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
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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

HPBCD 2-Hydroxypropyl)-B-cyclodextrin

SHTIA 5-hydroxytryptamine 1A

LDL low-density lipoprotein

LDM low-density microdomains

MBCD methyl-p-cyclodextrin

22-NBD Cholesterol

25-NBD Cholesterol

22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
23,24-bisnor-5-cholen-3f-ol
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 [*H]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

Cholesterol binding
Protein site/motif Method Reference®
ACAT1, ACAT2 Unknown Enzyme assay 1,2
Caveolin-1 Unknown Photoaffinity labeling, 3,4
liposome incorporation

Cholesterol 24-hydroxylase Banana-shaped Spectral binding, enzyme 5

CYP46A1 hydrophobic assay, crystal structure

cavity

Cholesterol dehydrogenases Unknown Enzyme assay 6,7
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Table 1.1 (continued)
Cholesterol binding
Protein site/motif Method Reference?
Cholesterol-dependent D4 domain Pore formation, spectral 8,9
cytolysins (>20, e.g. binding
perfringolysin O)
Cholesterol oxidases Hydrophobic tunnel ~ Enzyme assay, crystal structure 10, 11
Cholesterol Hydrophobic Enzyme assay, crystal structure 12
sulfo-transferase binding pocket
(SULT2B1b)
B-Cryptogein Non-specific Crystal structure 13
hydrophobic
cavity
HIV-1 env gp41 CRAC motif Adsorption to cholesteryl beads 14
NPC1 Sterol sensing Photoaffinity labeling, 15-18
domain, luminal radioligand binding
loop-1
NPC1(25-264)
NPC2 Loosely packed Radioligand binding, crystal 19-21
hydrophobic core structure, fluorescence
between B-sheets spectroscopy
Prominin-1 and 2 Unknown Photoaffinity labeling 22-24
Retinoic acid-related Binding pocket Crystal structure of ligand 25
orphan receptor (RORa) binding domain
SCAP Sterol sensing Radioligand binding, trypsin 26-28
domain protection, photoaffinity
SCAP(TM1-8) labeling
Sigma-1 receptor Two CRAC motifs Adsorption to cholesteryl beads 29
StARD1 (=StAR) START domain, Homology modeling, 30-32
cavity with photoaffinity labeling,
StAR93-212 as fluorescence spectroscopy
cholesterol
docking site
StARD3 (=MLN64) START and Crystal structure, photoaffinity 33, 34
N-terminal labeling
domain,
hydrophobic
cavity
StARD4 START domain, Radioligand binding, lipid 35,36
tunnel protein overlay assay, crystal
structure
StARDS START domain Radioligand binding 37
TSPO translocator protein ~ CRAC motif Radioligand binding, 38
(=PBR) photoaffinity labeling
G protein coupled receptors
B2-Adrenergic Unknown: Crystal structure 39
cholesterol
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Table 1.1 (continued)

Cholesterol binding
Protein site/motif Method Reference?
Cannabinoid (CB1) Unknown Radioligand binding, capacity 40
increased
Galanin (Galy) Unknown Radioligand binding, affinity 41
modulator?
5-Hydroxytryptamine unknown: CCM? Radioligand binding, affinity 42
(SHTI1A) and capacity decreased
5-Hydroxytryptamine Unknown: CCM? Radioligand binding, affinity 43
(5-HT7) decreased
Opioid § Unknown Radioligand binding, affinity 44
decreased
Oxytocin Unknown: CCM? Radioligand binding 45, 46
affinity increased
Ion channels
Nicotinic acetylcholine 15 putative Modeling based on structure 47
receptor cholesterol
binding sites
Metabotropic glutamate Unknown Radioligand binding, 48
mGlul photoaffinity labeling,
affinity increased
K*-channel Kir2 CD loop is Mutant analysis 49
cholesterol
sensitive

4References 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., 2008¢); 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 (L,) state, separated from and coexisting with cholesterol-poor
liquid-disordered (Lq) domains. Detergent resistance is often used as an experimen-
tal hallmark of L, structures. However, there is no definitive evidence to identify
detergent-resistant biomembranes with raft and L, 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
(GPCRys), 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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12 S 45 67 8B 91011 1218
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30 kDa—
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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 a-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 -, B- and y-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, B-cyclodextrins (BCDs) and its derivatives, such as
methyl-p-cyclodextrin (MBCD) or 2-hydroxypropyl-p-cyclodextrin (HPBCD), 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 BCDs. The exact structure of the soluble cholesterol-BCD 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’ B-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 MBCD within 10-30 min (Fig. 1.3). Vice
versa, using cholesterol-MPCD 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 (-, -, and y-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-B-cyclodextrin
(MBCD) and (2-Hydroxypropyl)-B-cyclodextrin (HPBCD) 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 BCD. So, cholesterol may be either partly incorporated into the cavity, or two stacked fCDs
may be required for the complete complexation of cholesterol
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Fig. 1.3 Depletion and reloading of cholesterol in living HEKOTR cells. To extract cholesterol,
the cells were incubated with 10 mM MBCD (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-MBCD (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
BCD 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-MBCD 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, B-sitosterol, Sa-cholest-7-en-3f0l) 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

Anisotropy  OTR binding CCKR binding SCAP

Sterol® (DPH)? (%)° (%)° conformation?
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.
20a-Hydroxycholesterol 0.233 74 86 n.d.
B-Sitosterol 0.231 92 67 +
Epicholesterol 0.224 10 63 —
5a-Cholest-7-en-3p-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.
7B-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 (MBCD-depleted) 0.174 5 39 -

“Following cholesterol depletion with MBCD, cells/membranes were incubated with a variety of
sterol-MBCD 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.

“Radioligand binding (in %, ‘cholesterol’ set to 100%) of [3H]0xytocin and [PH]CCKS to the
oxytocin receptor (OTR) and the cholecystokinin (type B) receptor (CCKR), respectively (details
from Gimpl et al., 1997). n.d., not determined.

4SCAP 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
SHT1A receptor (Pucadyil et al., 2005), the galanin receptor (Pang et al., 1999), or
ecto-nucleotidase CD39 (Papanikolaou et al., 2005).

Overall, the administration of B-cyclodextrins and sterol-p-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 HPBCD. 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 P-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
B-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
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cH, B Fibrobasts

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 uwm]

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 3p-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 f-sandwich domain composed of two four-
stranded B-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 B-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 BC6-toxin) was shown to retain specific binding
to cholesterol without cytolytic activity. BCO-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 BC6O-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
BC6H-toxin as compared with filipin (Reid et al., 2004). In contrast, in a hippocam-
pal culture system, cholesterol was detectable by BC6 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 BCH 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 BCH staining on axons. Obviously, the distribution of cholesterol
at the axonal surface is critical for recognition by BC6. In addition, when mem-
branes or cells were depleted of cholesterol by B-cyclodextrins, the binding of
6-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 (RORw)) (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 NPCI1, 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 NPCI, 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). STARDI 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
(=MLNG64) 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 StARD?2).
(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 STARDI, 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 SHTIA 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 f,-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(1,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 SHT1A 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
MBCD/Chol-MBCD.

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/Method® Affinity Reference”

NPC1 [His], human [*H]cholesterol, ~100 nM 1
nickel-agarose

NPCI luminal loop-1 [His], human [®H]cholesterol, 50-130 nM 2,3
nickel-agarose

NPC2 [His], mouse [*H]cholesterol, ~30 nM 4
gel filtration

NPC2 [His], human [*H]cholesterol, 90-150 nM 2,3
nickel-agarose

NPC2 [none], human epididymis [®H]cholesterol, 2.3 uM 5
dextran-coated charcoal

PBR [none], mouse [*H]cholesterol, 10 nM 6
centrifugation

SCAP (TM1-8, solubilized) [®H]cholesterol, 50-100 nM 7

[His], hamster nickel-agarose

StARDI1-START [His], human ["*H]cholesterol, >1 uM 8,9
nickel-agarose

StARD3-START [His], human ["*H]cholesterol, >1 pM 9
nickel-agarose

StARD4 [His], human [14H]cholesterol, <l pM 10
nickel-agarose

StARDS [His], human ['#H]cholesterol, <1l pM 11

nickel-agarose

“The 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.,
2008¢); 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 Kp 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 pM have been obtained (Table 1.3). The lowest
affinity (2.3 wM) has been reported using a cholesterol binding assay where free
[3 H]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 Kp 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. [*H]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 Kp for [*H]25-hydroxycholesterol binding was ~10 nM
in 0.004% Nonidet P-40, whereas at higher detergent concentrations (1%), the Kp
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 NPCl is localized in the N-terminal luminal loop-1 domain of the protein.
NPC1 luminal loop-1 bound [®H]cholesterol with a Kp 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 3-OH, a
planar tetracyclic ring system with a A>©® double bond, angular methyl groups,
and an isooctyl side chain at the 178-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-38-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-38-o0l), 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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HO

Dehydroergosterol Cholestatrienol

Bodipy-Cholesterol HC™ TCH,

fPEG-Cholesterol (n=50 or 200)
Cholesterylpolyethyleneglycol resorcinophthalein ester

Fig. 1.5 (continued)
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Table 1.4 Cholesterol binding assays using fluorescent cholesterol probes

Fluorescent probe Protein/peptide Method Reference”
Bodipy-Cholesterol NPC1 emission increase 1
Cholestatrienol NPC1 emission increase 1
Sterol carrier protein polarization, lifetime 2
(rat liver) energy transfer
Rhodopsin energy transfer 3
Dehydroergosterol NPC1 emission increase 1
NPC2 emission increase 4
NPC2 emission increase 5
AmyloidB-40 energy transfer, polarization 6
Melittin energy transfer 7
Cryptogein emission increase 8
Fatty acid binding emission increase 9
protein polarization
22-NBD-cholesterol NPC1 emission increase, 1
collisional quenching
Trp quenching
STARDI1 emission increase 10, 11
Sterol carrier emission increase 12

protein-2 (human)

“References 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; Mclntosh 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-p-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-
B-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 [*H]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-3p-ol) is a fluorescent cholesterol probe
similar to dehydroergosterol. It differs from dehydroergosterol in the absence
of both the double bond A??> 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 (Mclntyre
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
17B-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-Sa-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]ch01esterol 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 [*H]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 [*H]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 3p-doxyl-Sa-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 3p-doxyl-5a-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, 33-doxyl-5a-
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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A Spin-labeled cholesterol

25-Doxyl-Cholestanol

B  Photoreactive cholesterol analogues

[®H]6-azi-5a-cholestanol [®H]7-azi-5a-cholestanol

(0]

/R

22-(p-benzoylphenoxy)-23,24-bisnorcholan-5-en-33-ol

Fig. 1.6 Spin-labelled (A) and photoreactive (B) cholesterol analogues: (A) 25-doxyl-
cholestanol; (B) [*H]6-azi-5a-cholestanol, [3H]7-azi-5a-cholestanol, 22-(p-benzoylphenoxy)-
23,24-bisnorcholan-5-en-38-ol (D, R=R}), the fluorenone moiety (D, R=R,)

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, 3a-azido-5-cholestene, or 3a-(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 3a-(4-azido-3-iodosalicylic)-cholest-5-ene or the
bile acid p-azidophenacyl 3a-hydroxy-58-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 [*H]6-azi-5a-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-5a-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 El
fusion protein from Semliki Forest virus (Umashankar et al., 2008). In all these stud-
ies, 6-azi-5a-cholestanol was primarily used to identify or confirm the cholesterol
binding of a candidate protein. Recently, we demonstrated for STARDI 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, [*H]7-azi-5a-cholestanol (Fig. 1.6B), has been synthesized by Cruz et al.
(2002). A direct binding of this analogue with caveolin-1 and Niemann-Pick Cl1
(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-3p-ol (Fig. 1.6B, R=Ry), photolabelled caveolin effectively (Fielding et al.,
2002). Fluorenone-containing cholesterol probes that are structurally similar to
the corresponding benzophenone derivatives (Fig. 1.6B, R=R») 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 p-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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