 170–180 After TM 1 of 1
Plasmolipin 156–166 After TM 4 of 4
PLP 86–98 Between TM 2 and 3 of 4
PMP22 147–157 After TM 4 of 4

tightly associated with myelin by lipid anchors (e.g. CNP). In addition, many myelin
proteins contain putative cholesterol-binding domains such as the CRAC (choles-
terol recognition/interaction amino acid consensus) sequence (Li et al., 2001), the
SSD (sterol sensing domain) (Espenshade and Hughes, 2007), or the CCM (choles-
terol consensus motif) (Hanson et al., 2008) (Table 18.1). However, the tertiary
structure of most myelin proteins is unknown. Without this knowledge, a meaning-
ful interpretation of the occurrence of the respective consensus sequences or even
a predictive value is not feasible. To date, only few interactions with cholesterol
have been proven directly. PLP (Simons et al., 2000) and P0 (Saher et al., 2009),
were found to directly associate with cholesterol by binding to photo-activatable
cholesterol.

The feature of cholesterol-binding could be directly linked to the partition-
ing into lipid raft microdomains. PLP is found in detergent-resistent membranes
in cultured oligodendrocytes and in myelin (Simons et al., 2000). Moreover,
missense mutations in the PLP gene that lead to leukodystrophies in patients
result in the expression of mutated PLP proteins with lowered affinity to choles-
terol and reduced association with DRMs (Kramer-Albers et al., 2006). Not all
of these mutations target the putative cholesterol interaction sites. Cholesterol-
binding could influence the trafficking properties of proteins. In the case of
PLP, there are additional functional implications. When oligodendrocyte-like cell
lines are transfected with PLP, the protein is endocytosed in a cholesterol-
dependent manner and stored in late endosomes/lysosomes. Both, PLP and choles-
terol accumulate in late endosomes/lysosomes implying a co-transport (Trajkovic
et al., 2006; Simons et al., 2002). These PLP-enriched late endosomes/lysosomes
disappear when oligodendrocyte-like cells are cultured in the presence of
neurons, suggesting that neuronal signals regulate oligodendroglial cholesterol
trafficking.

Cholesterol-binding also plays a role in the PNS in P0 protein trafficking. The
integrity of the CRAC motif of P0 was found to be required for ER-exit and traf-
ficking to the myelin sheath (Saher et al., 2009). In contrast, the CRAC motif present



18 Cholesterol and Myelin Biogenesis 499

in MAG might not be functional. MAG was not recovered from DRMs (Erne et al.,
2002; Bosse et al., 2003) and its trafficking did not depend on cholesterol.

18.6 Cholesterol Depletion in Oligodendrocytes and Schwann
cells In Vivo

The metabolism of cholesterol in the nervous system is presumed to be largely
independent of the periphery (Jurevics et al., 1998; Morell and Jurevics, 1996).
Oligodendrocytes and Schwann cells, respectively, synthesize the cholesterol
needed for the formation of myelin membranes essentially cell autonomously (Saher
et al, 2005; Fu et al., 1998; Jurevics and Morell, 1995). What is the role of
cholesterol and cholesterol-binding proteins in myelin in vivo? Several studies have
addressed this issue by gene targeting or by modifying the cholesterol level. In vivo
cholesterol supplementation studies are hampered by the fact that the blood brain
and blood nerve barriers efficiently shield the nervous system from cholesterol in
the circulation (Rechthand and Rapoport, 1987). However, ex vivo studies using
cultures of dorsal root ganglia (DRG) comprising DRG neurons and endogenous
Schwann cells have revealed that supplementation with cholesterol advanced myeli-
nation at early stages (Saher et al., 2009). This finding implied that cholesterol could
be rate limiting at the beginning of peripheral myelin formation.

Genetic inactivation of cholesterol biosynthesis in oligodendrocytes revealed
that cholesterol is rate-limiting for CNS myelination, as myelin formation was
severely delayed in conditional mutants (Fig. 18.4) (Saher et al., 2005). Most
likely, cholesterol that was synthesized by other cells of the brain is provided to
mutant oligodendrocytes for myelination. Cholesterol uptake appeared to be less
efficient than endogenous cholesterol synthesis, as the process of myelin forma-
tion by mutant oligodendrocytes was severely slowed and extended into adulthood.
A yet unidentified quality control ensures that myelin synthesized by cholesterol
mutant oligodendrocytes appears rather normal. It showed a basically unaltered
morphology regarding myelin periodicity and compaction correlating with the basi-
cally unchanged biochemical composition. Cholesterol and other lipids were still
enriched in myelin to about 95% of control levels when normalized to phospholipid
content. This implied that only minimal changes in cholesterol content of myelin
are tolerated by oligodendrocytes. A high amount of cholesterol in myelin mem-
branes might be required for physiological membrane fluidity and curving (Huttner
and Zimmerberg, 2001). As cholesterol limits ion leakage through membranes it
presumably contributes to the insulator function of myelin membranes and thus
facilitates the rapid impulse conduction of myelinated axons (Salzer, 2003).

In the many genetic null mutant mice targeting genes for myelin structural pro-
teins of the PNS, each individual myelin protein was dispensable for Schwann cells
to synthesize myelin. In the PNS, cholesterol emerged as the first membrane com-
ponent that is essential for myelination by Schwann cells (Fig. 18.5) (Saher et al.,
2009). Cholesterol synthesis in Schwann cells has been targeted in two different
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Fig. 18.4 Hypomyelination in the CNS of conditional cholesterol mutants. (A) Ultrastructural
analysis of spinal cord at P20. In white matter of control animals (left), virtually all axons (ax)
are myelinated, whereas fibers in mutants (right) possess a thin myelin sheath or lack myelin.
This dysmyelinating phenotype is less pronounced in gray matter, where axons have myelin of
comparable thickness in both control and mutant mice (ax1, unmyelinated axon; ax2, axon with
thinner myelin; m, myelin; scale bar, 1 mm). (B) Ultrastructure of the lumbar spinal cord from
mutant and control mice at P20. Compact myelin shows the same periodicity with normal major
dense line (MDL) and intraperiod lines (IPL) in mutant (inset at lower right) and control mice.
Photomicrographs are aligned to show similarity in Q35 periodicity. Scale bar, 50 nm. Reproduced
from Nature Neuroscience with minor modifications (Saher et al., 2005), with permission

ways: One approach conditionally inactivated squalene synthase, the first enzyme
which is strictly committed to cholesterol biosynthesis (Saher et al., 2009). A sec-
ond approach targeted cholesterol homeostasis by conditionally inactivating SCAP
(SREBP cleavage activating protein) in Schwann cells (Verheijen et al., 2009). It
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Fig. 18.5 Hypomyelination and a P0 trafficking defect in the PNS of conditional cholesterol
mutants. (A) Ultrastructure of sciatic nerves (P20) reveals normal myelination of control animals
but strong hypomyelination of mutants with thinly myelinated axons (arrowheads) and axons that
were devoid of myelin (asterisk). Scale bar, 2 μm. (B) P0 detection by immunoelectron microscopy
on mutant P14 sciatic nerve (10 nm gold). In addition to compact myelin, P0 is found in vesicu-
lar/tubular profiles within the Schwann cell ER (arrows and detail of boxed area in top right). The
diagram clarifies structures of the picture. Scale bar, 250 nm (ax, Axon; ER, endoplasmic reticu-
lum; m, myelin; n, Schwann cell nucleus; Schwann cell, Schwann cell). Reproduced from Journal
of Neurosciences with minor modifications (Saher et al., 2009), with permission

has been shown in liver cells that SCAP senses cholesterol through its membra-
nous sterol-sensing domain (Horton, 2002). In the case of excess cholesterol, SCAP
binds to immature SREBP (sterol responsive element binding protein) transcription
factors and the ER resident protein Insig (Insulin induced gene) (Sato, 2009). When
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cholesterol content falls below a critical level, the cholesterol-dependent binding
of SCAP to Insig is lost, releasing SCAP-SREBP into ER transport vesicles. In
the Golgi, the SREBP transcription factors are then activated by proteolytic cleav-
age. Finally, SREBPs induce target genes that are involved in the biosynthesis and
uptake of cholesterol and fatty acids. Hence, inactivating SCAP affects cholesterol
as well as fatty acid homeostasis. This regulatory system may also be functional in
Schwann cells, as all components are expressed by these cells (Pertusa et al., 2007).
Moreover during Schwann cell development, the expression of SREBP-2 follows
the same time course not only as the expression of genes encoding enzymes of the
cholesterol and lipid biosynthesis pathways, but also of myelin proteins (Lemke and
Axel, 1985; D’Antonio et al. 2006; Nagarajan et al., 2002; Verheijen et al., 2003).
This implied a close connection between lipid biosynthesis and myelin formation in
the sciatic nerve.

By both approaches, the lack of cholesterol synthesis as well as the ablation of
cholesterol and lipid regulation, peripheral myelin formation is severely affected
(Saher et al., 2009; Verheijen et al., 2009). The severe delay of myelin formation
in mutant mice causes typical neuropathic signs, including tremors and ataxic gait.
Genes encoding several myelin proteins and relevant proteins involved in cholesterol
and lipid synthesis are profoundly down-regulated. Cholesterol and lipids provided
by other cells of the sciatic nerve (that are wild-type for the respective mutation) are
most probably taken up by mutant Schwann cells. While cholesterol mutants remain
severely hypomyelinated, conditional SCAP mutant mice overcome the pathology
unexpectedly fast in adulthood. This is surprising, as inactivated SCAP targets
cholesterol as well as lipid biosynthesis. Moreover, uptake of lipoprotein particles
via the LDLR (low density lipoprotein receptor) should be also affected in these
mutants. Hence, the (amazingly efficient) lipid uptake mechanism by Schwann cells
remains unsolved. In line with this is the finding that the LDLR is dispensable for
remyelination (Goodrum et al., 2000).

Inactivating major proteins of peripheral myelin that are candidates to associate
with cholesterol causes completely different pathologies. P0 deficient mice are dys-
myelinated, but still produce significant amounts of myelin (Giese et al., 1992). In
P0-deficient myelin, there is a nearly complete lack of extracellular membrane com-
paction, whereas intracellular adhesion appears normal, probably because of the
presence of MBP (Martini et al., 1995). Inactivation of the PMP22 gene also results
in dysmyelination, however, in combination with focal hypermyelination (Adlkofer
et al., 1995; Amici et al., 2006). These myelin outfoldings (tomacula) represent
instabilities of myelin that eventually lead to the degeneration of myelin and finally
of axons.

The comparison of the phenotypes of cholesterol mutants in PNS and CNS
revealed that in both systems cholesterol appeared to be rate limiting for the forma-
tion of myelin membranes (Saher et al., 2005; Saher et al., 2009). In CNS myelin,
the cholesterol content normalized to phosphatidyl-choline (PC) was about 95%
in mutants compared to controls, implying that cholesterol levels were regulated
in concert with other lipids. In contrast to the CNS, however, the composition of
PNS myelin was strikingly altered. Here, cholesterol levels were only about 60% of
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Fig. 18.6 Model of cholesterol mediated trafficking in the PNS. In the ER of Schwann cells,
P0 normally associates with cholesterol enabling its transport to the myelin sheath (high chol).
When cholesterol is limiting (low chol), i.e., during early myelination, P0 transport is adjusted to
cholesterol availability and less P0 is shuttled from the ER to the myelin sheath. In case of severe
cholesterol depletion, P0 is stored within endoplasmic vesicular/tubular structures. Note that MAG
trafficking is independent of cholesterol. Consequently, the ratio of compact myelin (with P0-chol)
to noncompact myelin (with MAG) is reduced (SC, Schwann cell; ax, axon). Reproduced from
Journal of Neurosciences with minor modifications (Saher et al., 2009), with permission

control values (Saher et al., 2009). This implied a different quality control mecha-
nism during PNS versus CNS myelin formation. The histological analysis of sciatic
nerves showed that the compaction of myelin membranes of mutants was affected;
frequently showing stretches of uncompact myelin. In addition, the composition
of myelin proteins was altered showing higher levels of proteins of non-compact
myelin and lower levels of proteins of compact myelin. Apparently the ratio of
compact to non-compact myelin was shifted. It is possible that the changed com-
position of myelin also reflects this shift of compact to non-compact myelin. These
data argue in favour for a yet unproven but tempting hypothesis that compact myelin
may contain higher cholesterol levels then non-compact myelin.

The reason for non-compact myelin stretches may rest in the trafficking defect of
P0 in cholesterol mutant mice. A fraction of P0 appeared to be retained in the ER
of mutant Schwann cells in vivo. It is hypothesized that these P0 proteins failed to
interact with cholesterol precluding the export towards the myelin sheath (Fig. 18.6).
The mechanism by which P0-cholesterol controls myelin compaction remains to be
shown. Taken together, in the PNS the level of cholesterol in Schwann cells may
determine the rate of P0 trafficking to the myelin sheath enabling myelin compaction
with proper cholesterol content.

18.7 Conclusions

As an integral component of most membranes, cholesterol plays an essential role in
regulating its fluidity and permeability. Cholesterol is of particular importance for
the insulating function of myelin that is required to ensure the rapid propagation
of nerve conduction. In contrast to other organs, cholesterol is mainly synthesized
locally within the brain and only minor amounts seem to be taken up by lipoproteins
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from the circulation. Nevertheless, mice that lack the ability to synthesize choles-
terol in myelin-forming cells are still able to produce myelin, however, at a much
lower rate. Mutant glia compensate for their loss of cholesterol biosynthesis by using
cholesterol from neighboring cells. How cholesterol is delivered between the cells
of the nervous system and how cells regulate the amount of cholesterol in myelin
are important questions that need to be addressed in the future.
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Chapter 19
Cholesterol and Ion Channels

Irena Levitan, Yun Fang, Avia Rosenhouse-Dantsker, and Victor Romanenko

Abstract A variety of ion channels, including members of all major ion channel
families, have been shown to be regulated by changes in the level of membrane
cholesterol and partition into cholesterol-rich membrane domains. In general, sev-
eral types of cholesterol effects have been described. The most common effect is
suppression of channel activity by an increase in membrane cholesterol, an effect
that was described for several types of inwardly-rectifying K+ channels, voltage-
gated K+ channels, Ca+2 sensitive K+ channels, voltage-gated Na+ channels, N-type
voltage-gated Ca+2 channels and volume-regulated anion channels. In contrast,
several types of ion channels, such as epithelial amiloride-sensitive Na+ chan-
nels and Transient Receptor Potential channels, as well as some of the types of
inwardly-rectifying and voltage-gated K+ channels were shown to be inhibited by
cholesterol depletion. Cholesterol was also shown to alter the kinetic properties and
current-voltage dependence of several voltage-gated channels. Finally, maintaining
membrane cholesterol level is required for coupling ion channels to signalling cas-
cades. In terms of the mechanisms, three general mechanisms have been proposed:
(i) specific interactions between cholesterol and the channel protein, (ii) changes in
the physical properties of the membrane bilayer and (iii) maintaining the scaffolds
for protein-protein interactions. The goal of this review is to describe systematically
the role of cholesterol in regulation of the major types of ion channels and to discuss
these effects in the context of the models proposed.

Keywords Ion channels · Cholesterol · Lipid rafts

19.1 Introduction

During the last decade, a growing number of studies have demonstrated that the level
of membrane cholesterol is a major regulator of ion channel function (reviewed by
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Maguy et al., 2006; Martens et al., 2004). It is also becoming increasingly clear
that the impact of cholesterol on different types of ion channels is highly heteroge-
neous. The most common effect is cholesterol-induced decrease in channel activity
that may include decrease in the open probability, unitary conductance and/or the
number of active channels on the membrane. This effect was observed in several
types of K+ channels, voltage-gated Na+ and Ca+2 channels, as well as in volume-
regulated anion channels. However, there are also several types of ion channels,
such as epithelial Na+ channels (eNaC) and transient receptor potential (Trp) chan-
nels that are inhibited by the removal of membrane cholesterol. Finally, in some
cases changes in membrane cholesterol affect biophysical properties of the channel
such as the voltage dependence of channel activation or inactivation. Clearly, there-
fore, more than one mechanism has to be involved in cholesterol-induced regulation
of different ion channels.

Two general mechanisms have been proposed for cholesterol regulation of ion
channels. One possibility is that cholesterol may interact directly and specifically
with the transmembrane domains of the channels protein. Direct interaction between
channels and cholesterol as a boundary lipid was first proposed in a “lipid belt”
model by Marsh and Barrantes (1978) suggesting that cholesterol may be a part of
a lipid belt or a “shell” constituting the immediate perimeter of the channel pro-
tein (Barrantes, 2004; Criado et al., 1982; Marsh and Barrantes, 1978). Figure 19.1
schematically shows the dynamic exchange between the lipid shell of an acetyl-
choline receptor protein and the bulk of the membrane (Barrantes, 2004). The role
of cholesterol in the regulation of acetylcholine receptor is described in detail in
Chapter 17 of this book. More recently, our studies demonstrated that inwardly-
rectifying K+ channel are sensitive to the chiral nature of the sterol analogue
providing further support for the hypothesis that sensitivity of these channels to
cholesterol can be due to specific sterol-protein interactions (Romanenko et al.,
2002). An alternative mechanism proposed by Lundbaek and colleagues (Lundbaek
and Andersen, 1999; Lundbaek et al., 1996) suggested that cholesterol may regu-
late ion channels by hydrophobic mismatch between the transmembrane domains

Fig. 19.1 Regulation of an ion channel by annular lipids (from Barrantes (2004)). The diagram
schematically shows a channel protein surrounded by specific lipid molecules that constitute the
annular “belt” around the channel. The three panels illustrate the exchange process between the
annular lipids and the bulk lipids of the membrane. A cholesterol molecule is proposed to be
part of the lipid belt surrounding the channel. © Barrantes (2004). Originally published in Brain
Research Reviews 47:71–95
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Fig. 19.2 Hydrophobic coupling between channel conformational changes and lipid bilayer defor-
mations. The diagram schematically shows a transition between the closed and the open states of an
ion channel that is accompanied with a deformation of the lipid bilayer in the vicinity of the mem-
brane. Membrane deformation involves compression and bending of the membrane leaflets, which
is suggested to contribute the energetic cost of the channel opening. In this model, an increase in
stiffness of the lipid bilayer is expected to increase the cost of the transition resulting in the inhibi-
tion of channel activity. © Lundbaek et al. (2004). Originally published in the Journal of General
Physiology 123: 599–621 (Reproduced with permission)

and the lipid bilayer. More specifically, it was proposed that when a channel goes
through a change in conformation state within the viscous medium of the lipid mem-
brane it may induce deformation of the lipid bilayer surrounding the channel. If this
is the case, then a stiffer less deformable membrane will increase the energy that is
required for the transition, as described schematically in Fig. 19.2. It is important to
note that the two mechanisms are not mutually exclusive. A lipid shell surrounding
a channel may also affect the hydrophobic interactions between the channels and
the lipids and increase the deformation energy required for the transitions between
closed and open states. Finally, obviously, cholesterol may also affect the channels
indirectly through interactions with different signalling cascades.

Another important factor in understanding the mechanisms of cholesterol reg-
ulation of ion channels is the association of the channels with cholesterol-rich
membrane domains, typically called membrane or lipid rafts. While the exact nature
and composition of these domains remains controversial, they are generally defined
as “small (10–200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-
enriched domains that compartmentalize cellular processes" (Pike, 2006). Indeed,
a variety of ion channels have been shown to be associated with these domains.
It is important to note, however, that within lipid rafts, channels may be regulated
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by any of the mechanisms described above: (i) by direct binding of cholesterol,
which is abundant in the rafts; (ii) by an increase in membrane stiffness within the
raft domains, also known as “ordered domains” due to high order of lipid packing
and, of course (iii) by the interactions with multiple signalling molecules that are
segregated within the raft domains. Thus, association with lipid rafts provides an
additional level of complexity to how ion channels or any other membrane proteins
can be regulated by cholesterol rather than a specific mechanism. In this chapter,
we will systematically describe what is known about the effects of cholesterol on
all major types of ion channels and discuss these effects in context of the three
mechanisms described above.

We will also discuss the evidence for and the implications of cholesterol regu-
lation of ion channels under hypercholesterolemic conditions in vivo. Indeed, the
presence of high levels of cholesterol in the blood, termed hypercholesterolemia,
contributes significantly to the development of many human cardiovascular diseases
such as coronary heart disease and stroke. Human hypercholesterolemia is typically
associated with diet and genetic factors, or can be direct result of other disorders
such as diabetes mellitus and an underactive thyroid. Furthermore, hypercholes-
terolemia was shown to cause dysfunction of many cell types including endothelial
cells, endothelial progenitor cells, smooth muscle cells, monocytes, macrophage, T
lymphocytes, platelets and cardiomyocytes. In this chapter, we will therefore also
discuss the current understanding of ion channel modulation by in vivo hyperc-
holesterolemia that may underlie key mechanistic events of development of human
diseases.

19.2 Cholesterol Regulation of K+ Channels

K+ channels are a highly heterogeneous group constituting the largest and the most
diverse group of ion channels that includes several structurally different classes,
such as two-transmembrane domains inwardly-rectifying K+ channels (Kir), four-
transmembrane domains two pore K+ (2PK) channels, and six-transmembrane
domains voltage-gated (Kv) and Ca+2-activated K+ (KCa) channels. Changes in the
level of membrane cholesterol were shown to regulate multiple types of K+ chan-
nels belonging to Kir, Kv and KCa families. However, specific cholesterol effects
vary significantly between different families or even between the members of the
same family. The following section summarizes the similarities and the differences
in cholesterol sensitivity of different types of K+ channels.

19.2.1 Inwardly Rectifying K+ (Kir) Channels

Kir channels constitute one of the major classes of K+ channels that are responsi-
ble for the maintenance of membrane potential and K+ homeostasis in a variety
of cell types, including heart, brain, vascular cells and pancreas (Bichet et al.,
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2003; Kubo et al., 2005; Nichols and Lopatin, 1997). Kir channels open at rest-
ing membrane potential and their main physiological roles is regulating membrane
excitability, heart rate and vascular tone (Bichet et al., 2003; Kubo et al., 2005;
Nichols and Lopatin, 1997). Structurally, Kir channels are tetramers with a basic
subunit consisting of two transmembrane domains, a pore loop, and an N-terminus
and a C-terminus cytoplasmic domain. Kir channels are classified into seven sub-
families (Kir1–7) identified by distinct biophysical properties, such as degree of
current rectification and unitary conductance, and by their sensitivities to different
mediators (reviewed by Kubo et al., 2005; Nichols and Lopatin, 1997). Three of
these sub-families, Kir2, Kir4 and Kir6 channels, have been shown to be sensitive
to cholesterol, but the ways cholesterol affects different types of Kir channels are
significantly different. Cholesterol sensitivity of other Kir channels has not yet been
established.

19.2.2 Kir2 Channels

Kir2 channels are ubiquitously expressed in a variety of cell types, including heart,
neurons, vascular smooth muscle and endothelial cells (Kubo et al., 2005). Todate,
four members of the Kir2 family have been identified (Kir2.1–2.4). All four mem-
bers of the Kir2 family are suppressed by the elevation of membrane cholesterol and
enhanced by cholesterol depletion, but there are some differences in their cholesterol
sensitivity, with Kir2.1 and Kir2.2 being most sensitive and Kir2.3 being least sen-
sitive (Romanenko et al., 2004a; Romanenko et al., 2002). Surprisingly, in spite of
2–3 fold decrease in whole cell Kir2 currents, no or little effect was observed in
the single channel properties of the channels: unitary conductance was not affected
at all and the open probability was decreased less than 10% (Romanenko et al.,
2004a; Romanenko et al., 2002). Moreover, changes in membrane cholesterol have
no effect either on Kir2.1 expression, as estimated by Western blot analysis and by
immunostaining, or on its plasma membrane level, as estimated by tagging the extra-
cellular domains of the channels (Romanenko et al., 2004a), as was described earlier
(Zerangue et al., 1999). Taken together, these observations led us to the hypothesis
that Kir2 channels exist in the plasma membrane in two modes: “active channels”
that flicker between the closed and the open states with high open probability and
“silent channels” that are stabilized in their closed state.

The first clue about the mechanism came from comparing the effects of choles-
terol and of its optical isomer, epicholesterol (Romanenko et al., 2002). The two
stereoisomers, native cholesterol (3β-hydroxy-5-cholestene) and epicholesterol (3α-
hydroxy-5-cholestene) differ only in the rotational angle of the hydroxyl group at
position 3 and are known to have similar effects on membrane ordering and lipid
packing (Demel et al., 1972; Xu and London, 2000). However, our observations
showed that the effects of the two sterols on Kir2 channels are completely different:
while, as described above, cholesterol suppresses Kir2 channels, partial substitution
of native cholesterol by epicholesterol resulted in significant increase in Kir2 cur-
rent suggesting that it is a specific lipid-channel interaction rather than changes in
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Fig. 19.3 Chiral analogues of cholesterol have opposite effects on endothelial Kir currents. (A)
Structure of cholesterol and epicholesterol. Cholesterol: R1=H, R2=OH; epicholesterol: R1=OH,
R2=H. (B) Typical current traces recorded from a cell exposed to MßCD-epicholesterol and from
a control cell. (C) Functional dependence of Kir current density on cholesterol and epicholesterol.
Adapted from Romanenko et al. (2002)

the physical properties of the membrane that is responsible for cholesterol-induced
suppression of Kir2 channels (Fig. 19.3).

More recently, we have identified a specific region of the Kir2.1 channels that
plays a critical role in the sensitivity of these channels to cholesterol (Fig. 19.4)
(Epshtein et al., 2009). Surprisingly, the region critical for the sensitivity of Kir2
channels to cholesterol was identified not in the transmembrane domain of the
channels, as expected, but in the C terminus cytosolic domain. More specifically,
cholesterol sensitivity of Kir2 channels depends on the CD loop, a specific region of
the C-terminus of the cytosolic domain of the channel. Within this loop, the L222I
mutation in Kir2.1 abrogates the sensitivity of the channel to cholesterol, whereas
a reverse mutation in the corresponding position in Kir2.3, I214L, has the oppo-
site effect, increasing cholesterol sensitivity. Furthermore, the L222I mutation has a
dominant negative effect on cholesterol sensitivity of Kir2.1 WT. Mutations of two
additional residues in the CD loop in Kir2.1, N216D and K219Q, partially affect the
sensitivity of the channel to cholesterol. We proposed, therefore, that the residues
of the CD-loop are involved in “docking” of the C-terminus of Kir2.1 to the inner
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Fig. 19.4 Identification of a cytoplasmic domain critical for the sensitivity of Kir2.1 channels to
cholesterol. (A) Sequence of Kir WT with marked PIP2-sensitive mutations analyzed for sensitivity
to cholesterol and the homology model showing two opposite facing subunits of the channel with
the positions of these residues. (B) Typical current traces of Kir2.1-WT, Kir2.1-R228Q, Kir2.1-
K219Q and Kir2.1-N216D in control cells (grey) and in cells depleted of cholesterol (black) From
Epshtein et al. (2009)

leaflet of the membrane and facilitating its interaction with membrane cholesterol.
In this model, when a channel is in the “docking” configuration it may interact with
cholesterol, which in turn is proposed to stabilize the channel in a closed state. It
is important to note, however, that in the framework of this hypothesis, the crit-
ical residues of the CD loop do not necessarily interact with cholesterol directly.
Alternatively, it is possible that their role is to maintain the channels in a “docking”
conformation state that allows cholesterol to bind to another part of the channel.
Finally, it is also possible that residues in the CD-loop facilitate the hydrophobic
interaction between the TM domains of the channel and the lipid core of the plasma
membrane.

19.2.3 Kir3 Channels

Kir3 channels are a family of G-protein gated channels activated by G protein βγ

subunits and play a major role in the inhibitory regulation of neuronal excitabil-
ity (Kir3.2 and Kir 3.1/3.2 heteromers) and in the regulation of the heart rate
(Kir3.4, Kir3.1/3.4 heteromers) (Kubo et al., 2005). Loss of Kir3 channels leads to
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hyperexcitability in the brain, hyperactivity and seizures, as well as cardiac abnor-
malities. Little is known, however, about cholesterol sensitivity of these channels.
Specifically, it was shown that regulation of Kir3.1/3.2 channels by Neural Cell
Adhesion Molecule (NCAM) was compromised by lovastatin, a drug that lowers
cholesterol (Delling et al., 2002). It was also shown that deletion of a number of
genes that have been shown to alter the lipid composition of yeast membrane sig-
nificantly affect functional expression of Kir3.2 channels in the yeast membranes,
suggesting that membrane lipids may play an important role in the regulation of
Kir3.2 trafficking and/or function (Haass et al., 2007). Clearly, more studies are
needed to investigate how cholesterol affects Kir3 channels.

19.2.4 Kir4 Channels

Kir4 channels are also expressed in multiple cell types, including glial and kidney
epithelial cells. Two Kir4 channels have been identified: Kir4.1 implicated in the
control of K+ buffering and homeostasis, and Kir4.2 whose physiological functions
are not well established yet (Kubo et al., 2005). Recently, (Hibino and Kurachi,
2007) have shown that Kir4.1 channels are cholesterol sensitive, but in contrast to
Kir2 channels, Kir4.1 channels were shown to be inhibited by cholesterol depletion.
Furthermore, the authors suggested that the loss of Kir4.1 activity may be due to the
dissociation of the channels from a regulatory phospholipid PI(4,5)P2 that is known
to be required for the activation of multiple ion channels including Kir channels
(Hilgemann et al., 2001; Logothetis et al., 2007), that also resides in cholesterol-
rich membrane domains (Pike and Casey, 1996). This interpretation, however, does
not explain the dramatic difference between Kir4.1 and Kir2 channels in terms of
their sensitivity to cholesterol because Kir2 also require PI(4,5)P2 for their function.
The source of this difference is not yet clear.

19.2.5 Kir6 (KATP) Channels

Kir6 (KATP) channels are heteromultimeric Kir channels with a pore formed by a
tetramer of Kir6 subunits with each Kir6 subunit associated with one ATP-binding
cassette (ABC) sulfonylurea receptor (SUR) protein (reviewed by Nichols, 2006;
Zingman et al., 2007). Two members of the Kir6 channel family have been iden-
tified: Kir6.1 channels are expressed in vascular smooth muscle cells and Kir6.2
channels in pancreatic β-cells, heart, and brain (Kubo et al., 2005; Nichols, 2006;
Zingman et al., 2007). It is known that KATP channels are under the control of
protein kinases A (PKA) and C (PKC), with PKA activating the channels and
PKC having an inhibitory effect (Edwards and Weston, 1993). Sampson and col-
leagues (Sampson et al., 2007; Sampson et al., 2004) showed that cholesterol
depletion affects Kir6.1 by interfering with the coupling of the channels to PKA,
thus inhibiting PKA-dependent activation of the channels.
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19.3 Association of Kir Channels with Cholesterol-Rich
Membrane Domains (Lipid Rafts)

As discussed briefly above, multiple studies have shown that different types of
ion channels are associated with lipid rafts. Indeed, members of almost all of
the Kir families were shown to partition into cholesterol-rich membrane domains:
Kir2 s (Kir2.1 and Kir2.3) (Tikku et al., 2007), Kir3.1/3.4 (Delling et al., 2002),
Kir 4 (Hibino and Kurachi, 2007) and Kir6.1 (Sampson et al., 2004). However,
partitioning of different Kir channels into lipid rafts may be associated with com-
pletely different or even opposite functional effects: for example, Kir2 channels
are suppressed by cholesterol whereas Kir4 channels are suppressed by cholesterol
depletion. The variability of these effects may be due to specific raft environments
or due to structural differences between the channels. Furthermore, we have shown
recently that Kir2.1-L222I mutant that is not sensitive to cholesterol also partitions
into lipid rafts (Epshtein et al., 2009), demonstrating that partitioning into rafts
does not necessarily indicate that the channels are functionally regulated by changes
in membrane cholesterol. Thus, while partitioning into cholesterol-rich membrane
domains is frequently associated with functional dependence of ion channels on
membrane cholesterol, it is not always the case. Furthermore, within the rafts,
channels may be regulated by completely different mechanisms.

19.3.1 Regulation of Kir Channels by Plasma
Hypercholesterolemia In Vivo

Kir2: Our group has demonstrated that diet-induced hypercholesterolemia in a
porcine model results in significant suppression of Kir current in freshly-isolated
aortic endothelial cells and in bone-marrow derived progenitor cells (Fang et al.,
2006; Mohler Iii et al., 2007). Removing cholesterol surplus ex vivo resulted in full
recovery of the current. We have also shown previously that endothelial Kir current
is underlain by Kir2.1 and Kir2.2 channels (Fang et al., 2005). In addition, hyperc-
holesterolemia resulted in significant membrane depolarization of endothelial cells
and notable loss of flow-mediated vasodilatation of the femoral artery estimated
in vivo in the same model (Fang et al., 2006). We proposed that since endothelial
Kir channels are sensitive to shear stress and constitute one of the putative flow
sensors (Davies, 1995; Olesen et al., 1988), impairment of flow-induced vasodi-
latation may be due to the suppression of endothelial Kir channels (Fang et al.,
2006). These observations suggest that hypercholesterolemia-mediated suppression
of Kir channels may be an important factor in dysfunction of mature endothelium
and endothelial progenitor cells and contribute to the initiation and development of
atherosclerosis.

Kir6 (KATP) channels are also regulated by hypercholesterolemia in vivo, but
the mode of the regulation is still controversial. In a porcine model, (Mathew
and Lerman, 2001) showed that pinacidil, a KATP opener, and glibenclamide, a
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KATP blocker, have stronger effects on coronary blood flow under hypercholes-
terolemic conditions than under control conditions, suggesting functional activation
of Kir6 under hypercholesterolemia. In contrast, Genda et al. (2002) demonstrated
that diet-induced hypercholesterolemia suppressed KATP opening in microvascu-
lature, which led to a delay of infarct healing under no-reflow phenomenon after
acute myocardial infarction in a rabbit model. Lee et al. (2004) also reported that
hypercholesterolemia resulted in impairment of myocardial KATP channels, which
contributed to left ventricular hypertrophy in a rabbit model. One possibility to
account for these differences in the effects of hypercholesterolemia on KATP activity
may be the difference in the lipid profiles between hypercholesterolemic rabbits and
pigs. Pongo et al. (2001) reported dysfunction of protein kinase C– KATP channel
coupling in rabbit coronary arteries under hypercholesterolemia, providing a mech-
anistic explanation of hypercholesterolemia-induced suppression of KATP activity.
Hypercholesterolemia may also regulate Kir channels on the level of mRNA expres-
sion. Ren et al. (2001) demonstrated that hypercholesterolemia enhanced the mRNA
of Kir6.2, but down-regulated Kir3.1 mRNA in smooth muscle cells while Kir2.1
and Kir6.1 transcripts were unchanged in a rat model.

In summary, sensitivity to cholesterol and association with cholesterol-rich mem-
brane domains appears to be a common feature for multiple types of Kir channels
but there is a strong diversity in the effects of cholesterol on channel function, and
while some Kir channels, specifically Kir2s, are suppressed by cholesterol, other
Kirs, specifically Kir4.1, require cholesterol for their function. Our recent studies
provided the first insights into the structural requirements for cholesterol sensitiv-
ity of Kir2 channels, establishing the basis for further investigations and detailed
understanding of how Kir channels interact with cholesterol. Furthermore, we pro-
pose that suppression of Kir channels in hypercholesterolemic conditions may play
a major role in the development of cardiovascular disease.

19.4 Voltage-Gated K+ (Kv) Channels

Voltage-gated K+ channels are the largest and the most diverse family of K+

channels that include about 40 members, classified into 12 subfamilies (Kv1–12
sub-families) (Gutman et al., 2005). Kv channels open in response to membrane
depolarization and their main physiological role is termination of action potentials
and returning of the membrane potential back to its resting state. A large diver-
sity of Kv channels with different activation and inactivation properties underlie the
plethora of firing patterns in different excitable cells. Kv channels are also expressed
in a variety of non-excitable cells, including different types of immune cells where
they are known to play important roles in the immune response. Structurally, Kv
channels are tetramers formed either of identical subunits or between different Kv
subunits with each subunit consisting of 6 transmembrane helices (S1–S6) linked
by extracellular and cytosolic loops. The fifth and the sixth helices (S5–S6) and the
connecting pore region form the conducting pore and are homologous to the two
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transmembrane helices of Kir channels (Gutman et al., 2005). Several types of Kv
channels belonging to different sub-families have been identified in lipid rafts and
shown to be sensitive to changes in the level of membrane cholesterol, but molecular
mechanisms underlying cholesterol sensitivity of Kv channels are mostly unknown.

19.4.1 Kv1 Channels

Kv1 channels constitute the Shaker-related family of delayed rectifiers consisting
of eight members (Kv1.1–1.8) expressed in brain, heart, skeletal muscle, pancreas
and blood cells (Gutman et al., 2005). The role of cholesterol in regulation of Kv1
channels was investigated mainly for two members of the family, Kv1.3 and Kv1.5,
but specific effects observed in different studies are highly controversial. Kv1.3 is
expressed in a variety of cell types and plays a critical role in the regulation of
membrane potential and calcium signalling and apoptosis of T lymphocytes (Bock
et al., 2003; Gutman et al., 2005; Hajdú et al., 2003). (Bock et al., 2003) showed
that Kv1.3 partition almost exclusively to cholesterol-rich membrane domains in a
T-lymphocytes cell line and that cholesterol depletion significantly decreases Kv1.3
activity. However, Hajdú et al., (2003) observed an opposite effect in primary lym-
phocytes. Specifically, Hajdú et al., (2003) showed that elevation of membrane
cholesterol in primary lymphocytes resulted in a significant decrease in Kv1.3 cur-
rent density, slowing down both activation and inactivation kinetics and resulting in
the right-shift in the voltage dependence of activation. These changes are consistent
with a decrease in the open probability of the channels upon cholesterol loading.
In terms of partitioning into lipid rafts, Kv1.3 was demonstrated to cluster with a T
cell antigen receptor complex (Panyi et al., 2003) and localize to the immunological
synapse where it also colocalizes with a lipid raft marker GM1(Panyi et al., 2004).
Kv1.3 also partitions into lipid rafts when expressed heterologously in HEK cells
(Vicente et al., 2008) but its membrane distribution is uniform rather than clustered
(O′Connell et al., 2004), which may be consistent with partitioning into small but
highly abundant lipid rafts. Kv1.4 channels were also shown to partition to lipid
rafts in neurons (Wong and Schlichter, 2004), but not in pancreatic β-cells (Xia
et al., 2004). Kv1.5, a channel that underlies an ultrarapid-activating K+ current in
heart muscle (Gutman et al., 2005) is also significantly affected by cellular choles-
terol. First, Martens et al. (2001) showed that cholesterol depletion resulted in a
hyperpolarizing shift in the voltage dependence of both activation and inactivation
of the current, which would be expected to have a significant impact on the duration
of action potentials that are controlled by Kv1.5 channels. More recently, Abi-Char
et al. (2007) showed that cholesterol depletion results in a slow progressive increase
of the Kv1.5-based component of the ultrarapid delayed rectifier current (IKur) in
atrial cardiomyocytes. Kv1.5 was also shown to partition into lipid rafts but the rel-
ative distribution between rafts and non-rafts, as well as association of the channels
with caveolae are still controversial and may vary in different cells and in different
experimental conditions (Abi-Char et al., 2007; Eldstrom et al., 2006; Martens et al.,
2001; McEwen et al., 2008; Vicente et al., 2008).
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19.4.2 Kv2 Channels

Kv2 channels are the Shab-related family of delayed rectifiers consisting of two
members Kv2.1 and Kv2.2, both playing key roles in the regulation of neuron
excitability (Gutman et al., 2005). Kv2.1 was the first member of the Kv fam-
ily to be found in lipid rafts and identified as sensitive to membrane cholesterol
(Martens et al., 2000; Xia et al., 2004). More specifically, Kv2.1 partitions into
non-caveolae lipid rafts and its membrane distribution is significantly different from
that of Kv1 channels: Kv2.1 channels appear as clusters and have very limited lat-
eral mobility whereas Kv1.3 and Kv1.4 were distributed more homogenously and
were significantly more mobile (O′Connell et al., 2004). More recently, distinct cel-
lular distributions of Kv2.1 and Kv1.4 were also demonstrated in freshly-isolated
cardiomyocytes (O′Connell et al., 2008). Clustering of Kv2.1 channels was also
significantly different in atrial and ventricular myocytes providing additional evi-
dence that sub-cellular organization of Kv channels is cell-specific, which again
may underlie the variability of cholesterol effects observed in different cell types
(O′Connell et al., 2008). Interestingly, cholesterol depletion resulted in a significant
increase in Kv2.1 cluster size (O′Connell et al., 2004), an effect quite unexpected
because cholesterol depletion is typically believed to disrupt protein complexes in
raft domains. The effect of cholesterol depletion on Kv2.1 mobility was also sig-
nificantly different from its effect on Kv1.3 and Kv1.4. These observations suggest
that all three channels partition into distinct types of lipid rafts, which may also
explain the differences in their functional dependence on cholesterol depletion.
Functionally, cholesterol depletion resulted in a significant hyperpolarizing shift
of Kv2.1 inactivation from V1/2 of ~ -16 mV to ~-52 mV (Martens et al., 2000).
However, Xia et al. (2004) showed that in pancreatic β-cells, the Kv2.1 current is
strongly suppressed by MβCD-induced cholesterol depletion. While the difference
between the two observations is not clear, it was suggested to be due to possible
differences in the microenvironment between rafts in insulin-secreting cells and in
mouse L cells. Additionally, cholesterol depletion was shown to increase voltage-
gated K+ current in Drosophila neurons (Kenyon cells), the current that is putatively
underlain by the Shab gene, a Drosophila homolog of Kv2.1 (Gasque et al., 2005).
The reasons for these differences are not clear and may reflect the diversity of spe-
cific lipid environments and/or association of the channels with different regulatory
subunits.

19.4.3 Other Kv Channels

Kv3 channels constitute a Shaw-related family that consists of four members
(Kv3.1–3.4) (Gutman et al., 2005). Kv3.2 and Kv3.3 were shown to partition into
non raft fractions in pancreatic α-cells (Xia et al., 2007). Kv4 are a Shal-related fam-
ily of Kv channels that includes three members (Kv4.1–4.3) (Gutman et al., 2005).
All three members of the Kv4 family were shown to partition into lipid rafts in some
(Wong and Schlichter, 2004; Xia et al., 2007), but not all studies (Martens et al.,
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2000). Thus, functional dependence of Kv4 channels on membrane cholesterol is
not yet established. Two more types of Kv channels, Kv7.1 (KCNQ) and Kv11.1
(hERG1) were also found to partition into rafts (Balijepalli et al., 2006). Cholesterol
depletion results in a positive shift in the voltage dependence of activation and accel-
eration of the deactivation rate of Kv11.1 channels, both when the channels are
expressed in HEK cells and in mouse myocytes (Balijepalli et al., 2006).

19.4.4 Regulation of Kv Channels by Plasma
Hypercholesterolemia

Several studies have shown that plasma hypercholesterolemia has a major impact
on the function of Kv channels. First, Jiang et al. (1999) reported that opening
of Kv channels in aortic smooth muscle cells is significantly reduced in a hyper-
cholesterolemic mouse model that lacks apolipoprotein E (Apo E) and low density
lipoprotein receptor genes (LDLR (Apo E− /LDLR− mice). Consistently, Ghanam
et al. (2000) demonstrated that 4-aminopyridine, a blocker of voltage-dependent
K+ channels, strongly inhibited the acetylcholine-induced relaxation in normal rab-
bit cerebral arteries but not in cholesterol-fed rabbits, indicating impairment of Kv
channel-mediated vasodilation under hypercholesterolemia. Finally, Heaps et al.
(2005) showed that Kv channel-mediated, adenosine-induced vasodilatation was
impaired in coronary arterioles of hypercholesterolemic pigs and that Kv currents
in coronary arteriolar smooth muscle cells were significantly reduced. This, hyper-
cholesterolemia impairs Kv channel activity in vascular smooth muscle cells and
the consequent Kv channel-mediated cellular function in the cardiovascular system.
The impact of hypercholesterolemia on other types of Kv channels has not yet been
established.

In Summary, multiple types of Kv channels have been found to partition into
lipid rafts but, similar to Kir channels, the functional impact of cholesterol on the
activity and biophysical properties of different Kv channels appear to be highly
variable. One of the important insights of these studies is the discovery that different
types of Kv channels may partition into distinct types of membrane domains in the
same cells (Fig. 19.5) (Martens et al., 2000; Martens et al., 2001; O′Connell and
Tamkun, 2005). It is also clear that cholesterol-dependent changes in the voltage
characteristics of Kv channels are expected to have major impacts on the termination
of action potentials and firing patterns of a variety of excitable cells.

19.5 Ca2+-Activated K+ Channels

Three families of Ca2+-activated K+ channels are recognized on the basis of their
genetic, biophysical, and pharmacologic properties: large (BK, KCa1.1, maxi-K, or
Slo), intermediate (IK, KCa3.1) and small (SK, KCa2) conductance channels. In
addition to the well known Ca2+-activated KCa1.1, the large conductance K+ chan-
nel family also includes the homologous Na+ activated KCa4.1 and KCa4.2 channels
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Fig. 19.5 Partitioning of different of Kv channels into distinct membrane domains. Lack of colo-
calization between Kv2.1 and Kv1.4 channels co-expressed in the same cells. (A) Kv2.1-CFP, (B)
Kv1.4-YFP, (C) the overlay between Kv2.1 and Kv1.4 with Kv2.1-CFP pseudocolored green and
Kv1.4-YFP pseudocolored red. (D) Fluorescence intensity profiles of Kv2.1-CFP and Kv1.4-YFP
showing no or little correlation. From O′Connell and Tamkun (2005), published in the Journal of
Cell Science 118: 2155–2166. Reproduced with permission)

(Slack and Slick, respectively) and the pH-sensitive KCa5.1 channel (Salkoff et al.,
2006). The ubiquitous KCa1.1 channel controls a diverse array of physiologi-
cal functions including the regulation of smooth muscle tone (Khan et al., 2001;
Sprossmann et al., 2009), the excitability of neurons (Sah and Faber, 2002) and
electrolyte secretion in the salivary glands and colon (Perry and Sandle, 2009;
Romanenko et al., 2007). KCa4 channels are found in the brain and in several
types of myocytes (Bhattacharjee and Kaczmarek, 2005), and expression of KCa5 is
restricted to the testis (Santi et al., 2009; Schreiber et al., 1998). The intermediate-
conductance KCa3.1 channels are primarily expressed in non-excitable cells and are
involved in many physiological functions ranging from red blood cell volume reg-
ulation (Begenisich et al., 2004; Vandorpe et al., 1998) to mitogen activation of
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T-lymphocytes (Ghanshani et al., 2000; Logsdon et al., 1997). SK channels play an
important role in neuronal excitability and function in the CNS and periphery (Bond
et al., 1999; Bond et al., 2005). Additionally, several Ca2+-activated K+ channels
are expressed in vascular smooth muscles and endothelium and are important for
regulation of vascular functions (Feletou, 2009; Ledoux et al., 2006).

19.5.1 BK

Among the large-conductance K+ channels, only KCa1.1 has been reported to
be sensitive to the membrane cholesterol level. Cholesterol-dependent regulation
of KCa1.1 current varies dramatically, from strong suppression to upregulation,
depending on the cell or tissue type studied. The inhibitory effect of cholesterol on
KCa1.1 currents or, alternatively, current upregulation by cholesterol level reduction
has been demonstrated in endothelial (Wang et al., 2005), smooth muscle (Bolotina
et al., 1989; Brainard et al., 2005), neuronal (Lin et al., 2006) cells and colonic
epithelia (Lam et al., 2004). This cholesterol-dependent inhibition is likely to be
due to changes in the open probability and not in the unitary conductance of the
channel (Bolotina et al., 1989; Chang et al., 1995; Crowley et al., 2003; Lin et al.,
2006; Yuan et al., 2004). Conversely, downregulation of the channel by lowering the
cholesterol level has been demonstrated in rat uterine myocytes and in glioma cell
(Shmygol et al., 2007; Weaver et al., 2007). Finally, lack of any effect of choles-
terol has been reported for heterologous expression of the α subunit of the channel
cloned from rat brain (King et al., 2006) and for channels in parotid acinar cells
(Romanenko et al., 2009). The latter study demonstrated that while the amplitude
and the biophysical properties of KCa1.1 and KCa3.1 currents were not affected
by cholesterol depletion, the functional interaction between the two channels was
dependent on the membrane cholesterol.

Currently, no single mechanism rationalizing the diversity of cholesterol effects
on KCa1.1 channel has been proposed. Several studies suggested that the chan-
nel modulation is mainly due to changes in the biophysical properties of the lipid
bilayer (Bolotina et al., 1989; Chang et al., 1995). The hypothesis was supported
by cholesterol-dependent modulation of BK sensitivity to temperature changes,
which is consistent with the known effects of cholesterol on lateral elastic stress
within the lipid bilayer as a function of temperature (Chang et al., 1995). Crowley
et al. (2003) found that cholesterol modulated the activity of the channels recon-
stituted in bilayers composed of POPE/POPS mixture, but failed to do so in pure
POPE bilayers. It has been hypothesized that cholesterol modulation of the bilayer
stress energy was masked in pure POPE because of high initial degree of curva-
ture stress. Interestingly, the same human KCa1.1 channel α-subunit expressed in
HEK293 cells alone or in combination with any of the four known β subunits was
cholesterol-insensitive (King et al., 2006).

In several studies cholesterol-dependent modulation of the channel activity in
native cellular membranes has been attributed to its localization to lipid rafts.
Membrane fractionation methods and co-localization with the lipid raft marker
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caveolin has been used to demonstrate the association of the channels with the
raft membrane microdomains. It was also demonstrated that cholesterol depletion
or interfering with caveolin scaffolding or expression decreases raft association of
the channels (Babiychuk et al., 2004; Brainard et al., 2005; Bravo-Zehnder et al.,
2000; Shmygol et al., 2007; Wang et al., 2005; Weaver et al., 2007). While in most
of these studies, destabilization of lipid rafts upregulated BK currents, Weaver et
al (2007) showed that cholesterol depletion inhibits an intricate functional asso-
ciation of BK channels and IP3 receptors resulting in strong reduction of K+

currents. Nevertheless, Lam et al. (2004) found that the cholesterol-sensitive BK
channel is not present in low-density membrane fractions. Finally, Romanenko et
al (2009) demonstrated that the interaction between KCa1.1 and KCa3.1 channels is
cholesterol-dependent but does not require caveolin-1. This suggests that the partic-
ipation of the channels in at least one type of lipid rafts, caveolae, is not required
for the channel interaction. It is possible however, that other membrane domains are
involved (e.g. flotillin-enriched microdomains (Langhorst et al., 2005).

BK channels were also shown to be sensitive to plasma hypercholesterolemia.
First, earlier studies have shown that BK channels play a larger role in endothelium-
dependent vasodilatation of carotid artery in hypercholesterolemic rabbits than in
control animals (Najibi and Cohen, 1995; Najibi et al., 1994). It was suggested
that an enhanced role of vascular BK channels under hypercholesterolemic con-
ditions may be due to lower basal channel activity, in which case the availability of
BK channels to acetylcholine stimulus may be increased (Sobey, 2001). In contrast,
Jeremy and McCarron (2000) have shown that diet-induced hypercholesterolemia in
rabbits significantly suppressed KCa-mediated vasodilatation in response to acetyl-
choline and bradikinin, as estimated by measuring hind limb vascular conductance.
The effect was blocked by carybdotoxin, a blocker of BK channels. In addition,
it was also shown that hypercholesterolemia decreases the expression of the BK
β1 subunit that sensitizes the BK channel to intracellular Ca2+ (Du et al., 2006).
Interestingly, Wiecha et al. (1997) reported a significantly higher BK activity in
human smooth muscle cells obtained from atherosclerotic plaques, compared to
those isolated from control media segments of human coronary arteries. Thus, sev-
eral lines of evidence suggest that BK activity is modulated by hypercholesterolemia
in a tissue-specific way.

19.5.2 SK and IK

As mentioned above, Ca2+-activated K+ channels are involved in regulation of
a variety of vascular functions. Specifically, opening of SK and IK channels
is a key step in endothelium-dependent hyperpolarization and relaxation of the
vascular wall (Ledoux et al., 2006). Absi et al. (2007) demonstrated that choles-
terol depletion of a vascular wall with intact epithelium resulted in SK-dependent
vasorelaxation while IK-dependent hyperpolarization was unaffected. Moreover,
the arterial SK but not IK channel protein was in low density membrane frac-
tion and co-localized with caveolin-1 (Absi et al., 2007). Conversely, impairment
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of endothelium-dependent vasodilatation mediated by Ca2+-activated K+ channels
was observed in hind limb vasculature of hypercholesterolemic rabbits (Jeremy and
McCarron, 2000). At the same time, Toyama et al. (2008) recently demonstrated up-
regulation of KCa3.1 expression in coronary vessels of patients with coronary artery
disease. Furthermore, KCa3.1 expression was also upregulated in smooth muscle
cells, macrophages, and T lymphocytes found in atherosclerotic lesions of ApoE-/-

mice, one of the main genetic models of atherosclerosis (Toyama et al., 2008). These
authors further demonstrated that increased IK activity plays a key role in regulating
the proliferation, migration, ROS, and cytokine production in vascular cells, conse-
quently contributing to atherogenesis. Application of IK blockers in ApoE–/– mice
markedly reduced the development of atherosclerosis, indicating IK as a novel thera-
peutic target for atherosclerosis under hypercholesterolemia. In contrast, expression
of SK channels in aortas of hypercholesterolemic Apo E−/− mice was significantly
reduced compared with wild-type controls (Zhou et al., 2007).

In Summary, similarly to the two groups of K+ channels described above, while
the effects of cholesterol on Ca2+-activated K+ channels are complex and con-
troversial, multiple lines of evidence demonstrate that cholesterol sensitivity of
these channels may play an important role in the development of cardiovascular
disease.

19.6 Na+Channels

19.6.1 Voltage-Gated Na+ (Nav) Channels

Voltage-gated Na+ channels are members of the same superfamily of ion channels
as the voltage-gated K+ channels described above (Catterall et al., 2005a). The pore
forming α-subunits of Nav channels consist of four domains, homologous to the
basic subunit of the Kv channels with six transmembrane helices (S1–S6) (Catterall
et al., 2005a). However, in contrast to the highly diverse Kv channels, Nav channels
are relatively similar and contain only one family of channels consisting of nine
members (Nav1.1–1.9). The main physiological role of Nav channels is the initi-
ation and propagation of action potentials in a variety of excitable cells including
neurons, different types of muscle cells and neuroendocrine cells (Catterall et al.,
2005a). Two general mechanisms have been described for cholesterol sensitivity of
Nav channels: partitioning to caveolae (cardiac Nav1.5 channels) (Yarbrough et al.,
2002) and regulation by the elastic properties of the membrane lipid bilayer (skeletal
Nav1.4 channels) (Lundbaek et al., 2004). It was also shown that plasma hyperc-
holesterolemia resulting in a ∼2-fold increase in the level membrane cholesterol
in rabbit ventricular myocytes is associated with a significant decrease in the cur-
rent density of voltage-gated Na+ currents (Wu et al., 1995). Specifically, plasma
hypercholesterolemia resulted in decreased current density, slower recovery from
inactivation, and more negative potential for inactivation of the sodium inward
currents in hyperlipidemic myocytes (Wu et al., 1995).
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One of the first studies to test the role of cholesterol in the regulation of voltage-
gated Na+ channels showed that cholesterol dramatically alters the sensitivity of
Nav channels to pentobarbital (Rehberg et al., 1995). In this study, Nav channels
were isolated from human cortical brain tissues and incorporated into PE/PC lipid
bilayers with cholesterol added up to 50% weight/weight. An increase in cholesterol
alone had no effect on the single channel properties of the channels, but it sig-
nificantly inhibited the pentobarbital-induced block of the channels. Furthermore,
competitive inhibition of the pentobarbital block was observed at very low concen-
trations of cholesterol with an EC50 of less than 2%, which is below cholesterol
levels found in neuronal cells (Rehberg et al., 1995). In terms of the mechanism,
it was proposed that the competitive effect could be either due to changes in the
physical properties of the lipid bilayer or due to a direct interaction with the channel
or with the anesthetic. The first mechanism was investigated in more details for the
skeletal Nav1.4 channels as described below.

Nav1.4 channels responsible for the initiation of transmission of action poten-
tials in skeletal muscle (Catterall et al., 2005a) were also shown to be significantly
dependent on membrane cholesterol when expressed in HEK cells (Lundbaek et al.,
2004). Specifically, depletion of membrane cholesterol resulted in a significant
hyperpolarizing shift in current inactivation, an effect that was partially reversible
by cholesterol depletion. Cholesterol enrichment, on the other hand, had no effect
on the inactivation of the current. Surprisingly, however, cholesterol enrichment did
have a significant effect on the voltage parameters of current activation whereas
cholesterol depletion had no effect. Cholesterol depletion also decreased the peak
amplitude of the current. In this case, it was proposed that cholesterol sensitivity
of voltage-gated Na+ channels can be attributed to the sensitivity of the channels
rather than to the physical properties of the membrane bilayer because the effect
of cholesterol depletion was similar to the effect induced by exposing the cells to
10 μM Triton X-100 or 2.5 mM β-octyl-glucoside (βOG ), two micelle-forming
amphiphilic compounds which are known to alter the physical properties of the
membrane lipid bilayer (Lundbaek et al., 2004). More specifically, Lundbaek et al.,
(2004) proposed that Nav1.4 channels are regulated by the elastic properties of the
membrane.

Nav1.5 channels are responsible for the initial upstroke of the action potential
in atrial and ventricular myocytes, as well as contribute to the propagation of the
action potential in the heart (Balijepalli and Kamp, 2008). Nav1.5 channels parti-
tion into cholesterol-rich membrane fractions and directly interact with caveolin-3
(Yarbrough et al., 2002). Furthermore, blocking the interaction with caveolin-3
using anti-caveolin antibodies abrogates direct Gsα-mediated regulation of Nav1.5
current by β-adrenergic stimulation (Palygin et al., 2008; Yarbrough et al., 2002).
It was proposed that activation of β-adrenergic activation of Gsα results in open-
ing of the necks of the caveolae and thus recruiting caveolae Nav1.5 channels to
the sarcolemma (Yarbrough et al., 2002). It was also proposed that caveolin-3 may
directly stabilize the interaction between the channels and Gsα subunits (Palygin
et al., 2008). While the role of cholesterol was not tested directly in these studies,
multiple studies have shown that changes in the level of membrane cholesterol both
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in vitro and in vivo have profound effects on the integrity of caveolae, suggesting
that β-adrenergic stimulation of cardiac Nav1.5 channels is cholesterol dependent.

19.6.2 Epithelial Na+ Channels (eNaC)

Amiloride-sensitive Na+ channels constitute another family of Na+ channels
expressed mostly in different types of epithelial cells (hence the name epithelial
Na+ channels, eNaC), which are responsible for Na+ absorption regulating Na+ and
fluid homeostasis, which in turn play important roles in the control of blood pres-
sure (de la Rosa et al., 2000). eNaC channels are heteromultimeric proteins formed
by pore-forming α subunits plus two regulatory subunits (β and γ) (de la Rosa et al.,
2000). Several studies have shown that eNaC subunits partition into lipid rafts (Hill
et al., 2002; Hill et al., 2007; Prince and Welsh, 1999), but in other studies eNaC
was found not to associate with rafts (Hanwell et al., 2002). Hill et al. (2002) also
showed that MβCD-induced cholesterol depletion results in partial redistribution of
β and γ subunits to higher density fractions, corresponding to a shift in the dis-
tribution of caveolin. It is noteworthy that a similar shift was observed in cells
exposed to aldosterone, a hormone known to be involved in sodium channel regula-
tion. More recently, it was also shown that eNaC directly interacts with caveolin-1
(Lee et al., 2009).

Functionally, the predominant effect of cholesterol on eNaC is inhibition of chan-
nel activity by cholesterol depletion. First, Shlyonsky et al. (2003) showed that
functional eNaC channels can be found only in low-density Triton-insoluble frac-
tions (rafts) whereas channels that partition into Triton-soluble fractions appear to
be non-functional, as determined by incorporation of reconstituted proteoliposomes
into lipid bilayers. Surprisingly, in this study no effect of cholesterol depletion was
detected on transepithelial Na+ current or single channel eNaC activity. To explain
this controversy Shlyonsky et al. (2003) suggested that microdomains surrounding
eNaC channels in A6 renal epithelial cells may be resistant to cholesterol deple-
tion. More recently, however, several studies have shown that cholesterol depletion
results in a decrease in the basal and/or hormone-stimulated Na+ transport (Balut
et al., 2006; Hill et al., 2007; West and Blazer-Yost, 2005), and in a decrease in
both the open probability (Balut et al., 2006) and the surface expression of eNaC
channels (Hill et al., 2007). It is also noteworthy that cholesterol depletion of api-
cal and basal membranes has significantly different effects (Balut et al., 2006; West
and Blazer-Yost, 2005). Interestingly, Wei et al. (2007) showed that the effect of
cholesterol depletion was significantly facilitated by membrane stretch.

In general, loss of channel activity after cholesterol depletion suggests that the
scaffold of a lipid raft and interactions with other proteins are required for eNaC nor-
mal function. However, recently it was shown that caveolin-1 is actually a negative
regulator of eNaC (Lee et al., 2009), suggesting that it is an interaction with other
regulatory molecules that could be responsible for the inhibition of the channels by
cholesterol depletion.
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19.7 Ca+ Channels

19.7.1 Voltage-Gated Ca+2 (Cav) Channels

Voltage-gated Ca+2 channels are also members of the superfamily of ion chan-
nels that include voltage-gated K+ and Na+ channels and they are responsible for
calcium influx in response membrane depolarization controlling muscle contrac-
tion, secretion, neurotransmission and gene expression in a variety of cell types
(Catterall et al., 2005b). The pore forming α-subunit of Cav channels is homolo-
gous to that of Navchannels (Catterall et al., 2005b). The family of Cav channels
includes 10 members that belong to one of three subfamilies: the Cav1 subfamily
that underlies L-type Ca+2 currents, the Cav2 subfamily that includes P/Q, N and
R-type Ca+2 currents and the Cav3 subfamily that underlies T-type Ca+2 currents
(Catterall et al., 2005b). Changes in membrane cholesterol were shown to regulate
members of all three subfamilies Cav channels: L-type Ca2+ channels (Balijepalli
et al., 2006; Bowles et al., 2004; Cox and Tulenko, 1995; Pouvreau et al., 2004),
N-type Ca2+ channels (Lundbaek et al., 1996; Toselli et al., 2005), and P/Q-type
Ca2+ channels (Taverna et al., 2004). However, specific effects are highly diverse
and vary not only between the channel types but also between different cell types
and experimental conditions, even for the same types of channels.

19.7.2 L-Type Ca2+ Channels

One of the first reports of cholesterol sensitivity of L-type Ca2+ channels demon-
strated that L-type Ca2+ currents are augmented in freshly dispersed myocytes from
a rabbit portal vein under dietary hypercholesterolemia (Cox and Tulenko, 1995).
Consistent with these observations, (Pouvreau et al., 2004) showed that depleting
cellular cholesterol in mice skeletal muscle cells resulted in a significant reduc-
tion of L-type Ca2+ channels and ~15 mV positive shift in activation. Kinetics
of both activation and inactivation were slowed down. Cholesterol depletion also
resulted in disorganization of the T-tubule system, a decrease in the number of
caveolae connected to the plasma membrane, and a decrease in cell capacitance
which could partially explain the loss of Ca2+ current. However, the decrease in
current appeared to be stronger than predicted on the basis of the loss of electri-
cal capacitance suggesting that removal of cholesterol also affects the properties of
the channels. Unexpectedly, cholesterol depletion facilitated activation of the chan-
nels by the saturating concentrations of Bay K 8644, suggesting that while the basal
activity of the channels is inhibited by cholesterol depletion, their sensitivity to stim-
ulation is enhanced. More recently, it was shown that Cav1.2 channels colocalize
with caveolin-3 in cardiac myocytes and that MβCD-induced cholesterol depletion
completely abolishes β2-adrenergic stimulation of Cav1.2 channels in these cells
(Balijepalli et al., 2006; Tsujikawa et al., 2008). It is important to note that this
effect is consistent with the loss of β-adrenergic stimulation of the Nav1.5 current
by anti-caveolin antibodies that was described earlier (Yarbrough et al., 2002).

In contrast, Jennings et al. (1999) showed that L-type Ca2+ channels in gall
bladder cells are strongly inhibited by enriching the cells with cholesterol, using
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the cholesterol-saturated cyclodextrin complex. A similar effect was also demon-
strated in coronary smooth muscle cells (Bowles et al., 2004). Consistent with these
observations, L-type Ca2+ channels were also shown to be inhibited by hypercholes-
terolemic serum when the channels were recorded in myocytes isolated from conduit
coronary arteries. Suppression of the channels was fully reversed by MβCD-induced
cholesterol depletion (Bowles et al., 2004). However, hypercholesterolemia had no
effect on L-type Ca2+ channels in myocytes isolated from arterioles of the same
pigs. Furthermore, cholesterol enrichment had no effect on L-type Ca2+ channels in
neuroblastoma-glioma cells (Toselli et al., 2005).

19.7.3 N-Type Ca2+ Channels

N-type Ca2+ channels have also been shown to have different sensitivities to mem-
brane cholesterol in different cell types. An increase in membrane cholesterol was
shown to alter the inactivation properties but not to affect the activation of N-types
Ca2+ channels in neuroblastoma IMR32 cells (Lundbaek et al., 1996), whereas in
neuroblastoma-glioma hybrid cells an increase in membrane cholesterol strongly
suppressed N-type Ca2+ channels, without having a significant effect on the inacti-
vation of the current (Toselli et al., 2005). The mechanism underlying cholesterol
sensitivity of N-type Ca2+ channels in neuroblastoma-glioma hybrid cells seems to
be strikingly similar to that of inwardly-rectifying K+ channels (Romanenko et al.,
2004a). Specifically, an increase in membrane cholesterol had no effect on the uni-
tary conductance of the channels and a small effect on the open probability of the
channels. The most prominent effect of cholesterol was an increase in the number
of sweeps that had no channel activity, suggesting that the channels are stabilized
in the closed state (Toselli et al., 2005). Interestingly, activity of N-type Ca2+ chan-
nels was also significantly reduced by transfecting the cells with caveolin-1 (Toselli
et al., 2005), suggesting that N-type Ca2+ channels may also be suppressed by
the interaction with caveolin. However, Toselli et al. (2005) have also shown that
caveolin-induced suppression of the current was not due to the interaction of the
channels with the caveolin inhibitory scaffolding domain. Therefore, Toselli et al.
suggested that since caveolin is a cholesterol-binding protein that facilitates choles-
terol transport to the plasma membrane, the negative effect of caveolin on N-type
Ca2+ channels can be attributed to an increase in membrane cholesterol. Thus, it is
interesting to take into account that cholesterol may affect not only the interactions
of the channels with caveolin but also that caveolin may affect the interactions of
the channels with cholesterol.

19.8 Transient Receptor Potential (TRP) Channels

Transient receptor potential or TRP channels are relatively non-selective ion chan-
nels, which are activated and regulated by a wide variety of stimuli. For example,
TRP channels respond to temperature, touch, pain, osmolarity, pheromones, and
taste (Clapham, 2003). They are ubiquitously expressed in many cell types and
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tissues. The mammalian TRP channels superfamily consists of six related protein
families but with sequence identity as low as 20% (Clapham, 203). Among these,
the three major families are the vanilloid (TRPV), the canonical (TRPC) and the
melastatin (TRPM) TRP channels (Clapham, 203; Pedersen et al., 2005). Members
of each of these three families have been shown to be sensitive to cholesterol and/or
localize in cholesterol-rich lipid rafts.

19.8.1 TRPV Channels

Among the TRPV channels that include five members (TRPV1,2,4-6), the activ-
ity of TRPV1 has been shown to be sensitive to membrane cholesterol content,
suggesting the raft association is pivotal for the physiological role of the chan-
nel (Liu et al., 2006). Specifically, it has been demonstrated that there is a close
link between cholesterol levels, the amount of TRPV1 in the plasma membrane and
TRPV1-mediated responses in primary sensory neurons. Cholesterol depletion fol-
lowing treatment with MβCD reduced significantly whole cell inward currents thus
reducing the level of immunoreactivity of TRPV1 on the surface of the dorsal root
ganglion neurons. Thus, it was suggested that TRPV1 is localized in cholesterol-rich
microdomains, whose integrity determines the function and membrane expression
of TRPV1 (Liu et al., 2006).

19.8.2 TRPC Channels

Functional expression of TRPC channels (seven members: TRPC1–7) has been
shown to enhance store-mediated Ca2+ entry in a variety of mammalian cells
(Brownlow et al., 2004; Grimaldi et al., 1999; Hartwig, 1992). Several TRPC chan-
nels have been shown to segregate into lipid rafts (Brownlow and Sage (2005),
and there is growing evidence that some members of the TRPC channels fam-
ily assemble in cholesterol-rich caveolae domains in order to participate in Ca2+

influx pathways. Specifically, TRPC1, TRPC4 and TRPC5 were found to be pre-
dominantly associated with detergent-resistant, insoluble platelet fractions, from
which they were partially released following cholesterol depletion following MβCD
treatment (Brownlow and Sage (2005). Furthermore, it has been shown that when
cholesterol depletion of the plasma membrane disrupts lipid raft domains, it reduces
both thapsigargin- and thrombin-evoked Ca2+ entry in human platelets (Brownlow
et al., 2004). Together, these results suggest that TRPC1, TRPC4, and TRPC5 are
associated with lipid raft domains in human platelets (Brownlow and Sage (2005).

A similar observation was reported for the distribution of TRPC1 in sympathetic
neurons, in which TRPC1 was found to be localized in caveolae where it is asso-
ciated with signalling proteins (Beech, 2005; Delmas, 2004). These data are also
consistent with the partition of TRPC1 into detergent insoluble membrane frac-
tions that was observed in several additional cell types, including HSG cells, THP-1
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monocytic cells, neutrophils and skeletal myoblasts (Berthier et al., 2004; Brazer
et al., 2003; Formigli et al., 2009; Kindzelskii et al., 2004; Lockwich et al., 2000).
Further investigation elucidated the molecular determinants of the localization of
TRPC1 in caveolae. It was determined that TRPC1 segregates into lipid rafts by
binding to the raft-associated protein caveolin-1 (Lockwich et al., 2000), whose
scaffolding domain is necessary for anchoring the channel to caveolae and for its
regulation (Brazer et al., 2003; Kwiatek et al., 2006). Specifically, the N-terminus
of TRPC1 contains a cav-1 binding motif and its C-terminus contains a caveolin
scaffolding consensus binding domain that allows for its physical and functional
interaction with caveolin-1 in the caveolae of human pulmonary artery endothelial
cells (Kwiatek et al., 2006; Remillard and Yuan, 2006). The critical role that lipid
raft domains play in the activation of TRPC1 channels has also been confirmed
using caveolin knock-out mice (Murata et al., 2007).

Furthermore, excess of cholesterol (Kannan et al., 2007) or 7-ketocholesterol
(Berthier et al., 2004) has been shown to induce TRPC1 redistribution to raft
fractions. Colocalization of TRPC1 with caveolin-1 was reduced following choles-
terol depletion by MβCD, and similarly to the case in human platelets (Brownlow
and Sage (2005), Ca2+ inflow was reduced in MβCD-treated caudal arteries
(Bergdahl et al., 2003). Since 7-ketocholesterol is a major component of oxLDL,
the effect of oxLDL on TRPC1 function was also investigated (Ingueneau et al.,
2008). It was found that oxLDL-induced TRPC1 translocation depended on actin
cytoskeleton and was associated with a significant increase in the concentration of
7-ketocholesterol (a major oxysterol in oxLDL) into caveolar membranes. Since the
cells were treated mildly with oxLDL, in these experiments, the caveolar content of
cholesterol was unchanged (Ingueneau et al., 2008).

A different point of view on the relevance of lipid rafts to the function of TRPC1
was obtained by investigating the relationship between TRPC1 and STIM1, an ER
Ca2+ protein that was suggested to be involved in coupling of ER Ca2+ entry chan-
nels (Lewis, 2007; Liou et al., 2005; Roos et al., 2005). In this context it has been
shown for HSG and HEK cells that TRPC1 and STIM1 associated with each other
within the lipid raft domains, and this association was dynamically regulated by the
status of the ER Ca2+ store. This indicates that lipid raft domains facilitate the store-
dependent interaction of STIM1 with TRPC1 (Pani et al., 2008) and suggests that
TRPC1 functions as a component of store-operated channels only when linked to
STIM1 in lipid rafts (Beech et al., 2009).

For TRPC3, the data is inconclusive. It was first reported that in HEK cells,
TRPC3 was assembled in a multimolecular complex with key Ca2+ signalling pro-
teins. It was thus suggested that caveolar localization of TRPC3 determines the
activation and regulation of TRPC3 (Lockwich et al., 2001). Later it was reported
that TRPC3 was evenly distributed between insoluble and soluble platelet fractions,
and that its distribution was unaffected by MβCD (Beech, 2005). It was thus sug-
gested that TRPC3 did not associate with lipid raft domains in human platelets
(Beech, 2005). A year later it was reported that in HEK cells its activity was sensi-
tive to membrane cholesterol content, and cholesterol-loading of cells had a positive
effect on signals related to TRPC3 (Graziani et al., 2006). Furthermore, increased
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surface expression of TRPC3 was identified as a prominent event associated with
cholesterol-induced TRPC3 activation (Graziani et al., 2006). Further experiments
would be required to elucidate the conditions that determine the distribution of
TRPC3 in lipid rafts.

As noted above, similarly to TRPC1, TRPC4 has also been associated with lipid
raft domains in human platelets (Brownlow and Sage (2005). This observation is
in agreement with data obtained from interstitial cells of Cajal, which are consid-
ered to be the pacemaker cells in gastrointestinal tracts. Specifically, TRPC4 was
found to be located mostly in caveolae and colocalized with caveolin-1 (Torihashi
et al., 2002).

TRPC6, similarly to TRPC3, showed a similar distribution between insoluble
and soluble platelet fractions, but its distribution was unaffected by MβCD, sug-
gesting that it is not associated with lipid raft domains in human platelets, TRPC6
(Brownlow and Sage (2005). A similar observation was reported for the distribution
of TRPC6 in sympathetic neurons, where TRPC6 was evenly distributed through-
out the plasma membrane (Beech, 2005; Delmas, 2004). On the other hand, it was
demonstrated in HEK cells that cholesterol can have an indirect effect on channel
function (Huber et al., 2006). Podocin, a cholesterol binding protein was shown
to interact and regulate the activity of TRPC6 in a cholesterol-dependent manner.
Cholesterol depletion using MβCD inhibited the effect of podocin on the channel
(Beech et al., 2009; Huber et al., 2006).

19.9 TRPM Channels

Amongst the TRPM channels (eight members: TRPM1–8), two channels have been
investigated in this context, TRPM7 and TRPM8. TRPM7 accumulates at the cell
membrane in response to bradykinin-stimulation (Langeslag et al., 2007). Cell frac-
tionation by sucrose gradient and differential centrifugation demonstrated that in
bradykinin-stimulated cells, TRPM7 localized in fractions corresponding to caveo-
lae whereas in basal conditions, TRPM7 was almost undetectable in cholesterol-rich
fractions (Yogi et al., 2009). This suggests that TRPM7/caveolae/lipid raft asso-
ciation may facilitate TRPM7 scaffolding to cell membrane receptors. In sensory
neurons, TRPM8 was found to be localized in cholesterol-rich lipid rafts both in-
vivo and in heterologous expression systems (Morenilla-Palao et al., 2009). It has
been shown that lipid-raft segregation of TRPM8 is favored by glycosylation at the
Asn934, and mutating this asparagine to a glutamine that prevents glycosylation at
this position, reduces the amount of TRPM8 channels that are associated with lipid-
rafts by approximately 50%, without affecting the total amount of expressed protein
or protein cell surface trafficking (Morenilla-Palao et al., 2009). This suggests that
lipid raft association modulates TRPM8 activity. Specifically, both menthol- and
cold- mediated responses are enhanced when the channel is located outside the lipid
raft, and lipid raft disruption shifts the threshold for TRPM8 activation to warmer
temperatures (Morenilla-Palao et al., 2009).
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19.10 Cl- Channels

In general, Cl- channels can be loosely classified based on their gating mode to
voltage-gated, ligand-gated, Ca2+-activated channel superfamilies and channels reg-
ulated by cell volume (VRAC) and by cyclic nucleotide-dependent kinases (Cystic
Fibrosis Transmembrane Conductance Regulator, CFTR) (Jentsch et al., 2002;
Nilius and Droogmans, 2003; Suzuki et al., 2006). Multiple channels from all the
classes have been found to be regulated by cholesterol, except Ca2+-activated Cl-

channels - currently there is no direct evidence for cholesterol sensitivity of these
channels.

19.10.1 Voltage-Gated Cl- Channels

The families of ClC channels and the mitochondrial porins (voltage-dependent
anion channels, VDAC) can be assigned to this group of channels. There are nine
known mammalian isoforms of ClC channels with different tissue distribution and
function (Jentsch, 2008). Among these channels only ClC-2 has been demonstrated
to be regulated by cholesterol. Though ClC-2 is broadly expressed, its biological sig-
nificance is still vague (Jentsch, 2008; Thiemann et al., 1992). When expressed in
HEK293 cells, CLC-2 channel protein was found to be concentrated in cholesterol-
rich microdomains and this association was disrupted by cholesterol depletion.
Membrane cholesterol was shown to regulate the activation kinetics of the channel
resulting in a shift in the activation curve, as well as to regulate channel trafficking
(Hinzpeter et al., 2007). Identification of ClC-2 and ClC-3 channels as a part of the
neuronal fusion pore, a process that requires cholesterol, suggests that cholesterol-
sensitivity of these channels may affect pore formation (Cho et al., 2007; Jena,
2008). However, a specific functional link between the channels and cholesterol
has not been established yet.

The voltage-dependent anion channel (VDAC) in the mitochondrial outer mem-
brane is a major metabolite pathway across the membrane and plays an essential role
in intracellular signalling and apoptosis (Rostovtseva and Bezrukov, 2008; Shoshan-
Barmatz et al., 2006). Sterols such as cholesterol and ergosterol have been found
to form a complex with purified VDAC protein (De Pinto et al., 1989; Freitag
et al., 1982). Further, Popp et al. (1995) demonstrated that cholesterol is necessary
for functional reconstitution of VDAC and that voltage dependence of the chan-
nel depends on the sterol used for the reconstitution. Several studies suggested that
mitochondrial proteins, including VDAC, are present in lipid rafts of mitochondrial
membranes (Foster and Chan, 2007). However, Zheng et al. (2009) showed that
raft localization of none of the mitochondrial proteins was affected by cholesterol
depletion, which suggested that previous findings could be an artifact of the raft
preparation methods. Nevertheless, similarly to the plasma membrane, distinct gly-
cosphingolipid enriched microdomains are present in the mitochondrial membrane
with VDAC preferentially partitioning into these domains. Moreover, activation
of death receptors recruited other components of the permeability transition pore,
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including pro-apoptotic Bax and tBid, to the same microdomains (Garofalo et al.,
2005). Electrophysiological studies have demonstrated that VDAC voltage gating
can be regulated by tBid in planar membranes (Rostovtseva et al., 2004; Rostovtseva
and Bezrukov, 2008). Finally, cholesterol depletion abrogated the death-inducing
pore formation and prevented mitochondrial depolarization (Christenson et al.,
2008; Garofalo et al., 2005; Lucken-Ardjomande et al., 2008; Martinez-Abundis
et al., 2007).

19.10.2 CFTR

CFTR is a Cl- channel regulated by cyclic AMP and GMP and is critically involved
in water and salt transport in multiple types of epithelial tissues. Genetic defects in
the CFTR gene and the consequent malfunction of the channel lead to cystic fibrosis
(CF), a fatal disease that affects the lungs, liver, pancreas, and the gastrointestinal
tract (Rowntree and Harris, 2003). In addition, CFTR has been found to regulate var-
ious proteins, including transporters such as eNaC and K+ and Cl- channels (Berdiev
et al., 2009; Schwiebert et al., 1995; Yoo et al., 2004).

Cholesterol-dependent regulation of CFTR currents have been described for its
most common mutant deltaF508, which is defective in folding, membrane targeting,
and stability but retains some of the channel’s functionality (Cheng et al., 1990).
Cholesterol depletion partially rescued the CFTR-mediated anion efflux in 3T3
fibroblasts expressing the mutant channel, which was attributed to enhanced plasma
membrane targeting and retention of the channel (Lim et al., 2007). Similarly,
reduced temperature, chemical chaperons or proteasome inhibitors were previously
suggested to partially reverse the folding defect of the deltaF508 mutant (Jiang
et al., 1998; Kopito, 1999). In multiple native and expressed cell systems, the CFTR
protein was found to be associated with lipid rafts (Dudez et al., 2008; Grassme
et al., 2003; Kowalski and Pier, 2004; Vij et al., 2009), but changes in membrane
cholesterol were shown to have no effect on the activity of the channels (Lam et al.,
2004; Singh et al., 2000; Wang et al., 2008). On the other hand, it has been shown
that cholesterol may modulate CFTR-dependent regulation of various pathways,
such as NFκB mediated IL-8 signalling (Vij et al., 2009), gap junction modulation
by TNF-a (Dudez et al., 2008), and apoptosis induced by P. aeruginosa infection
(Kowalski and Pier, 2004). In these studies disruption of lipid rafts and dissociation
of CFTR from signalling complexes has been proposed as the mechanism of the
cholesterol-dependent modulation.

19.11 Volume-Regulated Anion Channel (VRAC)

Maintenance of cell volume and osmotic homeostasis is the most prominent function
of VRAC channels (coupled with swelling-activated conductive K+ transporters)
in most animal cells (Hoffmann et al., 2009). Additionally, VRAC channels are
also involved in cell cycle progression, proliferation, and apoptosis (Nilius and
Droogmans, 2001; Stutzin and Hoffmann, 2006). The properties and regulatory
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pathways of VRAC have been extensively studied; however the molecular iden-
tity of the channel is still unknown. Moreover, it is also debated as to VRAC,
which can conduct amino acids such as taurine, is the main conducting pathway
for swelling-induced release of organic osmolytes (Shennan, 2008).

Our studies have shown that membrane cholesterol has a negative effect on
VRAC, as is manifested by an increase in amplitude and/or rate of swelling-
induced current development in cholesterol-depleted cells and by the suppression
of the current by cholesterol enrichment (Byfield et al., 2006; Levitan et al.,
2000; Romanenko et al., 2004b). Similar observations were also reported by other
investigators (Klausen et al., 2006). Likewise, swelling-induced efflux of anionic
osmolytes in several cell types was enhanced by cholesterol depletion and sup-
pressed by cholesterol enrichment (Cheema and Fisher, 2008; Lambert, 2004;
Lim et al., 2006; Ortenblad et al., 2003). In terms of the mechanism, cholesterol-
dependent regulation of VRAC and swelling-induced osmolyte release was ascribed
to changes in the physical properties of the membrane rather than to specific
sterol-protein interactions, because substitution of endogenous cholesterol by its
analogues, such as epicholesterol, produced no effect on VRAC (Fig. 19.6) (Byfield
et al., 2006; Cheema and Fisher, 2008; Romanenko et al., 2004b). Remarkably,
cholesterol depletion upregulated VRAC activated by a supra-maximal concentra-
tion of GTPγS (Rho GTPase agonist) and, on the contrary, cholesterol sensitivity
was lost when VRAC was activated by “strong” hypotonic shock. Moreover, at
high cholesterol levels only swelling-activated VRAC was cholesterol-sensitive but
not GTPγS-activated VRAC. It was therefore suggested that cholesterol may affect
VRAC development by more than one mechanism (Levitan et al., 2000; Romanenko
et al., 2004b).

Association with lipid rafts has also been hypothesized as a mechanism for
cholesterol sensitivity of VRAC. Indeed, several studies demonstrate correlation of
caveolin-1 expression with VRAC activation and swelling-induced taurine release.
Paradoxically, ablation of caveolin-1 expression, which destabilized lipid rafts as
did cholesterol depletion, inhibited VRAC (Trouet et al., 2001; Trouet et al., 1999;
Ullrich et al., 2006). Caveolae/lipid rafts were shown to serve as scaffolds for
multiple proteins that are involved in VRAC regulation, including Rho GTPases,
as well as anchoring sites for actin filaments (Allen et al., 2007; Levitan and
Gooch, 2007). Specifically, in ELA cells Klausen et al. (2006) showed that F-actin
and Rho-Rho kinase modulate VRAC magnitude and activation rate, respectively,
and that cholesterol depletion potentiates VRAC at least in part by preventing the
hypotonicity-induced decrease in Rho activity and eliciting actin polymerization. A
complex interplay of raft-dependent factors may underlie the controversial effects
of cholesterol and caveolin.

19.12 Mechanosensitive Channels

Finally, we will discuss cholesterol sensitivity of mechanically sensitive ion chan-
nels that are expressed ubiquitously in a variety of tissues and are activated
by membrane stretch (Hamill and McBride, 1996; Sachs and Morris, 1998). It
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Fig. 19.6 Differential regulation of GTPγS-activated VRAC by cholesterol depletion and substi-
tution with its analogues. (A) The time-courses of VRAC current densities recorded in cells treated
as indicated. (B) Normalized VRAC currents plotted as a function of the total sterol level in cells
either depleted of or enriched with cholesterol (open circles) and in the cells, in which endoge-
nous cholesterol was substituted with epicholesterol (diamonds), sitosterol (square), or coprostanol
(triangle). In contrast to other two analogues, coprostanol could not substitute for cholesterol in
regulation of VRAC, which is consistent with lack of strong effect of coprostanol on the physical
properties of the membrane (Adapted from Romanenko et al., 2004b)

has been suggested that lipid bilayer and submembranous cytoskeleton structures
are involved in the control of mechanosensitive channels (Hamill and Martinac,
2001). Very little, however, is known about cholesterol sensitivity of endogenous
stretch-activated channels in eukaryotic cells.
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Within human Leukemia K562 cells cholesterol-depletion with MβCD resulted
in suppression of the activity of mechanosensitive channels (Morachevskaya et al.,
2007). It was shown that while cholesterol depletion did not affect the unitary con-
ductance, the open probability of the channel was significantly decreased. At the
same time, F-actin revealed reorganization of cortical cytoskeleton in these leukemia
cells after cholesterol depletion. The integrity of F-actin is critical for the stiffen-
ing of cellular membranes, which has been shown to increase following cholesterol
depletion (Byfield et al., 2004). It was thus suggested that F-actin rearrangement
underlies changes in the mechanical properties of the cell surface, presumably
induced by lipid raft destruction and thus mediates the modulation of mechanosen-
sitive channel activity due to cholesterol depletion (Morachevskaya et al., 2007).
In B-lymphocytes, the principal cellular mediators of specific humoral immune
response to infection, mechanical stimulation reversibly activates LKbg large con-
ductance background-type K+ channels (Nam et al., 2007). It has been suggested
that mechanosensitive activation of LKbg channels is mediated by PLC-dependent
hydrolysis of PIP2. Inhibition of LKbg channels by PIP2 was found to be partially
reversible. Interestingly, cholesterol depletion achieved by application of MβCD,
induced full recovery of LKbg activity from inhibition by PIP2, and facilitated its
stretch activation (Nam et al., 2007).

19.13 Concluding Remarks and Future Directions

The main conclusion of this chapter is that cholesterol clearly is a major regulator
of ion channel function. As described in detail above, changes in the level of mem-
brane cholesterol regulate the activity and the biophysical properties of numerous
ion channels including members of all major classes of channels. It is also clear from
the variability of cholesterol effects on different types of ion channels that more than
one mechanism may underlie the sensitivity of the channels to cholesterol.

However, much less is known about the specific mechanisms responsible for
these effects. Furthermore, even the most basic question of whether cholesterol
regulates the channels directly or by altering other signalling pathways, which in
turn regulate channel activity, is still open in most cases. The most straightforward
approach to discriminate between these possibilities is to test whether cholesterol
regulates the channels in non-cellular environments, such as lipid planar bilayers
or liposomes. Indeed, several types of channels, such as large-conductance Ca+2-
sensitive K+ (BK) channels, were shown to be suppressed by cholesterol when
incorporated into the bilayers, but for the majority of the channels this information is
still missing. Moreover, to completely exclude the possibility that cholesterol effects
ion channels are indirect, it would be necessary to test these effects on purified
channels rather than on channels isolated together with the complex environment
of the surrounding plasma membrane. The major constraint in performing these
experiments is the difficulty of purifying mammalian channels and it remains as a
challenge for future studies.
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Another basic question is whether cholesterol regulates ion channels by altering
the physical properties of the lipid bilayer or by specific sterol-protein interactions.
In several studies, this question was addressed by testing whether there is a cor-
relation between the effect of cholesterol on membrane fluidity and on channel
function. Clearly, however, it is not enough to discriminate between these possi-
bilities, because since it is well known that cholesterol alters membrane fluidity,
other cholesterol effects will correlate with the changes in fluidity regardless of
whether fluidity is indeed responsible for these effects. A better approach is to com-
pare the effects of multiple sterols that are similar to cholesterol in terms of their
effects on membrane fluidity and other physical properties of the membrane. Using
this approach, we showed that Kir2 channels are sensitive to the chiral nature of
cholesterol, whereas VRAC channels are not, suggesting that Kir2 channels are reg-
ulated by specific sterol-protein interactions whereas VRAC channels are regulated
by changes in the physical properties of the membrane. Applying this approach
to purified channels will unambiguously determine whether cholesterol specifically
interacts with ion channels.

Finally, the fundamental question remains as to what are the structural determi-
nants of the sensitivity of ion channels to cholesterol. Our recent studies provided
the first clues about the structural requirements of cholesterol sensitivity of an ion
channel for Kir2 channels, but no information exists to-date on other ion channels.
It is possible, however, that since Kir channels are homologous with the basic sub-
units of voltage-gated K+, Na+ and Ca+2 channels, with the two-transmembrane
helices of Kir corresponding to the fifth and sixth transmembrane helices of the
voltage-gated channels, identifying the structural basis for cholesterol sensitivity
of Kir channels should provide the clues into how cholesterol interact with other
channels.
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Chapter 20
The Cholesterol-Dependent Cytolysin Family
of Gram-Positive Bacterial Toxins

Alejandro P. Heuck, Paul C. Moe, and Benjamin B. Johnson

Abstract The cholesterol-dependent cytolysins (CDCs) are a family of β-barrel
pore-forming toxins secreted by Gram-positive bacteria. These toxins are produced
as water-soluble monomeric proteins that after binding to the target cell oligomerize
on the membrane surface forming a ring-like pre-pore complex, and finally insert a
large β-barrel into the membrane (about 250 Å in diameter). Formation of such
a large transmembrane structure requires multiple and coordinated conformational
changes. The presence of cholesterol in the target membrane is absolutely required
for pore-formation, and therefore it was long thought that cholesterol was the cel-
lular receptor for these toxins. However, not all the CDCs require cholesterol for
binding. Intermedilysin, secreted by Streptoccocus intermedius only binds to mem-
branes containing a protein receptor, but forms pores only if the membrane contains
sufficient cholesterol. In contrast, perfringolysin O, secreted by Clostridium per-
fringens, only binds to membranes containing substantial amounts of cholesterol.
The mechanisms by which cholesterol regulates the cytolytic activity of the CDCs
are not understood at the molecular level. The C-terminus of perfringolysin O is
involved in cholesterol recognition, and changes in the conformation of the loops
located at the distal tip of this domain affect the toxin-membrane interactions. At the
same time, the distribution of cholesterol in the membrane can modulate toxin bind-
ing. Recent studies support the concept that there is a dynamic interplay between the
cholesterol-binding domain of the CDCs and the excess of cholesterol molecules in
the target membrane.

Keywords Cholesterol · Membranes · Pore-forming toxins · Cholesterol-dependent
cytolysins · Membrane structure · Cholesterol activity · Transmembrane beta-
barrel · Transmembrane pore · Fluorescence spectroscopy · Perfringolysin · Lipid
cluster

A.P. Heuck (B)
Department of Biochemistry and Molecular Biology, University of Massachusetts, Amherst, MA
01003, USA
e-mail: heuck@biochem.umass.edu

551J.R. Harris (ed.), Cholesterol Binding and Cholesterol Transport Proteins,
Subcellular Biochemistry 51, DOI 10.1007/978-90-481-8622-8_20,
C© Springer Science+Business Media B.V. 2010



552 A.P. Heuck et al.

Abbreviations

CDCs cholesterol-dependent cytolysins
PFO perfringolysin O
ILY intermedilysin
PLY pneumolysin
SLO streptolysin O
ALO anthrolysin
TMH/s transmembrane β-hairpin/s
D4 domain 4
L1, L2, and L3 loop 1, loop 2 and loop 3

20.1 Introduction

The cholesterol-dependent cytolysins (CDCs) are a growing group of β-barrel pore-
forming toxins secreted by Gram-positive bacteria (Farrand et al., 2008; Gelber
et al., 2008; Heuck et al., 2001; Jefferies et al., 2007; Mosser and Rest, 2006),
and the first members were discovered more than a century ago (see Alouf et al.,
2006 for a historical background on the CDCs). To date, there are complete amino
acid sequences for 28 species distributed among the phyla of Firmicutes (genera of
Bacillus, Paenibacillus, Lysinibacillus, Listeria, Streptococcus, and Clostridium),
and of Actinobacteria (genera of Arcanobacterium and Gardenella) (Table 20.1).
Most of the CDCs have a cleavable signal sequence and are therefore secreted
to the extracellular medium via the general secretion system (see Harwood and
Cranenburgh, 2008). A few exceptions are species of the genus Streptoccocus
(S. pneumoniae, S. mitis, and S. pseudoneumoniae) that produce CDC without a
signal sequence. The secretion mechanism for these CDCs is unclear (Jefferies et al.,
2007; Marriott et al., 2008). After secretion to the extracellular medium, the CDCs
fold into water-soluble monomeric proteins, travel and bind to the target membrane,
and oligomerize on the membrane surface forming characteristic arcs and ring-like
structures which are responsible for cytolysis. Several reviews have been published
describing the recent advances in the structural and mechanistic studies of the CDCs
(Alouf et al., 2006; Giddings et al., 2006; Gilbert, 2005; Rossjohn et al., 2007;
Tweten, 2005). Here, we will focus on the role played by cholesterol during the
transformation of the CDC from a water-soluble monomer to a membrane-inserted
oligomeric complex. Although the cholesterol-dependent inhibition of the activity
for these toxins was one of the first biochemical properties attributed to the fam-
ily (Arrhenius, 1907), the molecular mechanism of the cholesterol-toxin interaction
remains as one of the least understood aspects in the study of the CDC family.

20.2 Mechanism of Pore Formation

The 28 CDC family members listed in Table 20.1 show a significant degree of amino
acid identity (from 28.1 to 99.6%) and similarity (greater than 45.7%), with amino
acid sequences ranging from 471 to 665 amino acids in length. A comparison of
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Table 20.1 Homologs in Gram-positive species compose the CDC family. Twenty-eight CDC
family members from divergent phyla have been identified by amino acid sequence. The pro-
tein three letter code for each homolog (as defined in Fig. 20.1) is followed by its phylogenetic
relationship to the PFO standard. Because many of the CDC family are expressed with variable
N-terminus, PFO relationship is expressed in bold for the conserved core only (corresponding to
amino acids 38–500 of PFO) and in parentheses for the full length form. The lengths of the respec-
tive polypeptides are presented. Percentages of identity and similarity were calculated as indicated
in Fig. 20.1 legend, * subsp. equisimilis

PHYLUM 
Firmicutes

CLASS
Bacilli

ORDER
Bacillales

FAMILY
Bacillaceae

GENUS
Bacillus %Identity %Similarity Length ID

SPECIES
B. anthracis ALO 72 (68) 88 (83) 462 (512) ZP_03017964.1
B. thurigiensis TLO 74 (69) 88 (83) 462 (512) YP_037419
B. cereus CLO 74 (69) 88 (84) 462 (512) YP_002369889.1
B. weihenstephanensis WLO 74 (69) 87 (83) 462 (512) ABY46062

Listeriaceae
Listeria
L. monocytogenes LLO 43 (40) 66 (62) 469 (529) DQ838568.1 
L. seeligeri LSO 45 (41) 67 (63) 469 (530) P31830.1 
L. ivanovii ILO 46 (43) 66 (62) 469 (528) AAR97343.1 

Planococcaceae
Lysinibacillus
L. sphaericus SPH 76 (72) 90 (87) 463 (506) YP_001699692.1 

Paenibacillaceae
Paenibacillus

P. alvei ALV 75 (71) 87 (84) 462 (501) P23564
Brevibacillus

B. brevis BVL 73 (69) 88 (84) 464 (511) YP_002770211.1 
Lactobacillales

Streptococcaceae 
Streptococcus

S. dysgalactiae* SLOe 67 (56) 83 (70) 463 (571) BAD77791 
S. pyogenes SLO 67 (56) 83 (70) 463 (571) NP_268546.1
S. canis SLOc 66 (55) 82 (69) 463 (574) Q53957 
S. pseudonemoniae PSY 46 (43) 67 (63) 466 (471) ACJ76900 
S. pneumoniae PLY 46 (43) 67 (64) 466 (471) ABO21366.1  
S. mitis MLY 46 (43) 67 (63) 466 (471) ABK58695 
S. suis SLY 41 (40) 65 (63) 465 (497) ABE66337.1 
S. intermedius ILY 41 (37) 65 (59) 469 (532) B212797.1 
S. mitis (Lectinolysin) LLY 39 (29) 62 (47) 463 (665) BAE72438.1 
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Table 20.1 (continued)

Clostridia
Clostridiales

Clostridiaceae 
Clostridium

C. perfringens PFO 463 (500) NP_561079
C. butyricum BRY 69 (65) 85 (82) 462 (513) ZP_02950902.1 
C. tetani TLY 60 (55) 78 (72) 464 (527) NP_782466.1 
C. botulinumB BLYb 60 (49) 78 (63) 464 (602) YP_001886995.1
C. botulinum E3 BLYe 60 (48) 77 (60) 464 (602) YP_001921918.1 
C. botulinumC BLYc 60 (56) 79 (74) 463 (518) ZP_02620972.1 
C. novyi NVL 58 (54) 78 (73) 463 (514) YP_878174.1

Actinobacteria
Actinobacteria 

Bifidobacteriales 
Bifidobacteriaceae 

Gardenella 
G. vaginallis VLY 40 (39) 65 (60) 466 (516) EU522488.1 

Actinomycetales
Actinomycetaceae 

Arcanobacterium
A. pyogenes PLO 41 (38) 60 (56) 469 (534) U84782.2 

the primary structure of these proteins shows that they share a very low degree
of similarity at their N-terminus, in part because different species employ dis-
tinct signal sequences for secretion, but also because some of the CDC members
possess additional domains located in this region (e.g., Farrand et al., 2008). If
we consider just the conserved core shared by all CDCs and required for pore-
formation activity [amino acids 38–500 in perfringolysin O (PFO)], the amino acid
identity and similarity among different members becomes higher than 36.7 and
58%, respectively (sequence length of analyzed sequences range from 462 to 469,
Fig. 20.1). Therefore, from the analysis of the primary structure of these toxins we
can anticipate that all the CDCs will exhibit similar activities and three-dimensional
structures.

The first crystal structure for a CDC was solved for PFO by Rossjohn and col-
leagues (1997). The crystal structure for two other CDCs, intermedylisin (ILY) and
anthrolysin (ALO), have been solved so far, and all of them share similar secondary
and tertiary structure (Bourdeau et al., 2009; Polekhina et al., 2005). They have a
high β-strand content and their structures have been divided into four domains, with
the C-terminal domain (domain 4 or D4) being the only independent and continuous
domain (Fig. 20.2A) (Polekhina et al., 2006).

PFO secreted by the pathogen Clostridium perfringens is a prototypical CDC
(Tweten et al., 2001). To describe the general mechanism of pore-formation for the
CDC we will depict the current knowledge of the PFO cytolytic mechanism which
starts with the binding of the toxin to the target membrane and concludes with the
insertion of a large transmembrane β-barrel (Fig. 20.2A).
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Fig. 20.2 Pore formation mechanism for the CDCs. Secreted as water-soluble monomeric pro-
teins, the toxins bind to the target membrane and oligomerize into a ring-like structure called
the pre-pore complex. A poorly understood conformational change then leads to the insertion of
the TMHs into the bilayer to form the aqueous pore. (A) Stages of PFO pore formation. The
defined PFO structural domains are numbered. The membrane bilayer is depicted with choles-
terol molecules (ovals) intercalated between the phospholipid constituents. Membrane binding is
accomplished as D4 interacts with membrane regions having free cholesterol molecules available.
Subsequent allosteric rearrangements within the monomer promote oligomerization and pore-
formation. (B) Conformational changes in domain 3 of PFO are required for monomer–monomer
association and β-barrel pore formation. Each stage corresponds to the stage shown above in
(A). The TMH1 is shown as bicolor and the TMH2 in black. The small β5 strand is shown as
a black loop. The aromatic residues involved in the alignment of the β-strands are shown as open
rectangles. Adapted from Ramachandran et al. (2004), with permission

Upon encountering a cholesterol-containing membrane, PFO oligomerizes and
spontaneously inserts into the bilayer to form a large transmembrane pore (∼35–50
monomers per oligomer; approximately 250 Å in diameter, Fig. 20.2), (Czajkowsky
et al., 2004; Dang et al., 2005; Mitsui et al., 1979; Olofsson et al., 1993). The
C-terminus of PFO (D4) encounters the membrane first (Fig. 20.2A, I, Heuck et al.,
2000; Nakamura et al., 1995; Ramachandran et al., 2002). The binding of D4 trig-
gers the structural rearrangements required to initiate the oligomerization of PFO
monomers (Ramachandran et al., 2004; Soltani et al., 2007a) and formation of a pre-
pore complex on the membrane surface (Fig. 20.2A, II, Heuck et al., 2003; Shepard
et al., 2000; Tilley et al., 2005). Pore formation commences when two amphipathic
β-hairpins from each PFO molecule insert and span the membrane (Fig. 20.2A,
III, Hotze et al., 2002; Shatursky et al., 1999; Shepard et al., 1998). The concerted
insertion of two transmembrane β-hairpins (TMHs) from ∼35 PFO monomers then
creates the large transmembrane β-barrel that penetrates the membrane (Dang et al.,
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2005; Tilley et al., 2005). This general mechanism of pore-formation is followed by
most CDCs, however, some variations have been observed for specific members and
they will be described in the following sections.

20.2.1 Localizing the Target Membrane

The first step in the CDC cytolytic cascade is the recognition of the target cell
(Fig. 20.2A, I). The CDC binds to the target membrane by recognizing a specific
membrane lipid, cholesterol, or by recognizing a membrane-anchored protein in
the case of ILY (Giddings et al., 2004). Cholesterol-recognition provides specificity
towards eukaryotic cells in general, and the glycosylphosphatidylinositol-anchored
protein CD59 provides specificity for human cells. While it has been shown that
ILY interacts with the CD59 receptor forming a 1:1 complex (Lachapelle et al.,
2009), the interaction of other CDCs with cholesterol is less well understood.
Independently of the recognition mechanism, it appears that all CDCs bind to the
target membranes via D4 (Nagamune et al., 2004; Soltani et al., 2007a).

20.2.2 Grouping Forces on the Membrane Surface:
Pre-pore Formation

After successful recognition of the target membrane, the CDC oligomerize in the
membrane surface to form a membrane-bound pre-pore complex (Fig. 20.2, II).
Formation of a pre-pore complex seems to be a common feature of the β-barrel
pore-forming toxins (Heuck et al., 2001; Miller et al., 1999; Shepard et al., 2000;
Walker et al., 1992). In general, the secreted monomeric proteins do not oligomerize
spontaneously in solution, and it has been shown that the binding of the toxins to the
target membrane is required to trigger the monomer-monomer association (Abdel
Ghani et al., 1999; Lachapelle et al., 2009; Ramachandran et al., 2004). Although
oligomerization has been observed in the absence of membranes for certain CDCs
(e.g., pneumolysin, (PLY) Gilbert et al., 1998; Solovyova et al., 2004), it only occurs
when the toxin concentration is relatively high (in the micromolar range or higher),
compared to the low concentration needed for efficient oligomerization when incu-
bated with natural membranes. The difference in efficiency between oligomerization
in solution and at the surface of a cell membrane suggests that the cells in some way
promote the association of toxin monomers. In general, oligomerization of β-barrel
pore-forming toxins requires the exposure of hidden polypeptide regions involved in
the monomer-monomer interaction (Heuck and Johnson, 2005; Heuck et al., 2001).
In the CDC, this process is triggered by conformational changes induced by protein-
lipid interactions (e.g., PFO, Ramachandran et al., 2004) or by conformational
changes induced by protein-protein interactions (e.g., ILY, Lachapelle et al., 2009).

Ramachandran et al. (2004) have shown that in the water-soluble form of the
toxin, oligomerization is prevented by blocking access to one edge of a core
β-sheet in the monomer (Fig. 20.2B). This blockage prevents its association with
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the edge of the core β-sheet in the neighboring monomer, thus impeding forma-
tion of an extended β-sheet. Specifically and importantly, premature association of
PFO molecules (before they bind to the appropriate membrane surface) is prevented
by the presence of β5, a short polypeptide loop that hydrogen bonds to β4 in the
monomer, and thereby prevents its interaction with the β1 strand in the adjacent
monomer. This feature is conserved in all crystal structures so far reported for the
CDCs (i.e., PFO, ILY, and ALO).

The structural changes associated with converting a CDC from a water-soluble
monomer to a membrane-inserted oligomer extend through much of the molecule.
The binding of D4 to the membrane surface immediately elicits a conformational
change in domain 3, more than 70 Å above the membrane (Abdel Ghani et al., 1999;
Heuck et al., 2000; Ramachandran et al., 2002, 2004, 2005). This conformational
change rotates β5 away from β4 and thereby exposes β4 to the aqueous medium
where it can associate with the always-exposed β1 strand of another PFO molecule,
to initiate and promote oligomerization (Fig. 20.2B).

Such an extensive network of structural linkages within a CDC can be advanta-
geous because it reduces the chance of prematurely entering a structural transition
that exposes a TMH. By allosterically linking different domains or regions of the
protein, the system can couple separate interactions (e.g., binding to the membrane
and binding to another subunit) and thereby ensure that pore formation proceeds
only when the necessary criteria are met. Given the important allosteric communi-
cation between the membrane binding domain and the pore-forming domain, it is
not surprising that the most conserved regions on these proteins are located among
inter-domain segments, forming an almost continuous path with its origin at the tip
of D4 and terminus at the segments that form the amphipathic TMHs (Fig. 20.3).
Interestingly, while most of the surface exposed residues of the CDCs are not very
conserved, the residues at the surface of the D4 tip, involve in membrane interaction,
are highly conserved.

Establishment of an oligomeric complex in the membrane surface facilitates the
formation of a transmembrane pore because the insertion of a single amphipathic
β-hairpin into a membrane is not energetically favored. In a hydrophobic envi-
ronment that lacks hydrogen bond donors or acceptors, isolated β-hairpins cannot
achieve the hydrogen-bond formation necessary to lower the thermodynamic cost
of transferring the polar atoms of the polypeptide backbone into the hydrocarbon
interior (White and Wimley, 1999). However, this energy barrier is circumvented
if the β-strands are inserted as β-sheets and form closed structures such as a
β-barrel. For monomeric β-barrel membrane proteins such as OmpA, a concerted
folding mechanism has been observed in vitro, in which the hydrogen bonds formed
between adjacent β-chains presumably favor the insertion of the β-barrel into the
membrane (Kleinschmidt, 2006; Tamm et al., 2004). Similarly, the formation of
a pre-pore complex may be required to allow the concerted, and perhaps simulta-
neous, insertion of the β-hairpins from individual monomers, thereby overcoming
the energetic barrier of inserting non-hydrogen-bonded β-strands into the mem-
brane bilayer. Whereas it is clear that the formation of a complete ring (or pre-pore
complex) on the membrane surface will minimize the energetic requirements for
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conserved loops
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Fig. 20.3 Comparison of PFO homologs reveals a conserved core backbone. Alignment and com-
parison of the composite members of the CDC family reveals conserved regions that extend from
the tip of the membrane recognition domain, D4, through the regions involved in oligomerization
and membrane insertion. (A) Cartoon representation of PFO with the conserved residues shown
in black. (B) Surface representation of PFO the conserved core highlighted in black. It is postu-
lated that this conserved backbone is especially adapted to allosterically communicate successful,
cholesterol-dependent membrane binding, and thus permit subsequent conformational adaptations
that favor oligomerization and pore formation. Alignment of the 28 CDC sequences was effected
using the PRALINE multiple sequence alignment tool using a BLOSUM62 matrix with open and
extension gap penalties set at 12 and 1, respectively, a PSI-BLAST pre-profile processing with
iterations set at 3, e-value cut off set at 0.01, non-redundant data bases, and a DSSP-defined sec-
ondary structure search using PSIPRED (Simossis et al., 2005). PFO structure representation was
rendered using PyMol (DeLano Scientific LLC)

inserting a β-barrel into the membrane, it is likely that the insertion of incomplete
rings can also occur if monomer recruitment into the oligomer slows down. In the
absence of additional monomers, the incomplete pre-pore complexes observed in
vitro (or metastable arc structures) will be trapped, and they may have enough time
to insert into the membrane and form a pore (Gilbert, 2005). Insertion of an arc may
well form a transmembrane pore by itself, or in association with other arcs (double
arc structures, see Palmer et al., 1998). A minimal number of monomers must be
required to overcome the energetic barrier of inserting an arc-like β-sheet into the
membrane. It has been shown that independently of the toxin/lipid ratio, the pores
formed by PFO and streptolysin O (SLO) are at least large enough to allow the
passage of proteins with an approximate diameter of 100 Å (Heuck et al., 2003).

In summary, a coordinated train of events regulates the proper assembly of the
CDC oligomeric complex at the surface of the target membrane. Formation of
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these oligomeric structures facilitates the insertion of numerous TMHs, which are
required to form the large transmembrane β-barrel.

20.2.3 Perforating the Membrane: Insertion of a Large β-Barrel

A characteristic of the CDC that distinguishes them from most other β-barrel pore-
forming toxins is the use of two amphipathic β-hairpins per monomer to form
the large transmembrane barrel (Heuck and Johnson, 2005; Heuck et al., 2001;
Shatursky et al., 1999). In the water-soluble monomeric configuration of the CDC
these TMHs are folded as short α-helices, presumably to minimize the exposure
of the hydrophobic surfaces (Heuck and Johnson, 2005). These helices, located
at either side of the central β-sheet in domain 3, extend and insert into the mem-
brane bilayer (Shatursky et al., 1999; Shepard et al., 1998). The conversion of
short α-helices to amphipathic β-hairpins constituted a new paradigm for how pore-
forming toxins transform from a water-soluble to membrane-inserted conformation.
This structural transformation has been recently found in eukaryotic pore-forming
proteins, as revealed by the structure of the membrane attack complex/perforin
superfamily members (Hadders et al., 2007; Rosado et al., 2007). After insertion,
the hydrophobic surfaces of the TMHs are exposed to the non-polar lipid core of
the membrane and the hydrophilic surfaces face the aqueous pore. A concerted
mechanism of insertion ensures that the hydrophilic surfaces of the hairpins remain
exposed to the aqueous medium, and not to the hydrophobic core of the membrane.
Such a coordinated insertion requires the displacement of membrane bilayer lipids
as the aqueous pore is formed in the membrane.

The creation of a circular hole, having a radius of nearly 150 Å, in a liposomal
membrane requires the displacement of about 1000 phospholipid molecules in each
monolayer (or about 800 phospholipids plus 800 cholesterol molecules, because the
average surface area occupied by one phospholipid molecule plus one cholesterol
molecule is ∼90 Å2 in a 1:1 phospholipid/cholesterol mixture) (Heuck et al., 2001;
Lecuyer and Dervichian, 1969). Analysis of the release of markers encapsulated in
liposomes when using limiting concentrations of PFO or SLO have shown that both
the small markers and the large markers are released at the same rate. Therefore, it
appears that all of these lipid molecules leave or are displaced from the pore formed
by these CDCs at the same time (Heuck et al., 2003), though not all agree (Palmer
et al., 1998).

A direct comparison of the cytolytic mechanism of PFO and ILY showed that
whereas ILY does not require cholesterol for binding, pore-formation is subse-
quently entirely dependent on the presence of cholesterol in the target membrane
(Giddings et al., 2003). Employing a series of ILY mutants that block pore forma-
tion at different stages, Hotze and colleagues have shown that ILY remains engaged
with its receptor (human CD59) throughout the assembly of the pre-pore complex,
but it is released from CD59 upon the transition to the membrane-inserted oligomer
(Lachapelle et al., 2009). Upon release from the receptor, ILY is anchored to the
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membrane via D4 suggesting that this domain still conserves the cholesterol-binding
properties of other CDC members (note that insertion of the ILY β-barrel does not
occur if cholesterol is depleted from the membrane).

After pre-pore formation, the insertion of the PFO TMHs requires the appropriate
intermonomer β-strand alignment. Ramachandran et al. (2004) suggested that the
π-stacking interaction between Y181 and F318 guides the alignment of the TMHs of
adjacent monomers (Fig. 20.2B). Interestingly, while Y181 is completely conserved
in the 28 members of the CDC family, F318 is not. Instead of phenylalanine, this
position is occupied by valine in lectinolysin, vaginolysin, and PLY, by isoleucine
in ILY, and alanine in pyolysin. It will be interesting to determine if a mutation of
the conserved PFO-Y181-equivalent in ILY results in a pre-pore blocked derivative,
as observed in PFO.

20.3 The Role of Cholesterol in Membrane Binding

Among all the different lipids that shape the vast diversity of cell membranes, the
presence of cholesterol is a distinguishing feature of mammalian cells. The CDCs
have evolved to take advantage of this feature of mammalian membranes, and their
ability to perforate the target membrane is totally dependent on the presence of
cholesterol (Giddings et al., 2003; Palmer, 2004).

In liposomal membranes containing only phosphatidylcholine and cholesterol,
more than 30 mole % cholesterol is required for CDCs such as tetanolysin (Alving
et al., 1979), SLO (Rosenqvist et al., 1980), and PFO (Heuck et al., 2000; Ohno-
Iwashita et al., 1992), to bind and create a pore in the bilayer. For PFO, no binding
at all is detected when the cholesterol concentration in the liposomal membrane is
less than ∼30 mole% of the total lipids (Flanagan et al., 2009; Heuck et al., 2000;
Nelson et al., 2008). Thus, if cholesterol acts solely as a receptor, and hence as
a PFO binding ligand, reducing the cholesterol concentration in the bilayer should
only affect the kinetics of the cytolytic process. In other words, lowering the amount
of cholesterol in the membrane should result in a longer time required for PFO to
form a transmembrane pore. However, the sharp transition observed in the binding
isotherm of PFO suggests that the basis of this recognition is more complex than
a simple encounter frequency between PFO and individual cholesterol molecules
(Heuck et al., 2000).

20.3.1 Domain 4 and Membrane Recognition

The initial members of the CDC family were characterized by their sensitiv-
ity to oxygen and cholesterol (Alouf et al., 2006). Toxins isolated from culture
supernatants were inactivated by exposure to oxygen present in the air or when pre-
incubated with cholesterol. While the oxygen-dependent inactivation of the toxins
could be reversed by incubation with thiol-based reducing agents, inactivation by
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pre-incubation with cholesterol was not reversible. A direct consequence of these
findings was that the discovery of new CDC members was strongly influenced by
the search for these two distinguishing features in the newly encountered hemolytic
toxins: i.e. inhibition by oxygen and cholesterol. Therefore, it is not surprising that
the first sequences obtained for CDCs revealed that all of them contained a con-
served undecapeptide which was critical for cholesterol recognition, and a unique
cysteine in this segment that was sensitive to aerobic oxidation. This correlation
led researchers to postulate that the conserved undecapeptide, and attendant cys-
teine constituted the cholesterol-binding site for the CDC. However, advancements
in recombinant DNA technology soon allowed researchers to show that this unique
cysteine was not essential for cholesterol recognition. First, the replacement of this
cysteine with alanine rendered a protein that remained hemolytic (Michel et al.,
1990; Pinkney et al., 1989; Saunders et al., 1989; Shepard et al., 1998). Second,
the sequence of newly discovered CDC members showed that this cysteine was
indeed replaced by alanine during the evolution of different Gram-positive species
(Billington et al., 2001; Nagamune et al., 2000).

New protein homologues of the CDCs are being revealed as new genomes are
sequenced, and these new family members show greater variability in the amino
acid sequence of this segment. The multi-sequence alignment for the 28 CDC
sequences shows that 20% of the CDCs contain amino acid substitutions in the
conserved undecapeptide. Based on this newly accumulated evidence, the origi-
nal view of the conserved undecapeptide as the cholesterol binding site is being
replaced by alternative models for membrane-binding. It has been shown that one
of the CDCs, intermedilysin (ILY) recognize the target membrane by the specific
binding to a human protein receptor CD59, and it is therefore possible that other
members may also bind to the target membrane by as yet unidentified protein recep-
tors (Bourdeau et al., 2009). In addition to the undecapeptide, other well conserved
peptide loops located at the tip of D4 may contribute to the cholesterol recognition
motif (Ramachandran et al., 2002; Soltani et al., 2007a; Soltani et al., 2007b).

20.3.1.1 The Conserved Loops

PFO D4 has a 4 stranded β-sandwich structure that interacts with the membrane
surface only at one end, via the distal loops that interconnect the eight β-strands that
form the domain (Fig. 20.4A, Ramachandran et al., 2002; Rossjohn et al., 1997;
Soltani et al., 2007a). Superimposition of the D4 α-carbons for PFO, ALO, and ILY
reveals that the global structure of D4 is well conserved among these members. The
main differences arise in the conformation of the undecapeptide, involved in toxin-
membrane interaction, and in the loops that are close to the domain 2-D4 interface
(Fig. 20.4A).

Three of the four loops located at the distal tip of D4 are highly conserved
among the CDC members: the conserved undecapeptide (also known as the Trp-
rich loop), L1, and L2 (Fig. 20.4B). The L3 loop is less conserved and is located
farther away from the unique cysteine residue. Recent data obtained by Tweten
and colleagues suggest that in addition to the undecapeptide, the other D4 loops
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ILY

PFO
A COOH

L1
L2

L3

undecapeptide 

B

PFO H S G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
ALO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
CLO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
WLO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
TLO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
SPH H Y G A Y V A Q F D K T A H F E C T G L A W E W W R G T T L Y P
BLYe H S G A Y V A Q F D K T A H F E C T G L A W E W W R G T T L Y P
BLYb H S G A Y V A Q F D K T A H F E C T G L A W E W W R G T T L Y P
ALV H S G A Y V A Q F D R S A H F E C T G L A W E W W R G T T L Y P
TLY H S G A Y V A Q F D R T A H F E C T G L A W E W W R G T T L Y P
NVL H R G A Y V A K F G R T A H F E C T G L A W E W W R G T T L Y P
BLYc H S G A Y V A Q F D R T A H F E C T G L A W E W W R G T T L Y P
ILO H S G A Y V A R F D K L A H F E C T G L A W E W W R G T T L Y P
LLO H S G G Y V A Q F S K L A H F E C T G L A W E W W R G T T L Y P
PLY H S G A Y V A Q Y D L T A H F E C T G L A W E W W R G T T L Y P
MLY H S G A Y V A Q Y D L T A H F E C T G L A W E W W R G T T L Y P
PSY H S G A Y V A Q Y D L T A H F E C T G L A W E W W R G T T L Y P
SLY H S G A Y V A K Y N L T S H W E C T G L A W E W W R G T T L Y P
SLO H Q G A Y V A Q Y S K T S P F E C T G L A W E W W R G S T L S P
SLOc H Q G A Y V A Q Y S K T S P F E C T G L A W E W W R G S T L S P
SLOe H Q G A Y V A Q Y S K T S P F E C T G L A W E W W R G S T L S P
BVL H Y G W Y V A Q F D R T A P F E C T G L A W E W W R G T T L N P
LSO H S G G Y V A Q F S K L A H F E C T G L F W E W W R G T T L Y P
BRY H Y G A Y V A Q F D K T A H F E C T G L S W E W W R G T T L Y P
VLY H R G A Y V A R Y Y R T A H F E K T G L V W E P W R G T T L W P
LLY H K G A Y V A R Y N R T S G F E K T G L V W E P W R G T T L N P
ILY H D G A F V A R F N R G A H Y G A T G L A W E P W R G T T L H P
PLO H G G G Y V A K F A R T L G F E A T G L A W D P W W G T T L N P

L2
398-406

L3
434-439

undecapeptide
458-468

L1
488-493

ALO

L1
L2

undecapeptide 

COOH

Fig. 20.4 The three dimensional structure of D4 is highly conserved in the CDC family. (A)
Comparison of D4 from three CDC homologs highlights the conserved architecture of this
C-terminal domain. A cartoon, upper left, clarifies the threading of 2 β-sheets and loops in
the β-sandwich and indicates the spatial organization of the undecapeptide, L1, and L2. The
α-backbone for the D4 domains of PFO, ILY, and ALO were superimposed using PyMol (DeLano
Scientific LLC; available at www.pymol.org). (B) Alignment of the sequence for the 28 CDC
family members reveals substantial conservation in loops L1, L2 and the undecapeptide. While
integrity of the undecapeptide was long recognized for being critical to the cholesterol-dependent
activity of these toxins, other loops are also important. Residues conserved in all sequences are
shaded in black, and highly conserved residues are shaded in gray. Protein names are as in Fig. 20.2.
Residue numbers correspond to the PFO sequence. Multiple sequence alignment was effected as
indicated in Fig. 20.3
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(L1–L3) may also play a role in the cholesterol-dependent recognition of the CDC
(Soltani et al., 2007b). Single amino acid modifications in these loops prevented the
binding of PFO to cholesterol-rich liposomes, and abolished the pre-pore to pore
transition for ILY in a cholesterol-dependent manner. Both of these events involve
the association of the D4 with the cholesterol-containing membrane. It has become
clear that the three-dimensional arrangement of the undecapeptide and the L1–L3
loops is important for the association of the CDC with the cholesterol-containing
membrane (Giddings et al., 2003; Polekhina et al., 2005; Soltani et al., 2007a, b).

Interestingly, changes in the pH of the medium which affect the conformation
of D4 also influence the cholesterol-toxin interaction. A reduction of the pH from
7.5 to 6.0 induces a conformational change in PFO causing the tryptophan residues
to be more exposed to the aqueous solvent, and also alters the threshold for the
minimal cholesterol concentration required to trigger binding of PFO to liposomal
membranes (Nelson et al., 2008). Since no major changes are expected to occur
in the structure of the membrane in between pH 7.5 and 6.0, one can assume that
protonation of certain amino acids in PFO may alter the D4 conformation, and as a
consequence, its ability to recognize cholesterol in the target membrane. A related
effect has been observed for listeriolysin O (LLO), a CDC recognized for having an
optimum acidic pH for activity (Bavdek et al., 2007). However, the loss of activity
of LLO at neutral pH can be rescued by increasing the concentration of cholesterol
in the membrane.

Given that conformational changes in D4 can alter the cholesterol-dependent
properties of the CDC, one can speculate that the conformational change triggered
by the binding of ILY to the CD59 receptor (Soltani et al., 2007a), may modulate the
cholesterol-dependent association with the membrane required for pore-formation.

Unfortunately, despite the various high-resolution structures available for the
CDCs, and the multiple functional data obtained by modification of amino acids
located at the D4 loops, it is still unclear how cholesterol modulates the confor-
mational changes required to anchor the toxin to the membrane and to insert a large
transmembrane β-barrel. Furthermore, is not clear if the binding of PFO (and related
CDCs) is triggered by the binding of a single cholesterol molecule (Geoffroy and
Alouf, 1983; Nollmann et al., 2004; Polekhina et al., 2005), or by the recognition
of a more complex cholesterol-arrangement in the bilayer structure (Bavdek et al.,
2007; Flanagan et al., 2009; Heuck and Johnson, 2005; Heuck et al., 2007; Nelson
et al., 2008).

20.3.2 Searching for Cholesterol in the Membrane

The binding of a protein domain to a membrane surface is in general, a two-step pro-
cess that involves the initial formation of non-specific collisional complex, followed
by the formation of a tightly bound complex. The first step is diffusional and may
involve electrostatic interactions, and the second step stabilizes the initial interac-
tion by membrane penetration of non-polar amino acids and/or specific interactions
between the protein and the membrane lipids (Cho and Stahelin, 2005). The initial
membrane association locates non-polar amino acids close to the interfacial region
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of the bilayer, facilitating their exposure to the hydrophobic core. Non-polar amino
acids are not usually exposed to the protein surface, and therefore conformational
changes are required to expose them to the membrane.

Exposure of the aromatic residues located in the undecapeptide occurs upon
membrane binding, though they do not penetrate deeply into the bilayer core (Heuck
et al., 2003; Nakamura et al., 1998; Sekino-Suzuki et al., 1996). The sensitivity of
the undecapeptide to amino acid changes suggests that the exposure of aromatic
amino acids and membrane binding requires precise conformational changes and/or
a particular three-dimensional conformation. A conformational change in the unde-
capeptide that modulates cholesterol binding and membrane anchoring has been
suggested for PFO (Rossjohn et al., 1997), however the binding site for cholesterol,
if any, remains elusive.

It has become apparent that in addition to the three dimensional structure of the
binding-domain, the arrangement of the cholesterol molecules in the bilayer is also
critical for successful binding. In a membrane, the cholesterol molecules are mobile
in the non-polar core of the bilayer with an orientation nearly parallel to the acyl
chains of the phospholipids. The non-polar hydrocarbon tail of the molecule ori-
ents towards the center of the bilayer, and the 3-β-OH group locates close to the
ester bonds formed by the fatty acid chains and the glycerol backbone of the phos-
pholipids near the membrane-water interface. Compared to the phospholipid head
groups, the polar group of the cholesterol molecule is not highly exposed at the
membrane surface. Therefore, it is not strange that at such relatively low concentra-
tions, few cholesterol molecules should be available to interact with water-soluble
molecules (e.g., cholesterol oxidase, cyclodextrins or CDCs) (Lange et al., 1980).

20.3.2.1 Cholesterol Availability in Membrane Bilayers

In multi-component membranes, the availability of cholesterol at the membrane sur-
face is regulated by the interactions between cholesterol and other the components
of the membrane (phospholipids, glycolipids and proteins). The more the choles-
terol interacts with the othere membrane components, the less available it will be
to interact with extra-membranous molecules. Factors that affect the interaction
of cholesterol with phospholipids are the length of the acyl chains, the presence of
double bonds in these chains, the size of the polar head-groups, and the ability
of the phospholipid to form hydrogen bonds with the hydroxyl group of cholesterol
(Ohvo-Rekilä et al., 2002).

When cholesterol is added to a membrane containing a single phospholipid
species, two phases appear in a concentration-dependent manner (Mouritsen and
Zuckermann, 2004; Sankaram and Thompson, 1991). This suggests that instead
of randomly distributing among the membrane phospholipids, cholesterol asso-
ciates with the phospholipids, presumably forming stoichiometric complexes
(Radhakrishnan and Mcconnell, 1999). When the phospholipids are in excess, most
of the cholesterol molecules form complexes with phospholipids. These complexes
are immiscible in the pure phospholipid phase and therefore a two-phase mixture
appears in the membrane. Increasing the cholesterol concentration will increase the
population of the complexes until they form a single phase containing the complexes
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with a minor presence of uncomplexed phospholipids and cholesterol molecules.
Beyond this point, the added cholesterol molecules (free cholesterol) will mix with
the complexes until they reach the solubility limit and precipitate out of the mem-
brane (Mason et al., 2003). Cholesterol molecules do not form stable single bilayers
in aqueous solution, so when present in excess they cannot form a new stable and
extended phase. The free cholesterol molecules in excess are likely to have a ten-
dency to “fly” away from the membrane, and outside the membrane due to their low
solubility they will be prone to associate to form multi-bilayer crystals in aqueous
solution (Harris, 1988).

The formation of phospholipid-cholesterol complexes can explain the low inter-
action detected between cyclodextrins and cholesterol when the membrane sterol is
present in low amounts (Mcconnell and Radhakrishnan, 2003). An alternative model
to account for this behavior was proposed by Huang and Feigenson (1999). These
authors propose that the hydrophobic effect positions the phospholipid head groups
toward the membrane surface to protect the hydrophobic molecule of cholesterol
from the unfavorable contact with water. When the concentration of cholesterol in
the membrane achieves and exceeds the protective capacity of the head-groups, the
tendency for the sterol molecules to exit the membrane will increase.

Both models provide a reasonable explanation for the increased accessibility of
cholesterol at high sterol/phospholipid ratios, and the consensus is that they are not
mutually exclusive (Lange and Steck, 2008; Mesmin and Maxfield, 2009). Binding
(and/or pore-formation) of the CDCs occurs at high cholesterol concentration where
free cholesterol becomes available, and therefore any of these models can be used
to explain the experimental observations.

In more complex lipids mixtures, when more than one phospholipid is present
in the membrane, the total cholesterol content will distribute unevenly between any
formed phases (Goñi et al., 2008; Veatch and Keller, 2002). How much cholesterol
is present in each phase will be governed by the interaction between cholesterol and
the components (lipids and proteins) present in the phases (Epand, 2006).

20.3.2.2 The Role of Other Lipids

The pioneering work of Ohno-Iwashita and colleagues on the binding of PFO to
membranes showed that the phospholipid composition affects the arrangement of
cholesterol in the membrane (see also Chapter 22). Using a protease-nicked derivate
of PFO they showed that the binding of the toxin was not only influenced by
the total amount of cholesterol present in the membrane, but also by the phos-
pholipid composition. They found that this PFO derivative preferentially binds to
cholesterol-rich membranes composed of phospholipids with 18-carbon acyl chains
(Ohno-Iwashita et al., 1992, 1991). An effect on cholesterol state in the membrane
by ceramides and glycerolipids was also suggested by Zitzer et al. (2003), based on
their studies of SLO pore-formation in liposomal membranes prepared with differ-
ent phospholipids. Lipids having a conical molecular shape appear to effect a change
in the energetic state of membrane cholesterol that in turn augments the interac-
tion of the sterol with the cholesterol-specific cytolysin. Interestingly, these authors
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also showed that SLO was active when membranes were prepared solely with the
enantiomeric cholesterol, suggesting that the effect associated with the presence of
cholesterol may be other than a site specific binding event (Zitzer et al., 2003).

A more systematic analysis of the interaction of PFO D4 with membranes pre-
pared with different phospholipds and sterols revealed that PFO binding to the
bilayer and the initiation of the sequence of events that culminate in the formation
of a transmembrane pore depend on the availability of free cholesterol at the mem-
brane surface (Flanagan et al., 2002; Flanagan et al., 2009; Nelson et al., 2008).
These studies also showed that changes in the acyl chain packing of the phospho-
lipids and cholesterol in the membrane core do not correlate with PFO binding.
Taken together, all these studies suggest than the binding of PFO (and SLO) to the

A

B

C

Fig. 20.5 PFO only binds to membranes containing free cholesterol molecules. Examples of
mechanisms for cholesterol-dependent anchoring of PFO to the membrane surface: (A) PFO can-
not stably bind to the bilayer if there are no free cholesterol molecules available in the membrane
surface. (B) At high cholesterol concentrations free cholesterol molecules become available (black
ovals), and D4 can anchor to the bilayer. In this example, a single cholesterol molecule binds to
D4 and induces the conformational changes required to expose the D4 loops to the bilayer core.
(C) Alternatively, the interplay between D4 and the membrane result in the redistribution of the
lipids at the surface, clustering the free cholesterol molecules underneath the tip of D4. Anchoring
may be accomplished by the interaction of multiple hydroxyl groups located in the cholesterol-rich
cluster and the conserved amino acids of the loops
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membrane is triggered when the concentration of cholesterol exceeds the association
capacity of the phospholipids, and this cholesterol excess is then free to associate
with the toxin (Fig. 20.5).

The requirement of such high cholesterol content in membranes was initially
associated with the binding of PFO to cholesterol-rich domains (or membrane rafts)
(Ohno-Iwashita et al., 2004; Waheed et al., 2001). However, recent results indicate
that this assertion may require further analysis and consideration. It was found that
the incorporation of sphingomyelin, a necessary component for the formation of
membrane rafts, inhibited rather than promoted the binding of PFO to membranes
(Flanagan et al., 2009). No correlation was found between PFO binding, and the
amount of the detergent-resistant fraction in membranes, a fraction usually asso-
ciated with membrane rafts (Flanagan et al., 2009). Incorporation of sterols that
promote the formation of ordered membrane domains was not critical to promot-
ing the PFO-membrane interaction (Nelson et al., 2008). Therefore, one needs to be
cautious when employing PFO as a probe to reveal the presence of membrane rafts
in cellular membranes. Rather than recognizing a particular membrane “raft”, PFO
seems to bind to membranes containing free cholesterol (or where cholesterol has a
high chemical activity).

20.3.2.3 Cholesterol Alone Is Enough

It was long known that incubation of SLO (Duncan and Schlegel, 1975; Johnson
et al., 1980), PFO (Mitsui et al., 1979), cereolysin (Cowell and Bernheimer, 1978),
alveolysin (Johnson et al., 1980), PLY (Johnson et al., 1980), and LLO (Vazquez-
Boland et al., 1989) with cholesterol dispersed in aqueous solution produced the
typical aggregated sterol-toxin complexes. For PFO and SLO, typical ring- and
arc-like structures were observed after incubation with cholesterol at concentra-
tions above its solubility limit (i.e., higher than 5 μM Duncan and Schlegel, 1975,
Haberland and Reynolds, 1973, Harris et al., 1998, Mitsui et al., 1979).

To clarify the role of cholesterol in PFO cytolysis, the extent to which the dif-
ferent steps of the cytolytic mechanism could be elicited solely by the presence
of cholesterol was analyzed (Heuck et al., 2007). Using site-directed fluorescence
labelling of PFO in combination with multiple independent fluorescence techniques
(Heuck and Johnson, 2002; Johnson, 2005), it was revealed that a selective inter-
action between the undecapeptide and the D4 loops with cholesterol dispersed in
aqueous solution is indistinguishable from the interaction of PFO with cholesterol-
containing membranes. Binding solely to cholesterol aggregates in aqueous solution
is sufficient to initiate the coupled conformational changes that extend throughout
the toxin molecule from the tip of D4 to the TMHs. Moreover, it was found that the
topology of D4 bound to cholesterol aggregates was identical to the one observed
in liposomal membranes, and that the binding of PFO to cholesterol aggregates was
sufficient to trigger the conformational change in domain 3 that has been associated
with oligomerization (Heuck et al., 2007; Ramachandran et al., 2004). As previously
observed for SLO in cholesterol micro-crystals (Harris et al., 1998), oligomeriza-
tion and formation of typical arc and ring structures were observed in the presence



20 The Cholesterol-Dependent Cytolysin Family of Toxins 569

of cholesterol microcrystals. Surprisingly, none of these changes were produced by
epicholesterol, a sterol that differs from cholesterol only in that the hydroxyl group
is directed axially instead of equatorial (Heuck et al., 2007).

Taking advantage of the inability of PFO to recognize epicholesterol, compe-
tition experiments were done to examine how cholesterol packing in the bilayer
affects the interactions with the membrane. More than 48 mole % cholesterol is
required for PFO to bind to POPC-cholesterol liposomes (Flanagan et al., 2009).
However, when the epicholesterol was mixed with cholesterol to maintain the con-
centration of total sterols constant at 48 mole %, and to reduce the net amount of
cholesterol in the membrane, it was shown that in this case considerable binding of
PFO was found with as little as 19 mole % cholesterol. Epicholesterol apparently
intercalates in the bilayer and competes with cholesterol for association with phos-
pholipids, as reported for other membrane intercalating agents (Lange et al., 2005).
These data therefore confirmed that there are at least two distinctive states of choles-
terol in a typical membrane bilayer: one in which cholesterol is readily accessible
for binding to proteins such as PFO (free cholesterol), and one in which the sterol
is associated with surrounding membrane components that reduce its exposure to
the surface (e.g., phospholipid headgroups may obscure access to sterols associated
with phospholipid acyl chains).

The selective binding of PFO to cholesterol aggregates and not to epicholesterol
aggregates, suggests that the failure to bind epicholesterol when incorporated in
membrane bilayers is not related to the packing or association of this sterol with the
phospholipids. This failure is rather caused by the inappropriate orientation of the
hydroxyl group (Murari et al., 1986), which it may be required for the specific dock-
ing of the sterol molecule to a binding pocket located in D4 (Fig. 20.5B, Rossjohn
et al., 2007). Alternatively, the hydroxyl group may need to be properly exposed at
the surface of a lipid cluster, that may then act as a platform for the anchoring of the
D4 loops (Fig. 20.5C). Such a cluster may be preformed on the membrane before
binding, or formed as a result of the interaction of D4 with the bilayer surface.
Redistribution of lipids after protein-binding has been observed for LLO (Gekara
et al., 2005), and other proteins (e.g., Heimburg et al., 1999).

The PFO and SLO specific binding to cholesterol aggregates and microcrystals
(Harris et al., 1998; Heuck et al., 2007), together with the need for more than 30
mole% cholesterol in membranes to trigger binding (Flanagan et al., 2009; Heuck
et al., 2000; Nelson et al., 2008), suggest that the role of cholesterol in the cytolytic
mechanism of the CDC may be more complex than solely binding to a specific
binding site. An alternative explanation would be the need of a cluster of choles-
terol molecules at the membrane surface to provide a docking platform for the
D4 loops (Gekara et al., 2005, Heimburg et al., 1999, Heuck and Johnson, 2005).
Interestingly, the binding of pore-forming toxins to lipid clusters have been reported
for Staphylococcus aureus α-hemolysin (Valeva et al., 2006), and the need for small
cholesterol clusters have been recently suggested for the binding of LLO to mem-
branes (Bavdek et al., 2007). Further work is needed to unambiguously determine
the mechanism by which cholesterol specifically anchors the CDC to the target
membrane.



570 A.P. Heuck et al.

20.4 Conclusions and Future Perspectives

Recent studies support the concept that there is a complex interplay between the
structural arrangement of the CDC D4 loops and the distribution of cholesterol
in the target membrane (Bavdek et al., 2007; Flanagan et al., 2009; Giddings
et al., 2003; Heuck and Johnson, 2005; Nelson et al., 2008; Polekhina et al.,
2005; Ramachandran et al., 2002; Soltani et al., 2007a; Soltani et al., 2007b).
Modifications in the lipid composition alter the cholesterol arrangement in the mem-
brane, and as a consequence, the binding of the CDC (Flanagan et al., 2009; Nelson
et al., 2008). At the same time, modifications to the structure of the CDC due to
mutations, changes in the pH of the medium or other factors, apparently modifies
the threshold for the amount of cholesterol required to trigger binding (Bavdek et al.,
2007; Nelson et al., 2008; Moe & Heuck, unpublished).

The presence of free cholesterol molecules at the membrane surface seems to
be critical to trigger the binding of most CDCs. A direct inference from these find-
ings is that the exposure of cholesterol at the membrane surface may be facilitated
by the action of other membrane-damaging toxins or enzymes secreted by these
pathogens like, for example phospholipase C. Such toxins cleave the head-groups
of phospholipids, and consequently increase the exposure of cholesterol molecules
(or availability of free cholesterol) to the membrane surface. Cooperation between
the CDC and different phospholipase C molecules contribute to the pathogenesis of
at least two organisms. A synergic effect has been reported for the action of PFO and
α-toxin in clostridial myonecrosis (Awad et al., 2001), and both phospholipase C and
LLO have been identified as key factors for the vacuolar dissolution and cell-to-cell
spreading mechanism of Listeria monocytogenes (Alberti-Segui et al., 2007).

Complete understanding of the mechanism of pore formation for the CDCs at the
molecular level will require high-resolution structures of the initial (water-soluble
monomer), the final (membrane-inserted pore/oligomer), and any intermediate pre-
pore state involved in the cytolytic process (including complexes with receptors or
lipids). Great progress has been achieved to this end, but there is much more to be
accomplished. A few crystal structures for monomeric CDCs are currently available
(PFO, ILY, ALO, Bourdeau et al., 2009 ; Polekhina et al., 2005; Rossjohn et al.,
1997), and the low resolution structure for the pre-pore complex and the membrane-
inserted oligomer of PLY have been obtained by cryo-electron microscopy (Tilley
et al., 2005).

It has become clear that the analysis of complex biological systems, in partic-
ular those involving membranes, benefits from the combination of high-resolution
structural techniques (e.g., X-ray crystallography, nuclear magnetic resonance and
electron microscopy) and spectroscopic analysis of probes incorporated at specific
positions in the proteins (e.g., electron paramagnetic resonance, fluorescence spec-
troscopy) (Cowieson et al., 2008; Heuck and Johnson, 2002; Hubbell et al., 2000).
In addition to providing structural information, by monitoring the spectral signal
of these probes as a function of time, one can determine the kinetics of the dis-
crete steps of the pore-formation mechanism (Heuck et al., 2000, , 2003) and the
dynamics of the structural transformations (Columbus and Hubbell, 2002).
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Understanding the CDC function in the establishment of the diseases caused
by various Gram-positive pathogens is far from complete (Marriott et al., 2008;
Schnupf and Portnoy, 2007). The actual role of CDCs in bacterial pathogenesis may
be more complex than merely forming a transmembrane pore. For example, it has
been proposed that SLO is involved in protein translocation during Streptococcus
pyogenes infection (Madden et al., 2001; Meehl and Caparon, 2004).

The involvement of protein receptors in the mechanism of certain CDC is another
area that requires further investigation. The discovery of the ILY receptor illumi-
nated two distinct roles for cholesterol in the cytolytic mechanism of this CDC
(Giddings et al., 2003). ALO’s strong preference for targeting the apical side of
gut epithelial cells suggests that a receptor (other than cholesterol) may be present
in these cells (Bourdeau et al., 2009). Clearly, there is much to be discovered
concerning the complex and fascinating roles played by the CDC in bacterial
pathogenesis.
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Chapter 21
Cholesterol Specificity of Some Heptameric
β-Barrel Pore-Forming Bacterial Toxins:
Structural and Functional Aspects

J. Robin Harris and Michael Palmer

Abstract Apart from the thiol-specific/cholesterol-dependent cytolysin family of
toxins (see Chapter 20) there are a number of other unrelated bacterial toxins that
also have an affinity for plasma membrane cholesterol. Emphasis is given here on
the Vibrio cholerae cytolysin (VCC) and the cytolysins from related Vibrio species.
The inhibition of the cytolytic activity of these toxins by prior incubation with extra-
cellular cholesterol or low density lipoprotein emerges as a unifying feature, as does
plasma membrane cholesterol depletion. Incubation of VCC with cholesterol pro-
duces a heptameric oligomer, which is not equivalent to the pre-pore since it is
unable to penetrate the plasma membrane. In structural terms, the precise sequence
of VCC monomer binding to membrane, oligomer formation and pore insertion
through the bilayer has yet to be fully defined. Several other bacterial toxins have a
dependency for cholesterol, although the available data is limited in most cases.

Keywords Vibrio cholerae cytolysin · VCC · Hemolysin · Cholesterol · β-Barrel ·
Pore-forming toxin

21.1 Introduction

Although much has been discovered concerning the cholesterol-dependency for
oligomerization and pore formation by the streptolysin/perfringolysin/pneumolysin
family of gram-positive bacterial thiol-specific/cholesterol-depedent cytolysins
(CDCs) (see Chapter 20), cholesterol is also required for the oligomerization and
membrane pore-formation for several other non-thiol-specific β-barrel-forming bac-
terial cytolysins. In this Chapter, the properties of some of these cytolysins will
be presented, with some emphasis upon the most extensively studied, the Vibrio
cholerae cytolysin (VCC), and other members of the Vibrio family. In all cases,
it is the interaction of the cytolysin monomer cholesterol-binding domain that is
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of significance. However, the binding motif of VCC with membrane cholesterol
(and/or phospholipids) that enables the necessary attachment to occur, leading to a
conformational change and increased hydrophobicity of the membrane-penetrating
polypeptide sequence remains unknown. Protein conformational change leads to
oligomer formation and, similar to the CDCs, bilayer penetration by a different
domain to that responsible for the initial attachment, then creating the transmem-
brane ion channel/pore. The preformed VCC oligomer, in solution or attached to
LDL, is unable to penetrate the plasma membrane of erythrocytes or other cells,
exemplified for numerous non-thiol-specific (and the thiol-specific CDCs), by the
inhibition of cytolytic activity following the prior addition of extracellular choles-
terol or low density lipoprotein (LDL). The stability of the toxin oligomer and pore
in SDS is a characteristic feature of these proteins, clearly related to the inherent
stability of the β-barrel pore structure. Detailed comparisons of the properties of the
two main classes of CDCs have been presented (Palmer, 2004; Zitzer et al., 2001,
2003). The significance of the partial protein unfolding/conformational change that
occurs when bacterial toxins interact with lipids to form a membrane-penetrating
β-barrel-containing pore is now widely accepted as a fundamental structural feature
of these proteins (Galdiero et al., 2007; Geny and Popoff, 2006).

21.2 Vibrio cholerae Cytolysin (VCC)

Vibrio cholerae is the pathogenic gram-negative bacterium responsible for the
water-borne gastrointestinal disease, cholera. The causative endotoxin responsible
for cholera from the O1/O139 V. cholerae strains is termed the cholera entero-
toxin (CT). Other V. cholerae strains, in particular the non-O1/non-O139 strains
and the V. cholerae O1 biotype eltor strain do not produce CT, but release a
cytolysin/hemolysin (Honda and Finkelstein, 1979; Zitzer et al., 1993), currently
generally termed the V. cholerae cytolysin (VCC), although the term El Tor
hemolysin is still used by some authors (Shinoda and Miyoshi, 2006).

VCC is a water-soluble protein with a molecular mass of ∼ 63 kDa, encoded by
the hlyA gene of V. cholerae. A precursor protein of 82 kDa is cleaved proteolyt-
ically to release the cytolytically active N-terminal 63 kDa fragment (Yamamoto
et al., 1990; Nagamune et al., 1996). More specifically, this VCC precursor has
been shown to be cleaved and activated by a cellular metalloproteinase (Valeva et al.,
2004). That VCC/El Tor hemolysin produces an ion channel in plasma membranes
and planar bilayer membranes containing cholesterol was established long before
the oligomerization and structure of the membrane-bound cytolysin pore was deter-
mined (Ikigai et al., 1996, 1997; Yuldasheva et al., 2001). Nevertheless, interest in
the conductance and anion selectivity profile of the VCC pore continues, in relation
to the cholesterol requirement for pore formation and the molecular structure of the
pore (Pantano and Montecucco, 2006; Krasilnikov et al., 2007). In addition, the role
of this VCC anion channel during the induction of cellular vacuolation and apopto-
sis remains of prime interest (Zitzer et al., 1997a; Moshioni et al., 2002; Saka et al.,
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2008), as do the mechanisms the body may have established to protect itself against
attack by VCC (Gutierrez et al., 2007; Valeva et al., 2008).

As mentioned above, and in accord with the characteristic property of toxins of
the CDC family, addition of cholesterol prior to interaction with living cells blocks
the cytolytic activity of VCC. This indicates that the initial monomer attachment,
oligomerization, pre-pore and pore formation must occur on and in the surface of
cholesterol-containing membranes, and that pre-formed cholesterol-induced VCC
oligomers, even if free in solution, are unable to penetrate cell membranes.

21.2.1 Structure of the VCC Oligomer

Although initial biochemical experiments relating to VCC pore formation did not
provide an absolute value for the number of subunits within the VCC (a pentamer
was initially suggested), they showed the temperature- and cholesterol-dependence
of pore formation (Zitzer et al., 1995, 1997b, 2000). Importantly, these studies also
showed the value of transmission electron microscopy for the assessment of the
VCC pore attachment to membranes and liposomes (Figs. 21.1 and 21.2), and the
solubilization of the membrane-bound pore by the addition of the surfactant deoxy-
cholate. Subsequently, further emphasis was placed upon the role of cholesterol
interaction with the VCC monomer (Zitzer et al., 2001; Ikigai et al., 2006) and
from fluorimetric analysis definition of the polypeptide domain of the monomer
(an extended anti-parallel β-strand hairpin), that collectively upon oligomerization
form the membrane-penetrating β-barrel of the VCC pore (Valeva et al., 2005).
That the transformation of the VCC monomer into the SDS-stable pore, apparently

Fig. 21.1 Sheep erythrocyte membrane fragments treated with VCC monomer for 30 min at room
temperature (∼ 22ºC), negatively stained with 2% uranyl acetate (pH 4.5). Note the dense coating
of the membrane surface with VCC pores. The scale bar indicates 100 nm
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Fig. 21.2 Liposomes containing sphingomyelin-phosphatidyl choline-cholesterol following inter-
action with VCC monomer. VCC pores in side-on profile can be seen bound to the liposome
edges (arrows) and on the flattened liposome surfaces. Negatively stained with 5% ammonium
molybdate, 1.0% trehalose, pH 6.9. The scale bar indicates 100 nm

induced spontaneously by a predominantly hydrophobic interaction with membrane
cholesterol, is due to a localized unfolding of the protein has been supported by the
biochemical study of Chattopadhyay and Banerjee (2003). Interestingly, these work-
ers utilized urea to produce controlled partial VCC (HlyA) unfolding; in 1.75 M urea
they induced oligomer formation and at higher urea concentration (8 M) the more
complete protein subunit unfolding could be reversed, showing that renaturation
then also yielded the VCC oligomer.

In a comparative TEM study Harris et al. (2002) assessed the interaction of VCC
monomer with microcrystalline cholesterol, some cholesterol esters and choles-
terol derivatives. Negative stain TEM data was obtained using the holey-carbon
spreading technique, whereby cholesterol-VCC samples were spread and sup-
ported in a thin film of negative stain alone (Harris and Scheffler, 2002). In a
time-dependent manner, VCC oligomers were initially detected at the edges of
cholesterol microcrystals, where the stacked cholesterol bilayers will expose a
more hydrophobic sterol ring surface than the planar surface where the 3-β-OH
groups will be exposed. Nevertheless, with increasing time the planar cholesterol
surface also becomes coated with VCC oligomers (see Fig. 21.3) and oligomers
tend to be released into solution. Image processing of individual VCC oligomers,
which have a strong tendency to be orientated as rings at the fluid/air inter-
face, yielded strong evidence for the presence of a seven-fold rotational symmetry
(Fig. 21.4). 19-Hydroxycholestrerol, 7β-hydroxycholesterol, cholesteryl acetate and
β-estradiol all efficiently induced VCC oligomer formation, but cholesterol stearate
and oleate, and the C22 (2-trifluoroacetyl) naphthyl analogue of cholesterol all
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Fig. 21.3 Cholesterol microcrystals following: (a) interaction with VCC monomer (0.1 mg/ml) for
15 min at room temperature (∼ 22ºC); (b) interaction with VCC for 30 min at room temperature;
(c) and (d) interaction with VCC at room temperature for 1 and 24 h, respectively. Note that at
the short incubation times (a) and (b), the VCC has oligomerized predominantly at the edge of
the cholesterol microcrystals and that with increasing time the planar surface also becomes coated
with oligomers. Samples were negatively stained with 2% ammonium molybdate (pH 7.0). The
scale bars indicate 200 nm (a-c) and 100 nm (d). From Harris et al. (2002), with permission from
Elsevier

failed to induce oligomerization (Harris et al., 2002). Stigmasterol showed a slight
tendency to produce VCC oligomers and ergosterol even less. Overall, this sterol
survey indicated that the 3β-OH group of cholesterol is not an essential requirement
for VCC oligomerization, indicating that a more generalized hydrophobic interac-
tion may be involved. This may represent a difference between VCC and the CDC
family of cytolysins, which usually do not interact with sterols that that have a
blocked or modified 3βOH group. Solubilization of the VCC oligomers formed on
cholesterol using the neutral surfactant octyl-glucoside yielded a suspension of indi-
vidual oligomers, which unfortunately showed a considerable tendency to cluster
(Fig. 21.5). In a further attempt to define the stereo-specificity of cholesterol interac-
tion VCC, together with streptolysin O (SLO), Zitzer et al. (2003) used enantiomeric
cholesterol-containing liposomes and found that VCC showed very little interaction
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Fig. 21.4 Sevenfold rotational symmetry of the VCC oligomer: (a) The first five eigenimages
created within IMAGIC-5 during the initial mulitivariate statistical analysis (MSA) of the VCC
oligomer, showing sevenfold rotational symmetry. (b) A single heptameric VCC oligomer class
average, used for the second MSA. (c) When cut open to display cylindrical coordinates this
image shows seven vertical projections, which following rotational self-correlation are shown as
seven transmission maxima (d). When expressed graphically, the profile from the rotational self-
correlation shows seven peaks of intensity (e). From Harris et al. (2002) with permission from
Elsevier

(expressed by calcein release), whereas streptolysin O was only slightly less active
than when cholesterol was present in the liposomes. With cholesterol microcrystals
the difference between the action of these two toxins was less clearly defined (JRH,
previously unpublished data: Fig. 21.6). With VCC, oligmers form predominantly at
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Fig. 21.5 VCC oligomers released from cholesterol by solubilization with 100 mM octylgluco-
side. Oligomer clusters are present, together with individual oligomers, orientated end-on and
side-on. The side-on images (arrowheads) show the characteristic channel/pore structure of the
oligomer; this correlates well with the VCC oligmer images visible at the edge of cholesterol
microcrystals (see Fig. 21.2). Negatively stained with 2% ammonium molybdate. The scale bar
indicates 100 nm. From Harris et al. (2002), with permission from Elsevier

the edges of the enantiomeric cholesterol microcrystals, essentially the same as with
cholesterol, whereas SLO formed characteristic but disorganized oligomers and arcs
on the cholesterol planar surface. In sum, there are considerable differences in the
stereospecificity of cholesterol interaction for VCC vs the CDCs.

Fig. 21.6 The interaction of VCC with enantiomeric cholesterol microcrystals (15 min at room
temperature). As with cholesterol, oligomer formation has occurred predominantly at the edge
of the microcrystals. Negatively stained with 2% ammonium molybdate. The scale bar indicates
200 nm
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Olson and Gouaux (2003), in a structural comparison of the VCC oligomer (then
thought to be pentameric) and the S. aureus α-toxin, showed that VCC contains
a core component that is closely related to that of S. aureus α-toxin and related
hemolysins. These authors extended their study by producing the 2.8 Å crystal struc-
ture of the ∼ 80 kDa pro-toxin monomer of VCC, together with crystals of the VCC
oligomer at a lower resolution (3.5 Å), from which a clear non-crystallographic
seven-fold symmetry was determined, thereby confirming the TEM data of Harris
et al. (2002). For both the S. aureus α-toxin and V. cholerae cytolysin, a pro-
tein unfolding event has to take place, following a hydrophobic interaction with
phospholipid and cholesterol-containing biological membranes, liposomes or pure
cholesterol, to generate the 14-stranded (7-hairpin) β-barrel pore that penetrates the
lipid bilayer.

Olson and Gouaux (2005) were unable to explain the lipid requirement for VCC
assembly from their pro-toxin monomer structure and advanced only a tenuous
model for the interaction of VCC with biological membranes, with comparison
to the S. aureus α-toxin. The role of a putative lectin-like sequence in the VCC
monomer remains unclear; unlike the anthrax PA63 monomer, it is not involved in
cellular internalisation. Clearly, a higher resolution X-ray structure of the soluble
surfactant-induced VCC oligomer and also of the in situ membrane-bound VCC
pore is still awaited, and from which it should be possible to define the residues in
the 65 kDa VCC monomer that interact hydrophobically with membrane cholesterol
(possibly also involving sphingomyelin and other phospholipids) to partially unfold
the polypeptide chain and generate the multiple-β-sheet hairpin pre-pore leading to
membrane-penetration of the heptameric β-barrel. Recently, He and Olson (2010)
have produced a low resolution (2nm) 3D reconstruction of the VCC pore from
cryoEM images. The VCC pore was solubilized from cholesterol-containing lipo-
somes with 40 mM hexaethylene glycol monodecyl ether. Docking of the crystal
structure of the VCC protoxin (Olson and Gouaux, 2005) assisted the interpretation
of the location of the cytolytic and lectin domains of the VCC pore. Furthermore,
the “spikes” visible around the toxin core (see Fig 21.4b; also Fig. 21.2 of He and
Olson, 2010) were advanced as the putative carbohydrate-binding sites.

The numerous oligomeric toxin β-barrels, of varying diameter and strand num-
ber, are all essentially structurally equivalent to a sequence of circular/closed
crossed β-sheets.

The existence of a membrane-bound VCC pre-pore has been claimed by
Löhner et al. (2009), using disulphide cross-linked genetically engineered mutant
VCC molecules. In the non-reduced state, these mutant VCC oligomers bound
to erythrocytes and erythrocyte membranes but did not penetrate the membrane
bilayer. Subsequent reduction enabled the β-barrel-forming sequence to unfold,
create a membrane-penetrating pore, thus leading to haemolysis. Mixed VCC
wildtype-mutant hybrid oligomers apparently created pores with a reduced diameter
permeability channel. This perhaps suggests a somewhat loosely coupled mem-
brane insertion of the subunits of the oligomer. Such a transient membrane-bound
pre-pore has to be clearly distinguished from the VCC oligomers formed in the
presence of cholesterol and released into solution, where the further attachment to
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and penetration of a membrane bilayer is blocked, in all probability by oligomers
containing β-barrels that already have bound cholesterol molecules which then
block membrane penetration.

21.2.2 Fibril Formation by VCC and Other Toxins In Vitro

That a partial unfolding of toxin proteins is closely involved with their self-assembly
into membrane-penetrating ring-like pores has emerged as a fundamental feature
of these molecules. It has also been found that the thermostable direct hemolysin
(TDH) from Vibrio parahaemolyticus has the property of transforming at ∼60
to 70◦C from a toxic dimer of a ∼21 kDa subunit into β-sheet-rich non-toxic
fibrils (Fukui et al., 2005). Remarkably, heating above 80◦C yields an unfolded
protein, which upon rapid cooling produces refolding and a toxic pore-forming
protein. Apoprotein B, in sodium deoxycholate mixed micelles also undergoes
also undergoes temperature-dependent protein unfolding (Walsh and Atkinson,
1986). Deoxycholate (DOC), at low concentrations has been used to induce the
formation of S. aureus α-toxin oligomers (Bhakdi et al., 1981), which can be
solubilized by higher DOC concentrations. DOC solublizes VCC oligomers from
liposomes (Zitzer et al., 1997b), but without further change in protein conforma-
tion. Also for VCC, there was early evidence for temperature-induced inactivation
and reactivation.

In our hands, the VCC monomer has been found to form pre-pore oligomers on
the surface of sodium DOC micellar aggregates, when the surfactant is present at
a low concentration (e.g. 1 mM, and over a period of time, these bound oligomers
are released into solution, similar to the situation with octylglucoside (Fig. 21.5).
However, at a higher DOC concentration (e.g. 25 to 50 mM) it has been found that
the VCC forms stable fibrillar structures (Fig. 21.7).

In view of the increasing interest in oligomer and membrane-penetrating pore
formation by several cytotoxic amyloid peptides and also the formation of crossed
β-sheet amyloid fibrils (see also Chapter 2), combined with the hypothesis that
these events may mimic the partial protein unfolding established for bacterial pore-
forming toxins (Lashuael and Lansbury, 2006; Yoshiike et al., 2007), the data shown
in Fig. 21.7 for VCC and the reversible heat-dependent fibril formation by Vibrio
parahaemolyticus TDH mentioned above, may represent complimentary views of
this structural hypothesis. Clearly, further biophysical investigations need to be per-
formed to firmly establish this β-sheet/β-barrel structural parallel. Nevertheless,
support for this concept has come from the study of Srisailam et al. (2002) who
investigated the transformation of the all β-barrel acidic fibroblast growth factor
from Notopthalmus viridescens and found partially-structured intermediates lead-
ing to fibril formation. Furthermore, evidence for a correlation between human
amyloid fibrils and bacterial amyloids has been advanced and reviewed by Epstein
and Chapman (2008). Indeed, the broad concept that the repeated β-sheet hair-
pin found in both the smaller bacterial toxin pores discussed above, as well as
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Fig. 21.7 VCC treated with 50 mM sodium deoxycholate. Instead of forming oligomers, the
cytolysin has transformed into fibrils, structurally similar to amyloid fibrils. Negatively stained
with 2% uranyl acetate. The scale bar indicates 200 nm

the larger pores produced by the CDC perfringolysin/streptolysin family of thiol-
specific/cholesterol-dependent cytolysins (see Chapter 20), can be extended to
include the membrane-penetrating pore-like amyloid oligomers and infinite crossed-
beta sheets of highly polymorphic fibrillar and tubular structures, created by partial
unfolding of the extensive range of amyloid-forming peptides and proteins appears
to be steadily gaining acceptance (Zamotin et al., 2006).

21.3 Hemolysins/Cytolysins from Other Vibrio Species

Vibrio vulnificus is classified as a slightly halophilic estuarine bacterium, which
causes wound infections and septicemia. Inhibition of the haemolytic activity of the
V. vulmificus hemolysin by prior incubation with cholesterol was shown 25 years
ago by Shinoda et al. (1985). The close genetic homology of the hemolysins from
both V. vulnificus and V. mimicus to the El Tor hemolysin (VCC) was presented
by Yamamoto et al. (1990) and Kim et al. (1997), firmly establishing this family
of Vibrio hemolysins/cytolysins (reviewed by Miyoshi et al., 2004; Shinoda and
Miyoshi, 2006).

Strong supportive evidence for the involvement of cholesterol in the cytolytic
activity of V. vulnificus hemolysin/cytolysin (VVC) has come from J.-S. Kim and his
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co-workers who have actively pursued their investigations in recent years. The cyto-
toxicity of VVC on cultured pulmonary endothelial cells was shown to be inhibited
by cholesterol (Kim, 1997) and using the same cell line Choi et al. (2004) claimed
that this cytolysin formed anion-selective transmembrane pores. In an investigation
of several cholesterol detivatives, including 7-dehydrocholesterol, cholesterol esters,
deoxycholate and cholestane, Kim and Kim (2002) showed that only cholesterol
and 7-dehydrocholesterol induced oligomerization and inhibition of the cytolytic
activity of VVC. Subsequently it was shown that low density lipoprotein also
has the ability to inactivate VVC by inducing oligomerization (Park et al., 2005).
Reduction of membrane cholesterol by methyl-β-cyclodextrin also inhibited VVC
(Yu et al., 2007), firmly established the parallel between VVC and VCC with respect
to their requirement for cholesterol and the conclusion that membrane cholesterol
is the likely receptor for the monomer of these cytolysins, prior to oligomerization,
pre-pore formation and membrane penetration.

21.4 Cholesterol Dependency of Heptameric and Other
β-Barrel-Forming Hemolysins/Toxins
from Non-Vibrio Species

Interestingly, early studies on the gram positive Staphylococcus aureus α-hemolysin
indicated that sodium deoxycholate would initiate oligomer formation, then thought
to be a hexamer (Bhakdi et al., 1981; Tobjes et al. 1985), but later shown to
be a heptamer (Galdiero and Gouaux, 2004; Gouaux, 1998). Although Forti and
Menestrina (1989) claimed that cholesterol was involved in S. aureus α-hemolysin
oligomerization, no firm evidence has subsequently emerged to involve membrane
cholesterol and the S. aureus α-hemolysin is now believed to have a require-
ment for membrane phospholipid headgroups (Galdiero and Gouaux, 2004). It
should be remembered, however, that the Staphylococcus α-hemolysin family of
toxins is only distantly related to the gram-negative heptameric β-barrel toxins.
Nevertheless, it can reasonably be considered that similar shape changes to the toxin
monomer, resulting in monomer-monomer pre-pore formation might occur within
the membrane hydrophobic environment, as defined by Olson and Gouaux (2003)
for VCC.

The gram-positive bacterium Bacillus anthracis produces a toxin complex,
comprising the anthrax protective antigen (PA83) carrier, along with the lethal
factor (LF) and oedema factor (EF). Following endocytosis of the cell surface
PA83/LF/EF-transmembrane receptor complex, endomembrane insertion of the
proteolytically cleaved PA63 pre-pore is thought to occur within the acidic envi-
ronment of the endosome (Milne et al., 1994; Gao and Schulten, 2006; Puhar
and Montecucco, 2007). To-date, no unequivocal evidence has been presented to
indicate which lipid component of the endosomal membrane, if any, might partic-
ipate in the further unfolding and integration of the pre-formed PA63 heptamer as
a transmembrane pore, through which the B. anthracis oedema and lethal factors
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are apparently able to enter the cytosol. However, Abrami et al. (2003) have
suggested that oligomerization of PA63 triggers its association with cell surface
cholesterol-containing lipid raft domains, promoting endocytosis of the complete
toxin complex.

Recent in vitro experiments (JRH, unpublished observations) using a cholesterol
microcrystal suspension have indicated that PA63 pre-pore heptamers do cluster on
the cholesterol microcrystals at pH 5.0 (Fig. 21.8), but earlier permeability stud-
ies showed that in the absence of cholesterol, phospholipid bilayers and liposomes
could integrate the PA63 pore (Blaustein et al., 1989; Koehler and Collier, 1991).
Addition of PA63 to cholesterol-sphingomyelin-phosphatidylcholine liposomes at
pH 5 was found to lead to integration of the PA63 pre-pore, but also showing
evidence for bilayer/liposome disruption (JRH, unpublished data). X-ray crystal-
lographic studies have shown the structure of the PA63 and the PA63 –receptor
complex (Petosa et al., 1997; Santelli et al., 2004; Lacy et al. 2004), and Ren
et al. (2004) showed by cryo-electron microscopy that structural changes occur on
binding the lethal factor to PA63.

There are several other examples of toxins that bind to cholesterol, or cholesterol-
containing plasma membrane lipid raft domains, which will now be briefly
mentioned. The Clostridium perfringens ε-toxin has been shown to target detergent-
insoluble raft domains of Madin-Darby canine kidney cells, with reduced cytotoxi-
city following cholesterol depletion of the cells with methyl-β-cyclodextrin (Miyata
et al., 2002). The C. perfringens ε-toxin toxin is know to form a heptameric pore,

Fig. 21.8 Cholesterol microcrystals following interaction with anthrax PA63 prepores at pH 5.
The toxin has clustered onto the edges of the cholesterol microcrystals, indicating an affinity with
the hydrophobic edges of the stacked bilayers. Negatively stained with 2% uranyl acetate. The
scale bar indicates 100 nm
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which apparently has a more clearly defined association with cholesterol than does
the toxin aerolysin from Aeromonas hydrophila, although Ferguson et al. (1997)
showed that another related Aeromonas hydrophila cytotoxic enterotoxin (Act)
does have a requirement for cholesterol. A similar situation exists for the cellu-
lar cholesterol-dependent pore formation by C. difficile toxin A, which was also
shown to induce ion-permeable pores in bilayers at low pH, only in the present
of cholesterol (Giesmann et al., 2006). Cholera toxin cell surface internalization in
caveolae (Orlandi and Fishman, 1998) and transport from endosomes to the Golgi
apparatus (Shogomori and Futerman, 2001) both require the presence of cholesterol,
as demonstrated by methyl-β-cyclodextrin cholesterol depletion and competition by
filipin-treatment of cells.

Using an in vitro cholesterol-binding assay Hayward et al. (2005) demonstrated
that Salmonella (SipB) and Shigella (IpaB) type III secretion system transloca-
tion components bind to cholesterol with a high affinity, facilitating delivery of
the bacteria into mammalian cells. Similarly, Sato et al. (2006) showed by choles-
terol depletion that the Yershina enterocolitica entry into macrophages was greatly
reduced. An E. coli enterohemolysin has also been found to have cholesterol-
binding properties, apparently clearly distinguishable from the thiol-activated CDCs
(Figueirêdo et al., 2003).

Recently, Mosser and Res (2006) described a new toxin from Bacillus anthracis,
termed anthralysin 0 (ALO or AnlO) which is a cholesterol-dependent cytolysin. Its
close homologue, anthrolysin B has sphingomyelinase activity (Popova et al., 2006).
The oligomeric structure of the AnlO pore has yet to be shown; however, AnlO
may be a member of the thiol-activated cholesterol-dependent toxin family (see
Chapter 20). The non-bacterial toxin osterolysin, from the edible oyster mushroom,
has been shown to have cholesterol dependency (Rebolj et al., 2006). However, it
must be acknowledged that other pore-forming toxins, such as the octameric E.
coli hemolysin E (Wallace et al., 2000; Tzokov et al., 2005) and the P. aerugi-
nosa cytolysin, S. aureus α- toxin, as well as anthrax PA63 may possess a broader
requirement for phospholipid (or surfactant in vitro), rather than for cholesterol
alone.

21.5 Conclusions

This survey of the cholesterol requirement of the heptameric β-barrel forming
cytolysins from the Vibrio and other bacterial species leads to the conclusion that
the naturally occurring cell membrane lipid, cholesterol, has been successfully tar-
geted by numerous cytolytic bacteria. Despite that fact that high resolution structural
analysis is not yet available for the membrane-integrated heptameric pore, much
of fundamental and clinical interest has emerged through recent years. It can be
predicted that X-ray crystallography will continue to provide additional important
data in the foreseeable future, relating in particular to the initial cholesterol-binding
sites and the lipid bilayer contact sites of the membrane-penetrating β-barrel of
the pore.
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Chapter 22
Cholesterol-Binding Toxins and Anti-cholesterol
Antibodies as Structural Probes for Cholesterol
Localization
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Machiko Iwamoto, Shintaro Iwashita, and Mitsushi Inomata

Abstract Cholesterol is one of the major constituents of mammalian cell mem-
branes. It plays an indispensable role in regulating the structure and function of
cell membranes and affects the pathology of various diseases. In recent decades
much attention has been paid to the existence of membrane microdomains, gen-
erally termed lipid “rafts”, and cholesterol, along with sphingolipids, is thought
to play a critical role in raft structural organization and function. Cholesterol-
binding probes are likely to provide useful tools for analyzing the distribution and
dynamics of membrane cholesterol, as a structural element of raft microdomains,
and elsewhere within the cell. Among the probes, non-toxic derivatives of per-
fringolysin O, a cholesterol-binding cytolysin, bind cholesterol in a concentration-
dependent fashion with a strict threshold. They selectively recognize cholesterol
in cholesterol-enriched membranes, and have been used in many studies to
detect microdomains in plasma and intracellular membranes. Anti-cholesterol anti-
bodies that recognize cholesterol in domain structures have been developed in
recent years. In this chapter, we describe the characteristics of these cholesterol-
binding proteins and their applications to studies on membrane cholesterol
localization.
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22.1 Introduction

Cholesterol is one of the major constituents of mammalian cell membranes. It
affects the structure and function of biological membranes by determining the
physico-chemical nature of membranes. Cholesterol also influences the pathol-
ogy of atherosclerosis, Alzheimer’s disease and cholesterol-storage disorders such
as Niemann-Pick disease type C (NPC). The lateral and transbilayer distributions
of cholesterol in cell membranes are not uniform, suggesting that cholesterol is
involved in the formation of functional membrane domains. One such membrane
domain, generally termed lipid rafts, has attracted attention in recent decades,
and the dynamic clustering of sphingolipids and cholesterol in cell membranes
plays a crucial role in the formation of these domains. Studies on the distribu-
tion and dynamics of cholesterol in membranes have been hindered by the lack of
appropriate cholesterol probes. For a long time filipin has been used to detect mem-
brane cholesterol, despite it’s cytolytic properties. The development of non-toxic
cholesterol-binding probes has provided much useful information on the distribution
and dynamics of cholesterol in membranes. Non-toxic derivatives of perfringolysin
O (PFO, also known as θ-toxin), a cholesterol-binding cytolysin have been used in
many studies to detect cholesterol in plasma and intracellular membranes. In recent
years anti-cholesterol antibodies have also been developed for this purpose. In this
chapter, we describe the characteristics of these cholesterol-binding proteins and
their application to studies on membrane cholesterol.

22.2 Cholesterol-Binding Toxins

The toxins under consideration belong to a family of so-called “thiol-activated
cytolysins” (Billington et al., 2000; Palmer, 2001), also termed cholesterol-binding
cytolysins (Alouf, 2000; Gilbert, 2002) or cholesterol-dependent cytolysins (CDCs)
(Tweten et al., 2001). These toxins are expected to be good experimental tools for
detecting cholesterol in membranes, due to their strict specificity for binding to
cholesterol. More than 20 cytolysins produced by gram-positive bacteria belong to
this toxin family (Alouf, 2000), including PFO produced by Clostridium perfrin-
gens, streptolysin O by Streptococcus pyogenes, and pneumolysin by Streptococcus
pneumoniae. Members of this toxin family share a high degree of homology in
their amino acid sequences and are believed to share common biological properties
(Billington et al., 2000; Alouf, 2000).

Among the cytolysin family members, PFO has been well characterized in terms
of its structure-function relationship. The action of PFO can be divided into the fol-
lowing three steps: i) binding to cholesterol in the membrane, ii) self-assembly on
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the membrane to form prepore oligomers, and iii) formation of transmembrane pores
leading to cell lysis. Crystallographic studies have shown the PFO molecule to com-
prise four domains that are rich in β-sheet structure (Rossjohn et al., 1997). It has
been shown that domain 4, the C-terminal domain, possesses membrane cholesterol-
binding activity (Shimada et al., 2002), and thus participates in the first step. The
relationship between the structure and mode of action of the CDCs is described in
detail elsewhere (see Chapter 20).

PFO binds specifically and with high affinity to cholesterol in artificial mem-
branes (Ohno-Iwashita et al., 1991; 1992; Nakamura et al., 1995) and intact cells
(Ohno-Iwashita et al., 1988; 1990). Taking advantage of this property, non-cytolytic
derivatives of PFO were produced as probes for detecting membrane cholesterol
(Ohno-Iwashita et al., 1988; 1990; Iwamoto et al., 1997; Shimada et al., 2002).
Characterization of the toxin derivatives revealed them to be useful for detecting
cholesterol-rich membrane microdomains, the so-called lipid rafts (Waheed et al.,
2001; Ohno-Iwashita et al., 2004; Shimada et al., 2005). In this section we describe
methods for preparing these toxin derivatives, their binding characteristics and their
application to the detection of membrane cholesterol.

22.2.1 Preparation of Non-cytolytic Derivatives
of Perfringolysin O

PFO derivatives that are non-cytolytic but retain their cholesterol-binding proper-
ties were prepared by two methods (Fig. 22.1). One method involves a two-step
modification of PFO that blocks toxin oligomerization, the 2nd step of toxin
action as described above. The toxin is first subjected to enzymic digestion and
nicked between the 144th and 145th amino acids, by proteolysis with subtilisin
Carlsberg (Ohno-Iwashita et al., 1986; 1988). The product, Cθ (Carlsberg protease-
nicked PFO/θ-toxin), is a complex of two fragments (molecular sizes ∼38 kDa
and ∼15 kDa) (Ohno-Iwashita et al., 1986). Cθ causes cytolysis at 37◦C but not
at temperatures below 20◦C, even though it binds to membrane cholesterol at both
temperatures. Cθ forms oligomeric structures on erythrocytes only at high tempera-
tures (Ohno-Iwashita et al., 1986; Iwamoto et al., 1993). In the second modification

Fig. 22.1 Preparation procedures for non-cytolytic derivatives of PFO/θ-toxin
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step, Cθ is either methylated or biotinylated at the ε-amino groups of lysine residues
and the α-amino group at the N terminus. The final products, MCθ (methylated Cθ)
and BCθ (biotinylated Cθ), bind to cell membranes, but cause no membrane damage
even at 37◦C (Ohno-Iwashita et al., 1990; Iwamoto et al., 1997).

Another non-cytolytic PFO derivative is prepared by isolating the cholesterol-
binding domain of the toxin, a C-terminal fragment of 110 amino acids corre-
sponding to domain 4 (residues 363–472) (Shimada et al., 2002) (Fig. 22.1). PFO
comprises four β-sheet-rich domains, and only domain 4 is structurally autonomous
(Rossjohn et al., 1997). Several lines of evidence suggest that a cholesterol-binding
site is located within domain 4 (Iwamoto et al., 1990; Sekino-Suzuki et al., 1996;
Nakamura et al., 1998; Jacobs et al., 1999). A C-terminal fragment obtained by
trypsin digestion (T2; residues 277–472) (see Fig. 22.2) binds to cholesterol and to
cholesterol-containing membranes (Iwamoto et al., 1990). In addition, various tox-
ins mutated in the tryptophan-rich motif (residues 430–440; Fig. 22.2) in domain 4
have significantly reduced membrane-binding activities (Sekino-Suzuki et al., 1996;
Nakamura et al., 1998). It has also been shown that the C-terminal amino acid
residues are required for maintaining the overall structure and cholesterol-binding
properties of the toxin (Shimada et al., 1999; 2002).

D4, the isolated domain 4, and several N-terminal and C-terminal truncated frag-
ments of D4, were prepared and characterized to determine the shortest cholesterol-
binding unit (Fig. 22.2). D4 has cholesterol-binding activity comparable to that of
the full-size toxin (Shimada et al., 2002). Circular dichroism measurements have
revealed that D4 has a β-sheet-rich secondary structure, in good agreement with
that predicted from the crystal structure (Rossjohn et al., 1997). On the other hand,
�N-D4, which is truncated by eight-amino acids from the N-terminus of D4, and
�C-D4, in which only two amino acids are deleted from the C-terminus of D4, are

Fig. 22.2 PFO derivatives and their binding activities with cholesterol. D4, �N-D4 and �C-D4
contain an extra six amino acids (hatched box) at their N termini, which are derived from the His-
tag used for purification (Shimada et al., 2002). The black rectangles represent the tryptophan-rich
motif in domain 4
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unstable and degraded during purification (Shimada et al., 2002). These observa-
tions indicate that D4 is the minimal functional and structurally stable unit with the
same cholesterol-binding activity as the full-size protein toxin. For the purpose of
monitoring membrane cholesterol in living cells, a fused protein (EGFP-D4) com-
prising enhanced green-fluorescent protein (EGFP) and D4 was also constructed
(Shimada et al., 2002).

22.2.2 Binding Properties of Perfringolysin O Derivatives

22.2.2.1 Specific Binding to Cholesterol

All toxin derivatives, Cθ, MCθ, BCθ, and D4, bind specifically to cholesterol
(Shimada et al., 2002; Ohno-Iwashita et al., 1988; 1990; Iwamoto et al., 1997).
When lipids were separated on TLC plates, incubated with PFO or its derivatives,
and immunostained to detect binding with an anti-PFO antibody, the toxin deriva-
tives were shown to bind only to cholesterol, and not to phospholipids, as in the
case of PFO (Fig. 22.3) (Shimada et al., 2002; Ohno-Iwashita et al., 1988; 1990;
Iwamoto et al., 1997). PFO and its derivatives also bind to some cholesterol ana-
logues with variable intensities (Fig. 22.4A, B) (Ohno-Iwashita et al., 1988). The
3β-OH group on the steroid nucleus of cholesterol is strictly required for toxin bind-
ing; the toxin derivatives never bind to cholesterol analogues lacking the 3β-OH

Fig. 22.3 Detection of lipid components that bind MCθ. Lipids were applied to a TLC plate and
developed in two solvent systems. Half of the plate was then incubated with MCθ and lipid com-
ponents that bind MCθ were detected by immunostaining with anti-θ-toxin antibody (lanes 1 and
2). The other half was used for the detection of lipids (lanes 3 and 4). The migration position
of cholesterol (Ch) is shown by arrows. The migration positions of other lipids are shown as
follows: O, origin; SM, sphingomyelin; PC, phosphatidylcholine; PI, phosphatidylinositol; PE,
phosphatidylethanolamine; PS, phosphatidylserine; PA, phosphatidic acid; CL, cardiolipin; FA,
fatty alcohol; FFA, free fatty acid; TG, triglyceride; CE, esterified cholesterol. Modified from
Ohno-Iwashita et al. (1990) with permission from Elsevier
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Fig. 22.4 Binding of various cholesterol analogues to PFO and digitonin. Cholesterol analogues
were applied to TLC plates and developed in a solvent system of hexane/diisopropylether/acetic
acid (65/35/2). Two plates (A and B) were then incubated with PFO (10 μg/ml), and sterols that
bind PFO were detected by immunostaining with anti-θ-toxin antibody. The other plate (C) was
incubated with 0.5 mM digitonin, and sterols that bind digitonin were detected by the orcinol
reaction. Ch, cholesterol; 1, β-cholestanol; 2, 7-dehydrocholesterol; 3, desmosterol; 4, lathosterol;
5, ergosterol; 6, β-sitosterol; 7, stigmasterol; 8, lanosterol; 9, 5α-cholestan-3-one; 10, cholesterol
acetate; 11, 5α-cholestane; 12, 20-α-hydroxycholesterol; 13, epicoprostanol; 14, 4-cholesten-3-
one; 15, 5β-cholestane; O, origin

(5α-cholestane and 5β-cholestane), or in which the 3β-OH is replaced with 3α-OH
(epicoprostanol) or =O (5α-cholestan-3-one and 4-cholesten-3-one), or is esterified
(cholesterol acetate) (Fig. 22.4B). The structural variety of the aliphatic side chains
could also affect the binding intensity of the toxin (ergosterol, β-sitosterol, stigmas-
terol, lanosterol and 20-α-hydroxycholesterol in Fig. 22.4A, B). Changes in the ring
structure are less effective (β-cholestanol, 7-dehydrocholesterol, and lathosterol in
Fig. 22.4A). The structural requirement for toxin binding is distinct from that for the
binding of digitonin, a small cholesterol-binding molecule (Fig. 22.4C). For exam-
ple, digitonin, but not PFO, binds to 5α-cholestan-3-one (compare Fig. 22.4B, C);
thus 3β-OH is not strictly required for digitonin binding.

PFO derivatives exhibit high affinity (Kd ∼ 10–7 ∼ −9M) for cholesterol in arti-
ficial membranes (Ohno-Iwashita et al., 1991; 1992) and intact cell membranes,
including erythrocytes (Ohno-Iwashita et al., 1988; 1990) and lymphoma B cells
(Ohno-Iwashita et al., 1990). A study using surface plasmon resonance revealed
that the association and dissociation rate constants (kon and koff, respectively) and
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the dissociation constant (Kd) of D4 to cholesterol-containing liposomes are compa-
rable to those of a non-cytolytic full-size toxin (Shimada et al., 2002). This indicates
that the large deletion of the N-terminal region corresponding to domains 1–3 from
the toxin does not influence its binding kinetics.

22.2.2.2 Selective Binding to Cholesterol-Enriched Membranes

To understand the characteristics of toxin binding to cholesterol more precisely,
the binding properties were examined using artificial membranes with various lipid
compositions (Ohno-Iwashita et al., 1991; 1992). Figure 22.5 shows the relation-
ship between cholesterol mol% and total toxin-binding sites in liposomes. PFO
derivatives bind only to cholesterol-enriched liposomes, while their binding is neg-
ligible when the amount of cholesterol is below 25 mol% (Fig. 22.5; Ohno-Iwashita
et al., 1992), indicating that toxin binding is highly dependent on cholesterol con-
tent and that there is a threshold concentration of membrane cholesterol for toxin
binding.

Toxin binding to cultured cells was visualized using BCθ (biotinylated Cθ) and an
avidin-fluorescent dye. Figure 22.6A shows BCθ binding to cell surface cholesterol
in human epidermoid A431 cells. BCθ binding completely disappears (Fig. 22.6B)
when cell cholesterol is depleted by 30% with β-cyclodextrin (βCD), a reagent that
removes cholesterol from the cell surface (Christian et al., 1997; Ilangumaran and
Hoessli, 1998). This is in remarkable contrast to filipin staining (Fig. 22.6C, D).
Filipin, a polyene antibiotic, is a cholesterol-binding reagent used to stain choles-
terol (Miller, 1984; Severs, 1997). Since filipin causes membrane damage, it can be
used only to stain fixed cells. Filipin staining is significantly retained after choles-
terol is depleted by 30% (Fig. 22.6D), implying that the mode of BCθ binding to
cell cholesterol differs from that of filipin. It is likely that BCθ binds to a specific
population of cholesterol, while filipin binds indiscriminately to cell cholesterol.

A similar relationship has been observed between toxin binding and the choles-
terol content of intact cells other than A431 cells. When the cholesterol content of
human erythrocytes (Ohno-Iwashita et al., 2004), platelets (Waheed et al., 2001),

Fig. 22.5 Binding of a PFO
derivative to liposomes with
various cholesterol contents.
Cholesterol contents in
liposomes are expressed as
mol percentage. Total
toxin-binding sites were
determined by Scatchard
analysis (Ohno-Iwashita
et al., 1992). From
Ohno-Iwashita et al. (2004)
with permission from Elsevier
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Fig. 22.6 Staining of A431 cells with BCθ or filipin. A431 cells were treated with (B and D) or
without (A and C) βCD, fixed and then incubated with either BCθ (A and B) or filipin (C and D).
BCθ-treated cells were then incubated with cy3-avidin for fluorescence visualization

human diploid fibroblasts (Nakamura et al., 2003) or MOLT-4 cells (Shimada et al.,
2002) is reduced by one-third by βCD treatment, BCθ binding is almost completely
abolished.

The above results strongly suggest the possibility that PFO derivatives bind selec-
tively to microdomains called lipid rafts. Lipid rafts are membrane microdomains
that are enriched in cholesterol and sphingolipids (Fig. 22.7) (Simons and Ikonen,
1997; Simons and Toomre, 2000; Brown and London, 2000; Edidin, 2001). It
has been suggested that signalling molecules, such as Src-family protein kinases
(SFKs), assemble in lipid rafts, where they play a role in signal transduction and
many other cellular events. Cholesterol has been suggested to play an essential
role in both the structural maintenance and function of lipid rafts (Hooper, 1999;
Ostermeyer et al., 1999; Simons and Ikonen, 2000; Simons and Ehehalt, 2002;
Fielding and Fielding, 2003). Lipid rafts have often been prepared as detergent-
resistant membranes (DRMs) (Schuck et al., 2003), although recent reports have
pointed out that DRMs are not necessarily equivalent to lipid rafts (London and
Brown 2000; Shogomori and Brown, 2003). As a first step to examine whether
PFO derivatives bind to lipid rafts, DRMs were prepared and PFO binding was
examined (Waheed et al., 2001; Shimada et al., 2005; Inomata et al., 2006).
BCθ-bound cells were treated with TritonX-100, homogenized and fractionated on
sucrose-density gradients. Specific marker molecules of lipid rafts/caveolae, such
as ganglioside GM1, flotillin and caveolin-1, are concentrated in the low-density
fractions (DRMs/raft fractions, #3–5 in Fig. 22.8). Cell-bound BCθ is predomi-
nantly recovered in the DRMs/raft fractions. Cholesterol gives two peaks, one in
DRMs/raft fractions and the other in high-density non-raft fractions (Fig. 22.8). BCθ
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Fig. 22.7 Schematic illustration of lipid rafts and caveolae. Cell surface invaginations called cave-
olae comprise a specialized subpopulation of lipid rafts. See reviews for details (Simons and
Ikonen, 1997; Simons and Toomre, 2000; Brown and London, 2000; Edidin, 2001)

is localized with cholesterol in DRMs/raft fractions but not in the non-raft fractions.
This observation is consistent with the previous result that BCθ binds to a particu-
lar population of cholesterol (Fig. 22.6). D4 also binds to cholesterol in DRMs/raft
fractions (Shimada et al., 2002).

Interestingly, an electron microscopic analysis of membrane vesicles in
DRMs/raft fractions revealed that some, but not all, of the vesicles in the DRMs/raft
fractions associate with BCθ (Waheed et al., 2001; Shimada et al., 2005). Next,
the BCθ-bound vesicles were further purified from DRMs/raft fractions of Jurkat
cells by affinity chromatography using avidin-magnet beads. Lipid analysis showed
that the BCθ-bound membrane vesicles are highly enriched in cholesterol, while
unbound vesicles are poor in cholesterol despite the fact that they are recovered
in DRMs/raft fractions (Shimada et al., 2005). This indicates that the BCθ-bound
vesicles are a cholesterol-rich membrane subpopulation in DRMs/raft fractions.
Furthermore, ganglioside GM1, flotillin and SFKs, molecules assumed to be lipid
raft-associated, are also predominantly recovered in the BCθ-bound, cholesterol-
enriched membrane subpopulation (Shimada et al., 2005). These findings indicate
that BCθ binds to membranes that fulfil the biochemical criteria of lipid rafts, and
therefore suggest that BCθ recognizes a specific kind of lipid raft (hereafter called
cholesterol-rich microdomains). In addition to raft markers, the BCθ-bound vesi-
cles from DRMs of Jurkat cells contain a variety of signalling molecules (Shimada
et al., 2005), indicating that the above method for isolating particular cholesterol-
rich membrane vesicles provides a useful tool for analyzing functional membrane
domains concentrated with signalling molecules (see below). It is assumed that
several types of lipid rafts with differing lipid and protein compositions perform
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Fig. 22.8 Cell-bound BCθ is predominantly recovered in detergent-insoluble, low-density mem-
brane fractions (DRMs/raft fractions). BCθ-bound human diploid fibroblasts (TIG-1) were treated
with Triton X-100 and subjected to sucrose-density gradient fractionation. Distribution pat-
terns of BCθ, cholesterol, and raft markers (GM1 ganglioside, flotillin and caveolin-1) were
determined

different functions (Madore et al., 1999; Roper et al., 2000; Gomez-Mouton et al.,
2001). It has even been suggested that lipid rafts can be generated in the absence
of high concentrations of cholesterol (Pike, 2006). Therefore, it would be interest-
ing to examine whether the cholesterol-poor membrane fraction in DRMs is another
subpopulation of lipid rafts.

22.2.3 Application of Perfringolysin O Derivatives to the Detection
of Cholesterol-Rich Membranes

Various tools have been used to identify lipid rafts and to clarify their physiological
significance. Bacterial toxins that target components in lipid rafts are often used as
raft markers (Parton, 1994; Harder et al., 1998; Yamaji et al., 1998; Fivaz et al.,
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1999). For example, lysenin, a toxin secreted by earthworms, and cholera toxin
have been employed to detect sphingomyelin and ganglioside GM1, respectively,
both of which are enriched in lipid rafts. However, no tool has been reported for
the selective detection of cholesterol in lipid rafts. Although filipin is a cholesterol-
binding reagent (Miller, 1984; Severs, 1997), it disrupts membrane integrity and
thus cannot be used for studies on living cells. As described in the previous section,
PFO derivatives specifically bind to membrane cholesterol without disrupting mem-
brane integrity. Furthermore, toxin binding requires high cholesterol concentrations
with a threshold in targeted membranes. Taking advantage of these properties, PFO
derivatives, especially BCθ and EGFP-D4, have been used to visualize cholesterol in
membranes and found to provide a powerful tool for cytochemical and biochemical
studies of cholesterol-rich membrane microdomains/lipid rafts in cell physiology
and diseases. In this section we describe some typical studies.

22.2.3.1 BCθ as a Marker of Cholesterol-Rich Microdomains
on the Cell Surface

Since PFO derivatives are not membrane-penetrating, they have been used to detect
cholesterol-rich microdomains on the cell surface (Waheed et al., 2001; Shimada
et al., 2002; Terashita et al., 2002; Heijnen et al., 2003; Kokubo et al., 2003;
Nakamura et al., 2003; Aoki et al., 2003; Nagafuku et al., 2003; Ohno-Iwashita
et al., 2004; Tashiro et al., 2004; Ohsaki et al., 2004; Tani-ichi et al., 2005; Ishii et al.,
2005; van Lier et al., 2005; Sato et al., 2005; Koseki et al., 2007). Many molecules
have been suggested to localize in cholesterol-rich microdomains in plasma mem-
branes, due to their co-localization with cell-bound PFO derivatives in fluorescence
and electron microscopic studies. Such molecules include signalling molecules such
as NAP-22 (neuronal acidic protein of 22 kDa; also known as CAP-23 and BAPS
1; Terashita et al., 2002), SFKs (Heijnen et al., 2003; Sato et al., 2005), a linker for
the activation of T cells (LAT) (Nagafuku et al., 2003), raft markers such as GM1
(Sato et al., 2005), flotillin (Kokubo et al., 2003) and caveolin (Fujimoto et al., 1997;
Aoki et al., 2003). However, co-localization is not definitive due to the limitations
of optical resolution in the case of fluorescence microscopic studies (Pike, 2006).

NAP-22, a major component of brain-derived rafts (Maekawa et al., 1993; 2003),
is a cortical cytoskeleton-associated and calmodulin-binding protein, and partic-
ipates in the regulation of actin dynamics (Frey et al., 2000). Double-staining
analysis has shown the protein to co-localize with BCθ, suggesting its localiza-
tion in cholesterol-rich microdomains (Terashita et al., 2002). Cholesterol depletion
with βCD solubilizes NAP-22 from brain rafts, indicating its cholesterol-dependent
localization in microdomains (Maekawa et al., 1999).

The localization of SFKs upon differentiation of mouse F9 embryonal carcinoma
cells was analyzed using BCθ (Sato et al., 2005). SFKs do not co-localize with
BCθ in undifferentiated F9 cells, but do co-localize when the cells differentiate into
primitive endoderm following retinoic acid treatment. The disruption of cholesterol-
enriched microdomains by βCD delays differentiation, suggesting that localization
of SFKs in the microdomains is important for differentiation.
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The dynamic behavior of cholesterol-rich microdomains in platelets has been
visualized using BCθ combined with confocal- and immunoelectron-microscopy
(Waheed et al., 2001; Heijnen et al., 2003). In resting platelets, cholesterol-rich
membrane microdomains are uniformly distributed on the cell surface (Heijnen
et al., 2003). Upon platelet activation cholesterol-enriched microdomains accumu-
late at the extended tips of the filopodia and at the leading edge of spreading cells
(Heijnen et al., 2003). This accumulation process is accompanied by simultane-
ous enrichment in c-Src, CD63, and β3-integrin in the microdomain clusters. Under
cholesterol-depleted conditions c-Src disappears from the filopodia, and thrombin-
induced platelet aggregation is impaired (Waheed et al., 2001; Heijnen et al., 2003).
These observations demonstrate that cholesterol-rich microdomains in platelets are
dynamic entities in the membrane that co-cluster with c-Src and CD63 in special-
ized domains on the cell surface, providing a possible mechanism to act as signalling
centers.

Flotillin has often been used as a marker of lipid rafts, especially in cells that lack
caveolin (Stuermer et al., 2001). The co-localization of flotillin and BCθ-labelled
cholesterol was examined in rat brain tissue by pre-embedding immuno-electron
microscopy (Kokubo et al., 2003). Flotillin-1- and BCθ-labelled areas appear patchy
and mostly merged on a part of plasma membranes with small processes and
secondary lysosome membranes (Kokubo et al., 2003). Approximately 80% of
BCθ-positive micropatches are flotillin-1-positive. Thus flotillin-1 and BCθ-labelled
cholesterol could act as ultra-structural raft markers in neural tissues.

There are two types of cholesterol-rich microdomains in plasma membranes:
caveolar and non-caveolar microdomains. Caveolae are uncoated round invagi-
nations in the plasma membrane and are generally considered to be specialized
microdomains (Anderson, 1998). When cultured cells are visualized with BCθ cou-
pled with either fluorescein-avidin D or colloidal gold-streptavidin, fine dot labelling
is distributed over the entire cell surface and does not coincide with the labelling
pattern of caveolin, a protein that forms the framework of caveolae, as long as
the cells are kept on ice (Fujimoto et al., 1997). This observation suggests that
most of BCθ labels non-caveolar microdomains under these conditions. In contrast,
when cell-bound BCθ is cross-linked with avidin and the temperature is raised to
37◦C, the probe forms discrete large patches and becomes sequestered in caveo-
lae (Fujimoto et al., 1997). Interestingly, other markers of microdomains, such as
glycolipids and sphingomyelin, are also sequestered in caveolae when cross-linked
with antibodies or other multivalent ligands (Mayor et al., 1994; Fujimoto 1996).
This phenomenon may reflect a close functional relationship between caveolar and
non-caveolar microdomains (Abrami et al., 2001).

22.2.3.2 Detection of Cholesterol-Rich Microdomains in the Inner
Leaflet of the Plasma Membrane

It is commonly accepted that microdomains enriched in cholesterol and sphin-
golipids are present in the outer leaflet of the plasma membrane (Simons and Ikonen,
1997; Brown and London, 1997). Recent studies have suggested that an equivalent
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domain organization could be also present in the inner (cytoplasmic) leaflet of the
plasma membrane (Mayor and Rao, 2004; Kusumi et al., 2004). The coupling of
these domains on the outer and inner leaflets might be important for signal trans-
duction via lipid rafts (Simons and Toomre, 2000; Kusumi et al., 2004). However,
little is known about the properties of inner membrane leaflet microdomains. To
address the question of whether cholesterol-rich microdomains exist in the inner
leaflet, we developed a new probe by using domain 4 (D4) of PFO (Hayashi et al.,
2006). It has been reported that when D4 interacts with membranes, it does not span
the entire membrane bilayer, but only its tip is shallowly embedded in the non-polar
interior of the bilayer (Ramachandran et al., 2002). This indicates that D4, rather
than recognizing cholesterol in both leaflets of the bilayer, instead primarily recog-
nizes cholesterol in just the one leaflet facing the toxin. Thus, it was expected that
if D4 is expressed inside cells, it could capture cholesterol in the inner leaflet of
the plasma membrane. We expressed D4 as a fusion protein with EGFP in cultured
cells. Biochemical analysis of stable cell clones of mouse embryonic fibroblasts that
express EGFP-D4 inside cells showed that more than half of the expressed EGFP-
D4 was bound to DRMs/raft fractions in which cholesterol and other raft markers
are enriched (Hayashi et al., 2006). Depletion of membrane cholesterol with βCD
reduced the amount of EGFP-D4 localized in DRMs/raft fractions, indicating that
EGFP-D4 binds to cholesterol-rich microdomains. Subcellular fractionation exper-
iments showed that most of the EGFP-D4 recovered in DRMs/raft fractions was
bound to the plasma membrane rather than to intracellular membranes (Hayashi
et al., 2006). The above results strongly suggest the existence of cholesterol-rich
microdomains in the inner leaflet of the plasma membrane. This expression system
provides a potential tool for visualizing inner leaflet cholesterol-rich microdomains
in living cells. Along with this expression system, we prepared fluorescent dye-
conjugated PFO derivatives, such as Alexa dye-labelled BCθ and D4, as tools for
detecting cell-surface (outer leaflet) cholesterol-rich microdomains in living cells
(Shimada et al., 2002). Simultaneous visualizaion of the inner- and outer-leaflet
microdomains by combining these tools might contribute to understanding their
dynamic behavior in cell signalling.

22.2.3.3 Electron Microscopic Analysis of Microdomains in Intracellular
Membranes

Since cholesterol-rich microdomains are hypothesized to play an important role
in cholesterol distribution and transport (Simons and Ikonen, 2000; Fielding and
Fielding, 2003), a selective marker for cholesterol in microdomains may provide a
good tool for the study of intracellular cholesterol trafficking. BCθ has been used
to study the in situ distribution of cholesterol-rich membranes in cryosections of
cells examined by immuno-electron microscopy (Möbius et al., 2002). In cryosec-
tions of EBV-transformed human B-cell line RN, strong labelling was observed in
internal vesicles of multivesicular bodies and exosomes, in addition to the plasma
membranes (Möbius et al., 2002). When this method was applied to examining the
distribution of cholesterol in the endocytic pathway of human B lymphocytes, BCθ
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labelling was detected in recycling tubulovesicles and in two types of multivesicu-
lar bodies, while it was mostly absent from lysosomes (Möbius et al., 2003). This
observation is consistent with a previous report that purified lysosomes contain only
trace amounts of cholesterol (Schoer et al., 2000). BCθ-labelled cholesterol dis-
tributes differently to lysobisphosphatidic acid, which localizes predominantly in
lysosomes and late endosomes (Kobayashi et al., 1998). These findings support
the view that plasma membrane cholesterol recycles constitutively via recycling
endosomes (Hao et al., 2002) and that cholesterol is efficiently removed from late
endosomes (Blanchette-Mackie, 2000).

22.2.3.4 Microdomains in T-cell Receptor Signalling

Based on the observation that DRMs, membranes assumed to be lipid rafts, are
enriched in molecules involved in T-cell receptor (TCR) signalling, such as SFKs
(Lck and Fyn) (Montixi et al., 1998; Xavier et al., 1998) and LAT (Zhang et al.,
1998), it has been suggested that lipid rafts act as platforms for signal transduc-
tion in T cells (Alonso and Millan, 2001). However, experiments in which βCD
is used to remove cholesterol have provided conflicting results (Marwali et al.,
2003; Tu et al., 2004), and thus the role of cholesterol in TCR signalling remains
unclear. As described earlier (22.2.2.2), BCθ-labelling experiments have shown that
DRMs contain both cholesterol-enriched and cholesterol-poor membrane subpop-
ulations. To address a role of the cholesterol-enriched membrane subpopulation in
TCR signalling, DRMs prepared from unstimulated and antibody-stimulated Jurkat
T cells were separated into BCθ-labelled (cholesterol-enriched) and -unlabelled
(cholesterol-poor) membrane fractions using avidin-magnet beads (Shimada et al.,
2005). Lck, Fyn, and LAT, in addition to the raft markers flotillin and GM1, were
predominantly recovered in the cholesterol-enriched membrane fraction in both
unstimulated and stimulated cells. On the other hand, CD3ε, CD3ζ and Zap70, other
components required for TCR signalling, were localized in the cholesterol-poor
membranes under unstimulated conditions. However, when TCR was stimulated,
some of these molecules were recruited to the cholesterol-enriched membranes.
These results indicate that the segregation from and recruitment of these molecules
to cholesterol-enriched membranes could contribute to the on/off switching of TCR
signalling. In addition to positive regulation (stimulation) of TCR signalling, lipid
rafts might also participate in its negative regulation. It has been suggested that
phosphorylated PAG (phosphoprotein associated with glycosphingolipid-enriched
membrane microdomains), an adaptor molecule located in lipid rafts, recruits Csk
(C-terminal Src kinase) to lipid rafts, where Csk negatively regulates SFKs and
maintains the “off” state of signalling under unstimulated conditions (Brdicka et al.,
2000; Davidson et al., 2003). Experiments separating BCθ-labelled and -unlabelled
membranes showed that Csk and PAG are also localized in cholesterol-enriched
membranes, suggesting that cholesterol-rich microdomains are involved in not only
stimulation but also negative regulation of TCR signalling (Shimada et al., 2005).

T cell functions such as antigen-induced proliferation and IL-2 production
decline in elderly humans and aged mice, and it has been suggested that alterations



22 Structural Probes for Cholesterol Localization 611

in lipid raft-mediated TCR signalling are associated with this decline (Miller, 2000;
Pawelec et al., 2001; Larbi et al., 2004). Age-associated alterations in proteins
involved in the positive regulation of TCR signalling have been reported from
several laboratories (Tamura et al., 2000; Tamir et al., 2000; Larbi et al., 2004).
Recently, impairments in the negative regulatory system in aged mouse T cells have
been reported (Inomata et al., 2007). These alterations might cause an imbalance
between the positive and negative regulatory systems and lead to a dysregulation
of TCR signalling. In addition to changes in protein components, alterations in
the composition/organization of lipids in lipid rafts might cause their functional
dysregulation. We recently found that the amount of BCθ bound to CD4+ T cells
from aged mice is significantly higher than that bound to CD4+ T cells from young
mice (M. Inomata and Y. Ohno-Iwashita, unpublished results), implying age-related
changes in the lipid composition and/or membrane organization of mouse T cells.
Interestingly, we also found that the cholesterol contents of both whole cells and
DRMs are nearly the same in T cells from young and aged mice. In most cases so far
examined, an increase in BCθ binding accompanies an increase in the cholesterol
content of the targeted membranes; however, in this case, BCθ binding increases
without a change in cholesterol content. One possible explanation for this observa-
tion is a change in the distribution of cholesterol between the outer and inner leaflets
with age, without significant alteration in the cholesterol content of the entire mem-
brane. In support of this view, there is an interesting report that transmembrane
cholesterol distribution changes with age in the mouse synaptic plasma membrane:
the amount of cholesterol in the outer leaflet increases while that of the inner
leaflet decreases (Igbavboa et al., 1996). However, the transmembrane distribution
of cholesterol remains a matter of debate due to the limitations of the techniques
used for its study. In this and other reports, transmembrane cholesterol distribu-
tion was examined by incubating cells with fluorescent cholesterol analogues or
a cholesterol-modifying enzyme; therefore, the possibility that the transmembrane
distribution of cholesterol changes during incubation cannot be excluded. Recently,
Murate et al. (2008) succeeded in distinguishing outer and inner leaflet cholesterol
in red blood cells by an SDS-digested freeze-fracture replica method (SDS-FRL
method). It is expected that quick freezing in SDS-FRL results in minimal dis-
turbance of the distribution of lipids, and thus this method provides a promising
approach to the direct examination of transmembrane lipid asymmetry in biomem-
branes by electron microscopy (Fujimoto et al., 2006). Studies using this method to
examine whether the transmembrane distribution of cholesterol changes with aging
are currently under way.

22.2.3.5 Microdomains in Cholesterol Storage/Transport Disorders

Tangier Disease

Cells from patients with Tangier disease (TD) have mutation(s) in the ATP-
binding cassette transporter-A1 (ABCA1) gene, resulting in a deficiency in apoA-
I-mediated cholesterol efflux and a subsequent accumulation of intracellular lipids
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as lipid droplets. The defect is closely related to the development of atheroscle-
rosis in TD patients (Brooks-Wilson et al., 1999). Recently, it was revealed that
cholesterol-enriched microdomains in the plasma membrane are dramatically ele-
vated in macrophages from ABCA1-knockout mice and TD patients as detected
by BCθ (Koseki et al., 2007). This observation is consistent with another report
showing that ABCA1 over-expression disrupts raft microdomains (Landry et al.,
2006). Interestingly, the increase in microdomains in TD macrophages, which
may be caused by the deposition of free cholesterol in lipid rafts, is accompa-
nied by an accelerated lipopolysaccharide-induced TNFα release (Koseki et al.,
2007). The close relationship between TNFα release and the increased level of
microdomains was demonstrated using the cholesterol-modulating agents βCD and
nystatin (Koseki et al., 2007). These observations suggest that the progress of pre-
mature atherosclerosis in TD patients may be accelerated by enhanced inflammation
through an abnormality in the microdomains.

Niemann-Pick Disease Type C (NPC)

The endocytic pathway plays an important role in cholesterol homeostasis since it
is the entrance point and delivery site for LDL-derived cholesterol. The endocytic
pathway is affected in cholesterol-associated diseases, such as NPC (Blanchette-
Mackie, 2000) and hypercholesterolemia (Brown and Goldstein, 1986). A defect in
NPC1, the gene product responsible for Niemann-Pick disease type C (see Chapter
11), causes an accumulation of cholesterol in lysosomes (Blanchette-Mackie,
2000). Notably, BCθ labelled cholesterol accumulates in intracellular organelles
in NPC1-deficient cells as demonstrated by fluorescent microscopic studies on
fixed specimens (Sugii et al., 2003). In contrast to the intracellular accumulation
of cholesterol, the level of cell surface cholesterol-rich microdomains seems to be
decreased in NPC1-deficient cells. It has been reported that cell surface cholesterol
labelling with BCθ disappears in living hippocampal neurons when the cells are
treated with class 2 amphiphiles to mimic NPC1-deficient conditions (Tashiro et al.,
2004). Such a decrease in cell surface cholesterol-rich domains might be related to
the functional loss in neurons and neurodegeneration in NPC brains.

Recently, studies using BCθ revealed an abnormal cholesterol distribution on the
surface of NPC1-deficient cells (Ohsaki et al., 2004). Multiple large speckles were
stained on the plasma membrane of NPC1-deficient Chinese hamster ovary cells,
but not on wild type cells. Such large speckles were also detected on the surface
of cultured skin fibroblasts from an NPC patient. Analyses by immuno-electron
microscopy showed these speckles to be cholesterol-rich vesicles, suggesting that
the active shedding of cholesterol-rich vesicles from the plasma membrane may
take place under NPC1-deficient conditions, at least in these two types of cells.

BCθ has also been used to show cholesterol accumulation in an NPC1-deficient
mouse brain model (Reid et al., 2004; 2008). Unusual cholesterol accumulation
was clearly demonstrated as early as postnatal day 9 in various regions of the
NPC1-deficient mouse brain (Reid et al., 2004). Cholesterol accumulation at this
early stage is not detected by conventional filipin staining. Although it is not clear
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that this BCθ staining corresponds to cholesterol-rich microdomains as mentioned
above, membrane regions with higher cholesterol concentrations than some thresh-
old were induced even at this early stage. It will be interesting to characterize these
cholesterol-rich domains in detail, and BCθ staining will provide a very sensitive
tool to detect this kind of cholesterol accumulation.

22.3 Anti-cholesterol Antibodies

22.3.1 Characterization and Binding Properties

Cholesterol had long been assumed to be a non-immunogenic molecule because it is
so widely distributed and plays important biological roles in mammals. However, it
was subsequently shown that cholesterol is an excellent immunogen. It was reported
that the sera of most healthy individuals contain varying levels of natural autoanti-
bodies against cholesterol (Alving et al., 1989). In addition, several laboratories
have produced polyclonal and monoclonal antibodies against cholesterol by injec-
tion of cholesterol-loaded liposomes or cholesterol crystals (Swartz et al., 1988;
Perl-Treves et al., 1996; Kessler et al., 1996; Dijkstra et al., 1996; Bíró et al., 2007).
Monoclonal antibodies against cholesterol were first isolated by Swartz et al. (1988).
They immunized mice with liposomes containing 71 mol% cholesterol together with
lipid A as adjuvant and obtained IgM-type monoclonal antibodies. The antibodies
cause complement-dependent immune damage in liposomes containing 71 mol%
cholesterol, but not liposomes containing 43 mol% cholesterol. They also recognize
cholesterol in the crystalline form. Perl-Treves et al. (1996), and Kessler et al. (1996)
also generated IgM-type monoclonal antibodies against cholesterol monohydrate
crystals. They immunized mice with either cholesterol crystals or dinitrobenzene
crystals. Interestingly, among the antibodies thus obtained, one antibody (58B1)
from mice immunized with 1,4-dinitrobenzene crystals displayed the highest degree
of specificity to cholesterol crystals. Since it recognized cholesterol in the crystalline
form but not the isolated cholesterol molecule, they speculate that the antibody does
not recognize the cholesterol molecule itself, but a repetitive motif of molecular
moieties exposed on the surface of the cholesterol crystal (Addadi et al., 2003).

Dijkstra et al. (1996) generated polyclonal IgM-type antibodies against
cholesterol by immunizing mice with cholesterol-rich liposomes and lipid A.
Immunization with liposomes containing more than 56 mol% cholesterol raised the
serum antibody titer. They compared the binding specificity of the polyclonal anti-
bodies with a monoclonal antibody (2C5-6) reported by Swartz et al. (1988), and
showed that the antibodies are similar to each other (Dijkstra et al., 1996) in that they
both recognize cholesterol and structurally related sterols containing a 3β-hydroxyl
group. The binding activity was significantly diminished if the 3β-hydroxyl group
was altered by epimerization, oxidation, or esterification. In addition, both anti-
bodies reacted with intact human very-low-density lipoproteins and low-density
lipoproteins (LDL), but not with high-density lipoproteins (HDL).
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Recently, Bíró et al. (2007) obtained IgG-type monoclonal antibodies against
cholesterol. They immunized mice with cholesterol-rich liposomes similar to those
used by Dijkstra et al. (1996) and obtained two IgG3-isotype antibodies, AC1 and
AC8. There were some differences in the binding specificity of these antibodies
from that of previously reported IgM-type antibodies. The IgM-type antibodies
bound to 25-hydroxy-cholesterol (Dijkstra et al., 1996), while the IgG-type anti-
bodies do not (Bíró et al., 2007), despite the fact that this sterol contains a free
3β-hydroxyl group. In addition, the IgG-type antibodies recognize cholesterol in
intact HDL (Bíró et al., 2007), whereas the IgM-type antibodies do not (Dijkstra
et al., 1996). In the latter case, the inaccessibility of IgM-type antibodies to HDL
cholesterol may be partly due to their larger molecular size, since the high surface
density of proteins in HDL is likely to shield a portion of the cholesterol epitopes.

22.3.2 Application to Cellular Cholesterol Detection

Several anti-cholesterol antibodies have been used to detect cellular cholesterol.
Kruth et al. (2001) targetted plasma membrane cholesterol with the IgM-type mon-
oclonal antibody 58B1 that specifically recognizes ordered cholesterol arrays. The
antibody detected cell surface cholesterol on fibroblasts and macrophages only
after artificial cholesterol enrichment, by pre-culture with Acyl-CoA:cholesterol
acyltransferase (ACAT) inhibitor to block the esterification of excess cellular choles-
terol together with LDL or acetylated LDL (Kruth et al., 2001). The results
suggest that the monoclonal antibody recognizes unique cholesterol microdomains
that are induced in the plasma membrane of cholesterol-enriched cells. Induction
of the plasma membrane microdomains could be blocked by agents that inhibit
cholesterol trafficking to the plasma membrane, and by cholesterol acceptors that
remove cholesterol from the plasma membrane (Kruth et al., 2001). However,
the microdomains detected by Mab 58B1 do not seem to be equivalent to lipid
rafts, since they were sensitive to extraction with ice-cold 1% Triton X-100 (Kruth
et al., 2001).

An IgG-type antibody is more convenient for immunological analyses than an
IgM-type antibody, for practical reasons involving molecular size, valency and
available techniques for handling. Bíró et al. (2007) stained human and murine
lymphocytes and monocyte-macrophage cell lines with the IgG-type monoclonal
antibodies AC1 and AC8. The antibodies bound to live cells with low avidity, but
their binding was enhanced by mild digestion of the cell surface with papain. The
expression of some protruding extracellular proteins, such as CD44 and CD45R,
was decreased by the papain treatment. These large protruding membrane proteins
may shield cell surface cholesterol from antibody access. These binding charac-
teristics are in contrast to the cell binding of PFO derivatives: PFO derivatives
bind to cells without any protease pretreatment. The different molecular sizes of
IgG (∼170 kDa) and PFO derivatives (53 kDa) might explain this difference in
binding. The antibodies bound to papain-treated cells were highly colocalized with
cholera toxin B, anti-thy1 and anti-caveolin-1 antibodies, indicating that lipid rafts
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or caveolae can be considered preferential binding sites for anti-cholesterol anti-
bodies in the plasma membrane (Bíró et al., 2007; Gombos et al., 2008). Such
co-localization was also detected in activated T cells. While the IgM-type antibodies
bind to cells only after artificial cholesterol enrichment as described above (Kruth
et al., 2001), IgG type antibodies do not require such pretreatment for binding (Bíró
et al., 2007). Thus, the binding sites of these two classes of antibody on the plasma
membrane appear to be different.

22.4 Conclusions

Useful cholesterol-binding probes have been developed to study the localization and
organization of cholesterol in membranes and cells. Non-toxic derivatives of PFO
detect cholesterol in cholesterol-rich membrane microdomains that are suggested to
be a kind of lipid raft. They have been used to detect these microdomains in plasma
and intracellular membranes of various cell types. Fluorescent PFO derivatives
make it possible to visualize the outer and inner leaflet microdomains simultane-
ously. This method will contribute to analyzing dynamic changes that take place
in the microdomains upon trans-membrane signalling through the plasma mem-
brane, and help the understanding of their roles in cell physiology and diseases.
In recent years, single particle tracking of resident raft molecules has been used
to analyze the dynamic behavior of lipid rafts (Kusumi et al., 2004). Single par-
ticle tracking of cholesterol using fluorescent PFO derivatives may provide useful
information concerning the dynamic behavior of cholesterol-rich microdomains in
cells. Several anti-cholesterol antibodies can also detect cholesterol in membrane
domains. Among the available antibodies, those of the IgG type are considered
to bind preferentially to lipid rafts/caveolae in the plasma membrane, while IgM-
type antibodies seem to bind to membrane domains other than lipid rafts. Further
characterization of their binding specificities and the use of Fc antibody fragments
should provide useful structural probes for heterogeneously distributed cholesterol
in membranes.
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