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v

 This book addresses the role of lipids in the misfolding of a wide range of 
proteins, from intrinsically disordered peptides as small as 5 kDa, such as Aβ 
and amylin, to globular, membrane, and lipid surface-binding proteins as 
large as apolipoprotein B (550 kDa), which is one of the largest proteins 
found in nature. The major focus of this compendium is on the biophysical 
and structural aspects of misfolding of clinically important proteins. 
Admittedly, the book is biased towards apolipoproteins (apos) and is not 
comprehensive; for example, prions and several other amyloidogenic pro-
teins such as tau, transthyretin, and immunoglobulin have been left out, leav-
ing plenty of room for the authors of future books. 

 Although volumes have been written on protein misfolding, including 
two books published by Springer in the Subcellular Biochemistry series, 
the effects of lipids on this complex process have been relatively less well 
explored. To our knowledge, there has been just one book on the subject 
previously published ( Lipids and Cellular Membranes in Amyloid Diseases , 
edited by Raz Jelinek, Wiley, 2011), which inspired our effort. The topic 
seemed broad enough to attract a diverse group of scientists, yet narrow 
enough to be manageable within the constraints of a single volume. The 
latter was a naïve notion that dissipated as this volume shaped up and grew 
large; thankfully, the publisher accommodated. 

 The main motivation for writing this book was to learn about the molecu-
lar mechanisms underlying the mutual effects of the misfolded proteins and 
lipids. These mechanisms are complex, controversial, and, hence, interest-
ing. The importance of the subject is underscored by the fi nding that lipids 
and lipid-associated molecules, such as apolipoproteins and glycosamino-
glycans, are ubiquitous components of amyloid deposits in vivo. Moreover, 
lipids have been reported to promote or prevent the misfolding of many 
water- soluble proteins. In turn, protein misfolding can perturb lipid assem-
blies (e.g., poke holes in cell membranes) and thereby contribute to the cyto-
toxic effects. 

 What does this book teach us about the infl uence of lipids on protein mis-
folding? The short but unsatisfactory answer is “it is complicated.” A slightly 
better answer is that lipids can infl uence protein misfolding through various 
specifi c and nonspecifi c mechanisms, and this infl uence goes both ways. 
Lipid membranes can provide a surface for 2D condensation of proteins, 
infl uence the relative orientation of these proteins; induce secondary structure 
in disordered proteins; destabilize tertiary structure in globular proteins. 

  Pref ace   
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Further, direct binding of certain proteins to lipid surfaces may protect the 
proteins from misfolding by stabilizing their native helical conformation, 
whereas binding of individual lipid molecules may help nucleate amyloid 
fi brils. Moreover, cell membranes can interact directly with protein oligomers 
and their supramolecular assemblies during fi bril nucleation and growth, and 
can also interact directly with mature amyloid fi brils and infl uence their mor-
phology. For further details, the reader is referred to individual chapters. 

 In Chap.   1    , H. Hong provides a comprehensive overview of the role of 
lipids in folding, misfolding, function and malfunction of integral membrane 
proteins. Such misfolding leads to altered protein topology within the lipid 
bilayer. The misfolding of water-soluble proteins, which leads to protein 
aggregation and amyloid fi bril formation, is addressed in other chapters. 

 In Chap.   2    , V. N. Uversky reviews protein misfolding and aggregation in 
lipid-mimetic environments, such as alcohols and lipid vesicles. The empha-
sis is on the effects of the “membrane fi eld” on globular proteins and on 
intrinsically disordered proteins such as α-synuclein, which are particularly 
prominent in amyloid diseases. 

 In Chap.   3    , I. Morgado and M. Garvey review the role of lipids in the gen-
eration, aggregation, and toxicity of Aβ peptide in Alzheimer’s disease. A 
wide variety of mechanisms is potentially involved in these complex pro-
cesses. Reviewing them is an onerous task because of the sheer volume of 
information, at times controversial, reported on the role of lipids in neurode-
generative disorders. 

 In Chap.   4    , A. Jeremic and his team outline the role of lipids in misfolding 
and aggregation of a small pancreatic hormone, amylin, and the etiology of 
islet amyloidosis. In their elegant and eye-opening work, the authors use 
atomic force microscopy to elucidate the molecular mechanism of fi ber 
nucleation and growth. 

 In Chap.   5    , W. Colón and colleagues review biophysical and structural 
properties of serum amyloid A (SAA), an acute-phase plasma protein that 
circulates on lipoproteins and is the causative agent of the infl ammation- 
linked amyloidosis. The extensive studies by the authors indicate that the key 
determinants for in vivo fi bril formation by SAA isoforms are factors other 
than the intrinsic amyloid-forming propensity of the protein. 

 In Chap.   6    , G. Gorbenko, H. Saito, and colleagues address the interactions 
of protein fi brils with lipid surfaces, including their own detailed fl uorescence 
studies of lysosome and apoA-I fragments. Although amyloid fi brils are less 
metabolically active than pre-fi brillar aggregates, they are far from being 
inert and can interact with lipid membranes in vitro and, arguably, in vivo. 

 In Chap.   7    , M. D. W. Griffi n, G. J. Howlett, and colleagues review their 
work on the role of lipids in misfolding and amyloid formation by a small 
lipid surface-binding protein, apoC-II, which is currently the best available 
model for understanding apolipoprotein misfolding. Their results reveal 
distinct and specifi c effects of lipid-like compounds on fi bril nucleation 
and growth. 
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 In Chap.   8    , M. Das and O. Gursky review amyloid formation by human 
apolipoproteins. Their original studies using current bioinformatics 
approaches, combined with new insights from the recently solved atomic- 
resolution structures of several apolipoproteins, help understand why some of 
these lipid surface-binding proteins readily form amyloid while others do not. 

 In Chap.   9    , N. Dovidchenko and O. Galzitskaya review computational 
approaches to study amyloid formation, including prediction algorithms to 
identify amyloidogenic segments in protein sequences, Φ-value analysis to 
identify the residues critical to the transition states in protein folding and 
misfolding, and kinetic models to describe fi bril nucleation and growth. 

 In Chap.   10    , E. I. Leonova and O. V. Galzitskaya review the roles of syn-
decans in lipid metabolism and human diseases including Alzheimer’s dis-
ease. Syndecans and other heparan sulfate proteoglycans, which are 
ubiquitous components of amyloid plaques, play complex roles in diverse 
biological processes such as cell signaling, proliferation, and amyloid forma-
tion, which are reviewed in this chapter. 

 As the list of authors suggests, this book is a product of concerted efforts 
of scientists from the countries around the world, including Australia, India, 
Korea, Japan, Portugal, Russia, Ukraine, and the USA. The primary authors 
have diverse backgrounds, from physics to biology, and are at various stages 
of their career, from PhD candidates to postdocs; to assistant, associate, and 
full professors; and to a graduate school dean. The unifying attributes of this 
diverse group of scientists are their demonstrated expertise in the fi eld, 
commitment to the task, and admirable sportsmanship demonstrated during 
the review process. I cannot thank the authors enough for their tremendous 
efforts in putting this book together. Special thanks are due to Dr. Galyna 
Gorbenko and her team from Ukraine, who pressed on with their work despite 
the raging war. 

 Last but not least, this book was made possible by the continuous support 
of our research by the National Institutes of Health, in particular, by the cur-
rent grant GM067260. Special thanks are due to Dr. Shobini Jayaraman who 
is the major driving force behind the research, training, and day-to-day opera-
tion of my laboratory. Without Shobini’s leadership and tireless efforts, com-
bined with the hard work of Madhurima Das and Dr. Isabel Morgado and the 
invaluable help with chapter reviews provided by these and other colleagues, 
including Drs. G. G. Shipley, M. C. Phillips, J. Straub, E. S. Klimtchuk, 
Nathan Meyers and others, this volume would have never materialized.  

  Boston, MA, USA     Olga     Gursky    
  February 2015 
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    Abstract  

  The lipid bilayer that constitutes cell membranes imposes environmental 
constraints on the structure, folding and function of integral membrane 
proteins. The cell membrane is an enormously heterogeneous and dynamic 
system in its chemical composition and associated physical forces. The 
lipid compositions of cell membranes not only vary over the tree of life but 
also differ by subcellular compartments within the same organism. Even 
in the same subcellular compartment, the membrane composition shows 
strong temporal and spatial dependence on the environmental or biologi-
cal cues. Hence, one may expect that the membrane protein conformations 
and their equilibria strongly depend on the physicochemical variables of 
the lipid bilayer. Contrary to this expectation, the structures of homolo-
gous membrane proteins belonging to the same family but from evolution-
ary distant organisms exhibit a striking similarity. Furthermore, the atomic 
structures of the same protein in different lipid environments are also very 
similar. This suggests that certain stable folds optimized for a specifi c 
function have been selected by evolution. On the other hand, there is grow-
ing evidence that, despite the overall stability of the protein folds, func-
tions of certain membrane proteins require a particular lipid composition 
in the bulk bilayer or binding of specifi c lipid species. Here I discuss the 
specifi c and nonspecifi c modulation of folding, misfolding and function of 
membrane proteins by lipids and introduce several diseases that are caused 
by misfolding of membrane proteins.  

mailto:honghd@msu.edu
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  Keywords  

  Membrane protein folding and misfolding   •   Membrane protein misfolding 
diseases   •   Membrane protein topology   •   Lipid-protein interaction   •   Bilayer 
curvature stress   •   Bilayer lateral pressure profi le  

  Abbreviations 
   APP    Amyloid precursor protein   
  bR    Bacteriorhodopsin   
  CCS    Collision-cross section   
  CFTR    Cystic fi brosis transmembrane con-

ductance regulator   
  CL    Cardiolipin   
  ER    Endoplasmic reticulum   
  GpATM    Glycophorin A transmembrane domain   
  GPCR    G-protein coupled receptor   
  H I     Hexagonal phase   
  H II     Inverted hexagonal phase   
  L α     Lamellar phase   
  L o     Liquid ordered phase   
  PA    Phosphatidic acid   
  PC    Phosphatidylcholine   
  PE    Phosphatidylethanolamine   
  PG    Phosphatidylglycerol   
  PI    Phosphatidylinositol   
  SM    Sphingomyelin   
  SRP    Signal recognition particle   
  TM    Transmembrane   

1.1           Introduction 

 At the border between life and environment, 
membrane proteins carry out numerous critical 
cellular processes such as energy generation, 
uptake and secretion of metabolites, maintenance 
of ion balance, signal transduction, catalysis, 
cell-cell communication, and more. 

 Protein folding occurs through a delicate bal-
ance of various driving forces, which is largely 
determined by the folding environment. While 
water-soluble proteins fold in an isotropic 
aqueous medium, membrane proteins fold in a 
heterogeneous anisotropic lipid bilayer. For 
water-soluble proteins, whose folding is majorly 
driven by the hydrophobic effect, achieving the 

integrity of the hydrophobic core is crucial for the 
successful folding (Dill  1990 ). Effective hydra-
tion of the protein surface is an important factor 
that determines the protein’s propensity toward 
misfolding and aggregation (Chong and Ham 
 2014 ). The exposed hydrophobic surfaces during 
the folding and unfolding are major targets for 
chaperones and degradation machinery (Wickner 
et al.  1999 ). On the other hand, membrane pro-
teins are stabilized and function in a highly aniso-
tropic and chemically heterogeneous lipid bilayer. 
Then, what are the roles of the lipid bilayer and its 
individual components in the structure, folding 
and function of membrane proteins? Are lipids 
just a passive solvent that mediates the assembly 
of membrane proteins or active modulators of the 
protein structure, folding and stability? 

 Membrane proteins can be classifi ed as 
α-helical or β-barrel types depending on the 
secondary structural elements within the mem-
brane (Fig.  1.1 ). α-helical proteins are distributed 
in the cytoplasmic membranes of prokaryotes 
and eukaryotes, and in the membranes of subcel-
lular compartments of eukaryotes (Popot and 
Engelman  2000 ). β-barrel proteins dominate the 
outer membranes of Gram-negative bacteria and 
also exist in the outer membranes of mitochon-
dria and chloroplasts (Tamm et al.  2004 ). While 
both types of proteins are crucial in the mainte-
nance of the cellular function, they fold in the 
membranes by entirely different mechanistic and 
thermodynamic principles. The main focus of 
this chapter is on the role of the lipid environ-
ment in the folding, stability and function of 
α-helical membrane proteins, which are more 
widespread in kingdoms of life. However, valu-
able general folding principles have been 
obtained from the folding studies of β-barrel 
membrane proteins, which are also described.   

H. Hong
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1.2     Folding of α-Helical 
Membrane Proteins 

1.2.1     How Does Lipid Bilayer 
Constrain the Structure 
of Membrane Proteins? 

 Transmembrane (TM) segments of a polypeptide 
chain are largely composed of hydrophobic amino 
acids for their favorable partitioning into the non-
polar core of the lipid bilayer (White and Wimley 
 1999 ). The hydrophobic nature of α-helical mem-
brane proteins allows the prediction of the TM 
segments from their amino acid sequences by 
using the hydropathy plot based on various hydro-
phobicity scales (Popot and Engelman  2000 ). In 
addition, the peptide groups of individual TM 
segments form ordered α-helical structure to ful-
fi ll the hydrogen bond-forming capability, and 
thereby reduce the desolvation cost in burying the 
polar peptide group within the nonpolar environ-
ment (Bental et al.  1997 ). Although the hydropho-
bic thickness of the cell membranes (the distance 
between phosphate groups in phospholipid bilay-
ers) is maintained within 30–45 Å in various 

organisms and  subcellular compartments (Mitra 
et al.  2004 ), the lengths of the TM helices of 
known structures vary widely from 14 to 36 resi-
dues (Bowie  1997 ). Longer helices are adapted by 
tilting their axis relative to the bilayer normal or 
by bending or kinking, while shorter helices can 
be stabilized by the tertiary contacts with neigh-
boring helices or induce local thinning of the 
bilayer. The TM helices are packed against each 
other preferentially at an angle around 20°, while 
the packing angles for water-soluble proteins 
widely vary from about −40° to 30° (Bowie  1997 ). 
The tertiary contacts are predominantly made by 
the packing of the TM helices, but the prosthetic 
groups and folded or unstructured interhelical 
loops also contribute to the packing.  

1.2.2     General Features 
in the Folding of α-Helical 
Membrane Proteins 

 α-helical TM segments are extremely resistant to 
heat and chemical denaturants (Haltia and Freire 
 1995 ). Thus, individual α-helices in the helix 

  Fig. 1.1    Thermodynamic folding models of integral 
membrane proteins. ( a ) Two stage model of α-helical 
membrane protein folding (Engelman et al.  2003 ; Popot 
and Engelman  1990 ). At the fi rst step, individually stable 
hydrophobic transmembrane segments are integrated into 
the membrane via the hydrophobic effect. At the second 

step, individual helices assemble into a functional 3D 
structure. ( b ) Folding of β-barrel membrane proteins can 
be described as a cooperative step, where the bilayer 
insertion and folding are coupled (Hong and Tamm  2004 ; 
Moon et al.  2013 ; Huysmans et al.  2010 )       
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bundle membrane proteins can be regarded as 
independent folding domains packed with one 
another to form a native 3D structure. Based on 
the denaturation/refolding studies and structural 
information of membrane proteins known until 
1980s, Popot and Engelman proposed the two- 
stage model, in which the folding of α-helical 
membrane proteins was divided into two ener-
getically distinct steps (Fig.  1.1 ,  left ) (Engelman 
et al.  2003 ; Popot and Engelman  1990 ). This 
model greatly simplifi es the folding problem and 
has served as a conceptual framework in studying 
membrane protein folding. The two proposed 
stages are as follows.

    1.     Insertion of independently stable α - helical 
segments into the membrane . This step is 
largely driven by the hydrophobic effect 
(Hessa et al.  2005 ,  2007 ). In cells, the TM 
segments, which are targeted by the signal 
recognition particle (SRP) complex, are co- 
translationally inserted into the membrane 
through a membrane protein complex called 
the translocon (SecYEG in the inner mem-
branes of  E. coli , Sec61αβγ in the endocyto-
plasmic reticulum (ER) membranes in 
eukaryotes, and SecYβE in archaea) (Park and 
Rapoport  2012 ; du Plessis et al.  2011 ). The 
translocon acts as a thermodynamic machine 
integrating hydrophobic nascent segments 
into the membrane through the lateral gate or 
by passing the hydrophilic segments across 
the membrane through the vertical channel 
(White and von Heijne  2008 ).   

   2.     Association of the TM helices to form a native 
3D structure . In this step, the hydrophobic 
effect cannot strongly drive the condensation 
of the TM helices because water molecules 
are scarce in the core of the lipid bilayer (Joh 
et al.  2009 ). Hence, other forces such as van 
der Waals and polar interactions must drive 
the folding. Although polar interactions may 
be strong due to the low dielectric constant in 
the nonpolar bilayer environment, many 
experimental results indicate that the strengths 
of interhelical hydrogen bonds are compara-
ble to those in water-soluble proteins (Bowie 
 2011 ). Structural and statistical analyses of 

membrane proteins of known structure 
revealed that membrane proteins tend to bury 
more fractional area of side chains than water- 
soluble proteins (Oberai et al.  2009 ). Extensive 
packing around small side chains of Gly, Ala, 
Ser and Thr is an important feature of the inte-
rior of membrane proteins, whereas the hydro-
phobic core packing in water-soluble proteins 
prefers larger nonpolar side chains and aro-
matic residues (Eilers et al.  2000 ; Adamian 
and Liang  2001 ; Adamian et al.  2005 ).    

  Although our knowledge on the driving forces 
for membrane protein folding is rapidly growing, 
it is still at the fl edgling stage compared to that of 
water-soluble proteins. There are relatively unex-
plored forces such as aromatic-aromatic interac-
tions (Burley and Petsko  1986 ), π-cation 
interactions (Gallivan and Dougherty  1999 ) and 
the polar nature of the polypeptide backbone that 
may contribute to the folding of membrane pro-
teins (Wimley and White  1992 ,  1996 ).   

1.3     Chemical and Physical 
Properties of Lipid Bilayer 

1.3.1     Chemical Properties of Cell 
Membranes 

 Since Singer and Nicholson proposed the fi rst 
unifi ed model of the cell membranes (Singer and 
Nicolson  1972 ), the model has been substantially 
updated (Engelman  2005 ) (Fig.  1.2 ). While the 
membrane is crowded with proteins whose 
amount is comparable to that of lipids (protein-
to- lipid mass ratios vary in the range of 0.2–4) 
(Lodish et al.  2000 ), membrane proteins associ-
ate transiently or tightly with one another to form 
structural and functional complexes (Wu et al. 
 2003 ). Their diffusion within the membrane 
plane is signifi cantly affected by cytoskeletons 
anchored on the membrane and by the “lipid 
rafts” or membrane domains enriched with cho-
lesterol and sphingomyelin (Kusumi et al.  2005 ; 
Winckler et al.  1999 ; Simons and Sampaio  2011 ). 
The hydrophobic thicknesses of integral mem-
brane proteins do not always match those of the 

H. Hong
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lipid bilayer so that the resultant membrane 
thickness is reciprocally modulated by both pro-
teins and lipids (Mitra et al.  2004 ).  

 Lipid components that play structural roles in 
cell membranes are classifi ed as 
 phosphoglycerolipids, sphingolipids, cholesterol 

and cardiolipin, depending on the backbone struc-
ture to which fatty acyl chains and polar head 
groups are attached (Spector and Yorek  1985 ) 
(Table  1.1 ). The lipid composition of cell mem-
branes is highly variable and dynamic depending 
on the species, subcellular compartment within 

  Fig. 1.2    Models of cell membranes. ( a ) Original “fl uid- 
mosaic” model (Singer and Nicolson  1972 ). The solid 
bodies represent integral membrane proteins that ran-
domly diffuse in a fl uid phase of the lipid bilayer. Some 
integral membrane proteins form complexes. There are no 
membrane-associated structures and no phase separation 
of lipids (domains) with different lipid compositions. ( b ) 

Updated membrane model showing membrane domains 
of various sizes with associated cytoskeletons, glycosyl-
ated lipids and proteins, and with asymmetric lipid com-
position (Nicolson  2014 ). Peripheral and integral 
membrane proteins often form complexes, and some pref-
erentially partition into membrane domains or domain 
interfaces (Adopted with permission from Nicolson  2014 )       
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a cell, tissue in a body, developmental stage, envi-
ronmental and physiological conditions, and dis-
ease state (Dawidowicz  1987 ; Chan et al.  2012 ). 
Furthermore, even within the same subcellular 
compartment, the lipid composition is vastly dif-
ferent between the inner and outer leafl ets of the 
membrane (van Meer et al.  2008 ). This lipid 
asymmetry results from the balanced action of 
various fl ippases, which cause the asymmetry, 
and scramblases, which equilibrate the lipid dis-
tribution between the two leafl ets (Clark  2011 ).

1.3.2        Physical Properties of Lipid 
Bilayers: Lipid Polymorphism 
and Lateral Pressure Profi le 

 Isolated lipid components of cell membranes 
form various forms of mesoscopic assemblies in 
water (Seddon and Templer  1995 ). The key con-
cept underlying the “lipid polymorphism” is that 
the structure of the lipid assembly depends on the 
shape of the lipid molecules, e. g. the relative vol-
umes of the head group and the hydrocarbon 
chains (Kumar  1991 ) (Fig.  1.3 ). For example, 
phosphatidylcholines (PC) lipids with relatively 
large head groups have a cylindrical shape so that 

such lipids in water spontaneously form lamellar 
phase, L α , comprised of multiple stacks of rela-
tively fl at bilayers. Phosphatidylethanolamine 
(PE) lipids with a small head group and longer 
unsaturated acyl chains have the inverted cone 
shape and prefer the inverted hexagonal phase, 
H ΙΙ  (Shyamsunder et al.  1988 ; Gruner et al.  1985 ). 
The H ΙΙ  phase can be envisioned as stacks of 
cylindrical lipid arrays, with hydrocarbon chains 
pointing outward and polar head groups sur-
rounding the central aqueous pore. Cardiolipin 
lipids (CLs) form the H II  phase in the presence of 
divalent ions. Single-chain lipids or detergents 
with a cone shape (i. e. relatively large head 
group compared to the acyl chain cross-section) 
form the hexagonal phase, H Ι , with the molecular 
arrangement similar to that in micelles.   

 The lipid bilayer at its free energy minimum is 
maintained by several balanced forces (Cantor 
 1997 ,  1999 ) (Fig.  1.3b ): (1) Line tension at the 
interface between nonpolar hydrocarbon chains 
and polar head groups. This attractive force origi-
nates from the hydrophobic effect of burying the 
nonpolar chains away from water. (2) Repulsions 
between hydrocarbon chains within the bilayer 
core and between head groups, which are caused 
by the dynamic collisions in each region. These 

   Table 1.1    Lipid composition of subcellular organelle membranes of rat liver cell and  E. coli    

 Chol  PC  PE  PS  PI  PG  CL  SM 

 Rat liver cell a  

 Plasma membrane  30  18  11  9  4  0  0  14 

 Golgi complex  8  40  15  4  6  0  0  10 

 Smooth endoplasmic reticulum  10  50  21  0  7  0  2  12 

 Rough endoplasmic reticulum  6  55  16  3  8  0  0  3 

 Nuclear membrane  10  55  20  3  7  0  0  3 

 Lysosomal membrane  14  25  13  0  7  0  5  24 

 Mitochondrial membrane 

 Inner  3  45  24  1  6  2  18  3 

 Outer  5  45  23  2  13  3  4  5 

 E. coli b  

 Inner membrane  0  0  75  0  0  19  6  0 

 Inner leafl et of outer membrane  0  0  79  0  0  17  4  0 

  All values are given as weight %. 
  Chol  cholesterol,  PC  phosphatidylcholine,  PS  phosphatidylserine,  PI  phosphatidylinositol,  PG  phosphatidyl glycerol, 
 CL  cardiolipin,  SM  sphingomyelin 
  a Taken from (Lehninger et al.  1993 ) 
  b Taken from (Morein et al.  1996 )  
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balancing forces generate the characteristic lat-
eral pressure profi le along the bilayer normal 
(z-axis). In a tension-free bilayer, the integration 
over the z-axis yields zero net pressure. The lat-
eral pressure profi le has not been determined 
experimentally but has been calculated using the 
mean-fi eld theory (Cantor  1997 ). Surprisingly, 
the calculated lateral pressure in the bilayer core 
amounts to several hundred atmospheres. 

 The lateral pressure profi le is the physical ori-
gin of an important elastic property of the bilayer 
called “curvature stress” (   Gruner et al.  1985 ) 
(Fig.  1.3 ). For example, in the lamellar phase of a 
PC bilayer, incorporation of PE reduces the head 
group repulsion because of the small PE head 

group and the hydrogen bonding between the 
ethanolamine group in PE and the phosphate 
group in an adjacent lipid (Gruner et al.  1988 ; 
Tate and Gruner  1987 ). However, under the con-
straint of the zero integrated pressure without a 
change in the attractive line tension, the repulsion 
between hydrocarbon chains will increase to 
compensate the reduced head group repulsion. 
The overall lateral pressure profi le will be redis-
tributed to induce the spontaneous negative cur-
vature in each monolayer leafl et (Cantor  1999 ). 
Interestingly, the cell membranes, which are 
regarded as “lamellar phase”, are enriched with 
non-bilayer-forming PE and CL, suggesting an 
important role of the curvature stress and lateral 

a

b

Cspont. = (+1/R’)Cspont. = 0

Cspont. = (-1/R)

PE Lyso-PCPC

R R’

La HIHII

  Fig. 1.3    Lipid polymorphism and lateral pressure profi le. 
( a ) Aqueous aggregates of lipids show different meso-
scopic phase behavior depending on the relative size of 
the lipid head group and the acyl chains. PC, which has 
relatively large head group, forms lamellar phase, L α . PE 
with smaller head group forms inverted hexagonal phase, 
H II . Lyso-PC, which has only one acyl chain, forms micel-

lar or hexagonal phase, H I  (Escriba et al.  1997 ).  C  spont  rep-
resents spontaneous monolayer curvature. ( b ) Lateral 
pressure profi le ( p ) along the bilayer normal ( z ). A 
tension- free bilayer is maintained by the balanced forces 
of the head group repulsion, interfacial tension and chain 
repulsion (The plot for lateral pressure profi les was 
adopted with permission from Cantor  1997 )       
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pressure profi le in the structure and function of 
membrane proteins (van den Brink-van der Laan 
et al.  2004b ). Indeed, the lipid composition of  E. 
coli  cell membranes is maintained near the 
lamellar- to-inverted hexagonal phase transitions 
(Morein et al.  1996 ). 

 This suggests that integral membrane proteins 
are constantly subjected to mechanical stress, and 
the changes in the pressure profi le may signifi -
cantly impact their folding, stability and confor-
mational equilibria. Indeed, modifi cation of the 
lateral pressure profi le was suggested to underlie 
the mechanisms of general anesthesia by modu-
lating the activity of several ion channels, the 
sensation of mechanical stimuli by mechanosen-
sitive channels (Milutinovic et al.  2007 ; Perozo 
et al.  2002b ), the oligomerization and stability of 

the pH-gated potassium channel KcsA (van den 
Brink-van der Laan et al.  2004a ) and the stabili-
zation of fusion intermediates in the viral entry 
and the intracellular vesicular traffi cking (Siegel 
 1993 ; Yang and Huang  2002 ). More evidence on 
this subject will be discussed in Sect.  1.5 .   

1.4     Lipid-Integral Membrane 
Protein Interactions 
for Folding, Structure 
and Function 

 In cell membranes, the lipid bilayer serves as a 
medium that supports the folding, structure and 
function of membrane proteins. How do 
 constituent lipid molecules in the bilayer interact 

  Fig. 1.4    Intrinsic curvature hypothesis (Gruner  1985 ). 
When lipids with positive or negative intrinsic spontane-
ous curvature are incorporated into the bilayer, a curvature 
stress is induced in each monolayer leafl et. The origin of 

this phenomenon is the change in the lateral pressure 
profi le depending on the lipid composition (The plot for 
lateral pressure profi les was adopted with permission 
from Cantor  1997 )       
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with proteins? Do they tightly bind to the protein 
or rapidly exchange with the bulk lipids? Are 
there binding sites for specifi c lipid molecules on 
the surface of membrane proteins? These ques-
tions are important for the following reasons. (1) 
Lipid binding selectivity and specifi city could 
explain the heterogeneous lipid composition of 
cell membranes that may have evolved for an 
optimal function of the membrane proteome, or 
vice versa. (2) Lipid selectivity for a specifi c 
membrane protein may be implicated in the pro-
tein stability and function. (3) Specifi c protein-
lipid interactions may explain the sorting of 
membrane proteins between different co-existing 
membrane domains. 

1.4.1     Lipid Contact with Membrane 
Proteins: Annular Lipids 

 The fi rst shell of lipids that surround membrane 
proteins, called “annular lipids” (Contreras et al. 
 2011 ), connect the proteins to bulk lipids. 
Electron paramagnetic resonance (EPR) spec-
troscopy using spin-labeled lipids revealed that 
lipid molecules in proteoliposomes exist in 
restricted (annular) and mobile (bulk) forms 
(East et al.  1985 ; Knowles et al.  1979 ). The two 
distinct lipid fractions exchange with a time scale 
of 10–100 ns, while the exchange between unper-
turbed bulk lipids occurs one to two order of 
magnitude faster. From the analysis of various- 
size proteins reconstituted mostly in PCs, approx-
imately two lipid molecules bind to one TM helix 
on average (Marsh  2008 ). Thus, the surfaces of 
integral membrane proteins make favorable but 
transient contacts with “solvating” lipid 
molecules. 

 The selectivity for specifi c lipid species was 
estimated by measuring Trp fl uorescence quench-
ing (London and Feigenson  1981 ) or the changes 
in the immobile lipid fraction from EPR spectra 
(Powell et al.  1985 ) by using the competition 
between a reference lipid (typically PC) and 
spin-labeled or brominated lipids with various 
head groups and acyl-chain lengths 
(Krishnamachary et al.  1994 ). Lipid selectivity 
varies for the tested membrane proteins (Marsh 

 2008 ). For example, cytochrome  c  oxidase, 
which is the last enzyme in the electron transfer 
pathway in mitochondria and bacteria, strongly 
prefers CL, while PE, PS and PG bind less selec-
tively (see Sect.  1.4.2  for more details). 
Mitochondrial ADP/ATP carrier strongly binds 
CL, PA and stearic acid. While sarcoplasmic 
reticulum Ca 2+  ATPase does not show a notice-
able preference for any lipid, PE and stearic acid 
are excluded from the protein surface. On the 
other hand, rhodopsin does not show any prefer-
ence for the tested lipids (Marsh  2008 ). 

 Further experimental support for the existence 
of annular lipids was obtained from crystallo-
graphic studies of several membrane proteins 
(Lee  2011 ). Structural studies of membrane pro-
teins often involve rigorous delipidation steps 
during purifi cation, such as detergent solubiliza-
tion and detergent exchange, as well as the addi-
tion of external lipids. Reconstitution in lipid 
environments is necessary to obtain 2D crystals 
for electron crystallography and 3D crystals for 
X-ray crystallography in lipid cubic or bicelle 
phase crystallizations. However, the electron 
densities of bound lipids obtained in those condi-
tions are often either not observed or weak, hin-
dering a straightforward modeling. 

 The fi rst detailed pictures of the annular lipids 
were presented by the structures of bacteriorho-
dopsin (bR) from Halobacteria. These structures 
were solved by electron crystallography using 
2D crystals in natural purple membranes 
(Grigorieff et al.  1996 ) and by X-ray crystallog-
raphy using 3D crystals prepared by the detergent- 
induced fusion of 2D crystals and the lipid-cubic 
phase crystallization (Luecke et al.  1999 ; Takeda 
et al.  1998 ). A total of 18 lipid chains was identi-
fi ed from the structure in the lipid cubic phase at 
a resolution of 1.55 Å, including four diether lip-
ids and one squalene per monomer, although the 
unequivocal identifi cation of all lipids was not 
possible (Fig.  1.5a ) (Luecke et al.  1999 ).  

 More recent observation of annular lipids 
bound to aquaporin-0 (AQP0), which is abundant 
in lens fi ber cells, using electron crystallography 
is intriguing. Walz group solved the structures of 
AQP0 in 2D crystals reconstituted in two  different 
lipids, DMPC ( di C 14:0 PC) and  E. coli  
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 phospholipids whose most abundant lipid species 
is C 16:0 C 16:1 c 9 PE (Hite et al.  2010 ; Gonen et al. 
 2005 ) (Fig.  1.4b ). Strikingly, the two structures in 
different lipid environments were essentially the 
same (0.48 Å root mean square deviation for the 
backbone atoms) and exhibited the same number 
of bound lipid molecules (seven lipids per mono-
mer, four in the extracellular leafl et and three in 
the cytoplasmic leafl et) at similar lipid-protein 
interfaces. 

 Although the exact conformations of the cor-
responding lipids in the two structures were 
slightly different, the results strongly suggest that 
there are generic lipid binding motifs on the sur-
face of membrane proteins that can accommo-
date lipids with varying head groups and acyl 
chain lengths. Furthermore, the bilayer thick-
nesses in the two environments deduced from the 
average distance between the annular lipids in 
two leafl ets are signifi cantly different (27.0 Å  in 
E. coli  lipids and 31.2 Å in  di C 14:0 PC) (Hite et al. 
 2010 ). This difference may be due to the  cis - 
unsaturation  of  E. coli  lipids (~52 % of acyl 
chains) and the resulting thinning of the bilayer. 
Despite this difference, the protein structure 
remained unchanged, implying the adaptation of 
lipid conformation to the protein. Similar lipid 

shells around the membrane protein surface have 
been identifi ed in the cytochrome  bc  1  complex 
(Lange et al.  2001 ).  

1.4.2      Lipid Contacts with Membrane 
Proteins: Non-annular Lipids 

 In contrast to the annular lipids that surround 
the protein as the fi rst shell, another class of 
bound lipids, called non-annular, interact with 
the protein more specifi cally (Contreras et al. 
 2011 ; Lee  2011 ) (Figs.  1.6  and  1.7 ). These crys-
tallographically identifi ed lipid molecules often 
originate from native membranes despite rigor-
ous protein delipidation. Therefore, these lipid 
molecules bind to the protein with high affi nity 
and specifi city and may help stabilize the pro-
tein. Although it is diffi cult to distinguish non-
annular from annular lipids just by looking at 
the structure, several criteria can be applied 
(Contreras et al.  2011 ). (1) Non-annular lipids 
play structural roles within the membrane pro-
tein complexes, e. g. in the buried locations of 
the protein matrix, or at the protein- protein 
interfaces. (2) Non-annular lipids tightly bind to 
the protein. (3) Non-annular lipids may play a 

  Fig. 1.5    Annular lipids observed in the crystal structures 
of bacteriorhodopsin (bR) and aquaporin-0 (AQP0). ( a ) 
Atomic structure of bR in the cubic lipid phase deter-
mined at 1.55 Å resolution by X-ray crystallography 
(PDB ID: 1C3W) (Luecke et al.  1999 ). The annular lipids 
identifi ed in the structure originate from the native purple 

membranes. ( b )  Left : AQP0 structure in DMPC ( di C 14:0 PC) 
solved by 2D electron crystallography at 1.9 Å (PDB ID: 
2B6O) (Gonen et al.  2005 ).  Right : AQP0 structure in polar 
lipid extracts from  E. coli  solved by 2D electron crystal-
lography at 2.5 Å (PDB ID: 3M9I) (Figures modifi ed with 
permission from Luecke et al.  1999  and Hite et al.  2010 )       
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functional role as allosteric effectors of enzy-
matic activity. In this section, the role of specifi c 
binding of a phospholipid in the structural integ-
rity of a membrane protein will be described. 
Specifi c binding of cholesterol will be discussed 
in Sects.  1.6.3 ,  1.6.4 , and  1.6.5 .   

 The crystal structure of yeast cytochrome  bc  1  
complex, a mitochondrial inner membrane pro-
tein in the electron transfer pathway of the respi-
ratory chain, revealed interesting structural and 
functional role of specifi c bound lipids (Lange 
et al.  2001 ) (Fig.  1.6 ). Out of fi ve lipid molecules 
(two PEs, one PC, one PI and one CL), all of 
which are natural membrane components, the 
acyl chains of PI are wrapped around the TM 
helix of the Rieske protein subunit (RIP1 red), 
and the head group forms extensive hydrogen 
bonds to the polar side chains in the interfacial 
TM regions of cytochrome  b  (COB, green) sub-
unit (Fig.  1.6 ,  lower right ). The  double- negatively 
charged head group of CL is stabilized by two 
positively charged “clamp” residues, Lys288 and 
Lys289 of cytochrome  c   1   (CYT1, cyan), packing 
against Tyr28 of COB subunit (Fig.  1.6 ,  upper 

right ); this packing involves a water-mediated 
hydrogen bond with Lys228, and a hydrogen 
bond with Trp29 of COB subunit. The four acyl 
chains are also making extensive van der Waals 
contacts with the large fl at surface comprised of 
three TM helices from COB and one TM helix 
from CYT. Double or triple mutations of three 
Lys residues led to severe growth defects and dra-
matically reduced the protein expression level, 
suggesting the role of CL binding in the struc-
tural and functional integrity of the protein 
(Lange et al.  2001 ). 

 The 1.8 Å-resolution crystal structure of 
bovine cytochrome  c  oxidase is also a wonderful 
showcase of structurally and functionally impor-
tant phospholipids (13 identifi ed lipids per mono-
mer in the dimer, including 2 CLs, 1 PC, 3 PEs, 4 
PGs and 3 triglycerides) (Shinzawa-Itoh et al. 
 2007 ) (Fig.  1.7 ). Three lipids (two PG in green 
and one PE in blue) bound to subunit III are the 
most rigidly bound among all 13 lipid molecules 
(Fig.  1.7 ,  bottom right ). On average, the head 
group and acyl chains of each lipid are stabilized 
by 12 hydrogen bonds and 98.3 van der Waals 

  Fig. 1.6    Non-annular lipids in protein structures.  Left : 
Non-annular lipids specifi cally bound to cytochrome  bc   1   
complex (PDB ID: 1 KB9, 2.5 Å resolution) (Lange et al. 
 2001 ). Only the membrane-spanning subunits are shown 
(solid ribbons).  Upper right : Cardiolipin binding site (CL 
in stick, residues in space-fi lling model) is formed at the 
subunit interface between cytochrome  b  (COB,  green ) and 
cytochrome  c  1  (CYT, cyan). Bound CL is stabilized by the 

electrostatic interactions with Lys288 and Lys289 from 
CYT and by hydrogen bonding to Tyr28, Trp29 and 
Lys228 from COB, and to Tyr281 from CYT.  Lower left : 
Acyl chain of phosphatidylinositol (PI) is wrapped around 
the Rieske protein (RIP1) TM domain ( red ). The PI head 
group makes contacts with the COB, CYT and RIP1 sub-
units (Figures modifi ed with permission from Lange et al. 
 2001 )       
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contacts, and the B-factors of these lipids, which 
refl ect molecular ordering, are comparable to 
those of the protein around the lipid binding site. 
Structurally, these lipids are buried within the 
protein matrix, mediating the packing of TM1 
and TM2 helices of subunit III with the rest of the 
subunit. Functionally, the two PG lipids lie in the 
predicted pathway of molecular oxygen. The 
conformation of acyl chains was suggested to 
dynamically modulate the passage of O 2  into the 
protein. Another class of lipids (one CL in red, 
two Pes in blue, and one PG in green) participates 
in the stabilization of the dimer and the subunit 
interface (Fig.  1.7 ,  bottom left ). Specially, CL is 
deeply inserted into the interface and makes 
favorable contacts with four subunits (subunits 
III and VIa from one monomer and subunits I and 
II from the other monomer). 

 Specifi c lipid-protein interactions of structural 
and functional importance have also been inferred 
from the crystal structures of several other 
 membrane proteins including tetrameric K + -
channel, KcsA (Zhou et al.  2001 ; Valiyaveetil 
et al.  2002 ), photosystem II complex (Guskov 
et al.  2009 ), nitrate reductase A (Bertero et al. 
 2003 ), photosynthetic reaction center from 
 Rhodobacter sphaeroides  (Fyfe and Jones  2005 ), 
Na + K + -ATPase (Shinoda et al.  2009 ), etc.  

1.4.3     Identifi cation of Stabilizing 
Lipids Using Mass 
Spectrometry 

 Recent advances in mass spectrometry made pos-
sible the quantitative identifi cation of the high- 
affi nity lipid molecules and their stabilizing role 

  Fig. 1.7    Lipids in the structure of cytochrome  c  oxidase. 
 Top : All 26 lipids (shown in sticks) identifi ed in the crystal 
structure of cytochrome  c  oxidase complex (PDB ID: 
1KB9, 1.8 Å resolution) (Shinzawa-Itoh et al.  2007 ). 
 Bottom left : Cardiolipin ( red ), PE ( blue ) and PG (in  green ) 

stabilize the dimer interface. Subunits from two different 
monomers are in  grey  and  yellow. Bottom right : Two PGs 
and one PE are deeply embedded into subunit III, stabiliz-
ing the tertiary interactions (Figures modifi ed with per-
mission from Shinzawa-Itoh et al.  2007 )       
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in the gas phase (Laganowsky et al.  2013 ; Barrera 
et al.  2008 ). The key to the success was the com-
bination of the following implements. (1) 
Optimizing the number of collisions of nano- 
electrospray droplets (nano-ESI). By this step, 
detergents are released from protein-detergent- 
lipid aggregates while maintaining the intact pro-
tein complexed with high-affi nity lipid molecules. 
(2) Employment of ion mobility mass spectrom-
etry (IM-MS) for measuring the rotationally- 
averaged collision cross-section (CSS). CSS is 
sensitive to the protein shape and, therefore, to 
the conformational state (e. g. folded or unfolded) 
(Bush et al.  2010 ). (3) Use of non-ionic deter-
gents that best support the structure and function 
of the folded protein. By measuring the changes 
in CCS values as a function of collision voltages, 
the “unfolding transition curve” can be con-
structed for measuring the stability of membrane 
proteins in the gas phase. 

 Using IM-MS, Laganowsky et al. ( 2013 ) 
determined the differential effects of various 
lipid species on the stability of mechanosensitive 
channels of large conductance (MscL), aquaporin 
Z (AqpZ) and the ammonia channel (Amt) from 
 E. coli . Notably, identifi cation of the high- affi nity 
binding of CL to AqpZ led to the demonstration 
of the pivotal role of CL in water transport 
in vitro. Identifi cation of the high-affi nity bind-
ing of PG to Amt also enabled the elucidation of 
the lipid role in stabilizing the structure of Amt at 
the subunit interface. Therefore, this method pro-
vides a promising tool for studying the role of 
specifi c lipids in the structure, stability and func-
tion of membrane proteins. However, it is not 
clear whether the bound lipids identifi ed in these 
studies are annular or non-annular.   

1.5      Role of Physical Properties 
of Lipid Bilayers 
in the Folding and Assembly 
of Integral Membrane 
Proteins 

 How do the chemical and physical properties of 
cell membranes infl uence the folding, stability 
and conformational equilibria of membrane 

 proteins? Researchers have approached this 
 problem from two viewpoints (Lee  2011 ). First, 
individual lipid components infl uence protein 
conformation by modulating the physical proper-
ties of lipid bilayers such as lateral pressure pro-
fi le, curvature stress, and local lipid deformation 
by hydrophobic mismatch. Second, lipid compo-
nents take effects by selective binding to proteins. 
Differentiating these two distinct phenomena is 
not an easy task and requires careful control 
experiments. There is a wealth of experimental 
data that support either mechanism; the common 
conclusion is that the lipid bilayer is actively 
involved in the folding, structure and function of 
membrane proteins. 

1.5.1     Role of Physical Properties 
in the Function of Membrane 
Proteins 

 A classic example connecting physical properties 
of a bilayer to the conformation and function of 
membrane proteins is the work by (Keller et al. 
 1993 ) who studied the ion channel activities of 
alamethicin as a function of the curvature stress 
of the lipid bilayer. Alamethicin is a 20-amino 
acid antimicrobial peptide from fungus 
 Trichderma viride , which acts as a voltage-gated 
ion channel by forming oligomeric helical bun-
dles (higher than pentamer) (Cafi so  1994 ; 
Tieleman et al.  2002 ). The curvature stress was 
modulated by increasing the fraction of 
 di C 18:1 c 9 PE relative to  di C 18:1 c 9 PC in the planar 
bilayer.  di C 18:1 c 9 PE has a high tendency to form 
H II  phase with a negative spontaneous curvature 
of the monolayer (lamellar-to-hexagonal transi-
tion temperature 15 °C). The spontaneous curva-
ture was strongly correlated with the probability 
of the higher-conductance open states (Keller 
et al.  1993 ). This result suggests that the increased 
curvature stress induced the formation of higher- 
order oligomeric states, leading to the enhanced 
channel activity. The physical origin of the 
curvature- induced enhancement of channel activ-
ity is not well understood. Similar enhancement 
of membrane transport induced by PE was also 
observed for sarcoplasmic Ca 2+ -ATPase 
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 reconstituted in  di C 18:1 c 9 PE-containing lipid 
 vesicles (Navarro et al.  1984 ). 

 Another example is the dependence of the activ-
ity of mechanosensitive channel of large conduc-
tance (MscL) on lipid composition. In PC vesicles, 
the channel exists in a closed state. Addition into 
the outer leafl et of lysoPC, which by itself forms a 
micellar phase (H I ), induces the channel opening 
(Perozo et al.  2002a ). When incorporated into the 
bilayer, lysoPC induces the positive spontaneous 
monolayer curvature, and the resulting asymmetric 
distribution of the lateral pressure profi le drives the 
opening of MscL (Perozo et al.  2002a ). Further, 
electron- paramagnetic resonance (EPR) studies 
suggested that the addition of lysoPC changes the 
tilt angle of the TM helices. The free energy differ-
ence between the closed and open states signifi -
cantly increases as the bilayer thickness increases, 
from 4 RT for  di C 16:1 c 9 PC, to 9 RT for  di C 18:1 c 9 PC, 
and 20 RT for  di C 20:1 c 9 PC, where RT is free energy 
of thermal motion (Perozo et al.  2002b ). This result 
implies that the hydrophobic thicknesses of the 
open and closed states of MscL are signifi cantly 
different, and the lipid deformation by the hydro-
phobic mismatch between MscL and the bilayer 
modulates the conformational equilibrium of the 
channel. Indeed, the estimated lipid deformation 
energy is similar to the free energy differences 
between the open and closed states of the channel 
(Wiggins and Phillips  2004 ).  

1.5.2     Role of Physical Properties 
in the Folding Kinetics 
of Membrane Proteins 

 Physical forces of the lipid bilayer also modulate 
the kinetics and thermodynamics of membrane 
proteins folding. The fi rst connection between 
the two subjects was made by Booth group using 
bacteriorhodopsin as a model (Booth et al.  1997 ; 
Curran et al.  1999 ). The refolding yield of bacte-
riorhodopsin (bR) decreased as the fraction of PE 
in the lipid bilayer increased (Curran et al.  1999 ). 
PE induces the negative monolayer curvature and 
thus, increases the lateral pressure in the bilayer 
core, which was measured by the increase in the 
excimer fl uorescence of pyrene-labeled lipids at 
the acyl chain region. 

 Inhibition of refolding into PE-containing 
lipid bilayers was also observed for bacterial 
β-barrel outer membrane proteins. In contrast to 
the α-helical membrane proteins that are largely 
composed of stretches of hydrophobic TM seg-
ments, β-barrel membrane proteins contain resi-
dues that have alternating hydrophobicity in their 
TM domains. As a consequence, the barrel lumen 
is composed of hydrophilic residues whereas the 
lipid-contacting surface is largely hydrophobic 
(Tamm et al.  2004 ; Wimley  2003 ). Because 
β-barrel membrane proteins are less hydropho-
bic, they can be solubilized in high concentra-
tions of urea or GdnHCl in the fully unfolded 
state, and then refolded into lipid vesicles by 
dilution of denaturants. While a number of OMPs 
such as OmpA (Kleinschmidt and Tamm  1996 , 
 2002 ), OmpLA (Moon and Fleming  2011 ), 
OmpW (Moon et al.  2013 ), PagP (Moon et al. 
 2013 ; Huysmans et al.  2010 ), OmpX (Gessmann 
et al.  2014 ), etc. can readily refold into thin PC 
bilayers (Burgess et al.  2008 ), the incorporation 
of PE signifi cantly slows down the refolding 
kinetics (Gessmann et al.  2014 ; Patel and 
Kleinschmidt  2013 ). Probably the increased lat-
eral pressure within the nonpolar core of the 
bilayer increases its compressibility modulus, 
thereby decreasing the lipid packing defects nec-
essary for the protein insertion. 

 Interestingly, incorporation into lipid vesicles 
of the barrel assembly machinery complex 
(BAM), which is a conserved assembly factor of 
OMPs in the bacterial outer membranes, 
enhanced the refolding rate and yield (Gessmann 
et al.  2014 ; Patel and Kleinschmidt  2013 ). The 
crystal structures and molecular dynamics simu-
lations of two homologues of BamA, a core com-
ponent of the BAM complex, from  N. 
gonorrhoeae  and  H. ducreyi  indicated that the 
particularly small hydrophobic thickness (9 Å) 
near the putative lateral gate formed between 
β-strands 1 and 16 of the barrel domain may 
induce the local thinning and disorder of the lipid 
bilayer (Fig.  1.8 ) (Noinaj et al.  2013 ). Thus, the 
lipid perturbation of the outer membrane by 
BamA was suggested to facilitate the insertion of 
OMPs by reducing the elastic stiffness of the 
bilayer (Gessmann et al.  2014 ). The conforma-
tional changes involving the opening of the 
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 contacts between the barrel and the periplasmic 
POTRA5 domain, and the deeper insertion of the 
conserved loop 6 into the barrel would also con-
tribute to the opening of the lateral gate and the 
insertion of nascent polypeptide chains into the 
outer membrane (Noinaj et al.  2014 ).   

1.5.3     Role of Physical Properties 
in the Thermodynamic 
Stability of Membrane 
Proteins 

 Thermodynamic study of membrane protein sta-
bility, which requires reversibility of the folding- 
unfolding transition, is more diffi cult than the 
kinetic study. Achieving reversibility involves 
tedious screenings of folding conditions such as 
temperature, detergents, lipids, denaturants, pH 
and ionic strength. Despite this challenge, the 
thermodynamic stability of several β-barrel 

membrane proteins including OmpA, PagP, 
OmpLA and OmpW has been studied in lipid 
bilayers (Hong and Tamm  2004 ; Huysmans et al. 
 2010 ; Moon and Fleming  2011 ; Moon et al. 
 2013 ). The lipid dependence of the OmpA stabil-
ity in small unilamellar vesicles (SUVs) suggests 
prominent role of non-specifi c physical bilayer 
forces in the membrane protein stability (Hong 
and Tamm  2004 ) (Fig.  1.9 ). While PEs slow 
down the folding kinetics of OmpA, they increase 
the stability of the folded protein (ΔG o  unfold ). As 
the molar fraction of C 16:0 C 18:1 c 9 PE increased 
from 0 to 40 % (the remaining lipid was 
C 16:0 C 18:1 c 9 PC), ΔG o  unfold  increased from 3.4 to 
5.0 kcal/mol. This stability enhancement could 
be due to the increase in the lateral pressure 
caused by the negative monolayer curvature, and 
the favorable contacts of H II -forming PE around 
the hour-grass shape of the OmpA TM region. 
Interestingly, the effect of PE can be mimicked 
by high content of PCs with long unsaturated 

  Fig. 1.8    Crystal structures of BamA homologues. Protein 
structures from and  H. ducreyi  ( Hd ) (PDB code: 4K3C,  left ) 
and  N. gonorrhoeae  ( Ng ) (PDB code: 4K3B,  right ). The 
structural features that are predicted to contribute to the 
insertion of outer-membrane proteins are indicated. The 
region near the lateral gate formed between strands β1 and 
β16 in the C-terminal barrel domain has reduced hydropho-
bic thickness (9 Å), which may perturb the outer membrane. 

The inter-strand hydrogen bonds are signifi cantly perturbed 
in the  Ng BamA ( right ). The local thinning of the bilayer, the 
opening of the lateral gate, the separation of the POTRA 
domain 5 (P5) from the barrel, and the deeper insertion of 
loop6 ( orange arrows ) may collectively induce the direct 
interaction of nascent polypeptide chains, with the barrel 
lumen facilitating the insertion of outer membrane proteins 
(Figure adapted with permission from Noinaj et al.  2013 )       
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acyl chains ( di C 16:1 c 9 PC to  di C 20:1 c 9 PC), which 
also induce the negative monolayer curvature 
(Szule et al.  2002 ). Thus, the protein stability 
enhancement by PEs originates from the non- 
specifi c physical properties of the bilayer rather 
than from the specifi c head group interactions.  

 Lipid-dependence of the thermodynamic sta-
bility of polytopic TM α-helical membrane pro-
teins has not been studied yet in a lipid bilayer. 
However, the infl uence of lipid composition on 
the stability of TM helix-helix interactions has 
been studied for the prototype TM helical dimer 
model system, glycophorin A TM (GpATM) 
(Hong and Bowie  2011 ; Hong et al.  2010 ). The 
dimer stability of GpATM had been studied 
mostly in detergent micelles using analytical 
ultracentrifugation (AUC) (Fleming et al.  1997 ; 
Fleming and Engelman  2001 ) and Förster reso-

nance energy transfer (FRET) (Fisher et al.  1999 , 
 2003 ; Anbazhagan and Schneider  2010 ). In these 
methods, the relative populations of the mono-
meric and oligomeric states are modulated by 
diluting the protein with detergents or lipids. 
However, GpATM dimer is too strong in a bilayer 
(Adair and Engelman  1994 ) to be analyzed using 
conventional dilution methods for measuring the 
dimer dissociation constant,  K  d, dimer . To this end, 
a new technique called the steric trapping was 
developed to measure strong protein-protein 
interactions in lipid bilayers (Hong et al.  2013 ). 
The method couples dissociation of biotin-tagged 
TM dimer to tag-binding monovalent streptavi-
din. By exploiting the large free energy released 
from biotin- streptavidin interaction (ΔG o  binding  
~−19 kcal/mol), the measurable low limit of 
 K  d, dimer  can be extended to 10 −13 –10 −12 M, which is 

  Fig. 1.9    Elastic coupling of membrane protein stability 
to lipid bilayer forces. Cartoon depicting structures and 
bilayer forces acting on OmpA folding/unfolding under 
equilibrium conditions. Folding into most bilayers is a 
two-state process ( left path ).  Large black arrows  indicate 
lateral bilayer pressure imparted on the lipid-protein inter-
face in the hydrophobic core ( red ) of bilayers composed 
of lipids with negative intrinsic spontaneous curvature. 
Increasing this pressure increases the thermodynamic sta-
bility of the protein.  Small black arrows  indicate lipid 
deformation forces caused by hydrophobic mismatch 
between the protein and the unstressed bilayer. These 
forces decrease the thermodynamic stability of the pro-
tein. Folding into thin bilayers is a multistep process 

( right path ) with at least one equilibrium intermediate. 
Water molecules penetrate more easily into the hydropho-
bic core ( blue arrows ) of more fl exible and more dynamic 
thin bilayers, stabilizing the equilibrium intermediates 
and decreasing the  m -value of unfolding. ( m -value is a lin-
ear slope in the dependence of protein thermodynamic 
stability on denaturant concentration; lower  m -values 
indicate smaller change in the solvent-accessible hydro-
phobic surface area upon unfolding and lower unfolding 
cooperativity.) Ultimately, in very thin bilayers composed 
of saturated lipids, complete unfolding (second step) can 
no longer be observed under any experimental conditions 
tested (Hong and Tamm  2004 ) (Figure adapted with per-
mission from Hong and Tamm  2004 )       
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three to four orders lower than that measurable 
by AUC and FRET. 

 The method revealed striking features of the 
lipid effects on the TM helix interactions. First, 
the dimer was much more stable (by ~5 kcal/mol) 
in a neutral fl uid bilayer of C 16:0 C 18:1 c 9 PC than in 
detergent micelles (Hong et al.  2010 ). This is 
largely due to the reduced translational and rota-
tional entropic cost when the dimer equilibrium 
is confi ned in liposomes. In addition, the packing 
contribution of several side chains to the dimer 
stability increased in the lipid bilayer, i. e. the 
dimer became more tightly organized. Second, 
the dimer stability was strongly modulated by the 
lipid composition and the protein environment 
(Hong and Bowie  2011 ). As seen in the case of 
OmpA, PE lipid, which is a major component of 
bacterial inner membranes, moderately stabilized 
the GpATM dimer by increasing the lateral pres-
sure. Strikingly, the dimer was dramatically 
destabilized by 4–5 kcal/mol in PG, a natural 
negatively charged lipid in bacterial cell mem-
branes. This destabilization originated from the 
electrostatic interactions between the cytoplas-
mic positively charged residues of GpATM and 
the negatively charged membrane, which distort 
the optimal dimer structure. Another surprising 
result was further destabilization of the dimer by 
the total extracts of  E. coli  inner membrane pro-
teins. It has been predicted that the excluded vol-
ume effects in the crowded cellular environment 
enhance the protein-protein interaction and pro-
tein stability (Minton  2000 ). Contrary to this pre-
diction, anonymous membrane proteins in the 
bilayer nonspecifi cally competed with the spe-
cifi c TM helix-helix interactions, destabilizing 
the GpATM dimer (Hong and Bowie  2011 ).   

1.6     Membrane Protein 
Misfolding and Diseases 

1.6.1     Lipid-Induced Folding, 
Misfolding and Topogenesis 
of α-Helical Membrane 
Proteins 

 The self-sealed nature of cell membranes and the 
directionality of polypeptide chain yield a spe-

cifi c pattern of “in” and “out” orientations of TM 
helices, termed protein “topology” (von Heijne 
 2006 ). Topogenesis of polytopic α-helical 
 membrane proteins initially occurs during the co- 
translational insertion of TM helices through the 
interaction of the topogenic signals in the poly-
peptide with the translocon and the membrane, 
and is completed in the fi nal folding and assem-
bly process (Dowhan and Bogdanov  2009 ). Thus, 
the initial topology of individual TM helices is 
expected to critically affect the mechanism of the 
subsequent folding and assembly (Fig.  1.1 ). By 
this process, ion channels and transporters 
achieve their correct membrane orientations, and 
the catalytic domains and the active sites of 
membrane- bound enzymes are localized in a 
proper subcellular environment. 

 The strongest topogenic signal known so far is 
the “positive-inside” rule, which represents the 
biased distribution of positively charged amino 
acids, Arg and Lys, that are roughly fi ve times 
more abundant in the cytosolic side than in the 
opposite side of the membrane (Krogh et al. 
 2001 ; von Heijne  1992 ) (see Figs.  1.1  and  1.10a ). 
The N-terminal signal sequence or the fi rst 
hydrophobic segment of membrane proteins is 
targeted to the inner membrane of bacteria or to 
the endoplasmic reticulum (ER) membrane in 
eukaryotes, and inserted into translocon as a hair-
pin during translation (Rapoport  2007 ). The 
strong electrostatic interaction of the positively 
charged residues along the hairpin with the nega-
tively charged membrane and with the translocon 
stabilizes the orientation of the inserted TM heli-
ces (Dowhan and Bogdanov  2009 ). Reversal of 
the topology may be kinetically inhibited because 
it involves the translocation of hydrophilic loops 
and water-soluble domains across the non-polar 
bilayer core. However, as seen from the homo- 
dimeric bacterial multidrug transporter EmrE, 
the weak bias of the charge distribution can yield 
a dual topology of subunits and the formation of 
an antiparallel native protein assembly (Morrison 
et al.  2012 ). The topology analysis of  E. coli  
inner membranes proteins revealed that, although 
not frequent, a signifi cant fraction of TM seg-
ments does not follow the positive-inside rule 
(Gray et al.  2011 ). These fi ndings imply that the 
topology of membrane proteins may be more 
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dynamic than expected, and the reverse charge 
bias can be counterbalanced by more favorable 
tertiary or quaternary protein-protein interactions.  

 Critical roles of lipids in the topogenesis, 
assembly and function of polytopic membrane 
proteins have been elucidated through two meth-
odological breakthroughs using the lactose per-
mease (LacY) from  E. coli  as a model system. 
LacY is a galactoside/H +  symporter, which 
actively translocates lactose into the cytoplasm 
by exploiting the free energy stored in the elec-
trochemical gradient across the membrane (the 
active uphill energy-dependent transport). LacY 
also facilitates the downhill energy-independent 
transport of lactose (Guan and Kaback  2006 ). 
First, Dowhan group developed  E. coli  mutant 
strains whose lipid compositions can be modifi ed 
by knocking out and introducing genes involved 
in the lipid synthesis. Synthesis of PE, a major 
zwitterionic lipid in the  E. coli  cytoplasmic 
membrane, can be blocked by disrupting the 
chromosomal phosphatidylserine synthase gene 
( pssA ), which produces PS, a precursor of PE 
(DeChavigny et al.  1991 ). Synthesis of PE can be 
restored by introducing the plasmid-encoded 
inducible  pssA . In this system (PE −  strain), nega-
tively charged lipids PG and CL substitute PE. PE 
can also be replaced by another zwitterionic lipid, 
PC, by introducing the plasmid-encoded induc-
ible phosphatidylcholine synthetase gene ( pcsA ) 
in the background of the PE −  strain (Bogdanov 
et al.  2010 ). Second, Kaback group developed a 
conformation-specifi c monoclonal antibody 
(Ab4B1) that recognized the correct folding of a 
periplasmic P7 loop connecting helices TMVII 
and TMVIII (Sun et al.  1996 ). The binding ability 
of the antibody was well correlated with the cor-
rect folding and function of LacY (Fig.  1.10a ). 

 Using those tools, Dowhan team revealed 
the replacement of PE lipids by PG and CL in 
the mutant  E. coli  strain led to the loss of bind-
ing of Ab4B1, that is, the misfolding of 
LacY. Strikingly, the topologies of TMI to 
TMVI were completely reversed relative to 
those in the wild type strain (Fig.  1.10b ). LacY 
expressed in the membrane without PE still 

  Fig. 1.10    Infl uence of lipid composition on the topology 
and folding of polytopic α-helical membrane proteins. ( a ) 
Topology and distribution of positive charges in the N- 
(NT) and C- termini (CT), and the cytoplasmic (C2–C10) 
and periplasmic loops (P1–P11) of LacY expressed in 
wild type  E. coli  inner membranes. Positive-inside rule is 
well presented in the native topology of LacY. Locations 
of positively ( red ) and negatively ( green ) charged residues 
are indicated. ( b ) Topology of LacY expressed in PE −  
cells. The topology of TMI-TMVI helices was completely 
reversed, and TMVII in wild type  E. coli  turned into a 
cytoplasmic peripheral helix. Negatively and positively 
charged residues forming salt bridges between TMs are 
indicated. ( c ) Change in topology of LacY assembled in 
PE −  cells after post-assembly synthesis of PE (Figure 
modifi ed with permission from Bogdanov et al.  2014 )       
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facilitated the downhill energy- independent 
transport of lactose, but could not support the 
uphill energy-dependent transport. The expres-
sion of PssA, which restored the PE synthesis, 
reversibly induced the formation of the cor-
rectly folded P7 loop and functional LacY 
(Bogdanov et al.  2008 ) (Fig.  1.10c ). However, 
the locations of the N-terminus and P1 loop 
remained unchanged even after the restoration 
of PE synthesis, while the native-like topolo-
gies were regained by TMIII – TMVII, which 
apparently induced a U-shaped fl exible hinge 
conformation of TMII within the membrane. 
This result indicates the dynamic nature of 
membrane topology and the critical role of spe-
cifi c lipids in the folding of polytopic α-helical 
membrane proteins. Replacement of PE by PC 
did not cause either topology reversal or loss of 
the uphill transport function, but the degree of 
the conformation- specifi c antibody binding was 
signifi cantly reduced, further suggesting the 
fi ne- tuning role of lipids in the folding and con-
formational equilibrium of membrane proteins 
(Bogdanov et al.  2010 ). 

 Lipid-dependent control of topogenesis has 
been also observed for phenylalanine permease 
(PheP) (Zhang et al.  2003 ) and γ-aminobutyrate 
permease (GabP) (Zhang et al.  2005 ) from  E. coli . 
However, the ability of lipids to support the correct 
topology and folding seems to depend more on the 
nonspecifi c role of lipids controlling the overall 
chemical and physical properties of cell mem-
branes rather than on specifi c interactions between 
lipid head groups and certain protein residues. 
These intriguing fi ndings led to the coining of the 
term “lipochaperone”, a specifi c lipid facilitating 
membrane protein folding, by analogy with protein 
molecular chaperones that assist the folding of 
water-soluble proteins and prevent their misfolding 
(Bogdanov and Dowhan  1999 ).  

1.6.2     Membrane Protein Misfolding, 
Quality Control and Human 
Diseases 

 Misfolding and aggregation of membrane proteins 
in cells are directly linked to a number of human 

diseases (MacGurn et al.  2012 ; Houck and Cyr 
 2012 ; Reinstein and Ciechanover  2006 ; Sanders 
and Myers  2004 ; Kuznetsov and Nigam  1998 ). 
The abnormal folding of membrane  proteins 
seems to be a common event that cells consistently 
deal with rather than a rare accident. For example, 
under normal physiological conditions, only 
<50 % of wild type cystic fi brosis transmembrane 
regulator (CFTR) and <20 % of wild type periph-
eral myelin protein 22 (PMP22) that are newly 
synthesized on the ER membrane reach the cyto-
plasmic membrane in their correctly folded form 
(Pareek et al.  1997 ; Kopito  1999 ). A wide array of 
the quality control mechanisms such as chaper-
ones and degradation machinery constantly oper-
ates for monitoring the folding, degradation and 
traffi cking of membrane proteomes in all subcel-
lular compartments (MacGurn et al.  2012 ; Houck 
and Cyr  2012 ; Tatsuta and Langer  2008 ). 

 There are three major pathways for degrading 
membrane proteins in eukaryotic cells (Fig.  1.11 ). 
In the ER, where most membrane and secreted 
proteins are synthesized, misfolded membrane 
proteins are recognized and degraded by the 
ER-assisted degradation (ERAD) pathways 
(Hampton  2002 ). In mammalian cells, three types 
of the ERAD machines exist in the form of pro-
tein complexes (Hrd1/Derlin1,2,3/Sel1L/
Ube2G1/Ube2k; DNAJB12/Derlin1/Hsp70/
Rma1/Ube2J1; and TEB4/Ube2G/Ube2J) 
(Kikkert et al.  2004 ; Grove et al.  2011 ; Ravid 
et al.  2006 ). They are commonly equipped with 
the membrane-integrated ubiquitin ligase (E3) 
(Hrd1, Rma1 or TEB4) for the recognition and 
ubiquitination of misfolded membrane proteins, 
and the ubiquitin conjugation enzyme (E2) 
(Ube2G, Ube2K, and Ube2J1). Derlins, 
DNAJB12 (Hsp40), Sel1L and Hsp70 participate 
in the recognition process by chaperoning mis-
folded proteins. Ubiquitinated misfolded proteins 
are subsequently extracted from the ER mem-
brane by the AAA+ATPase p97 in the cytosol, 
and are fi nally degraded in the 26S proteasome. 
Misfolded proteins in the Golgi and cytoplasmic 
membranes are recognized by other types of 
ubiquitination enzymes (Rsp5 in Golgi and 
Nedd4, Cbl, and CHIP in cytoplasmic mem-
brane), endocytosed into endosomes, and 
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degraded in lysosomes (MacGurn et al.  2012 ). 
Aggregated membrane proteins and damaged 
subcellular organelles, whose sizes are too large 
to be degraded by these mechanisms, are engulfed 
by double-membrane autophagosomes and tar-
geted for lysosomal degradation (He and 
Klionsky  2009 ). At most, ~80 % of the mem-
brane protein turnover is carried out by the ERAD 
pathways (Reinstein and Ciechanover  2006 ).  

 The pathogenesis of membrane protein mis-
folding diseases is partly the consequence of the 
abnormal interaction between misfolded pro-
teins and the degradation machinery (Sanders 
and Myers  2004 ): (1) Proteins with loss-of-
function mutations are targeted to their fi nal 
destinations bypassing the quality control 

mechanisms. (2) Destabilizing or misfolding 
mutations enhance proteins’ susceptibility to 
degradation and thus reduce the level of func-
tional proteins. (3) Malfunction of degradation 
machinery by mutations or stresses causes a 
failure of clearing toxic misfolded and aggre-
gated proteins. More than 60,000 missense 
mutations in human genes leading to disease 
phenotypes have been identifi ed, yet mutations 
in residues that are directly involved in the pro-
tein function are rare (Stenson et al.  2008 ) 
(  http://www.biobase-international.com/product/
hgmd    ). Rather, a more common disease mecha-
nism seems to involve destabilizing mutations 
that impair the correct traffi cking of the func-
tional proteins by enhancing degradation. 

  Fig. 1.11    Quality control mechanisms of integral mem-
brane proteins in eukaryotic cells. Correctly folded mem-
brane proteins are ultimately targeted to their fi nal 
destination (plasma membrane here) through the vesicular 
transport ( cyan arrows ). ( i ) ERAD pathway ( purple arrow ): 
the misfolded proteins in the ER membrane are recognized 
and ubiquitinated by the membrane-bound ubiquitin ligase 
complex (Hrd1 complex here). The proteins are extracted 

from the membrane by p97 AAA+ATPase and ultimately 
degraded in the proteasome ( purple arrow ). ( ii ) Lysosomal 
degradation pathway ( red arrows ): misfolded proteins in 
the Golgi and plasma membranes are tagged by ubiquitin 
and targeted to lysosome. ( iii ) Autophagy degradation path-
way ( brown arrow ): damaged subcellular compartments 
and protein aggregates are engulfed by autophagosome and 
targeted to lysosome       
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 Cystic fi brosis transmembrane conductance 
regulator (CFTR), which regulates the anion bal-
ance across the plasma membranes of epithelial 
cells (Miller  2010 ), is an intensely studied model 
system for membrane protein misfolding dis-
eases. CFTR is composed of 12 TM segments, 
two nucleotide-binding domains (NBDs) and a 
regulatory domain. Malfunction of CFTR is a 
major cause of cystic fi brosis, a severe respira-
tory and gastrointestinal disorder by abnormal 
production of viscous mucus (Sheppard and 
Welsh  1999 ). Among 1,984 mutations deposited 
in the cystic fi brosis mutation database (  http://
www.genet.sickkids.on.ca    ), 69 % of patients 
carry the ΔF508 deletion mutation. F508 is 
located in the NBD on the cytoplasmic side of 
CFTR, and ΔF508 mutation induces the misfold-
ing of the NBD domain (Lukacs and Verkman 
 2012 ). Although ΔF508 mutation partially retains 
the anion transport function, the mutant is com-
pletely degraded by the ERAD pathway and fails 
to correctly target to the cell surface (Pasyk and 
Foskett  1995 ). A correct targeting is also com-
pletely aborted in the ERAD pathway (Sun et al. 
 2006 ) for CFTR carrying the mutations (G85E, 
R347P, and R334W) in the transmembrane 
domain. 

 The enhanced susceptibility to degradation 
upon missense mutations is an established mech-
anism of other diseases. Those include retinitis 
pigmentosa, a common retinal degeneration dis-
ease partly caused by missense mutations in rho-
dopsin, and Charcot-Marie-Tooth disease, a 
common inherited neurological disorder, which 
is related to missense mutations in PMP22, a 
tetra-membrane spanning integral membrane 
proteins (Rajan and Kopito  2004 ; Pareek et al. 
 1997 ; Sakakura et al.  2011 ). 

 Another critical disease mechanism involves 
mutations that do not directly affect the function 
or the conformational stability of membrane pro-
teins, but impair their interactions with the degra-
dation machinery. One example is the Liddle 
syndrome, a condition of severe hypertension, 
hypokalemia and metabolic alkalosis. The gene 
responsible for the Liddle syndrome encodes the 
β-subunit of renal epithelial sodium channel. A 
disease mutation occurs at the binding interface 

with the E3 ubiquitin ligase Nedd4 (Shimkets 
 1996 ; Staub et al.  1997 ). Thus, Nedd4 can neither 
recognize the sodium channel nor target it for 
degradation. The accumulation of the channel 
induces the excessive reabsorption of sodium 
ions and water, eventually causing hypertension. 
Impairment of ubiquitin-mediated degradation 
by mutations on E3 ligases is also implicated in 
Angelman syndrome (E6-AP E3), Parkinson’s 
disease (Parkin E3), von Hippel-Lindau protein- 
associated syndromes (von Hippel-Lindau E3), 
and other diseases (Reinstein and Ciechanover 
 2006 ). 

 Molecular features of misfolded membrane 
proteins that are selectively recognized by the 
quality control machines remain unclear. In 
water-soluble proteins, the integrity of the hydro-
phobic core is the key determinant for protein 
interactions with chaperones and degradation 
machinery. Since the stability of membrane pro-
teins is governed by substantially different ther-
modynamic principles, the interactions between 
misfolded membrane proteins and the quality 
control machines should also be different from 
those of water-soluble proteins. One possible 
scenario is that polar interactions of membrane 
proteins in a low-dielectric lipid bilayer may play 
a signifi cant role in the folding and stability. 
Misfolding induces the exposure of polar resi-
dues into the bilayer, facilitating their interac-
tions with chaperones and membrane-bound 
ubiquitin ligases (Houck and Cyr  2012 ). Indeed, 
Sato et al. ( 2009 ) showed that mutations of the 
surface polar residues in the TM domain of 
Hrd1p ubiquitin ligase, a key component of the 
ERAD machinery, signifi cantly reduced the deg-
radation susceptibility of 3-hydroxy-3- 
methylglutaryl-coenzyme A reductase. 

 Still, it is unclear whether the polar interac-
tions are a dominant factor determining the ther-
modynamic stability of integral membrane 
proteins. Numerous studies measuring the hydro-
gen bonding strength in membrane proteins con-
sistently report moderate contributions 
(0.5–1.5 kcal/mol per bond), not much different 
from those in water-soluble proteins (Bowie 
 2011 ). Furthermore, the analysis of disease muta-
tions mapped on the structures of rhodopsin, 

1 Role of Lipids in Folding, Misfolding and Function of Integral Membrane Proteins

http://www.genet.sickkids.on.ca/
http://www.genet.sickkids.on.ca/


22

G-protein coupled receptors, and potassium 
channels did not fi nd a dominant feature of polar-
to- nonpolar or nonpolar-to-polar mutations 
(Oberai et al.  2009 ). Further biophysical studies 
on membrane protein folding are necessary to 
explain disease mechanisms caused by 
misfolding.  

1.6.3      Role of Cholesterol in GPCR 
Receptor 

 Lipidomic studies demonstrated that changes in 
the lipid composition of cell membranes can pro-
vide markers of disease; however, a direct link 
between the lipid-mediated misfolding of mem-
brane proteins and specifi c diseases is unclear 
(Hu et al.  2009 ). Several examples show the piv-
otal role of lipids in the structure and function of 
pharmaceutically important membrane proteins. 
These studies may ultimately help develop the 
pharmacological chaperones to modulate folding 
and stability for the optimal function (Mendre 
and Mouillac  2010 ). 

 Although cholesterol has long been known as 
a critical modulator of membrane fl uidity, curva-
ture stress and raft formation, it also acts as a spe-
cifi c “ligand” stabilizing the structure of 
β2-ardrenergic receptor (β2-AR), a member of 
the G-protein coupled receptor (GPCR) family 
(Hanson et al.  2008 ). β2-AR forms a complex 
with its effector,  L -type Ca 2+  channel, and senses 
epinephrine and norepinephrine in muscular tis-
sues, such as bronchial vasculature and blood 
vessels. The receptor is an important drug target 
for the treatment of asthma, glaucoma, high 
blood pressure and cardiac arrhythmias. 

 The crystal structures of β2-AR were solved 
for apo- and carazolol (inverse agonist)-bound 
forms (Cherezov et al.  2007 ; Rasmussen et al. 
 2007 ). Later, the structure was solved in the timo-
lol- (inverse agonist) and cholesterol-bound form 
(Hanson et al.  2008 ). This was the fi rst structure 
in which a cholesterol binding motif was eluci-
dated in atomic detail (Fig.  1.12 ). Two choles-
terol molecules bind to the cleft formed by the 
helices I, II, III and IV. Two prominent residues 
that bind cholesterol through CH-π and van der 

Waals interactions are Trp158 4.50  conserved in 
94 % of GPCR (Ballesteros and Weinstein  1995 ) 
and Ile154 4.46  conserved in 60 % of GPCR by 
homology and 35 % by identity (the subscripts 
specify an GPCR amino acid according to 
Ballesteros-Weinstein numbering system allow-
ing comparison of equivalent positions in the 
GPCR family). Two other bulky residues, 
Tyr70 2.41  and Arg151 4.43 , which are less con-
served, cap cholesterol in the cytoplasmic inter-
facial region by van der Waals and hydrogen 
bonding interactions. The four-residue choles-
terol binding consensus motif, [4.39–
4.43(R,K)]—[4.50(W,Y)]—[4.46(I,V,L)]—
[2.41(F,Y)], is widely distributed in the GPCR 
family, suggesting that cholesterol binding may 
be a crucial feature of many GPCRs. Indeed, the 
subsequently solved GPCR structures of A2 A  

  Fig. 1.12    Binding of cholesterol modulates stability and 
function of GPCR receptors. Binding of two cholesterol 
molecules (CHOL1 and CHOL2) to β2-aderenergic 
receptor (β2-AR) (Hanson et al.  2008 ). Binding site of 
CHOL1 represents a cholesterol consensus motif. Trp158 
and Ile154, which are 95 and 35 % conserved by identity, 
are central in cholesterol binding (Figure modifi ed with 
permission from Hanson et al.  2008 )       
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adenosine receptor (Jaakola et al.  2008 ), μ-type 
opioid receptor (Manglik et al.  2012 ) and 
hydroxytryptoamine (serotonin) receptor 2B 
(Wang et al.  2013 ) revealed cholesterol bound to 
this motif, although the precise modes of interac-
tions were slightly different. The enhancement of 
protein thermostability has been observed in the 
micellar phase for other GPCRs such as oxytocin 
receptor, which is a serotonin 1A  receptor contain-
ing a strict cholesterol consensus motif (Hanson 
et al.  2008 ). The interaction between GPCRs and 
cholesterol were postulated to lead to their pref-
erential partition into the cholesterol-rich caveo-
lae (Pucadyil and Chattopadhyay  2004 ; Song 
et al.  2014a ).   

1.6.4      Role of Cholesterol in Amyloid 
Precursor Proteins 

 While cholesterol binds to the “cleft” formed by 
TM helices of β2-AR and is locked by several 
bulky residues, another type of cholesterol 
binding site has been identifi ed in the amyloid 
precursor protein (APP) (Barrett et al.  2012 ). APP 
is cleaved by an intramembrane protease, 
γ-secretase, which generates the C-terminal C99 

TM domain and the amyloid-β (Aβ) peptide 
(Song et al.  2014a ). Misfolding and accumulation 
of aggregated Aβ in the brain is the hallmark of 
Alzheimer’s disease (Finder and Glockshuber 
 2007 ). The solution NMR structure of APP 
showed that the extracellular region of C99 is 
composed of an amphiphilic N-helix and a short 
N-loop connected to the TM domain (Barrett 
et al.  2012 ) (Fig.  1.13 ). The TM domain is highly 
bent and fl exible, which may promote the cleav-
age of C99 by γ-secretase. The N-terminal half of 
the TM domain contains the GxxxGxxxG glycine 
zipper motif, which is frequently observed in the 
TM helix-helix interactions ((Kim et al.  2005 ); 
also see Chap.   4     by Morgado and Garvey and 
Chap.   10     by Leonova and Galzitskaya in this 
 volume). Because of this motif, the C99 protein 
was thought to form dimers or higher-order 
 oligomers. However, titration of cholesterol (up to 
20 mol %) in bicelles, monitored by NMR, 
revealed a striking binding pattern of cholesterol 
to C99. Contrary to the expectation, two of the 
three Gly in the zipper motif, G700 and G704, are 
critically involved in cholesterol binding rather 
than oligomerization. In addition, the dynamic 
N-loop and the polar residues N698 and E693 also 
appear to contribute to the binding of  cholesterol. 

  Fig. 1.13    Cholesterol binding to the C99 TM domain of 
amyloid precursor protein. Cholesterol binds to the fl at 
surface created by glycine zipper motif (G700-xxx-G704- 

xxx-G708) and, additionally, by N-helix (F691) and 
N-loop (E693 and N698) (Figure adopted with permission 
from Song et al.  2014a )       
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Furthermore, the dynamic N-helix, which lies 
parallel to the membrane and perpendicular to the 
TM helix to which it is linked via the N-loop, 
effectively locks bound cholesterol by packing 
with the bulky aromatic residue, F690. Thus, the 
fl at surface presented by the GxxxG motif, the fl ex-
ible N-loop and the conformation of N-helix work 
together to accommodate bound cholesterol.  

 What is the physiological signifi cance of cho-
lesterol binding in the generation of Aβ? 
γ-secretases are known to preferentially partition 
into the cholesterol-rich membrane rafts (Lee 
et al.  1998 ). Cholesterol binding to APP is 
expected to favor partitioning into membrane 
rafts, and thereby co-localize APP with the 
γ-secretase. Cholesterol binding was also pro-
posed to make APP a better substrate for 
γ-secretase (Osenkowski et al.  2008 ). Moreover, 
after cleavage, Aβ association with cholesterol 
may facilitate amyloid fi bril formation 
(Yanagisawa  2005 ). These effects provide possi-
ble explanations for the link between the plasma 
levels of cholesterol and the development of 
Alzheimer’s disease.  

1.6.5      Role of PIP2 in the Gating 
Function of Inward Rectifi er 
Potassium Channel 

 Phosphatidylinositol 4,5 diphosphate (PIP 2 ) is a 
minor lipid component in the plasma membrane 
that is critical in a number of signaling pathways 
as a secondary messenger and a targeting signal 
of soluble proteins on the plasma membrane (Tisi 
et al.  2004 ; Cho and Stahelin  2005 ). PIP 2  is also 
of particular interest as a direct modulator of sev-
eral ion channels (Suh and Hille  2008 ; Suh et al. 
 2006 ,  2010 ). The crystal structures of inward rec-
tifi er potassium channel (Kir2.2) in apo- and in 
PIP 2  – bound forms solved by (Hansen et al. 
 2011 ) demonstrated the specifi c role of PIP 2  in 
the regulation of resting cell membrane potential 
(Fig.  1.14 ). In the apo form, the TM domain and 
the cytoplasmic domain are disengaged. Binding 
of PIP 2  at the interface between the two domains 
induces a substantial conformational change. The 

PIP 2  head group binds to the conserved highly 
positively charged PIP 2  – binding motif located 
in the fl exible interdomain linker (KxxRPKK 
motif that binds inositol 4,5 diphosphate) and to 
the interfacial region of the TM domain (RWR or 
KWR motif that binds phosphoester). Binding of 
the acyl chain of PIP 2  to the TM domain occurs in 
a non-specifi c manner. This PIP 2  binding, which 
induces a coil-to-helix transition of the interdo-
main linker, pulls away the inner helical gating 
region of the TM domain in the direction of the 
membrane plane, docks the cytoplasmic G-loop 
into the channel lumen, and opens up the 
channel.    

1.7     Concluding Remarks 

 This chapter describes the active role of lipids in 
the folding, structure and function of integral 
membrane proteins. The results suggest that 
 lipids in cell membranes not only serve as a 
medium for stabilizing membrane proteins but 
also act as critical functional and structural 
ligands for many of these proteins. Therefore, at 
the origin of life, the quasi two-dimensional fi lm 
that constitutes cell membranes may have started 
as a simple permeability barrier, but evolved to fi t 
to the biological needs in cellular processes by 
incorporating lipids with various chemical and 
physical properties and by utilizing them as 
ligands and stabilizers for membrane proteins. 

 Structural studies provided the molecular 
details of lipid-protein interactions for several 
membrane proteins. Still, it remains a far- reaching 
goal to quantify the energetics and dynamics of 
these interactions and elucidate their relationship 
to the conformational equilibria of membrane 
proteins which enable their function. In this con-
text, quantitative studies on the energetics of the 
mechanosensitive channel gating (Perozo et al. 
 2002a ,  b ; Wiggins and Phillips  2004 ) and NMR 
studies of the amyloid precursor protein revealing 
the dynamic features of this disease-causing pro-
tein, are truly intriguing (Barrett et al.  2012 ; Beel 
et al.  2010 ; Pester et al.  2013 ; Song et al.  2013 , 
 2014b ). For such efforts to be extended to other 
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classes of membrane proteins, new experimental 
and theoretical frameworks will be necessary. A 
recent development of steric trapping method that 
allows the reversible control of the membrane 
protein folding will open new opportunities for 
studying the forces and mechanisms of folding of 
membrane proteins in their native bilayer back-
ground (Blois et al.  2009 ; Chang and Bowie  2014 ; 
Hong et al.  2010 ; Hong and Bowie  2011 ; Jefferson 
et al.  2013 ).     
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      Protein Misfolding 
in Lipid- Mimetic Environments 
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    Abstract  

  Among various cellular factors contributing to protein misfolding and 
subsequent aggregation, membranes occupy a special position due to 
the two- way relations between the aggregating proteins and cell mem-
branes. On one hand, the unstable, toxic pre-fi brillar aggregates may 
interact with cell membranes, impairing their functions, altering ion 
distribution across the membranes, and possibly forming non-specifi c 
membrane pores. On the other hand, membranes, too, can modify struc-
tures of many proteins and affect the misfolding and aggregation of 
amyloidogenic proteins. The effects of membranes on protein structure 
and aggregation can be described in terms of the “membrane fi eld” that 
takes into account both the negative electrostatic potential of the mem-
brane surface and the local decrease in the dielectric constant. Water-
alcohol (or other organic solvent) mixtures at moderately low pH are 
used as model systems to study the joint action of the local decrease of 
pH and dielectric constant near the membrane surface on the structure 
and aggregation of proteins. This chapter describes general mechanisms 
of structural changes of proteins in such model environments and pro-
vides examples of various proteins aggregating in the “membrane fi eld” 
or in lipid-mimetic environments.  
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  Abbreviations 
   Aβ    Amyloid-β   
  AFM    Atomic force microscopy   
  ANS    Anilino-8-napthalene sulfonate   
  CD    Circular dichroism   
  DMPC    Dimyristoyl phosphatidylcholine   
  DMPG    1 , 2 - d i m y r i s t o y l -  s n  - g l y c e r o -

3-[phospho-rac-(1-glycerol)] sodium 
salt   

  DMPS    Dimyristoyl phosphatidylserine   
  EtOH    Ethanol   
  FTIR    Fourier transform infrared spectroscopy   
  HFiP    1,1,1,3,3,3-hexafl uoro-2-propanol   
  HSA    Human serum albumin   
  IAPP    Islet amyloid polypeptide   
  IDP    Intrinsically disordered protein   
  IDPR    Intrinsically disordered protein 

region   
  LUV    Large unilamellar vesicle   
  MeOH    Methanol   
  nFGF-1    Newt acidic fi broblast growth factor   
  PA    1,2-dipalmitoyl- sn -glycero-3- phosphate            
  PC     1,2-dipalmitoyl- sn -glycero-3-phospho -

choline            
  PE     1-palmitoyl-2-oleoyl-phosphoethano-

lamine   
  PG     1,2- dipalmitoyl- sn -glycero-3-phospho- 

RAC-(1-glycerol)   
  PI    Phosphatidylinositol   
  PrOH    Propanol   
  PS    1-palmitoyl-2-oleoyl-phosphatidylserine   
  SUV    Small unilamellar vesicle   
  TFE    2,2,2-trifl uoroethanol   
  ThT    Thiofl avin T   

2.1           Introduction 

2.1.1     Molecular Mechanisms 
of Protein Misfolding Diseases 

 Proteins are the major components of the living 
cell which play a crucial role in the maintenance 
of life. Protein dysfunctions cause various patho-
logical conditions. Numerous human diseases, 
known as conformational or protein misfolding 
diseases, arise from the failure of a specifi c pep-
tide or protein to adopt its native functional con-
formation. The obvious consequences of 
misfolding are protein aggregation and/or fi bril 
formation, loss of function, and gain of toxic 
function. Some proteins have an intrinsic pro-
pensity to acquire a pathologic conformation, 
which becomes evident with aging or at persis-
tently high concentrations. Interactions (or 
impaired interactions) with some endogenous 
factors (e.g., membranes, chaperones, intracel-
lular or extracellular matrixes, other proteins, 
small molecules) can change protein conforma-
tion and infl uence its propensity to misfold. 
Misfolding can originate from point mutations 
or from an exposure to internal or external tox-
ins, impaired posttranslational modifi cations 
(phosphorylation, advanced glycation, deamida-
tion, racemization, etc.), increased degradation, 
impaired traffi cking, lost binding partners or 
oxidative damage. All these factors can act inde-
pendently or in concert with one another. 

 Misfolding diseases can affect a single organ 
or multiple tissues. Numerous neurodegenerative 
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disorders and amyloidoses originate from the 
conversion of a specifi c protein from its soluble 
functional state into stable, highly ordered, fi la-
mentous aggregates, termed amyloid fi brils, that 
can deposit in various organs and tissues. In each 
disease, a specifi c protein or protein fragments 
deposit as fi brils (Kelly  1998 ; Dobson  1999 ; 
Bellotti et al.  1999 ; Uversky et al.  1999a ,  b ; 
Rochet and Lansbury  2000 ; Uversky and Fink 
 2004 ). Amyloid fi brils display many common 
properties including a core cross-β-sheet struc-
ture in which β-strands run perpendicular to the 
fi bril axis (Sunde et al.  1997 ). Morphologically, 
amyloid fi brils typically consist of two to six 
unbranched protofi laments 2–5 nm in diameter 
associated laterally or twisted together to form 
fi brils with 4–13 nm diameter (Shirahama et al. 
 1973 ; Shirahama and Cohen  1967 ; Jimenez et al. 
 1999 ; also see Gorbenko et al., Chap.   6     and Singh 
et al., Chap.   4     in this volume). Although the amy-
loid fi brils from different diseases have common 
structural and morphological characteristics, the 
polypeptides causing these diseases are extremely 
diverse and, prior to fi brillation, may be rich in 
β-sheet, α-helix, or be intrinsically disordered 
(Uversky and Fink  2004 ). 

 For years it has been assumed that amyloid 
fi bril formation is limited to the disease-related 
proteins that possess specifi c sequence motifs 
encoding the unique structure of the amyloid 
core. However, later studies showed that many 
disease-unrelated proteins can also form fi brils 
(Dobson  1999 ; Uversky  2003b ; Uversky and 
Fink  2004 ; Chiti et al.  1999 ). The current concept 
is that virtually any protein can form amyloid 
under appropriate conditions (Dobson  1999 ; 
Uversky  2003b ; Uversky and Fink  2004 ). The 
structural diversity of amyloidogenic proteins 
and close similarity of the resultant fi brils imply 
that considerable structural rearrangements must 
occur in order for fi brils to form. In a well-folded 
globular protein, such rearrangements cannot 
take place due to the constraints of the tertiary 
structure. Therefore, it has been proposed that 
fi brillation of a globular protein requires the 
destabilization of its native structure, leading to 
the formation of a partially unfolded conforma-
tion (Fink  1998 ; Kelly  1998 ; Dobson  1999 ,  2001 ; 

Bellotti et al.  1999 ; Uversky et al.  1999a ,  b ; 
Rochet and Lansbury  2000 ; Uversky and Fink 
 2004 ; Lansbury  1999 ; Zerovnik  2002 ).  

2.1.2     Brief Introduction 
to Intrinsically Disordered 
Proteins 

 Recent years showed an increasing appreciation 
of proteins that lack unique 3D structure under 
physiological conditions in vitro, existing instead 
as dynamic ensembles of interconverting struc-
tures. These naturally fl exible proteins are called 
intrinsically disordered (Dunker et al.  2001 ) 
among other terms; they have many similarities 
to non-native states of “normal” globular pro-
teins. These intrinsically disordered proteins 
(IDPs) and IDP regions (IDPRs) under physio-
logical conditions in vitro may contain regions of 
collapsed disorder (i.e. molten globules) or 
extended disorder (i.e. random coil or pre-molten 
globule) (Daughdrill et al.  2005 ; Dunker et al. 
 2001 ; Uversky  2003b ). 

 IDPs and IDPRs differ from structured globu-
lar proteins and domains in many respects, 
including amino acid composition, sequence 
complexity (which is a numerical measure of 
repetitiveness of sequences), hydrophobicity, 
charge, fl exibility, and type and rate of amino 
acid substitutions over evolutionary time, with 
IDPs/IDPRs typically possessing higher muta-
tion rates. Typically, IDPs are signifi cantly 
depleted in “order-promoting” residues, such as 
bulky aliphatic (Ile, Leu, and Val) and aromatic 
amino acids (Trp, Tyr, and Phe), which would 
normally form the hydrophobic core of a folded 
globular protein, and Cys and Asn residues. On 
the other hand, IDPs tend to be substantially 
enriched in Ala and in polar “disorder- promoting” 
amino acids: Arg, Gly, Gln, Ser, Pro, Glu, and 
Lys (Dunker et al.  2001 ; Romero et al.  2001 ; 
Williams et al.  2001 ; Radivojac et al.  2007 ). 
Many of these differences were utilized to 
develop numerous disorder prediction algo-
rithms, including PONDR ®  (Predictor of 
Naturally Disordered Regions) (Li et al.  1999 ; 
Romero et al.  2001 ), charge-hydropathy plots 
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(Uversky et al.  2000 ), NORSp (Liu and Rost 
 2003 ), GlobPlot (Linding et al.  2003a ,  b ), 
FoldIndex ©  (Prilusky et al.  2005 ), IUPred 
(Dosztanyi et al.  2005 ), and DisoPred (Jones and 
Ward  2003 ; Ward et al.  2004a ,  b ), to name a few. 

 Despite lacking stable tertiary structure, IDPs 
are involved in a wide variety of crucial biologi-
cal functions (Wright and Dyson  1999 ; Tompa 
 2002 ,  2005 ; Tompa and Csermely  2004 ; Dyson 
and Wright  2005 ; Xie et al.  2007b ,  a ; Vucetic 
et al.  2007 ; Dunker et al.  2005  and references 
therein). The functional diversity provided by 
disordered regions was proposed to complement 
functions of ordered regions (Xie et al.  2007a ,  b ; 
Vucetic et al.  2007 ). IDPs/IDPRs are commonly 
involved in regulation, signaling, and control 
pathways, in which interactions with multiple 
partners and high-specifi city/low-affi nity bind-
ing are often requisite (Dunker et al.  2005 ; 
Uversky et al.  2005 ). These proteins are highly 
abundant in nature, with eukaryotic proteomes 
being more enriched in IDPRs relative to bacte-
rial and archaean proteomes (Dunker et al.  2000 ; 
Oldfi eld et al.  2005 ; Ward et al.  2004b ). Another 
important feature of some IDPs/IDPRs is their 
unique ability to fold under a variety of condi-
tions, e.g. as a result of interactions with other 
proteins, nucleic acids, membranes, or small 
molecules, and upon changes in the protein envi-
ronment (Uversky  2011a ,  b ,  2013a ,  b ,  c ). The 
resulting conformations could be either relatively 
non-compact (i.e., remain substantially disor-
dered) or tightly folded.  

2.1.3     Intrinsically Disordered 
Proteins in Misfolding 
Diseases 

 As IDPs and IDPRs are devoid of ordered struc-
ture, the primary step of their fi brillogenesis 
requires the stabilization of a partially folded 
conformation, i.e., partial folding rather than 
unfolding (Uversky  2003b ; Uversky and Fink 
 2004 ). Therefore, a general hypothesis of fi bril-
logenesis states: structural transformation of a 
polypeptide chain into a partially folded confor-
mation is a prerequisite for protein fi brillation 

(Uversky and Fink  2004 ). Such partially folded 
conformations facilitate specifi c intermolecular 
interactions, including electrostatic attraction, 
hydrogen bonding and hydrophobic contacts, 
which are necessary for oligomerization and 
fi brillation. These partially folded aggregation- 
prone intermediates are expected to be structur-
ally different for different proteins. Furthermore, 
such intermediates may contain different amounts 
of ordered structure even for the same protein in 
different aggregation processes. The precursor of 
soluble aggregates is believed to be the most 
structured, whereas amyloid fi brils are formed 
from the least ordered conformation (Khurana 
et al.  2001 ). Furthermore, variations in the 
amount of the ordered structure in the amyloido-
genic precursor may be responsible for the for-
mation of fi brils with distinct morphologies 
(Smith et al.  2003 ). 

 Peculiarities of misfolding and fi brillogenesis 
of IDPs with numerous illustrative examples 
were covered in several reviews (Uversky  2008b , 
 2009a ; Breydo and Uversky  2011 ). This chapter 
analyzes the effects of membrane-mimetic envi-
ronments on structural and aggregation proper-
ties of ordered and intrinsically disordered 
proteins. The effects of artifi cial membranes and 
“membrane fi eld” on structural properties of pro-
teins are also briefl y outlined.  

2.1.4     Effect of Membranes 
and Membrane Field 
on Protein Structure 

2.1.4.1     Membranes and IDPs 

2.1.4.1.1     Interactions of α-Synuclein 
with Membranes 

 Many IDPs can bind effi ciently to the artifi cial 
and natural membranes, which can be accompa-
nied by a dramatic increase in the α-helical con-
tent. Various membrane mimics are utilized in 
biophysical studies of membrane-interacting pro-
teins in vitro. A commonly used model utilizes 
lipids containing various hydrophilic head groups 
and hydrophobic fatty acyl chains. In an aqueous 
environment, these amphipathic molecules self- 
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assemble in variously shaped macromolecular 
assemblies to sequester the acyl chains. Such 
assemblies depend on the molecular shape and 
chemical composition of lipids (see Chap.   1     by 
Hong in this volume). For example, lysolipids 
which have one acyl chain per headgroup form 
micelles, whereas phospholipids with two acyl 
chains form planar bilayers or liposome vesicles 
(Pfefferkorn et al.  2012 ). 

 Let us consider the behavior of α-synuclein as 
an example of an extended IDP in the presence of 
membranes (Perrin et al.  2000 ,  2001 ; Jo et al. 
 2000 ,  2002 ; Volles et al.  2001 ; Zhu et al.  2003 ; 
Furukawa et al.  2006 ; Georgieva et al.  2008 ; Jao 
et al.  2004 ,  2008 ; Madine et al.  2004 ; McLean 
et al.  2000 ; Mihajlovic and Lazaridis  2008 ; 
Nuscher et al.  2004 ; Tamamizu-Kato et al.  2006 ; 
van Rooijen et al.  2008 ). α-Synuclein is a 140 
amino acid protein that deposits as amyloid in 
Lewy bodies of dopaminergic neurons in 
Parkinson’s disease and is implicated in the 
pathogenesis of this and several other neurode-
generative diseases collectively known as synu-
cleinopathies. Since major structural features of 
α-synuclein were fi rst characterized (Weinreb 
et al.  1996 ), great progress has been achieved 
towards understanding its physicochemical prop-
erties (Uversky  2003a ,  2007 ,  2008a ; Uversky and 
Eliezer  2009 ; Uversky et al.  2002b ). α-Synuclein 
is highly expressed in various regions of the 
brain, predominantly in the  substantia nigra pars 
compacta  where it is found in the pre-synaptic 
regions, bound to synaptic vesicles as well as in 
the cytosol (Maroteaux et al.  1988 ; Jakes et al. 
 1994 ). α-Synuclein is highly conserved across 
species and contains an imperfect consensus 
repeat, xxKTKEGVxxx, that is probably impor-
tant for function (Maroteaux et al.  1988 ). 

 α-Synuclein binding to lipid membranes is 
probably important for its function (Jenco et al. 
 1998 ). Membrane-bound α-synuclein adopts an 
amphipathic α-helical structure that promotes 
interactions between lipid vesicles (Bonini and 
Giasson  2005 ). In addition, membrane-bound 
α-synuclein inhibits phospholipase D 2 , which 
may contribute to vesicle regulation (Jenco et al. 
 1998 ; Mezey et al.  1998 ), as this enzyme hydro-
lyses PC to generate phosphatidic acid, which is 

important in regulating vesicle transport and 
changes in cell morphology (Chen et al.  1996 ; 
Mezey et al.  1998 ). 

 Although most α-synuclein is found in free 
cytosolic fraction, the membrane-bound protein 
was proposed to be important in fi bril formation 
(Lee et al.  2002 ). Depending on their nature, 
membranes may promote or inhibit fi brillation 
and aggregation of human α-synuclein (Zhu and 
Fink  2003 ; Zhu et al.  2003 ). Therefore, 
α-synuclein was proposed to exist in two distinct 
forms in vivo: a helix-rich, membrane-bound 
form and a disordered, cytosolic form, with the 
membrane-bound protein generating nuclei that 
seed the aggregation of the more abundant cyto-
solic form (Lee et al.  2002 ). Different affi nity for 
specifi c phospholipids is probably responsible 
for the location of the protein and may modulate 
its aggregation and fi bril formation. 

 Interactions of α-synuclein with lipid vesicles 
of different size and composition have been ana-
lyzed in detail (Zhu et al.  2003 ; Zhu and Fink 
 2003 ). To this end, characteristic changes in far-
 UV circular dichroism (CD) spectra were used to 
analyze protein conformation on small and large 
unilamellar vesicles (SUVs and LUVs) com-
prised of different zwitterionic (1,2-dipalmitoyl- 
 sn   - glycero-3-phosphocholine, PC) or anionic 
phospholipids (1,2-dipalmitoyl- sn -glycero-3- 
phosphate, PA; 1,2-dipalmitoyl- sn -glycero-3- 
phospho-RAC-(1-glycerol), PG) and mixtures 
thereof. Since PC contains a polar headgroup 
with zero net charge, whereas PA and PG have 
positively charged headgroups, the surface prop-
erties of the resulting vesicles are very different. 
The SUVs used in these studies were relatively 
homogeneous, with the size similar to that of the 
synaptic vesicles (20–25 nm) (Zhu and Fink 
 2003 ). 

 Although the far-UV CD spectrum of 
α-synuclein at pH 7.5 was typical of an unfolded 
protein, addition of PA/PC (molar ratio 1:1) at a 
protein to lipid mass ratio of 5:1 led to a decrease in 
the negative molar ellipticity at 198 nm, indicating 
an increase in ordered secondary structure 
(Fig.  2.1a ). When the protein to lipid mass ratio 
decreased to 1:1, the CD changes indicated α-helix 
formation. When the protein to lipid mass ratio fur-
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ther decreased to 1:5, further CD changes indicated 
an increase in helical content from 32 % to 73 % 
upon increasing lipid concentration (Fig.  2.1a ).  

 Importantly, Fig.  2.1a, b  shows that helix was 
induced on binding to the acidic phospholipid 
vesicles of various sizes (SUV or LUV). 

However, less helical structure was induced by 
LUVs than by the corresponding SUVs 
(Fig.  2.1a, b ). If one uses lipid-induced increase 
in the helical structure as a refl ection of binding 
effi ciency, these data suggest that the protein 
preferentially binds to SUV as compared to 
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  Fig. 2.1    Increased lipid concentration induces helical 
structure in α-synuclein. Far-UV CD spectra of 
α-synuclein in the presence of various types of lipid vesi-
cles: α-synuclein alone ( solid line ); PA/PC vesicles, 
protein:lipid mass ratio 5:1 ( dotted line ), 1:1 ( dashed line ) 
and 1:5 ( dash-and -dot line ). ( a ) Data for PA/PC SUV. ( b ) 
Data for PA/PC LUV. ( c ) Data for PC SUV (Adapted from 
Zhu and Fink  2003 ). ( d ) A model illustrating structural 

changes induced in α-synuclein by high concentration of 
organic solvents (highly α-helical conformation deter-
mined by NMR, PDB ID 1XQ8), SUVs and lipid mem-
branes, metals, pesticides or other factors stabilizing 
partially folded pre-molten globule-like conformation. 
Structures of the “native” intrinsically disordered confor-
mation and pre-molten globule-like partially folded inter-
mediate are hypothetical       
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LUV. For the same amount of lipid, the available 
contact area (determined by the surface to vol-
ume ratio) in SUV is larger than that in LUV, 
which may contribute to higher helical content. 
Alternatively, the increased binding of 
α-synuclein to smaller vesicles could refl ect bet-
ter accommodation of the protein α-helices on 
more curved surfaces (Zhu and Fink  2003 ). 

 To understand whether the tendency to induce 
α-helix is a general property of acidic phospho-
lipids, vesicles of PS/PG, PG/PC, PA/PG or PC 
alone were prepared, and far-UV CD spectra of 
α-synuclein in the presence of these vesicles 
were collected. When SUVs or LUVs were 
formed from the negatively charged PG/PC, PS/
PC or PA/PC mixtures, the binding of α-synuclein 
to these vesicles was accompanied by similar 
increase in the α-helical content. However, PC 
vesicles only slightly decreased the ellipticity at 
198 nm (Fig.  2.1c ) and did not induce any mea-
surable helical structure (Zhu and Fink  2003 ). 
Thus, the nature of the α-synuclein interaction 
with vesicles depends on the phospholipid 
charge, the protein to phospholipid ratio, and the 
vesicle size. The most extensive α-helical struc-
ture was induced by the small negatively charged 
vesicles (Zhu and Fink  2003 ). 

 The lipid-induced α-helical structure, which 
was detected by far-UV CD and Fourier trans-
formed infrared spectroscopy (FTIR), was attrib-
uted to the formation of two curved α-helices, 
Val3-Val37 and Lys45-Thr92 (Fig.  2.1d ) con-
nected by a well-ordered extended linker (Ulmer 
and Bax  2005 ; Ulmer et al.  2005 ). The acidic, 
glutamate-rich C-terminal tail, Asp98-Ala140, 
remained unstructured even in the presence of 
membranes (Fig.  2.1d ) (Jao et al.  2004 ; Ulmer 
and Bax  2005 ; Ulmer et al.  2005 ); this tail could 
attain a protease-insensitive conformation in the 
micelle-bound α-synuclein in the presence of cal-
cium (de Laureto et al.  2006 ). 

 Numerous studies showed that α-synuclein 
binds preferentially to SUVs or LUVs containing 
anionic but not zwitterionic phospholipids. This 
binding preference suggests the electrostatic 
attraction between the negatively charged mem-
brane surface and multiple positively charged 
lysines from the N-terminal region of α-synuclein. 

However, electrostatics is not the sole driving 
force of this interaction, as the protein maintains 
substantial helical structure even in high ionic 
strength solution (up to 500 mM) where such 
interactions are effectively screened (Davidson 
et al.  1998 ). Moreover, α-synuclein can also 
interact with some zwitterionic lipids, with the 
interaction effi ciency dependent on the lipid 
composition (Pfefferkorn et al.  2012 ). For exam-
ple, zwitterionic 1-palmitoyl-2-oleoyl-phospho-
ethanolamine (PE) enhances interaction of 
α-synuclein with membrane (Jo et al.  2000 ). 
Furthermore, α-synuclein shows clear preference 
for PA and phosphatidylinositol (PI) over 
1-palmitoyl- 2-oleoyl-phosphatidylserine (PS) 
and PG (Jo et al.  2000 ; Rhoades et al.  2006 ; van 
Rooijen et al.  2009 ; Middleton and Rhoades 
 2010 ; Shvadchak et al.  2011 ; Pfefferkorn et al. 
 2012 ), suggesting specifi c protein interactions 
with these anionic lipids.  

2.1.4.1.2     Interaction of Other IDPs 
with Membranes 

 NMR analysis of the β- and γ-synucleins revealed 
that these IDPs acquired helical conformations 
upon binding to SDS micelles; all three synucle-
ins showed extensive helical structure in their 
N-terminal lipid-binding domains and the rela-
tively disordered acidic C-terminal tails (Sung 
and Eliezer  2006 ). There were noticeable struc-
tural differences among the micelle-bound 
 conformational ensembles of α-, β-, and 
γ-synucleins, which were directly related to vari-
ations in their amino acid sequences (Sung and 
Eliezer  2006 ). In fact, an entire segment of the 
micelle-bound helical structure of β-synuclein 
was destabilized upon 11-residue deletion in the 
lipid-binding protein domain (Sung and Eliezer 
 2006 ). In micelle- bound γ-synuclein, the acidic 
C-terminal tail which has distinctly different pri-
mary structure was more disordered than those in 
α- and β-synucleins (Sung and Eliezer  2006 ). 

 Helical folding in the presence of membrane 
mimetics is not unique for synucleins. For exam-
ple, SDS micelles induce partial helical forma-
tion in the intracellular region of human Jagged-1 
(J1_tmic) (Popovic et al.  2007 ). This IDP, which 
is one of the fi ve ligands of human Notch 
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 receptors, mediates protein-protein interactions 
through the C-terminal PDZ binding motif, and is 
involved in receptor-mediated endocytosis trig-
gered by mono-ubiquitination. Similarly to 
α-synuclein, the increase in the helical content of 
J1_tmic was induced by lipid vesicles comprised 
of anionic phospholipids (1,2-dimyristoyl- sn  - 
glycero-3-[phospho-rac-(1-glycerol)] sodium 
salt, DMPG, or dimyristoyl phosphatidylserine 
(DMPS)), whereas zwitterionic phospholipids 
(dimyristoyl phosphatidylcholine, DMPC) did 
not promote structure formation (Popovic et al. 
 2007 ). Notably, anionic phospholipids are preva-
lent components of the inner leafl et of the eukary-
otic plasma membrane. 

 Other examples of lipid-induced helical struc-
ture include apolipoproteins and related lipid 
surface-binding proteins such as serum amyloid 
A. These IDPs/IDPRs can acquire amphipathic 
α-helical structure upon interactions with cell 
membranes as well as with anionic (SDS) or 
zwitterionic (DPC) lipid mimetics, and these 
interactions importantly infl uence amyloid for-
mation by these proteins (see Ryan et al., Chap.   7    , 
Gorbenko et al., Chap.   6     and Das and Gursky, 
Chap.   8     in this volume).   

2.1.4.2     Effect of the Membrane Field 
on Ordered Proteins 

 The membrane surface is one of the factors that 
modify protein structure in the living cell. Some 
ordered proteins lose their native tertiary struc-
ture upon interaction with membranes, whereas 
IDPs typically gain structure. Examples of 
ordered proteins denatured by the membrane are 
various toxins undergoing a transition into the 
molten globule-like intermediate before inserting 
into the membrane, or transport proteins that 
must denature upon the transfer of ligands to the 
target cells (Ptitsyn et al.  1995 ). Partial denatur-
ation of some ordered proteins is due to the nega-
tive electrostatic potential of the membrane 
surface (Endo and Schatz  1988 ). This negative 
potential attracts solution protons, resulting in a 
local decrease in pH that does not exceed two 
units in salt-free solutions and is even less pro-
nounced at physiologic salt concentrations. Such 
“acidifi cation” is insuffi cient for the pH-induced 

denaturation of most globular proteins, so it can-
not provide the sole denaturing factor of the 
membrane surface. 

 Another factor is the dielectric constant that is 
nearly tenfold lower at the water-hydrophobic 
interface than in the bulk water (ε = 80). Such a 
local decrease in dielectric is an additional 
structure- modifying factor of the membrane, 
which may cause partial denaturation of ordered 
globular proteins (Ptitsyn et al.  1995 ) or promote 
partial folding of extended IDPs (Uversky 
 2009b ). 

 Water-alcohol mixtures at moderately acidic 
pH are used as model systems to study the joint 
action of local decrease of pH and dielectric per-
meability on the structure of ordered proteins 
(Ptitsyn et al.  1995 ; Bychkova et al.  1996 ; 
Uversky et al.  1997 ). This model system was 
validated by the observation that, at moderately 
low pH, an increase in methanol concentration 
transforms cytochrome  c  (Bychkova et al.  1996 ) 
and α-fetoprotein into a molten globule state 
(Narizhneva and Uversky  1997 ). Moreover, the 
molten globule-like intermediate can be induced 
by the low dielectric in the ordered protein 
β-lactoglobulin (Uversky et al.  1997 ). 

 Generally, alcohols promote secondary struc-
ture, especially α-helix formation, but at the same 
time act as destabilizers of tertiary and quater-
nary interactions in ordered proteins, leading to 
the formation of partially folded molten 
 globule- like conformations (Buck  1998 ). 
Typically, alcohol- induced denaturation of glob-
ular proteins is accompanied by an increase in 
their α-helical content (Ptitsyn et al.  1995 ; 
Bychkova et al.  1996 ; Uversky et al.  1997 ; 
Narizhneva and Uversky  1997 ; Tanford  1968 ; 
Arakawa and Goddette  1985 ; Wilkinson and 
Mayer  1986 ; Jackson and Mantsch  1992 ; Buck 
et al.  1993 ; Dufour et al.  1993 ,  1994 ; Fan et al. 
 1993 ; Thomas and Dill  1993 ; Alexandrescu et al. 
 1994 ; Hamada et al.  1995 ). Precise mechanisms 
of alcohol- protein interactions are not well 
understood. Since alcohols have lower dielectric 
constant and are much weaker hydrogen bond 
acceptors than water, some of the proposed 
mechanisms include: (a) decrease in hydrophobic 
interactions (Thomas and Dill  1993 ); (b) changes 
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in the protein hydration shell (Kentsis and 
Sosnick  1998 ; Walgers et al.  1998 ); (c) strength-
ening of intra-protein hydrogen bonding and 
decreased shielding of electrostatic interactions 
(Hirota et al.  1998 ); (d) the formation of alcohol 
clusters that provide local regions of low polarity 
(Hong et al.  1999 ); (e) locally assisting the sec-
ondary structures formation by breaking down 
the peptide hydration shell and providing a sol-
vent matrix for side chain – side chain interac-
tions (Reiersen and Rees  2000 ); and (f) 
preferential binding of alcohols to protein mole-
cules with simultaneous protein dehydration 
(Gruber and Low  1988 ; Fioroni et al.  2002 ).  

2.1.4.3     Effect of the Membrane Field 
on IDPs: The Example 
of α-Synuclein 

 Although, compared to globular proteins, much 
less is currently known about the behavior of 
IDPs in water/alcohol mixtures, one would 
expect similar effects. Studies of α-synuclein 
showed that α-helical structure is induced in 
aqueous solutions containing fl uorinated alco-
hols, detergent micelles (Weinreb et al.  1996 ; 
Munishkina et al.  2003 ), or small unilamellar 
vesicles (Davidson et al.  1998 ; Bussell et al. 
 2005 ; Eliezer et al.  2001 ; Georgieva et al.  2008 ; 
Rhoades et al.  2006 ; Sung and Eliezer  2006 ). 

 In a quest for an experimental model to study 
the effects of the membrane fi eld on human 
α-synuclein, the structure and aggregation/fi bril-
lation properties of this protein have been sys-
tematically analyzed in the mixtures of water 
with simple alcohols differing in the aliphatic 
chain length (methanol, ethanol, propanol) and 
with fl uoroalcohols (2,2,2-trifl uoroethanol (TFE) 
and 1,1,1,3,3,3-hexafl uoro-2-propanol (HFiP)) 
(Munishkina et al.  2003 ). Figure  2.2  shows far-
 UV CD spectra of α-synuclein in solutions con-
taining different concentrations of these alcohols. 
The addition of any alcohol increased the content 
of ordered secondary structure manifested by a 
decrease in the negative ellipticity at 196 nm and 
an increase at 222 nm. Interestingly, the shape 
and the intensity of far-UV CD spectra measured 
at low alcohol concentrations were close to those 
reported for the partially folded intermediate 

induced by low pH, high temperatures 
(Munishkina et al.  2003 ; Uversky et al.  2001a ), 
certain metal cations (Uversky et al.  2001b ), pes-
ticides and herbicides (Uversky et al.  2001c , 
 2002a ; Manning-Bog et al.  2002 ), or in moderate 
concentrations of a protein-folding osmolyte 
trimethylamine- N-oxide (Uversky et al.  2001d ). 
Importantly, these initial structural changes 
observed by CD were completely reversible and 
were independent of the protein concentration in 
the range explored (0.1–2.5 mg/ml), indicating 
that the helix formation in α-synuclein at low 
alcohol concentrations was an intramolecular 
process and not self-association (Munishkina 
et al.  2003 ). This partially folded intermediate 
was associated with the fi brillation of α-synuclein 
(Uversky et al.  2001a ) described below.  

 Intriguingly, structural transformations in 
α-synuclein at higher alcohol concentrations 
depended on the type of alcohol (Munishkina 
et al.  2003 ). For example, high concentrations of 
simple alcohols induced a β-sheet-enriched con-
formation, as shown for ethanol in Fig.  2.2a . This 
conformation is manifested by the pronounced 
CD minimum near 218 nm, which is typical of 
extensive β-sheet structure. These β-rich species 
involved oligomeric forms of α-synuclein 
(Munishkina et al.  2003 ). 

 Curiously, Fig.  2.2a  shows a well-defi ned 
isosbestic point where the spectra intercept. This 
suggests that the structural changes in 
α-synuclein induced by ethanol (as well as other 
simple alcohols) can be described by two major 
conformations, mostly disordered and β-rich. 
Data analysis using spectral “phase diagram” 
approach (according to which the dependence of 
[θ] λ1  vs. [θ] λ2  is linear for all-or-none transitions 
between two different conformations) revealed 
that spectral changes induced by simple alcohols 
can be described by two straight lines, suggest-
ing at least two independent transitions separat-
ing three different conformations: the 
natively-unfolded state, the partially folded 
intermediate, and the β-structure-enriched species 
(Munishkina et al.  2003 ). 

 A different situation was observed in 
TFE. Figure  2.2b  shows that low alcohol concen-
tration initially induced formation of the partially 
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folded intermediate; at about 15 % TFE, the 
β-structure-enriched species was formed; fi nally, 
above 35 % TFE, the α-helical conformation was 
observed. The resulting protein species was ini-
tially monomeric but self-associated over longer 
incubation times (Munishkina et al.  2003 ). The 
complexity of this process is illustrated by the 
presence of a well-defi ned isosbestic point 
observed at low-to- moderate TFE concentra-
tions, and another less well-defi ned point at high 
TFE concentrations, suggesting multiple confor-
mational transitions. Spectroscopic phase dia-
gram analysis supported multiple structural 
transitions:  I , natively unfolded → partially 
folded intermediate (0–10 % TFE);  II , partially 
folded intermediate → β-structure-enriched spe-

cies (10–15 % TFE);  III , structural transforma-
tions within the β-structure species (15–25 % 
TFE);  IV , β-structure-enriched conformation → 
α-helical state (25–35 % TFE);  V , rearrange-
ments within the α-helical species (35–60 % 
TFE) (Munishkina et al.  2003 ). Alcohol-induced 
stabilization of helical structure was also 
observed in many other proteins and peptides. 

 A third scenario was observed in 
HFiP. Figure  2.2c  shows that the transition 
started from the partially folded intermediate 
but ended with the formation of a helix-rich 
species, as shown by the CD minima at 208 
and 222 nm (Munishkina et al.  2003 ). The 
HFiP-induced changes in α-synuclein were 
complex, and the phase diagram indicated 

  Fig. 2.2    The effect of alcohols on α-synuclein conforma-
tion. Far-UV CD spectra of α-synuclein in the presence of 
increasing concentrations of various alcohols. ( a ) Ethanol: 
The order of EtOH concentrations with increasing nega-
tive ellipticity at 220 nm is 0, 5, 10, 14, 18, 22, 28, 34, 40, 
50 and 60 %. The data for methanol and propanol (not 
shown) were similar to that of ethanol. ( b ) TFE: The order 
of TFE concentrations with increasing negative ellipticity 

at 220 nm is 0, 2, 5, 6, 8, 10, 11, 12, 14, 15, 16, 20, 22, 24, 
25, 28, 30, 32, 35, 40, 50, and 60 %. ( c ) HFiP: The order 
of HFiP concentrations with increasing negative elliptic-
ity at 220 nm is 0, 1, 2, 2.5, 3, 4, 5, 7.5, 10, 15, 20, and 
40 %. Measurements were carried out at 20 °C at a protein 
concentration of 0.5 mg/ml (Adapted with permission 
from Munishkina et al.  2003 )       
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three transitions:  I , natively unfolded → partially 
folded intermediate (0–3 % HFiP);  II , partially 
folded intermediate → α-helical conformation 
(3–10 % HFiP);  III , rearrangements within the 
α-helical species (10–20 % HFiP) (Munishkina 
et al.  2003 ). 

 Taken together, these studies showed that 
alcohols can cause intrinsically disordered 
α-synuclein to fold in a multistep manner. 
Although the mechanism of such folding was dif-
ferent for different solvents, all of them induced a 
common fi rst stage, i.e. formation of a partially 
folded intermediate. The fate of this intermediate 
depended on the nature of the organic solvent. 
Simple alcohols and moderate concentrations of 
TFE induced β-structure-enriched oligomers, 
whereas high concentrations of fl uoroalcohols 
gave rise to the α-helical conformation 
(Munishkina et al.  2003 ). 

 The structural transformations and oligomer-
ization of α-synuclein in simple alcohols were 
proposed to be driven by the increase in the sol-
vent hydrophobicity (Munishkina et al.  2003 ). 
This is suggested by Fig.  2.3a  showing that the 
structure-promoting potential of simple alcohols 
correlates with the length of their aliphatic chains. 
Furthermore, the structure-forming potency of 
different simple alcohols, represented as a func-
tion of [θ] λ  vs. dielectric constant, could be 
described by a “master curve” (Fig.  2.3b ). This 
strongly supports the idea that the folding of 
α-synuclein in mixtures of water with simple 
alcohol is induced by the decrease in the dielec-
tric constant (Munishkina et al.  2003 ). Similarly, 
the structural transformations induced in the 
globular protein β-lactoglobulin by various alco-
hols have been directly attributed to reduced sol-
vent polarity (Dufour et al.  1993 ; Uversky et al. 
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  Fig. 2.3    Comparison of the effects of simple and fl uori-
nated alcohols on far-UV CD of α-synuclein. Effects of 
the simple alcohols, MeOH (○), EtOH (∇), and PrOH 
(□), on the far-UV CD spectrum of α-synuclein: ( a ) 
Dependencies of [θ] 222  ( gray  symbols) and [θ] 198  ( open  
symbols) on alcohol concentration. ( b ) Dependencies of 
[θ] 222  ( gray  symbols) and [θ] 198  ( open  symbols) on the 
dielectric constant of the media in the presence of the 
alcohols. The solvent dielectric constant is the main factor 
determining the effect of simple alcohols on α-synuclein 
conformation. ( c ) The effects of the TFE concentration on 

far-UV CD spectra, [θ] 222  ( gray circles ) and [θ] 198  ( open 
circles ). ( d ) Comparison of the hydrophobic effect of 
simple and fl uorinated alcohols on α-synuclein conforma-
tional transitions. The data are displayed as [θ] 222  versus 
dielectric constant. MeOH,  gray circles ; EtOH,  gray 
inverted triangles ; PrOH,  gray squares ; TFE,  gray dia-
monds ; or HFiP,  gray triangles . Data renormalized for the 
preferential solvation of the fl uorinated alcohols (3 × 
[TFE] or 7 × [HFiP]) are shown by open symbols (see the 
text) (Adapted with permission from Munishkina et al. 
 2003 )       
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 1997 ). This excludes the specifi c protein-alcohol 
interactions, suggesting that water/alcohol mix-
tures may be used to model the effect of mem-
brane fi eld on both ordered and intrinsically 
disordered proteins.  

 Thus, studies of α-synuclein in water/alcohol 
mixtures revealed the effects of the membrane 
fi eld on the protein prior to its specifi c interac-
tions with the membrane. Overall, these studies 
suggested that, in the membrane fi eld, 
α-synuclein fi rst folds to the pre-molten globule-
like conformation and then forms either fi brils or 
amorphous aggregates (Munishkina et al.  2003 ). 
The aggregation fate of α-synuclein probably 
depends upon the distance between the protein 
and the membrane. Protein molecules localized 
in close proximity to the membrane where the 
dielectric constant is lowest will most likely 
form amorphous aggregates, whereas the more 
distant protein molecules are more prone to form 
fi brils. 

 Fluorinated alcohols have more complex 
effects. The structure-forming effect of TFE 
involves at least three transitions separating four 
different conformations (Fig.  2.3c ). The TFE- 
and HFiP-induced transitions are complex and 
cannot be attributed solely to the dependence of 
[θ] 222  on dielectric constant (Fig.  2.3d ). 
Consequently, these solvents interact specifi cally 
with α-synuclein and/or modify its solvation 
shell. This conclusion is in good agreement with 
studies showing that fl uorinated alcohols prefer-
entially bind to proteins and perturb their solva-
tion shell (Diaz and Berger  2001 ; Gast et al. 
 2001 ; Diaz et al.  2002 ; Fioroni et al.  2002 ; 
Roccatano et al.  2002 ), whereas simple alcohols 
do not (Fioroni et al.  2002 ). In fact, the local con-
centration of TFE near a 14-residue peptide 
bombesin was shown to be nearly twice as high 
as the nominal TFE concentration in the bulk 
(Diaz et al.  2002 ). This effect may be substan-
tially greater for larger proteins, and is defi nitely 
more profound for HFiP than for TFE. Thus, con-
centrated solutions of TFE and HFiP can be used 
to model the conformational changes in a protein 
resulting from its direct interactions with the 
membrane surface or even insertion into this sur-
face. In other words, the α-helical conformation 

induced in α-synuclein by high concentrations of 
TFE or HFiP probably corresponds to the mem-
brane surface-bound or membrane-inserted pro-
tein forms (Munishkina et al.  2003 ), even though 
the details of protein interactions with fl uoroal-
cohols and membranes are expected to be 
different. 

 Similar to simple alcohols, fl uorinated alco-
hols decrease water polarity and thus, can modify 
the protein structure via the decreased dielectric 
constant. Therefore, the structural dependence on 
alcohol concentration should be renormalized to 
account for the preferential partitioning of fl uori-
nated alcohols in the vicinity of a protein mole-
cule. Such renormalization is illustrated in 
Fig.  2.3d . Here, it is assumed that the local con-
centrations of TFE and HFiP around the 
α-synuclein molecule were three and sevenfold 
higher than the bulk concentration (Munishkina 
et al.  2003 ). Figure  2.3d  shows perfect corre-
spondence between the results obtained for sim-
ple alcohols and the initial part of the renormalized 
TFE data, which represents the partially folded 
intermediate and β-structure formation. A similar 
agreement was observed for the part of the renor-
malized HFiP data describing the transition of 
α-synuclein into the partially folded conforma-
tion. Figure  2.3d  also shows that the transition 
into the α-helical conformation induced by high 
concentrations of HFiP is unique and probably 
could not be attributed to changes in the dielec-
tric. Thus, fl uorinated alcohols cause dual effect 
on the protein and, depending on their concentra-
tion, can be used to model at least two different 
protein forms, one located in a membrane fi eld 
(low alcohol concentrations) and another directly 
interacting with the membrane or embedded into 
it (high alcohol concentrations). The fi rst form is 
a partially folded intermediate, which shows high 
propensity to fi brillate or to form amorphous 
aggregates, whereas the second form is highly 
α-helical and does not aggregate or form fi brils 
(Munishkina et al.  2003 ). 

 In addition to α-synuclein, many other IDPs 
also undergo large conformational changes in the 
presence of fl uorinated alcohols. Examples 
include: PET domain of the Prickle protein, a key 
member of the planar cell polarity pathway, 
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which is required for fetal tissue morphogenesis 
and for the maintenance of adult tissues in ani-
mals (Sweede et al.  2008 ); myelin basic protein 
(Libich and Harauz  2008 ); protein 1 from the 
model legume Lotus japonicus, LjIDP1 (Haaning 
et al.  2008 ), and many others. Comparative anal-
ysis of the intrinsically disordered J1_tmic in 
various structure-promoting environments 
revealed that TFE is a more potent promoter of 
the helical structure than SDS micelles or phos-
pholipid vesicles (Popovic et al.  2007 ). Since 
TFE does not interact strongly with the hydro-
phobic moieties of the polypeptide chain, it 
drives the secondary structure formation by 
reducing the exposure of the protein backbone to 
the aqueous solvent, thereby favoring intramo-
lecular hydrogen bonding (Popovic et al.  2007 ; 
Roccatano et al.  2002 ). Hence, the structure 
formed in the presence of fl uorinated alcohols 
refl ects the secondary structure propensity of an 
intrinsically disordered polypeptide. Since disor-
dered regions with increased folding propensity 
often form primary sites of protein- protein inter-
actions, treatment of IDPs with fl uoroalcohols 
can be used as a tool for the analysis of local 
intrinsic propensity to adopt helical structure that 
is formed during binding-induced folding. 
Although this approach is well-suited for the 
analysis of IDPs with largely helical propensity, 
its application to other proteins comes with a 
caveat, as fl uorinated alcohols can induce non- 
native helical structure in some proteins 
(described below).    

2.2     Aggregation of Proteins 
in Lipid-Mimetic 
Environments 

2.2.1     IDPs in Lipid-Mimetic Milieu 

2.2.1.1     Aggregation of α-Synuclein 
in Various Alcohols 

 Structurally, human α-synuclein is a typical IDP 
(Uversky et al.  2001a ; Uversky  2003a ,  2007 , 
 2008a ; Wu et al.  2008 ; Uversky and Eliezer  2009 ; 
Wu and Baum  2010 ; Breydo et al.  2012 ; Dikiy 
and Eliezer  2012 ; Binolfi  et al.  2012 ; Fauvet et al. 

 2012a ,  b ; Moriarty et al.  2013 ). In the presence 
of several divalent and trivalent metal ions 
(Uversky et al.  2001b ,  2002a ; Breydo and 
Uversky  2011 ) and/or several common pesticides 
(Uversky  2004 ; Uversky et al.  2001c ,  2002a ; 
Silva et al.  2013 ), α-synuclein can adopt a par-
tially folded conformation, which is critical for 
fi brillation, suggesting that these metals and pes-
ticides can serve as potential promoters of 
Parkinson’s disease. 

 The binding of α-synuclein to some synthetic 
and natural membranes is accompanied by an 
increase in α-helical content described above. 
The peculiarities of α-synuclein aggregation in 
the presence of lipids, fatty acids, and detergents 
have been carefully analyzed in the recent review 
(Dikiy and Eliezer  2012 ). This analysis indicated 
that a critical factor is the ratio of protein to lipid 
or detergent, with higher ratios (low concentra-
tions of lipid or detergent) driving protein aggre-
gation, and lower ratios preventing it (Dikiy and 
Eliezer  2012 ). This observation suggests that one 
mechanism by which lipids or lipid-like mole-
cules may facilitate α-synuclein aggregation is by 
a two-dimensional condensation of a protein on a 
surface of a vesicle or a micelle, and thereby driv-
ing aggregation through mass action (Dikiy and 
Eliezer  2012 ). 

 In vitro α-synuclein readily assembles into 
fi brils whose morphologies and staining charac-
teristics are similar to the fi brils extracted from 
the disease-affected brain. Fibrillation occurs via 
a nucleation-dependent mechanism, with the crit-
ical primary stage involving a partially folded 
intermediate (Uversky et al.  2001a ). α-Synuclein 
aggregation and fi brillation is accelerated by 
interactions with the long-chain fatty acids and 
lipid droplets (Lee et al.  2002 ). 

 The membrane-bound protein represents only 
~15 % of the total cellular α-synuclein (Lee et al. 
 2002 ) suggesting only transient association with 
the neuronal membranes. To analyze the effects of 
the membrane fi eld on α-synuclein aggregation, 
water-alcohol mixtures were used to study joint 
action of the local decrease in pH and dielectric 
constant. Low concentrations of alcohols induced 
a partially folded protein intermediate with a 
strong propensity to fi brillate. However, protein 
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fi brillation was completely abolished at high alco-
hol concentrations, with different structural effects 
produced by different alcohols. 

  Kinetics of the Alcohol-Induced Fibril 
Formation     The histological dye Thiofl avin T 
(ThT) was used to monitor amyloid fi bril forma-
tion. To this end, the time-dependent changes in 
the ThT fl uorescence during incubation of 
α-synuclein at 37 °C were analyzed as a function 
of alcohol concentration. Fibril formation in 
aqueous solution was accelerated in low concen-
trations of all alcohols studied, but was com-
pletely inhibited in high concentrations 
(Munishkina et al.  2003 ). The former effect was 
due to the stabilization of the partially folded 
intermediate at the critical early step of 
α-synuclein fi brillogenesis. The fact that, in the 
presence of 40 % EtOH or 20 % TFE, α-synuclein 
self-associates to form β-structure-enriched 
oligomers but does not fi brillate, suggests that 
these stable oligomers are not on the fi brillation 
pathway. This conclusion also applies to the 
α-helical conformation of α-synuclein induced 
by high concentrations of fl uoroalcohols 
(Munishkina et al.  2003 ; Uversky  2003a ).  

  Morphology of the Alcohol-Induced α-Synuclein 
Aggregates     Electron microscopy (EM) revealed a 
strong correlation between the amount of fi brils 
determined from the EM images and the ThT fl uo-
rescence intensity. EM analysis also showed that 
α-synuclein aggregates formed in the absence and in 
the presence of various alcohols had similar overall 
morphology and formed amyloid-like fi brils 
(Fig.  2.4a–c ). However, not all these fi brils were 
identical. Fibrils formed in the presence of 10 % 
PrOH (Fig.  2.4b ) looked more smooth and elon-
gated compared to those formed in the presence of 
5 % TFE (Fig.  2.4c ); the latter were morphologically 
similar to fi brils grown in the absence of alcohol 
(Fig.  2.4a ). Furthermore, after incubation of 
α-synuclein for several days under conditions stabi-
lizing the β-sheet- and α-helix- enriched confor-
mations, most aggregated material was 
amorphous, with very few short fi brils. This con-
fi rms that alcohols inhibit fi brillation of the β-sheet- 
and α-helix-enriched conformations (Munishkina 
et al.  2003 ; Uversky  2003a ). Finally, in agreement 

with the kinetics analysis, Fig.  2.4d  shows that in the 
presence of 40 % EtOH or 20 % TFE, α-synuclein 
forms oligomers and does not fi brillate.   

 Based on the effects of various alcohols on the 
structure and aggregation properties of α-synuclein, 
it was proposed that, in addition to the α-helical 
membrane-bound form, this protein may also have 
a membrane-related form induced by the mem-
brane fi eld which involves the partially folded 
intermediate with high propensity to fi brillate. 
Depending on the protein’s affi nity to the particu-
lar type of membrane, one of the two membrane-
related forms was proposed to dominate, giving 
rise to two different aggregation scenarios: lack of 
fi brils in case of the helical conformation or aggre-
gation into fi brils in case of the partially folded 
intermediate. This model can account for the 
apparently contradictory reports of acceleration or 
inhibition of α-synuclein fi brillation by lipid mem-
branes (Munishkina et al.  2003 ). 

 Such a complex aggregation behavior of 
α-synuclein is not an exception. Sections below 
describe other proteins whose complex 
 aggregation behavior in organic solvents has 
been reported.  

2.2.1.2     TFE-Induced Aggregation of Aβ 
 Amyloid-β (Aβ) occupies a special position 
among amyloidogenic proteins, because this 
short 36–43 residue polypeptide was one of the 
fi rst proteins identifi ed as a potential cause of a 
neurodegenerative disease. Thirty years ago Aβ 
was purifi ed from the vascular amyloid (Glenner 
and Wong  1984a ,  b ; Glenner et al.  1984 ) and 
from the plaques in cerebral cortex (Masters et al. 
 1985 ) of the patients affl icted with Alzheimer’s 
disease. Aβ is produced through successive endo-
proteolytic cleavage at specifi c sites inside or 
near the transmembrane α-helical domain of the 
amyloid-β precursor protein (reviewed by 
Morgado and Garvey, Chap.   3    , this volume). 
Similar to α-synuclein, Aβ is an intrinsically dis-
ordered polypeptide whose fi brillation in vitro 
involves the conversion of a mostly disordered 
conformer into a stable β-sheet-rich assembly 
(Teplow  1998 ). Based on the detailed structural 
analysis of Aβ fi brillation, it was proposed that 
fi brillogenesis involved transient formation of an 
α-helix-containing intermediate (Walsh et al. 
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 1997 ,  1999 ; Kirkitadze et al.  2001 ). This study, 
together with similar observations for other amy-
loidogenic proteins containing α-helices in seg-
ments that are predicted to form β-strands led to 
a hypothesis that these discordant α-helix/β-
strand sequences can be used to predict protein 
propensity to form amyloid (Kallberg et al. 
 2001 ). In agreement with this hypothesis, a com-
prehensive experimental analysis of a fi brillation 
process of some of these discordant helix- 
containing proteins revealed that they can form 
typical β-sheet-containing fi brils (Kallberg et al. 
 2001 ). These fi ndings suggested that stabilization 

of α-helical conformation in amyloid-prone 
regions can block fi bril formation (Kallberg et al. 
 2001 ). In agreement with this hypothesis, Aβ 1–40 , 
Aβ 1–42  and α-synuclein exhibited predominantly 
α-helical conformations and did not fi brillate in 
the presence of high concentrations of TFE 
(>40 %) (Barrow et al.  1992 ; Sticht et al.  1995 ; 
Coles et al.  1998 ; Shao et al.  1999 ; Munishkina 
et al.  2003 ). These fi ndings indicated that, 
although dynamic helical structure might be tran-
siently formed during the fi brillogenesis of some 
extended IDPs, stable helical structure effi ciently 
inhibited fi brillation. 

  Fig. 2.4    Negatively stained transmission electron micro-
graphs of various α-synuclein aggregates induced by dif-
ferent alcohols. Fibrils prepared from α-synuclein in the 
absence of organic solvents ( a ). Fibrils formed from the 

partially folded intermediate induced by 10 % PrOH ( b ) 
or 5 % TFE ( c ). Soluble oligomers formed in 20 % TFE 
( d ). The scale bars are 100 nm (Adapted with permission 
from Munishkina et al.  2003 )       
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 Careful far-UV CD analysis revealed a steep 
transition between ~5 and 30 % TFE, from the 
mostly disordered (~70 % random coil) to the 
highly helical structure (~80 % α-helix at high TFE 
concentrations) in both Aβ 1–40  and Aβ 1–42  peptides 
(Fezoui and Teplow  2002 ). This transition occurred 
prior to peptide aggregation. However, both pep-
tides rapidly formed β-sheet- containing assemblies 
at intermediate concentrations (15–20 % TFE) 
(Fezoui and Teplow  2002 ). Also, an inverse rela-
tionship was reported between the β-sheet and 
α-helix content, where formation of the β-sheet 
observed in 20 % TFE was paralleled by a compa-
rable loss of the α-helix (Fezoui and Teplow  2002 ). 

 The reason for the rapid β-sheet folding in 
20 % TFE was formation of amyloid fi brils, as 
evident from the morphological analysis of Aβ 
assemblies. Although the rates of the β-sheet and 
fi bril formation by the more hydrophobic Aβ 1–42  
were signifi cantly higher than those by Aβ 1–40 , the 
qualitative effects of TFE on these rates were 
similar, with the maximal fi brillation rates near 
20 % TFE for both peptides (Fezoui and Teplow 
 2002 ). EM analysis showed that the fi bril mor-
phology was dramatically affected by TFE, sug-
gesting that TFE alters the interchain packing 
(Fezoui and Teplow  2002 ). Also, fi bril formation 
occurred at much lower peptide concentrations in 
the presence of TFE (Fezoui and Teplow  2002 ). 
Since at low TFE concentrations noticeable heli-
cal content was induced in Aβ 1–40  and Aβ 1–42 , and 
since both peptides formed fi brils faster than in 
the absence of TFE, the partially helical con-
former was proposed to be important for the fi bril 
formation, as it facilitates correct intermolecular 
packing within the Aβ oligomers at the early 
fi brillation stages (Fezoui and Teplow  2002 ).  

2.2.1.3     Aggregation of Amylin 
in Alcohol-Heparin Mixtures 

 Islet amyloid polypeptide (IAPP, a.k.a. amylin) is 
a 37-residue β-cell polypeptide co-stored and co- 
released with insulin (reviewed by Singh et al., 
Chap.   4    , this volume). Human IAPP adopts a 
β-structure-enriched conformation that easily 
oligomerizes and forms insoluble fi brils. Amyloid 
deposition by IAPP is linked to pathological 
events responsible for cell death and organ dys-
functions in type 2 diabetes (Clark and Nilsson 

 2004 ). Deposition of IAPP amyloid in human 
pancreatic islet is a common pathological feature 
of type 2 diabetes (Clark and Nilsson  2004 ; 
Marzban et al.  2003 ). Natural proline substitu-
tions in the region 24–29 of rodent IAPP (e.g., 
A25P, S28P, and S29P in rat and mouse IAPPs, or 
G24P and L27P in hamster IAPP) prevent fi bril-
lation (Clark and Nilsson  2004 ). 

 In type 2 diabetes and other amyloidosis, the 
fi brillar deposits in apoptotic tissues often con-
tain heparan sulfate proteoglycans, lipids, apoli-
poproteins and other macromolecules (Rochet 
and Lansbury  2000 ; Ancsin  2003 ; Marzban et al. 
 2003 ; Clark and Nilsson  2004 ). To model the 
effects of natural polyanions and non-polar 
cofactors on the aggregation of IAPP, the peptide 
was incubated in the presence of heparin and 
various alcohols (Konno et al.  2007 ). Based on 
the changes in ThT fl uorescence and the morpho-
logical analysis by EM, the authors concluded 
that heparin and alcohols act synergistically to 
promote IAPP fi brillation. In the presence of 
both cofactors, IAPP readily formed amyloid- 
like fi brils. Without TFE, heparin alone even at 
100 μg/ml was unable to promote fi brillation, yet 
in the presence of TFE as little as 0.5 μg/ml hepa-
rin was suffi cient for fi bril formation. Similarly, 
in the absence of heparin, up to 15 % TFE was an 
ineffective promoter of fi brillation, whereas 5 % 
or less of TFE with a trace amount of heparin 
induced fi brillation (Konno et al.  2007 ). Other 
alcohols could also promote IAPP fi brillation in 
the presence of 5 μg/ml heparin. Curiously, the 
order of the fi brillation promotion effi ciency was 
HFiP > TFE > iPrOH > EtOH (Konno et al. 
 2007 ). Since a similar order was reported for 
many other proteins and peptides (e.g. 
α-synuclein), similar molecular mechanisms are 
potentially at play in modulating aggregation of 
various proteins and peptides by alcohols.   

2.2.2     Ordered Proteins in Lipid- 
Mimetic Environments 

2.2.2.1     Aggregation of Insulin 
in Ethanol and TFE 

 Similar to many other ordered proteins involved 
in amyloidosis, insulin fi brillates (Jimenez et al. 
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 2002 ) under moderately denaturing conditions, 
such as heating at low pH (Nielsen et al.  2001 ), 
agitation in the presence of hydrophobic sur-
faces (Sluzky et al.  1991 ), and low concentra-
tions of guanidine hydrochloride (Ahmad et al. 
 2003 ) or urea (Ahmad et al.  2004 ). Insulin is a 
small 51-residue pancreatic hormone with α/β 
structure comprised of two polypeptide chains 
linked by two interchain and one intrachain 
disulfi de bonds. Although insulin is stored in 
the pancreas as a Zn 2+ -containing hexamer, it 
circulates in plasma in monomeric or dimeric 
forms and binds the receptor as a monomer. In 
typical in vitro conditions, insulin forms a com-
plex mixture of hexamers, dimers, and mono-
mers (Grudzielanek et al.  2005 ). In contrast, at 
low pH and low temperatures, monomers and 
dimers represent the majority of pre-aggre-
gated, native-like insulin (Nielsen et al.  2001 ). 
A possible explanation is that insulin hexamer 
is stabilized by Zn ions whose coordinating his-
tidines get protonated at low pH and lose their 
affi nity for Zn. Curiously, mostly monomeric 
insulin was found in the presence of 20 % of 
EtOH or TFE, showing that these alcohols can 
dissociate higher-order oligomers while pre-
serving some secondary and tertiary structure 
(Grudzielanek et al.  2005 ). However, the struc-
ture was markedly distorted, since far- UV CD 
spectra showed that the addition of as low as 
5 % of EtOH or TFE induced substantial β-sheet 
unfolding. At higher alcohol concentrations, 
the protein became increasingly disordered and 
completely lost its β-structure while retaining a 
substantial amount of α-helix (Grudzielanek 
et al.  2005 ). 

 Similar to the alcohol-induced fi brillation of 
α-synuclein and Aβ, insulin fi bril formation is 
favored at low and disfavored at high concen-
trations of EtOH and TFE (Grudzielanek et al. 
 2005 ). Atomic force microscopy revealed that 
the morphology of the aggregated insulin was 
affected by the nature and the concentration of 
alcohols, with low concentrations typically 
favoring straight (TFE) or bent and circular 
fi brils (EtOH), and high concentrations promot-
ing amorphous aggregation (Grudzielanek et al. 
 2005 ).  

2.2.2.2     Aggregation of β 2 - Microglobulin 
and Its Fragment in Fluorinated 
Alcohols 

 Aggregation of the light chain of the class-I major 
histocompatibility complex, β 2 -microglobulin, 
which is a major complication of dialysis, involves 
accumulation of β 2 -microglobulin- enriched amy-
loid in the skeletal joints. In its native state, this 
12 kDa protein adopts an immunoglobulin fold, 
with a β-sandwich formed by seven antiparallel 
β-strands, two of which are connected by a disul-
fi de bond. An array of biophysical techniques 
such as electrospray ionization- mass spectrome-
try (ESI-MS), ion mobility-mass spectrometry 
(IM-MS),  fl uorescence and CD spectroscopy 
were used to characterize the conformational 
properties of β 2 -microglobulin (Santambrogio 
et al.  2011 ). Under conditions promoting fi brilla-
tion (neutral pH and 20 % TFE), β 2 -microglobulin 
was shown to populate α-helical conformational 
ensembles with a minor fraction of a partially 
folded state. The helical structure disappeared 
upon heating, leading to a more disordered con-
formation (Santambrogio et al.  2011 ). Aggregation 
of K3 peptide, which is a 22-residue fragment of 
intact β 2 -microglobulin, was analyzed in high 
concentrations of TFE and HFiP in 10 mM HCl 
(pH∼2) (Yamaguchi et al.  2006 ). The K3 peptide 
formed partly α-helical conformation that was 
converted over time into a highly ordered β-sheet-
enriched aggregates with fi brillar morphology, as 
seen by atomic force microscopy (Yamaguchi 
et al.  2006 ). Similar to many other proteins and 
peptides, the TFE and HFiP-induced fi brillation 
of K3 was concentration dependent, with a maxi-
mum near 20 % TFE and 10 % HFiP (Yamaguchi 
et al.  2006 ). This is well below the concentrations 
at which TFE and HFiP form dynamic clusters. In 
fact, earlier small-angle X-ray scattering analysis 
of HFiP-water and TFE-water mixtures revealed 
micelle-like highly dynamic clusters of alcohols, 
reaching maximum at about 30 % TFE and 40 % 
HFiP (v/v) (Kuprin et al.  1995 ; Hong et al.  1999 ). 
Hence, K3 fi brillation in these studies was not 
affected by the alcohol clustering in solution. 

 The fi brils formed in different fl uorinated 
alcohols had distinct morphology and second-
ary structure. Thin and long untwisted fi brils 
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1.4–1.7 nm in height and with a CD minimum 
at 210 nm (f210 fi brils) were formed in 20 % 
(v/v) TFE; short thick fi brils with a CD mini-
mum at 218 nm (f218 fi brils) were formed in 
10 % HFiP (Yamaguchi et al.  2006 ). Tertiary 
structure analysis by near-UV CD showed that 
the α-helical species stabilized by high con-
centrations of TFE or HFiP did not have a 
unique tertiary structure. However, the f210 
fi brils formed in 20 % TFE and the f218 fi brils 
formed in 10 % HFiP had distinct near-UV CD 
spectra indicating different aromatic packing 
in these two types of fi bers (Yamaguchi et al. 
 2006 ).  

2.2.2.3     Accelerated Aggregation 
of Serum Albumin 
in the Presence of Ethanol 
and Copper (II) 

 In line with the aforementioned synergistic action 
of alcohols and polyanions in fi ber formation is a 
study of the copper-promoted aggregation of 
human serum albumin (HSA) in ethanol (Pandey 
et al.  2010 ). HSA is a complex α-helical protein 
(>60 % helix) with 17 disulfi de bridges, which 
contains three domains, each comprised of two 
subdomains. Fibrillation of this protein requires 
destabilization of its native helical structure upon 
lowering the pH, increasing the temperature, as 
well as adding salts, denaturants, metal ions, and 
40–60 % ethanol (Taboada et al.  2006 ). HAS 
fi brillation was greatly accelerated when HSA 
was incubated with 60 % ethanol and Cu(II) 
(Pandey et al.  2010 ). Since Cu(II) plays an impor-
tant role in HSA transport and metabolism in vivo 
(Appleton and Sarkar  1971 ), and since the 
N-terminal metal binding site of HSA was 
reported to have picomolar affi nity to Cu(II) 
(Rozga et al.  2007 ), the presence of Cu(II) was 
expected to stabilize the protein. Therefore, the 
enhanced aggregation of HSA under denaturing 
conditions in the presence of Cu(II) was rather 
unexpected. A potential explanation of this phe-
nomenon lies in the modulation of the electro-
static interactions by Cu(II), which shifts the 
balance of forces between protein molecules, 
leading to changes in protein aggregation (Juarez 
et al.  2009 ).  

2.2.2.4        Aggregation of Acidic 
Fibroblast Growth Factor in TFE 

 Many sequence-unrelated globular proteins and 
IDPs can aggregate into fi brils with characteristic 
structural and histological features of amyloid 
(Dobson  1999 ; Uversky  2003b ; Uversky and Fink 
 2004 ; Chiti et al.  1999 ). To better understand the 
structural properties of the “amyloid- prone” par-
tially folded intermediates, the newt acidic fi bro-
blast growth factor (nFGF-1) was investigated. 
nFGF-1 can form amyloid-like fi brils that were 
studied by an array of biophysical techniques, such 
as Congo red and ThT binding, transmission EM, 
x-ray fi ber diffraction, intrinsic fl uorescence, far-
UV CD,  anilino-8- napthalene sulfonate (ANS) 
binding, multidimensional NMR, and FTIR 
(Srisailam et al.  2003 ). These studies revealed that 
the onset of the nFGF-1 fi brillation was preceded by 
the formation of a partially structured intermediate. 

 In its native state, this 15-kDa all-β-sheet pro-
tein with no disulfi de bonds has an atypical far- UV 
CD spectrum with a positive band at 228 nm and an 
intense minimum at around 205 nm. Similarly 
shaped far-UV CD spectra were described for other 
β-sheet proteins containing aromatic clusters, e.g., 
carbonic anhydrase (Rodionova et al.  1989 ). 
Consistent with this idea, the intrinsic fl uorescence 
of the lone tryptophan on nFGF-1, Trp 121, was 
quenched in the native state by the nearby imidaz-
ole and pyrrole groups (Arunkumar et al.  2002 ). In 
20 % TFE, the positive CD band at 228 nm disap-
peared and a negative CD band appeared near 
218 nm. This suggested TFE-induced disruption of 
the native 3D structure and formation of an inter-
mediate with extended β-sheet structure, which at 
high TFE concentrations was transformed into a 
helical conformation that was obviously a non-
native misfolded form (Srisailam et al.  2003 ). In 
70 % TFE, the non-native helix estimated by far-
UV CD was about 20 %, with over 60 % random 
coil (Srisailam et al.  2003 ). Substantial unfolding 
of nFGF-1 by TFE was supported by the analysis 
of the intrinsic tryptophan fl uorescence showing 
maximal unfolding in 15 % TFE (Srisailam et al. 
 2003 ). Also, ANS, a hydrophobic fl uorescent dye 
whose emission increases upon binding to solvent- 
exposed hydrophobic surfaces in partially folded 
states (Semisotnov et al.  1991 ), showed maximal 
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emission at 15 % TFE (Srisailam et al.  2003 ). The 
loss of the native β-barrel architecture in 15 % TFE 
was further supported by the FTIR analysis of 
nFGF-1 showing that the amide I doublet bands at 
1,618 and 1,639 cm −1  characterizing the β-barrel 
structure disappeared in the presence of alcohol 
(Srisailam et al.  2003 ). 

 Denaturation of nFGF-1 in TFE was accompa-
nied by protein aggregation and β-sheet forma-
tion. The partially structured intermediate showed 
a high tendency to aggregate and form intermo-
lecular β-sheet. The resultant aggregates could 
bind diagnostic dyes Congo red and ThT and pos-
sessed all other characteristics of amyloid fi brils. 
EM analysis revealed straight unbranched fi brils 
with diameters of 10–15 nm (Srisailam et al. 
 2003 ). The presence of specifi c cross-β structure 
in the nFGF-1 aggregates was confi rmed by X-ray 
fi ber diffraction showing a dominant meridianal 
refl ection at 4.7 Å and an equatorial refl ection at 
10.3 Å, which are hallmarks of amyloid. 

 The authors proposed a sequential mechanism 
of the TFE-induced amyloid fi bril formation by 
nFGF-1. Here, the fi rst conformational transition 
induced in >10 % TFE was attributed to the dis-
ruption of the hydrophobic contacts in the native 
β-barrel structure, leading to the formation of a 
sticky partially structured intermediate. At the 
next stage, the amyloid-like fi brils were formed 
upon rearrangement and annealing of the 
extended β-sheets through intermolecular hydro-
gen bonding. Formation of β-sheets was demon-
strated by the FTIR analysis of the TFE-induced 
amyloid-like fi brils (Srisailam et al.  2003 ). 
Similar to other amyloidogenic proteins, aggre-
gation of nFGF-1 was inhibited by high concen-
trations of TFE (>50 %), possibly due to 
weakened hydrophobic interactions between the 
β-sheets (Srisailam et al.  2003 ).  

2.2.2.5     Cytotoxic Aggregates of SH3 
Domain from Bovine 
Phosphatidylinositol 
3-Kinase and the N-Terminal 
Domain of the E. coli HypF 
Protein in TFE 

 The SH3 domain from bovine phosphatidyl-
inositol- 3′-kinase (PI3-SH3) is a ~60-residue 
globular β-barrel protein that can form fi brils 

in vitro (Guijarro et al.  1998 ; Bucciantini et al. 
 2002 ). These fi brils have all characteristics of 
amyloid as evidenced by electron microscopy, 
Congo red and ThT binding, and X-ray diffrac-
tion (Bucciantini et al.  2002 ). Incubation of 
PI3-SH3 in aqueous solution containing 25 % 
TFE (pH 5.5) or HCl (pH 2.0) resulted in the for-
mation of granular or fi brillar aggregates, respec-
tively. Both types of aggregates showed enhanced 
ThT fl uorescence suggesting amyloid-like fea-
tures (Bucciantini et al.  2002 ). Cytotoxicity stud-
ies revealed that the highly structured PI3-SH3 
fi brils were not cytotoxic even at the highest con-
centration tested, whereas the granular aggre-
gates signifi cantly reduced cell viability 
(Bucciantini et al.  2002 ). Similarly, fi brils of 
many other proteins are much less toxic to cells 
as compared to low-order protein aggregates (see 
Gorbenko et al., Chap.   6     and Singh et al., Chap.   4     
in this volume). 

 The N-terminal “acylphosphatase-like” 
domain of the  E. coli  HypF protein (HypF-N) can 
also form various types of aggregates in 30 % 
TFE (pH 5.5, 22 °C). This TFE-induced aggrega-
tion is a sequential process, where the initial 
aggregates formed within minutes were non- 
fi brillar and non-granular species characterized 
by high β-structure content and noticeable ThT 
fl uorescence. After 48 h of incubation in 30 % 
TFE, fi bril-like species were formed. These short 
(25–60 nm) aggregates were 4–8 nm in width, 
similar to the protofi brils observed in other pro-
teins at relatively early stages of fi brillation 
(Bucciantini et al.  2002 ). After 20 days of incuba-
tion, only long unbranched fi brils with widths of 
3–5 nm or 7–9 nm were seen (Bucciantini et al. 
 2002 ). Different aggregated forms of HypF-N 
showed different cytotoxicity: the aggregates 
formed after 48 h of incubation in 30 % TFE 
were most toxic while mature fi brils were largely 
non-toxic (Bucciantini et al.  2002 ). 

 These results suggest that protein aggregates 
that are not associated with disease can be inher-
ently cytotoxic and cause impairment of cellular 
function or even cell death. These cytotoxic 
effects were proposed to result from combinato-
rial display of amino acids on the surface of dis-
ordered aggregates, enabling these aggregates to 
interact inappropriately with a wide range of 
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 cellular components (Bucciantini et al.  2002 ). 
Therefore, not only the ability to form amyloid 
fi brils, but also cytotoxicity of aggregated pro-
teins could be a general phenomenon. This sug-
gests that the pathogenicity of the 
protein-deposition diseases could be primarily 
related to the structural properties of the aggre-
gates, rather than to the specifi c protein sequences 
(Bucciantini et al.  2002 ).  

2.2.2.6      α -Chymotrypsin Aggregation 
in TFE 

 α-Chymotrypsin, a serine protease with an all-β 
fold, readily forms amyloid in intermediate TFE 
concentrations (Pallares et al.  2004 ). This com-
plex protein is comprised of three chains con-
nected by fi ve inter- and intra-chain disulfi de 
bonds; the native structure contains two antipar-
allel β-barrel domains consisting of a Greek key 
motif followed by an antiparallel hairpin motif 
(Wright  1973 ). α-Chymotrypsin aggregated at 
intermediate TFE concentrations, with the maxi-
mum circa 35 % TFE (Pallares et al.  2004 ), and 
forms amyloid-like fi brils, as suggested by 
Congo red and ThT binding and by transmission 
EM. Intrinsic fl uorescence, ANS binding, CD 
and FTIR spectroscopy suggested that the onset 
of aggregation was preceded by the formation of 
a partially structured intermediate (Pallares et al. 
 2004 ). This intermediate was characterized by 
the non-native extended β-sheet conformation 
with exposed hydrophobic surfaces (Pallares 
et al.  2004 ). Molecular dynamics simulations of 
the early events in the TFE-induced conforma-
tional changes prior to fi brillation revealed that 
TFE molecules rapidly replaced water molecules 
in the solvation shell of α-chymotrypsin (Rezaei- 
Ghaleh et al.  2008 ). As a result, the radius of 
gyration, total and hydrophobic solvent- 
accessible surface areas of α-chymotrypsin, and 
the extended β-conformation were signifi cantly 
increased in the presence of TFE (Rezaei-Ghaleh 
et al.  2008 ). Other characteristics of the TFE- 
induced alterations in α-chymotrypsin structure 
were its molten-globule-like properties, distorted 
catalytic active site, distorted S1 binding pocket, 
and altered backbone fl exibility (Rezaei-Ghaleh 
et al.  2008 ). Analysis of the TFE-induced aggre-

gation of α-chymotrypsin clearly showed that 
alcohols can promote fi brillation of both mono-
meric and oligomeric proteins.  

2.2.2.7     TFE-Induced Fibrillation 
of an α-Helical Protein, 
the FF Domain of the URN1 
Splicing Factor 

 FF domains are small protein-protein interaction 
modules containing 50–70 residues with two 
conserved Phe at the  N - and  C -termini. Native FF 
structure contains three α-helices arranged as an 
orthogonal bundle, with a 3 10  helix connecting 
the second and the third helix (Bedford and Leder 
 1999 ; Gasch et al.  2006 ; Bonet et al.  2008 ). FF 
domains, which are often organized in tandem 
arrays, are found in various eukaryotic nuclear 
transcription and splicing factors and are commonly 
involved in RNA splicing, signal transduction 
and transcription pathways (Bedford and Leder 
 1999 ; Marinelli et al.  2013 ). A comprehensive 
structural analysis revealed that fi brillation of the 
FF domain of the URN1 splicing factor 
(URN1-FF) at acidic pH is modulated strongly 
by TFE (Marinelli et al.  2013 ). 

 At low pH, yeast URN1-FF domain forms a 
partially folded, molten globule-like intermediate 
that retains most of the native α-helical structure. 
Although this intermediate is devoid of any 
detectable β-structure, it can self-assemble into 
highly ordered amyloid fi brils (Castillo et al. 
 2013 ). Curiously, N-terminal helix 1 of the yeast 
URN1-FF domain had highest α-helical as well 
as amyloid-forming propensities, thereby con-
trolling the transition between soluble and aggre-
gated protein states (Castillo et al.  2013 ). To 
explain the increased aggregation propensity of 
the pH-induced α-helical intermediate, two alter-
native mechanisms were proposed: (i) tertiary 
structure opening and exposure of buried apolar 
residues promotes hydrophobic intermolecular 
contacts; or (ii) fl uctuations of the helical sec-
ondary structure cause transient formation of dis-
ordered regions that form intermolecular 
backbone hydrogen bonds, leading to formation 
of β-sheet-rich oligomers (Castillo et al.  2013 ). 

 Far-UV CD analysis of this intermediate 
revealed that, at pH 2.5 in 15 % or 25 % TFE, 
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URN1-FF had enhanced helical structure 
(Castillo et al.  2013 ). The addition of TFE at 
pH 2.5 induced a more open conformation, as 
suggested by the red shift in the intrinsic Trp fl u-
orescence. This TFE-induced conformation also 
had reduced affi nity to bis-ANS, suggesting the 
decreased solvent-accessible hydrophobic sur-
face (Castillo et al.  2013 ). Protein incubation for 
7 days at acid pH in the absence or the presence 
of 15 and 25 % TFE ( v / v ) revealed that alcohol 
reinforced intrinsic α-helical structure and 
reduced aggregation (Castillo et al.  2013 ). This 
behavior seems atypical, since it contrasts with 
maximal aggregation observed at intermediate 
TFE concentrations for other proteins described 
in this chapter. However, in contrast to many 
other proteins, URN1-FF domain has highly sta-
ble helical structure at pH 2.5 in 15 % or 25 % 
TFE, and stable helical structure disfavors pro-
tein aggregation. Since fl uorinated alcohols sta-
bilize helical structure, and since proteins vary in 
their helical propensity, this propensity is 
expected to defi ne the alcohol concentration at 
which the helical conformation is formed. Hence, 
proteins with relatively high helical propensity 
are expected to form highly helical species with 
low aggregation propensity at relatively low alco-
hol concentrations.  

2.2.2.8     Amyloid Formation by Hen Egg 
Lysozyme in Concentrated 
Ethanol Solution 

 Hen egg white lysozyme forms amyloid fi brils in 
80 % EtOH at 22 °C with constant agitation, as 
evident from biophysical studies using light 
scattering, ThT fl uorescence, CD spectroscopy, 
seeding experiments, and AFM (Holley et al. 
 2008 ). Hen egg white lysozyme is a very stable 
α-helical protein; CD analysis showed that addi-
tion of 80 % EtOH did not alter its secondary 
structure and hence, EtOH alone is insuffi cient 
to induce signifi cant partial unfolding of this 
protein (Holley et al.  2008 ). However, moderate 
agitation over the course of a few weeks resulted 
in destabilization, partial unfolding and fi brilla-
tion of lysozyme, and its α-helical structure was 

lost and substituted by β-sheet (Holley et al. 
 2008 ). 

 Curiously, when higher concentrations of 
EtOH (90 %) were used in the presence of 10 mM 
NaCl, amyloid fi brils were formed after 1 week 
even in the absence of agitation (Goda et al. 
 2000 ). This accelerated fi brillation was attributed 
to the fact that the initial state of lysozyme in 
90 % ethanol with 10 mM NaCl was a non-native 
conformation with increased β-sheet structure 
(Goda et al.  2000 ; Holley et al.  2008 ). These 
results suggest that partial unfolding is an obliga-
tory early step in amyloid fi bril formation by 
lysozyme in high ethanol concentrations (Holley 
et al.  2008 ).  

2.2.2.9     Step-Wise Fibrillation 
of Acylphosphatase 
in the Presence of TFE 

 Human muscle acylphosphatase is an 98-residue 
α/β protein. Incubation for just a few seconds in 
the presence of 25 % (vol/vol) TFE, pH 5.5, 
25 °C, converted the protein in a denatured state 
with extensive α-helical content indicated by far-
 UV CD (Chiti et al.  1999 ). Incubation in TFE- 
containing solutions for 2–3 h transformed this 
α-helical conformation into a β-sheet rich struc-
ture accompanied by formation granular aggre-
gates, with no evidence for extended fi brils. 
Incubation for 14 days produced noticeable 
amounts of the fi brillar material, and after 
1–2 months incubation, large bundles of protofi -
brils were found to form rope-like structures of 
various diameters (Chiti et al.  1999 ). At this 
stage, more than 50 % of the protein was present 
in fi brillar form (Chiti et al.  1999 ). 
Acylphosphatase does not have unusually high 
propensity to form β-sheet structure, and a par-
tially folded state that rapidly formed in the pres-
ence of 25 % (vol/vol) TFE, pH 5.5, 25 °C 
contained substantial amount of α-helix but little, 
if any, β-sheet. The authors concluded that a pre-
requisite for fi bril formation was not the confor-
mation of the partially folded state per se, but the 
partially denaturing conditions that destabilize 
the native structure (Chiti et al.  1999 ).   
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2.2.3     Aggregation of Intrinsic 
Membrane Proteins 
in Alcohols 

 Analysis of two detergent-solubilized intrinsic 
membrane proteins from  E. coli , the 176-resi-
due four-transmembrane helix disulfi de-
exchanging protein DsbB and the 388-residue 
sodium−hydrogen antiporter NhaA, in the 
increasing alcohol concentrations revealed simi-
lar conformational trends as those observed in 
globular proteins (Otzen et al.  2007 ). 
Multiparametric conformational analysis of 
these membrane proteins revealed that methanol 
(MeOH), ethanol (EtOH), n-propyl (PrOH), iso-
propyl (iPrOH), and hexafl uoroisopropyl (HFiP) 
produced comparable effects: α-helical struc-
ture was not affected by low alcohol concentra-
tions; conformationally destabilized species 
with high aggregation propensities were formed 
at intermediate alcohol concentrations; and mis-
folded helically enriched species, which are 
soluble irreversibly denatured forms with higher 
than native α-helical content, were found in 
high alcohol concentrations (Otzen et al.  2007 ). 
When the structural changes induced by differ-
ent alcohols were plotted against the relative 
dielectric constant, a convergence but not com-
plete coalescence of the data was observed, sug-
gesting that reduced solvent polarity could not 
entirely explain the effects of alcohols. FTIR 
analysis revealed that in solutions of moderate 
alcohol concentrations, the β-sheet structure 
dominated at the expense of an α-helix (Otzen 
et al.  2007 ). The alcohol-aggregated forms of 
DsbB and NhaA had high affi nity to ThT but did 
not bind Congo red. AFM analysis of protein 
deposits showed layer-like and spherical aggre-
gates, which were interpreted as early fi brilla-
tion species trapped by strong hydrophobic 
contacts (Otzen et al.  2007 ). These observations 
suggested that, similar to soluble proteins, alco-
hols can induce conformational changes in 

membrane proteins, leading to protein destabili-
zation and precipitation (Otzen et al.  2007 ). 

 It remains unclear whether intrinsic mem-
brane proteins can form mature amyloid fi brils in 
aqueous or mixed solutions. However, these pro-
teins have high hydrophobicity that often corre-
lates with amyloid-forming propensity. Hence, 
release of membrane proteins or their fragments 
from the membrane is expected to lead to aggre-
gation and potential amyloid formation. Aβ pep-
tide that originates, in part, from the 
membrane-spanning helix of the amyloid precur-
sor protein, exemplifi es this effect. It is tempting 
to hypothesize that since the sequence propensity 
of intrinsic membrane proteins to form amyloid 
fi brils (or, more generally, to aggregate in aque-
ous solutions) is very high, the only thing that 
stops them from doing so is their strong interac-
tions within the membrane.   

2.3     Summary 

 There is no universal rule describing the effects of 
alcohols on protein aggregation. Simple and fl uori-
nated alcohols generally induce structural changes 
in both globular and disordered proteins and, at 
moderate concentrations, promote protein aggrega-
tion. These effects were observed in a wide range of 
proteins differing in size and native structure. 
Table  2.1  summarizes basic information on all pro-
teins described in this chapter. Moreover, similar 
effects were observed in several transmembrane 
proteins. However, there are exceptions from this 
rule. For example, the effect of TFE on the aggrega-
tion of URN1-FF domain is different from the gen-
eral trend, since the fi brillation effi ciency of this 
protein is signifi cantly reduced in the presence of 
moderate TFE concentrations (Castillo et al.  2013 ). 
More work is clearly needed to better understand 
molecular mechanisms underlying protein aggrega-
tion in the presence of alcohols and its relevance to 
protein aggregation at the membrane surface.
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      Lipids in Amyloid-β Processing, 
Aggregation, and Toxicity 

           Isabel     Morgado      and     Megan     Garvey   

    Abstract  

  Aggregation of amyloid-beta (Aβ) peptide is the major event underlying 
neuronal damage in Alzheimer’s disease (AD). Specifi c lipids and their 
homeostasis play important roles in this and other neurodegenerative dis-
orders. The complex interplay between the lipids and the generation, 
clearance or deposition of Aβ has been intensively investigated and is 
reviewed in this chapter. Membrane lipids can have an important infl uence 
on the biogenesis of Aβ from its precursor protein. In particular, increased 
cholesterol in the plasma membrane augments Aβ generation and shows a 
strong positive correlation with AD progression. Furthermore, apolipopro-
tein E, which transports cholesterol in the cerebrospinal fl uid and is known 
to interact with Aβ or compete with it for the lipoprotein receptor binding, 
signifi cantly infl uences Aβ clearance in an isoform-specifi c manner and is 
the major genetic risk factor for AD. Aβ is an amphiphilic peptide that 
interacts with various lipids, proteins and their assemblies, which can lead 
to variation in Aβ aggregation in vitro and in vivo. Upon interaction with 
the lipid raft components, such as cholesterol, gangliosides and phospho-
lipids, Aβ can aggregate on the cell membrane and thereby disrupt it, per-
haps by forming channel-like pores. This leads to perturbed cellular 
calcium homeostasis, suggesting that Aβ-lipid interactions at the cell 
membrane probably trigger the neurotoxic cascade in AD. Here, we over-
view the roles of specifi c lipids, lipid assemblies and apolipoprotein E in 
Aβ processing, clearance and aggregation, and discuss the contribution of 
these factors to the neurotoxicity in AD.  
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3.1           Introduction 

3.1.1     Role of Lipids in Alzheimer’s 
Disease 

 Alzheimer’s disease (AD) is the most common 
neurodegenerative disorder and the leading 
cause of dementia in the Western world. AD 
currently affects 36 million people worldwide, 
and the numbers are continuously increasing 
(Alzheimer’s Disease International,   http://www.
alzheimers.net/resources/alzheimers-statis-
tics/    ). Clinically, AD is characterized by a pro-
gressive, irreversible loss of memory and 
cognitive functions, eventually leading to death. 
In late-onset AD, which is the most common 
form affecting over 90 % of patients, the symp-
toms fi rst appear after the age of 65. Late-onset 
AD is sporadic with a large hereditary compo-
nent. In the early-onset AD, which is a rare 
genetic form of AD, the symptoms can appear 
decades earlier. The major neuropathological 
hallmark of AD is the accumulation of extracel-
lular amyloid plaques in the brain, followed by 

formation of intracellular tangles, loss of synap-
tic function and neuronal death. According to 
the widely accepted “amyloid cascade hypothe-
sis”, plaque deposition is the crucial causative 
event in AD pathology (Hardy and Higgins 
 1992 ; Hardy and Selkoe  2002 ). Currently, there 
is no cure for AD and the treatment options are 
limited, which makes AD a major public health 
challenge as well as the focus of the extensive 
search for pharmacologic interventions (Golde 
et al.  2010 ; Karran et al.  2011 ). 

 A possible relation between AD and aberrant 
lipid homeostasis was fi rst suggested over 
100 years ago by Alois Alzheimer, who found 
adipose inclusions and altered lipid composition 
in the brain tissues of AD patients (Alzheimer 
 1911 ; Foley  2010 ). The connection was fi rmly 
established decades later when the ε4 allele of 
apolipoprotein E (apoE) gene was identifi ed as 
the strongest genetic risk factor in AD (Corder 
et al.  1993 ). ApoE, which is the major lipid 
transporter in the central nervous system, can 
 signifi cantly infl uence Aβ clearance and aggrega-
tion in AD (Kim et al.  2009 ). Cholesterol, gan-
gliosides and a wide range of other lipids are 
involved in various ways with the key pathogenic 
processes in AD (Fig.  3.1 ). Thus, lipids are impli-
cated in the activity and processing of the pro-
teins that are crucial to AD, in particular, the 
amyloid-β precursor protein (APP) and the trans-
membrane proteases, such as γ-secretase, which 
process it. The critical role of APP processing is 
underscored by the fi ndings that familial AD is 
caused by mutations either in APP near the 
γ-secretase cleavage site, or in presenilin 1 or 2 
(Cruts and Van Broeckhoven  1998 ; Brouwers 
et al.  2008 ), which form the catalytic domain in the 
γ-secretase complexes (Krishnaswamy et al.  2009 ). 
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Cholesterol is an important modulator of APP 
processing and Aβ generation (Bodovitz and 
Klein  1996 ; Barrett et al.  2012 ). In addition, lipids 
modulate the pathogenic aggregation of Aβ pep-
tide and Tau protein, which are believed to be the 
major players in AD. Furthermore, cytotoxicity of 
the aggregated Aβ in AD is mostly exerted via 
interference with cellular membranes, and lipids 
and apoE are ubiquitous constituents of amyloid 
plaques. This chapter reviews the role of lipids 
and their transport protein, apoE, in modulating 
the biogenesis, clearance and aggregation of Aβ.   

3.1.2     Aggregation of Amyloid-β 
Peptide 

 The major pathological hallmark of AD is accu-
mulation of extracellular amyloid plaques and 
intracellular tangles in the brain. The plaques are 
comprised of insoluble misfolded proteins, 
mainly of fi brillar Aβ (Roher et al.  1993 ), along 
with carbohydrates such as glycosaminoglycans 
and lipids. Intensive in vivo and in vitro research, 
including biochemical, cell biological, genetic, 
structural, and animal model studies, has provided 

  Fig. 3.1    Membrane lipids and lipid rafts implicated in 
AD. ( a ) Phosphatidylcholine is the most abundant mem-
brane phospholipid. ( b ) Cholesterol, which is essential for 
lipid rafts formation, is critical for AD pathogenesis. 
( c ) Sphingolipids, such as sphingomyelin and galactosly-
ceramide, are essential components of lipid rafts. 
Gangliosides such as GM1 cluster in lipid rafts and are 

proposed to form platforms for Aβ aggregation. 
( d ) Cartoon illustrating lipid bilayer in liquid crystalline 
(Lc) phase. ( e ) Cartoon illustrating lipid bilayer showing 
liquid- ordered (Lo) phase, also known as a lipid raft, with 
increased acyl chain order and reduced fl uidity (Figures 
are modifi ed from Fantini et al.  2002 )       
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strong evidence for the causative role of Aβ 
aggregation and fi bril formation in AD pathology 
(Lacor et al.  2007 ; Reed et al.  2011 ; Matsuzaki 
 2011 ; Gilbert  2013 ; Bloom  2014 ; Hong et al.  2014 ). 

 Aβ is a 39- to 43-residue peptide that is a pro-
teolytic product of APP. This amphipathic pep-
tide has a relatively polar N-terminal region that 
originates from the extracellular domain of APP, 
and a highly hydrophobic C-terminal region that 
originates from the transmembrane helical 
domain of APP (Figs.  3.2  and  3.3 ). The major 
physiologically relevant peptide species are 
Aβ(1–40) and Aβ(1–42), the latter having two 
additional C-terminal hydrophobic residues, I41 
and A42, leading to much lower solubility and 
greater fi bril-forming propensity. Monomeric Aβ 
has limited solubility and is mostly unstructured 
in aqueous solution (Zhang et al.  2000 ), except 
for short segments that can form ordered secondary 
structure such as α-helices (Tomaselli et al.  2006 ; 

Vivekanandan et al.  2011 ) (Fig.  3.2 ). In response 
to the environmental factors, including certain 
lipid surfaces, Aβ can acquire additional helical 
structure that can undergo an α-helix to β-sheet 
transition (Fezoui and Teplow  2002 ; Morgado 
and Faendrich  2011 ; Hou et al.  2004 ; Coles et al. 
 1998 ). At elevated concentrations, Aβ can self-
associate into transient β-sheet-rich species 
including dimers, oligomers and protofi brils, cul-
minating in the formation of mature amyloid 
fi brils such as those found in AD plaques 
(Benseny-Cases et al.  2007 ). Such fi brils, which 
have been characterized extensively by various 
biophysical methods, present a common overall 
architecture comprised of intermolecular in- 
register β-sheets running perpendicular to the 
fi bril axis in a highly stable “cross-β” conforma-
tion (Sunde et al.  1997 ; Petkova et al.  2002 ; 
Luhrs et al.  2005 ; Sachse et al.  2008 ; Lu et al. 
 2013 ). However, even for the same peptide the 

  Fig. 3.2    Solution structure of Aβ monomer and its amino 
acid sequence. Residues are color coded: negatively 
charged ( red ), positively charged ( blue ), ionizable ( teal ), 
polar ( black ) and apolar ( grey ). ( a ) NMR structure of 
Aβ(1–40) in aqueous environment (PDB ID: 2LFM). The 
central hydrophobic region forms an α-helix (residues 

H13-D23) and the N- and C-termini collapse upon 
clustering of hydrophobic residues (Vivekanandan et al. 
 2011 ). ( b ) NMR structure of Aβ(1–42) in aqueous solu-
tion containing 30 % hexafl uoroisopropanol that induces 
α-helical structure (PDB:1Z0Q) (Tomaselli et al.  2006 )       
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fi brillar morphology can vary, suggesting the 
underlying variations in the peptide conforma-
tion and packing (Petkova et al.  2005 ; Meinhardt 
et al.  2009  and references therein).   

 In vitro, Aβ aggregation in solution and 
formation of amyloid fi brils has been well- 
characterized (reviewed in Morgado and 
Faendrich  2011 ) as a nucleated-growth process 
with two major kinetic phases: the initial lag phase 
involves amyloid nucleation, and the following 
growth phase involves fi bril polymerization and 
elongation (Harper and Lansbury  1997 ; Wetzel 
 2006 ; Teplow et al.  2006 ; Pellarin and Cafl isch 
 2006 ; Xue et al.  2008 ; Esler et al.  2000 ). Such 
kinetics is illustrated in Fig.  3.4  below, and the 
process is described in detail by Dovidchenko 
and Galzitskaya in Chap.   9     of this volume. 
Notably, Aβ aggregation occurs through a sec-
ondary nucleation mechanism that can be 
described as an exponential growth of protofi -
brils that involves branching (bifurcation) and 
formation of secondary nuclei (Cohen et al.  2013 ; 
Meisl et al.  2014 ; Dovidchenko et al.  2014 ). 
Theoretically, only the exponential growth is 
compatible with the existence of a pronounced 
lag phase that can be much longer than the fol-
lowing protofi bril growth phase (Dovidchenko 
et al.  2014 ). In vivo, the process of Aβ aggrega-
tion that leads to the formation of toxic species is 
more complex and can be infl uenced by a wide 

range of factors. Some of these factors include 
membrane surfaces containing anionic lipids or 
lipid rafts, which may serve as templates for Aβ 
amyloid nucleation and/or modulate fi bril growth 
(see Sects.  3.4  and  3.5  of this chapter).  

 Although it was initially believed that the 
amyloid fi brils are responsible for AD pathology, 
numerous studies (including in vivo mouse mod-
els, in vitro binding assays, electrophysiology, 
cell toxicity and synaptotoxicity assays, to name 
a few) have established that pre-fi brillar interme-
diates such as Aβ oligomers or protofi brils are 
highly cytotoxic and probably represent the 
major pathogenic species (Kayed et al.  2003 ; 
Cleary et al.  2005 ; Demuro et al.  2005 ; Haass and 
Selkoe  2007 ; Alberdi et al.  2010 ; Zhao et al. 
 2012 ; Hong et al.  2014 ). For example, studies of 
transgenic mice overexpressing human APP 
reported that AD neuropathology is linked to for-
mation of Aβ oligomers (Gandy et al.  2010 ). 
Oligomers have also been shown to interfere with 
synapses, disrupt neuronal function, and induce 
cell death through an as yet unclear process 
(Walsh et al.  2002 ; Walsh and Selkoe  2004 ; Zhao 
et al.  2012 ). The increased toxicity of Aβ oligo-
mers can be attributed, in part, to their large 
exposed hydrophobic surface that can interact 
with cellular membranes. Such interactions are 
believed to be crucial for Aβ aggregation and 
toxicity, as detailed in Sects.  3.4  and  3.5  below. 

  Fig. 3.3    Amyloid-β precursor protein and its processing 
by α-, β- and γ-secretases. APP and its processing secre-
tases are integral membrane proteins that preferentially 

partition into lipid rafts. The steps involved in APP pro-
cessing at specifi c sites and the effects of cholesterol on 
these steps are described in the text       
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 Two main isoforms, Aβ(1–40) and Aβ(1–42), 
have been linked to AD. While Aβ(1–42) is the 
most aggregation-prone amyloidogenic isoform, 
Aβ(1–40) is most abundant in amyloid plaques as 
well as in the plasma, cerebrospinal fl uid, and the 
brain interstitial fl uid, where it is found mainly in 
the soluble form (Ghiso and Frangione  2002 ). 
The levels of Aβ are elevated in the brain of AD 
patients. Increased total levels of Aβ as well as 
the increased ratio of Aβ(1–42) to Aβ(1–40) have 

been implicated in triggering amyloid formation 
and AD pathology (Pauwels et al.  2012 ). 

 In vivo studies of AD patients suggest that 
accumulation of Aβ in the brain arises from an 
imbalance between the peptide production and its 
clearance (Bateman et al.  2006 ; Mawuenyega 
et al.  2010 ; Wildsmith et al.  2013 ) via mecha-
nisms which have been under intensive scrutiny. 
Lipids, particularly lipid raft components such as 
cholesterol, play a crucial role in Aβ production, 
whereas apoE, which is the major lipid carrier in 
the brain, is important for the clearance of Aβ via 
the lipoprotein receptor-related mechanisms 
described in Sect.  3.3  of this chapter.   

3.2     Lipids Infl uence 
the Biogenesis of Aβ 

3.2.1     Generation of Aβ from Its 
Precursor Protein, APP 

 Aβ is generated at the plasma membrane upon 
sequential cleavage of APP by β- and ɣ-secretases. 
First, the extracellular part of APP is cleaved at 
the N-terminus by β-secretase to produce the 
transmembrane β-carboxy-terminal fragment, 
termed C99, comprised of C-terminal 99 residues 
672–770 of APP (Fig.  3.3 ). C99 is further cleaved 
at the C-terminus by ɣ-secretase at variable loci 
inside the membrane, giving rise to various Aβ 
isoforms containing 39–43 residues (Takami 
et al.  2009 ; Kukar et al.  2011 ). Alternatively, 
cleavage of C99 by α-secretase before residue 17 
of Aβ precludes Aβ production (Fig.  3.3 ). This 
non-amyloidogenic cleavage is predominant 
in vivo and has been proposed to serve as a 
protection mechanism (Haass and Selkoe  2007 ). 

 The fact that APP and its processing enzymes 
are integral membrane proteins suggests that the 
lipid environment is important for Aβ production. 
Moreover, APP and its processing secretases 
have been found in lipid rafts (Lee et al.  1998 ; 
Golde and Eckman  2001 ; Riddell et al.  2001 ; 
Hooper et al.  2002 ). Lipid rafts, which form 
membrane microdomains enriched in cholesterol 
and sphingolipids such as gangliosides, have 
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  Fig. 3.4    Effects of DHPC on the nucleation and growth 
of Aβ amyloid. Aggregation kinetics of Aβ alone ( a ) or in 
the presence of sub-micellar DHPC ( b ) was monitored by 
using a diagnostic dye, thiofl avin-T, that shows enhanced 
fl uorescence upon binding to amyloid-like structures. 
DHPC concentration was 1.9 mM, well below its CMC of 
~13 mM. Six replicates of each experiment illustrate vari-
ability of kinetic measurements. Aβ amyloid nucleation 
was accelerated in the presence of DHPC, as evident from 
the shorter lag phase. This effect was observed at 0.4–
2.0 mM DHPC and above 9 mM DHPC, indicating that 
individual lipid molecules as well as the lipid micelles 
accelerate amyloid nucleation. The lesser variability dur-
ing the nucleation phase, which was observed in the pres-
ence of DHPC, is attributed to the lipid molecules acting 
as nucleation templates for Aβ (Adopted with permission 
from Dhase et al.  2010 )       
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been implicated in signal transduction, protein 
traffi cking, and proteolytic processing (Simons 
and Ikonen  1997 ; Brown and London  2000 ). 
Specifi cally, lipid rafts are believed to provide 
platforms for the amyloidogenic processing of 
APP. Importantly, APP processing that occurs 
outside lipid rafts predominantly follows the 
non-amyloidogenic α-secretase pathway 
(Hartmann et al.  2007 ; Vetrivel and Thinakaran 
 2010 ) which is stimulated by cholesteryl esters 
(Puglielli et al.  2001 ). On the other hand, in vitro 
and in vivo studies show that cellular cholesterol 
modulates the amyloidogenic processing by 
ɣ-secretase and production of Aβ (Simons et al. 
 1998 ; Frears et al.  1999 ; Refolo et al.  2000 ; 
Fassbender et al.  2001 ; Chauhan  2003 ; Zha et al. 
 2004 ). Together, these and other fi ndings support 
the role of cholesterol in Aβ production. 

 The proteolytic processing of Aβ has been 
tested as a possible target to develop drugs against 
AD. Clinical trials have been performed with com-
pounds that block ɣ-secretase activity (Eriksen 
et al.  2003 ; Doody et al.  2013 ). Unfortunately, 
these trials were discontinued as the drugs failed to 
improve cognitive status and showed adverse side 
effects (Doody et al.  2013 ,   http://investor.myriad.
com/releasedetail.cfm?releaseid=325471    ). These 
and other attempts to develop immunotherapy-
based approaches are aimed at targeting Aβ gen-
eration, blocking its aggregation or promoting 
plaque clearance (Kukar et al.  2008 ; Lannfelt et al. 
 2014 ). Alternative strategies to develop treatments 
for AD have been focused on preventing the for-
mation of Aβ plaques, the aggregation of Tau, and 
also trying to limit brain dysfunction (  https://
www.alz.washington.edu/NONMEMBER/
SPR12/Ryan.pdf    ). Attempts to treat AD by target-
ing cholesterol levels are described in the next 
section.  

3.2.2     Role of Cholesterol in AD 
Pathogenesis 

 Multiple lines of evidence suggest strongly that 
cholesterol plays an essential role in AD patho-
genesis. Elevated plasma levels of cholesterol are 
an established risk factor for AD, as suggested by 

numerous in vitro and in vivo studies (Kuo et al. 
 1998 ; Kivipelto et al.  2001 ; also see Chap.   10     by 
Leonova and Galzitskaya in this volume). Animal 
model studies reported that a cholesterol-rich diet 
promotes accumulation of intracellular Aβ and 
increases its cerebral load (Refolo et al.  2000 ; 
Shie et al.  2002 ). Cholesterol levels in the human 
brain were reported to increase in the early stages 
of AD (Wood et al.  2002 ; Cutler et al.  2004 ). 
Some (Kivipelto et al.  2001 ) but not all clinical 
studies (Reitz et al.  2004 ) showed a positive cor-
relation between high levels of serum cholesterol 
and increased risk of late-onset AD in humans. 
Although the connection between elevated serum 
cholesterol and late-onset AD is the subject of 
debate (Proitsi et al.  2014 ), it raises a possibility 
that cholesterol-lowering drugs may help to pre-
vent or alleviate AD. 

 Cholesterol-lowering drugs, such as statins, 
were reported to reduce intra- and extracellular 
levels of Aβ(1–40) and Aβ(1–42) in cultured 
 neurons (Simons et al.  1998 ) as well as in the 
cerebrospinal fl uid and the brain of guinea pigs 
(Fassbender et al.  2001 ). These and other cell and 
animal model studies led to a hypothesis that 
statins may benefi t AD patients. In fact, early 
non-randomised population-based studies 
reported that statin treatment decreased the risk 
of AD (Wolozin et al.  2000 ; Rockwood et al. 
 2002 ) or improved cognitive function in AD 
patients (Simons et al.  2002 ; Sparks et al.  2005 ). 
However, later randomised controlled trials failed 
to show any clear benefi cial effects of statins in 
the prevention or treatment of AD (McGuinness 
and Passmore  2010 ; Richardson et al.  2013 ). 
The authors concluded that “larger and better- 
designed studies are needed to draw unequivocal 
conclusions about the effect of statins on cogni-
tion” in AD.  

3.2.3     Role of Cholesterol in APP 
Processing 

 The exact mechanism of cholesterol action in AD 
is far from clear and may involve multiple path-
ways (see Chap.   10     by Leonova and Galzitskaya 
in this volume). Structural studies have provided 
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important information on the conformation of 
APP C-terminal C99 domain and demonstrated 
its interaction with cholesterol (Beel et al.  2008 ; 
Barrett et al.  2012 ). One mechanistic explanation 
for the effect of cholesterol on Aβ generation was 
proposed by Sanders and  colleagues (Barrett et al. 
 2012 ). The NMR  structure of the C99 domain of 
APP was determined in lipid micelles containing 
lyso- myristoyl phosphatidylglycerol. These struc-
tural studies, coupled with cholesterol titration 
studies, revealed a novel cholesterol binding site 
in APP that was proposed to modulate its amy-
loidogenic processing (Barrett et al.  2012 ). 

 C99 contains a single-span transmembrane 
α-helix fl anked by two membrane surface- 
associated N- and C-helices. The transmembrane 
portion of C99 contains two tandem GxxxG 
motifs. Such motifs are often involved in dimer-
ization of transmembrane helices by forming a 
glycine zipper (Kim et al.  2005 ). The NMR stud-
ies by Sanders team revealed that the GxxxGxxxG 
motif in APP has an additional role as a choles-
terol binding site in C99. Cholesterol binding at 
this site is probably driven by hydrogen bonds 
involving N698 and E693, and by van der Waals 
interactions between the fl at helical surface 
formed by the adjacent glycines (G700, G704, 
G708) and the cholesterol molecule (Barrett et al. 
 2012 ; also see Chap.   1     by Hong in this volume). 
The cholesterol binding site is located in the Aβ 
domain between the cleavage sites of α- and 
γ-secretase (Fig.  3.3 ). This location suggests that 
cholesterol binding can interfere with the APP 
processing. This idea was previously proposed in 
cell culture studies revealing that cholesterol 
interferes with the interactions between APP and 
its processing proteases (Bodovitz and Klein 
 1996 ). Moreover, direct binding of cholesterol 
can promote APP partitioning into lipid rafts and 
thereby co-localize APP with β- and ɣ-secretases, 
which is expected to promote the generation of 
Aβ (Barrett et al.  2012 ). 

 The fact that APP cleavage by β- and 
ɣ-secretases takes place in a healthy state sug-
gests a normal physiological function for Aβ pep-
tides (Haass et al.  1992 ; Seubert et al.  1992 ). The 
normal functions of Aβ and their underlying 
mechanisms are not entirely clear. Although 

some early studies suggested that Aβ deposition 
in the brain at normal physiological concentra-
tions could be neuroprotective and act as a hem-
orrhagic sealant (reviewed in (Atwood et al. 
 2003 )), other studies attribute the benefi cial 
effects of Aβ to its soluble form (see Chap.   10     for 
detail). In vitro studies have revealed several 
important roles for Aβ, including antioxidant 
activity that is due to its ability to capture redox 
metals (Baruch-Suchodolsky and Fischer  2009 ; 
Kepp  2012 ), anti-microbial activity (Soscia et al. 
 2010 ), and action as a transcription factor (Bailey 
et al.  2011 ). Furthermore, in vitro and cell culture 
studies have implicated Aβ in control of cholesterol 
transport and homeostasis (Yao and Papadopoulos 
 2002 ; Igbavboa et al.  2009 ; Barrett et al.  2012 ), 
which is important for synaptic function.   

3.3      Clearance of Aβ Is Infl uenced 
by Apolipoprotein E 

3.3.1     Aβ Clearance Pathways 

 According to the “amyloid cascade hypothesis”, 
Aβ accumulation in the brain and AD pathology 
result from an imbalance between the generation 
of Aβ and its degradation or clearance (Hardy 
and Selkoe  2002 ). While the rare genetic forms 
of AD involve increased generation of Aβ upon 
mutations in APP or presenilin proteins, the 
common sporadic form of AD has been linked 
mainly to defective clearance of Aβ (reviewed in 
Wildsmith et al.  2013 ). 

 Strong in vivo evidence supports this idea. For 
example, mouse model studies using microdialy-
sis showed that Aβ deposition and plaque forma-
tion are promoted by an age-dependent decrease 
in Aβ clearance from the brain and the conse-
quent increase in Aβ levels in the interstitial fl uid 
(Yan et al.  2009 ). Measurements of the biosyn-
thesis and clearance of Aβ in the human brain by 
isotope labelling revealed that even a small 
imbalance in Aβ homeostasis augments plaque 
formation (Bateman et al.  2006 ). These and other 
studies indicate that defective clearance of Aβ is 
a major triggering event in late-onset AD 
(Wildsmith et al.  2013 ). 
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 Clearance of Aβ occurs either through enzy-
matic degradation in the brain cells or through 
the effl ux across the blood-brain barrier 
(described below). These processes are mediated 
by two lipoprotein receptors, low-density lipo-
protein receptor-related protein (LRP1) and very 
low-density lipoprotein receptor (VLDLR), and 
are importantly modulated by apoE that binds 
these receptors. The critical role of apoE in AD 
emerged when the ε4 allele of the APOE gene 
was found to provide the major genetic risk 
factor in both early- and late-onset AD in humans 
(Corder et al.  1993 ; Saunders et al.  1993 ; 
Strittmatter et al.  1993 ). This fi nding was sup-
ported by the observation that apoE4-positive AD 
patients have increased levels of Aβ and increased 
density of amyloid plaques in their brains 
(Schmechel et al.  1993 ; William Rebeck et al. 
 1993 ; Tiraboschi et al.  2004 ). Later studies sug-
gested that apoE has complex effects on Aβ 
homeostasis. These effects were proposed to 
involve direct or indirect interactions of apoE 
with Aβ, which may depend on the degree of 
apoE lipidation and Aβ aggregation (Tokuda 
et al.  2000 ; Bell et al.  2007 ). An alternative 
mechanism that was proposed to explain the 
effects of apoE on Aβ accumulation in vivo is the 
competition between apoE and Aβ for binding to 
LRP1 that mediates Aβ clearance from the cen-
tral nervous system (Holtzman  2001 ; Verghese 
et al.  2011 ). In sum, although the exact mecha-
nisms underlying the effects of apoE in AD are 
subjects of debate, the current consensus is that 
the primary role of apoE in AD pathology is 
through modulating the Aβ clearance from the 
brain (Castellano et al.  2011 ).  

3.3.2     ApoE Structure, Function 
and Isoform-Specifi c Effects 

 ApoE (299 amino acids) is an important lipid 
transport protein in plasma and the major lipid 
transporter in the central nervous system where it 
circulates mainly on high-density lipoproteins 
(HDL). ApoE in the brain is produced by astro-
cytes and microglia as a free protein that rapidly 

accrues lipids to generate nascent and, ultimately, 
mature HDL, which are the sole lipoproteins in 
the central nervous system (Pitas et al.  1987 ). 
ApoE on HDL forms an important functional 
ligand that binds to the lipoprotein receptors 
LRP1 and VLDLR in the brain. ApoE-containing 
HDL is the major carrier of cholesterol in the 
brain, which supports synaptic formation and 
plasticity, as well as the maintenance of myelin 
and neuronal membranes (Mahley  1988 ; Saher 
et al.  2005 ). In addition to its lipid transport func-
tion, apoE is also important in synaptic formation 
and neuronal signalling, which is essential for 
learning and memory (Grootendorst et al.  2005 ; 
Korwek et al.  2009 ). 

 Structurally, apoE is a two-domain protein 
comprised of a 22 kDa N-terminal receptor- 
binding domain and a hydrophobic 10 kDa 
C-terminal domain that forms the primary lipid 
binding site (Weisgraber  1994 ; Zhong and 
Weisgraber  2009 ). In solution, the N-domain 
forms a four-helix bundle, while the C-domain 
adopts a dynamic conformation ((Chen et al. 
 2011 ) and references therein). Lipid binding 
induces a stable α-helical conformation in the 
C-domain; this is followed by the N-domain 
opening and conformational reorganization of 
apoE that forms the structural scaffold on HDL 
surface (Phillips  2013 ). The receptor binding site 
in the N-domain is obscured in lipid-free apoE 
but acquires receptor-competent conformation on 
HDL (Chen et al.  2011 ). 

 In addition to lipid binding, the C-domain 
residues 209–255 can also bind Aβ in vitro 
(Tamamizu-Kato et al.  2008 ; Hauser and Ryan 
 2013 ). Although Aβ can bind both lipid-free 
apoE and HDL in vitro, the presence of Aβ 
reportedly reduces the lipoprotein-binding ability 
of apoE (Tamamizu-Kato et al.  2008 ), suggesting 
that Aβ potentially interferes with cholesterol 
transport via HDL. 

 There are three major isoforms of human 
apoE differing in Cys/Arg substitutions in posi-
tions 112 and 158 of the N-domain: apoE2 
(Cys112, Cys158), apoE3 (Cys112, Arg158) and 
apoE4 (Arg158, Arg158) (Zannis et al.  1993 ; 
Cedazo-Mínguez and Cowburn  2001 ; Phillips 
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 2014 ). ApoE3 is the most common human iso-
form, while apoE4 and apoE2 are found in a 
small percentage of the population. Compared to 
apoE3, the presence of one and, particularly, two 
apoE4 alleles increases the risk of AD in humans 
by more than threefold and tenfold, respectively 
(Roses  1996 ), making apoE4 the major genetic 
risk factor for AD (Corder et al.  1993 ; Saunders 
et al.  1993 ; Strittmatter et al.  1993 ). In contrast, 
apoE2 is more protective against AD as com-
pared to apoE3 and apoE4 (Rebeck et al.  2002 ; 
Conejero-Goldberg et al.  2014 ). 

 Although the molecular basis for the isoform- 
specifi c effects of apoE is subject of debate, it is 
generally attributed to altered inter-domain inter-
actions (Mahley et al.  2006 ). The Arg/Cys substi-
tution sites in the three apoE isoforms are located 
in the globular N-domain, yet the effects of these 
substitutions can propagate to the C-domain 
which, in turn, infl uences the interactions of the 
N- and C-domains with each other, with lipids, 
and with other ligands such as the lipoprotein 
receptors and Aβ (Zhong and Weisgraber  2009 ). 
These effects can lead to subtle changes in the 
structural stability of the apoE isoforms, as well 
as in their biological functions such as lipid bind-
ing, receptor recognition, or Aβ binding (Verghese 
et al.  2011 ; Suri et al.  2013 ). The rank order of 
the structural stability of apoE isoforms in solu-
tion, E4<E3<E2, correlates inversely with Aβ 
deposition in AD. One possible explanation is 
that enhanced degradation of the less stable 
apoE4 isoform reduces the total levels of apoE in 
the brain and thereby decelerates Aβ clearance. 
Similarly, apoE affi nity for HDL goes in order 
E4<E3<E2 (Acharya et al.  2002 ). If apoE affi nity 
for HDL decreases, a larger fraction of the protein 
will dissociate from HDL in the labile lipid- free 
state, contributing to a general decrease in apoE4 
levels relative to apoE2 or apoE3. This reasoning 
is in line with increased Aβ deposition in apoE4 
carriers (Bales et al.  2009 ). Similarly, interactions 
of Aβ with apoE-containing HDL were found to 
be isoform-specifi c; the rank order of the binding 
preference, E4<<E3<E2 (LaDu et al.  1994 ; 
Aleshkov et al.  1997 ; Tokuda et al.  2000 ), is inverse 
to Aβ amyloid deposition in AD (Holtzman et al. 
 2000 ; Bales et al.  2009 ). This inverse correlation 

is consistent with the idea that apoE mediates Aβ 
clearance from the brain, perhaps via the direct 
interactions with Aβ.  

3.3.3     Role of ApoE in the Clearance 
of Aβ 

 The two predominant modes through which apoE 
is thought to infl uence Aβ removal from the brain 
involve Aβ degradation in astrocytes and microglia 
and apoE-mediated effl ux across the blood- brain 
barrier. In the fi rst pathway, microglia, which are 
the macrophages of the brain, take up soluble and 
fi brillar Aβ via an endocytosis pathway that is 
facilitated by apoE. In vitro cell culture studies 
have shown that apoE can promote internaliza-
tion and subsequent degradation of Aβ by the 
brain cells such as microglia and astrocytes in a 
isoform-specifi c manner (Cole and Ard  2000 ; 
Yamauchi et al.  2002 ; Koistinaho et al.  2004 ). In 
the second pathway, which is the major clearance 
mechanism of Aβ, transcytosis of soluble Aβ 
from brain to blood is mediated by LRP1 recep-
tor (Shibata et al.  2000 ; Zlokovic  2008 ). Aβ binds 
directly to LRP1 on the cell surface (Deane et al. 
 2004 ) to initiate brain-to-blood transport. In vivo 
studies in mice have shown that Aβ transport is 
greatly decelerated or impaired upon complex 
formation between Aβ and apoE (Bell et al.  2007 ; 
Deane et al.  2008 ). This effect can be explained 
by the shift from LRP1, which transports free Aβ, 
to VLDLR, which transports Aβ bound to apoE- 
containing HDL. VLDLR has much slower 
 endocytosis rates than LRP1, resulting in poor 
clearance of Aβ-apoE complexes from the brain 
(Li et al.  2001 ). 

 Another variable to consider is the aggregation 
level of Aβ, which can infl uence Aβ degradation, 
clearance and interactions with apoE. In one recent 
study, astrocytes and microglia were exposed to 
oligomeric and fi brillar Aβ. In the presence of 
apolipoproteins such as apoE, the uptake of Aβ 
oligomers was reduced in astrocytes but not in 
microglia; an opposite effect was observed for 
Aβ fi brils (Mulder et al.  2014 ). This suggests that 
different brain cells have distinct roles in Aβ 
clearance and are differently affected by the 
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apolipoproteins depending on the degree of 
aggregation of Aβ. Moreover, apoE may infl u-
ence Aβ aggregation. ApoE co-deposits with Aβ 
in amyloid plaques and was proposed to promote 
amyloid formation by Aβ in AD (Wisniewski 
et al.  1994 ; Hatters et al.  2006 ), although the 
mechanism underlying this effect is unclear 
(see Chap.   8     by Das and Gursky in this volume). 
Thus, the mutual interplay between the interactions 
of Aβ with apoE and the Aβ aggregation and 
clearance adds an additional layer of complexity 
to this already complex issue. 

 Part of the diffi culty in dissecting the precise 
role of apoE in Aβ homeostasis lies in the fact 
that, although apoE and Aβ interact with each 
other and with a wide range of other ligands 
in vitro, the relevance of these interactions to 
in vivo conditions is often unclear. Interestingly, 
recent studies by Holtzman and colleagues 
revealed only minimal direct association between 
apoE and soluble Aβ in vivo in human cerebro-
spinal fl uid (Verghese et al.  2013 ). To explain the 
isoform-specifi c effects of apoE on Aβ clearance 
in the absence of direct binding, the authors 
proposed an alternative mechanism whereby 
apoE and Aβ compete for binding to LRP1 recep-
tor that mediates Aβ effl ux from the brain.   

3.4       Effects of Lipids on Aβ 
Aggregation and Amyloid 
Formation 

3.4.1     Interactions of Aβ with Lipids 
Surfaces: Electrostatic Effects 

 The self-assembly of Aβ from soluble monomers 
into oligomers and, ultimately, amyloid fi brils 
can be infl uenced not only by the concentrations 
of Aβ peptides but also by their biochemical 
modifi cations such as mutations, truncations and 
pyroglutamate modifi cations (Morgado and 
Faendrich  2011 ; Wittnam et al.  2012 ), as well as 
by solvent composition, ionic conditions 
(Klement et al.  2007 ; Garvey et al.  2011 ) and a 
wide range of other factors including lipids (Terzi 
et al.  1995 ,  1997 ; Butterfi eld and Lashuel  2010 ). 
The combination of the hydrophilic N-terminal 

segment and a highly hydrophobic C-terminal 
tail renders amphipathic properties to Aβ and 
confers its limited aqueous solubility, high aggre-
gation propensity, and ability to interact with 
various lipids and their assemblies. 

 Numerous biophysical studies have demon-
strated that lipids and lipid-mimicking detergents 
can importantly infl uence the secondary structure 
of Aβ and its aggregation and fi brillation in vitro. 
Thus, studies using NMR, circular dichroism, 
Fourier transform infrared spectroscopy, mole-
cular dynamics simulations and fl uorescence 
spectroscopy have demonstrated Aβ interactions 
with vesicles containing anionic phospholipids 
such as phosphatidylglycerol (Terzi et al.  1997 ; 
McLaurin et al.  1998 ; Nagarajan et al.  2008 ), as 
well as with other lipid assemblies such as bilay-
ers, micelles or ganglioside clusters (Matsuzaki 
and Horikiri  1999 ; Mandal and Pettegrew  2004 ; 
Xu et al.  2005 ; Matsuzaki  2007 ; Miyashita et al. 
 2009 ; Matsuzaki et al.  2010 ), and showed that 
these interactions can alter the secondary and/or 
the quaternary structure of the peptide. 

 Aβ binding to lipid can involve electrostatic 
interactions between the polar and charged resi-
dues of the peptide and the phospholipid head 
groups, van-der-Waals interactions between the 
hydrophobic C-terminal tail of the peptide and 
the apolar lipid moieties, or combinations thereof. 
To address the nature of these interactions, model 
systems using zwitterionic or anionic phospho-
lipid liposomes have been used to determine the 
effects of lipid surface charge on the secondary 
structure and aggregation properties of Aβ pep-
tides. Anionic liposomes have been proposed to 
provide templates for the in vitro analysis of Aβ 
aggregation upon interaction with anionic lipids 
that can become exposed to the outer membrane 
leafl et in injured cells. 

 Anionic phospholipids such as phosphatidylg-
lycerol or phosphatidylinositol have been shown 
to ultimately shift the conformation in Aβ pep-
tides from the soluble largely unstructured mono-
mer towards β-sheet-rich aggregates (McLaurin 
et al.  1998 ; Chi et al.  2008 ). In contrast, zwitter-
ionic phospholipids, such as phosphatidylcholine 
(PC) or sphingomyelin, were reported in some 
studies to show very weak or no interaction with 
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Aβ peptides and induce little if any ordered sec-
ondary structure (Terzi et al.  1997 ; Chauhan et al. 
 2000 ; Matsuzaki  2007 ; Chi et al.  2008 ; Nagarajan 
et al.  2008 ). In contrast, other studies showed sig-
nifi cant effects of PCs on the secondary structure 
and aggregation of Aβ; this includes our own 
work described in Sect.  3.4.3  below (Dahse et al. 
 2010 ). Such a diversity in the results reported in 
different studies illustrates extreme sensitivity of 
the Aβ solution conformation not only to the 
presence of specifi c lipids but also to many other 
factors, such as the solvent composition, ionic 
strength, pH, and lipid to peptide ratio, to name a 
few (Matsuzaki  2007 ; Garvey et al.  2011 ). 

 Fluorescence studies by Kremer et al. also 
highlight the contribution of hydrophobic inter-
actions to Aβ-membrane interactions. They 
describe the increased hydrophobicity of Aβ as it 
forms aggregates which expose surface hydro-
phobic patches that interact with the core of 
membrane bilayers decreasing their fl uidity 
(Kremer et al.  2000 ,  2001 ). 

 In sum, the consensus in the fi eld is that Aβ 
binding to the negatively charged phospholipid 
surfaces, which could become exposed upon cell 
injury, consistently favors amyloid formation. 
Some studies proposed that Aβ adsorption to 
such lipid surfaces is driven mainly by electro-
static interactions at the lipid head group level 
where the β-sheet starts to form (Maltseva et al. 
 2005 ; Chi et al.  2008 ). Other studies suggested 
that Aβ aggregation and amyloid formation on 
the negatively charged lipid surfaces can be 
mediated via the transient α-helical conformation 
(Terzi et al.  1997 ; Fezoui et al.  2000 ) described 
below.  

3.4.2     Lipid-Induced Helical 
Structure in Aβ: Relevance 
to Amyloid Formation 

 Binding of soluble Aβ to anionic lipid surfaces 
can induce transient α-helical structure in the 
peptide (Terzi et al.  1997 ; Davis and Berkowitz 
 2009a ,  b ). This helical structure was proposed to 
be induced by the alignment of the positively 
charged groups in Aβ and the negatively charged 

membrane template (Terzi et al.  1997 ). Similarly, 
micelles of the anionic detergent sodium dodecyl 
sulfate, but not individual detergent molecules, 
induced an α-helical conformation in Aβ 
(Wahlström et al.  2008 ). An α-helical structural 
intermediate can be induced upon lipid surface 
binding not only in Aβ but also in many other 
intrinsically disordered peptides (described by 
Uversky in Chap.   2     of this volume). 

 Importantly, depending on its stability, the 
α-helical conformation in proteins and peptides 
such as Aβ can either augment or mitigate 
amyloid formation. Generally, if the α-helical 
structure is only marginally stable, it can facilitate 
intermolecular interactions among the peptides 
and thereby promote their aggregation and con-
version into β-structured aggregates (Fezoui et al. 
 2000 ; Morgado and Faendrich  2011 ). However, if 
the α-helical structure is relatively more stable, it 
can block β-aggregation and amyloid formation 
by the peptide. For example, PEGylated phos-
pholipid nanomicelles were found to stabilize the 
α-helical conformation in Aβ, block its aggrega-
tion into β-sheet rich amyloid, and thereby block 
the peptide neurotoxicity in vitro (Pai et al.  2006 ). 
This fi nding suggested a potential therapeutic 
strategy to design lipid-based blockers of Aβ 
aggregation (Pai et al.  2006 ).  

3.4.3      Interactions of Aβ with Lipid 
Molecules and Surfaces: A Test 
Case of DHPC 

 Interactions of amyloidogenic proteins and pep-
tides such as Aβ with lipid membranes and with 
individual lipid molecules are distinctly different. 
Elucidating these differences may help establish 
the molecular basis for the complex effects of 
lipids in amyloidogenesis. To this end, short-
chain phospholipids such as 1,2-dihexanoyl-
sn- glycero-3-phosphocholine (DHPC) provide 
useful model systems. In aqueous solution below 
their critical micelle concentration (CMC), these 
lipids are found mainly as soluble monomers, 
whereas above CMC they are predominantly 
present as micelles with surface properties mim-
icking those of the lipid membranes. 
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 In our study, the effects of DHPC on the struc-
ture and self-association properties of Aβ(1–40) 
were analyzed as a function of DHPC concentra-
tion by using a wide range of biophysical tech-
niques (Dahse et al.  2010 ). The results showed 
that DHPC promoted Aβ aggregation at concen-
trations well below and above its CMC. The 
implication is that Aβ interacts not only with lipid 
surfaces but also with individual lipid molecules, 
and these interactions promote amyloid formation. 
The effect is illustrated in Fig.  3.4  showing the 
kinetics of Aβ aggregation in the absence (A) or 
the presence (B) of 1.9 mM DHPC, which is well 
below the CMC (~13 mM). The time course of 
Aβ amyloid formation was monitored by thiofl avin 
T fl uorescence. In the presence of sub- micellar 
DHPC, the lag phase corresponding to amyloid 
nucleation was shortened at least by a factor of 2, 
and the growth phase was also accelerated by at 
least a factor of 2. Consequently, interactions of 
Aβ with individual molecules of DHPC signifi -
cantly accelerated both amyloid nucleation and 
the fi ber growth. 

 Circular dichroism (CD) studies indicated that 
the presence of sub-micellar lipids had no effect 
on the secondary structure in the soluble peptide, 
which remained largely disordered prior to fi bril-
lation (Fig.  3.5a , blue line). However, increasing 
DHPC concentration induced characteristic 
changes in far-UV CD spectra of Aβ (Fig.  3.5a ) 
indicating random coil to β-sheet conversion with 
a midpoint  circa  11 mM of DHPC, which 
approaches its CMC (Fig.  3.5b ). This suggests 
that peptide binding to DHPC micelles induces 
β-sheet formation by Aβ. Direct peptide interac-
tions with DHPC micelles were confi rmed in sur-
face tension and proton NMR studies (Dahse 
et al.  2010 ). Fluorescence studies using diagnos-
tic dye 1-anilino-8-naphthalene sulfonate sug-
gested that the Aβ interactions with individual 
lipid molecules and with micelles have a hydro-
phobic component. In sum, monomeric soluble 
Aβ can form hydrophobic interactions both with 
individual DHPC molecules and with lipid 
micelles. These interactions differentially affect 
the secondary structure and aggregation proper-
ties of Aβ and accelerate both nucleation and 
growth of Aβ fi brils. These results imply that 

subtle peptide-lipid interactions involving zwit-
terionic phospholipids can greatly infl uence the 
overall aggregation properties of Aβ, as well as 
alter specifi c steps in the complex pathway of its 
fi brillogenesis (Dahse et al.  2010 ).   

3.4.4     Interactions of Aβ Fibrils 
with Lipid Surfaces 

 Although this chapter is focused mainly on 
the interactions between soluble Aβ and lipids, 
insoluble Aβ fi brils can also interact with lipid 
surfaces, and these interactions may occur in vivo 
and potentially contribute to AD pathogenesis. 
For example, incubation of mature Aβ amyloid 
fi brils with a liposome suspension of zwitterionic 
dioleoyl phosphatidylcholine reverted peptide 
aggregation causing the fi brils to disassemble 
into highly neurotoxic protofi brilar species 
(Martins et al.  2008 ). Furthermore, atomistic 
molecular dynamic simulations suggested that 
electrostatic interactions between charged pep-
tide residues and phospholipid head groups 
importantly modulate the insertion of the 
C-terminal tail of the Aβ fi brils or oligomers into 
lipid bilayers, leading to formation of amyloid 
channels with polymorphic structures containing 
β-strands as well as α-helices in direct contact 
with the lipid (Tofoleanu and Buchete  2012 ). 
Other examples of fi bril-lipid interactions, such 
as fi bril unwinding on the lipid membrane, are 
described by Gorbenko and colleagues in Chap.   6     
of this volume.   

3.5       Effects of Aβ on Membrane 
Integrity and Cell Toxicity 

3.5.1     Aβ Interactions with Lipid 
Membranes: The Role 
of Gangliosides 

 Apart from their key role in the amyloidogenic 
processing of APP, lipid rafts can also provide 
platforms for Aβ aggregation in AD. Gangliosides, 
which preferentially cluster in lipid rafts (Fig.  3.6 ), 
are particularly prominent in this process. 
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  Fig. 3.5    Unordered to β-sheet transition in Aβ induced 
by binding to DHPC micelles. ( a ) Far-UV circular 
dichroism spectra of Aβ(1–40) (50 μM peptide in 50 mM 
Na phosphate buffer at pH 7.4) in the presence of 
0–18 mM DHPC. Lipid concentrations are represented 
by the color scheme in panel ( b ). In the absence of DHPC 
( blue ) the peptide is substantially unfolded, with a char-
acteristic CD minimum near 200 nm. Increasing DHPC 
concentrations to about its CMC ( red  and  orange ) induces 
β-sheet formation in Aβ, as evident from the characteris-
tic CD minimum near 197 nm. The absence of an iso-
chromatic point where the spectra intersect indicates the 

complex non-two- state character of the random coil to 
β-sheet transition. ( b ) Mean residue ellipticity [θ] at 
200 nm ( fi lled circles ) and 217 nm ( open circles ) as a 
function of lipid concentration. A progressive loss of the 
negative CD signal at 200 nm and simultaneous increase 
in the negative CD at 217 upon increasing DHPC concen-
tration indicates random coil to β-sheet transition. The 
transition is centered at approximately 11 mM (indicated 
by an arrow), just below the CMC (~13 mM), suggesting 
a link between the β-sheet formation and peptide binding 
to the micelle (Adopted with permission from Dahse 
et al.  2010 )       

  Fig. 3.6    Aβ aggregation through interaction with neuro-
nal membrane gangliosides. According to the model 
proposed by (Matsuzaki  2011 ), soluble unstructured Aβ 
binds to ganglioside clusters in membrane rafts. At low 
peptide to ganglioside ratios, bound Aβ adopts an 

α-helix- rich structure. Upon increasing the concentration 
of the ganglioside-bound peptide, Aβ undergoes a confor-
mational transition to β-sheet structure that acts as a 
seed to promote further aggregation and formation of 
amyloid fi brils       
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Gangliosides are membrane glycolipids that are 
important for neuroplasticity and are thought to 
be the primary modulators of Aβ aggregation and 
cytotoxicity (Choo-Smith et al.  1997 ; Choo- 
Smith and Surewicz  1997 ; Hayashi et al.  2004 ; 
Kakio et al.  2002 ; Hong et al.  2014 ). Gangliosides 
are located in the outer leafl et of the plasma 
membrane as well as in the luminal leafl et of 
several cellular organelles. The most abundant 
species in the brain are monosialotetrahexosyl 
ganglioside (GM1), along with GD1a, GD1b 
and GT1b gangliosides (Posse de Chaves and 
Sipione  2010 ).  

 Analysis of clinical samples from the brains of 
the AD patients identifi ed Aβ species bound to 
GM1 (Yanagisawa et al.  1995 ) and found that this 
binding strongly potentiated Aβ fi bril assembly 
(Choo-Smith et al.  1997 ). In vitro studies showed 
that Aβ binding to GM1-containing PC vesicles 
induces α-helical peptide structure that under-
goes an α-helix to β-sheet transition upon increas-
ing the peptide concentration (McLaurin and 
Chakrabartty  1996 ; Choo-Smith and Surewicz 
 1997 ; Matsuzaki and Horikiri  1999 ). The resulting 
GM1-Aβ complex was proposed to act as an 
endogenous seed for the formation of toxic amy-
loids that perturb cell membranes (Hayashi et al. 
 2004 ; Okada et al.  2008 ; Matsuzaki et al.  2010 ) 
(Fig.  3.6 ). The importance of Aβ binding to 
GM1 in cell membranes is underscored by the 
fi nding that soluble Aβ oligomers are rapidly 
captured from the brain interstitial fl uid onto syn-
aptic membranes where they interact with GM1 
and perhaps other lipids, leading to progressive 
perturbations in the membrane structure and 
function (Hong et al.  2014 ). 

 Under physiological conditions, soluble Aβ 
displays high affi nity for membrane rafts that 
contain gangliosides, such as GM1 (Straub and 
Thirumalai  2014 ; Bucciantini et al.  2014 ). In 
contrast, Aβ normally does not show a strong 
interaction with non-rafted membranes, even if in 
the presence of GM1 (Kakio et al.  2001 ,  2002 ). 
Apparently, the specifi city of the Aβ-GM1 com-
plex formation in lipid rafts is determined by the 
local concentrations of cholesterol and GM1 
(Kakio et al.  2001 ,  2002 ). Interestingly, the speci-
fi city for GM1 binding can be replaced by other 

gangliosides in different Aβ mutants; for example, 
amyloid formation by Dutch (E22Q) and Italian 
(E22K) Aβ mutants can be potentiated by GM3 
rather than GM1 (Yamamoto et al.  2005 ). These 
observations suggest that Aβ binding to ganglio-
sides involves specifi c interactions. 

 NMR analysis of Aβ interactions with lyso-
 GM1 micelles revealed that the ganglioside 
regions that are perturbed upon Aβ binding are 
located at the sugar-lipid interface (Yagi-Utsumi 
et al.  2010 ). Aβ was implicated to bind to the 
inner part of the ganglioside cluster via the hydro-
phobic interactions involving the C-terminal tail 
of the peptide and its two α-helixes that span 
residues 14–24 and 31–36 and form upon micelle 
binding (Utsumi et al.  2009 ; Yagi-Utsumi et al. 
 2010 ). This binding, which was proposed to 
mimic key aspects of Aβ-ganglioside interac-
tions, suggests how the ganglioside clusters can 
serve as platforms for coupled folding and bind-
ing of Aβ peptide, ultimately leading to its aggre-
gation on the cell membrane.  

3.5.2     Aβ Aggregation on Cell 
Membranes: Mutual Effects 

 A close link between Aβ toxicity and aggregation 
on cellular membranes is well established, and 
the mutually disruptive effects of such interac-
tions have been reported in many studies 
(McLaurin and Chakrabartty  1996 ; McLaurin 
et al.  2000 ; Relini et al.  2009 ). While cell mem-
branes can provide a surface template for Aβ mis-
folding and aggregation, Aβ aggregates can 
disrupt the structural integrity of the membrane 
and alter its permeability (McLaurin and 
Chakrabartty  1996 ; Murphy  2007 ; Relini et al. 
 2009 ). In fact, some ex vivo studies of the plasma 
membranes isolated from the brains of AD 
patients found Aβ(1–42) deposits on the cell sur-
face as well as in the hydrophobic core region of 
the bilayer (Yamaguchi et al.  2000 ; Oshima et al. 
 2001 ). Other studies reported that aggregated Aβ 
localized to the polar head group region in synap-
tic plasma membranes, while soluble Aβ parti-
tioned into the hydrophobic acyl chain region 
(Mason et al.  1996 ,  1999 ). Such partitioning 
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inside the membrane is expected to interfere with 
its structural integrity. 

 Cell membranes can act as catalysts of fi bril 
formation in which the local chemical environ-
ment can lower the free-energy barrier to peptide 
aggregation (Chi et al.  2008 ). As described above, 
binding of soluble Aβ to anionic membranes was 
proposed to be primarily driven by electrostatic 
interactions between the negatively charged lipid 
head groups and the positively charged side 
chains of the amphipathic Aβ peptide (Terzi et al. 
 1997 ; McLaurin et al.  2000 ; Kakio et al.  2002 ; 
Aisenbrey et al.  2008 ), followed by hydrophobic 
contacts at the acyl chain level (Aisenbrey 
et al.  2008 ; Butterfi eld and Lashuel  2010 ). 
Furthermore, peptide adsorption to the two- 
dimensional membrane surface may impose 
structural constraints bringing different residues 
together. These effects, together with the reduc-
tion in the local dielectric constant at the mem-
brane surface, can promote hydrogen bonding 
and secondary structure formation in intrinsically 
disordered proteins, such as Aβ (see Chap.   2     by 
Uversky in this volume). Moreover, “molecular 
crowding”, which results from the local increase 
in peptide concentrations upon adsorption to a 
2D surface, as well as the local decrease in pH at 
the membrane surface, are also expected to pro-
mote intermolecular β-sheet formation and Aβ 
aggregation (Bokvist and Groebner  2007 ; 
Bystroem et al.  2008 ). Together, these effects can 
induce a specifi c misfolding pathway in Aβ, gen-
erating toxic aggregates (Aisenbrey et al.  2008 ; 
Bystroem et al.  2008 ). 

 The extent to which Aβ interacts with lipid 
membranes depends on its aggregation state 
(Murphy  2007 ). Oligomeric Aβ shows strong 
irreversible binding to liposomes, as opposed to 
monomeric Aβ which demonstrates a rapid 
reversible adsorption (Good and Murphy  1995 ; 
Kremer and Murphy  2003 ). This behaviour may 
arise from the presence of hydrophobic surfaces 
that promote Aβ-membrane interactions (Kremer 
et al.  2000 ). The lack of such accessible surfaces 
in Aβ monomers or fi brils helps explain their 
lower toxicity as compared to Aβ oligomers. 
The initial conformation of Aβ can also infl uence 
the kinetics of aggregation, as well as the 

membrane disruption. In sum, Aβ adsorption to 
the membrane surface can promote peptide 
aggregation in a process that disrupts the mem-
brane integrity and ultimately leads to fi bril for-
mation. In contrast, adsorption of pre-formed 
fi brils does not signifi cantly perturb the structural 
integrity of the membrane (Yip and McLaurin 
 2001 ; Bokvist et al.  2004 ). The latter is consistent 
with relatively low fi bril toxicity as compared to 
pre- fi brillar aggregates.  

3.5.3     Aβ Toxicity and Perturbation 
of Cell Membranes 

 Aβ aggregation on the cell membrane is believed 
to exert neurotoxicity by altering membrane 
structure and permeability. This hypothesis is 
supported by early studies reporting that 
Aβ-induced membrane disruption leads to 
decreased acyl chain fl uidity (McLaurin and 
Chakrabartty  1996 ; Mattson  1997 ; Yip and 
McLaurin  2001 ). However, many studies address-
ing the effects Aβ on cell membranes were per-
formed in vitro and hence, may not refl ect the 
physiological situation in vivo. The accumulation 
of Aβ on the membranes of living cells was fi rstly 
confi rmed in studies showing that labeled Aβ 
accumulated in a concentration-dependent man-
ner on the surface of PC12 rat cells, and induced 
cytotoxicity (Wakabayashi et al.  2005 ). Such 
membrane-binding ability, as well as the toxicity, 
was greatly increased for Aβ aggregated on the 
membrane rafts containing GM1, sphingomyelin 
and cholesterol (Okada et al.  2008 ). Later studies 
revealed that incubation of living cells (non- 
neuronal HEK293 and neuroblastoma SH-SY5Y 
transfected with human APP695) with exogenous 
soluble Aβ(1–40) decreased membrane fl uidity 
(Peters et al.  2009 ). This effect was much more 
pronounced for Aβ oligomers as compared to 
monomers or fi brils, suggesting that pre-fi brillar 
oligomers can interfere with the acyl chain pack-
ing. Furthermore, production of endogenous Aβ 
was also reported to reduce membrane fl uidity 
(Peters et al.  2009 ). Consistent with these fi nd-
ings, pre-fi brillar Aβ oligomers were found to 
affect the dielectric properties of the membranes, 
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apparently by partitioning in their hydrophobic 
interior (Valincius et al.  2008 ). 

 Other experimental studies consistently 
showed that Aβ disturbs integrity, fl uidity and 
permeability of cellular membranes, although it 
is not clear in which manner. Many studies using 
different Aβ peptides and tissue extracts from AD 
brains reported that Aβ induces decrease in mem-
brane fl uidity (Muller et al.  1998 ; Eckert et al. 
 2000 ,  2010 ; Yip and McLaurin  2001 ; Peters et al. 
 2009 ). However, other studies reported an 
increase in the annular and bulk lipid fl uidity of 
synaptosomal plasma membranes (Avdulov et al. 
 1997 ; Mason et al.  1999 ; Chochina et al.  2001 ). 
In hippocampal membranes obtained from AD 
patients, changes in fl uidity and membrane 
disruption correlated with cholesterol content 
(Eckert et al.  2000 ). Such differences among dif-
ferent studies could arise from variations in the 
experimental conditions in the cell lines used, in 
the physical properties of the membranes, and in 
the aggregation state of Aβ, among other factors 
(Eckert et al.  2010 ; Stefani  2010 ). 

 In particular, Aβ oligomers were reported to 
have strong affi nity for synaptic membranes 
(Lacor et al.  2007 ) and thus, can induce synaptic 
dysfunction, which is proposed to be the primary 
cause of cognitive impairment in AD (Haass and 
Selkoe  2007 ; Palop and Mucke  2010 ). Although 
the likely cause of synaptic toxicity and cell death 
is disruption and altered permeability of cell 
membranes, the exact mechanisms remain 
unclear. Multiple lines of evidence suggest that 
cell membrane interaction with Aβ species can 
alter intracellular Ca 2+  levels (Stefani and Dobson 
 2003 ; Dobson  2003 ; Cecchi et al.  2005 ), leading 
to depolarization and disruption of the membrane 
(Arispe et al.  1993a ,  b ; Quist et al.  2005 ) and its 
increased conductance (Kayed et al.  2004 ; 
Demuro et al.  2005 ; Deshpande et al.  2006 ). 
These effects perturb ion homeostasis and neuro-
nal signal transduction, which can lead to cell 
death (Lashuel et al.  2002 ; Soto  2003 ). For zwit-
terionic bilayers, changes in conductance and 
membrane integrity have been attributed to a 
non-specifi c bilayer perturbation by small Aβ 
oligomers without pore formation (de Planque 
et al.  2007 ). However, many other studies have 

attributed a channel-like activity to Aβ (Pollard 
et al.  1993 ; Arispe et al.  1993a ,  b ), leading to a 
hypothesis that Aβ-mediated membrane disrup-
tion and toxicity occur mainly through pore 
formation. 

 Membrane pore formation by Aβ is thought to 
be driven mainly by pre-fi brillar aggregates, such 
as oligomers or protofi brils, which is consistent 
with high cellular toxicity of these aggregates. 
Electron and atomic force microscopic observa-
tions of the annular pore-like shape in certain Aβ 
aggregates suggests that these aggregates can act 
as non-regulated membrane pores (Lashuel et al. 
 2002 ; Quist et al.  2005 ; Kayed et al.  2009 ; 
Lal et al.  2007 ). Consistent with this idea is the 
proposed molecular model of toxic Aβ oligomers 
containing a central hole (Stroud et al.  2012 ). 
Other studies, using microscopy, electrophysiol-
ogy recording, biophysical and biochemical 
analysis and molecular dynamics simulations 
have demonstrated the formation of “amyloid 
channels” upon incorporation of Aβ oligomers or 
disordered Aβ into membranes (Lin et al.  2001 ; 
Quist et al.  2005 ; Jang et al.  2010 ,  2014 ; Prangkio 
et al.  2012 ). Such channel-like structures are 
permeable to Ca 2+  and eventually disrupt Ca 2+  
traffi cking and homeostasis (Lin et al.  2001 ; 
Kawahara et al.  2011 ). The resulting abnormal 
elevation of intracellular Ca 2+  levels can lead 
to the activation of apoptotic pathways and 
neuritic degeneration (Kawahara et al.  2011 ). 
Other possible consequences of altered neuronal 
Ca 2+  homeostasis include membrane disruption 
and changes in the dendritic spine number, mor-
phology and synaptic plasticity, eventually lead-
ing to synaptic impairment (Kato-Negishi et al. 
 2003 ). Ultimately, cytosolic and mitochondrial 
Ca 2+  overload can occur, contributing to the 
oxidative damage and apoptosis (Querfurth and 
LaFerla  2010 ). 

 Recent studies revealed that membrane choles-
terol plays an essential role in Aβ-mediated pore 
formation. Cholesterol-binding peptide fragment, 
Aβ(22–35), was reported to induce large Ca 2+  
infl ux to neuroblastoma cells (Di Scala et al. 
 2014b ), an effect that was completely abrogated 
upon the depletion of membrane cholesterol 
(Fantini et al.  2014 ). The authors used molecular 
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dynamic simulations to propose a mechanism for 
the pore formation, in which a hydrogen-bonded 
network was formed by Asn27 and Lys28 of 
Aβ(22–35) (Di Scala et al.  2014b ). According to 
this model, the interactions between the peptide 
molecules are favored by the tilted conformation 
Aβ acquires upon cholesterol binding. The result-
ing peptide-cholesterol complexes form an annu-
lar channel in which Glu22 and Asp23 side chains 
form the central pore, while cholesterol faces the 
membrane interior. The electronegative mouth of 
the pore attracts calcium ions, which is consistent 
with Ca 2+  permeability. 

 Similarly, cholesterol was proposed to infl u-
ence membrane insertion and pore formation by 
full-length Aβ peptides. Biophysical and molecu-
lar dynamics studies reported that cholesterol 
mediates peptide insertion into phospholipid 
membranes (Yu and Zheng  2012 ) and channel 
formation (Qiu et al.  2009 ).  In silico  models of 
oligomeric Aβ(1–40) and Aβ(1–42) have sug-
gested the formation of an acidic central pore 
involving Glu3, Asp7 and Glu11 (Diaz et al. 
 2006 ). A tetrameric channel was proposed as a 
model for oligomeric Aβ(1–42) bound to choles-
terol in the membrane (Di Scala et al.  2014a ). 

 While accumulative evidence suggests that 
cholesterol is a critical modulator of membrane 
pore formation by Aβ oligomers, such pore- 
containing oligomers can also form in the absence 
of cholesterol. Several structural models of Aβ 
oligomers have been proposed that are indepen-
dent of cholesterol. For example, on the basis of 
the X-ray diffraction and electron microscopic 
studies, a molecular model for toxic Aβ oligo-
mers has been proposed that contains a central 
hole (Stroud et al.  2012 ). Other  in silico  studies 
have also proposed channel-like structures for 
truncated Aβ peptides which form a β-strand – 
turn − β-strand motif that is suited for pore 
formation (Jang et al.  2010 ). Formation of 
transmembrane pores via the β-barrel-like Aβ 
hexamers that can perfuse the membrane has also 
been proposed (Shafrir et al.  2010 ). The molecu-
lar mechanism of membrane insertion of such 
β-barrels, the role of cholesterol in their forma-
tion, and the relevance of these processes to 
neurotoxicity in vivo remains to be established. 

 Apart from the lipid surface binding and pore 
formation, other deleterious effects of Aβ at the 
cell surface may include peptide binding to vari-
ous membrane proteins, which interferes with 
receptor recognition and signaling as well as 
other important metabolic processes (reviewed in 
Verdier et al.  2004 ; Bamberger et al.  2003 ). Other 
potential damaging effects include oxidative 
stress, infl ammation, vascular damage, disrup-
tion of protein function and apoptosis (Verdier 
et al.  2004 ; Querfurth and LaFerla  2010 ). Further 
studies will be needed to establish the relative 
roles of these effects in neuronal damage and AD 
pathogenesis in vivo.   

3.6     Concluding Remarks 

 Alzheimer’s disease is a complex pathology with 
multiple contributing factors, among which lipids 
and lipid homeostasis play a central role. It is 
well established that lipids, particularly at the 
level of the cell membrane, and their interactions 
with Aβ and APP, are among the crucial factors in 
Aβ biogenesis, aggregation and clearance, which 
ultimately determines the AD pathology. Efforts 
to elucidate the underlying mechanisms are 
underway and have provided a plethora of sce-
narios for the lipid-Aβ interactions which have 
been observed in vitro and in silico. However, 
relevance of such interactions to in vivo condi-
tions is often unclear, and many important ques-
tions remain unanswered. One major thrust of the 
on-going studies is to clarify the mechanisms of 
amyloidogenic versus non-amyloidogenic pro-
cessing of APP and the modulatory role of cho-
lesterol and other membrane lipids in this 
processing. Another is a better understanding of 
the role of specifi c membrane lipids, such as 
anionic lipids and gangliosides, in the pathologic 
aggregation of Aβ on the cell membrane, as well 
as the impact of such aggregation on the physical 
and functional properties of the membrane. Yet 
another crucial aspect is to better characterize the 
clearance mechanisms of Aβ and the role of apo-
lipoproteins, lipoproteins and lipoprotein recep-
tors in these complex processes. A continuous 
effort in elucidating these and other aspects of 
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AD pathology is necessary to identify potential 
targets for disease-modifying interventions. In 
addition, specifi c lipid signatures or changes in 
the lipid environment as disease-predisposing 
factors can possibly be revealed, providing new 
potential methods for improved diagnostics and 
ultimate prevention of AD.     
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    Abstract  

  Amyloidosis is a biological event in which proteins undergo structural transi-
tions from soluble monomers and oligomers to insoluble fi brillar aggre-
gates that are often toxic to cells. Exactly how amyloid proteins, such as 
the pancreatic hormone amylin, aggregate and kill cells is still unclear. 
Islet amyloid polypeptide, or amylin, is a recently discovered hormone 
that is stored and co-released with insulin from pancreatic islet β-cells. 
The pathology of type 2 diabetes mellitus (T2DM) is characterized by an 
excessive extracellular and intracellular accumulation of toxic amylin spe-
cies, soluble oligomers and insoluble fi brils, in islets, eventually leading to 
β-cell loss. Obesity and elevated serum cholesterol levels are additional 
risk factors implicated in the development of T2DM. Because the homeo-
static balance between cholesterol synthesis and uptake is lost in diabetics, 
and amylin aggregation is a hallmark of T2DM, this chapter focuses on the 
biophysical and cell biology studies exploring molecular mechanisms by 
which cholesterol and phospholipids modulate secondary structure, fold-
ing and aggregation of human amylin and other amyloid proteins on mem-
branes and in cells. Amylin turnover and toxicity in pancreatic cells and 
the regulatory role of cholesterol in these processes are also discussed.  
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  Abbreviations 
   AFM    Atomic force microscopy   
  BCD    Methylbetacyclodextrin   
  CD    Circular dichroism   
  CTX    Cholera toxin   
  DOPC    1,2-dioleoyl-phosphatidylcholine   
  DOPS    1,2-dioleoylphosphatidylserine   
  EM    Electron microscopy   
  HFIP    Hexafl uoride isopropanol   
  hIAPP    Human islet amyloid peptide   
  Lov    Lovostatin   
  PM    Plasma membranes   
  T2DM    Type 2 diabetes mellitus   
  ThT    Thiofl avin-T   
  Trf    Transferrin   

4.1           Amylin Biology and Function 

 Amylin, also known as islet amyloid polypeptide 
(IAPP), is a 37 amino acid hormone produced 
and co-secreted with insulin from pancreatic 
β-cells (Hoppener and Lips  2006 ; Clark and 
Nilsson  2004 ). IAPP is also expressed in pancre-
atic islet δ-cells in rat and mouse, in gastrointes-
tinal tract of rat, mouse, cat, and human, as well 
as in sensory neurons of rat and mouse. In 
chicken, IAPP is mainly expressed in the brain 
and intestine and, at much lower levels, in the 
pancreas (Fan et al.  1994 ; Miyazato et al.  1991 ; 
Mulder et al.  1996 ). Amylin is expressed in both 
human and rat placenta primarily during early 
pregnancy (Piper et al.  2004 ). Placental amylin 
mRNA expression is highest in the third trimester 
of pregnancy in humans and 16 days of gesta-
tional age in rats, and gets lower as the gestation 
progresses (Caminos et al.  2009 ). 

 Although the exact hormonal function of amy-
lin is still unclear, it has been proposed that amy-
lin controls food intake and energy homeostasis 
(Lutz  2006 ,  2010 ). Amylin primarily regulates 
nutrient fl uxes by acting as a potent satiation sig-
nal that reduces secretion of gastric juices and the 
glucagon hormone, and also reduces the rate of 
gastric emptying (Young and Denaro  1998 ). 
Peripheral amylin regulates satiation signal by 
directly binding to area postrema neurons, which 
are rich in amylin receptors and subsequently 

convey this signal to other brain areas (Lutz 
 2006 ). Interestingly, the central regulatory path-
way by which other gastrointestinal peptides like 
cholecystokinin, glucagon-like peptide 1 and 
peptide YY 3–36 suppress eating widely overlaps 
with that of amylin (Lutz  2006 ; Riediger et al. 
 2004 ). In addition, amylin is also involved in adi-
posity signaling and, similar to leptin, in body 
weight regulation all through adult life (Lutz 
 2010 ). Studies with animal and human subjects 
showed that combinational application of leptin 
and amylin increases leptin responsiveness in 
anti-obesity treatments, which suggests the syn-
ergistic function of these hormones (Lutz  2010 ). 
Recent studies suggest that amylin-mediated reg-
ulation of energy balance is not limited to the 
control of nutrient fl ux but also involves the 
body’s energy expenditure (Lutz  2010 ). However, 
the exact mechanism and the physiological rele-
vance are still under scrutiny (Lutz  2010 ). 

 As the fi rst two trimesters of pregnancy in 
humans and the equivalent period in rats are con-
sidered to be highly anabolic, and placental amy-
lin expression is highest during this time, amylin 
could potentially play important roles in anabolic 
control of food intake in both the mother and the 
fetus during pregnancy (Caminos et al.  2009 ). 
Amylin also plays a developmental role by con-
tributing to the development of bone, kidney and 
pancreas (Wookey et al.  2006 ). Finally, amylin 
regulates the early postnatal development of 
hindbrain in mouse though its positive neuro-
tropic effects (Lutz  2010 ). In addition to its hor-
monal role, amylin also imposes important 
paracrine and autocrine effects in islets by regu-
lating glucagon and insulin release from α- and 
β-cells, respectively (Trikha and Jeremic  2013 ; 
Wagoner et al.  1993 ). 

 Amylin and insulin genes share common pro-
moter elements, and the transcription factor 
PDX1 regulates glucose-stimulated secretion of 
both these genes (German et al.  1992 ). It has 
been reported that in rodent models, glucose 
stimulation of pancreatic β-cells results in paral-
lel expression patterns of insulin and IAPP, 
although in experimental diabetic models of 
rodents this parallel expression pattern is altered 
(Mulder et al.  1996 ). Amylin is synthesized in 
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cells as an 89-residue pre-pro-protein (Nakazato 
et al.  1990 ; Nishi et al.  1989 ). The 22-residue sig-
nal peptide of immature form is cleaved off in the 
endoplasmic reticulum (ER). Further processing 
of pro- IAPP, along with pro-insulin, takes place 
in the Golgi and the secretory vesicles in a pH- 
dependent manner using two endoproteases: pro-
hormone convertase 2 (PC2) and prohormone 
convertase 1/3 (PC1/3) (Westermark et al.  2011 ). 
PC2 and PC1/3 cleave pro-IAPP after Lys10 and/
or Arg11 (Wang et al.  2001 ) and after Lys 50 and 
Arg51, respectively (Marzban et al.  2004 ). After 
PC1/3-mediated cleavage, the two C-terminal 
amino acid residues are then removed by car-
boxypeptidase E, which results in an exposed 
glycine residue at the C-terminus of pro-IAPP 
(Westermark et al.  2011 ). This glycine is used as 
a signal for C-terminal amidation; fi nally, a disul-
fi de bridge is formed between Cys2 and Cys7. 
Both C-terminal amide and this disulfi de bridge 
are important for full biological activity of IAPP 
(Westermark et al.  2011 ). Fully processed IAPP 
is a 37-residue polypeptide stored in secretory 
granules of pancreatic islet β-cells along with 
fully processed insulin. Upon physiological stim-
ulation such as glucose spike in serum, insulin 
and amylin are co-secreted at a molar ratio of 
20:1 (Martin  2006 ). 

 The hormone amylin, which is similar to the 
neuropeptide calcitonin gene-related peptide, 
should have specifi c receptors to mediate its 
physiological function. However, efforts to iden-
tify specifi c amylin receptors were futile for a 
long time until the identifi cation of a family of 
single- domain proteins called “receptor activity- 
modifying proteins”, or RAMPs, which do not 
function as receptors by themselves (McLatchie 
et al.  1998 ). Amylin receptor utilizes a novel 
principle that has so far been detected only among 
the family of calcitonin receptors. RAMPs bind 
to the calcitonin receptors, and hetero- 
dimerization of RAMP with calcitonin receptor 
yields a unique high-affi nity amylin receptor 
(AM-R) phenotype (Poyner et al.  2002 ). The 
three known AM-R isoforms discovered so far 
have been shown to exhibit distinct pharmaco-
logical and functional properties (Morfi s et al. 
 2008 ). AM-R expression in different organs and 

tissues, particularly in the brain and in the pan-
creas, suggests its regulatory role in glucose 
homeostasis, hormone and neurotransmitter 
release and signaling (Martinez et al.  2000 ; 
Trikha and Jeremic  2013 ).  

4.2     Amylin Aggregation, Islet 
Amyloidosis and Type 2 
Diabetes Mellitus 

 Islet amyloid was fi rst reported in 1901 (Opie 
 1901 ) as thick proteinaceous deposits in the pan-
creas of diabetics, and was initially named “islet 
hyalinization” because of its hyaline-like or 
glassy appearance. It was later renamed “amy-
loid”, which means “starch-like”, because islet 
amyloids were initially believed to be carbohy-
drates as they could take up dyes which are typi-
cally used to stain starch (Clark and Nilsson 
 2004 ). Despite numerous studies, the origin and 
nature of islet amyloid remained enigmatic for a 
long time (Westermark et al.  2011 ). Purifi cation 
and characterization of amyloid aggregates from 
the amyloid-rich insulinoma cells and islets of 
human and feline origin identifi ed amylin as the 
main component (Cooper et al.  1987 ; Westermark 
et al.  1986 ). It is now known that amylin-derived 
amyloid aggregates often associate with apolipo-
protein E (apoE) and heparan sulfate proteogly-
cans (Ancsin  2003 ; Clark and Nilsson  2004 ; 
Hoppener et al.  2000 ). 

 Type 2 diabetes mellitus, one of the most com-
mon metabolic diseases in the world, is charac-
terized by “insulin resistance” in the target 
organs, mainly muscle and liver, and by the 
decline in the production and secretion of insulin, 
loss of β-cell mass and formation of islet amyloid 
(Clark and Nilsson  2004 ; Hoppener et al.  2000 ). 
The role of islet amyloidosis in the pathogenesis 
of T2DM is supported by several studies showing 
the presence of amylin-derived amyloid plaques 
in over 90 % of diabetics (Clark and Nilsson 
 2004 ; Hoppener et al.  2000 ). While amylin has 
been detected in monkeys and cats, species 
known to develop T2DM, it is absent in rodents 
and mice, species which do not develop T2DM 
(Clark and Nilsson  2004 ; Hoppener et al.  2000 ). 
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This is strong yet indirect evidence correlating 
T2DM and islet amyloidosis. Whether islet amy-
loidosis is a cause or a consequence of the dis-
ease is still unclear. 

 In vitro studies revealed that human but not rat 
amylin undergoes rapid aggregation in physiolog-
ical buffers and that insulin, but not pro- insulin, 
inhibits IAPP aggregation by forming hetero-
molecular complexes (Clark and Nilsson  2004 ; 
Westermark et al.  1999 ; Kayed et al.  1999 ). 
Therefore, faulty insulin processing in diabetics 
could partially explain amylin aggregation in 
T2DM. Defective processing of pro-IAPP into 
IAPP is another candidate for amylin aggregation 
in T2DM, as N-terminal intact pro-IAPP has been 
identifi ed in islet β-cells of diabetics (Clark and 
Nilsson  2004 ). In fact, pro-peptides have strong 
self-association properties and are capable of 
forming amyloid aggregates (Krampert et al. 
 2000 ). However, compared to fully processed 
IAPP, proIAPP has less amyloidogenicity and less 
toxicity (Jha et al.  2009 ; Krampert et al.  2000 ) 
This suggests that pro region of pro- peptide may 
play a protective role in amyloidogenic and toxic 
potentials of fully processed IAPP (Krampert 
et al.  2000 ). Increased accumulation of amyloid 
aggregates inside and outside the cells accounts 
for downstream pathological events such as cal-
cium overload, cell membrane disruption, ER 
stress, mitochondrial dysfunction, defects in 
autophagy, oxidative stress and activation of JNK 
and caspase-3 death signaling pathways (Abedini 
and Schmidt  2013 ; Cao et al.  2013a ; Costes et al. 
 2014 ; Huang et al.  2011 ; Konarkowska et al. 
 2006 ; Rivera et al.  2014 ; Zhang et al.  2003 ). Since 
the ability of IAPP to penetrate through lipid 
membranes depends on the lipid-to-peptide ratio, 
the toxicity of IAPP is thought to be enhanced due 
to an increase in its local concentration (Cao et al. 
 2013b ; Clark and Nilsson  2004 ).  

4.3     Amylin Misfolding, 
Aggregation, and Toxicity: 
A Dangerous Trio 

 The primary sequences of mature (fully pro-
cessed) rat (rIAPP) and human amylin (hIAPP) 
are depicted in Fig.  4.1a . Although human and rat 

amylin share high sequence homology, the pres-
ence or absence of just a few key amino acids in 
the amyloidogenic region of the peptide (residues 
18–29, Fig.  4.1a ) may drastically alter protein’s 
aggregation and cytotoxic properties. 
Computational and mutational studies confi rmed 
that 18–29 aa segment of mature hIAPP is highly 
amyloidogenic (Chiu et al.  2013 ; Moriarty and 
Raleigh  1999 ; Westermark et al.  1990 ). For 
instance, the presence of His at position 18 in 
human amylin is required for amylin-plasma 
membrane interactions, aggregation and toxicity 
(Abedini and Raleigh  2005 ; Brender et al.  2008a ; 
Tu and Raleigh  2013 ). The presence of three Pro 
residues in positions 25, 28 and 29 renders rat 
amylin soluble (non-amyloidogenic) and non- 
toxic (Fig.  4.1b, c ) (Westermark et al.  2011 ). 
Likewise, substitutions of Asn22, Gly24, and 
residues 26–28 with Pro markedly reduced aggre-
gation of 20–29 hIAPP fragment (Moriarty and 
Raleigh  1999 ). Thus, an absence of His and the 
presence of Pro in the sensitive residue segment 
18–29 of rat as compared to human amylin is 
believed to prevent its aggregation and toxicity in 
rodents.  

 In addition to His and Pro, other polar amino 
acids from the amyloidogenic region (Fig.  4.1a ), 
such as Ser20, may also play a regulatory role in 
human amylin aggregation and islet amyloid for-
mation. In fact, Ser20 to Gly mutation in mature 
human amylin was observed in a small subset of 
Chinese and Japanese populations who are at an 
increased risk of developing T2DM. Interestingly, 
in vitro studies revealed that Ser20Gly substitu-
tion accelerated amylin aggregation in solution 
(Cao et al.  2012 ), which may help explain 
increased incidence of diabetes in these two eth-
nic groups. Notably, amylin has a characteristic 
intramolecular disulfi de bond between Cys2 and 
Cys7, which does not initially contribute to the 
aggregation (nucleation) process, although its 
absence reduces fi bril formation (Khemtemourian 
et al.  2008 ; Koo and Miranker  2005 ). The rate of 
amylin fi brillization parallels the onset and the 
extent of membrane damage in vitro (Engel et al. 
 2008 ). These fi ndings support the  fi bril hypothe-
sis  of amylin’s toxicity in pancreatic islets. 
However, recent studies point to an important 
role of pre-fi brillar, soluble oligomeric species in 
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human amylin-induced membrane damage and 
β-cell death (Cao et al.  2013a ; Haataja et al. 
 2008 ; Janson et al.  1999 ; Konarkowska et al. 
 2006 ; Ritzel et al.  2007 ; Trikha and Jeremic 
 2011 ; Zhang et al.  2014 ). This process, com-
monly referred as toxic  oligomer hypothesis , 
together with the  fi bril hypothesis , will be 
addressed in this chapter.  

4.4     Conformation Changes 
and Aggregation of Amylin: 
A Causal Link 

 Because the dynamics and the extent of amylin 
oligomerization and aggregation were shown to 
be important parameters of amylin’s toxicity 
(Cao et al.  2013a ; Engel et al.  2008 ; Ritzel et al. 
 2007 ), implementation of biophysical methods 
such as fl uorescence and circular dichroism (CD) 
spectroscopy and high-resolution microscopy 
capable of tracking these changes in real time 
have become a norm in recent years. Such bio-
physical studies are essential to understand amy-
lin aggregation at the molecular level and to 

determine how certain cellular factors such as 
pH, ionic content and temperature may contrib-
ute to the formation of amyloid plaques in the 
pancreas and other organs. 

 Thiofl avin (ThT) fl uorescence assay 
(Fig.  4.1b ) is a commonly used method to moni-
tor the extent and the kinetics of aggregation of 
various amyloid peptides and proteins in vitro in 
cell-free environment (Munishkina and Fink 
 2007 ). In the absence of amyloid, the diagnostic 
dye ThT is weakly fl uorescent in solution. 
However, during amyloid formation, the ThT 
molecules intercalate into the growing amyloid 
fi bers, rendering the probe more fl uorescent (for 
details see Gorbenko et al., Chap.   6    , this volume). 
Thus, increase in ThT fl uorescence over time 
refl ects the fi brillization process that is amenable 
for experimental manipulations. Lag (nucleation) 
phase followed by sigmoidal (fi bril growth) 
phase are two common traits shared by amyloid 
proteins undergoing aggregation (Fig.  4.1b ). The 
ThT assay was previously used by many investi-
gators to understand how changes in pH, tem-
perature or presence or absence of certain metals 
affect the rate and the extent of amylin 

  Fig. 4.1    Aggregation of human amylin and changes of its 
secondary structure coincides in time. ( a ) Primary struc-
tures of mature human (hIAPP) and rat (rIAPP) amylin 
are depicted. Species-specifi c amino-acids within the 
amyloidoigenic region ( underlined ) of the polypeptide 
chain are bolded for clarity. ( b ) Kinetics and extent of 
aggregation of human and rat amylin in PBS as a function 
of time. Thiofl avin-T fl uorescent assay reveals fi brilogen-
esis of 20 µM human amylin in solution ( closed circles ) 

and lack of aggregation of non-amyloidogenic rat amylin 
(20 µM;  open circles ). ( c ) Far-UV CD spectra of human 
amylin ( solid line ) and rat amylin ( dashed line ) taken after 
20 min. in PBS solution in the presence of 2 % HFIP. Note 
the absorption minimum at ~220 nm for human but not rat 
amylin, typical for peptides and proteins adopting β-sheet 
conformation       
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 aggregation. For example, increasing the salt 
concentrations in the incubation medium to 
screen out electrostatic interactions in solution 
decreased both the rate and the extent of human 
amylin aggregation (Cho et al.  2008 ). Thus, amy-
lin aggregation inversely correlates to the solvent 
ionic strength, which suggests that intra- and 
inter-molecular non-covalent interactions among 
certain residues play a major role in self- 
association and polymerization of human amylin 
in solution. Aromatic and hydrophobic interac-
tions were proposed to play a major role in amy-
lin polymerization in solution (Gazit  2002 ; Tu 
and Raleigh  2013 ). These two non-covalent 
interactions also play an important role in self- 
assembly (oligomerization) of peptides into 
channel-like structures in the membrane, the effi -
cacy of which inversely correlates to ionic 
strength of the solution (Zhao et al.  2008 ). In this 
study formation of protein pores was inhibited 
when ionic strength of solution increased, 
whereas both hydrophobic and aromatic interac-
tions were retarded with the increase of salt con-
centration (Zhao et al.  2008 ). Thus, it is highly 
conceivable that amylin oligomerization, the fi rst 
step in amylin aggregation, is retarded in solution 
with increased ionic strength due to the inhibi-
tory effect of salts on aromatic and hydrophobic 
interactions, two major driving forces in amylin 
polymerization (Gazit  2002 ; Tu and Raleigh 
 2013 ). This eventually would diminish aggrega-
tion of human amylin, as showed recently (Cho 
et al  2008 ). 

 Together with ThT assay, the structural studies 
revealed a causal link between conformational 
changes in amylin and its propensity to aggregate 
(Fig.  4.1c ) (Brender et al.  2008b ; Cho et al.  2008 , 
 2009 ; Wiltzius et al.  2008 ). Similar to many other 
small proteins and peptides (described by 
Uversky in Chap.   2     of this volume), amylin is 
natively unfolded in solution. However, amylin 
can polymerize in a cross-β-sheet conformation 
upon aggregation in amyloid fi bers. CD analysis 
revealed that aggregation of human amylin is 
accompanied by secondary structural changes, 
from random coil in the monomeric from to the 
β-sheet-enriched fi brillar form characterized by a 
single minimum at ~220 nm (Fig.  4.1c ). In con-

trast, rat amylin retains its random coil conforma-
tion in solution, characterized by a minimum at 
202 nm (Fig.  4.1c ), which prevents its aggrega-
tion (Fig.  4.1b ). The likely reason for this differ-
ence is that rat amylin contains three 
structure-breaking prolines, Pro25, Pro28 and 
Pro29, in the residue segment that probably initi-
ates amyloid formation of human amylin 
(Fig.  4.1a ); these three prolines are expected and 
observed to prevent β-aggregation (Fig.  4.1b, c ) 
(Moriarty and Raleigh  1999 ). Inhibition of 
human amylin transition towards β-sheet confor-
mation by certain inhibitors (divalent metals, 
insulin or cholesterol) also prevents its aggrega-
tion (Cho et al.  2008 ,  2009 ; Salamekh et al.  2011 ; 
Susa et al.  2014 ). Collectively, these biophysical 
studies reveal that aggregation of amylin, like 
other amyloid proteins, is strongly conformation- 
dependent and that transition to β-sheet is a 
requirement for the formation of fi brils. 

 Although the aforementioned bulk spectros-
copy studies provided important information on 
the dynamics and conformational changes asso-
ciated with protein misfolding and aggregation, 
they could neither provide information on the 
nature and architecture of pre-aggregated spe-
cies, nor explain how they assemble into fi brils. 
Without this information, the process of amylin 
aggregation and amyloid formation in tissues 
cannot be fully understood. Therefore, visualiza-
tion of amylin aggregation became imperative. 
Given the small size of aggregated species, and in 
order to visualize peptide/protein transition from 
monomers to oligomers to large aggregates, a 
new real-time imaging tool capable of imaging at 
nm-resolution was needed. The development of 
atomic force microscope (AFM), a 3D lens imag-
ing instrument, allowed investigators to examine, 
for the fi rst time, the process of amyloid forma-
tion with unprecedented clarity and specifi city. 
Formation and growth (extension) of a single 
fi bril has been monitored using this technology 
(Fig.  4.2 ) (Cho et al.  2008 ; Goldsbury et al.  1999 ; 
Green et al.  2004 ). The unique capability of AFM 
to directly monitor changes in the conformation 
or aggregation state of macromolecules, and to 
study dynamic aspects of molecular interactions 
in their physiological buffer environment has 
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allowed examination of amylin aggregates at 
~5 nm lateral and ≤1 nm vertical resolution 
(Figs.  4.2 ,  4.4 , and  4.5 ) (Cho et al.  2008 ,  2009 ; 
Green et al.  2004 ). This novel imaging technol-
ogy has provided new insights into the molecular 
mechanism of amyloid assembly.  

 In our studies, time-lapse AFM operating 
either in contact or tapping mode was used to 
investigate the organization of amylin aggregates 

on solid surface such as mica (Fig.  4.2 ) and on 
planar lipid membranes (Figs.  4.4  and  4.5 ), two 
surfaces bearing distinct physicochemical prop-
erties. With the scanner speed set at 1 Hz and 
image acquisition time of ~5 min/image, and 
using high-resolution scanning parameters 
(512 × 512 lines per image), the dynamics, poly-
morphism and the extent of amylin fi brillization 
can be obtained (“the fi bril growth” in Fig.  4.2b ). 

  Fig. 4.2    Dynamics of amylin aggregation on solid sur-
face. ( a ) Structural intermediates, oligomers and fi brils, 
are resolved during amylin aggregation on mica by time- 
lapse AFM (tapping mode amplitude images). Note a 
time-dependent transition of human amylin from small 
round oligomers (0–10 min) into fi brils during early-mid 
stage of amylin aggregation (10–25 min). Late–stage of 
amylin aggregation (25–35 min) is characterized by accu-
mulation of massive peptide deposits on the mica surface. 
All micrographs are 5 × 5 µm. ( b ) Fibril growth curves 
reveal two phases of amylin aggregation, an early oligo-
meric phase (0–10 min) characterized by oligomers for-
mation, followed by oligomers incorporation into growing 

fi brils (10–25 min, second phase or fi bril maturation). 
Note the signifi cant increase in oligomer heights ( inset ) 
and widths during the fi rst phase of amylin aggregation, 
and an abrupt increase in fi brils length following forma-
tion of full-size oligomers. Data represents mean particle 
size at each time point (mean ± SEM), obtained from 
three independent time-lapse AFM experiments. ( c ) 3-D 
AFM image of a single full-grown fi bril on mica showing 
arrangement of several amylin oligomers and their bi- 
directional extension into a fi bril (depicted by  arrow-
heads ). Micrograph is 800 × 800 nm scale       
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Time-lapse amplitude AFM micrographs revealed 
structural transitions of amylin on mica, from 
small spherical oligomers to extended fi brils, 
over a 30 min time period (Fig.  4.2a ). 

 After acquiring micrographs, the size of indi-
vidual fi brils and oligomers (i.e. radius, length 
and height) that were deposited on mica 
(Fig.  4.2b ) or on planar membranes (Fig.  4.4 ) 
could be determined using a section analysis tool 
(Veeco, Santa Barbara, CA). Cross-sectional 
analysis revealed that amylin fi brils varied by 
length and consistently measured 90–110 nm in 
width and 5–6 nm in height (Fig.  4.2a, b ) (Cho 
et al.  2008 ). In addition to amplitude AFM images 
(Fig.  4.2a ), the height-AFM micrographs 
revealed changes in fi bril height during amylin 
aggregation (Figs.  4.2c  and  4.4 ). Changes in par-
ticle height are more visible in the height imaging 
mode as compared to amplitude images, which 
are better suited for imaging the fi ne morphologi-
cal details of amylin aggregates. Some fi brils 
were relatively short (less than 200 nm), whereas 
others extended over 500 nm in length 
(Fig.  4.2a, c ). To construct fi bril growth curves, 
the average size of oligomers and fi brils was 
determined and plotted for each time point 
(Figs.  4.2b  and  4.4c ). In the presence of 1–2 % 
hexafl uoride isopropanol, which accelerates 
amylin aggregation, massive amyloid-like amy-
lin deposits generally developed after 30 min of 
incubation (Fig.  4.2a , 30–35 min), thus preclud-
ing the monitoring of fi bril growth for an extended 
period of time. However, AFM resolved amylin 
structural intermediates prior to amyloid accu-
mulation. Formation of fi brils occurred in two 
distinct phases. The initial phase involved depo-
sition of small spherical oligomers with diameter 
(width) of 47 ± 7 nm and height of 3.4 ± 0.3 nm 
(Fig.  4.2a, b , 0–5 min). During the next 5 min, 
oligomers almost doubled in size (diameter 
89 ± 13 nm, height 5.5 ± 0.4 nm; Fig.  4.2a, b ), fol-
lowed by the oligomer’s bi-directional extension 
into a fi bril (Fig.  4.2c ) at an average fi brillization 
rate of 21 nm/min (Fig.  4.2a, b , 10–25 min). 
Growth curves revealed two distinct phases in 
amylin aggregation: the fi rst phase, or oligomer 
growth, was characterized by the large change in 
the oligomer’s height and width within the fi rst 

10 min of aggregation, reaching ~90 % of their 
maximal value (Fig.  4.2b , inset) but accounting 
for only ~20 % of maximum fi bril length during 
that period; and second phase or fi bril growth, 
when fi brils rapidly elongated by doubling their 
extension rate from 9 nm/min (0–10 min interval, 
Fig.  4.2b ) to 21 nm/min (10–25 min interval, 
Fig.  4.2b ). Taken together, these results suggest 
that fi brils are formed on mica by longitudinal 
extension of full-grown oligomers. Hence, amy-
lin fi brillization depends on formation of “build-
ing block” oligomers, or nuclei, measuring 
approximately ~6 nm in height and ~90 nm in 
diameter. Once formed, these nuclei align and 
elongate into a fi bril (Fig.  4.2a–c ), a scenario 
originally proposed by Aebi and co-workers 
(Green et al.  2004 ).  

4.5     Amylin Folding 
and Aggregation in Solution 
Are Strongly Modulated 
by Anionic Lipids 
and Cholesterol 

 The above-mentioned spectroscopy and micros-
copy studies revealed species and molecular 
mechanism of amylin aggregation in solution and 
on solid surface. However, amylin aggregates 
were also found in close proximity to islet β-cells, 
with some fi brils integrated into the β-cell plasma 
membranes (PM) (MacArthur et al.  1999 ). This 
fi nding suggests that amylin-membrane interac-
tions may be important for both amylin aggrega-
tion on the cell surface and for the integrity and 
function of the β-cell PM. The regulatory role and 
involvement of the membrane’s main constitu-
ents, phospholipids and cholesterol, in amylin 
aggregation were explored during the last decade, 
prompted by fi ndings that amylin toxicity stems, 
at least in part, from its ability to disrupt fl uidity 
and organization of cellular membranes (Brender 
et al.  2008a ,  b ; Khemtemourian et al.  2008 ). Thus, 
understanding the process of amylin aggregation 
on membranes has a direct implication for the 
etiology of islet amyloidosis and T2DM. 

 Given that human amylin is a positively 
charged (cationic) peptide, one can expect that 
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lipids bearing strong negative charge, such as 
phosphatidylserine (PS) and other anionic lipids, 
interact with human amylin to modulate its 
aggregation in solution and/or on membranes. 
This idea, fi rst tested by Miranker and colleagues 
(Knight and Miranker  2004 ), was later verifi ed 
by several independent biochemical studies 
showing accelerated amylin aggregation and 
conformational changes in solution following 
addition of anionic lipids such as PS (Cho et al. 
 2008 ,  2009 ; Jayasinghe and Langen  2005 ,  2007 ; 
Knight et al.  2006 ). Supporting this notion, the 
presence of negatively charged liposomes com-
posed of phosphatidylcholine (PC) and PS 
(PC:PS, 2.8:1.2 mol:mol) in the incubation solu-
tion potentiated amylin aggregation by increas-
ing both the extent (Fig.  4.3a ) and the rate of 
amylin aggregation (Cho et al.  2008 ). Not only 
do the PS-enriched liposomes increase the rate of 
amylin aggregation, but they also shorten the lag 
phase, suggesting that electrostatic interactions 
between the peptide and the lipid accelerate 
nucleation, which is a rate-limiting step in aggre-
gation (Fig.  4.3a ).  

 In contrast to anionic liposomes, zwitterionic 
(neutral) PC liposomes did not signifi cantly 
affect the rate or the extent of amylin aggrega-
tion in solution, further implicating electrostatic 
interactions as a culprit in amylin aggregation 
(Cho et al.  2008 ). Interestingly, inclusion of 
cholesterol, another essential component of 
cellular membranes, into anionic liposomes 
(PC:PS:Chol, 2.3:1:0.8 mol:mol:mol) attenu-
ated the stimulatory effect of PS on amylin 
aggregation in solution by ~30 % (PC:PS versus 
PC:PS:Chol, Fig.  4.3a ), a decrease comparable 
to the inhibitory effect of cholesterol on amylin 
deposition across planar membranes (PC:PS 
versus PC:PS:Chol, Fig.  4.4a ). By applying the 
 calculated rate constants to the Arrhenius equa-
tion it was inferred that the presence of nega-
tively charged PC:PS vesicles decreases the 
activation energy (E a ) of aggregation by 
ΔE a  = −3.7 kJ/mol as compared to amylin alone, 
which in turn increases the rate of amylin aggre-
gation by more than four times (Cho et al.  2008 ). 
In contrast, inclusion of cholesterol in PC:PS 
vesicles reversed their stimulatory effect on 

amylin aggregation by increasing the activation 
energy by ΔE a  = 845 J/mol. The ΔE a  values were 
calculated for amylin aggregation at room tem-
perature (25 °C) at which the experiment was 
performed (Cho et al.  2008 ). Remarkably, 
despite marked difference in their aggregation 
rates, all three reactions exhibited fi rst-order 
kinetics (Cho et al.  2008 ), indicating that anionic 

  Fig. 4.3    Membrane cholesterol and anionic phospholipids 
oppositely regulate amylin aggregation and misfolding 
in solution. ( a ) Thiofl avin-T fl uorescent assay reveals 
slow aggregation of 10 µM human amylin in solution 
( circles ). Presence of 100 µM anionic liposomes (PC:PS, 
2.8:1.2 mol:mol,  squares ) in incubating solution (PBS, 
1 % HFIP) accelerates amylin aggregation, the effect of 
which was reversed by inclusion of cholesterol in the lipid 
vesicles (PC:PS:Chol, 2.3:1:0.8 mol:mol:mol,  triangles ). 
( b ) Dynamics of amylin secondary structural transitions 
in solution are regulated by membranes. CD spectras of 
human amylin (10 µM) incubated with 100 µM PC:PS 
liposomes (2.8:1.2 mol:mol,  black trace ) or PC:PS:Chol 
liposomes (2.3:1:0.8 mol:mol:mol,  gray trace ) were con-
tinuously acquired at 220 nm to monitor appearance of 
β-sheet conformation. Note that the onset of amylin 
aggregation and the transition from random coil to β-sheet 
coincide (hA+PC:PS, Fig. 4.3a, b). Inclusion of choles-
terol prolonged amylin’s transition to β-sheets evoked by 
anionic liposomes (Fig. 4.3b), ultimately reducing kinet-
ics and the extent of amylin aggregation (Fig. 4.3a)       
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lipids and cholesterol do not change the mecha-
nism of amylin aggregation but act as catalyst 
and inhibitor, respectively. This fi nding also 
suggests that phospholipids and cholesterol in 
membranes oppositely modulate amylin aggre-
gation by changing the activation energy of the 
amylin transition from random coil to β-sheets. 
In support of this conclusion, inclusion of cho-
lesterol reduced the stimulatory effect of 
PS-containing liposomes on the conformational 
transition of amylin from random coil to 
β-sheets (Fig.  4.3b ) (Cho et al.  2008 ).   

4.6     Cholesterol Regulates 
Amylin Aggregation 
on Planar Lipid Membranes 

 We used AFM to investigate the supramolecular 
organization and dynamics of amylin aggregates 
on model membranes (Cho et al.  2009 ) that 
resemble the cell PM in composition and fl uidity. 
Amylin aggregation on neutral and negatively- 
charged planar membranes that contained or 
lacked cholesterol was investigated by time-lapse 
AFM followed by single-particle analysis as 
described above. AFM revealed transition of 
small 25–35 nm diameter spherical oligomers 
(formed during the fi rst 5 min) into larger 
90–130 nm supramolecular complexes on anionic 
PC:PS (2.8:1.2 mol:mol) membranes (Fig.  4.4a , 
10 min, arrowheads). Amylin oligomers formed 
during the fi rst 5 min (Fig.  4.4a , left panel) and 
were morphologically similar to the oligomers 
initially assembled on mica (Fig.  4.2a ). In marked 
contrast to amylin fi brillization on mica, amylin 
oligomers did not align and elongate into fi brils 
on anionic membranes but rather assembled 
into channel- or pore-like structures (Fig.  4.4a , 
10 min, arrowheads). Interestingly, AFM revealed 
that amylin oligomers preferentially deposited on 
planar PC:PS membranes (Fig.  4.4a , 5 min) and 
much less frequently (<3 % of all particles) on 
mica surfaces (Fig.  4.2a , 5 min). This result dem-
onstrates that amylin interacts with anionic mem-
branes earlier during the oligomeric stage of 
aggregation, which most likely serve as a catalyst 
for amylin oligomerization. 3D image analysis 

revealed a characteristic fourfold rotational 
symmetry of self-assembled supramolecular 
complexes of amylin featuring a central pore 
(Fig.  4.4b , PC:PS, 10 min; inset). The majority of 
self-assembled amylin complexes on planar 
PC:PS membranes exhibited tetrameric and, 
at times, pentameric globular organization 
(Fig.  4.4b , right panels). Tetrameric amylin com-
plexes accounted for ~95 % of all supramolecular 
amylin structures assembled on the membranes. 
Less than 5 % of amylin complexes were pen-
tamers (7 out of 163 particles examined, n = 3). 

 A twofold symmetrical organization of amylin 
and other amyloid proteins, incorporated fi rst 
into liposomes and subsequently into planar 
membranes, has been previously demonstrated 
(Quist et al.  2005 ). In our study, which replicates 
amylin interactions with the pancreatic β-cells, 
we showed that amylin oligomers in solution can 
also directly assemble into symmetrical channel- 
like structures on pre-formed planar membranes. 
This may be relevant for the pathology of diabe-
tes, as amylin and other amyloid proteins interact 
with cellular membranes and are cytotoxic when 
assembled into oligomers (Haataja et al.  2008 ; 
Ritzel et al.  2007 ; Trikha and Jeremic  2011 ). 
Interestingly, the sizes of amylin globular parti-
cles assembled on planar membranes (Fig.  4.4b ) 
were in the same range (20–40 nm) as the soluble 
intermediate-sized cytotoxic amylin particles 
reported earlier (Janson et al.  1999 ). As expected 
from the peptide’s amphiphilic nature, cytotoxic 
amylin oligomers readily form ion-permeable 
channels in bilayers and in cell membranes 
(Mirzabekov et al.  1996 ; Quist et al.  2005 ; Trikha 
and Jeremic  2011 ; Zhao et al.  2014 ). Besides 
forming channel-like structures, amylin also 
accumulates on membranes as unstructured 
amorphous aggregates (Fig.  4.4a , left panel; 
arrows), resembling in size (300–500 nm) and 
morphology the amyloid deposits often associ-
ated with T2DM (Jaikaran and Clark  2001 ). 
Incorporation of cholesterol into anionic mem-
branes (PC:PS:Chol, 2.3:1:0.8 mol:mol:mol) re- 
directed the surface distribution of amylin 
aggregates (Fig.  4.4a , right panel). While oligo-
mers were observed again during the fi rst 5 min 
of aggregation on cholesterol-containing mem-
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branes, amylin further aggregated and concen-
trated in discrete areas measuring 300–500 nm in 
diameter (Fig.  4.4a , 10–20 min; PC:PS:Chol). 
Presence or absence of channel-like structures on 
these membranes could not be verifi ed due to a 
strong clustering effect of cholesterol from the 
very early stages of amylin aggregation. 

 To further understand how phospholipids and 
cholesterol modulate amylin surface deposition 
and to learn more about the regulatory mecha-
nisms driving aggregation, we measured amylin 

accumulation on planar membranes using single- 
particle analysis as explained above (see 
Fig.  4.2b ). The regulatory effect of cholesterol 
was quite obvious from the early stages of amylin 
aggregation (10 min and thereafter; Fig.  4.4a–c ). 
Over time there was a signifi cant increase in the 
height of amylin aggregates due to the large clus-
tering effect of cholesterol (Fig.  4.4c , height 
analysis). This was accompanied by an overall 
decrease in amylin deposition across the planar 
membranes (Fig.  4.4c , surface analysis). As amy-

  Fig. 4.4    Dynamics and organization of amylin aggre-
gates on planar membranes. ( a ) Amylin (20 µM) at time 
zero was injected into the imaging chamber and the pep-
tide membrane assembly was monitored in real time by 
time-lapse AFM. All micrographs are 5 × 5 µm, and are 
taken at the same time intervals of 5 min. ( b ) Section anal-
ysis of amylin aggregates on anionic membranes. 
Channel-like topology of two amylin supramolecular 
complexes featuring a central pore is shown ( b , PC:PS, 
2.8:1.2 mol:mol, 10 min,  inset ). High-resolution 2D AFM 
micrographs of several amylin supramolecular complexes 
on PC:PS membranes are shown. Tetrameric and pentam-
eric subunits are outlined ( b ,  right panel ). Bar is 50 nm. 
( c ) Quantitative analysis of cholesterol-regulated amylin 

assembly on anionic membranes. Presence of cholesterol 
in planar membranes (PC:PS:Chol,2.3:1:0.8 mol:mol:mo
l,  circles ) stimulates a signifi cant increase in the size 
( height ) of amylin aggregates over time when compared 
with cholesterol-depleted membranes (PC:PS, 
2.8:1.2 mol:mol,  fi led squares ,  c ,  height plot ). Cholesterol 
abrogates amylin deposition and overall membrane sur-
face coverage with amylin ( c ,  surface plot ). Cholesterol 
also inhibits seeding of amylin aggregates on PC:PS 
membranes ( c ,  particle plot ). The mean (V m ) and the total 
particle volume (V t ) of amylin aggregates on PC:PS mem-
branes are signifi cantly different in the presence of cho-
lesterol after 20 min ( * p < 0.05 and  ** p < 0.01, n = 3 
Student’s  t -test) ( c ,  volume plot )       
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lin aggregated and accumulated in some mem-
brane areas, other regions of the membrane were 
virtually devoid of the protein aggregates 
(Fig.  4.4a , right panel). Consequently, amylin’s 
capacity to form an extensive network of amyloid 
aggregates on the membrane was diminished in 
membranes that contained cholesterol (Fig.  4.4a, c , 
surface analysis). 

 Similar to most amyloid proteins, amylin 
aggregation is nucleation-dependent (Khem-
temourian et al.  2008 ; Padrick and Miranker 
 2002 ). Consistent with the “nucleation” hypoth-
esis, amylin seeding was diminished in the pres-
ence of cholesterol: a sevenfold decrease in the 
number of amylin particles was observed on pla-
nar anionic membranes that contained choles-
terol as compared to those that lacked cholesterol 
(Fig.  4.4c , particle analysis). This phenomenon 
may also account for the observed inhibitory 
effect of membrane cholesterol on initial (nucle-
ation) phase of amylin polymerization in solution 
evoked by anionic liposomes (Fig.  4.3a ). As the 
number of amylin particles diminished in the 
presence of cholesterol (Fig.  4.4a ), their size and 
average volume increased over time (Fig.  4.4a, c , 
volume analysis). The mean volume V m  of amy-
lin particles was larger on lipid membranes than 
on mica. A further, much larger increase in par-
ticle size was detected on membranes containing 
cholesterol (PC:PS:Chol. Fig.  4.4c , volume anal-
ysis). However, the total volume V t  of amylin 
aggregates on the cholesterol-containing mem-
branes signifi cantly decreased when compared to 
the cholesterol-free membranes (Fig.  4.4c  vol-
ume analysis, inset) due to a large decrease in the 
amylin seeding capacity (Fig.  4.4c , particle anal-
ysis). Thus, in the presence of cholesterol, amylin 
aggregated and accumulated on planar mem-
branes as submicron-sized protein clusters, which 
served as templates for the ongoing amylin bind-
ing and aggregation. 

 Comparisons of AFM micrographs and amy-
lin growth curves on surfaces bearing different 
physicochemical properties (Fig.  4.5 , upper 
panel) revealed that amylin monomers polymer-
ize via two distinct mechanisms: on stiff and 
polar mica, amylin formed fi brils by longitudinal 
bi-directional extension of full-grown spherical 

oligomers, or nuclei, measuring ~6 nm in height 
and ~90 nm in diameter (Fig.  4.2 ), and on soft 
negatively-charged PC:PS planar membranes 
amylin formed pore-like supramolecular struc-
tures that self-assembled from ~25 to 35 nm 
diameter globular subunits or oligomers (Figs.  4.4  
and  4.5 , lower panel). AFM revealed another 
important feature of amylin aggregates on planar 
membranes. Amorphous deposits and channel- 
like structures that were formed during the early 
(5–10 min) stages of amylin aggregation did not 
transition into new structures, although the total 
amount and size of amorphous aggregates 
increased over time (Figs.  4.4  and  4.5 ). These 
fi ndings signify the important contribution and 
long-lasting effect of lipids and cholesterol in the 
regulation of amylin aggregation, summarized in 
Fig.  4.5  (lower panel).  

 To test if the regulatory effect of cholesterol is 
charge-specifi c, amylin aggregation was also 
studied on neutral PC membranes that lack or 
include cholesterol (Fig.  4.5 , upper panel). As in 
anionic PC:PS-membranes (Figs.  4.4c  and  4.5 ), 
the presence of cholesterol in neutral PC mem-
branes (PC:Chol, 3.2:0.8 mol:mol) stimulated an 
increase in the height of amylin aggregates by 
almost twofold, from 6.2 ± 0.9 to 11.9 ± 1.7 nm 
(mean ± SEM). Similar to anionic membranes 
(Fig.  4.4 , PC:PS:Chol), the presence of choles-
terol in neutral membranes resulted in heteroge-
neous amylin distribution and clustering over the 
membrane surface with a mean particle (cluster) 
radius of 196 ± 19 nm based on section analysis 
reported previously (Fig.  4.5 , PC:Chol upper 
panel) (Cho et al.  2009 ). Thus, the amylin  clusters 
on neutral membranes (PC:Chol) were 20–30 % 
smaller compared to those formed on cholesterol-
containing anionic (PC:PS:Chol) membranes 
(Fig.  4.5 , upper panel). Collectively, our results 
demonstrate the intrinsic ability of cholesterol to 
regulate amylin aggregation and deposition on 
membranes, irrespective of the chemical compo-
sition or charge of the membrane (Cho et al. 
 2009 ). 

 Amylin’s self-assembly into non-fi brillogenic, 
channel-like structures on neutral and anionic 
membranes (Figs.  4.4  and  4.5 ) suggests that 
physical properties, rather than specifi c chemical 
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properties of the membrane, determine its 
susceptibility to distinct amyloid forms. For 
example, β-amyloid oligomers, but not fi brils, 
were found to be enriched in neuronal membrane 
lipid rafts (Schneider et al.  2006 ), which are dis-
crete membrane segments with phospholipids in 
a liquid- ordered phase. Cholesterol is a known 
regulator of membrane fl uidity. It is found in 
lipid rafts and many endomembranes, where it 
establishes a sorting platform for a scaffold of 
various protein-lipid complexes important for 
cell signaling, endocytosis and other essential 
physiological processes (Simons and Toomre  2000 ). 

It is therefore quite possible that, by modulating 
membrane fl uidity and/or membrane curvature 
(Chen and Rand  1997 ; Smith et al.  2009 ), cho-
lesterol also regulates amylin-lipid interactions 
and amylin aggregation observed in our studies 
(Cho et al.  2008 ,  2009 ; Trikha and Jeremic  2011 ). 

 Another possibility is that amylin directly 
interacts with cholesterol in the membrane. 
Amylin, as a monomer, has a strong tendency to 
insert into phospholipid monolayers (Engel et al. 
 2006 ). This event may set a stage for direct 
peptide- cholesterol interactions in the membrane 
core. To test if cholesterol can directly interact 

  Fig. 4.5    AFM analysis of membrane-directed amylin 
self-assembly. High-resolution 2D AFM micrographs 
( top panel ) reveal distinct patterns of amylin aggregation 
and deposition on different surfaces. Note the clustering 
of amylin aggregates on cholesterol-containing mem-
branes, PC:Chol (3.2:0.8 mol:mol) and PC:PS:Chol 
(2.3:1:0.8 mol:mol:mol) and their homogenous distribu-
tion/aggregation on cholesterol-free membranes, PC and 
PC:PS (2.8:1.2 mol:mol). In contrast to mica, no fi brils 
were detected on either membranes. Micrographs are 
2 × 2 µm.  Bottom panel : Proposed pathway of amylin 
polymerization and accumulation on different surfaces. 
The form and amount of amylin deposits correlate with 
the physicochemical properties of the supporting surface. 
On stiff polar mica surface, amylin monomers ( left ) asso-

ciate into spherical oligomers that align and elongate 
overtime to produce mature fi brils that randomly distrib-
ute across the surface (mica). On soft planar membranes, 
amylin self-assembles into globular highly symmetrical 
supramolecular structures featuring a central pore. 
Unstructured amorphous amylin aggregates are also 
formed on this surface (membrane). Incorporation of cho-
lesterol into planar membranes redirects amylin surface 
deposition by stimulating formation of larger, but fewer 
amylin clusters (memb+chol). Consequently, the mem-
brane surface area free of amylin deposits increases sig-
nifi cantly, which diminishes amylin accumulation. Three 
major polymorphic forms, a fi bril, a pore and a single 
cluster formed during amylin polymerization on different 
surfaces, are presented top to bottom ( bottom panel )       
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with amylin, we evaluated their interaction by 
ThT aggregation assay and CD spectroscopy 
(Cho et al.  2008 ,  2009 ). The presence of soluble 
cholesterol (1:1 and 1:2 mol/mol peptide/sterol 
ratios) impeded amylin aggregation in solution in 
two major ways: it prolonged the lag (nucleation) 
phase and it decreased the fi brillization rate by 
16-fold, from k = 8.32 × 10 −3  s −1  (amylin) to 
k = 5.2 × 10 −4  s −1  (amylin plus cholesterol) (Cho 
et al.  2008 ,  2009 ). These results are consistent 
with inhibition of both fi bril nucleation and elon-
gation. These reconstituted studies have demon-
strated that cholesterol may directly affect amylin 
conformational changes in solution and possibly 
in the membranes. However, whether human 
amylin directly interacts with cholesterol in 
plasma and/or endomembranes still remains to be 
confi rmed.  

4.7     Plasma Membrane 
Cholesterol Restricts 
Aggregation of Human 
Amylin on Cellular 
Membranes and Amylin’s 
Toxicity 

 Experiments performed with synthetic liposomes 
and planar membranes provided important 
although indirect evidence for the role of mem-
branes in aggregation of amylin and other amy-
loid proteins. To confi rm that native membranes 
modulate amylin’s turnover and toxicity in situ, 
we resorted to cellular studies (Trikha and 
Jeremic  2011 ,  2013 ). In our experimental setup, 
monomeric human amylin was added to pancre-
atic rat and human islet cells in which we system-
atically varied plasma membrane cholesterol 
levels using cholesterol biosynthesis inhibitor 
lovastatin (Lov) and/or cholesterol-depleting 
agent, beta-cyclodextrin (BCD). The extent of 
human amylin aggregation (Fig.  4.6 ) and toxicity 
(Fig.  4.7 ) in cholesterol-containing and 
cholesterol- depleted cells was assessed over 24 h 
by confocal microscopy (Trikha and Jeremic 
 2011 ). Oligomers were detected with the 
oligomer- specifi c A 11  antibody (Fig.  4.6a ) that 
does not react with either monomers or fi brils 

(Kayed et al.  2003 ). To detect human amylin 
monomer distribution on the PM and inside the 
cells (Fig.  4.6b ), we used a human-specifi c amy-
lin antibody that does not cross-react with the rat 
isoform or large oligomers/aggregates (Trikha 
and Jeremic  2011 ). In addition to human amylin, 
we used the lipid raft marker, cholera toxin 
(CTX), and the clathrin endocytotic marker, 
transferrin (not shown), to determine the 
 specifi city of amylin monomer and oligomer 
binding to the cell PM (Fig.  4.6 ).   

 Amylin and CTX were sequentially (Fig.  4.6 ) 
or concurrently (Trikha and Jeremic  2011 ) incu-
bated with cultured pancreatic insulinoma RIN- 
m5F cells for the indicated periods of time, fi xed 
and processed for immunochemical analysis. In 
experiments in which amylin and CTX were con-
currently incubated with cells, immuno-confocal 
microscopy revealed a punctuated staining pat-
tern of CTX and amylin oligomers on the cell 
PM, exhibiting high spectral overlap (yellow) 
and a high co-localization coeffi cient 
(R = 0.74 ± 0.09) in discrete membrane regions 
(Trikha and Jeremic  2011 ). Changes in the cell 
morphology characterized by the appearances of 
elongated protrusions were frequently observed 
in cultures treated with human amylin (Trikha 
and Jeremic  2011 ). Amylin oligomer binding 
and uptake were particularly noticeable in protru-
sions. However, amylin oligomers also co- 
patched with the lipid raft marker CTX in other 
PM regions (Trikha and Jeremic  2011 ,  2013 ). 
This suggests that amylin oligomers accumulate 
at specifi c microdomains, possibly lipid rafts, on 
the cell PM prior to their uptake. 

 To exclude a possible modulatory effect of 
CTX on amylin binding, sequential incubations of 
rat insulinoma cells with amylin and CTX were 
performed. Following the incubation with amylin, 
cells were further incubated with CTX for 30 min 
at 4 ° C. Amylin oligomers and CTX once more 
co-localized on the cell PM (Fig.  4.6a , 30 min). 
Prolonging the incubation period from 30 min to 
24 h allowed amylin oligomers in the microdo-
mains to internalize, as demonstrated by a ~50 % 
drop in amylin oligomer/CTX colocalization 
values (Fig.  4.6a ) (Trikha and Jeremic  2011 ). 
Upon depletion of PM cholesterol with BCD/Lov, 
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a signifi cant decrease in colocalization of amylin 
oligomers with cholera toxin on the cell PM was 
observed indicating amylin/CTX particle de-clus-
tering and their dispersions across the cell surface 
(Fig.  4.6a ). In line with this fi nding, image and 
single-particle analysis revealed that the mean 
particle area of PM-bound amylin oligomers 
(Fig.  4.6a , right boxed panel) in cholesterol- 
depleted cells (BCD/Lov) decreased signifi cantly 
as compared to control cells (Fig.  4.6a , particle 
analysis). Conversely, the number of amylin 
oligomer clusters, or puncta, on the PM of choles-
terol-depleted cells increased by threefold relative 

to control cells (Fig.  4.6a , particle analysis). 
Consequently, cell surface coverage by amylin 
oligomers increased by ~twofold in cells with 
reduced PM cholesterol content as compared to 
control cells (Fig.  4.6a , right boxed panel). This 
inhibitory effect of BCD/Lov on clustering of 
amylin oligomers on the PM was also observed at 
earlier time points, 30 min and 3 h (data not 
shown). These results demonstrate that the seed-
ing (nucleation) capacity of amylin oligomers and 
their ability to form a dense network of amyloid 
aggregates on the PM were augmented in cells 
with impaired cholesterol homeostasis. 

  Fig. 4.6    Binding and clustering of amylin oligomers into 
microdomains on the cell PM requires cholesterol. ( a ) 
Confocal microscopy analysis of amylin oligomer and 
cholera toxin (CTX) distribution on the cell 
PM. Characteristic binding profi les of amylin oligomers 
on the cell PM for each treatment (within  boxes ,  right 
panel ) are rendered in  gray tones  for easier particle com-
parisons, which are presented side by side with the origi-
nal fl uorescence images ( left panels ). Note the 
time-dependent increase in the number of internalized 
amylin oligomers (control, 30 min vs. 24 h,  left panel ), 
which prevents accumulation of amylin oligomers on the 
cell PM (control, 30 min vs. 24 h,  right box ). Single par-
ticle analysis demonstrates a threefold increase in the 
number of amylin oligomer clusters, or puncta, on the PM 

(particle no.), and their dispersion across the PM in 
cholesterol- depleted cells (mean particle area). 
Signifi cance established at  * p < 0.05,  ** P < 0.01 control 
vs. BCD/Lov, and   #  p < 0.05,   ##  p < 0.01 BCD/Lov vs. 
BCD/Lov/Chol. ( b ) Amylin monomer internalization is 
not blocked by cholesterol depletion. Confocal micros-
copy demonstrates internalization of amylin monomers 
both in controls (hA) and cholesterol-depleted cells (hA + 
BCD/Lov). No signifi cant (NS) change in PM-binding 
pattern of amylin monomers ( right boxes ) was noticed 
upon cholesterol depletion. PM cholesterol does not mod-
ulate amylin deposition on the PM. The number of amylin 
puncta on PM (particle no.) and their area (mean particle 
area) did not change signifi cantly upon depletion of PM 
cholesterol by BCD/Lov. Bars are 5 µm       

 

4 Role of Cholesterol and Phospholipids in Amylin Misfolding, Aggregation and Etiology…



110

 Clustering of amylin oligomers on the PM 
was fully restored following replenishment of 
PM cholesterol (Fig.  4.6a ), indicating that amylin 
oligomer deposition on the PM is modulated by 
cholesterol and is reversible. These fi ndings are 
in full compliance with the inhibitory and clus-
tering effect of cholesterol on amylin aggregation 
on synthetic membranes (Figs.  4.4  and  4.5 ) (Cho 
et al.  2008 ,  2009 ). 

 In contrast to oligomers (Fig.  4.6a ), fewer 
amylin monomers co-localized with the lipid raft 
marker CTX on the PM during the fi rst 30 min of 
incubation with cells (Fig.  4.6b ). However, anal-
ogous to the binding of oligomers (control 
30 min, Fig.  4.6a  right boxed panel), amylin 
monomers exhibited a discrete, punctuated stain-
ing pattern on the cell PM during that period 
(control 30 min, Fig.  4.6b  right boxed panel). 
Interestingly, the degree of colocalization 
between amylin monomers and CTX also 
decreased signifi cantly upon cholesterol deple-
tion with BCD/Lov (Fig.  4.6b ), albeit to much 
lesser extent than for amylin oligomers 
(Fig.  4.6a ). In contrast to oligomers, the number 
and the mean particle area of amylin monomer 
puncta at the cell PM remained almost the same 
in control and BCD/Lov-treated cells (Fig.  4.6b  
image and graphs) (Trikha and Jeremic  2011 ), 
indicating that clustering of amylin monomers 
into microdomains on the cell PM is not affected 
by PM cholesterol. Specifi city of amylin and 
CTX binding is further demonstrated in experi-
ments in which transferrin, a marker of clathrin- 
dependent endocytosis, was used (Trikha and 
Jeremic  2011 ,  2013 ). Colocalization analysis 
revealed that neither amylin monomers nor oligo-
mers colocalize with transferrin on the cell PM 
(Trikha and Jeremic  2011 ). Similarly, CTX and 
Trf were found to bind to distinct regions on the 
cell PM. Collectively, our studies depicted in 
Fig.  4.6  (Trikha and Jeremic  2011 ) imply that 
PM cholesterol reversibly and specifi cally deter-
mines binding and distribution of amylin oligo-
mers, but not monomers, on the cell PM. 

 We also investigated whether, and to what 
extent, variations in PM cholesterol levels affect 
amylin toxicity in rat and human pancreatic islet 

cells. Cells were treated or not with BCD and/or 
Lov and then exposed to human amylin. Following 
24 h incubation, cells were analyzed by confocal 
microscopy for the presence or absence of apop-
totic markers, cleaved caspase-3 and PS external-
ization (Fig.  4.7 ). Amylin was toxic to cultured 
human islet cells, albeit with notably higher 
potency (LD 50  = 2.5 µM) as compared to its toxic 
effect in rat insulinoma cells (LD 50  = 15 µM). 
Human amylin (hA, 2 µM) evoked apoptosis in 
43 ± 5 % of cultured human islet cells. The combi-
nation of BCD (5 mM, 10 min) and lovostatin 
(0.5 µM, 24 h), reduces PM cholesterol to 67 ± 4 % 
relative to controls (Trikha and Jeremic  2011 ), 
which in turn increases amylin toxicity by a 
34 ± 5 % as compared to cells with normal mem-
brane cholesterol content (Fig.  4.7 , image and his-
togram). Addition of soluble cholesterol together 
with BCD/Lov replenishes cholesterol levels 
(94 ± 5 % in BCD/Lov/Chol relative to controls), 
which reverses the stimulatory effect of BCD/Lov 
on amylin toxicity. As demonstrated in rat insuli-
noma cells (Trikha and Jeremic  2011 ), Lov alone 
had a small insignifi cant stimulatory effect on 
amylin toxicity in human islet cells (<10 %, data 
not shown). Finally, incubation of human islet 
cells with soluble cholesterol (50 µg/ml) increases 
PM cholesterol levels by 14 ± 6 % relative to con-
trol cells (Trikha and Jeremic  2011 ) and further 
attenuates amylin toxicity (Fig.  4.7 ). A strong 
inverse relationship between PM cholesterol lev-
els and amylin toxicity in human islets is obtained 
(Fig.  4.7 , graph). The inhibitory effect of PM cho-
lesterol on amylin toxicity in human islets was 
confi rmed with the LDH-release assay (Trikha 
and Jeremic  2011 ). Similarly, Western blot analy-
sis demonstrates extracellular accumulation of 
low-molecular- weight amylin monomers and 
dimers and intermediate-sized oligomers upon 
PM-cholesterol depletion with BCD/Lov, and 
their effi cient clearance by islet cells upon PM 
cholesterol reloading with soluble cholesterol 
(BCD/Lov/Chol). In line with these fi ndings, con-
focal microscopy shows that cholesterol supple-
mentation stimulates, while PM cholesterol 
depletion decreases amylin oligomer internaliza-
tion in human islet cells (Trikha and Jeremic  2011 ). 
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These results demonstrate a major role of PM 
cholesterol in amylin turnover and toxicity in 
human islets.  

4.8     Role of Cholesterol 
and Phospholipids 
in Aggregation and Toxicity 
of Other Amyloid Proteins 

 Amyloid formation, or amyloidogenesis, an 
intrinsic property of all polypeptides (Chiti and 
Dobson  2006 ) is a process by which soluble pro-
teins aggregate into insoluble, structurally con-
served unbranched fi bers that are characterized 
by resistance to proteinase K digestion, dye bind-
ing specifi city, and ordered β-sheet-rich structure 
(Sipe et al.  2010 ). Amyloids can be broadly 
categorized into detrimental and functional. 
Detrimental amyloids, which cause protein 
misfolding in amyloid diseases, include huntingtin 

implicated in Huntington’s disease, α-synuclein 
implicated in Parkinson’s disease, prion protein 
implicated in Creutzfi eld-Jacob’s disease, super-
oxide dismutase implicated in amyotrophic 
lateral sclerosis, and amyloid-β (Aβ) peptide 
implicated in Alzheimer’s disease, transthyretin 
implicated in transthyretin familial amyloidosis, 
Tau implicated in frontotemporal lobar degenera-
tion etc. Some of these proteins, including Aβ, 
α-synuclein, serum amyloid A (implicated in 
infl ammation-linked amyloidosis) and other apo-
lipoproteins (implicated in systemic amyloidosis 
and atherosclerosis) are described in other chap-
ters in this volume. Functional amyloids are an 
integral part of the normal physiology of the cell 
and include curli, chaplin, URE2p and PmeL17. 
Curli found in  E. coli  plays a role in biofi lm for-
mation and mediates infection. Chaplin found in 
Streptomyces plays a role in protection against 
water surface tension. URE2p found in 
 S. Cerevisiae  plays a role in nitrogen catabolism, 

  Fig. 4.7    PM cholesterol prevents toxicity of soluble amy-
lin oligomers in cultured human islet cells. Confocal 
microscopy analysis of phosphatidylserine (PS) external-
ization and caspase-3 proteolytic activation by amylin in 
cells with normal, depleted and enriched cholesterol lev-
els (micrographs,  left panel ).  Arrows  depict non-apoptotic 
nuclei ( blue ) in viable cells, whereas arrowheads depict 
fl uorogenic caspase-3 substrate found in the nuclei of 
apoptotic cells, giving these nuclei a  green/blue  appear-
ance. The majority of PS-positive cells ( red ) show shrink-
age and nuclear condensation ( arrowheads ) indicative of 
apoptosis (hA and hA+BCD/Lov). Bar is 10 µm. Linear 
regression analysis shows an inverse relationship between 

amylin-induced cell death and PM cholesterol levels. The 
extent of cell death evoked by amylin was plotted as a 
function of variable PM cholesterol levels in controls and 
treatments (apoptosis vs. cholesterol, graph). Quantitative 
analysis of amylin-induced apoptosis in human islets (cas-
pase- 3/annexin, graph) reveals a signifi cant increase in 
amylin toxicity in cholesterol-depleted cells as compared 
to controls (  @@  p < 0.01 hA vs. control,   **  p < 0.01 hA vs. 
treatments,  right panel ). Replenishment of PM choles-
terol levels signifi cantly decreased amylin toxicity 
(  ##  p < 0.01 hA+BCD/lov vs. hA+BCD/Lov/Chol)       
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and Pmel17 found in humans play a role in melanin 
synthesis (Granzotto et al.  2011 ; Lau et al.  2007 ; 
Rymer and Good  2000 ). 

 High local concentrations of proteins accumu-
lating on biological surfaces, such as the plasma 
or organelle membranes, and the physicochemi-
cal properties of membrane lipids that interact 
with these proteins may accelerate aggregation 
and fi bril formation (Burke et al.  2013 ). 
Interestingly, while there have been reports of 
cholesterol and phospholipids stimulating amy-
loid aggregation and enhancing amyloid- 
mediated toxicity, there have also been contrasting 
reports describing that cholesterol and phospho-
lipids reduce aggregation and toxicity of a variety 
of amyloid proteins. Moreover, distinct mecha-
nisms are reported for the effects of cholesterol 
and phospholipids on amyloid protein aggrega-
tion and toxicity. It is widely reported that high 
levels of cholesterol aggravate Alzheimer’s dis-
ease (Cossec et al.  2010 ) by promoting the gen-
eration of Aβ peptide (Barrett et al.  2012 ) and 
stimulating its aggregation. Barrett et al. have 
shown that the carboxyl terminal transmembrane 
domain of amyloid precursor protein binds cho-
lesterol and is cleaved by γ-secretase to generate 
 A β peptides. This promotes the possible use of 
cholesterol lowering drugs, like statins, in the 
control of Alzheimer’s pathology (McGuinness 
and Passmore  2010 ). Another elegant study that 
supports the enhancing role of cholesterol in the 
aggregation of amyloid precursor proteins (APP) 
(Hayashi et al.  2000 ) provides evidence that APP 
is not present in caveolae or caveoli-like domains 
of the cell membrane but in cholesterol rich 
microdomains which may be linked to the matu-
ration of APP in a cell type specifi c manner. 
Exogenously applied amyloid beta peptides and 
tau protein have also been reported to accumulate 
in lipid rafts, in turn affecting their mobility 
(Williamson et al.  2008 ). 

 There are multiple reports that anionic 
phospholipids like phosphatidylserine provide 
‘docking sites’ where amyloid aggregates can be 
nucleated, resulting in toxicity through disruption 
of the membrane (Zhao et al.  2004 ,  2005 ; Lee 
et al.  2002 ). For example, native-like aggregates 
of the toxic prion protein Ure2p dock preferentially 

on PS, speeding up aggregation and dampening 
toxicity (Pieri et al.  2009 ). The conversion of 
another normal cellular predominantly α-helical 
prion protein isoform, PRP C , to the protease- 
resistant, β-sheet-rich PRP SC  isoform is enhanced 
by the presence of cholesterol-rich phospholipid 
membranes at ambient conditions (Rymer and 
Good  2000 ). In addition to cholesterol and phos-
pholipids, fatty acids are abundantly found in 
membranes. For example, docosahexaenoic acid 
(DHA) is abundant in the vicinity of α-synuclein 
in neuronal membranes of patients with 
Parkinson’s disease, and has been reported to 
enhance α-synuclein aggregation (De Franceschi 
et al.  2011 ). 

 At the physiological concentration (5 µM) at 
which cholesterol is found in the cerebrospinal 
fl uid, it is reported to slow down, but not block, 
aggregation of β-amyloid complexes, in the pres-
ence or absence of metal ions. On the other hand, 
cholesterol compensates for membrane damage 
induced by Aβ peptides, preventing their toxic 
effects (Granzotto et al.  2011 ). Lipid rafts formed 
by cholesterol-rich microdomains in membranes 
are an attachment target for Aβ peptides. 
Antagonists of platelet-derived growth factor and 
inhibitors of phospholipase A2 inhibit the release 
of cholesterol from cholesterol esters, thereby 
reducing lipid rafts that traffi c Aβ peptides, which 
in turn lead to the increase of cytosolic degrada-
tion of Aβ (Simmons et al.  2014 ). The apoptotic 
accumulation and redistribution of Aβ peptides 
on the neuronal cell membrane and in lipid rafts 
is reported to depend on a non-receptor tyrosine 
kinase that increases phosphorylation of mem-
brane associated proteins (Williamson et al. 
 2008 ). Apolipoprotein E4, an established risk 
factor for Alzheimer’s disease and cerebral amy-
loid angiopathy, affects clearance of Aβ peptides. 
ApoE4 preferentially forms plaques in the cere-
bral vessels rather than cerebral parenchyma by 
altering the ratio of Aβ(1–40) and Aβ (1–42) 
(Fryer et al.  2005 ). 

 In summary, during the last three decades 
investigators working in the amyloid fi eld have 
made major progress by illuminating important 
regulatory mechanisms and cellular factors impli-
cated in turnover and function of amyloid proteins 
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such as human amylin. Studies reveal exactly how 
membrane-associated lipids and cholesterol mod-
ulate aggregation of human amylin and other 
amyloid proteins and how islet amyloid is formed 
and processed in cells, interacts with membranes 
and affects cellular functions. The knowledge 
gained in these studies offers exciting opportunity 
for development of novel approaches and drugs 
that may eradicate or slow down progression of 
amyloid-associated diseases.     
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    Abstract  

  Serum amyloid A (SAA) is an acute-phase reactant protein predominantly 
bound to high-density lipoprotein in serum and presumed to play various 
biological and pathological roles. Upon tissue trauma or infection, hepatic 
expression of SAA increases up to 1,000 times the basal levels. Prolonged 
increased levels of SAA may lead to amyloid A (AA) amyloidosis, a usu-
ally fatal systemic disease in which the amyloid deposits are mostly com-
prised of the N-terminal 1–76 fragment of SAA. SAA isoforms may differ 
across species in their ability to cause AA amyloidosis, and the mecha-
nism of pathogenicity remains poorly understood. In vitro studies have 
shown that SAA is a marginally stable protein that folds into various 
oligomeric species at 4 °C. However, SAA is largely disordered at 37 °C, 
reminiscent of intrinsically disordered proteins. Non-pathogenic murine 
(m)SAA2.2 spontaneously forms amyloid fi brils in vitro at 37 °C whereas 
pathogenic mSAA1.1 has a long lag (nucleation) phase, and eventually 
forms fi brils of different morphology than mSAA2.2. Remarkably, human 
SAA1.1 does not form mature fi brils in vitro. Thus, it appears that the 
intrinsic amyloidogenicity of SAA is not a key determinant of pathogenic-
ity, and that other factors, including fi brillation kinetics, ligand binding 
effects, fi bril stability, nucleation effi ciency, and SAA degradation may 
play key roles. This chapter will focus on the known structural and bio-
physical properties of SAA and discuss how these properties may help 
better understand the molecular mechanism of AA amyloidosis.  
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  Abbreviations 
   AA    Amyloid A   
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5.1           Introduction 

5.1.1     Serum Amyloid A and AA 
Amyloidosis 

 Serum amyloid A (SAA, ~12 kDa) belongs to a 
highly conserved family of proteins that appears 
to play very important roles, including choles-
terol transport (Kisilevsky and Manley  2012 ; van 
der Westhuyzen et al.  2007 ) and various immu-
nological functions (Eklund et al.  2012 ). Acute 
phase SAA is predominantly synthesized by the 
liver and is secreted into plasma where it binds to 
high-density lipoprotein (HDL) (Benditt and 
Eriksen  1977 ). SAA is also expressed in normal 
tissue (Urieli-Shoval et al.  1998 ), as well as in 
cells in atherosclerotic plaques (Meek et al. 
 1994 ), tumor tissue (Malle et al.  2009 ), and the 
brains of individuals with Alzheimer’s disease 
(Chung et al.  2000 ; Liang et al.  1997 ). Considering 
the wide expression profi le of SAA in normal tis-
sue and in disease, it appears that this protein 
may not just be important during infl ammation, 
but may also play an active role in many disease 
processes (for reviews see (Urieli-Shoval et al. 
 2000 ; Cunnane  2001 ). 

 Although the functions of SAA remain poorly 
understood, the protein appears to play a seminal 

role in cholesterol metabolism and transport 
(Kisilevsky and Subrahmanyan  1992 ; Liang et al. 
 1996 ; Steinmetz et al.  1989 ; Tam et al.  2002 ). 
Specifi cally, SAA binds to HDL and directs it 
toward cholesterol-loaded macrophages near 
damaged tissue to allow cholesterol recycling for 
tissue repair (Kisilevsky and Manley  2012 ). The 
normal level of SAA in serum is 1–3 μg/mL 
(Gabay and Kushner  1999 ). However, during 
acute infl ammation such as infection, injury, or 
trauma, the levels of SAA may increase up to 
1,000-fold (Gabay and Kushner  1999 ; McAdam 
and Sipe  1976 ). Due to this dramatic increase in 
SAA concentration, combined with approxi-
mately twofold decline in plasma level of HDL 
during the acute phase response, it is likely that 
not all SAA is bound to HDL (Webb et al.  1997 ). 
However, due to SAA’s intrinsic tendency to 
aggregate, it seems unlikely that SAA would cir-
culate in the plasma unbound to any ligand. 

 The prolonged high levels of SAA associated 
with chronic infl ammatory conditions sometimes 
lead to amyloid A (AA) amyloidosis, which is a 
secondary amyloidosis characterized by the 
deposition of SAA-derived amyloid fi brils in 
organs like liver, spleen, and kidney (Pepys  2006 ; 
Sipe  1992 ). AA is one of the most common sys-
temic amyloid diseases worldwide, but is much 
less prevalent in western nations, ranging from 
0.50 to 0.86 % (Simms et al.  1994 ). The preva-
lence is higher for particular chronic diseases, 
such as rheumatoid arthritis. For example, one 
study showed that 9 % of Finnish individuals 
with rheumatoid arthritis died of AA amyloidosis 
(Mutru et al.  1985 ). Another study reported that 
5 % of individuals with rheumatoid arthritis 
develop AA amyloidosis (Husby  1998 ). There is 
no cure for AA amyloidosis, but an effective 
treatment involves reducing the high levels of 
SAA circulating in serum via administration of 
anti-infl ammatory drugs (Hazenberg and van 
Rijswijk  2000 ; Immonen et al.  2011 ). It has been 
shown that the outcome in AA amyloidosis is 
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favorable when the concentration of SAA is 
maintained below 0.01 mg/mL, but those with 
SAA concentration of 0.05 mg/mL had poor 
prognosis (Gillmore et al.  2001 ). 

 AA amyloidosis usually involves fi brillar 
deposits comprising the N-terminal 76-residue 
fragment of SAA (Sletten and Husby  1974 ). 
However, because full-length SAA and other 
N-terminal SAA fragments have been found in 
human amyloid deposits (Husebekk et al.  1985 ; 
Rocken and Shakespeare  2002 ; Westermark et al. 
 1989 ), and amyloid deposits in duck comprise 
full-length SAA (Ericsson et al.  1987 ), the spe-
cifi c role of SAA proteolysis in amyloid forma-
tion and the etiology of AA amyloidosis remains 
unclear. Nevertheless, the absence of the 
C-terminus of SAA in most AA deposits suggests 
that the main determinants of fi bril formation are 
found within the N-terminal 3/4 of SAA. This 
hypothesis is supported by in vitro studies involv-
ing synthetic peptides representing different 
region of human and mouse SAA (Egashira et al. 
 2011 ; Lu et al.  2014 ; Westermark et al.  1992 ), 
site-directed mutations at the N-terminus of 
human SAA (Patel et al.  1996 ), proteolytic deg-
radation of the N-terminus (Yamada et al.  1995 ), 
as well as by the amino acid sequence analysis 
(see Chap.   8     by Das and Gursky in this volume).  

5.1.2     Pathogenic 
and Nonpathogenic Isoforms 
of SAA: Mouse Model of AA 
Amyloidosis 

 Humans and mice have two acute-phase SAA 
isoforms that differ in their pathogenicity, pre-
sumably due to their different ability to form 
amyloid deposits in vivo. Human acute phase 
SAAs include SAA1 and SAA2 that differ at 
eight residues (SAA1#SAA2: V52A, A57V, 
D60N, F68L, F69T, H71R, E84K, K90R). SAA1 
is mostly found in amyloid deposits associated 
with AA amyloidosis (Liepnieks et al.  1995 ), and 
is known to exist in three different isotypes that 
differ from each other at residues 52 and/or 57, 
resulting in SAA1.1 (V52/A57), SAA1.3 (A52/
A57), and SAA1.5 (A52/V57). It has been shown 
that Japanese individuals homozygous for 

SAA1.3 have a greater chance of developing AA 
amyloidosis, and the disease course is more 
likely to be aggressive with a poorer outcome 
(Nakamura et al.  2006 ). Furthermore, individuals 
with SAA1.1/1.1 genotype are three to seven 
times more likely to develop AA amyloidosis 
(van der Hilst  2011 ). In mice, most strains have 
SAA1.1 and SAA2.1 isoforms (formerly known 
as SAA2 and SAA1, respectively (Sipe  1999 )) 
that differ at nine residues (SAA1.1#SAA2.1: 
I6V, G7H, G27N, D30N, G31S, A60G, S63A, 
M76I, A101D). AA amyloidosis can be induced 
in mice by injection of infl ammatory reagents 
(Ishihara  1973 ; Skinner et al.  1977 ). Most studies 
have been performed in type A mice (Ishihara 
 1973 ), which produce equal amounts of SAA2.1 
and SAA1.1 isoforms. Only SAA1.1 in mouse is 
found in amyloid deposits (Hoffman et al.  1984 ; 
Meek et al.  1986 ; Shiroo et al.  1987 ). In addition, 
other animal species differ in their SAA sequence 
and consequently, are either highly susceptible to 
AA amyloidosis or resistant to the disease (Sipe 
et al.  1993 ; Woldemeskel  2012 ; Zhang et al. 
 2008 ). Interestingly, the CE/J strain of mice 
expressing just one isoform, SAA2.2, was dis-
covered to be resistant to AA amyloidosis (de 
Beer et al.  1993 ; Sipe et al.  1993 ). Thus, even 
though the sequence of SAA is highly conserved 
in vertebrates, differences in primary structure 
appear to account for the divergent pathogenicity 
of SAA in various species. The mechanism for 
this structure-pathogenic function relationship 
remains poorly understood. 

 This chapter will review the biophysical proper-
ties of HDL-free (apo) SAA and discuss the 
potential implications in AA  amyloidosis. Despite 
the wealth of cellular and clinical studies involv-
ing SAA and AA amyloidosis (Obici and Merlini 
 2012 ; Westermark et al.  2015 ), fundamental ques-
tions remain. For  example, how the biophysical 
properties of SAA  isoforms infl uence their poten-
tial pathogenicity, as well as the disease onset and 
progression, is poorly understood. Although the 
biological  relevance of in vitro experiments is 
limited and is often diffi cult to assess, much of 
our understanding about the molecular basis of 
amyloid diseases have benefi ted from such studies. 
Similarly, a better understanding of the structural 
and  biophysical properties of SAA isoforms may 
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reveal the basis for their diverse pathogenicity, and 
provide novel insight leading to a better understand-
ing of the molecular mechanism of AA amyloido-
sis and developing novel therapeutic strategies.   

5.2     AA Amyloidosis: What Is 
the Pathogenic Mechanism? 

5.2.1     Molecular Mechanism of SAA 
Fibril Formation In Vivo 

 Amyloid formation occurs by a nucleation- 
dependent or seeding mechanism, where the 
rate- limiting step is the formation of a nucleus/
seed building block that propagates fi bril 
growth. Here, we are referring to nuclei as any 
oligomeric to short fi brillar species that can seed 
fi bril formation. The time required for the nuclei 
to form is known as the lag phase, and it usually 
takes from hours to days in in vitro experiments, 
depending on the protein concentration and the 
solvent conditions. In AA amyloidosis, the dis-
ease onset in mice can be accelerated when an 
infl ammatory stimulus is accompanied by an 
injection of protein extracted from AA amyloid- 
laden mouse (Axelrad et al.  1982 ; Kisilevsky 
and Boudreau  1983 ). This elusive “amyloid 
enhancing factor” (AEF) in AA amyloidosis 
was found to comprise SAA fi brils (Lundmark 
et al.  2002 ). However, the molecular entity 
responsible for AEF activity has not been 
defi ned, and may comprise one or more degra-
dation-resistant species, including amyloid 
nuclei or small fi brils readily generated from the 
breakup of larger SAA fi brils. Remarkably, AEF 
was shown to be effective when administered 
orally, indicating that AA amyloidosis may be 
transmissible via a prion- like mechanism 
(Lundmark et al.  2002 ). A hallmark of prion 
transmissibility is the high stability of the prion 
species, which enables it to resist denaturation 
and proteolytic degradation in the digestive 
tract, thereby allowing oral transmissibility. 
Thus, the stability of the SAA-based amyloid 
nuclei or protofi brils, which are the putative 
prion-genic species, is likely critical for the 
onset and transmissibility of AA amyloidosis. 

 The persistently high level of SAA during 
chronic infl ammation is an essential prerequisite 
for AA amyloidosis. However, the relationship 
between infl ammation – unrelated to the high 
levels of SAA – and amyloid deposition is not 
easily decoupled. A recent transgenic mouse 
model study in which the concentration of SAA 
was increased by doxycycline-inducible expres-
sion showed that high expression (>1.0 mg/mL) 
of SAA is suffi cient for the onset of AA amyloi-
dosis independently of infl ammation (Simons 
et al.  2013 ). In addition, this dose-dependent 
transgenic model showed that when the concen-
tration of SAA was raised modestly to ~0.12 mg/
mL for a few weeks, the still healthy mice were 
primed for very fast amyloid deposition when the 
concentration of SAA was subsequently 
increased to the pathological concentration of 
>1.0 mg/mL. Furthermore, when the concentra-
tion of SAA was decreased after the onset of AA 
amyloidosis, there was evidence of amyloid 
clearance, even though the mice remained primed 
for disease. These remarkable results demon-
strate that the structure and biophysical proper-
ties of SAA and its fi brils, along with time of 
exposure to high SAA concentration, are critical 
factors in the etiology of AA amyloidosis. The 
apparent competition between AA accumulation 
and clearance suggests that, unlike other amyloid 
diseases where a putative toxic species is respon-
sible for pathology (Guerrero-Munoz et al.  2014 ; 
Stefani  2012 ), the pathology in AA amyloidosis 
arises from the progressive accumulation of amy-
loid fi brils that interfere with normal organ 
function.  

5.2.2     Intrinsic Factors Affecting 
the Pathological 
Accumulation of SAA Fibrils 

 Although biophysical properties of SAA iso-
forms, such as nucleation/fi brillation kinetics and 
nucleus/fi bril stability, likely play a major role in 
the etiology of AA amyloidosis, the relative con-
tributions of these and other endogenous factors 
remain unclear. In particular, two inherent SAA 
properties stand out. One is the kinetics of  amyloid 
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nucleation and fi bril growth; the other is the 
kinetic stability, i.e. degradation-resistance, of 
amyloid nuclei and fi brils. The kinetics of amy-
loid formation depends strongly on the SAA con-
centration that must exceed a required threshold 
for nuclei formation and fi bril growth. Below a 
certain concentration, SAA may not fi brillate fast 
enough to overcome its clearance. In individuals 
with AA amyloidosis, keeping their SAA levels 
below 0.01 mg/mL via aggressive treatment of 
infl ammation has been shown to result in benefi -
cial outcome, including regression of amyloid 
deposits (Gillmore et al.  2001 ; Lachmann et al. 
 2007 ). In contrast, the disease progressed in 
patients whose SAA levels were persistently 
above 0.05 mg/mL (Gillmore et al.  2001 ). Thus, 
administration of anti-infl ammatory medication 
to keep the SAA concentration at low levels has 
been effective in reducing the incidence and mor-
tality of AA amyloidosis in developed countries 
(Gillmore et al.  2001 ). The persistence of amyloid 
deposition also depends on nuclei and fi bril stabil-
ity. The inherent ability of SAA to form highly 
stable amyloid nuclei is also likely a main factor 
in AA amyloidosis. The persistence of SAA 
nuclei in mice primed for SAA deposition 
(Simons et al.  2013 ) suggests that these precursor 
aggregates (i.e. seeds) are kinetically stable and, 
therefore, resistant to proteolysis (Manning and 
Colon  2004 ). The stability of SAA seeds would 
explain the AEF effect observed in mice in vivo, 
as well as the observation that cheetah exhibits 
prion-like infectivity of AA amyloidosis (Lundmark 
et al.  2002 ; Zhang et al.  2008 ). Thus, the kinetics 
of SAA amyloid nucleation and growth, as well as 
the stability of the precursor aggregates and fi brils 
are likely the main contributors to the diverse 
pathogenicity of SAA isoforms.  

5.2.3     Endogenous Factors Affecting 
the Pathological 
Accumulation of SAA Fibrils 

 The low incidence of AA amyloidosis indicates 
that endogenous genetic or environmental factors 
play an important pathological role. The most 
important endogenous factor is the expression 

level of SAA during infl ammation. The concen-
tration of SAA may increase up to 1,000-fold 
during episodes of acute infl ammation, but the 
exact level, as well as the frequency and the dura-
tion of the acute episodes, vary for different indi-
viduals. Another endogenous factor involves the 
availability and effect of SAA ligands. Although 
SAA is an apolipoprotein-related protein that 
binds HDL, as well as heparin/heparan sulfate 
(HS) and other ligands, e.g. laminin and various 
peripheral membrane proteins (Urieli-Shoval 
et al.  2000 ), it remains unclear how the endoge-
nous amounts of these ligands impact the etiol-
ogy of AA amyloidosis. Most SAA that circulates 
in plasma in HDL-bound form is presumably 
safe from fi brillation. Therefore, SAA and its 
fragments seem at the greatest risk for deposition 
at sites of infl ammation, where SAA is released 
and internalized by macrophages. However, one 
possibility is that not all SAA may be HDL- 
bound during acute infl ammation and, therefore, 
it is plausible that free SAA (or SAA bound to 
some other ligand) may build up in certain tissues 
and be at risk of aggregating. This is supported 
by reports of extra-hepatic SAA leading to amy-
loid deposition in mice brain and chicken joint 
(Guo et al.  2002 ; Landman  1999 ). Therefore, the 
signifi cance of localized HDL-free SAA may be 
more pathologically relevant than commonly 
assumed. Since HDL-free SAA is at risk of 
aggregation, the endogenous level of HDL may 
affect the levels of HDL-free SAA in vivo and 
thereby infl uence AA amyloidosis. 

 Interestingly, it has been shown that HS and 
heparin (Hep) can displace SAA from HDL 
(Noborn et al.  2012 ). This observation is 
 signifi cant because of substantial evidence that 
HS and, perhaps, Hep are important in AA amy-
loidosis, presumably by accelerating amyloid 
formation (Elimova et al.  2009 ; Li et al.  2005 ; 
Snow et al.  1991 ). Thus, it is plausible that the 
SAA displacement from HDL may occur in the 
Hep-rich macrophages or in HS-rich extracellu-
lar matrix environment, where SAA is then inter-
nalized by macrophages. The binding of SAA to 
HS may also serve as a way to increase the con-
centration of SAA in amyloidogenic focal points 
in tissues. In vitro studies have found that HS and 
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Hep accelerate the fi brillation of many amyloido-
genic proteins, including SAA (Elimova et al. 
 2009 ; van Horssen et al.  2003 ; Zhang and Li 
 2010 ). Thus, the displacement of SAA from HDL 
at sites of tissue damage and the consequent con-
formational changes in SAA are dynamic pro-
cesses likely modulated by the levels of 
glycosaminoglycans (GAGs) and other factors. 

 Another fundamental endogenous factor in 
SAA amyloid deposition is the effi ciency of the 
protein quality control system, including the deg-
radation of SAA and its amyloid deposits. The 
term “proteostasis” describes the overall homeo-
stasis of proteins in an organism, and compro-
mised proteostasis may lead to amyloid diseases 
(Cuanalo-Contreras et al.  2013 ; Kim et al.  2013 ). 
The persistently high concentration of SAA in 
chronic infl ammatory diseases is likely to place a 
stress on proteostasis, which in some individuals 
may have pathological consequences. For exam-
ple, the incomplete proteolysis of SAA may accel-
erate its fi brillation kinetics or enhance the stability 
of the resulting AA fi brils. This may explain why 
AA deposits comprise N-terminal fragments of 
SAA, although the etiological role of SAA degra-
dation in AA amyloidosis still remains unclear. 
Compromised proteostasis would also slow down 
the clearance of amyloid, which is stabilized by its 
interaction with serum amyloid P and GAGs, in 
particular HS. Therefore, the endogenous amounts 
of these “amyloid stabilizers” are also expected to 
impact the rate of amyloid clearance. In support of 
this idea, AA amyloidosis was shown to slow 
down in a transgenic knockout mouse of serum 
amyloid P (Inoue et al.  2005 ), further highlighting 
the precarious balance between amyloid deposi-
tion and degradation.   

5.3     Structural Properties of SAA 

5.3.1     SAA May Form Different 
Oligomers Upon Refolding 
In Vitro 

 SAA expressed in  E. coli  must be purifi ed under 
denaturing conditions due to its tendency to 
aggregate. Previous studies have shown that 

mSAA2.2, mSAA1.1, and hSAA1.1 fold into 
various oligomeric species in vitro, including 
hexamer, octamer, tetramer, and dodecamer (Lu 
et al.  2014 ; Patke et al.  2013 ; Srinivasan et al. 
 2013 ; Wang et al.  2002 ,  2011 ). Interestingly, 
mSAA2.2 fi rst refolds into a kinetically accessi-
ble octamer that at 4 °C converts into a more 
stable hexamer within 3–4 weeks (Fig.  5.1 ) 
(Wang et al.  2011 ). In contrast, mSAA1.1 refolds 
into a mixture of dodecamer, tetramer, and mono-
mers that does not change much over time at 4 °C 
(Srinivasan et al.  2013 ). In the case of hSAA1.1, 
size-exclusion chromatography data showed a 
single peak with a variable elution time consis-
tent with a mixture of octamers and hexamers 
(Patke et al.  2013 ).  

 The biological relevance of the oligomeric 
structures of SAA observed in vitro at 4 °C is 
poorly understood. However, it seems unlikely 
that proteins would evolve to fold and assemble 
into specifi c oligomers without selective pressure 
to do so. Therefore, although SAA oligomers are 
marginally stable, it is plausible that the very 
high concentration of SAA during acute infl am-
mation together with ligand binding may modu-
late the oligomeric structure of HDL-free SAA 
in vivo. The ability of certain proteins to oligo-
merize upon ligand binding or to interconvert 
among oligomeric species is well established. 
Many proteins exhibit such oligomeric plasticity, 
including human porphobilinogen synthase 
(Breinig et al.  2003 ), geranylgeranyl diphosphate 
synthase (Miyagi et al.  2007 ), protective antigen 
protein of the anthrax toxin (Kintzer et al.  2009 ), 
and LIM domain binding proteins (Cross et al. 
 2010 ). Thus, the possibility that SAA may form 
different functional oligomers is intriguing, and 
further studies are warranted to explore this idea 
(see Sect.  5.3.3 ).  

5.3.2     SAA Is an Intrinsically 
Disordered Protein 

 Although SAA folds into α-helical oligomeric 
structures at 4 °C, previous studies have shown 
that mSAA2.2, mSAA1.1, and hSAA1.1 are mar-
ginally stable proteins with thermal denaturation 
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mid-points circa 32, 22, and 20 °C, respectively 
(Patke et al.  2013 ; Srinivasan et al.  2013 ; Wang 
and Colon  2005 ; Wang et al.  2005 ). At 37 °C, 
SAA is largely disordered prior to aggregation, 
and hence, HDL-free SAA is an intrinsically dis-
ordered protein (IDP). IDPs are characterized by 
their lack of stable secondary and/or tertiary 
structure in vitro under physiologically-relevant 
conditions, and by their ability to acquire one or 
more functional states upon binding to small 
ligands or macromolecules (Uversky  2013 ; also 
see Chap.   2     by Uversky in this volume). 
Remarkably, many aggregation-prone proteins 
associated with human neurodegenerative dis-
eases are intrinsically disordered (Uversky  2009 ). 
Viewing the structure and function of SAA from 
the perspective of an IDP, one could explain how 

SAA may have multiple functions, depending on 
the environment and its interactions with ligands. 
Therefore, in addition to SAA’s key function in 
cholesterol recycling (Kisilevsky and Manley 
 2012 ), other putative functions related to lipid 
metabolism and immune regulation, as well as 
SAA functions not yet discovered, likely exist 
within the framework of an IDP. For example, the 
structure of SAA may be modulated via an 
induced fi t model, in which binding with high 
specifi city – low affi nity to various ligands, rang-
ing from small molecules to peripheral membrane 
proteins, induces the formation of different func-
tionally relevant conformations (Uversky  2013 ). 

 The mechanism by which SAA is released 
from HDL, which is a likely prerequisite for SAA 
fi brillation, appears to involve HS and Hep 
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  Fig. 5.1    Refolding of murine SAA2.2 monitored by size- 
exclusion chromatography. Purifi ed and urea-denatured 
mSAA2.2 was dialyzed against Tris buffer at 4 °C, and 
protein oligomerization was analyzed by size-exclusion 

chromatography over time. mSAA2.2 fi rst refolded into 
an octamer that, over several weeks, converted to a hex-
amer (Reprinted from (Wang et al.  2011 ), Copyright 
(2011), with permission from Elsevier)       
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(Noborn et al.  2012 ). Recent studies have shown 
that heparin is able to displace SAA from HDL 
in vitro (Noborn et al.  2012 ). Since Hep is usu-
ally released from mast cells into the blood at 
sites of tissue injury, one of its physiological 
roles may involve the release of SAA from HDL 
at sites of tissue damage. It remains unknown 
whether turnover of SAA occurs immediately 
upon release from HDL, or whether Hep/HS 
binding may modulate the structure of SAA to 
carry out other functions. In summary, the intrin-
sic capability of SAA to adopt diverse structures 
ranging from an intrinsically disordered mono-
mer to HDL-bound form to specifi c oligomers 
and higher-order species that are substantially 
α-helical, is intriguing and may help explain the 
many putative functions of SAA.  

5.3.3      The 3D Structures of Human 
SAA1.1 and Mouse SAA3 Have 
Been Solved 

 Although SAA was discovered over 40 years ago 
(Levin et al.  1972 ), the 3D structures of two dif-

ferent SAA proteins were solved only in 2014, 
providing an unprecedented opportunity to 
understand how small differences in SAA 
sequence affect the biochemical and biophysical 
properties of the protein. The 2.2 Å resolution 
crystal structure of hSAA1.1 revealed a hexamer 
comprised of two trimers, with each monomer 
folding into a cone-shaped four-helix bundle sta-
bilized by the C-terminal tail wrapped around it 
(Fig.  5.2 ) (Lu et al.  2014 ). The structure also 
showed two clusters of positively charged resi-
dues, one around the central pore of the hexamer 
(involving residues Arg15, Arg19, and Arg47) 
and another at the trimer apex (involving residues 
Arg1, Arg62, and His71) (Fig.  5.2 ). Experiments 
involving mutations of the relevant Arg residues 
showed that both charged regions bind to Hep. 
Subsequent experiments showed that HDL could 
not bind to hSAA1.1 when Hep was bound to the 
apex region, indicating that the HDL binding site 
involves the apex region and can be inhibited by 
Hep and, presumably, HS (Lu et al.  2014 ). These 
results are consistent with the recent observation 
that HS and Hep can dissociate SAA from HDL 
(Noborn et al.  2012 ). The crystal structure of 

  Fig. 5.2    Three-dimensional x-ray crystal structure of 
hSAA1.1 ( a ) hexamer and ( b ) monomer determined to 
2.2 Å resolution (PDB  4IP9 ) (Lu et al.  2014 ). hSAA1.1 
folds into an up-down-up-down cone-shaped four-helix 
bundle with a C-terminal tail that stabilizes the fold by 

wrapping around the bundle. Each helix is labeled in a 
different color. The hexamer (viewed down the threefold 
axis) is comprised of two trimers. Three copies of the 
N-terminal GAG/HDL binding site located at the trimer 
apex are indicated       
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hSAA1.1 also showed that helices 1 and 3, which 
are the most amyloidogenic regions of SAA, are 
sequestered within the hexameric structure, in 
agreement with prior in vitro studies showing 
that dissociation of the hexameric structure is 
required for aggregation and formation of fi brils 
(Patke et al.  2013 ; Srinivasan et al.  2013 ; Wang 
et al.  2005 ). The 3D structure of hSAA1.1 
supports many previous in vitro fi ndings and 
conclusions regarding the biophysical properties 
of SAA. These include the hexameric assembly 
of hSAA1.1 (Patke et al.  2013 ), the fi nding that 
different SAAs are likely to assemble into differ-
ent oligomers (Srinivasan et al.  2013 ; Wang et al. 
 2002 ,  2011 ), and the observation that the 
C-terminal part of SAA is important for α-helical 
stability and oligomer formation (Patke et al. 
 2012 ).  

 The second crystal structure was that of mouse 
(m)SAA3, determined to 2.0 Å resolution 
(Derebe et al.  2014 ). Comparison of the two 
atomic structures revealed remarkable similarity 
in the conformations of hSAA1.1 and mSAA3 
molecules. However, unlike hSAA1.1, which 
was crystallized as a dimer or a hexamer, mSAA3 
was crystallized as a tetramer with a central 
hydrophobic pocket that binds retinol with nano-
molar affi nity. Retinol, a small lipid-soluble com-
pound plays crucial roles in protecting against 
bacterial infection, and must be transported by a 
protein carrier. The remarkable discovery that 
mSAA3 is a retinol binding protein provides the 
fi rst direct evidence of a functional oligomeric 
SAA structure, and more such functions may 
exist. Interestingly, even though mSAA2.2 forms 
a hexamer in vitro, electron microscopic images 
revealed a ring-like assembly where the mSAA2.2 
monomers interact side-by-side (Wang et al. 
 2002 ), suggesting that more oligomeric architec-
tures of SAA will likely be forthcoming. Thus, 
the atomic structures of hSAA1.1 and mSAA3 
will be major assets in future efforts to under-
stand the breadth of SAA structure-function rela-
tionship, including the promising prospect of 
gaining a structural-level understanding for the 
diverse pathogenicity of SAA isoforms.   

5.4     In Vitro Studies Provide 
Insights into the Diverse 
Pathogenicity of SAA 
Isoforms 

5.4.1     Inherent Amyloidogenicity 
of SAA Does Not Correlate 
with the Pathogenicity 
of Different Isoforms 

 Although many factors likely contribute to the 
development of AA amyloidosis, the existence of 
pathogenic and nonpathogenic SAA isoforms 
suggests that their pathogenic potential correlates 
with their amyloidogenicity, i.e. with the rate of 
fi bril formation at near-physiologic conditions. 
However, this is not the case. In fact, nonpatho-
genic SAA2.2, which is the only isoform present 
in AA amyloidosis-resistant CE/J mouse, quickly 
self-assembles into fi brils upon incubation at 
37 °C (Wang et al.  2005 ). In contrast, pathogenic 
mSAA1.1 exhibits a longer (3–4 days at 0.3 mg/
mL SAA1.1) oligomer-rich fi brillation lag phase 
before forming fi brils (Fig.  5.3 ).  

 The lack of correlation between the in vitro 
rate of SAA fi bril formation and pathogenicity is 
further supported by studies showing that patho-
genic hSAA1.1 forms aggregates and protofi bril- 
like species, but does not form mature amyloid 
fi brils in vitro upon incubation at 37 °C (Fig.  5.4 ) 
(Lu et al.  2014 ; Patke et al.  2013 ). In contrast, 
recombinant Met-hSAA1.1 protein expressed in 
 E. coli , which contains an additional methionine 
at position 1, does form fi brils in vitro (Fig.  5.4 ), 
suggesting that fi bril formation is importantly 
modulated by the N-terminal methionine (Patke 
et al.  2013 ). It is  possible the pathologically 
relevant property is the relative amyloidogenicity 
of the N-terminal fragments and not of the full-
length protein. This would explain the lack of 
correlation between the in vitro amyloid formation 
of full-length SAA isoforms and their pathoge-
nicity. Alternatively, it may be that the timescale 
of in vitro experiments is biologically irrelevant 
because in vivo formation of the hSAA1.1 amy-
loid nucleus is probably a much slower process. 
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  Fig. 5.3    Kinetics of mSAA1.1 and mSAA2.2 fi brillation 
at 37 °C probed by ( a ) Thiofl avin-T fl uorescence and ( b ) 
atomic force microscopy (AFM). Error bars correspond to 
normalized standard deviation from three independent 
experiments. AFM images show mSAA2.2 and mSAA1.1 
samples incubated at 37 °C for 24 h and 48 h, respectively. 

The images are shown as height traces, and the scale bar 
corresponds to 1 μm (The panels in this fi gure were origi-
nally published in  The Journal of Biological Chemistry  
(Srinivasan et al.  2013 ) © the American Society for 
Biochemistry and Molecular Biology)       

  Fig. 5.4    Atomic force microscopy images of fi brils and 
aggregates formed by MetSAA1.1 and hSAA1.1, respectively. 
MetSAA1.1 is recombinant hSAA1.1 with an additional 
methionine at position 1. The samples (0.24 mg/mL) were 
incubated at 37 °C for the designated amount of time. AFM 
images correspond to ( a ) MetSAA1.1, 3 h; ( b ) MetSAA1.1, 

72 h; ( c ) hSAA1.1, 3 h; ( d ) hSAA1.1, 200 h. The  insets  
show expanded regions, and the three  black arrows  in 
( c ) outside the inset point to assemblies of spherical 
aggregates. The images are shown as height traces, and 
the scale bar corresponds to 1 μm (This fi gure was originally 
published in  PLOS One  Patke et al.  2013 )       
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Here, we are using the kinetics of fi bril formation 
to defi ne amyloidogenicity. However, in the 
years-long timescale of individuals with chronic 
infl ammatory conditions, the biologically rele-
vant defi nition of amyloidogenicity may not be 
“how fast”, but rather “how persistent/stable”. In 
summary, it may not be the rate of full-length 
SAA fi ber formation in vitro, but perhaps other 
properties of SAA and other in vivo factors that 
determine the fi bril accumulation in AA 
amyloidosis.   

5.4.2     Stability of SAA Amyloid 

 The accumulation of SAA deposits is the main 
histopathological feature in AA amyloidosis. 
Therefore, the dynamic equilibrium between the 
accumulation of amyloid and its clearance is of 
paramount importance. It is clear from mouse 
model studies that if the fi brillation of SAA is 
decreased or inhibited, amyloid deposits can be 
cleared, and AA amyloidosis can be averted 
(Simons et al.  2013 ). However, the rate of amy-
loid clearance depends not only on the robustness 
of the protein degradation system, but also on the 
stability of the amyloid fi brils. At one end of the 
spectrum, marginally stable amyloid fi brils may 
never accumulate enough to cause the disease, 
even if they form during acute infl ammation. At 
the other extreme, the formation of kinetically 
stable, degradation-resistant fi brils will stress the 
protein degradation system, thereby increasing 
the risk of disease. 

 Although most amyloid fi brils formed by 
 different proteins and peptides are known to be 
very stable, recent studies have shown that 
 amyloid fi brils formed in vitro by non-pathogenic 
mSAA2.2 are marginally stable (Ye et al.  2011 ). 
Although at infl ammation-relevant concentration 
(≥0.3 mg/mL), mSAA2.2 quickly fi brillates upon 
incubation at 37 °C, the resulting fi brils dissociate 
upon modest increase in temperature (over 45  ° C) 
and urea concentration (>1.0 M) (Ye et al.  2011 ). 
Fibrils formed by pathogenic mSAA1.1 appear to 
be similarly unstable (unpublished results). Thus, 
the mSAA1.1 fi brils formed in vitro may not be 
the same as the pathogenic fi brils formed in vivo. 

 It is instructive to consider two possible sce-
narios in which the stability of SAA fi brils may 
or may not contribute to AA amyloidosis. First, 
one can envision two distinct types of SAA fi brils 
differing in stability and morphology. Fibrils of 
one type may be intrinsically unstable in vivo and 
be easily degraded, thereby explaining the poorly 
understood low incidence of AA amyloidosis in 
humans with chronic infl ammatory conditions. 
Fibrils of the other type, which are more stable 
and pathogenic, may not be kinetically favored, 
requiring a long time to form. The latter fi brils 
may have similar morphology to AEF, thereby 
explaining the persistence of the AEF and its 
ability to catalyze the formation of stable patho-
logically relevant SAA fi brils. Second, the devel-
opment of AA amyloidosis may require other 
ligands or factors to either accelerate the forma-
tion of stable SAA fi brils or to stabilize the 
already formed fi brils. Either effect could poten-
tially overwhelm the degradation of SAA fi brils 
and result in increased amyloid deposition. Thus, 
understanding the intrinsic stability of amyloid 
fi brils accessible to different SAA isoforms, and 
the effect of ligand binding and the cellular envi-
ronment, will be critical for better understanding 
the AEF effect, SAA isoform pathogenicity, and 
species susceptibility in AA amyloidosis.  

5.4.3     SAA Can Form Fibrils 
of Different Morphology: 
Effects of GAGs 

 Over the past 15 years there has been an increased 
appreciation for the morphological differences 
among amyloid fi brils, including the ability of 
certain peptides and proteins to form fi brils of 
different morphologies depending on the solution 
conditions (Jahn and Radford  2008 ; Kodali and 
Wetzel  2007 ). These morphological disparities 
may result in (or refl ect) different biochemical 
and biophysical properties of fi brils that may 
determine the preference for amyloid deposition 
in certain tissue, its resistance to degradation, and 
prion-like transmissibility (Meyer-Luehmann 
et al.  2006 ; Seilheimer et al.  1997 ; Tanaka et al. 
 2006 ). 
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 Recent studies showed that lipid-free non-
pathogenic mSAA2.2 and pathogenic mSAA1.1 
form amyloid fi brils with different morphologies 
(Fig.  5.5 ). Longitudinal atomic force microscopy 
(AFM) experiments showed that the morphologi-
cal differences arose from formation of different 
pre-fi brillar oligomers and amyloid seeds result-
ing in different fi brillation pathways (Fig.  5.6 ) 
(Srinivasan et al.  2013 ). This is consistent with 
earlier studies revealing morphological diversity 
in ex vivo SAA amyloid deposits (Jimenez et al. 
 2001 ). Due to the marginal stability of SAA at 
37 °C and its high tendency to quickly aggregate, 
kinetic factors are likely to play an important role 
in determining the morphologic outcome of fi bril 
formation (Pellarin et al.  2010 ). The ability of 
SAA to form fi brils of different morphologies is 
consistent with the observation that different 
amyloid-forming  peptides/proteins can serve as 

an AEF in mouse models of AA amyloidosis 
(Westermark et al.  2009 ).   

 In addition to the amino acid sequence of 
SAA, in vivo factors, including the concentration 
of SAA and binding to ligands, may affect the 
morphology of SAA fi brils. Of the potential 
ligands, GAGs are of particular importance 
because of their role in the etiology of AA amy-
loidosis (Ancsin and Kisilevsky  1999 ; Elimova 
et al.  2004 ; Li et al.  2005 ; Snow et al.  1991 ; Wang 
et al.  2012 ). The importance of GAGs, in particu-
lar HS, in amyloid diseases is not limited to AA 
amyloidosis, as it is well known that HS are 
 ubiquitously present in nearly all amyloid depos-
its (Zhang and Li  2010 ). In addition, in vitro 
studies with many proteins have shown that HS 
can accelerate amyloid formation (see Bourgault 
et al.  2011 ; Martin and Ramirez-Alvarado  2011 ; 
Solomon et al.  2011 ). Concerning SAA, it has 

a

b d

SAA1.1 SAA2.2 

2n
m

45nm

5

4

3

2

1

0

H
ei

gh
t (

nm
)

140120100806040200
Width (nm)

1n
m

15nm

c

1µm 1µm 0.3µm 0.3µm 

SAA1.1 SAA2.2 

5

4

3

2

1

0

300250200150100500
Width (nm)

H
ei

gh
t (

nm
)

3n
m

70nm

  Fig. 5.5    AFM data showing that mSAA1.1 and mSAA2.2 
form amyloid fi brils of different morphologies. ( a ) AFM 
images of mSAA1.1 and mSAA2.2 aggregates after incu-
bation at 37 °C for 70 h and 10 h, respectively. ( b ) Plot of 
early fi bril (i.e. protofi bril) cross-section was obtained 
from the corresponding height traces in ( a ). ( c ) AFM 
images of mSAA1.1 and mSAA2.2 full-length fi brils 

formed after incubation at 37 °C for 150 h and 50 h, 
respectively. ( d ) Plot of the fi bril cross-section was 
obtained from the corresponding height traces in ( c ) (This 
fi gure was originally published in  The Journal of 
Biological Chemistry  (Srinivasan et al.  2013 ) © the 
American Society for Biochemistry and Molecular 
Biology)       
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been shown that GAGs affect the biophysical 
properties of SAA, including its aggregation 
kinetics and aggregate morphology (Aguilera 
et al.  2014 ; Elimova et al.  2009 ). Interestingly, 
the aggregation of mSAA1.1 in vitro may be 
modulated by the presence of GAGs (Fig.  5.7 ) 
(Aguilera et al.  2014 ). When HS, hyaluronic 
acid, and heparosan (these sugars have similar 

backbone moeities) were individually incubated 
with refolded mSAA1.1 at 37 °C, SAA1.1 fi bril 
morphology was largely unaffected. In contrast, 
mono-sulfated chondroitin sulfate A (CSA) 
blocked SAA fi bril formation and enabled the 
formation of spherical aggregates of various 
sizes. Heparin – the most sulfated GAG – was not 
only the most effective GAG in accelerating the 
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  Fig. 5.6    Model of mSAA1.1 and mSAA2.2 fi bril forma-
tion in vitro. At 37 °C mSAA2.2 misfolds and forms 
oligomers that self-assemble into curvilinear fi brils. They 
further grow and intertwine into mature fi brils that may 
self-assemble into braided bundles. mSAA1.1 quickly 
forms spherical oligomers larger than those formed by 
mSAA2.2, which slowly give rise to rod-like protofi brils 

or short fi brils that assemble into straight fi brils. Mature 
mSAA1.1 fi brils seem more rigid than those formed by 
mSAA2.2, and appear to interact laterally with each other 
rather than intertwine (This fi gure was originally pub-
lished in  The Journal of Biological Chemistry  (Srinivasan 
et al.  2013 ) © the American Society for Biochemistry and 
Molecular Biology)       

  Fig. 5.7    Effect of different GAGs on the aggregation and 
fi brillation of mSAA1.1 at 37 °C. The central pathways 
( green arrows ) show prototypical mSAA1.1-like fi bril 
formation indicating minimal effect of HS on fi bril mor-
phology. Hep ( red curve ) caused formation of abundant 
mSAA1.1 protofi brils that appear to be capped and unable 

to grow into mature fi brils. mSAA1.1 fi bril formation was 
completely inhibited by interactions with chondroitin sul-
fate ( blue curve ), which mostly produced spherical spe-
cies of various size (Reprinted from Aguilera et al.  2014 , 
Copyright (2014), with permission from Elsevier)       

 

 

5 Intrinsic Stability, Oligomerization, and Amyloidogenicity of HDL-Free Serum Amyloid A



130

aggregation of mSAA1.1, but also resulted in the 
formation of vast amounts of thin protofi brils 
that were latent in converting to mature fi brils 
(Fig.  5.7 ). Thus, Hep catalyzes the in vitro aggre-
gation of mSAA1.1 along a different pathway 
(Aguilera et al.  2014 ).  

 Numerous studies have probed the effect of 
GAGs on SAA fi brillation (Elimova et al.  2004 , 
 2009 ; Kisilevsky and Fraser  1996 ; Li et al.  2005 ; 
Noborn et al.  2012 ). The results are not in consis-
tent agreement with each other, which is likely a 
result of differences in experimental design, 
including in vitro versus in vivo experiments, 
various SAA isoforms or peptides, differences in 
the solvent pH, SAA concentrations, etc. 
Nevertheless, overall these studies suggest that 
HS and Hep exert a major infl uence on the aggre-
gation and fi brillation pathway of SAA in vivo.   

5.5     Conclusions 

 A better understanding of the biological func-
tions and pathogenicity of SAA across different 
species will require a better understanding of the 
biochemical and biophysical properties of SAA 
isoforms. In particular, questions related to dif-
ferent pathogenicity of SAA isoforms, the low 
disease incidence in individuals at risk, the role 
of ligands (such as HDL and GAGs) in SAA 
function and in AA disease, and the prion-like 
transmission potential of SAA are directly 
related to the biophysical properties of SAA. The 
current picture emerging from biophysical stud-
ies is that, depending on the environmental con-
ditions, SAA proteins have many structural 
options with distinct functional and pathological 
implications. At low temperature, SAAs are 
marginally stable proteins that can fold into vari-
ous oligomeric structures, whereas at 37 °C SAA 
behaves like an IDP that is highly prone to aggre-
gation into higher-order species, including fi brils 
of different morphologies. These morphological 
differences could be relevant to disease onset 
and transmissibility and deserve further investi-
gation. In addition, due to the marginal stability 

of SAA and its inherent oligomeric and aggre-
gate plasticity, the fi brillation of SAA seems 
particularly susceptible to modulation by extrin-
sic factors, in particular HDL and GAGs. Further 
biophysical studies are needed to explore 
whether the development of AA amyloidosis is 
mostly determined by the competition between 
SAA fi bril formation and its degradation. The 
recently determined atomic structures of SAA 
have provided much needed biophysical insight, 
and future structural studies will be essential to 
understand the biophysical properties of SAA 
that determine the diverse pathogenicity of SAA 
isoforms.     
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Abstract

Amyloid fibrils are an intriguing class of protein aggregates with distinct 
physicochemical, structural and morphological properties. They display 
peculiar membrane-binding behavior, thus adding complexity to the prob-
lem of protein-lipid interactions. The consensus that emerged during the 
past decade is that amyloid cytotoxicity arises from a continuum of cross-
β- sheet assemblies including mature fibrils. Based on literature survey and 
our own data, in this chapter we address several aspects of fibril-lipid 
interactions, including (i) the effects of amyloid assemblies on molecular 
organization of lipid bilayer; (ii) competition between fibrillar and mono-
meric membrane-associating proteins for binding to the lipid surface; and 
(iii) the effects of lipids on the structural morphology of fibrillar aggre-
gates. To illustrate some of the processes occurring in fibril-lipid systems, 
we present and analyze fluorescence data reporting on lipid bilayer inter-
actions with fibrillar lysozyme and with the N-terminal 83-residue frag-
ment of amyloidogenic mutant apolipoprotein A-I, 1-83/G26R/W@8. The 
results help understand possible mechanisms of interaction and mutual 
remodeling of amyloid fibers and lipid membranes, which may contribute 
to amyloid cytotoxicity.
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Abbreviations
1-83/G26R/W@8  N-terminal 1-83 fragment of 

apoA-I with G26R mutation
AFM Atomic force microscopy
apoA-I Apolipoprotein A-I
AV-PC Anthrylvinyl-labeled PC
Aβ Amyloid-β peptide
Chol Cholesterol
CL Cardiolipin
cyt c Cytochrome c
FRET  Förster resonance energy 

transfer
GP  Generalized fluorescence 

polarization of Laurdan
HR Helical ribbon
PC Phosphatidylcholine
PG Phosphatidylglycerol
PS Phosphatidylserine
ThT Thioflavin T
TR Twisted ribbon

6.1  Introduction

Protein-lipid interactions have long been 
 recognized as an effective modulator of a wide 
range of membrane processes, including intracel-
lular transport, enzyme function, respiration, 
antimicrobial defense, signal transduction, motil-
ity, etc. (Lee 2003, 2004; Palsdottir and Hunte 
2004). Along with continuous expansion, this 
research area currently undergoes a substantial 
shift in focus towards ascertaining the role of lip-
ids in modulating the polypeptide self-associa-
tion and elucidating membrane responses to 
aggregated proteins. Of paramount interest are 
amyloid fibrils, a special type of protein aggre-
gates involved in the pathogenesis of numerous 
conformational disorders, such as Parkinson’s, 
Alzheimer’s and Huntington’s diseases, type II 
diabetes, systemic amyloidosis, etc. (Stefani 
2004). These aggregates are assembled from pro-
teins or peptides adopting a non-native 
β-structure- enriched conformation, and have dis-
tinct highly ordered structural organization with 
β-sheets propagating along the fibril axis (Serpell 
2000; Kelly 2002). Due to fundamental similarity 
between intra- and interchain interactions,  protein 

fibrillization represents an alternative folding 
pathway of partially unfolded or misfolded 
 proteins that acquire a stable structure by  reaching 
the minimum on the energy landscape (Zbilut 
et al. 2003). Fibril formation is nucleation- 
dependent and proceeds through thermodynami-
cally unfavorable monomer association into a 
critical oligomeric nucleus followed by its 
 subsequent energetically favorable elongation 
and the exponential fibril growth (Dima and 
Thirumalai 2002).

Emerging evidence indicates that lipid bilayer 
can substantially accelerate amyloid nucleation 
through accumulation of the protein species with 
specific aggregation-prone conformation, orien-
tation and location at the lipid-water interface 
(Stefani and Dobson 2003; Gorbenko and 
Kinnunen 2006; Stefani 2008; Aisenbrey et al. 
2008). At the same time, cell membranes are 
thought to be a primary target for toxic amyloid 
assemblies (Bucciantini et al. 2014). Membrane 
damage produced by the early protein oligomers 
is regarded as the main cause of cytotoxicity 
(Kinnunen 2009; Relini et al. 2009; Stefani 2010; 
Butterfield and Lashuel 2010). Cytotoxic action 
of protein oligomers can be attributed to compro-
mised membrane integrity (Meratan et al. 2011; 
Huang et al. 2009), formation of non-specific ion 
channels (Caughey and Lansbury 2003), uptake 
of lipids into the fibers growing on a membrane 
template (Sparr et al. 2004; Engel et al. 2008), 
alterations in the intracellular redox status and 
free calcium level (Arispe et al. 1993; Squier 
2001; Tabner et al. 2002), and impaired functions 
of membrane proteins (Stefani 2007). Several 
lines of evidence suggest that oligomeric species 
display higher membrane-binding affinity com-
pared to mature fibrils. This was demonstrated 
for several proteins including the N-terminal 
domain of the hydrogenase maturation factor 
HypF-N (Relini et al. 2004; Canale et al. 2006, 
AC), stefin B (Anderluh et al. 2005), α-synuclein 
(Giannakis et al. 2008; Smith et al. 2008), lyso-
zyme (Meratan et al. 2011) and Abeta (Williams 
and Serpell 2011). This increased affinity was 
explained in terms of hydrophobicity-based tox-
icity mechanism, highlighting the importance of 
factors such as extensive hydrophobic surfaces 
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and high flexibility of the protein oligomers 
(Meratan et al. 2011). Nevertheless, it is  becoming 
increasingly clear that, although mature amyloid 
fibrils bind membrane relatively weakly, they are 
far from being chemically inert nontoxic species. 
Numerous studies indicate substantial cytotoxic 
potential of fibrillar aggregates (Weldon et al. 
1998; Forloni 1996; Gharibyan et al. 2007; 
Matsuzaki 2011; Bucciantini et al. 2012). In par-
ticular, Novitskaya et al. showed that mature 
amyloid fibrils of mammalian prion protein are 
as toxic as the soluble oligomers to cultured cells 
and primary neurons (Novitskaya et al. 2006). 
Different toxicity mechanisms operating through 
apoptotic and necrotic pathways were revealed 
for oligomers and fibrils of hen egg white lyso-
zyme in a process leading to neuroblastoma cell 
death. Mature lysozyme fibrils can induce mito-
chondrial failure and increase plasma membrane 
permeability. Hence, cytotoxicity is inherent to a 
continuum of cross-β-sheet-rich structures rather 
than to a single uniform species (Gharibyan et al. 
2007).

The relationship between the morphology of 
fibrillar aggregates and their toxicity was reported 
by Petkova and colleagues who examined the 
action of mature amyloid fibrils of Alzheimer’s 
amyloid-beta peptide, Aβ1–40, on neuronal cell 
cultures (Petkova et al. 2005). The absence of 
direct correlation between disease symptoms and 
total amyloid deposition was considered as the 
main evidence of the nontoxic nature of mature 
fibrils. High surface hydrophobicity and solvent 
accessibility of disulfides in the structure of 
fibrillar lysozyme were proposed to be responsi-
ble for the membrane-disruptive effect of lyso-
zyme fibrils that brought about hemolysis of 
erythrocytes and their aggregation coupled with 
intermolecular disulfide cross-linking (Huang 
et al. 2009). Notably, amyloid fibrils can manifest 
their toxicity not only nonspecifically, but also 
via specific pathways involving the activation of 
cellular receptors, as was demonstrated for trans-
thyretin and Aβ peptide (Bamberger et al. 2003; 
Sousa et al. 2001). Finally, fragmentation of 
mature fibrils upon mechanical stress, thermal 
motion or chaperone activity was reported to 
enhance cytotoxic potential of amyloid (Carulla 

et al. 2005; Smith et al. 2006; Xue et al. 2009). 
Together, these studies highlight the importance 
of further in-depth analyses of biological activi-
ties of amyloid fibrils in relation to their physico-
chemical, structural and morphological 
properties. Evidently, gaining better insights into 
the membrane- associating and bilayer-modifying 
behavior of amyloid fibrils, which represent a 
specific aggregation state of polypeptide chain, 
adds a new exciting dimension to the problem of 
protein-lipid interactions.

The present chapter provides a concise over-
view of the available information concerning 
structural basis for membrane damage by fibrillar 
aggregates and presents some of our own perti-
nent data. Specifically, we scrutinize such pro-
cesses as (i) changes in membrane structure in 
response to fibril binding; (ii) competition 
between fibrillar and monomeric proteins for 
association with a lipid bilayer; and (iii) the abil-
ity of lipid membrane to remodel amyloid fibrils.

6.2  Effects of Amyloid Fibrils 
on the Membrane

6.2.1  Effects of Protein Fibrils 
and Oligomers 
on the Membrane Structure 
and Dynamics

One of the mechanisms by which amyloid fibril 
can exert their cytotoxicity involves changes in 
the structure and dynamics of the cell membrane. 
It is well established that protein-lipid interac-
tions commonly involve interrelated processes of 
conformational changes in the protein molecule 
as well as structural rearrangement of the mem-
brane lipids. However, the conceptual framework 
developed in this field cannot be directly extrapo-
lated to fibril-lipid interactions. In fact, fibrillar 
protein aggregates of amyloid type possess 
unique physical properties, including exceptional 
rigidity largely arising from highly ordered 
cross-β array of hydrogen bonds, with Young’s 
modulus on the order of several GPa and persis-
tence length of several tens of micrometers 
(Adamcik and Mezzenga 2012a). Compared to 
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other biological filaments, amyloid fibrils are 
extremely stiff, approaching most rigid 
 proteinaceous materials, such as silk, collagen 
and keratin (Knowles and Buehler 2011). 
Moreover, regular linear arrangement of the 
charged, hydrophobic or aromatic amino-acid 
side chains in fibrillar structure creates reactive 
surfaces uncharacteristic of natively folded pro-
teins (Adamcik and Mezzenga 2012b). 
Accordingly, there may be substantial differences 
in membrane responses to monomeric, oligo-
meric and fibrillar polypeptides.

This issue has been addressed in a number of 
recent studies by using a variety of experimental 
approaches such as atomic force microscopy 
(AFM) (Giannakis et al. 2008), infrared reflec-
tion absorption spectroscopy (Lopes et al. 2007), 
surface plasmon resonance (Smith et al. 2008), 
small-angle neutron scattering (Dante et al. 
2008), circular dichroism (Quist et al. 2005), flu-
orescence spectroscopy (Kremer et al. 2001), 
micropipette manipulation (Kim and Frangos 
2008), conductivity measurements (Valincius 
et al. 2008), and dye release assay (van Rooijen 
et al. 2009).

To address the problem of fibril-lipid interac-
tions, we used two proteins, hen egg white 
 lysozyme and 1-83/G26R/W@8, which is the 
N-terminal 1-83 fragment of human 
 apolipoprotein A-I containing a common amy-
loidogenic mutation G26R and an engineered 
Trp8 as a reporter group (Adachi et al. 2013). We 

explored the influence of these two fibrillar 
 proteins on the structural state of model mem-
branes composed of phosphatidylcholine and its 
mixtures with cholesterol (30 mol%) or cardio-
lipin (10 mol%). Figure 6.1 shows transmission 
electron microscopy images of the examined 
lysozyme (A) and 1-83/G26R/W@8 (B) fibrils.

Lysozyme is a ubiquitous multifunctional 
 protein displaying bactericidal, antitumor and 
immunomodulatory activities. The mutants of 
human lysozyme (I56T, F57I, W64R, D67H) 
undergo pathological fibrillization associated with 
familial non-neuropathic systemic amyloidosis, a 
disease affecting kidney, liver and spleen (Pepys 
et al. 1993). Amyloidogenicity of this  protein is 
thought to arise from the enhanced  propensity of its 
mutants to adopt a partially unfolded aggregation- 
prone conformation (Frare et al. 2004). Specific 
segment in hen egg white lysozyme encompassing 
residues 54–62 was recently proposed to serve as 
the amyloid core that triggers fibril formation 
(Tokunaga et al. 2013).

ApoA-I is the major protein component of 
high-density lipoproteins promoting efflux of 
phospholipid and cholesterol from plasma mem-
brane (Phillips 2013). Specific naturally occur-
ring variants of human apoA-I, the most common 
of which is a single substitution mutant G26R, 
can form amyloid fibrils associated with renal or 
liver failure in hereditary systemic amyloidosis 
(Joy et al. 2003). The N-terminal fragments 
1-83–1-93 have been identified as the predomi-

Fig. 6.1 Transmission electron micrographs of negatively stained fibrils of lysozyme (a) and 1-83/G26R/W@8 
(b). Scale bar is 100 nm
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nant form of apoA-I in amyloid fibril deposits 
(Nichols et al. 1990; Obici et al. 2006). One of 
such fragments is used in our research.

To monitor the changes in the molecular orga-
nization of the lipid bilayer induced by fibrillar 
lysozyme and 1-83/G26R/W@8 peptide, two 
fluorescent probes differing in their bilayer loca-
tion have been employed: Laurdan that resides at 
the lipid-water interface and pyrene that is parti-
tioned in the apolar core of lipid bilayer.

Fluorescent membrane probe Laurdan is char-
acterized by a high sensitivity to variations in 
membrane hydration and lipid packing density 
(Parasassi and Gratton 1995; Parasassi et al. 
1998). In a lipid bilayer, this amphiphilic fluoro-
phore is localized at the level of the glycerol 
backbone, with lauric acid tail anchored in the 
acyl chain region. Laurdan’s emission spectrum 
has two clearly distinct components that are attrib-
uted to solvent-unrelaxed (shorter-wavelength band 
centered circa 440 nm) and solvent-relaxed states 
(longer-wavelength band centered circa 490 nm) 
(Lúcio et al. 2010; Sanchez et al. 2012). This photo-
physical property is thought to originate from 
the reorientation of water dipoles around the 
excited-state dipole of the probe molecule. The 
environment- dependent spectral changes of Laurdan 
are generally quantitatively described by the steady-
state fluorescence parameter known as the general-
ized polarization (GP) (Parasassi et al. 1991).

As illustrated in Fig. 6.2, fibrillar lysozyme 
produced GP increase in the model membranes 
comprised of phosphatidylcholine (PC) and its 

mixture with cardiolipin (CL) or cholesterol 
(Chol). In contrast, amyloid fibrils of the apoA-I 
fragment 1-83/G26R/W@8 brought about 
decrease in GP value of PC and PC/Chol bilay-
ers. These findings imply that association of 
fibrillar apoA-I mutant with the membrane leads 
to the increase in lipid bilayer hydration and 
decrease of lipid packing density at the level of 
glycerol backbone, whereas lysozyme fibrils 
 produce opposite effects. The latter is consistent 
with the observation that the binding of fibrillar 
lysozyme to liposomes is followed by the short- 
wavelength shift of Trp emission maximum, 
from ~352 to ~343 nm, indicating the transfer 
Trp62 and Trp108 (which dominate the emission) 
to interfacial bilayer region containing bound 
water with restricted mobility (Gorbenko et al. 
2012). Therefore, different protein fibrils can 
produce distinctly different effects on the proper-
ties of model liposomes.

Notably, compared to PC vesicles, in similar 
vesicles of PC:Chol (7:3, mol:mol), both these 
fibrillar proteins produced much less pronounced 
changes in GP. Hence, the ability of fibrils to 
modify physical properties of the interfacial 
membrane region can be hampered by choles-
terol. This observation is in good agreement with 
numerous studies suggesting that cholesterol can 
prevent membrane disruption by the aggregated 
proteins (Sponne et al. 2004; Cecchi et al. 2005; 
Qiu et al. 2011). In particular, cholesterol was 
demonstrated to protect primary cortical neurons 
from neurotoxic effects of soluble oligomeric Aβ 

Fig. 6.2 Relative changes in 
the generalized polarization 
of Laurdan induced by 
fibrillar lysozyme and 1-83/
G26R/W@8 in the model 
membranes comprised of PC, 
PC/CL (9:1, mol:mol) and 
PC/Chol (7:3, mol:mol). 
Unilamellar liposomes 
100 nm in diameter were 
used in the lysozyme studies, 
and 50 nm in diameter in 
1-83/G26R/W@8 studies
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by modulating the physical properties of lipid 
bilayer. Model membrane studies showed that 
increase in cholesterol content inhibited aggrega-
tion and fusion of liposomes induced by Aβ 
(1-40) peptide (Sponne et al. 2004). The cell 
membranes rich in cholesterol were found to 
strongly resist to the remodelling by prefibrillar 
aggregates of the N-terminal domain of the pro-
karyotic hydrogenase maturation factor HypF 
(Cecchi et al. 2005). The perturbations in the 
polar part of the model PC membrane by lyso-
zyme oligomers were also suppressed upon cho-
lesterol inclusion in this membrane (Gorbenko 
and Trusova 2011). Taken together, these studies 
suggest that cholesterol in lipid membranes 
prevents their remodeling by pre-fibrillar and 
fibrillar protein aggregates, perhaps because 
increased phospholipid headgroup packing in the 
presence of cholesterol precludes fibril binding to 
the bilayer.

Next, to monitor lipid bilayer modifications 
occurring at the level of acyl chains, we employed 
a classical fluorescent probe pyrene, a polycyclic 
aromatic compound that is primarily distributed 
at the level of carbons 4–13 in the hydrocarbon 
region of the bilayer (Loura et al. 2013). Emission 
spectrum of this probe has characteristic vibronic 
structure in the wavelength range 370–400 nm, 
with relative intensities of vibronic transitions 
depending on the polarity of the fluorophore 
microenvironment via the so-called “Ham effect” 
(Nakajima 1971). Specifically, the intensity of 
the third vibronic peak (0–2 transition) is signifi-
cantly enhanced in the hydrophobic environment, 
while the intensity of the first vibronic peak (0-0 
transition) is increased in polar media. For this 
reason, the intensity ratio of the first-to-third 
vibronic band, I1/I3, has long been employed as 
an indicator of polarity in the vicinity of pyrene 
monomers. Accordingly, in water I1/I3 was 
reported to be 1.96, while in the solvents of lower 
polarity this ratio decreases, reaching the value 
0.6 in n-hexane (Karpovich and Blanchard 1995).

Figure 6.3 shows the emission spectra of 
pyrene in lipid vesicles in the absence and in the 
presence of fibrillar 1-83/G26R/W@8. Together 
with similar studies of lysozyme fibers, these 

results suggest that neither 1-83/G26R/W@8 nor 
lysozyme fibrils could induce any significant 
changes in relative intensity of the first-to-third 
vibronic bands. This suggests that the fibril con-
tacts with the lipid surface do not affect mem-
brane polarity at the level of the initial acyl chain 
carbons where pyrene monomers are thought to 
reside.

Moreover, these fibrillar proteins did not 
markedly influence another pyrene spectral 
parameter, excimer-to-monomer intensity ratio 
(E/M). This parameter depends upon the rate of 
pyrene lateral diffusion and reflects dimerization 
of the excited- and ground-state probe molecules; 
such excimer formation manifests itself as a new 
fluorescent band circa 460–470 nm. Since pyrene 
excimerization is controlled by the frequency of 
collisions between the probe monomers in a lipid 
bilayer which, in turn, is a function of molecular 
packing density, this process is commonly ana-
lyzed in terms of the free volume model (Ioffe 
and Gorbenko 2005). This model considers 
pyrene diffusion in a lipid phase as a three-step 
process: (i) formation of dynamic defects (kinks) 
in the acyl chains followed by opening of the 
cavities in a lipid monolayer; (ii) jump of 
 diffusing molecules into the cavities coupled 
with the generation of voids; (iii) sealing the 
voids by the movement of the packing defects 
along the adjacent hydrocarbon chains. The 
appearance of dynamic defects in the membrane 
interior is associated with trans-gauche isomeri-
zation of acyl chains initiated by thermal motion 
and packing constraints. Free volume of the 
membrane, which is produced by lateral dis-
placements of hydrocarbon chains after kink for-
mation, is defined as the difference between the 
effective and van der Waals volumes of lipid mol-
ecules. Accordingly, the changes in E/M ratio 
reflect altered rate of trans-gauche isomerization 
of hydrocarbon chains.

The observed invariance of I1/I3 and E/M 
ratios, coupled with pronounced GP changes, 
strongly suggest that fibrillar lysozyme and 1-83/
G26R/W@8 tend to perturb the interfacial bilayer 
region, with lipid tail order remaining virtually 
unaffected. This is probably a consequence of 
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superficial fibril-lipid binding, which may involve 
adsorption of several liposomes onto a single 
fibril or wrapping of fibrillar strand around the 
lipid vesicle (Fig. 6.4). Our data agree with the 
results of Milanesi and colleagues indicating that 
fibrillar β2-microglobulin associates with the 
membrane surface, as follows from the fibril- 
induced clustering of liposomes (Milanesi et al. 
2012). These studies suggest that protein fibers 
interact mainly with the surface of the lipid 
monolayer but cause little or no perturbation in 
its core.

In contrast to mature fibrils, lysozyme oligo-
mers brought about the decrease in E/M ratio 
which probably reflects lower rate of trans- 
gauche isomerization of hydrocarbon chains 
(Gorbenko and Trusova 2011). Furthermore, the 
magnitude of bilayer perturbations induced by 
oligomeric lysozyme in the nonpolar region of 
the bilayer appeared to be independent of the 
membrane charge, suggesting that electrostatic 
forces do not play determining role in this pertur-

bation. Consequently, hydrophobic interactions 
are likely to dominate the modification of the 
membrane structure by lysozyme pre-fibrillar 
aggregates. In agreement with this finding, vari-
ous aggregated forms of Aβ amyloid peptide 
were reported to decrease bilayer fluidity in a 
fashion that correlated with surface hydrophobic-
ity of the aggregated species (Kremer et al. 2000). 
Likewise, Aβ aggregates exerted ordering effect 
on the nonpolar part of the charged and neutral 
membranes, with little or no perturbation of the 
headgroup region (Kremer et al. 2001). 
Furthermore, the accessibility of the hydrocarbon 
core of the bilayer was demonstrated to modulate 
the membrane-disruptive effects of synuclein 
oligomers (van Rooijen et al. 2009). Taken 
together, these studies suggest that, compared to 
mature fibers, pre-fibrillar aggregates tend to 
insert more deeply into lipid bilayers, and that 
hydrophobic interactions dominate the ensuing 
structural perturbations in the hydrocarbon core 
of the bilayer.

Fig. 6.3 Pyrene emission 
spectra in PC and PC/Chol 
unilamellar liposomes in the 
absence or in the presence of 
1-83/G26R/W@8 peptide. 
Lipid concentration was 
16 μM, protein concentration 
was 1 μM, pyrene concentra-
tion was 0.1 μM; liposome 
diameter was 50 nm

Fig. 6.4 Schematic represen-
tation of adsorption of multi-
ple lipid vesicles along the 
amyloid fibril
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6.2.2  Other Mechanisms of Fibril- 
Membrane Interactions

Evidently, aggregated proteins can influence 
natural membranes via diverse mechanisms, 
with lipid bilayer perturbations representing 
only one of the many effects. For example, lyso-
zyme protofibrils can disintegrate erythrocyte 
membranes through intermolecular disulfide 
cross-linking of the membrane proteins (Huang 
et al. 2009) and induce apoptosis-like death of 
neurons,  fibroblasts and neuroblastoma cells 
(Malisauskas et al. 2005; Gharibyan et al. 2007). 
Amyloid Aβ peptide can scramble erythrocyte 
membrane with subsequent cell death (Nicolay 
et al. 2007). Similarly to the rigidification of the 
model membranes (Kremer et al. 2001), Aβ 
aggregates can also reduce fluidity of hippo-
campal membranes (Eckert et al. 2000) which 
results from the peptide influence on the hydro-
carbon core. However, other studies reported 
that aggregated Aβ perturbs mainly the interfa-
cial region of the bilayer and has little effect on 
its hydrocarbon core (Ma et al. 2002). The main 
source of such discrepancies probably results 
from the high heterogeneity of the pre-fibrillar 
species as well as the structural polymorphism 
of mature fibrils (Stefani 2010).

Accumulating evidence substantiates the idea 
that disruption of cellular membrane by amyloid 
aggregates is one of the principal mechanisms of 
fibril-induced cellular dysfunction (Gorbenko 
and Kinnunen 2006; Bucciantini and Cecchi 
2010; Bucciantini et al. 2014). The current con-
sensus is that the mechanisms by which amy-
loidogenic proteins disrupt the membranes 
resemble those of antimicrobial peptides and 
include carpeting, toroidal or barrel-stave pore 
formation, non-specific membrane permeabiliza-
tion, detergent- and raft-like membrane dissolu-
tion, etc. (Demuro et al. 2005; Lashuel and 
Lansbury 2006; Smith et al. 2009). These mecha-
nisms are not mutually exclusive, so an individ-
ual peptide may cause membrane damage via 
different mechanisms depending on the mem-
brane lipid composition. Changes in membrane 
integrity, which are initiated by mature fibrils, 
may result in increased lipid bilayer permeability 

(de Planque et al. 2007), lipid loss (Lee et al. 
2012), receptor activation (Verdier et al. 2004), 
membrane fragmentation (Sciacca et al. 2012), 
and oxidation of membrane lipids (Butterfield 
et al. 2002).

Recent studies revealed a specific membrane 
distortion by fibrillar assemblies, which is dif-
ferent from the previously observed mecha-
nisms of lipid bilayer disruption (Milanesi et al. 
2012). Using confocal microscopy and cryo-
electron tomography, Milanesi and coauthors 
visualized 3D membrane damage produced by 
fibrillar  β2- microglobulin. Fibril-lipid interac-
tions were found to result in re-shaping of lipid 
vesicles, interruptions to the bilayer structure, 
extraction of lipids from the membrane by 
removal or blebbing of the outer membrane leaf-
let, and formation of tiny vesicles from the 
extracted lipids. Remarkably, the largest distor-
tions were generated by the fragmented fibrils, 
indicating that fibril ends possess much stronger 
membrane- modifying propensity than fibril 
shaft. This was ascribed to the enhanced hydro-
phobicity of fibril ends, a property shared by the 
prefibrillar oligomers that are currently regarded 
as the most toxic species of aggregated proteins 
(Butterfield and Lashuel 2010; Campioni et al. 
2010; Winner et al. 2011; Cremades et al. 2012). 
This kind of membrane reorganization is thought 
to be  distinct from the membrane breakage 
characteristic of pore-forming peptides (Tilley 
and Saibil 2006).

In general, concerted action of factors such 
as surface topography, hydrophobicity, charge 
distribution, hydrogen-bonding propensity, 
conformational flexibility, etc. seems to deter-
mine the reactivity of protein aggregates. On 
the other hand, membrane response to the 
aggregates of a certain type is likely to be con-
trolled by a range of adjustable parameters of a 
lipid bilayer, such as surface charge, polarity, 
acyl chain order, fluidity, lateral pressure, cur-
vature, etc. Therefore, while analyzing the 
structural basis for amyloid cytotoxicity, a 
membrane should be considered as a dynamic 
entity whose properties depend on its interac-
tions with other components such as protein 
aggregates (Bucciantini et al. 2014).

G. Gorbenko et al.



143

6.3  Competitive Binding 
Behavior of Fibrillar 
Aggregates

The involvement of membrane structures in a 
wide variety of cellular processes implies mul-
tiple potential mechanisms of cell injury by 
aggregated proteins. In this regard, one cannot 
rule out competitive relationships between 
fibrillar species and native proteins within cel-
lular environment. We hypothesized that in vivo 
amyloid fibrils can impair functionally relevant 
protein- membrane interactions, thereby initiat-
ing deleterious cell responses. As a first step to 
verify this idea, we determined whether fibrillar 
lysozyme can compete with the native cyto-
chrome c (cyt c) for binding to the negatively 
charged model membranes composed of PC 
mixtures with varying proportions of anionic 
phospholipids, phosphatidylglycerol (PG), 
phosphatidylserine (PS) or CL. Biological 
activities of cytochrome c involve electron 
transport in the inner mitochondrial membrane 
and triggering of programmed cell death (Gray 
and Winkler 2010; Ascenzi et al. 2011). 
Monomeric lysozyme and cyt c, which are simi-
lar in their size (diameter ~3 nm) and charge (~ 
+ 9e at physiological pH), display similar modes 
of membrane interaction, with relative contribu-
tions of electrostatic and hydrophobic interac-
tions depending on the physicochemical 
characteristics of the membrane and the envi-
ronmental conditions (Al Kayal et al. 2012).

To track membrane association of cyt c and its 
displacement with monomeric or polymerized 
lysozyme, we measured the efficiency of Förster 
resonance energy transfer (FRET) between 
anthrylvinyl-labeled PC (AV-PC) as a donor and 
heme group of cyt c as an acceptor. As shown by 
1H-NMR-spectroscopy and AV fluorescence 
quenching by iodide, anthrylvinyl fluorophore 
resides at the level of terminal methyl groups 
preferentially orienting parallel to acyl chains 
(Molotkovsky et al. 1982). The competition 
between cyt c and lysozyme for the membrane 
binding sites manifested itself in the rise of AV 
quantum yield (Qr) with increasing lysozyme 
concentration. Compared to its monomeric coun-
terpart, fibrillar lysozyme caused substantially 
more detachment of cyt c from the membranes 
(Fig. 6.5). Moreover, the character of competitive 
adsorption to lipid bilayers was different for 
fibrillar and native states of lysozyme. 
Specifically, upon increasing the content of 
anionic lipid from 10 to 40 mol% (PG, PS) or 
from 5 to 25 mol% (CL), desorption curves 
changed their shape from hyperbolic to sigmoi-
dal, suggesting that desorption of cyt c caused by 
lysozyme fibrils was a cooperative process. One 
possible reason for such a cooperativity may lie 
in simultaneous covering of multiple lipid 
 headgroups in the contact areas of fibrils with 
liposomes and hence, exclusion of multiple cyt c 
molecules from these areas.

As follows from the mean-field thermodynamic 
analysis of surface adsorption in a binary mixture 

Fig. 6.5 Relative quantum 
yield of AV-PC in protein- 
lipid systems as a function of 
cytochrome c concentration 
for PC/PG (3:2, mol:mol) and 
PC/CL (3:1, mol:mol) 
liposomes. Lipid concentra-
tion was 10 μM, lysozyme 
concentration was 
0.5 μM. Liposome diameter 
was 100 nm
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of charged model proteins, competitive behavior 
of a protein strongly depends upon its molecular 
parameters such as size, shape, and charge distri-
bution (Fang and Szleifer 2003). The binding of 
lysozyme and cyt c to negatively charged mem-
branes is largely governed by electrostatic interac-
tions, since these proteins have high positive net 
charge at physiological pH. At strongly acidic 
fibrillization conditions (pH 2.0), the net charge on 
the lysozyme molecule reaches +15e. Notably, the 
net repulsion among the protein monomers favors 
fibril growth, while net attraction gives rise to pre-
cipitation, as reported by Hill and coauthors (Hill 
et al. 2011). Moreover, the magnitude of charge 
repulsion is thought to modulate the assembly 
pathway and morphology of fibrillar aggregates. 
Recent studies emphasize the importance of net 
charge of amyloid fibrils as one of the principal 
determinants of their  cytotoxicity (Hirano et al. 
2010, 2012). Higher bilayer-disruptive activity of 
lysozyme fibrils compared to monomeric protein 
was attributed to the enhanced electrostatic inter-
actions due to increased charge density upon fibril-
lization. Likewise, effects on the membranes of 
the positively charged lysozyme fibrils differed 
from those of the negatively charged Aβ fibrils 
(Yoshiike et al. 2007). These observations led 
Hirano and colleagues to propose that electrostatic 
interactions dominate the membrane association 
of fibrillar lysozyme and concomitant bilayer dis-
ruption (Hirano et al. 2012). Accordingly, electro-
statics is likely to play an essential role in 
determining the competitive membrane binding of 
lysozyme fibrils and cyt c discussed here.

Consistent with this idea are the results of Trp 
fluorescence quenching by acrylamide indicating 
that decrease in Stern-Volmer constant upon 
fibril-lipid binding become more pronounced 
with increasing membrane charge (Gorbenko 
et al. 2012). For electrostatically-controlled 
adsorption, the equilibrium association constant 
can be represented as a combination of an intrin-
sic (or non-electrostatic) term and an electrostatic 
component that depends on surface charge 
 density, environmental conditions (pH, ionic 
strength), and the degree of surface coverage by a 
protein (Gorbenko et al. 2007). As the proportion 
of anionic lipid rises, cyt c-bilayer interaction 
becomes stronger and the number of membrane 
binding sites increases; therefore, higher lyso-
zyme concentrations are required to reduce cyt 
c – lipid association constant and surface occu-
pancy to the values at which competition between 
the proteins becomes significant. This effect may 
account for the delayed threshold effect in Qr 
dependencies on lysozyme concentration 
observed for liposomes containing 40 mol% PG 
or PS, or 25 mol% CL, as illustrated in Fig. 6.6 
for PC/PG vesicles.

However, there is no unequivocal relation 
between the membrane charge and the extent of 
protein competition, since fibrillar lysozyme 
induced distinct changes in Qr of the membranes 
with similar electrostatic surface potentials but 
different lipid composition. This implies that the 
amount of desorbed cyt c is not determined 
exclusively by nonspecific electrostatic factors. 
The possibility of specific interactions between 

Fig. 6.6 Relative quantum 
yield of AV-PC in protein- 
lipid systems as a function  
of lysozyme concentration 
for PC/PG (3:2, mol:mol) 
liposomes. Lipid concentra-
tion was 10 μM, cytochrome 
c concentration was 
0.08 μM. Liposome diameter 
was 100 nm
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lysozyme fibrils and phospholipid headgroups is 
also supported by our finding that the degree of 
Trp solvent exposure differs for lipid bilayers of 
similar charge but different chemical nature of 
phospholipid headgroups (Gorbenko et al. 2012).

In sum, our model studies corroborate the idea 
that pathological fibrillar aggregates forming 
in vivo can potentially impair proper membrane 
binding of cellular proteins. The modulating 
effects of membrane charge and chemical nature 
of anionic phospholipid headgroups observed in 
our studies enabled us to propose that lipid- 
associating and competitive binding properties of 
lysozyme fibrils are governed by both specific 
and non-specific protein-lipid interactions. These 
results suggest that enhanced ability of fibrillar 
protein aggregates to compete for membrane 
binding sites are among the possible determi-
nants of amyloid cytotoxicity.

6.4  Fibril Restructuring 
on a Membrane Template

Specific molecular architecture of amyloid 
assemblies is stabilized by the enthalpic contri-
bution from the main-chain hydrogen bonding, 
ionic pairing, aromatic π-π interactions and 
hydrogen bonds between amino-acid side chains 
(Nelson et al. 2005; Makin et al. 2005; Petkova 
et al. 2006), as well as the entropic contribution 
originating from the release of structured water 
molecules from the tightly packed amyloid core 
(Sawaya et al. 2007; Williams et al. 2006). 
Clearly, all forces stabilizing fibril structure can 
be modulated by the environmental factors inher-
ent to a lipid bilayer. This notion is supported by 
the fact that lipids can destabilize and re- 
solubilize mature fibrils with formation of 
“reverse oligomers” similar in their cytotoxicity 
to the oligomers assembled from monomeric pro-
teins. This effect was demonstrated, for instance, 
for Aβ peptide (Martins et al. 2008). Hence, amy-
loid plaques can be considered as reservoirs of 
toxicity in which mature fibrils can be trans-
formed into highly toxic oligomeric species due 
to alterations in local physicochemical parame-
ters controlled by lipid metabolism.

To further explore fibril transformations 
induced by the lipid surface, we designed a series 
of FRET experiments aimed at elucidating the 
effects of lipids on the structure and morphology 
of fibrillar aggregates. The aforesaid N-terminal 
fragment of the amyloidogenic variant of human 
apoA-I, 1-83/G26R/W@8, was chosen as a 
model protein for these experiments, while lipid 
vesicles were formed from PC and its mixture 
with cholesterol. The idea was to recruit amyloid- 
specific dye with a defined location within fibril 
structure as an energy acceptor for a membrane 
fluorescent probe. To this end, we employed clas-
sical amyloid marker Thioflavin T (ThT). Fibril 
binding of ThT is accompanied by a dramatic 
fluorescence enhancement arising from restricted 
torsional oscillations of the benzothiazole and 
aminobenzoyl rings and nearly planar conforma-
tion of the dye molecule incorporated in the 
solvent- exposed grooves spanning across con-
secutive β-strands parallel to the fibril axis 
(Sulatskaya et al. 2010; Stsiapura et al. 2007; 
Hawe et al. 2008). Another remarkable feature of 
ThT is its preferential association with the 
grooves lined with aromatic residues (Biancalana 
and Koide 2010). Due to these distinct properties, 
ThT can be used not only for identification of 
amyloid fibrils, but also for their structural 
 characterization. Our experimental strategy 
involved: (i) quantitating the dye interaction with 
fibrillar 1-83/G26R/W@8 peptide and defining 
possible ThT binding sites through measuring 
FRET between the engineered Trp8 in this pep-
tide and ThT; (ii) monitoring morphologic 
changes in 1-83/G26R/W@8 fibrils adsorbing 
onto the surface of lipid vesicles by examining 
FRET between Laurdan and ThT.

As a first step, we used the method of double 
fluorimetric titration to determine quantitative 
characteristics of ThT-fibril binding (association 
constant, Ka, and binding stoichiometry, n, in 
mole of ThT per mole of protein). Scatchard plot 
obtained from the binding data had a concave-up 
shape suggesting two types of ThT binding sites. 
Global fitting based on simultaneous analysis of 
two-dimensional data arrays acquired by varying 
both ThT and protein concentration yielded two 
sets of parameters: Ka1

16 2 0 7= ±( ) −. . µM , 
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n1 0 1 0 02= ±. .  (high-affinity sites) and 
Ka 2

10 14 0 03= ±( ) −. . µM , n2 0 17 0 03= ±. .  
(low-affinity sites), as described in detail in 
(Girych et al. 2014). The observed heterogeneity 
of ThT binding sites can stem from: (i) the struc-
turally and compositionally distinct sites within 
fibrillar assemblies of a certain morphology, and/
or (ii) polymorphism inherent to most amyloid 
preparations. Indeed, AFM shows that 1-83/
G26R/W@8 fibrils have either smooth or 
twisted appearance suggestive of structural 
polymorphism. The height profiles over contour 
length analyzed for the two types of fibrils sug-
gested that different polymorphs are represented 
by the twisted and helical ribbons (Fig. 6.7a, b). 
Accordingly, we proposed that high- and low- 
affinity ThT binding sites reside on distinct 
fibril polymorphs. To better understand these 
polymorphs, we attempted to develop a tentative 
structural model of fibrillar 1-83/G26R/W@8 
and to ascertain what solvent-exposed grooves 
within the fibril structure are most likely to bind 
ThT.

Amino acid sequence analysis of the self- 
associating properties of apoA-I 1-83 fragment 
by using AGGRESCAN (Conchillo-Sole et al. 
2007), Zyggregator (Tartaglia and Vendruscolo 

2008) and TANGO (Linding et al. 2004) 
 algorithms showed that residue segments 14–23 
and 50–58 have the highest aggregation ten-
dency (also see Chap. 8 by Das and Gursky in 
this volume). Recent x-ray crystallographic 
studies revealed that the apoA-I segment 44–55 
forms a native unpaired β-strand in lipid-free 
protein, suggesting high intrinsic β-sheet pro-
pensity by this segment (Gursky et al. 2012; Das 
et al. 2014). On the other hand, in our model the 
residues 1–13, 32–40 and 59–83 were excluded 
from the putative β-strand regions, based on the 
following considerations: (i) the presence of 
structure-breaking proline residues at positions 
3, 4, 7, 66 and glycine at positions 35, 39, and 
65; (ii) the proteolytic accessibility of E34 and 
F57 (Lagerstedt et al. 2007); and (iii) TANGO 
prediction that the sequences 14–31 and 41–58 
have the highest propensity to form β-sheets in 
amyloid.

On the basis of these considerations and the 
observation that the height of 1-83/G26R/W@8 
fibrils is ~5–10 nm, while the total length of this 
fully extended polypeptide is ~28 nm, we hypoth-
esized that 1-83/G26R/W@8 protofilaments have 
β-strand-loop-β-strand structure in which 
β-strands from residues 14–31 to 41–58 form a 

Fig. 6.7 Atomic force microscopy images of 1-83/
G26R/W@8 fibrils illustrating the presence of helical and 
twisted ribbon polymorphs (a). Height profiles acquired 

over contour length for different polymorphs of 1-83/
G26R/W@8 fibrils (b)
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self- complementary steric zipper stabilized by 
van der Waals and hydrophobic interactions, as 
well as by the putative salt bridge between R27 
and D48 of the neighbouring strands (Girych 
et al. 2014). Figure 6.8 shows a tentative struc-
ture for fibrillar 1-83/G26R/W@8 created for 
four protein monomers using Rosetta and VMD 
software (Delano 2005). Notably, the proposed 
parallel in- register β-sheet structure is consistent 
with our recent FTIR data recorded of this fibril-
lar peptide (Adachi et al. 2013).

According to our structural model, surface 
grooves that can potentially bind ThT sites are 
formed by the solvent-exposed residues L14_
T16_Y18_D20_L22_D24_R26_D28_V30 in the 
N-terminal β-strand and by the residues Q41_
N43_K45_L47_N49_D51, S52_T54_T56_
S58 in the C-terminal β-strand. Of those, the 
grooves lined with aromatic and hydrophobic 
residues are probably preferred for ThT binding, 
as demonstrated by Wu and coauthors (Wu et al. 
2008, 2009, 2011; Biancalana et al. 2009). These 
considerations, together with the FRET-based 
distance estimates between fibril-bound ThT and 
Trp8 in 1-83/G26R/W@8 (Girych et al. 2014), 
suggest that the high-affinity ThT binding sites 
reside within the groove T16_Y18 on the helical 
ribbon polymorphs. The constant curvature of 
this region favors nearly planar motionally 
restricted conformation of the dye, while the 
 low- affinity sites are lined up at the groove  

D20_L22 on the twisted ribbon polymorphs with 
varying curvature.

Next, we used this model as a structural 
basis to determine whether protein-lipid inter-
actions can alter the structure and morphology 
of 1-83/G26R/W@8 fibrils. To this end, we 
employed fluorescent probe Laurdan located at 
the lipid- water interface as an energy donor for 
ThT. Fibrillar 1-83/G26R/W@8 peptide was 
incubated with small (50 nm) PC liposomes 
doped with Laurdan, followed by titration of 
ThT. Since in these protein-lipid systems ThT 
was distributed between the lipid bilayer and 
the binding sites in the helical and twisted rib-
bon fibrils, a separate series of FRET experi-
ments was directed towards quantifying the 
ThT partitioning into the lipid phase and evalu-
ating its membrane location. As illustrated in 
Fig. 6.9, FRET efficiency in the PC vesicles + 
fibrillar 1-83/G26R/W@8 system is markedly 
higher compared to the PC vesicles alone, 
implying that the number of ThT molecules 
serving as the energy acceptors increases upon 
fibril adsorption on the surface of the lipid ves-
icles. Notably, this effect was observed only 
for fibril-forming apoA- I variant, while in the 
case of its non- amyloidogenic counterpart 
lacking G26R mutation, energy transfer 
between Laurdan and ThT appeared to be 
indistinguishable from that in the protein-free 
PC liposomes. Hence, FRET enhancement 

Fig. 6.8 3D model structure of 1-83/G26R/W@8 in a fibrillar state derived from Rosetta calculations. Four individual 
peptide molecules which were used to build the model are shown
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could be attributed exclusively to fibril-bound 
ThT molecules.

Our next goal was to ascertain what kind of 
spatial distribution of donors and acceptors was 
consistent with the experimentally measured 
FRET profiles. In the simulation-based FRET 
analysis, donor and acceptor coordinates were 
generated in a virtual square box with edge length 
lb and calculating the relative quantum yield aver-
aged over all donors as:
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Here rij is the distance between j-th donor and i- th 
acceptor; ND and NAC stand for the number of 
donors and acceptors in a box, respectively; and 
lb was taken as 10 R0, where R0 is the Förster 
radius for the Laurdan-ThT donor-acceptor pair 
estimated to be ~2.9 nm. The NAC value was 
determined assuming three populations of ThT 
molecules associated either with lipids or with 
helical ribbon (HR) or twisted ribbon (TR) fibrils. 
The respective molar concentrations of these spe-
cies (BL, BHR and BTR) were calculated for any 
given total concentration of ThT by solving the 
system of the following equations:

Fig. 6.9 Relative quantum yield of Laurdan, which was 
incorporated in PC liposomes and PC + 1-83/G26R/W@8 
complexes, as a function of Thioflavin T concentration. 
Lipid concentration was 13 μM, protein concentration 

was 1.6 μM, Laurdan concentration was 0.5 μM. Liposome 
diameter was 50 nm. Solid line represents the simulation 
data yielding the best agreement between experiment and 
theory
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Here, P is the total concentration of the protein 
monomers, KP is the dye partition coefficient 
(630 ± 46 for PC liposomes), and VL, VW are the 
volumes of the lipid and aqueous phases, respec-
tively. Subsequent estimate of the surface density 

of lipid-bound acceptors and linear density of 
HR- and TR-associated acceptors (the number of 
ThT molecules per protein monomer) enabled us 
to assess the number of various ThT species (NL, 
NHR and NTR) in the box.
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Our initial assumption was that the fibrils 
retained their helical or twisted ribbon morphol-
ogy when interacting with the lipid vesicles. The 
donors were confined to a plane parallel to the 
membrane surface and located at a distance rFD 
from the fibril axis. The lengths of the helical 
(lHR) and twisted ribbon (lTR) fibrils in the box 
relative to the box edge lb were defined by 
 parameters s l lHR HR b= /  and s l lTR TR b= / . The 
coordinates of ThT molecules distributed over 
the fiber structure were generated as previously 
described (Girych et al. 2014). Our goal was to 
find out if any sets of theoretical parameters 
{rFD, sHR, sTR} were consistent with the experi-
ment. The uncertainty in the mutual orientation 
of Laurdan emission and ThT absorption transi-
tion moments was minimized by setting the lower 
and upper limits for orientation factor (κmin

2 and 
κmax

2) using the information on the fluorophore 
rotational mobility derived from the fluorescence 
anisotropy measurements (Dale et al. 1979). 
Although the values of rFD, sHR and sTR were var-
ied in the widest physically plausible range, no 
good agreement between the experimental FRET 
data and the simulation results could be achieved. 
This result suggested that 1-83/G26R/W@8 
fibrils undergo lipid-induced morphological 
changes probably involving the unwinding of the 
helical and twisted ribbon fibers into more planar 
ribbons.

Since ThT is thought to reside along the sur-
face side-chain grooves running parallel to the 
long fibril axis (Krebs et al. 2005; Biancalana 
et al. 2008; Teoh et al. 2011), in our simulations 
the fibril-bound acceptors were arranged along 
the lines parallel to bilayer surface and separated 
from the donor plane by certain distances, dHR 
and dTR. Two alternative scenarios were consid-
ered in regard to the orientation factor: (i) κ2 is 
fixed and varies between κmin

2 and κmax
2, or (ii) κ2 

depends on the donor-acceptor distance suggest-
ing that the orientational behavior of the fibril- 
associated ThT resembles that of the membrane 
fluorophores whose transition moments are sym-
metrically distributed within the cones (Domanov 
and Gorbenko 2002). Only the latter scenario 
provided successful theoretical description of the 
experimental FRET profiles.

Obviously, when a certain fibril fragment 
attaches to the membrane surface, superficial 
grooves undergo structural changes due to the 
rearrangement of the hydrogen-bonded network 
at the lipid surface. Accordingly, ThT binding 
sites acquire the properties intermediate between 
those found on the fibrillar structure and in the 
lipid phase, and the orientational properties of 
ThT as an energy acceptor for Laurdan become 
similar to those of membrane-bound dyes. For 
this reason, only simulation-based FRET analy-
sis with distance-dependent orientation factor 
could adequately fit the observed FRET data.

Solid line in Fig. 6.9 represents the simulation 
results providing the best agreement between 
experiment and theory, which was achieved by 
using the following parameter set: lHR ~29 nm, lTR 
~6 nm, dHR ~1 nm, dTR ~1 nm. Notably, after con-
verting into planar ribbons, helical and twisted 
ribbon fibers became structurally indistinguish-
able, yet the stoichiometries of ThT binding to 
high-affinity sites in HR and low- affinity sites in 
TR remained distinct, resulting in different linear 
densities of the bound dye in HR and TR. Given 
that Laurdan molecules are located in the planar 
interface between polar and non-polar parts of 
lipid bilayer, our estimates for donor-acceptor 
separation suggest that linear array of the fibril-
bound ThT species is located at the water-lipid 
interface, with ThT-binding grooves facing the 
aqueous phase. In this orientation, the amyloid 
core-forming C-terminal segment Q41–S58 must 
reside within the fibril-membrane contact area.

To verify this idea, we employed the online 
server HeliQuest to obtain the mean hydrophobic-
ity (<H>), hydrophobic moment (μH), net charge 
(z) and, eventually, lipid discrimination factor (D) 
characterizing lipid binding affinity of a given 
polypeptide fragment (Gautier et al. 2008; Keller 
2011). HeliQuest analysis of 1-83/G26R/W@8 
sequence showed that this peptide contains four 
most probable membrane-binding regions, 
namely R10–R27, K23–K40, L44–R61, and 
S52–Q69, with the strongest lipid-binding poten-
tial in L44–R61. This corroborates the model 
assumption that the β-sheet in residues 41–58 
faces the membrane surface. Since the distance 
between the β-sheets in our proposed β-strand-
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loop-β-strand structure is ~1 nm, our estimates for 
dHR and dTR are consistent with bilayer penetration 
by the β-strands to the depth ~1 nm, i.e. to the 
level of the initial acyl chain carbons.

Furthermore, the values of lHR and lTR allowed 
us to characterize fibril-lipid binding in terms of 
the number of lipid molecules per protein mono-
mer. Considering the surface area per lipid head-
group as 0.65 nm2, the box with edge length 
29 nm contains 1,294 lipid molecules, while the 
total length of the untwisted fibrils is ~35 nm, 
corresponding to ~75 protein monomers. Hence, 
the number of lipid molecules per protein mono-
mer in a planar ribbon configuration of 1-83/
G26R/W@8 fibrils that are associated with PC 
liposomes is circa 17. Similar estimates for PC/
Chol liposomes produced the parameters lHR 
~17 nm, lTR = 0, dHR ~2 nm, with the number of 
lipid molecules per protein monomer circa 34. 
These results suggest that the presence of 
30 mol% cholesterol in the PC bilayer impairs 
fibril penetration into the polar membrane region 
and reduces the fibril-lipid contact area.

Notably, helical and twisted ribbon fibers are 
rather rigid structures, as judged from their per-
sistence length of about 2 μM determined directly 
from AFM images as described in (Adamcik 
et al. 2011). Nevertheless, adsorption of lipid 
vesicles along the fibril length (Fig. 6.10a, b) 
apparently produces local untwisting of the heli-
cal and twisted ribbons, thereby increasing their 

flexibility and extending the contact area with the 
membrane surface. In summary, the results 
reported in this section suggest that lipid mem-
branes can not only trigger amyloid formation, 
but also modulate the structural morphology of 
fibrillar assemblies.

6.5  Concluding Remarks

In the past decades, a complex problem of 
protein- lipid interactions acquired a new intrigu-
ing facet concerning the role of cell membranes 
in initiating the growth of amyloid fibrils and the 
ensuing cytotoxic action of pre-fibrillar and 
fibrillar protein aggregates. It became increas-
ingly clear that physicochemical, structural and 
morphological characteristics of amyloid assem-
blies are important in determining their 
membrane- mediated toxicity. On one hand, these 
characteristics can be fine-tuned by the mem-
brane environment. On the other hand, membrane 
responses to pathogenic aggregated species are 
dictated by collective properties of the lipid 
bilayer, such as the surface charge and curvature 
(addressed by Uversky, Chap. 2 in this volume), 
dielectric permeability, viscosity and lateral 
 pressure profiles, elasticity, etc., as well as by the 
exact chemical nature of individual membrane 
constituents and their conformational features. 
In the present chapter we focused mainly on the 

Fig. 6.10 Transmission electron micrographs illustrating 
adsorption of 1-83/G26R/W@8 fibril on PC vesicle (a) 
and schematic illustration of untwisting of the 1-83/

G26R/W@8 fibrils on a lipid bilayer template drawn 
approximately to scale (b). Scale bar in panel (a) is 50 nm
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emerging understanding of the molecular pro-
cesses involved in the interactions between lipid 
membranes and mature amyloid fibrils. Our fluo-
rescence studies performed with two model amy-
loidogenic proteins, lysozyme and 1-83/
G26R/W@8 apoA-I peptide, support the follow-
ing hypotheses. First, superficial fibril binding to 
lipid bilayers is followed by the changes in lipid 
packing density and level of hydration in the 
interfacial bilayer region, with little or no pertur-
bation of the hydrophobic core. Second, fibrillar 
assemblies can displace membrane-associated 
proteins. Third, morphological characteristics of 
protein fibrils can be modulated by the lipid 
bilayer. Finally, cholesterol can reduce 
 lipid- associating and membrane-modifying 
 abilities of amyloid aggregates. Although extrap-
olation of these model studies to the in vivo 
effects of mature amyloid fibrils on the mem-
branes is not straightforward, our ideas provide 
the basis for a deeper understanding of the mem-
brane-mediated cytotoxicity mechanisms of 
amyloid assemblies.
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    Abstract  

  Apolipoproteins are a key component of lipid transport in the circulatory 
 system and share a number of structural features that facilitate this role. 
When bound to lipoprotein particles, these proteins are relatively stable. 
However, in the absence of lipids they display conformational instability 
and a propensity to aggregate into amyloid fi brils. Apolipoprotein C-II 
(apoC-II) is a member of the apolipoprotein family that has been well 
characterised in terms of its misfolding and aggregation. In the absence of 
lipid, and at physiological ionic strength and pH, apoC-II readily forms 
amyloid fi brils with a twisted ribbon-like morphology that are amenable to 
a range of biophysical and structural analyses. Consistent with its lipid 
binding function, the misfolding and aggregation of apoC-II are substan-
tially affected by the presence of lipid. Short-chain phospholipids at sub-
micellar concentrations signifi cantly accelerate amyloid formation by 
inducing a tetrameric form of apoC-II that can nucleate fi bril aggregation. 
Conversely, phospholipid micelles and bilayers inhibit the formation of 
apoC-II ribbon-type fi brils, but induce slow formation of amyloid with a 
distinct straight fi bril morphology. Our studies of the effects of lipid at 
each stage of amyloid formation, detailed in this chapter, have revealed 
complex behaviour dependent on the chemical nature of the lipid mole-
cule, its association state, and the protein:lipid ratio.  

  Keywords  

  Protein aggregation   •   Apolipoprotein C-II   •   Amyloid fi bril   •   Phospholipid   
•   Detergent   •   Lipid mimetic  

mailto:tmryan@unimelb.edu.au
mailto:ymok@unimelb.edu.au
mailto:ghowlett@unimelb.edu.au
mailto:ghowlett@unimelb.edu.au
mailto:mgriffin@unimelb.edu.au


158

  Abbreviations 
   Apo    Apolipoprotein   
  CD    Circular dichroism   
  CMC    Critical micelle concentration   
  DHPC    1 ,2 -d ihexanoyl -sn-g lycero-3 

- phosphocholine            
  DHPS    1 ,2-dihexanoyl-sn-glycero-3-

 phospho-L-serine   
  DMPC    1,2-dimyristoyl-sn-glycero-3-

 phosphocholine            
  DnPC    1 , 2 - d i a c y l - s n - g l y c e r o - 3 - 

 phosphocholine where n = 3–9 car-
bon acyl chains   

  DPC    Dodecylphosphocholine   
  FRET    Fluorescence resonance energy 

transfer   
  LysoMPC    1-myristoyl-2-hydroxy-sn-glycero 

-3-phosphocholine   
  NBD    Nitrobenzoxadiazole   
  SDS    Sodium dodecyl sulphate   
  STEM    Scanning transmission electron 

microscopy   
  TEM    Transmission electron microscopy   
  ThT    Thiofl avin T   

7.1           Introduction 

 Apolipoproteins belong to a highly conserved 
family of lipid-binding proteins involved in lipid 
transport. An inauspicious feature of the members 
of this family is that they account for a substantial 
proportion of proteins known to form amyloid 
in vivo. For instance, apoA-I, apoA-II and apoA-
IV form amyloid fi brils that are associated with 
several hepatic, systemic, and renal amyloid dis-
eases (Bergstrom et al.  2001 ,  2004 ; Coriu et al. 
 2003 ; Yazaki et al.  2003 ; Obici et al.  1999 ,  2006 ). 
In addition, apoA-I, apoA-II and apoC-II accu-
mulate in amyloid deposits of atherosclerotic 
lesions and have been suggested to contribute to 
the progression of cardiovascular diseases 
(Westermark et al.  1995 ; Mucchiano et al.  2001a , 
 b ; Medeiros et al.  2004 ). The high propensity of 
apolipoproteins to form amyloid fi brils was pos-
tulated to stem from their low conformational sta-
bility in the absence of bound lipids (Gursky and 
Atkinson  1998 ; Hatters and Howlett  2002 ). 

 The present review focuses on human  apoC- II, 
a 79 amino-acid apolipoprotein that activates 
lipoprotein lipase and is involved in the remodel-
ling of very-low density lipoproteins and chylo-
microns in the circulation. Immunohistochemical 
analysis of atherosclerotic plaques showed that 
apoC-II co-localises with serum amyloid P, an 
in vivo marker of amyloid (Stewart et al.  2007a ). 
ApoC-II amyloid fi brils also activate macro-
phages in a CD36 receptor-dependent process 
that has been proposed as an early step in foam 
cell formation and the development of athero-
sclerosis (Medeiros et al.  2004 ). 

 ApoC-II shares high sequence similarity and 
structural homology with other members of the 
apolipoprotein family. In particular, the apoC-II 
sequence comprises 11 residue tandem repeats, 
which form the characteristic amphipathic helical 
motifs that facilitate lipid surface binding by apo-
lipoproteins (Segrest et al.  1990 ,  1994 ; see also 
Chap.   8     by Das and Gursky in this volume). These 
shared properties make apoC-II an excellent model 
for understanding the role of lipids in the folding 
and misfolding of apolipoproteins in general. 

 In the presence of micellar lipid and lipid 
mimetics, apoC-II adopts a predominantly 
α-helical structure (MacRaild et al.  2004 ), con-
sistent with its role in binding lipid surfaces. 
Conversely, lipid-free apoC-II contains relatively 
little α-helical secondary structure that is not sig-
nifi cantly altered in the presence of 5 M guani-
dine hydrochloride (Hatters and Howlett  2002 ), 
suggesting that in the absence of lipid surfaces, 
apoC-II is natively unfolded. In vitro, this lipid- 
free form of apoC-II readily self-assembles into 
homogeneous fi brils with increased levels of 
β-structure and all the hallmarks of amyloid 
(Hatters et al.  2000 ). This process occurs in a 
reproducible and concentration-dependent man-
ner at physiological ionic strength and pH, result-
ing in somewhat soluble, “twisted-ribbon” fi brils 
(Fig.  7.1a ) that are amenable to a range of bio-
physical analyses.  

 ApoC-II fi brils formed in the absence of lipid 
have been investigated using a range of structural 
techniques, including fi bre diffraction, scanning 
transmission electron microscopy (STEM), fl uo-
rescence resonance energy transfer (FRET), 
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 analytical ultracentrifugation and hydrogen/ 
deuterium exchange NMR. Fibre diffraction 
experiments show a classical cross-β diffraction 
pattern with refl ections at 4.67 Å and 9.46 Å, 
indicating the spacing between β-strands in the 
fi bril axis and the average spacing between 
β-sheets in the fi bril cross section, respectively 
(Teoh et al.  2011b ) STEM revealed that the fi brils 
contain approximately one molecule of apoC-II 
per 4.7 Å rise in the long axis of the fi bril, and 
hydrogen/deuterium exchange data indicated two 
protected regions in residues 20–36 and 58–74 
(Wilson et al.  2007 ) that are implicated in forma-
tion of the amyloid core. Recently, these and 
other observations led to the development of a 
“letter-G-like” β-strand-loop-β-strand structural 
model for an apoC-II unit within a mature amy-
loid fi bril (Fig.  7.1b ) (Teoh et al.  2011b ). 

 Studies of the kinetics of apoC-II fi bril forma-
tion indicate that it proceeds via a reversible path-
way that includes elongation, dissociation, and 
fi bril breaking and rejoining (Binger et al.  2008 ; 
Yang et al.  2012 ). In addition, the concentration 
dependence of apoC-II aggregation has been ana-
lysed (Hatters et al.  2000 ,  2002a ,  b ). These analy-
ses collectively show that apoC-II forms amyloid 
fi brils in a time-dependent manner at 0.1–1 mg/

mL apoC-II (approximately 10–100 µM), with 
times for the completion of fi bril formation 
 ranging from less than 1 h (at 1 mg/mL apoC-II) 
to ~7 days (at 0.1 mg/mL). ApoC-II concentra-
tions less than 0.1 mg/mL form amyloid fi brils 
very slowly (>7 days), facilitating the study of 
the early events of amyloid fi bril formation (Ryan 
et al.  2008 ). 

 Given its role in lipid transport and lipoprotein 
remodelling, it is perhaps unsurprising that sub-
micellar lipids/detergents and lipid surfaces can 
substantially affect the misfolding of apoC-II and 
amyloid formation. Lipids alter the rate and path-
way of amyloid formation, as well as the struc-
tural features of mature fi brils. This chapter 
reviews our studies of the effects of lipids and 
lipid-like detergent molecules on amyloid fi bril 
formation by full-length apoC-II and its fi brillo-
genic peptides.  

7.2     The Structure of ApoC-II 
Bound to Lipid Micelles 

 Investigating the role of lipids in protein folding 
is complicated by a range of factors, including, 
but not limited to, the diverse range of lipids that 

  Fig. 7.1    The structure of apoC-II fi brils. ( a ) 
Transmission electron micrograph of apoC-II fi brils 
formed by incubation of apoC-II at 0.3 mg/mL in 
100 mM sodium phosphate, pH 7.4, for 2 days. Note the 
fl at, twisted, ribbon-like morphology. Scale bar repre-
sents 200 nm (Figure adapted with permission from 
Griffi n et al. ( 2008 )). ( b ) A structural model for apoC-II 

amyloid fi brils. ApoC-II monomer assembles into amy-
loid fi brils with a ‘letter-G-like’ β-strand-loop-β-strand 
structure. The model includes residues 21–79 of apoC-
II with each β-strand of the monomer contributing to 
each of the two β-sheets, giving rise to a parallel, in-
register structure (Figure adapted with permission from 
Teoh et al. ( 2011a ))       
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are present in biological samples, their general 
insolubility and their tendency to self-associate 
to form lipid surfaces. These complications 
 render distinguishing the role of individual lipid 
molecules from the role of lipid surfaces in pro-
tein folding diffi cult, particularly for native lipids 
that generally form lipid surfaces or complexes. 
This is compounded by the tendency of mole-
cules that bind to lipid surfaces to alter the prop-
erties of the membrane. For example, apoC-II 
can bind specifi c phospholipids within lipid 
membranes, and thereby locally remodel the 
composition of the lipid surface (Hanson et al. 
 2003 ). Conversely, lipid surfaces have a signifi -
cant effect on apoC-II structure; binding of lipid 
surfaces almost always results in the stabilisation 
of a native α-helical structure in this (MacRaild 
et al.  2001 ,  2004 ) and other apolipoproteins [for 
review see (Wang  2008 )]. However, there is evi-
dence that apoC-II can adopt an amyloid struc-
ture in atherosclerotic plaques, which are highly 
enriched in a range of modifi ed lipids (Medeiros 
et al.  2004 ; Teoh et al.  2011a ). This dichotomy 
between the effects of lipids in vitro and in in vivo 
disease lesions suggest that the role of lipids in 
apoC-II amyloid formation might be much more 
complex than previously thought. 

 Initial circular dichroism (CD) and NMR 
spectroscopy investigations of the structure of 
apoC-II focused on the protein in complex with 
micelles of the detergents sodium dodecyl sul-
phate (SDS) and dodecylphosphocholine (DPC). 
These lipid-like detergents induced ~60 % 
α-helical conformation in apoC-II and prevented 
its aggregation (MacRaild et al.  2001 ,  2004 ). 
NMR structural analyses of apoC-II in complex 
with SDS micelles showed two broad regions of 
α-helical structure, corresponding to the N- and 
C-terminal regions of the molecule. These heli-
ces correspond well to the regions of amphipathic 
helix predicted from primary sequence analysis, 
linked by a fl exible region, which also has some 
helical character (Fig.  7.2 ). The N-terminal heli-
cal region includes residues 16–36, and forms a 
curved helix, postulated by MacRaild et al. 
( 2001 ) to be important for binding to the large- 
radius surface of chylomicrons and very low den-
sity lipoproteins (diameters 50–1,000 nm), while 

the C-terminal helix in residues 50–54 and 63–76 
contains the binding site for lipoprotein lipase. 
Subsequent  15 N NMR relaxation measurements 
coupled with molecular dynamics simulations of 
apoC-II bound to SDS micelles largely confi rmed 
these fi ndings (Zdunek et al.  2003 ). ApoC-II in 
the presence of DPC micelles displayed very 
similar structural characteristics (MacRaild et al. 
 2004 ). While these NMR structures elucidated 
several conformational features of natively folded 
apoC-II bound to lipid-like surfaces, they pro-
vided little information on the role of individual 
lipid interactions.   

7.3     The Effects of Submicellar 
Lipid on the Misfolding 
of ApoC-II 

 In an attempt to separate the roles of individual 
phospholipid molecules and lipid surfaces on 
apoC-II misfolding and aggregation, we have 
used a range of simple short-chain phospholipids 
and detergents. These lipid derivatives have the 

  Fig. 7.2    The structure of apoC-II bound to SDS micelles. 
Averaging of 20 NMR structures results in the main chain 
trace and reveals two regions of well-defi ned α-helices 
(represented by  narrow line  and  cylinders ) connected by a 
region of less well-defi ned structure (represented by the 
thicker C α  trace).  Arrows  and numbers indicate the amino 
acid position (Adapted with permission from MacRaild 
et al. ( 2001 ); Copyright (2001) American Chemical 
Society)       
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advantage that they exist in two states, a “mono-
meric” state at low concentrations and a 
 self- associated micellar state at higher 
 concentrations. The critical micelle concentra-
tion (CMC) at which these molecules transition 
from one state to the other depends on structural 
features of the detergent molecule, including its 
size and shape, charge distribution on the head 
group, length and hydrophobicity of the acyl 
chains and buffer conditions, including pH, salt 
concentration, and hydrophobicity. By selecting 
particular lipid derivatives, a range of factors that 
affect protein folding can be investigated in the 
absence of lipid surface. 

 Investigation of the effect of individual lipids 
on the process of amyloid formation by apoC-II 
was initially conducted through the use of the 
short-chain phospholipid 1,2-dihexanoyl-sn- 
glycero-3-phosphocholine (DHPC), which has a 
CMC of approximately 10 mM in 100 mM 
sodium phosphate at pH 7.4 (Hatters et al.  2001 ). 
At micellar concentrations this lipid stabilised 

native structure in apoC-II. However, at submicel-
lar concentrations DHPC enhanced the rate of 
apoC-II amyloid formation sixfold (Hatters et al. 
 2001 ; Griffi n et al.  2008 ; Ryan et al.  2008 ). 
Investigation of the effect of acyl chain length, 
and hence hydrophobicity, was conducted using a 
series of phosphatidylcholine derivatives with 
acyl chains containing three to nine carbons at a 
constant detergent concentration of 10 mM 
(Griffi n et al.  2008 ) (Fig.  7.3 ), which is below 
CMC for short-chain lipids containing three to 
fi ve carbons. This analysis showed that increasing 
the length of the acyl chain from three to fi ve car-
bons increased the rate of fi bril formation up to a 
maximum of sevenfold. This result suggests that 
higher hydrophobicity increases the rate of fi bril 
formation. Lipids with acyl chains containing six 
to nine carbons, which approach and surpass their 
CMC at 10 mM concentration, inhibited amyloid 
fi bril formation by apoC-II. CD spectroscopy 
indicated that the shorter-chain submicellar lipids 
induced similar conformation in apoC-II, with a 

  Fig. 7.3    Effect of acyl chain length of short-chain diacyl 
phospholipids on fi bril formation by apoC-II. Diacyl 
phosphocholine derivatives are designated DnPC, where n 
refers to the acyl carbon chain length. Fibril formation 
was monitored using a Thiofl avin T (ThT) assay, where 
solutions of apoC-II (0.3 mg/ml in 100 mM phosphate 
buffer at pH 7.4) were incubated alone ( fi lled triangles ) 
and in the presence of 10 mM D3PC ( fi lled squares ), 

D4PC ( open circles ), D5PC ( fi lled circles ), D6PC ( open 
diamonds ), D7PC ( fi lled diamonds ,  dashed line ), D8PC 
( open squares ,  dotted line ) and D9PC ( open triangles ). 
ThT fl uorescence was measured at the intervals and non-
linear best fi ts to the data using a Hill-3 parameter equa-
tion ( continuous lines ) were used to determine the 
transition rates and maximum ThT fl uorescence (Figure 
adapted with permission from Griffi n et al. ( 2008 ))       

 

7 The Role of Lipid in Misfolding and Amyloid Fibril Formation by Apolipoprotein C-II



162

slight trend towards increased negative ellipticity 
at 222 nm with increasing acyl chain length, 
 suggesting some α-helix formation. The 
 longer-chain micellar lipids invariably induced 
CD spectra with minima at 208 and 222 nm, char-
acteristic of predominant α-helical structure.  

 The effect of head group was investigated by 
using 1,2-dihexanoyl-sn-glycero-3-phospho-L- 
serine (DHPS), where the choline functionality 
of the head group is substituted with a serine 
(Ryan et al.  2008 ). This lipid has a net negative 
charge, which allows it to exist in a non-micel-
lar form at signifi cantly higher concentrations 
(~20 mM) than its zwitterionic DHPC counter-
part. When this difference in CMC is taken into 
account, the effect of submicellar DHPS on 
amyloid formation by apoC-II is not signifi -
cantly different from that of DHPC. Investigation 
of 1,2-dihexanoyl-sn-glycero-3-phospho-L- 
ethanolamine (zwitterionic) and 1,2-dihexanoyl- 
sn-glycero-3-phospho-L-glycerol (anionic) at 
comparable submicellar concentrations indi-
cated very similar effects on the rate of fi bril 
formation to DHPS and DHPC. Taken together, 
these data indicate that the head group charge 
has little effect on the misfolding and rate of 
fi bril formation by apoC-II, and that the acyl 
chain hydrophobicity is the major determinant 
of the enhancing effects of these submicellar 
lipids on apoC-II aggregation (Ryan et al. 
 2008 ).  

7.4     The Effects of Submicellar 
Lipids on Initial ApoC-II 
Self-Association 

 During the studies outlined in the previous sec-
tion, it became apparent that the short-chain lip-
ids were signifi cantly affecting the lag phase of 
apoC-II amyloid fi bril formation, suggesting that 
their primary effect was on the initial folding and 
self-association of apoC-II (Ryan et al.  2008 ; 
Griffi n et al.  2008 ). To further investigate this 
effect, a single cysteine replacement of serine 61 
(apoC-II-S61C) was engineered, and this cyste-
ine was labelled with the fl uorophore, c 5  
maleimide Alexa-488 (Alexa-488-apoC-II) 

(Ryan et al.  2008 ) (Fig.  7.4a ), which was used to 
characterize the molecular environment and the 
process of amyloid fi bril formation. 
 Alexa-488- apoC-II showed a similar rate of 
 amyloid fi bril formation to native apoC-II (Ryan 
et al.  2008 ), providing a valuable tool for detailed 
biophysical analysis of this process.  

 Initial time courses of Alexa-488-apoC-II 
aggregation indicated that, in the absence of lip-
ids, the protein displayed a time-dependent 
decrease in fl uorescence intensity during fi bril 
formation. Fluorescence anisotropy measure-
ments, which report on the relative rotational 
motion of a fl uorophore, were consistent with 
this observation, showing a sigmoidal increase to 
a maximum of approximately 0.1 over 72 h 
(Fig.  7.4b ). This increase in fl uorescence anisot-
ropy is consistent with the formation of large 
aggregates with low tumbling rates, while the 
decrease in fl uorescence intensity can be attrib-
uted to homo-fl uorescence resonance energy 
transfer (FRET) occurring when the Alexa-488 
fl uorophores from different apoC-II molecules 
are brought into close proximity. Thus, the two 
fl uorescence measures allow analysis of the time 
course of aggregation and amyloid fi bril forma-
tion by apoC-II. 

 Addition of submicellar DHPC or DHPS 
resulted in signifi cant differences in the time 
courses of these fl uorescence measurements. In 
both cases, these short-chain lipids at submicellar 
concentrations induced a rapid increase in the 
fl uorescence intensity and anisotropy of 
Alexa- 488 (Fig.  7.4c ). This immediate response 
was followed by a slower increase in fl uores-
cence intensity during which no signifi cant 
change in anisotropy was observed. After these 
initial changes, the quenching of the Alexa-488 
fl uorescence intensity and further increases in 
anisotropy due to fi bril formation over longer 
time periods proceeded as for apoC-II alone. The 
rate of the slower phase of the initial fl uorescence 
changes was independent of protein concentra-
tion, and FRET measurements using both 
Alexa- 488 and Alexa-594 labelled apoC-II-S61C 
indicated signifi cant inter-molecular interactions 
in the presence of submicellar phospholipids at 
early time points. These results indicate that sub-
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micellar lipids enhance early association events 
in the apoC-II aggregation pathway. 

 This hypothesis was further investigated using 
analytical ultracentrifugation. Sedimentation 
velocity experiments using Alexa-488-apoC-II 
enabled the analysis of apoC-II self-association 
at low protein concentrations, where signifi cant 
fi bril formation does not occur (Ryan et al.  2008 ). 
These experiments indicated that addition of sub-
micellar phospholipids shifted the modal sedi-

mentation coeffi cient of apoC-II from 1 S to 
approximately 3.1 S, equivalent to the formation 
of an apoC-II tetramer (Fig.  7.5 ). The size of this 
larger species was confi rmed using sedimenta-
tion equilibrium experiments, which showed an 
approximate molecular weight of 40 kDa, equiv-
alent to four labelled apoC-II molecules. 
Solutions of this stabilised tetrameric apoC-II 
were capable of seeding fi bril formation, indicat-
ing that this oligomeric structure can act as a 

  Fig. 7.4    Fluorescence spectroscopy of Alexa488-labeled 
apoC-II. ( a ) Emission spectra of freshly prepared 
Alexa488-apoC-II (50 µg/ml in 100 mM phosphate buffer, 
pH 7.4; excitation at 495 nm) in the absence of lipid 
( curve 2 ) and in the presence of 10 mM DHPS ( curve 1 ); 
and of fi brillar Alexa488-labeled apoC-II (0.3 mg/ml in 
100 mM phosphate buffer, pH 7.4, and diluted to 50 µg/
ml) in the absence ( curve 4 ) and presence ( curve 3 ) of 
10 mM DHPS. ( b ) Fluorescence emission intensity ( black 

line ) and anisotropy ( blue line ) of Alexa488-apoC-II dur-
ing fi bril formation.  c  Fluorescence emission intensity 
( black line ) and anisotropy ( blue line ) of Alexa488- apoC-
 II in the presence of 10 mM DHPS during fi bril formation. 
Data were acquired on a Florolog Tau-2 spectrophotome-
ter using 55° polarization and an emission cutoff of 
505 nm. The aggregation kinetics of the labelled and unla-
belled apoC-II was similar (Figure adapted with permis-
sion from Ryan et al. ( 2008 ))       
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nucleus for amyloid aggregates (Ryan et al. 
 2008 ).   

7.5     Kinetics of ApoC-II Amyloid 
Formation in the Presence 
of Submicellar Lipids 

 The results of biophysical studies indicated that 
lipids affected nucleation of apoC-II amyloid 
fi brils. To quantify the precise effects of lipids, 
kinetic modelling of amyloid fi bril formation was 
required. The relatively soluble nature of the 
apoC-II fi bril allows the use of analytical ultra-
centrifugation (MacRaild et al.  2003 ) to analyse 
the time-dependent evolution of the size distribu-
tion of these macromolecular structures during 
aggregation (Binger et al.  2008 ). This analysis 
provides both an average aggregate size and the 
proportion of aggregate over time, which can be 
used as constraints to mathematically model the 
aggregation pathway (Binger et al.  2008 ). 

 This model showed that apoC-II fi bril forma-
tion is a reversible process of nucleation, elonga-
tion, fi bril breaking and rejoining, which resulted 
in a fairly consistent size distribution for apoC-II 
amyloid fi brils, and explained the formation of 
closed loops of apoC-II fi brils (Binger et al. 
 2008 ). Application of this method, in conjunction 
with stopped-fl ow analysis of the fl uorescence 
changes, indicated that the nucleation phase was 
increased by several orders of magnitude in the 
presence of submicellar phospholipid deriva-
tives, while the elongation phase was unaffected 
(Ryan et al.  2010 ). This was supported by the 
observations that the “free pool” of soluble apoC-
 II in equilibrium with fi brils in the absence and 
presence of submicellar phospholipids was the 
same. The size of this free pool is defi ned solely 
by the on- and off-rates of elongation. 

 Further confi rmation of the differential effect 
on nucleation and elongation is provided by two 
observations. First, submicellar lipids have little 
effect on the aggregation of synthetic cysteine- 

  Fig. 7.5    Sedimentation analysis of apoC-II self- 
association in the presence of the short-chain phospho-
lipid derivative, DHPS. Sedimentation velocity data were 
acquired for freshly refolded Alexa-488-apoC-II (50 µg/
mL, 100 mM phosphate buffer) in the presence of increas-
ing concentrations of DHPS (0–20 mM) using the fl uores-
cence detection system analytical ultracentrifuge. The use 
of fl uorescence provides sensitivity and specifi city, allow-
ing analysis of the low apoC-II concentration in the pres-
ence of the relatively large lipid concentration. ( a ) 
Sedimentation velocity data, analysed using the c(S) 
model, revealed the presence of three peaks that depend 

on the lipid concentration. The peak  circa  1 S corresponds 
to monomeric apoC-II. Increasing submicellar concentra-
tions of DHPS induce a 3.1 S peak corresponding to 
apoC-II tetramer (Peak 3). Micellar concentrations of 
DHPS induce a peak at around 2.4 S, consistent with a 
micelle-associated apoC-II molecule (Peak 2). ( b ) The 
integrated area under each peak in panel ( a ) is plotted as a 
function of DHPS concentration, revealing the DHPS 
concentration-dependence of the monomer (peak 1; 
 squares ), micelle associated apoC-II (peak 2;  circles ), and 
tetrameric apoC-II (peak 3;  fi lled triangles ) (Figure 
adapted with permission from Ryan et al. ( 2008 ))       
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crosslinked dimers of apoC-II-S61C, where the 
initial association events of the apoC-II fi bril for-
mation pathway are already complete. Second, 
submicellar lipids have no effect on apoC-II 
aggregation when added midway through the 
elongation phase. These results suggest that the 
physicochemical processes underlying the nucle-
ation and the elongation of fi brils are different 
and can be affected by chemical compounds dif-
ferentially. This conclusion has potentially 
important implications for the development of 
therapeutics designed to modulate fi bril forma-
tion, but can also provide insight into the basis of 
in vivo fi bril formation. 

 Another aspect of the nucleation elucidated in 
this analysis was that the protein tetramerisation 
in the presence of the submicellar lipid did not 
constitute the formation of a nucleus, and a  second 
step involving a slow zero-order isomerisation of 
the tetramer was required to fi t the data (Ryan 
et al.  2010 ). This isomerisation was confi rmed 
using a combination of stopped-fl ow fl uorescence 
and CD spectroscopy (Fig.  7.6 ) showing that this 
step was rate-limiting for amyloid formation in 
the presence of submicellar lipids. The nature of 

the slow isomerisation step is unclear; it could 
involve a structural rearrangement of the tetramer, 
a loss of the lipid molecules, or some combination 
thereof (Ryan et al.  2010 ). CD time courses indi-
cate that the tetramer structure is  subtly altered 
during this isomerisation step, suggesting that a 
structural rearrangement does indeed occur.  

 Notably, this rate-limiting isomerisation step 
is probably not unique to fi bril formation by 
apoC-II. For example, elegant studies by Singh 
et al., Chap.   4     in this volume show that the slow 
rate- limiting step in amyloid fi bril formation by a 
small lipid-binding protein, amylin, also involves 
re-arrangement and self-association of low-order 
protein oligomers.  

7.6     Lipid Dynamics During 
ApoC-II Aggregation 

 To provide information on the dynamics of lipid 
molecules during apoC-II fi bril formation, further 
analysis was conducted using a fl uorescently 
labelled single-chain phospholipid, 1-dodecyl-[(7-
nitro-2,1,3-benzoxadiazol-4-yl)amino]-2-hy-

  Fig. 7.6    Time-dependent structural changes of the lipid- 
induced apoC-II tetramer. ( a ) CD spectra of apoC-II 
(0.05 mg/mL in 10 mM Na phosphate buffer,  dashed 
line ), immediately after addition of 5 mM DHPC (0 h, 
 dotted line ), and after 1 h incubation in the presence of 
5 mM DHPC ( continuous line ). The CD spectrum of 
apoC-II alone ( dashed line ) is provided for reference. At 
this apoC-II concentration, fi bril formation is negligible 

over the time course of the experiment. The data are pre-
sented in units of mean residue ellipticity ( MRE ). ( b ) The 
change in MRE at 208 nm (indicated in panel  a  by  red 
arrow ) over time for 0.05 mg/mL apoC-II in the presence 
of 5 mM DHPC ( triangles ), and for 0.025 mg/mL apoC-II 
in the presence of 5 mM DHPC ( squares ) (Figure adapted 
with permission from Ryan et al.  2010 )       
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d r o x y - s n - g l y c e r o - 3 - p h o s p h o c h o l i n e 
(NBD-lyso-12-PC) (Ryan et al.  2011a ). The unla-
belled form of this lipid has a CMC near 0.2 mM, 
and both the labelled and unlabelled lipids at sub-
micellar concentrations induce apoC-II tetrameri-
sation and enhance fi bril formation (Griffi n et al. 
 2008 ; Ryan et al.  2008 ,  2011a ). FRET experi-
ments utilising this labelled lipid and freshly 
refolded Alexa-594-apoC-II indicated that the 
lipid and protein were in close proximity, suggest-
ing the formation of a reasonably stable complex 
(Ryan et al.  2011a ). Stopped- fl ow analysis of this 
FRET signal indicated rapid pseudo-fi rst-order 
association with a rate constant of 156,000 s −1 . 

 Fluorescence-detected analytical ultracentri-
fugation indicated that the lipid associated with 
both monomeric and tetrameric apoC-II in a 
concentration- dependent manner. Analysis of the 
proportion of tetramer, as measured by the weight 
average sedimentation coeffi cient of the apoC-II 
in the presence of NBD-lyso-12-PC, provided the 
tetramerisation constant of 3.5 × 10 −3  µM −3 , con-
sistent with that obtained from the kinetic analy-
sis of apoC-II fi bril formation in the presence of 
DHPC. Analysis of the proportion of NBD-lyso- 
12-PC that co-sedimented with apoC-II provided 
a stoichiometry of fi ve NBD-lyso-12-PC mole-
cules bound per one apoC-II molecule, and the 
concentration dependence of this association 
indicated a  K  d  ≅ 10 µM. 

 The time dependence of the protein-lipid 
interaction during the fi bril formation showed 
that the FRET signal was lost over 12 h, suggest-
ing that as apoC-II aggregated the lipid affi nity 
decreased. Analysis of the fi nal fi brillar product 
indicated a complete lack of FRET, suggesting 
that mature, fi brillar apoC-II did not bind submi-
cellar lipids. This analysis was supported by ana-
lytical ultracentrifugation, in which no 
co-sedimentation between the NBD-lyso-12-PC 
and mature apoC-II fi brils was observed by fl uo-
rescence, and in pelleting assays, where no NBD-
lyso- 12-PC was found in the pellet fraction of 
fi brils either added to, or formed in the presence 
of NBD-lyso-12-PC. Together, these results indi-
cate a catalytic role for submicellar lipids in apo-
lipoprotein misfolding and aggregation, and 
suggest that the presence of only a small amount 

of lipid could affect initiation of amyloid fi bril 
formation in vivo (Ryan et al.  2011a ).  

7.7     The Interaction of ApoC-II 
Peptide Fragments 
with Lipids 

 Analysis of lipid binding by the defi ned peptide 
regions of apoC-II has elucidated many biophysi-
cal features of apolipoprotein – lipid surface 
binding. The peptide implicated in forming the 
primary lipid-binding region, apoC-II 19–39 , was 
found to adopt a helical structure and bind to 
lipid surfaces with  K  d  = 5 µM, and to form dimers 
at very high protein:lipid ratios (MacPhee et al. 
 1999 ). Such self-association has been proposed 
to be important for stabilising apolipoprotein 
structures and may infl uence the function of lipo-
protein particles (e. g. apoA-I and apoA-IV 
dimers). 

 ApoC-II peptides have also been used to elu-
cidate misfolding events and molecular interac-
tions involved in apoC-II aggregation (Wilson 
et al.  2007 ; Legge et al.  2007 ; Griffi n et al.  2012 ). 
These peptides are derived from the amyloido-
genic regions of apoC-II and undergo many of 
the processes involved in the misfolding and 
amyloid fi bril formation by the full-length pro-
tein. However, these peptides do show some dis-
tinct differences from the full-length protein, 
indicating that the amyloid formation by apoC-II 
involves several regions acting in concert. 

 Studies of the effect of phospholipids have 
primarily focused on one of these regions, 
apoC- II  60  –70 , which contains the sequence 
MSTYTGIFTDQ (Hung et al.  2008 ,  2009 ) that is 
largely hydrophobic and is predicted to be partic-
ularly amyloidogenic (Chap.   8     by Das and Gursky 
in this volume). In contrast to the full-length pro-
tein, amyloid fi bril formation by this peptide is 
inhibited by the presence of submicellar lipids, 
including DHPC (Hung et al.  2009 ). Interestingly, 
the peptide responds to the presence of submicel-
lar lipids by forming a range of higher-order 
oligomers, as evidenced by sedimentation equi-
librium experiments, which do not show a signifi -
cant induction of secondary structure observed by 
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CD spectroscopy (Hung et al.  2009 ). Molecular 
dynamics simulations indicate that the presence 
of solvated lipid molecules enhanced inter- peptide 
association, particularly through improved hydro-
phobic contacts, which act to kinetically trap this 
apoC-II peptide in oligomeric structures ranging 
from dimer to much larger species (Hung et al. 
 2009 ). This result, while appearing to contradict 
the results for the full- length protein, is actually 
complementary. The observation that lipids can 
drive the peptide self- association correlates to the 
initial induction of tetrameric species of the full-
length protein; it is perhaps other regions of the 
apoC-II that drive the second phase of nucleation, 
which ultimately results in the ejection of the lipid 
and the formation of cross-β structure in amyloid 
fi brils.  

7.8     The Effects of Micellar Lipids 
and Lipid Surfaces 

 As discussed above, apoC-II in the presence of 
large excesses of micellar lipids adopts an 
α-helical conformation and does not aggregate. 
One explanation for this effect, in addition to sta-
bilisation of a native-like structure, is that the 
micelles effectively separate apoC-II molecules 
from each other. For example, as each DHPC 
micelle contains approximately 40 lipid mole-
cules (Atcliffe et al.  2001 ), a concentration of 
10 mM DHPC is equivalent to a micelle concen-
tration of approximately 0.25 mM, resulting in a 
molar ratio of around 7.5 micelles per protein 
molecule at standard amyloid-forming concen-
trations of apoC-II. Thus, on average, a micelle is 
expected to contain fewer than one apoC-II 
molecule. 

 Interestingly, the primary lipid-binding region 
of apoC-II at very high protein:lipid ratios 
appears to undergo self-association (MacPhee 
et al.  1999 ). Under these conditions apoC-II dis-
plays some interesting aggregation phenomena 
(Griffi n et al.  2008 ). The use of low concentra-
tions of micellar lipids, facilitated by using 
longer- chain phospholipids with lower CMCs, 
coupled with higher concentrations of apoC-II, 
results in an initially inhibited aggregation pro-

cess over a period of 200 h. Subsequent sample 
analysis showed a second phase of aggregation, 
where the maximal thiofl avin T (ThT) fl uores-
cence was signifi cantly greater than in the fi rst 
phase. This behaviour could be replicated with 
small unilamellar vesicles comprised of more 
physiological lipids such as 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine (DMPC), indicating 
that it is not specifi c to a particular lipid surface 
confi guration. 

 Transmission electron microscopy (TEM) 
analysis of the apoC-II fi brils formed during the 
fi rst phase of aggregation showed the common 
twisted-ribbon morphology. However, TEM 
analysis after the second phase revealed a previ-
ously unidentifi ed apoC-II fi bril morphology 
(Fig.  7.7 ). These fi brils displayed a straight, 
cable-like structure 13–14 nm wide, with helical 
periodicity of 95–100 nm. CD spectroscopy 
showed that the two fi bril types had distinct sec-
ondary structure, strongly suggesting a divergent 
amyloid formation pathway. Seeding experi-
ments supported this observation and indicated 
that the cable-like fi brils can be seeded and prop-
agated in a lipid-free environment. This shows 
that phospholipids not only play an important 
role in the initiation and enhancement of amyloid 
fi bril formation, but also in determining the 
 ultimate fi bril structure. This level of polymor-
phism may be of critical importance in under-
standing the initiation of amyloid fi bril formation 
in lipid- rich environments in vivo and for under-
standing the molecular basis of amyloid 
diseases.   

7.9     The Effects of Oxidized 
Cholesterol 

 Several studies have demonstrated that amyloid 
deposits are present in up to 50–60 % of aortic 
atherosclerotic lesions (Westermark et al.  1995 ; 
Mucchiano et al.  2001a ). These amyloid deposits 
contain various proteins, including apoC-
 II. ApoC-II has also been shown to colocalize in 
these plaques with a range of amyloid markers, 
providing indirect evidence that it is part of the 
amyloid component of atheroma. Atherosclerotic 
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lesions also contain a large component of lipids, 
including oxidized cholesterol, which has been 
shown to enhance amyloid formation by 
α-synuclein and amyloid-β peptide (Bieschke 
et al.  2005 ; Zhang et al.  2004 ; Bosco et al.  2006 ). 

 ApoC-II fi bril formation is signifi cantly 
enhanced in the presence of the oxidized 

 cholesterol derivative, 3 ß -hydroxy-5-oxo-5,6-
secocholestan- 6-al (Stewart et al.  2007b ). Further 
analysis using HPLC and MALDI-TOF mass 
spectrometry indicated that this oxidized choles-
terol derivative formed a Schiff-base covalent 
bond with apoC-II lysines 19, 30, 39, 48, 55, and 
76 (Stewart et al.  2007b ). Isolation of the various 

  Fig. 7.7    Lipids induce a distinct, straight apoC-II fi brillar 
morphology. Transmission electron micrographs showing 
the fi ne detail of ( a ) mature ribbon-type fi brils formed by 
1.0 mg/ml apoC-II alone, and straight fi brils formed by 
1.0 mg/ml apoC-II in the presence of ( b ) 500 µM D8PC, 
( c ) 500 µM D9PC, ( d ) 500 µM Lyso-MPC, and ( e ) 500 µM 

DMPC. Circular objects adjacent to fi brils in the presence 
of DMPC are probably small unilamelar lipid vesicles that 
may interact with the apolipoprotein fi bers as described 
by Gorbenko et al. in Chap.   6     of this volume (Figure 
adapted with permission from Griffi n et al.  2008 )       
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oxidized cholesterol adducts and analysis of fi bril 
formation by these modifi ed apoC-II molecules 
showed that in all cases fi bril formation was 
enhanced, and a variety of alternate fi brillar mor-
phologies were produced (Stewart et al.  2007b ). 

 These observations, in conjunction with the 
studies of amyloid-β and α-synuclein, suggest 
that oxidized cholesterol may trigger or enhance 
the amyloid deposition in various tissues, includ-
ing atheroma (Stewart et al.  2007b ). Another pos-
sible implication is a feedback loop with the 
infl ammatory response, which can generate oxi-
dized cholesterol that may worsen amyloid depo-
sition by various proteins. These results provide 
further evidence that altered lipid metabolism 
can affect protein folding, and that elucidating 
the ways in which the diverse lipid molecules are 
involved in normal and aberrant protein folding 
may be critical to understanding the basis of 
amyloid diseases.  

7.10     The Effects of Hydrophobic 
“Lipid-Like” and Detergent 
Molecules 

 The effects of lipids and their derivatives on amy-
loid fi bril formation can be altered by the self- 
association state of the lipid and/or its chemical 
nature, which varies widely for different lipids. 
To explore the structural specifi city of these 
effects, a library of 96 diverse amphipathic lipids 
and detergents was screened at submicellar con-
centrations for their ability to modulate the rate 
of amyloid fi bril formation by apoC-II (Ryan 
et al.  2011b ) (Fig.  7.8 ). A combination of ThT 
fl uorescence and light scattering was used to 
monitor fi bril formation by apoC-II (1 mg/mL) in 
the presence of the 96 compounds at a concentra-
tion of one half their respective CMC, ensuring 
that the majority of the compounds were at sub-
micellar concentrations. Some compounds in the 
screen, termed non-detergent sulfobetaines, did 
not form micelles, and others were highly hydro-
phobic and their CMCs could not be determined. 
These compounds were screened at concentra-
tions twofold greater than that of apoC-II.  

 The initial screen showed that the library 
could be split into three groups of compounds 
that activated fi bril formation, inhibited fi bril for-
mation, or had no signifi cant effect. Surprisingly, 
most lipids fell into the activator or inhibitor 
groups, with relatively few having little effect on 
fi bril formation. In general, the results suggested 
that cholesterol-like molecules inhibit apoC-II 
fi bril formation, while compounds that closely 
resemble fatty acids, phospholipids or sphingo-
lipids were more likely to activate apoC-II fi bril 
formation. 

 Interestingly, apparently minor structural dif-
ferences in these compounds caused very signifi -
cant shifts in their effects on apoC-II amyloid 
fi bril formation. For example, at submicellar con-
centrations, 1-dodecyl,2-lyso-sn-glycero-phos-
phocholine activates fi bril formation while 
dodecylphosphocholine inhibits it. The structural 
difference between these two compounds is a 
glycerol linker between the phosphocholine head 
group and the single 12-carbon acyl chain. While 
a comprehensive analysis of the structural basis 
for inhibition is challenging, a general defi ning 
feature of activators and inhibitors was their aver-
age hydrophobicity, as measured by octanol/
water partitioning coeffi cients at pH 7.0 (LogP) 
calculated from molecular structure. Inhibitors 
typically had higher overall hydrophobicity (logP 
≅ +2.2) than activators (logP ≅ −0.81). However, 
examples of both highly hydrophobic activators 
and hydrophilic inhibitors were also identifi ed 
(Fig.  7.8 ). 

 Structural analysis in the presence of a subset 
of these lipid-like detergents indicated that, in 
general, inhibitors induced α-helical structure 
while activators induced β-sheet structure in 
apoC-II. Analytical ultracentrifugation analysis 
indicated induction of tetramers by the activating 
compounds, further supporting the idea that 
lipid-induced activation of the amyloidogenic 
pathway in apoC-II involves tetramer formation. 
In contrast, the inhibiting compounds induced 
dimeric, predominantly α-helical apoC-II spe-
cies, suggesting that the mechanism of inhibition 
by these molecules involves stabilisation of 
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non- amyloidogenic oligomers that may have 
 native- like structure (Ryan et al.  2011b ). 

 Addition of compounds during the nucleation 
or elongation phases showed differential modula-
tory effects of some compounds at different stages 
of fi brillation. These stage-specifi c effects, 
whereby molecules were identifi ed that activate 
nucleation but inhibit elongation of fi brils, and 
vice versa, emphasise that fi bril formation is a 
multi-step process with different biophysical and 
structural processes occurring at each stage. This 
outcome may be important when considering ther-
apeutic intervention in amyloid formation, as 
screening processes may bias the results towards 
modulators of nucleation, which may provide little 
benefi t or even have detrimental effects in patients 
with pre-existing amyloid deposits. Interestingly, a 
parallel study using the same compound library 
with amyloid-β peptides displayed a quite differ-
ent pattern of activators and inhibitors. This indi-
cates that the pattern of activation and inhibition 
observed with apoC-II is specifi c to this protein, 
and should not be generalised to other amyloid-
forming proteins (Ryan et al.  2012 ). 

 The results of this screen primarily indicate 
that the response to lipid-like molecules by apoC-
 II depends on subtle differences in chemical 
structure of the molecule, and that the vast major-
ity of lipid-like molecules are likely to have sig-
nifi cant modulatory effects on apoC-II folding, 
misfolding and aggregation. This suggests that a 
balance between the effects of activating and 
inhibiting molecules governs the proper mainte-
nance of apoC-II folding in vivo, and that subtle 
shifts in the level or structure of a critical lipid 
might result in aggregation.  

7.11     Conclusions 

 This chapter presents a comprehensive review 
of the lipid effects on various stages of apoC-II 
misfolding and aggregation. The picture that 
emerges is a complex range of effects that are 
dictated by the ratios of lipid to protein, the 
association state of the lipids, and their chemi-
cal nature (Fig.  7.9 ). Lipids are a key compo-
nent of the pathological site of apoC-II 
accumulation in atheroma; at the same time, 
lipids clearly are essential for maintaining 
lipoprotein stability, and thereby stabilizing 
the native apolipoprotein structure against mis-
folding. The results strongly suggest that mod-
ifi ed lipids may play a catalytic role in initiating 
amyloid fi bril formation by apolipoproteins, 
and could play a signifi cant pathological role 
in the development of amyloid plaques in tis-
sues. Lipids also play a signifi cant role in 
determining the fi brillar morphology of apoC-
II amyloid and, therefore, in the stability and 
dynamics of the aggregates. Clearly, under-
standing the role of lipids in the folding and 
misfolding of proteins is critical to understand-
ing protein folding and aggregation in vivo, 
both in healthy and disease states.      
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  Fig. 7.8    The effects of lipid and lipid-like molecules on 
apoC-II fi bril formation. ( a ) The rate of fi bril formation 
(1.0 mg/mL apoC-II in 100 mM phosphate at pH 7.4, mea-
sured using a continuous ThT assay) in the presence of vari-
ous lipid-like compounds relative to that of apoC-II alone 
(rate = 1). ( b ) The hydrophobicity scale of the various mol-

ecules is expressed as calculated octanol/water partitioning 
coeffi cients (Log P), where Log P >0 indicates preferential 
partitioning into octanol (increased hydrophobicity). Log P 
values were acquired using MarvinSketch (  http://www.che-
maxon.com/products/marvin/marvinsketch/    ) (Figure 
adapted with permission from Ryan et al.  2011b )       
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      Amyloid-Forming Properties 
of Human Apolipoproteins: 
Sequence Analyses and Structural 
Insights 

           Madhurima     Das      and     Olga     Gursky    

    Abstract  

  Apolipoproteins are protein constituents of lipoproteins that transport 
 cholesterol and fat in circulation and are central to cardiovascular health 
and disease. Soluble apolipoproteins can transiently dissociate from the 
lipoprotein surface in a labile free form that can misfold, potentially 
 leading to amyloid disease. Misfolding of apoA-I, apoA-II, and serum 
amyloid A (SAA) causes systemic amyloidoses, apoE4 is a critical risk 
factor in Alzheimer’s disease, and apolipoprotein misfolding is also impli-
cated in cardiovascular disease. To explain why apolipoproteins are over- 
represented in amyloidoses, it was proposed that the amphipathic α-helices, 
which form the lipid surface-binding motif in this protein family, have 
high amyloid-forming propensity. Here, we use 12 sequence-based bioin-
formatics approaches to assess amyloid-forming potential of human apo-
lipoproteins and to identify segments that are likely to initiate β-aggregation. 
Mapping such segments on the available atomic structures of apolipopro-
teins helps explain why some of them readily form amyloid while others 
do not. Our analysis shows that nearly all amyloidogenic segments: (i) are 
largely hydrophobic, (ii) are located in the lipid-binding amphipathic 
α-helices in the native structures of soluble apolipoproteins, (iii) are pre-
dicted in both native α-helices and β-sheets in the insoluble apoB, and (iv) 
are predicted to form parallel in-register β-sheet in amyloid. Most of these 
predictions have been verifi ed experimentally for apoC-II, apoA-I, apoA-
 II and SAA. Surprisingly, the rank order of the amino acid sequence pro-
pensity to form amyloid (apoB > apoA-II > apoC-II ≥ apoA-I, apoC-III, 
SAA, apoC-I > apoA-IV, apoA-V, apoE) does not correlate with the pro-
teins’ involvement in amyloidosis. Rather, it correlates directly with the 
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strength of the protein-lipid association, which increases with increasing 
protein hydrophobicity. Therefore, the lipid surface-binding function and 
the amyloid-forming propensity are both rooted in apolipoproteins’ hydro-
phobicity, suggesting that functional constraints make it diffi cult to com-
pletely eliminate pathogenic apolipoprotein misfolding. We propose that 
apolipoproteins have evolved protective mechanisms against misfolding, 
such as the sequestration of the amyloidogenic segments via the native 
protein-lipid and protein-protein interactions involving amphipathic 
α-helices and, in case of apoB, β-sheets.  

  Keywords  

  Lipid transport   •   Systemic amyloidosis   •   Atherosclerosis and Alzheimer’s 
disease   •   Atomic protein structure  •  Sequence-based prediction algorithms  

  Abbreviations 
   AA    Amyloid A   
  AApoAI    Familial apoA-I amyloidosis   
  Apo    Apolipoprotein   
  Aβ    Amyloid beta peptide   
  DPC    Dodecylphosphocholine   
  EPR    Electron paramagnetic resonance   
  HDL    High-density lipoprotein   
  LDL    Low-density lipoprotein   
  NMR    Nuclear magnetic resonance.   
  SAA    Serum amyloid A   
  SDS    Sodium dodecyl sulfate   
  TG    Triacylglycerol   
  VLDL    Very low-density lipoprotein   

8.1           Lipoproteins 
and Apolipoproteins in Lipid 
Transport and Metabolism 

 Lipids in plasma, lymph and cerebrospinal 
fl uid are transported via lipoproteins that are 
water- soluble heterogeneous nanoparticles 
comprised of specifi c proteins, termed apolipo-
proteins (apos), and hundreds or even thou-
sands of lipid molecules. Most plasma 
lipoproteins are secreted by the liver or the 
intestine, while lipoproteins in the central ner-
vous system are secreted largely by the glial 
cells (Ladu et al.  2000 ; Huang  2010 ). Mature 
lipoproteins contain an apolar lipid core com-
prised mainly of cholesterol esters and 

 triacylglycerols (TG, or fat) and an amphipa-
thic surface containing a monolayer of polar 
lipids, mainly phospholipids and unesterifi ed 
cholesterol, and apolipoproteins (Fig.  8.1 ). 
Apolipoproteins form a fl exible scaffold on the 
lipoprotein surface, which is essential for the 
lipoprotein structure and function. 
Apolipoproteins confer curvature to the phos-
pholipid monolayer on the particle surface and 
thereby help encapsulate apolar lipids in its 
core. Such encapsulation is necessary to trans-
port water-insoluble lipids in the aqueous envi-
ronment in plasma, lymph and cerebrospinal 
fl uid. In addition, apolipoproteins direct lipo-
protein metabolism by interacting with lipo-
philic enzymes, lipid transfer proteins, lipid 
transporters, and lipoprotein receptors (Mahley 
et al.  1984 ; Goldstein and Brown  1992 ; Rached 
et al.  2014 ; Phillips  2014 ). Lipid metabolism is 
an extremely complex process whose defects 
can manifest themselves as serious diseases, 
most notably cardiovascular disease that is the 
leading cause of mortality worldwide (Castelli 
et al.  1992 ; Toth et al.  2013 ). Lipoproteins and 
lipoprotein receptors also play major roles in 
normal brain functions and in neurodegenera-
tive diseases (Lane-Donovan et al.  2014 ).  

 Plasma lipoproteins form distinct classes dif-
fering in the particle size, density, biochemical 
composition, and function (Fig.  8.1a ). Since pro-
teins, which are denser than lipids, are located on 
the particle surface, the particle density decreases 
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with increasing size, from high-density 
 lipoproteins (HDL, diameter 8–12 nm) to low-
density lipoproteins (LDL, 20–24 nm), 
intermediate- density lipoproteins (IDL, 
25–35 nm), very low- density lipoproteins 
(VLDL, 40–100 nm), and chylomicrons 
(>100 nm). Each lipoprotein class has distinct 
functions (Mahley et al.  1984 ). Plasma HDL 
remove excess cholesterol from peripheral cells 
and deliver it to the liver for excretion via bile or 
to steroidogenic organs for hormone synthesis. 
Generally, plasma levels of HDL cholesterol (a. 
k. a. “good cholesterol”) and the major HDL pro-
tein, apoA-I, correlate inversely with the risk of 
developing atherosclerosis (Gordon et al.  1989 ; 
Toth et al.  2013 ), although this relationship is 
more complex than previously thought. LDL are 
the major plasma carriers of cholesterol in the 
form of cholesterol esters, which deliver it to 
peripheral tissues. Plasma levels of LDL choles-
terol (“bad cholesterol”) and the major LDL pro-
tein, apoB, are the strongest causative risk factors 
in cardiovascular disease (Castelli et al.  1992 ). 
IDL are transient metabolic products of 
VLDL. VLDL, which are the major plasma carri-
ers of TG, are metabolic precursors of LDL and a 
risk factor for metabolic syndrome and cardio-
vascular disease (Krauss  1998 ). Chylomicrons, 
which are generated in the gut to transport dietary 

lipids, contain one copy of a truncated form of 
apoB, termed B48 (N-terminal 48 %), and  various 
exchangeable proteins. 

 Each class of plasma lipoprotein has distinct 
protein composition (Fig.  8.1a ). HDL particle 
contains several copies of exchangeable (water- 
soluble) apolipoproteins, mainly apoA-I (28 kDa) 
and apoA-II (9 kDa) that constitute approxi-
mately 70 % and 20 % of the total HDL protein 
mass, respectively, along with minor proteins 
(apoE, apoCs, etc.) LDL particle contains one 
copy of the non-exchangeable (water-insoluble) 
apoB (550 kDa) that constitutes ~95 % of the 
total LDL protein mass. VLDL particle contain 
one copy of apoB and multiple copies of 
exchangeable proteins, mainly apoE (33 kDa) 
and apoCs (6–9 kDa). Chylomicrons contain one 
copy of a non-exchangeable protein apoB48, as 
well as exchangeable proteins (apoE, apoCs, etc.) 
Other lipophilic proteins including apolipopro-
teins (apoA-IV, apoA-V, apoD, apoF, apoH, apoJ, 
etc.) are also found as minor components on lipo-
proteins. Lipoprotein composition can signifi -
cantly change during infl ammation when most of 
apoA-I is displaced from plasma HDL by an 
acute-phase protein, serum amyloid A (SAA) 
(van der Westhuyzen et al.  2007 ; Eklund et al. 
 2012 ). In contrast to plasma, lipid transport in the 
central nervous system is mediated solely by 
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  Fig. 8.1    Cartoon representation of lipoproteins and their 
constituents. ( a ) Major classes of plasma lipoproteins, 
including very-low, low- and high-density lipoproteins 
(VLDL, LDL and HDL), are shown in cross-section. 
Particle diameters are indicated. Intermediate-density lipo-
proteins (IDL, d = 25–35 nm) and chylomicrons (d>100 nm) 
are not shown. Mature lipoproteins contain a core of apolar 
lipids (mainly cholesterol esters and triacylglycerols, in  yel-
low ) surrounded by an amphipathic surface comprised of 

polar lipids (mainly phospholipids and cholesterol, in  gray ) 
and apolipoproteins. Exchangeable (water-soluble) apoli-
poproteins are in  red , non- exchangeable (water-insoluble) 
apoB is in  blue . ( b ) Exchangeable apolipoproteins can 
reversibly dissociate from the lipoprotein surface. The dis-
sociated free apolipoprotein is structurally labile and can (i) 
rapidly bind to lipoprotein surface, i.e. associate with 
another lipoprotein or get recruited to plasma membrane, 
(ii) get cleared, or (ii) misfold and form amyloid       
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HDL-like particles that contain apoE as their 
major protein (Huang  2010 ; Hauser et al.  2011 ). 

 Exchangeable apolipoproteins form a multi-
gene family that has evolved from a common 
ancestral gene via the duplication and deletion of 
11-mer codon repeats (Li et al.  1988 ). These pro-
teins have similar gene structure containing 
11-mer tandem repeats encoding for amphipathic 
α-helices that form the major structural and func-
tional motif in this protein family (Segrest et al. 
 1990 ,  1992 ,  1994 ). Similar 11-mer α-helical 
repeat motifs are also found in other lipid surface- 
binding proteins, including parts of the non- 
exchangeable apoB, as well as in soluble 
apolipoprotein-related proteins such as SAA and 
α-synuclein (described by Uversky in Chap.   2     
and by Colón and colleagues in Chap.   5     of this 
volume). 

 Although over 90 % of all apolipoproteins cir-
culate on lipoproteins, a small fraction of the 
exchangeable proteins can transiently dissociate 
from the lipid surface (Fig.  8.1b ). This occurs 
during infl ammation, as well as during normal 
metabolic remodeling of lipoproteins which 
alters their surface-to-volume ratio and generates 
excess surface material that can dissociate in the 
form of apolipoproteins that carry little lipid. 
Such proteins are termed “lipid-poor” or “lipid- 
free”; in this chapter, we call them “free” for 
brevity. Free apolipoproteins can also be gener-
ated de novo. They form a metabolically active 
structurally labile species that can be rapidly 
recruited to the lipid surface (Rye and Barter 
 2004 ; Mulya et al.  2008 ; Jayaraman et al.  2012 ) 
or get degraded or misfolded (Hatters and 
Howlett  2002 ) (Fig.  8.1b ). The misfolded apoli-
poproteins can deposit as amyloid fi bers, poten-
tially leading to disease.  

8.2     Apolipoproteins in Amyloid 
Diseases 

 Exchangeable apolipoproteins are prominent 
players in amyloidoses (Hatters and Howlett 
 2002 ). In particular, apoE, which is an important 
multifunctional apolipoprotein in the central ner-
vous system and in plasma (Getz and Reardon 

 2009 ), is found in most systemic and cerebral 
amyloid deposits in humans and is often 
 co- deposited with other apolipoproteins. Human 
apoE4 isoform is a major causative risk factor in 
Alzheimer’s and other neurodegenerative dis-
eases (Mahley et al.  2009 ; Huang  2010 ; Hauser 
et al.  2011 ). Another important plasma apolipo-
protein, apoA-I, commonly deposits as fi brils in 
atherosclerotic plaques in a process that probably 
contributes to atherosclerosis (Mucchiano et al. 
 2001 ; Röcken et al.  2006 ; Howlett and Moore 
 2006 ; Teoh et al.  2011a ; Ramella et al.  2011 ). 
Moreover, in a rare hereditary form of apoA-I 
amyloidosis, the N-terminal fragments of apoA-I 
deposit as fi brils in vital organs (kidneys, liver, 
heart, etc.) and damage them (Obici et al.  2006 ; 
Rowczenio et al.  2011 ; Ramella et al.  2012 ; 
Gursky et al.  2012 ). Approximately 20 mutations 
in the apoA-I gene have been linked to this seri-
ous disease. A similar disease has been linked to 
stop codon mutations in human apoA-II, the 
second- major protein in plasma HDL. These rare 
mutations produce a C-terminal extension in 
apoA-II that causes renal amyloidosis and, ulti-
mately, kidney failure in humans (Benson et al. 
 2001 ,  2011 ). In addition, amyloid deposits of a 
minor apolipoprotein, human apoA-IV, have 
been found in vivo (Bergström et al.  2004 ). 
To-date, no amyloid diseases involving apoCs 
have been reported. Nevertheless, human apoC-II 
readily forms amyloid fi brils in vitro in a process 
that was extensively studied by Howlett and col-
leagues, providing the most comprehensive 
model available to-date for understanding the 
misfolding of larger apos (summarized by Ryan 
et al. in Chap.   7     of this volume.) Human apoC-III 
can also form amyloid fi brils in vitro (de 
Messieres et al.  2014 ). Moreover, apolipopro-
teins such as apoC-III, apoA-I and apoE were 
implicated in binding amyloid-β (Aβ) peptide in 
circulation and were proposed as potential bio-
markers or risk factors of Alzheimer’s disease 
(Lewis et al.  2010 ; Shih et al.  2014 ). 

 The large heavily glycosylated non- 
exchangeable apoB has also been reported to 
bind Aβ peptide (Safar et al.  2006 ). Moreover, 
apoB has been proposed to form amyloid-like 
structure in several in vitro studies of LDL 
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(Stewart et al.  2005 ; Parasassi et al.  2008 ; 
Brunelli et al.  2014 ), and apoB misfolding in vivo 
was proposed to contribute to atherosclerosis 
(Ursini et al.  2002 ; Asatryan et al.  2005 ; Brunelli 
et al.  2014 ). Although aggregation of modifi ed 
LDL was observed in these and other studies, 
including our own work (Jayaraman et al.  2007 ; 
Lu et al.  2012 ; Lu and Gursky  2013 ), none of 
these studies provided solid evidence for amyloid 
formation by apoB. In fact, electron and atomic 
force microscopy did not show typical amyloid 
fi bers, fi ber diffraction has not been reported, 
spectroscopic studies did not show a large 
increase in the β-sheet content of apoB upon 
LDL aggregation, and thiofl avine T fl uorescence 
studies were inconclusive since this dye binds not 
only to amyloid fi brils but also to lipid surfaces 
(Jayaraman et al.  2007 ; also see Chap.   6     by 
Gorbenko and colleagues in this volume). In 
sum, amyloid formation by apoB awaits experi-
mental verifi cation. 

 Other lipid surface-binding proteins that con-
tain similar amphipathic α-helices are also prom-
inent in amyloid diseases. In particular, 
N-terminal fragments of SAA, an acute-phase 
protein that displaces apoA-I from HDL during 
infl ammation, is deposited in type-A amyloidosis 
and is also implicated in rheumatoid arthritis and 
atherosclerosis (van der Westhuyzen et al.  2007 ; 
Eklund et al.  2012 ). SAA in solution is an intrin-
sically disordered protein that acquires amphipa-
thic α-helical structure on the lipid surface 
(Segrest et al.  1976 ) and forms cross-β-sheet in 
amyloid (see Chap.   5     by Colón et al. in this vol-
ume). Another apolipoprotein-related protein, 
α-synuclein (described by Uversky in Chap.   2     of 
this volume), is also intrinsically disordered in 
solution, acquires an amphipathic α-helical struc-
ture upon binding to a lipid bilayer, and can form 
extracellular β-sheet rich amyloid deposits in 
neurodegenerative diseases such as Parkinson’s 
(Silva et al.  2013 ). 

 Why are apolipoproteins and related proteins 
overrepresented in amyloidoses? Hatters and 
Howlett ( 2002 ) noted that low structural stability 
and high conformational fl exibility of free apoli-
poproteins, which facilitate their rapid incorpora-
tion into the lipid surface, make them labile to 

misfolding. Importantly, these and other authors 
have postulated that direct precursors of amyloid 
are the structurally labile free apolipoproteins, 
rather than their stable lipoprotein-bound coun-
terparts (Hatters and Howlett  2002 ; Benson et al. 
 2011 ; Gursky et al.  2012 ; Hauser and Ryan 
 2013 ). This concept is supported by studies from 
several groups including ours showing that free 
apos in solution adopt a molten globule-like con-
formation with substantial α-helical content, fl ex-
ible tertiary structure, low thermodynamic 
stability, low unfolding cooperativity, substantial 
solvent exposure of apolar groups, and high 
aggregating propensity (Gursky and Atkinson 
 1996a ,  b ; Morrow et al.  2002 ; Guha et al.  2008 ). 
These properties are likely to facilitate 
β-aggregation. 

 In contrast to free apolipoproteins, lipopro-
teins are stabilized by high free energy barriers 
arising from disruption of extensive protein and 
lipid interactions during lipoprotein remodeling 
(Mehta et al.  2003 ; Jayaraman et al.  2005b ,  2006 ; 
Guha et al.  2007 ; Lu et al.  2012 ). Such remodel-
ing involves partial dissociation of apolipopro-
teins and changes in lipoprotein morphology 
such as fusion (Gursky  2005 ). Free energy barri-
ers decelerate dissociation of apolipoproteins 
from the lipid surface and thereby delay their 
misfolding and proteolysis. In sum, strong evi-
dence supports the idea that dissociation from the 
lipoprotein surface, which generates labile free 
apolipoproteins, is an obligatory early step in 
apolipoprotein misfolding and β-aggregation. 

 The amphipathic α-helix, which is the major 
lipid surface-binding motif in apolipoproteins 
and related proteins (Segrest et al.  1990 ,  1994 ), 
was proposed to have high intrinsic propensity 
for self-association and amyloid formation 
(Howlett and Hatters  2002 ). Apolipoprotein 
α-helices, termed class-A helices, are distinct 
from the class-G helices found in globular pro-
teins (Segrest et al.  1990 ). First, class-A helices 
are comprised of 11-mer tandem repeats (rather 
than 7-mer repeats typical of globular proteins) 
that are optimized for lipid surface binding via 
the apolar helical faces. These large relatively fl at 
apolar faces comprise 30–50 % of the total heli-
cal surface area (Fig.  8.2 ) as compared to ~15 % 
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in typical globular proteins. In addition, class-A 
helices have a relatively large fraction of charged 
residues (~30 %) with most basic groups fl anking 
the apolar face and most acidic groups located in 
the middle of the polar face (Fig.  8.2 ). Such 
charge distribution facilitates formation of salt 
bridge networks and is also thought to contribute 
to lipid surface binding (Segrest et al.  1994 ). In 
sum, apolipoprotein α-helices have a distinct dis-
tribution of hydrophobic and charged residues 
and have relatively few polar groups. This con-
trasts with prion proteins whose misfolding is 
driven by a domain that is rich in polar residues 
and poor in charged and hydrophobic groups 
(reviewed by Shewmaker et al.  2011 ).  

 Apolipoproteins readily self-associate in solu-
tion in a process that is distinct from β-aggregation. 
Such self-association is mediated via the apolar 
helical faces and, similar to lipid surface binding, 
preserves or even enhances the helical structure 
(Gursky and Atkinson  1998 ). Whether or not the 
apolipoprotein α-helices have high intrinsic pro-
pensity to convert into cross-β-sheet in amyloid 

is unclear. Recent advances in the bioinformatics 
approaches enable us to test this idea.  

8.3     Recent Advances 
in Structural 
and Bioinformatic Studies 

 Last decade saw important progress in clinical 
and basic research of apolipoproteins as well as 
in molecular-level studies of amyloids. In this 
chapter, we combine recent advances in the struc-
tural studies of apolipoproteins with the newly 
developed amyloid prediction methods to better 
understand apolipoprotein misfolding. 

 High-resolution structural studies of apolipo-
proteins are notoriously diffi cult because of struc-
tural fl exibility and high aggregating propensity 
of these proteins. After years of careful construct 
optimization, stable non-aggregating apolipopro-
teins amenable to high-resolution structural anal-
yses have been produced, and atomic structures of 
several human apolipoproteins have been deter-
mined in lipid-free state. These include solution 
structure of modifi ed full- length apoE determined 
by NMR (Chen and Wang  2011 ) and two high-
resolution X-ray crystal structures, one of the 
N-terminal ~75 % residue fragment of apoA-I 
(Mei and Atkinson  2011 ) and another of the cen-
tral domain of apoA-IV (Deng et al.  2012 ). These 
structures have provided tremendous insights into 
the functions of these proteins on and off the lipid 
surface. In addition, high-resolution structure of 
human amyloidogenic isoform of serum amyloid 
A, SAA1.1, in two crystal forms has been deter-
mined, providing the much-needed structural 
basis for understanding amyloid formation by this 
protein (Lu et al.  2014 ). Months later, x-ray crys-
tal structure of murine SAA3 has been reported at 
2 Å resolution (Derebe et al.  2014 ). The molecu-
lar structures of human SAA1.1 and murine 
SAA3 turned out to be very similar although the 
oligomeric states were different, with SAA1.1 
crystallized as a dimer or a hexamer (Lu et al. 
 2014 ) and SAA3 forming a functional tetramer 
(Derebe et al.  2014 ). Notably, all these atomic 
structures  represent free proteins that are direct 
precursors of amyloid (Howlett and Hatters  2002 ; 
Benson et al.  2011 ; Das et al.  2014 ). 
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 Another area of recent advances is in the 
 development and improvement of the amyloid 
prediction software (reviewed by Dovidchenko 
and Galzitskaya in Chap.   9     of this volume). 
During the last decade, it became increasingly 
clear that a wide variety of unrelated proteins and 
peptides can form amyloid in a process initiated 
by a limited number of 4- to 10-residue segments, 
or “hot spots”, that have high intrinsic propensity 
for β-aggregation (Ventura et al.  2004 ; Thompson 
et al.  2006 ; Tzotzos and Doig  2010 ). 
Approximately 20 sequence-based algorithms are 
currently available to predict such segments, 
including Tango, Waltz, Aggrescan, Zyggregator, 
3D Rosetta-based method, FoldAmyloid and 
PASTA, to name a few. These algorithms use a 
variety of approaches, from the analysis of side 
chain distribution to molecular dynamics simula-
tions, and apply a wide range of criteria, such as 
the side chain hydrophobicity, charge distribu-
tion, average packing density, dual α-helix and 
β-sheet propensity, hidden α-helix to β-sheet 
switches, β-sheet contiguity, correspondence to 
known amyloidogenic residue patterns, etc. 
(Galzitskaya et al.  2006 ; López de la Paz and 
Serrano  2004 ; Fernandez-Escamilla et al.  2004 ; 
Conchillo-Solé et al.  2007 ; Hamodrakas et al. 
 2007 ; Trovato et al.  2007 ; Zhang et al.  2007 ; 
Zibaee et al.  2007 ; Kim et al.  2009 ; Tian et al. 
 2009 ; Maurer-Stroh et al.  2010 ; Garbuzynskiy 
et al.  2010 ; O’Donnell et al.  2011 ). This multitude 
of criteria and approaches refl ects the fact that 
β-aggregation and fi bril formation is a complex 
process that can be induced in unrelated proteins 
by a wide range of factors. Perhaps as a result of 
this immense complexity, individual algorithms 
have only limited predictive power. To optimize 
the selectivity and specifi city of the prediction, 
i.e. minimize the probability of false positives and 
negatives, a consensus method has been devel-
oped by Hamodrakas and colleagues. We use the 
expanded version of this method, termed 
AmylPred2 (Tsolis et al.  2013 ), which combines 
11 individual algorithms. 

 In addition, we use amyloid prediction soft-
ware PASTA (Trovato et al.  2007 ; Walsh et al. 
 2014 ) and its expanded version, PASTA2.0 
(Walsh et al.  2014 ), that not only identifi es the 
amyloidogenic segments but also estimates free 

energy of their pairing and thereby predicts which 
amino acid register and β-sheet orientation, 
 parallel or antiparallel, is energetically favored. 
As detailed by Dovidchenko and Galzitskaya in 
Chap.   9     of this volume, AmylPred2 and PASTA2 
are among the best amyloid prediction methods 
currently available. Following Trovato and col-
leagues ( 2007 ), we assumed that a reliable predic-
tion of the β-sheet pairing corresponds to favorable 
(negative) PASTA energy of –4 units or lower (1 
PASTA energy unit = 1.192 Kcal/mol). This 
threshold value corresponds to 73.8 % sensitivity 
and ~15 % selectivity, refl ecting the respective 
rates of false negatives and positives. In this chap-
ter we focus on segment pairings with PASTA2.0 
energy circa –4 or lower. 

 Here, we combine these sequence-based 
 predictions and, whenever possible, their experi-
mental validations, with the available high-reso-
lution structural information to glean new insights 
into the complex processes of apolipoprotein 
misfolding. The main focus of this chapter is on 
the major members of this protein family whose 
structures and amyloid-forming properties have 
been explored experimentally. Several minor 
apolipoproteins are also addressed. Comparison 
of these proteins leads to surprising new results 
and helps understand why some of them readily 
form amyloid while others do not.  

8.4     New Insights into 
Apolipoprotein Misfolding 
from Sequence 
and Structural Analyses 

8.4.1     Apolipoprotein A-I 

 Human apolipoprotein A-I (243 a. a.) is the major 
HDL protein that binds and activates lipid trans-
porters, lipophilic enzymes, and HDL receptor, 
and thereby orchestrates crucial steps in the HDL 
biogenesis and functions (Navab et al.  2011 ; 
Philips  2013 ). Although plasma levels of apoA-I 
and HDL cholesterol (a. k. a. Good Cholesterol) 
have long been known to correlate inversely with 
the risk of cardiovascular disease (Gordon et al. 
 1989 ), recent studies revealed that this relation-
ship is complex and involves additional factors, 
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particularly functional properties of individual 
HDL subclasses (Rothblat and Philips  2010 ; 
Navab et al.  2011 ; Banach  2014 ). The role of 
these factors is intensely investigated in an effort 
to develop new HDL-based therapies to comple-
ment statins and other lipid-lowering drugs 
(Kingwell et al.  2014 ). The prevailing concept is 
that the protective function of HDL and apoA-I 
stems mainly from their central role in reverse 
cholesterol transport, which is the sole pathway 
of cholesterol removal from the body (Sorci- 
Thomas and Thomas  2013 ; Phillips  2014 ). 
Additional protection stems from anti- 
infl ammatory, anti-oxidant and antithrombotic 
effects of apoA-I (Navab et al.  2011 ). 

 In plasma, apoA-I is in a dynamic equilibrium 
between lipid-bound and free forms, both impor-
tant for reverse cholesterol transport (Rye and 
Barter  2004 ). Nearly 95 % of plasma apoA-I cir-
culates in an HDL-bound form that is stabilized 
by high free energy barriers (Mehta et al.  2003 ; 
Jayaraman et al.  2006 ). The remaining ~5 % 
forms a transient monomeric lipid-poor/free 
apoA-I that is generated de novo or through dis-
sociation from HDL (Mulya et al.  2008 ; 
Cavigiolio et al.  2010 ; Jayaraman et al.  2012 ). 
This metabolically active marginally stable state 
probably initiates protein misfolding in amyloid. 

 Human apoA-I amyloidosis takes on two dis-
tinct forms, acquired and familial. Acquired 
amyloidosis is the most common form where 
full-length non-variant apoA-I deposits as fi bers 
in arteries and tissues (Röcken et al.  2006 ; 
Howlett and Moore  2006 ; Ramella et al.  2011 ). 
Such fi brils were found in aortic plaques of 
>50 % of patients who underwent atherectomy 
(Mucciano et al.  2001 ; Röcken et al.  2006 ). 
Although the causes and consequences of apoA-I 
fi bril deposition in vivo are unclear, increasing 
evidence suggests that this process is pro- 
atherogenic (Ramella et al.  2011 ; Teoh et al. 
 2011a ). In fact, apoA-I fi brils reportedly increase 
vulnerability of atherosclerotic plaques, activate 
arterial macrophages, and are toxic to cells 
(Suzuki et al.  2005 ; Lepedda et al.  2009 ; Patel 
et al.  2010 ; Adachi et al.  2013 ). Moreover, full- 
length wild-type human apoA-I can form amy-
loid in vitro upon methionine oxidation, 
suggesting a potential mechanism for apoA-I 

fi brillogenesis in the oxidative environment of 
atherosclerotic plaques (Wong et al.  2010 ; Chan 
et al.  2015 ). 

 Familial apoA-I amyloidosis (AApoAI) has 
entirely different clinical presentation. In this 
autosomal dominant disorder, fragments 1–83 to 
1–93 of mutant apoA-I deposit as fi bers in vital 
organs (kidney, liver, heart, nerves, skin, spleen, 
testes, etc.) causing organ damage (Obici et al. 
 2006 ; Ramella et al.  2012 ). The only treatment 
currently available for this potentially lethal dis-
ease is end-stage organ transplant (Gillmore et al. 
 2006 ). The mechanism of tissue damage and the 
pathogenic species (apoA-I oligomers or fi brils) 
are unknown. Moreover, it is unclear whether 
proteolytic cleavage that generates the N-terminal 
9–11 kDa fragments found in amyloid deposits 
precedes or follows apoA-I misfolding (Wong 
et al.  2010 ). It is also unclear why different 
AApoAI mutations generate N-terminal frag-
ments cleaved at different sites that are distant 
from the mutation site, and what proteases are 
responsible for it in vivo. Another conundrum is 
that symptoms associated with the same AApoAI 
mutation can range from mild to severe (Obici 
et al.  2006 ; Rowczenio et al.  2011 ), suggesting 
that additional, still unknown, factors are 
involved. We hypothesized that such factors 
include HDL lipids that can prevent or promote 
apoA-I dissociation, and thereby infl uence the 
population of the free protein (Das et al.  2014 ). 
Yet another puzzle is that AApoAI patients have 
lower than normal plasma levels of apoA-I and 
HDL resulting from reduced secretion or 
enhanced degradation of the protein (Marchesi 
et al.  2011 ; Arciello et al.  2011 ). Hence, unlike 
many other amyloid diseases, AApoAI is not due 
to protein overproduction. Paradoxically, despite 
apoA-I and HDL defi ciency, AApoAI patients 
are not at a high risk for atherosclerosis (Obici 
et al.  2006 ; Rowczenio et al.  2011 ), which illus-
trates the complex relationship between plasma 
levels of HDL and cardiovascular disease. 

 Nearly 20 naturally occurring human AApoAI 
mutations have been identifi ed, mainly point sub-
stitutions as well as some frame shifts and dele-
tions (Rowczenio et al.  2011 ; Obici et al.  2006 ; 
Gursky et al.  2012 , and references therein). Most 
of these mutations are located within the 
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N-terminal segment found in amyloid deposits 
(“inside” mutations), yet several “outside” point 
mutations have also been found in residues 170–
178. This raises a question: how can the “out-
side” mutations in the C-terminal half of the 
apoA-I molecule trigger amyloid deposition by 
its N-terminal part? The answers to this and other 
questions are suggested by a combined structural 
and sequence analysis of apoA-I. 

 Structural analysis of apoA-I has been com-
plicated by its high conformational fl exibility and 
aggregating propensity. Although the atomic 
structure of full-length apoA-I in solution or on 
HDL is not available, two x-ray crystal structures 
of lipid-free truncated human apoA-I have been 
determined: a low-resolution 4 Å structure of the 
N-terminally truncated apoA-I, Δ(1–43)apoA-I 
(Borhani et al.  1997 ) and a high-resolution 2.2 Å 
structure of the C-terminally truncated apoA-I, 

Δ(185–243)apoA-I (Mei and Atkinson  2011 ). 
These important breakthroughs provided tremen-
dous insights into the structure-function relation-
ship of apoA-I (Brouillette et al.  2001 ; Mei and 
Atkinson  2011 ; Gursky  2013 ; Phillips  2013  and 
references therein). Notably, the Δ(185–243)
apoA-I construct contains all sites of AApoAI 
mutations and all three apoA-I methionines 
(M86, M112, and M148), providing a useful 
model for understanding the effects of these 
mutations and Met oxidation on apoA-I misfold-
ing (Gursky et al.  2012 ; Das et al.  2014 ). 

 Lipid-free Δ(185–243)apoA-I forms a crystal-
lographic dimer of two antiparallel largely 
α-helical molecules, stabilized by two four- 
segment bundles at its ends. The helices are 
kinked at Pro positions to form an arc 11 nm in 
diameter, commensurate with that of HDL 
(Fig.  8.3 ). This structure provides the basis for 

Molecule 1
Molecule 2
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N N
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PDB ID: 3R2Pbottom
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HDL surface

  Fig. 8.3    Amyloidogenic mutations mapped on the atomic 
structure of lipid-free human apoA-I. X-ray crystal struc-
ture of the C-terminally truncated protein, Δ(185–243)
apoA-I, was determined by Mei and Atkinson ( 2011 ). The 
protein is ~80 % α-helical and forms a crystallographic 
dimer stabilized by two four-segment bundles. Two anti-
parallel dimer molecules are color-coded;  arrow  shows 
twofold symmetry axis. The dimer forms a semi-circular 
arc with diameter d = 11 nm typical of HDL, suggesting 
how apoA-I confers curvature to the phospholipid mono-

layer on HDL surface ( dotted circle ). Dimer-to-monomer 
conversion is proposed to occur via the domain swapping 
of an helical segment around the twofold axis (Mei and 
Atkinson  2011 ). All known AApoAI mutations are located 
in the helix bundle (Gursky et al.  2012 ). The mutation 
sites are indicated and are color-coded: point substitutions 
( yellow ), deletions ( green ), frame shifts ( pink ). Most 
mutations are clustered at the bottom of the helix bundle 
( dashed oval ), yet some are in the middle/top region ( rect-
angle ) (Modifi ed from Gursky et al.  2012 )       
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understanding the conformational ensemble of 
full-length apoA-I, either as a dimer on HDL sur-
face or as a free monomer (Mei and Atkinson 
 2011 ; Gursky  2013 ). Domain swapping around 
the dimer twofold axis was proposed to convert 
the dimer into a  monomer with a similar helix 
bundle structure (Mei and Atkinson  2011 ) 
(Fig.  8.4c ). Mapping AApoAI mutations on this 
structure showed that most “inside” and all “out-
side” mutation sites are located in the well-
ordered “bottom” half of the helix bundle 
(Fig.  8.3 ). This location helped explain the role of 
the “outside” mutations in structural integrity of 
free protein and prompted us to propose that 
these mutations destabilize the helix bundle and 
thereby promote its misfolding (Gursky et al. 
 2012 ).   

 The crystal structure also revealed that the 
residue segment 44–55 adopted an unpaired 

β-strand-like conformation that is unique in 
apoA-I (Fig.  8.4 , dark red), suggesting that this 
segment helps  initiate α-helix to β-sheet conver-
sion (Gursky et al.  2012 ). Wong et al. ( 2012 ) 
reported that these residues are required for fi bril 
formation. However, segment 44–55 turned out 
to have only modest predicted sequence propen-
sity to form amyloid (Das et al.  2014 ). Since in 
free protein this polar segment is dynamic and 
solvent-exposed (Chetty et al.  2009 ; Mei and 
Atkinson  2011 ), its relatively low sequence pro-
pensity for β-aggregation probably helps protect 
free apoA-I from misfolding. 

 Surprisingly, experimental studies of selected 
naturally occurring mutants of human apoA-I, 
including common AApoAI variants G26R and 
W50R, showed that substantial global destabiliza-
tion of the free protein or its reduced affi nity for 
HDL surface is neither necessary nor suffi cient 
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  Fig. 8.4    Amyloidogenic segments in human apoA-
 I. AmylPred2 ( a ) and PASTA2.0 profi les ( b ). Major amy-
loidogenic segments predicted by fi ve or more methods 
(at or above the  dotted line ) from the total of 11 methods 
in AmylPred2 are shown by residue numbers and color- 
coded: 14–22 ( blue ), 53–58 ( teal ), and 227–232 ( red ). A 
minor amyloidogenic segment, 69–72 ( green , above the 
 dashed line ), is predicted by four methods.  Green bar  
shows protein fragments found in AApoAI deposits. 
 Double arrow  shows the crystallized construct. Amino 
acid sequence of apoA-I is shown with amyloidogenic 
segments color-coded. ( c)  Amyloidogenic segments 
mapped on the proposed structure of free apoA-I mono-

mer. The monomer structure was obtained from the crys-
tallographic dimer (Fig.  8.3 ) by domain swapping (Mei 
and Atkinson  2011 ). C-terminal part 185–243 ( gray solid 
line ), which was missing from the crystallized construct, 
is partially unfolded in solution, largely α-helical on the 
lipid, and contains the primary lipid binding site that 
encompasses the amyloidogenic segment (residues 227–
232, in  red ) that overlaps native α-helical structure 
(Borhani et al.  1997 ). The N-terminal amyloidogenic seg-
ments (in  blue, teal  and  green ) are located in a well- 
ordered α-helical cluster. The hypothetical pH-dependent 
switch in residues 76–81, EKETEG, is in  purple  (Modifi ed 
from Das et al.  2014 )       
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for amyloid formation ((Das et al.  2014 ) and 
references therein). This prompted us to search 
for additional factors driving apoA-I misfolding. 
We postulated that such factors involve local per-
turbations in sensitive protein regions, or amyloid 
“hot spots”. To identify such regions, we per-
formed amino acid sequence analyses of human 
apoA-I by using AmylPred2 and PASTA2.0. 

 Figure  8.4  summarizes the results of this anal-
ysis. AmylPred2 profi le shows that most amy-
loidogenic propensity resides in the N-terminal 
~10 kDa segment that deposits in familial amy-
loidosis. This N-terminal part contains one major 
amyloid hot spot predicted by up to 10 out of 11 
methods in residues 14–22 (LATVYVDVL), and 
two minor hot spots predicted by four to fi ve 
methods in residues 53–58 (VTSTFS) and 69–72 
(QEFW) (Fig.  8.4a ). The only other major amy-
loidogenic segment is predicted in residues 227–
232 (VSFLSA) that form the primary lipid 
binding site in apoA-I and are largely α-helical 
on the lipid (Borhani et al.  1997 ; Lyssenko et al. 
 2012 ; Nagao et al.  2014  and references therein). 
Notably, all predicted amyloidogenic segments 
are highly hydrophobic. Consistent with 
AmylPred2, PASTA2 analysis predicts three 
amyloidogenic segments, with 14–22 being the 
strongest. These predictions are supported by 
experimental studies of peptide fragments con-
taining these segments, which readily formed 
fi brils in vitro (Wong et al.  2012 ; Adachi et al. 
 2014 ; Das et al.  2014 ; Mendoza- Espinosa et al. 
 2014 ). 

  Moreover, PASTA2 predicts that the major 
amyloidogenic segment, 14–22, forms parallel 
in- register intermolecular β-sheet in amyloid 
(favorable PASTA2 energy –6.1, Fig.  8.4b ). This 
prediction is corroborated by the observation that 
FTIR spectra of amyloid fi bers formed by apoA-I 
fragment 1–43 lacked the diagnostic peak circa 
1,680 cm −1  (Adachi et al.  2013 ) and thus, indi-
cated parallel β-sheet. Moreover, the structural 
model of 1–83 fragment, which was derived on 
the basis of fl uorescence studies described by 
Gorbenko et al. in Chap.   6     of this volume, also 
comprises a parallel in-register intermolecular 
β-sheet. Similar to the N-terminal segment 
14–22, the C-terminal amyloidogenic segment 

227–232 is predicted by PASTA to form a  parallel 
in- register β-sheet, albeit with less favorable 
energy. Such a molecular orientation can  facilitate 
synergy between the two major N- and C-terminal 
hot spots during amyloid formation by the 
 full- length apoA-I. 

 Notably, the vast majority of known naturally 
occurring human apoA-I mutations (Sorci- Thomas 
and Thomas  2002 ) are located outside the  predicted 
amyloid hot spots, with very few exceptions such 
as F71Y located inside a minor hot spot in residues 
69–72. Such mutations are not expected to signifi -
cantly alter the sequence propensity to form amy-
loid. In fact, our analysis suggests that AApoAI 
mutations have little or no effect on the proteins’ 
amyloidogenic profi les predicted by AmylPred2 
or PASTA2, suggesting that amyloid formation by 
these mutants in vivo results, at least in part, from 
factors other than their intrinsic sequence propen-
sity to form amyloid. To identify such factors, we 
mapped the predicted amyloidogenic segments on 
the crystal structure of Δ(185–243)apoA-I. The 
results were quite revealing. 

 The three N-terminal amyloidogenic segments 
form a well-ordered α-helical cluster in the “bot-
tom” half of the four-segment bundle (Fig.  8.4c ), 
close to the sites of most AApoAI mutations. In 
wild type apoA-I, this well-ordered native helical 
structure is probably instrumental in protecting 
the amyloidogenic regions from β-aggregation. 
The C-terminal amyloidogenic segment, 227–
238, is probably protected from misfolding by 
forming an amphipathic α-helix that strongly 
binds lipid; in free protein, this C-terminal helix 
probably folds back against the N-terminal bundle 
to pack against its apolar groove. Therefore, we 
propose that protein misfolding in AApoAI is 
triggered by perturbed native helical packing in 
the N-terminal amyloidogenic segments, which 
increases their mobility and solvent exposure and 
thereby facilitates β-aggregation (Das et al.  2014 ). 

  This idea is supported by the analysis of local 
protein structure and dynamics by hydrogen-deu-
terium exchange mass spectrometry, which was 
pioneered for apoA-I by Phillips, Englander and 
colleagues (Chetty et al.  2009 ,  2012 ) and is 
 continued by our team. These H-D exchange stud-
ies showed increased mobility in the fi rst ~100 

8 Amyloid-Forming Properties of Human Apolipoproteins: Sequence Analyses and Structural Insights

http://dx.doi.org/10.1007/978-3-319-17344-3_6


186

residues in G26R mutant, which was proposed to 
help generate N-terminal fragments found in 
amyloid deposits (Chetty et al.  2012 ); however, it 
was unclear why the proteolysis was limited to 
just one site from this long mobile helix. 

 Our proposed mechanism helps explain why 
methionine oxidation promotes fi bril formation in 
full-length wild-type human apoA-I (Wong et al. 
 2010 ). Two of the three apoA-I methionines, 
M112 and M148, are located at the top of the 
helix bundle, remote from amyloidogenic seg-
ments or the sites of AApoAI mutations 
(Fig.  8.4c ). In contrast, M86 is buried in the 
hydrophobic cluster at the bottom of the bundle in 
close proximity to amyloidogenic segments and 
AApoAI mutation sites. Replacement of the apo-

lar Met side chain with polar Met sulfoxide in 
position 86 will probably perturb this hydropho-
bic cluster, particularly the major amyloidogenic 
segment 14–22. Hence, oxidation of M86 is 
expected to perturb native packing in this sensitive 
region (Das et al.  2014 ). Experimental analyses 
by Cavigiolio, Jayaraman and colleagues (Chan 
et al.  2015 ) helped establish the role of individual 
Met oxidation in apoA-I fi brillogenesis. 

 Taken together, the existing studies suggest a 
unifi ed mechanism of apoA-I misfolding in 
acquired and familial amyloidosis (Fig.  8.5 ). We 
hypothesize that the misfolding is initiated by 
perturbed amyloidogenic segments in apoA-I, 
particularly in residues 14–22. On HDL, such 
segments form amphipathic α-helices that are 
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  Fig. 8.5    Hypothetical molecular mechanism of apoA-I 
misfolding in hereditary and in acquired amyloidosis 
(Modifi ed from Das et al.  2014 ). ( a ) ApoA-I on HDL sur-
face forms an antiparallel ~80 % α-helical dimer stabi-
lized by high kinetic barriers (Mehta et al.  2003 ; 
Jayaraman et al.  2006 ). ( b ) Dissociation from HDL sur-
face generates a metastable apoA-I monomer that absorbs 
via its C-terminus to phospholipid surface. ( c ) Perturbed 
native packing in the N-terminal amyloid hot spots, which 
can result from AApoAI mutations or Met oxidation, initi-
ates monomer misfolding, from native α-helical structure 
to parallel in-register β-sheet in amyloid. Residues 76–81, 
EKETEG (in  purple ), form a putative gate-keeping motif 
in which three charged Glu are unlikely to be located on 
the same side of the β-sheet due to their intra- and inter-
molecular repulsion. ( d ) At pH 7, electrostatic repulsion 
among these Glu is expected to block the β-zipper propa-

gation beyond residues 76–81. Hence, the N-terminal ~75 
residues form amyloid core that is resistant to proteolysis. 
The polypeptide located C-terminally of residue 81, 
which looses its helical structure upon misfolding of the 
N-terminal part, can be readily proteolysed. This mecha-
nism explains why the 9–11 kDa N-terminal fragments 
are found in systemic apoA-I amyloidosos. ( e ) At acidic 
pH that approaches pH 5.5 in atherosclerotic plaques, Glu 
in the EKETEG motif 76–81 are partially protonated and 
may form carboxyl pairs, facilitating β-zipper propagation 
from the N- to the C-terminus to encompass all four amy-
loid hot spots. As a result, full-length apoA-I forms amy-
loid in atherosclerotic plaques. ( f ) Molecular arrangement 
in a parallel in-register β-sheet. Different protein mole-
cules are in different shades of  gray . Main chain hydrogen 
bonds are aligned along the fi bril axis ( arrow )       
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protected by lipid binding. Transient dissociation 
from HDL generates the labile free conformation 
in which these segments are normally protected 
by their packing in the native helix bundle struc-
ture. AApoAI mutations or Met oxidation oxida-
tion perturbs this native packing, which increases 
the mobility and solvent accessibility of the amy-
loidogenic segments and triggers their 
β-aggregation.  

 This proposed mechanism provides a new 
explanation why AApoAI deposits contain 
N-terminal proteolytic fragments cleaved 
between residues 83 and 93, even though this 
region is normally protected from proteolysis by 
its well-ordered native α-helical structure. We 
hypothesize that the parallel intermolecular 
β-sheet, which is probably nucleated by the “hot 
spot” residues 14–22, readily propagates through 
the N-terminal 75 residues that have high 
amyloid- forming propensity (Fig.  8.9a ). This 
propagation is probably impeded by the putative 
β-breaking motif EKETEG in residues 76–81 
due to Columbic repulsion among the proximal 
Glu at pH~7. Hence, residues 1–75 are expected 
to form the amyloid core; the polypeptide outside 
this core can be readily proteolysed. According to 
this mechanism, amyloid core formation pre-
cedes apoA-I proteolysis. Still, an alternative (or 
perhaps an additional) pathway in which proteo-
lytic cleavage of the highly amyloidogenic 
N-terminal segment happens fi rst is also poten-
tially possible. Which pathway is more relevant 
to the in vivo conditions is still an open question 
that can only be resolved once we gain better 
understanding of apoA-I proteolysis in vivo. 

 Our hypothetical mechanism also helps 
explain why arterial deposits in acquired amyloi-
dosis commonly contain full-length apoA-I. In 
anaerobic regions of deep atherosclerotic plaques, 
the pH can drop as low as 5.5, potentially leading 
to partial protonation of Glu and formation of 
carboxyl pairs in the EKETEG segment. As a 
result, the repulsion among these carboxyls is 
diminished or even replaced with attraction, 
which is expected to facilitate β-zipper propaga-
tion from the N- to the C-terminus to encompass 
all amyloid hot spots in apoA-I in a parallel in- 
register β-sheet conformation. 

 This hypothetical mechanism of apoA-I mis-
folding in various types of human amyloidosis is 
supported by our on-going studies using 
hydrogen- deuterium exchange. It illustrates the 
combined power of structural, bioinformatic and 
biophysical approaches in dissecting protein mis-
folding pathways and elucidating the role of 
protein- lipid interactions and proteolytic degra-
dation in these complex processes.  

8.4.2     Apolipoprotein A-II 

 Apolipoprotein A-II (77 a. a.), which is the 
second- major HDL protein, is the most hydro-
phobic exchangeable apolipoprotein. Human 
apoA-II forms a homodimer disulfi de-linked via 
Cys6, which circulates largely on mature mid- 
size plasma HDL that also contain apoA-I 
(Gillard et al.  2009 ; Gao et al.  2012 ). In contrast 
to apoA-I whose cardioprotective role is well- 
established, the function of apoA-II is less clear. 
The emerging consensus is that apoA-II restricts 
the apoA-I conformation on HDL and thereby 
indirectly infl uences the interactions of apoA-I 
with its functional ligands which are critical in 
HDL metabolism (Silva et al.  2007 ; Gao et al. 
 2012 ; Maiga et al.  2014  and references therein). 

 Our current knowledge of the apoA-II struc-
ture is limited to low resolution. Human apoA-II 
is proposed to form a highly α-helical antiparallel 
dimer on HDL (Silva et al.  2007 ), yet in solution 
the protein is only partially folded and is margin-
ally stable (Gursky and Atkinson  1996b ). The 
amino acid sequence of apoA-II is predicted to 
form class-A amphipathic α-helices with particu-
larly large apolar faces spanning ~180° (Fig.  8.2 ) 
as compared to ~120° typical of other exchange-
able apos (Segrest et al.  1994 ). As a result, apoA-
 II α-helices insert more deeply into the 
phospholipid monolayer and bind more strongly 
to mature HDL than any other apos (Gao et al. 
 2012  and references therein). We propose that 
this strong association with mature HDL, which 
makes apoA-II practically non-exchangeable, 
helps protect it from misfolding. 

 In humans, apoA-II misfolding can cause 
hereditary amyloidosis, a rare autosomal domi-
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nant disorder resulting from stop codon muta-
tions that produce a 21-residue C-terminal 
extension in residues 78–98 (Benson et al.  2001 ). 
Full-length mutant apoA-II forms amyloid 
deposits primarily in kidneys, causing renal dam-
age and failure. The only existing treatment for 
apoA-II amyloidosis is dialysis followed by kid-
ney transplant (Magy et al.  2003 ). 

 Amino acid sequence analysis helps explain 
why mutant but not wild-type human apoA-II 
forms amyloid in vivo (Gursky  2014 ). In wild- 
type human apoA-II, two amyloid hot spots are 
predicted strongly in residues 10–18 
(LVSQYFQTV) and 60–70 (LVNFLSYFVEL). 
These hydrophobic segments are predicted by 
8–11 methods in AmylPred2 and have PASTA2 
energies ranging from −4.4 to −7.1 (Fig.  8.6 ). 
This is the strongest predicted amyloidogenic 
propensity of all exchangeable apolipoproteins, 
approaching that of Alzheimer’s Aβ(1−42) pep-
tide (Fig.  8.7 ). Importantly, the two predicted 
amyloidogenic segments in apoA-II have been 
verifi ed experimentally in peptide fragment stud-
ies of murine apoA-II that is homologous to the 
human protein (Sawashita et al.  2009 ). Similar to 
apoA-I, the amyloidogenic segments in apoA-II 
are located inside the predicted lipid-binding 

class-A α-helices (Fig.  8.6 ), which is expected to 
protect them from misfolding.   

 One likely reason why the C-terminal 
 extension leads to amyloidosis is because, unlike 
the rest of the apoA-II molecule, this extension 
 cannot form an amphipathic α-helix and hence, is 
not well-suited for lipid surface binding (Benson 
et al.  2011 ; Gursky  2014 ). As a result, the lipid 
binding affi nity of the mutant protein is expected 
to decline, shifting the population distribution 
from HDL-bound to free apoA-II that is labile to 
misfolding. Another likely reason is that the 
C-terminal extension is predicted to form an 
additional amyloidogenic segment that can act in 
synergy with the major amyloidogenic segment 
in residues 60–70. In fact, both these segments 
are predicted strongly to form parallel in-register 
β-sheet in amyloid (Fig.  8.6c ) (Gursky  2014 ). 

 In sum, compared to other exchangeable 
apos, normal human apoA-II is the most hydro-
phobic, binds most strongly to mature HDL, and 
has the highest sequence propensity to form 
amyloid. Two major amyloidogenic segments 
predicted in normal apoA-II have been verifi ed 
experimentally (Sawashita et al.  2009 ). These 
segments are located inside the native amphipa-
thic α-helices, and the strongest one (residues 
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60–70) is predicted to form parallel in-register 
β-sheet in amyloid. We propose that the reason 
why normal human apoA-II does not form 
 amyloid is probably due to its particularly strong 
association with mature HDL, which is further 
enhanced by the protein dimerization via the 
disulfi de link. This disulfi de may also potentially 
interfere with the structural transition from an 
antiparallel α-helical dimer (Silva et al.  2007 ) 
into a parallel intermolecular β-sheet. C-terminal 
extension that causes human apoA-II amyloido-
sis is expected to have a dual effect: it reduces 
the lipid-binding affi nity of the protein and also 
increases its propensity to form parallel in-regis-
ter intermolecular β-sheet (Fig.  8.6 ).  

8.4.3     Apolipoprotein A-IV 

 Human apoA-IV (376 a. a.) is the largest known 
exchangeable apolipoprotein. It is synthesized in 
the gut, is secreted on chylomicrons, and circu-
lates in plasma in HDL-bound and in free states 
(Green et al.  1980 ). This minor apolipoprotein is 
proposed to regulate chylomicron assembly, 
modulate reverse cholesterol transport, serve as 
an anti-oxidant and as a satiety signal, and per-
form other functions in lipoprotein metabolism 

(Deng et al.  2012  and references therein). 
ApoA-IV was also implicated in clearance of Aβ 
peptide in the brain (Cui et al.  2011 ). A case of 
human cardiac amyloidosis has been reported in 
which the N-terminal 70-residue fragment of 
wild-type apoA-IV deposited as fi brils 
(Bergström et al.  2004 ). 

 Similar to other exchangeable apolipopro-
teins, apoA-IV structure is comprised mainly of 
amphipathic α-helices. A distinct property of 
apoA-IV is that it contains a globular core domain 
(approximately residues 97–311) fl anked by the 
N- and C-terminal segments whose interactions 
regulate lipid binding (Walker et al.  2014 ). The 
x-ray crystal structure of the core domain resi-
dues 64–335, which was determined to 2.4 Å 
resolution by Davidson’s team (Deng et al.  2012 ), 
resembled that of the C-terminally truncated 
apoA-I (Mei and Atkinson,  2011 ). Similar to the 
N-terminal 75 % of apoA-I, the core domain of 
apoA-IV forms a four-helix bundle that dimer-
izes via the domain swapping of a helical seg-
ment (Fig.  8.8c ) (Deng et al.  2012 ). In contrast to 
the highly curved apoA-I dimer that matches the 
HDL surface curvature, the apoA-IV dimer is 
nearly linear, which is consistent with its ability 
to bind much larger lipoproteins with lower sur-
face curvature.  
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 Compared to other exchangeable apos, apoA-
 IV binds lipid surface relatively poorly,  consistent 
with its near-equal plasma distribution between 
lipid-bound and free states. Modest lipid binding 
affi nity of apoA-IV is attributed to the strong inter-
actions between its N- and C-terminal domains 
that hold the protein molecule in a closed confor-
mation via the so-called “clasp mechanism” that 
modulates helix bundle opening on the lipid (Deng 
et al.  2013 ; Walker et al.  2014 ). Aromatic residues 
W12, Y14 and F334, F335 are implicated to be 
essential in “clasping” and in lipid binding (Walker 
et al.  2014 ) (Fig.  8.8d ). For example, F334A sub-
stitution disrupts the “clasp” and increases lipid 
binding by apoA-IV (Tubb et al.  2007 ). Conserved 

Pro residues are also implicated in maintaining the 
“clasp” mechanism (Deng et al.  2015 ). 

 We propose that “clasping” of the N- and 
C-terminal parts helps protect apoA-IV from 
misfolding. This idea is based upon sequence 
analysis of human apoA-IV (Fig.  8.8 ). Both 
AmylPred2 and PASTA2 predict mild amyloido-
genic propensity distributed throughout the poly-
peptide chain, with two major aromatic- rich 
amyloidogenic segments in residues 7–16 
(VATVMWDYFS) and 331–336 (VNSFFS) from 
the N- and C-terminal parts, respectively 
(Fig.  8.8a, b ). PASTA predicts that the N-terminal 
segment is likely to form parallel in- register 
β-sheet in amyloid. In addition, AmylPed2 
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  Fig. 8.8    Amyloidogenic profi le and the structure of 
human apoA-IV. AmylPred2 ( a ) and PASTA2.0 ( b ) pro-
fi les of full-length apoA-IV are shown. N- and C-terminal 
regions fl anking the core domain are indicated. Residue 
numbers indicate amyloidogenic segments predicted by 
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bar  shows N-terminal fragments found in human apoA-
 IV amyloidosis (Benson et al.  2001 ). Predicted residue 
pairing and PASTA energy in the major amyloidogenic 
segment is shown. ( c ) Helix bundle structure of the mono-

meric core domain of apoA-IV (residues 64–335) obtained 
via the domain swapping ( circular arrow ) from the X-ray 
crystal structure of the dimer (Deng et al.  2012 ). Residues 
in the amyloidogenic segments predicted by AmylPred2 
are indicated. ( d ) Cartoon showing the molecular archi-
tecture of free full-length apoA-IV according to (Walker 
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four-helix bundle in the core domain. N-terminal segment 
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 predicts two weaker amyloidogenic segments 
around residues 40–41 of the N-domain and 221–
222 of the core domain (Fig.  8.8a ). Three major 
predicted amyloid hot spots are located in the 
putative helical regions (Walker et al.  2014 ) that 
are outside (residues 7–16 and 40–41) or at the 
edge (residues 331–336) of the crystallized con-
struct; the fourth hot spot (residues 221–222) is 
located inside the α-helical region in the crystal 
structure (Fig.  8.8c ). These amyloidogenic seg-
ments are probably protected from misfolding by 
their native helical structure, as well as by the ter-
tiary interactions in free full-length apoA-IV. In 
fact, aromatic residues W12, Y14 and F334, F335 
that are proposed to be essential for lipid binding 
and for “clasping” (Walker et al.  2014 ), as well as 
F223 that modulates lipid binding, are located 
inside or adjacent to the amyloidogenic segments 
(Fig.  8.8a, d ). Hence, these sensitive regions are 
probably sequestered via the “clasp” mechanism 
in free protein or via the lipid binding on HDL. 

 In sum, we propose that in the native lipid-free 
apoA-IV, the major predicted amyloidogenic 
 segments are protected from misfolding via the 
same “clasp” mechanism that regulates protein-
lipid interactions (Fig.  8.8d ). Further, the pres-
ence of two amyloid hot spots in residues 7–16 
and 40–41 helps explain the deposition of the 
N-terminal fragment containing these residues in 
systemic amyloidosis involving wild type human 
apoA-IV (Bergström et al.  2004 ).  

8.4.4     Apolipoprotein A-V 

 ApoA-V (343 a. a.) is a hydrophobic protein that 
is a potent reducer of plasma TG (Nilsson et al. 
 2011 ). Similar to its physiological antagonist 
apoC-III (described in the next section), apoA-V 
is secreted by hepatocytes and circulates in 
plasma as a minor component of VLDL and 
HDL. To our knowledge, no amyloid diseases 
resulting from the deposition of apoA-V have 
been reported. This is not surprising given minute 
concentration of this protein in plasma (~150 ng/
ml). Nevertheless, apoA-V has emerged as an 
important modulator of TG metabolism, which 
can infl uence secretion, processing and clearance 

of TG-rich lipoproteins via several mechanisms 
(Sharma et al.  2013 ). In an intracellular mecha-
nism, a fraction of apoA-V binds to lipid droplets 
and thereby infl uences VLDL secretion. The 
extracellular mechanisms include synergistic 
action of apoA-V and lipoprotein lipase, a key 
enzyme in processing of TG-rich plasma lipopro-
teins. First, VLDL binding via apoA-V to hepa-
ran sulfate proteoglycans in the arterial wall 
brings together the lipoprotein and the lipase that 
is anchored to the arterial wall (see Chap.   10     by 
Leonova and Galzitskaya in this volume). 
Second, apoA-V can promote clearance of VLDL 
remnants by binding to a receptor that is essential 
for clearance of TG-rich lipoproteins (Nilsson 
et al.  2008 ). In these reactions, a basic stretch in 
apoA- V is thought to bind acidic moieties of the 
 receptor and the heparan sulfate proteoglycans. 
This is reminiscent of apoE and apoB whose 
basic stretches are critical in binding acidic sites 
of the lipoprotein receptors or heparan sulfates 
(Mahley et al.  1984 ; Wilson et al.  1991 ). 

 Structural analysis of apoA-V, pioneered by 
Ryan and colleagues (Weinberg et al.  2003 ; 
Beckstead et al.  2007 ; Wong et al.  2008 ; Mauldin 
et al.  2010 ; Sharma et al.  2013 ), has been compli-
cated by the low protein solubility. Most experi-
ments have been performed in solution at pH 3 
and have been limited to low-resolution tech-
niques. The protein structure was inferred to con-
tain tandem amphipathic α-helices, which in 
apoA-V form distinct domains (Weinberg et al. 
 2003 ; Beckstead et al.  2007 ; Wong et al.  2008 ). 
The N-terminal residues 1–146 are proposed to 
form a helix bundle (Wong et al.  2008 ). The 
 central domain (residues 147–292) contains a 
basic stretch (residues 186–227) implicated in 
binding to acidic ligands. Finally, the C-terminal 
51 residues are implicated in modulating lipid 
binding by apoA-V (Beckstead et al.  2007 ; 
Mauldin et al.  2010 ). 

 Amino acid sequence analysis using 
AmylPred2 predicts one strong amyloidogenic 
segment in residues 269–277 (TYLQIAAFT) 
and three weaker ones in residues 118–120, 150–
151 and 204–210 (Fig.  8.9 ). One predicted 
 amyloidogenic segment, 119–121, is in the 
N-domain, the other three are in the central 
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domain, and all four are located inside the 
amphipathic α-helices predicted in the native 
structure (Weinberg et al.  2003 ). Notably, a 
strong amyloidogenic segment predicted in resi-
dues 204–210 forms a hydrophobic stretch inside 
a larger predominantly basic segment 190–225 
that is implicated in binding to the receptor and to 
heparan sulfate proteoglycans (Fig.  8.9 ). This 
larger segment contains eight basic residues, no 
acidic residues, and three structure-breaking Pro. 
Since stretches of similarly charged residues are 
disfavored in the parallel in-register amyloid 
β-sheet due to inter- and intramolecular repul-
sion, it is unlikely that this residue segment initi-
ates β-aggregation. In fact, PASTA2 does not 
predict a strong pairing energy for this segment 
(profi le not shown). Further, it predicts parallel 
in-register β-sheet for apoA-V, with the most 
favorable pairing energy of –3.9, just below the 
threshold of –4. Hence, this prediction by PASTA 
should be taken with a grain of salt.  

 In sum, apoA-V is a minor hydrophobic pro-
tein that is an important modulator of TG metab-
olism. The atomic structure of apoA-V is 
unknown. The predicted amyloidogenic potential 
is localized mainly to the central domain 
(Fig.  8.9 ). Similar to other apos, the  amyloidogenic 
segments in apoA-V are hydrophobic, are located 

in the amphipathic α-helices in the native struc-
ture, and are predicted to form parallel in- register 
β-sheet in amyloid. These segments are expected 
to be protected from misfolding by their native 
protein-lipid and/or protein-protein interactions. 
Amyloidogenic segment 204–210 is probably 
also protected by its location inside a basic stretch 
that forms a binding site for VLDL receptor.  

8.4.5     Apolipoproteins C-I, C-II 
and C-III 

 ApoC-I (6 kDa), C-II (10 kDa) and C-III (10 kDa) 
are the smallest human apolipoproteins that cir-
culate mainly on VLDL and are also found as 
minor proteins on HDL and other lipoproteins. 
ApoCs are particularly important for metabolism 
of triglyceride-rich lipoproteins, as they modu-
late the activity of lipophilic enzymes, lipid 
transfer proteins, and other plasma factors that 
remodel these lipoproteins in vivo. ApoC-I inhib-
its cholesterol ester transfer protein, apoC-II is a 
physiological activator of lipoprotein lipase, 
while apoC-III is its inhibitor and is also impli-
cated in VLDL production (  Jong     et al.  1999 ; 
Shachter  2001 ; Yao and Wang  2012 ; Kei et al. 
 2012 ). In addition, apoCs can displace larger 
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segment that contains eight uncompensated basic residues 
and three Pro and is implicated in binding to the lipopro-
tein receptor and to heparan sulfate proteoglycans       
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 proteins such as apoE from VLDL, and thereby 
inhibit apoE-mediated VLDL receptor binding 
(Sehayek and Eisenberg  1991 ). 

 Free in solution, apoCs have little ordered sec-
ondary structure (~30 % α-helix in apoC-I 
(Gursky and Atkinson  1998 ), less than that in 
apoC-II and apoC-II). Hence, similar to other 
small lipid surface- binding proteins such as 
apoA-II, SAA, Aβ and α-synuclein (described by 
Uversky in Chap.   2     of this volume), free apoCs 
are intrinsically disordered. NMR structures of 
apoC-I, apoC-II and apoC-III have been deter-
mined in lipid-mimetic environment on the 
micelles of sodium dodecyl sulphate (SDS) or 
dodecylphosphocholine (DPC) (Rozek et al. 
 1999 ; MacRaild et al.  2001 ,  2004 ; Gangabadage 
et al.  2008 ). These structures showed amphipa-
thic class-A α-helices forming the lipid surface-
binding motif in apoCs (Fig.  8.10 , bottom 
panels). Compared to larger apos, apoCs make 

fewer contacts on the lipoprotein surface and can 
dissociate from it relatively easily (Jayaraman 
et al.  2005a ). Such dissociation is expected to 
occur in vivo, e.g. during VLDL conversion to 
LDL. Despite marginal structural stability of free 
apoCs, their amyloid deposition in vivo has not 
been reported to-date, probably because of the 
low plasma concentrations of these minor pro-
teins. However, human apoC-II and, as reported 
recently, apoC-III can form amyloid fi brils 
in vitro (de Messieres et al.  2014 ). Extensive 
studies of apoC-II fi bril formation by Howlett’s 
team provided the most detailed model currently 
available for understanding apolipoprotein mis-
folding (summarized by Ryan et al. in Chap.   7    ).  

 Here, we report amyloidogenic profi les of 
apoCs (Fig.  8.10 ). AmylPred2 predicts that 
apoC-II has substantial amyloid forming poten-
tial, especially in the C-terminal part, while the 
sequences of apoC-I and apoC-III are less amy-
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loidogenic. Similarly, PASTA2 suggests substan-
tial amyloid-forming potential in the C-terminal 
part of apoC-II and predicts it to form parallel 
in-register β-sheet in amyloid (pairing energy of 
−4.9) (Fig.  8.11 ). Most favorable pairing energies 
predicted for apoC-I (−1.9) and apoC-III (−2.7) 
are well below the threshold of −4 and hence, are 
not very reliable (PASTA profi les not shown). 
Nevertheless, human apoC-III can form amyloid 
fi bers in vitro (de Messieres et al.  2014 ).  

 The strongest predicted amyloidogenic seg-
ment in human apoCs is located in the C-terminal 
part of apoC-II (residues 62–76, 
TYTGIFTDQVLSVLK) from the native class-G 
helix. This prediction has been verifi ed experi-
mentally in careful studies by Wilson et al. ( 2007 ) 
(Fig.  8.11 ). These studies showed that in fi bers of 
full-length human apoC-II, C-terminal segment is 
resistant to proteolysis and to H-D exchange, 
which is characteristic of amyloid core. The 
authors also showed that peptide fragments corre-
sponding to the C-terminal segments of apoC- II 
readily form amyloid in vitro. Finally, structural 
analysis of apoC-II fi brils revealed parallel in- 
register β-sheets (Wilson et al.  2007 ), which veri-
fi es our prediction by PASTA (Fig.  8.11 ). In sum, 
extensive experimental evidence validates the 
 prediction of the major amyloid hot spot in  residue 

segment 62–76 of apoC-II and suggests that this 
segment initiates protein misfolding, from the pre-
dominantly α-helical native structure to parallel 
in-register intermolecular β-sheet in amyloid. We 
speculate that the native α-helical structure in this 
segment, which forms the major lipid binding site 
in apoC-II, anchors the protein to the lipid surface 
and thereby protects it against β-aggregation 
in vivo. Notably, this segment forms class-G helix 
that, in contrast to class-A helices, has random 
radial distribution of charged residues. Hence, 
amyloidogenic properties of apolipoproteins can 
be conferred by segments forming other than 
class-A α-helices in the native structure.  

8.4.6     Apolipoprotein E 

 ApoE (299 a. a.) is arguably the most extensively 
studied apolipoprotein (~20,000 hits in PubMed) 
that is an important mediator of lipid transport in 
plasma and in the central nervous system. ApoE 
is found in most systemic and cerebral amyloid 
deposits and is particularly pertinent to the devel-
opment of Alzheimer’s disease (for an excellent 
recent review see Hauser and Ryan  2013 ). 
Plasma apoE circulates mostly on VLDL where 
it serves as a ligand for LDL-like receptor that 
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mediates VLDL uptake and, ultimately, matura-
tion to LDL (Hauser et al.  2011 ; Holtzman et al. 
 2012 ). During this process, TG in the lipoprotein 
core are hydrolyzed by lipoprotein lipase, gener-
ating excess surface material that can dissociate 
in the form of free apolipoproteins or small 
apoE- containing particles that join the plasma 
pool of HDL. Hence, in addition to VLDL, apoE 
also circulates as a minor protein on plasma 
HDL. In contrast to plasma, lipid transport in 
cerebrospinal fl uid is mediated solely by HDL-
like particles whose major protein is apoE. This 
explains why apoE is particularly prominent in 
neurodegenerative diseases. Notably, apoE4 iso-
form is the strongest genetic predictor of 
Alzheimer’s disease and is directly associated 
with the amyloid load in this disease. Although 
the exact role of apoE in the development of 
Alzheimer’s disease is not fully understood, the 
consensus is that apoE interacts directly in an 
isoform-specifi c manner with Aβ peptide and 
thereby infl uences aggregation, accumulation 
and/or clearance of Aβ from the brain (Strittmatter 
et al.  1993 ; Ladu et al.  2000 ; Hauser and Ryan 
 2013 ). 

 Three major isoforms of human apoE differ in 
Cys/Arg substitutions at two sites: apoE2 (C112, 
C158), apoE3 (C112, R158) and apoE4 (R112, 
R158), resulting in differences in charge, struc-
tural stability and functional properties. 
Compared to apoE3, which is the most common 
isoform, apoE4 is a strong causative risk factor 
for Alzheimer’s disease, while apoE2 is neuro-
protective (Strittmatter et al.  1993 ; reviewed by 
Verghese et al.  2011 ; Suri et al.  2013 ). ApoE4 is 
linked strongly to decreased age of the late- 
onset Alzheimer’s disease and more severe Aβ 
deposition in the brain, while apoE2 has an oppo-
site effect (Verghese et al.  2011 ; Suri et al.  2013 ). 
Thus, the predisposition to Alzheimer’s disease 
increases in the order E2<E3<E4. Although the 
molecular mechanism via which apoE isoforms 
differentially infl uence Aβ accumulation in the 
brain is subject of debate, the prevailing concept 
is that this difference resides in the isoform- 
specifi c domain interactions in apoE, which 
infl uence its interactions with Aβ (reviewed by 
Hauser and Ryan  2013 ). 

 Structurally, apoE is often described as a 
 two- domain protein comprised of a globular 
22 kDa N-terminal domain that forms a helix 
bundle in solution and contains a receptor and 
heparan binding site in residues 136–150, and a 
C-terminal 10 kDa domain that is less structured 
in solution and forms the primary binding site for 
lipids and Aβ. Four-helix bundle structure of the 
N-domain of lipid-free apoE3, which was deter-
mined by x-ray crystallography to 2.2 Å resolu-
tion, was the fi rst known atomic structure of a 
mammalian apolipoprotein (Wilson et al.  1991 ). 
This structure is consistent with the solution con-
formation of the full-length lipid-free apoE3 
determined 20 years later by NMR (Chen and 
Wang  2011 ). In the NMR structure, the globular 
N-domain (residues 1–167) forms a template for 
folding of the hinge region (168–205) and the 
C-domain (206–299) (Figs.  8.12  and  8.13 ).   

 The two residues, 112 and 158, differing 
among the apoE isoforms are located in the 
N-terminal α-helices (orange, Figs.  8.12  and 
 8.13 ). Cys to Arg substitution at either site weak-
ens the interhelical interactions and reduces 
structural stability of the N-domain and of the 
full-length lipid-free apoE (Acharya et al.  2002 ; 
Weers et al.  2003 ; Nguyen et al.  2014 ). Hence, 
the rank order of free protein stability is 
E4<E3<E2, opposite to that of the pre- disposition 
to Alzheimer’s disease. A similar trend was 
observed in other proteins whose reduced struc-
tural stability often correlates with enhanced 
amyloid formation and is thought to contribute to 
it (Hatters et al.  2005 ,  2006 ). 

 Tertiary structural stability of apoE isoforms 
and other free apolipoproteins in solution corre-
lates inversely with the probability of their helix 
bundle opening on the lipid, which is a necessary 
step in lipoprotein formation. Therefore, apoE 
isoform stability in solution was proposed to cor-
relate inversely with the lipid binding affi nity 
(Morrow et al.  2000 ; Acharya et al.  2002 ; Weers 
et al.  2003 ). To our knowledge, relative dissocia-
tion rates of apoE isoforms from HDL, which 
determine relative kinetic stabilities of HDL con-
taining these isoforms, have not been reported. 
Furthermore, no isoform-specifi c effects have 
been observed in apoE association with HDL in 
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cerebrospinal fl uid ((Verghese et al.  2011 ) and 
references therein). Therefore, it is unclear 
whether or not differential affi nity of apoE iso-
forms for lipid contributes to the isoform-specifi c 
effects in amyloid deposition. 

 Another potential origin of the isoform- 
specifi c effects is in the intrinsic sequence pro-
pensity of apoE to form amyloid. In fact, apoE 
misfolding was proposed to be a primary event 
that helps nucleate amyloid formation by Aβ (Ma 
et al.  1994 ; Wisniewski et al.  1995 ; Hatters et al. 
 2006 ). To test this idea, we analyzed amino acid 
sequence of apoE by using AmylPred2 and 
PASTA2 (Fig.  8.12 ). Surprisingly, both methods 
predict relatively weak amyloidogenic potential 
for apoE as compared to other exchangeable apo-
lipoproteins. The major amyloidogenic segment 
is predicted by both methods in residues 33–42, 
with the PASTA2 energy of −3.9, just below the 
threshold of −4 (Fig.  8.12 ). Interestingly, the pre-
ferred orientation of this segment in amyloid is 
antiparallel β-sheet. Another surprise is that the 
predicted amyloidogenic propensity of apoE 

resides mainly within the N-domain, even though 
the C-domain is more hydrophobic, binds Aβ, 
and fragments corresponding to this domain can 
form fi bers in vitro (Cho et al.  2001 ). This illus-
trates the ability of most polypeptides to form 
amyloid under certain conditions. We suggest 
that the absence of strong amyloidogenic seg-
ments in the C-domain of apoE, which adopts a 
dynamic solvent- exposed conformation in solu-
tion, helps protect free protein from misfolding 
in vivo. 

 In the N-domain of apoE3, three amyloido-
genic segments are predicted in residues 33–42, 
113–116 and 159–163 by fi ve to seven methods 
in AmylPred2 (Fig.  8.12 ). Mapping these seg-
ments on the NMR structure of the modifi ed full- 
length protein shows that they are located in the 
amphipathic α-helical regions (Fig.  8.13 ). The 
only exception is residues 41 and 42 that are 
located in a solvent-accessible interhelical loop 
(blue arrow, Fig.  8.13 ) and hence, are potentially 
labile to misfolding. Notably, sites 112 and 158 
that distinguish apoE isoforms are located at the 
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edges of the two respective amyloidogenic hot 
spots, 113–116 and 159–163. Cys to Arg substi-
tutions at these sites slightly reduce the amyloid- 
forming potential of the adjacent hot spots 
(profi les not shown). This is not surprising, since 
the amyloid-forming potential of Arg is lower 
than that of free Cys in most contexts. Further, 
amyloidogenic segment 159–163 is close to the 
basic stretch in residues 136–150 that form the 
receptor and heparan sulfate binding site in apoE 
(Wilson et al.  1991 ). We speculate that, in the 
absence of polyanionic ligands such as heparan 
sulfate proteoglycans, this basic stretch may help 
block the β-zipper propagation along the poly-
peptide chain. 

 Since apoE has been previously found to 
directly nucleate Aβ aggregation in amyloid (Ma 
et al.  1994 ; Wisniewski et al.  1995 ; Hatters et al. 
 2006 ), we tested whether a particular segment in 
apoE is likely to pair with Aβ to nucleate an inter-
molecular β-sheet co-polymer. To do so, we used 
AmylPred2 and PASTA2 to analyze a chimeric 
amino acid sequence comprised of apoE and Aβ 42  
sequences. The two strongest hot spots in 
AmylPred2 came from Aβ 42  (Fig.  8.7 ). Likewise, 
PASTA2 did not predict any favorable pairings 
between Aβ and apoE. This analysis suggests that 
apoE is unlikely to nucleate amyloid formation 
by Aβ via the segment pairing between the two 
proteins. 

 Our analysis can be summarized as follows. 
First, despite its prominence in amyloid diseases, 
apoE has weaker sequence propensity to form 
amyloid than many other apos. Second, this 
 propensity decreases slightly upon Cys to Arg 
substitutions at sites 112 and 158 that differentiate 
apoE isoforms. Hence, the amyloid-forming 
sequence potential increases in order E4<E3<E2, 
which is reverse of the isoform-specifi c predispo-
sition to neurodegenerative diseases. Consequ-
ently, this pre-disposition must result from factors 
other than sequence propensity of apoE isoforms 
for β-aggregation. Together, these fi ndings sug-
gest that apoE misfolding per se is probably not a 
major factor in amyloid deposition in Alzheimer’s 
disease. 

 Third, the NMR structure of free full-length 
apoE shows that a part of the strongest predicted 
amyloidogenic segment 33–42 is located in the 
solvent-accessible loop, which makes it poten-
tially labile to β-aggregation. This loop (residues 
V40, Q41, T42, L43) links N-terminal helices H1 
and H1′, and is packed against helix HC1 from the 
C-domain (Fig.  8.13 ). Since inter-domain interac-
tions in apoE are isoform-specifi c, the protection 
of the major amyloid hot spot by these interac-
tions is also expected to be isoform- specifi c. We 
hypothesize that: (i) in lipid-free full-length apoE, 
the major amyloid hot spot in residues 33–42 is 
protected from misfolding by secondary and ter-
tiary structure, including inter- domain interac-
tions; (ii) destabilization of the N-domain and 
changes in its interactions with the C-domain 
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C-domain are indicated. Helical nomenclature follows 
(Chen et al.  2011 ). Cys/Arg substitutions at positions 112 
and 158 that distinguish the apoE isoforms are in  orange . 
The major predicted amyloidogenic segments are color- 
coded as in Fig.  8.12 : residues 34–42 ( blue ), 113–116 
( teal ) and 159–163 ( green ). Residue segment 136–150 
from helix H4, which encompasses the receptor and hepa-
ran sulfate binding site, is indicated (+ + + +)       
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reduce this protection in an isoform- specifi c man-
ner, from E2 (most stable and most protected) to 
E4 (least stable and least protected). These differ-
ences in protection of amyloid hot spots in the 
N-domain may potentially contribute to the iso-
form-specifi c effects in amyloid deposition.  

8.4.7     Serum Amyloid A 

 Human SAA (104 a. a.) is an intrinsically disor-
dered protein from a family of highly conserved 
acute-phase proteins whose normal function in 
immune response is subject of debate (van der 
Westhuyzen et al.  2007 ; Eklund et al.  2012 ; also 
see Chap.   5     by Colón et al. in this volume). SAA 
is synthesized predominantly by the liver, circu-
lates mainly on plasma HDL, and is best known 
for its role in secondary amyloidosis linked to 
infl ammation. In this serious complication, 
N-terminal fragments of SAA largely containing 
residues 1–76, termed amyloid A (AA), form 
extracellular fi brillar deposits in vital organs 
 (kidney, liver, spleen) and damage them. AA 
amyloidosis can be triggered by chronic infec-
tions, infl ammation, rheumatoid arthritis, and 
certain cancers, and is the most prevalent form of 
human systemic amyloidosis developed by 
5–10 % of patients with chronic infl ammation. 
Several SAA isoforms are found in humans, 
among which SAA 1.1 is most amyloidogenic 
in vivo. The reasons for the isoform- specifi c 
amyloid formation are unclear and were proposed 
to involve differences in the protein structure, sta-
bility and proteolysis (Srinivasan et al.  2013 ; van 
der Hilst et al.  2008 ). It is also unclear whether 
cleavage of the N-terminal AA fragment precedes 
or follows SAA misfolding in AA amyloidosis. 

 During infl ammation, plasma levels of SAA 
can increase up to 1,000-fold, reaching 1 mg/ml 
or more, and making SAA the most abundant pro-
tein in plasma (Gillmore et al.  2001 ). As a result 
of mass action, SAA can displace most apoA-I 
from plasma HDL to form large dense SAA-rich 
HDL (van der Westhuyzen et al.  2007 ; Eklund 
et al.  2012 ). In addition, in acute phase response, 
HDL surface is saturated with SAA and a sub-
stantial fraction of SAA (up to 25 %) circulates in 
labile free form (van der Westhuyzen et al.  2007 ). 

SAA on HDL is predominantly α-helical, yet this 
helical structure is unstable in free protein at near-
physiologic conditions, which is thought to pro-
mote fi bril formation in vivo (Wang et al.  2005 ). 
This structural instability of SAA has greatly 
complicated its atomic-resolution studies that 
culminated in 2014 with publication of the high-
resolution x-ray crystal structure of human 
SAA1.1 in two crystal forms, one of which con-
tains hexamers and probably depicts the structure 
of the hexameric SAA found in solution (Lu et al. 
 2014 ). Molecular structure of human SAA1 in 
these crystals is in excellent agreement with the 
structure of murine SAA3 that was crystallized as 
a tetramer (Derebe et al.  2014 ). 

 Our analysis of human SAA1.1 by using 
AmylPred2 and PASTA2 shows that the 
 amyloid- forming propensity is modest and is 
confi ned largely to the N-terminal ~75 residues 
(Fig.  8.14a ), which is consistent with the deposi-
tion of 1–76 residue fragment in AA amyloidosis. 
AmylPred2 predicts two major amyloid hot spots 
in residues 2–9 (SFFSFLGE) and 53–55 (WAA), 
with a minor hot spot in the nearby residues 
67–70. Although these consensus predictions are 
not very strong (4–6 out of 11 methods), they are 
in excellent agreement with the sequence analy-
sis by using ZipperDB and TANGO algorithms 
(Lu et al.  2014 ) as well as PASTA2 (Fig.  8.14b ). 
The latter shows that the major N-terminal amy-
loid hot spot has weak pairing energy of −2.7 
PASTA units which is comparable for the parallel 
and antiparallel β-sheet. Importantly, the pre-
dicted hot spots in SAA have been verifi ed in 
experimental studies by using site-directed muta-
genesis and peptide fragments (Patel et al.  1996 ; 
Egashira et al.  2011 ; Lu et al.  2014 ).  

 Compared to other major HDL proteins, the 
predicted amyloidogenic potential of SAA is 
comparable to that of apoA-I and much lower 
than that of apoA-II (Figs.  8.4 ,  8.6 , and  8.14 ). 
This unexpected result suggests that AA amyloi-
dosis is probably driven not so much by the high 
intrinsic propensity of SAA for β-aggregation but 
mainly by the protein overproduction (de Beer 
et al.  1982 ) combined with its structural instabil-
ity and solvent exposure of the N-terminal amy-
loidogenic segment in free SAA monomer (Lu 
et al.  2014 ). 
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 In the crystal structure, this major amyloido-
genic segment in residues 2–9 is located at the 
end of the N-terminal amphipathic α-helix 
(Fig.  8.14c , blue). This segment is solvent- 
exposed in free SAA monomer but is sequestered 
in the hexamer, suggesting that hexamer dissoci-
ation is prerequisite for SAA misfolding (Lu 
et al.  2014 ). Importantly, this amyloidogenic seg-
ment overlaps the primary HDL binding site in 
SAA (Patel et al.  1996 ; Ohta et al.  2009 ), sug-
gesting strongly that SAA binding via its 
N-terminal helix to HDL surface protects the pro-
tein from misfolding (Lu et al.  2014 ). The 
second- major amyloidogenic segment is adjacent 
to residues 52 and 57 that differ among the major 
human isoforms, SAA 1.1 (V52, A57), SAA 1.3 
(A52, A57) and SAA 1.5 (A52, V57) (Fig.  8.14a, 
c , orange dots). Even though these isoforms are 
predicted to have comparable sequence propen-
sity for β-aggregation (profi les not shown), one 
cannot exclude that the location of the isoform- 
specifi c mutations at the amyloidogenic segment 
contributes to the differences in the amyloid for-
mation by SAA1 isoforms (Takase et al.  2014 ). 
We speculate that isoform-specifi c effects in 
SAA binding to HDL may also be a potential 
contributing factor in amyloidosis. 

 In sum, in spite of its name, serum amyloid A 
has only moderate intrinsic sequence propensity 
to form amyloid, which is comparable to that of 
apoA-I and signifi cantly lower than that of 
apoA- II. The N-terminal end of SAA is pre-
dicted and observed to form the major amyloid 
hot spot that overlaps with the primary HDL 
binding site and forms a native amphipathic 
α-helix on the lipid (Ohta et al.  2009 ). Therefore, 
this segment is protected against misfolding by 
binding to lipid surface. In free SAA, this seg-
ment is sequestered in the hexamer, yet in the 
monomer it is solvent exposed and hence, labile 
to misfolding. 

 Despite structural instability of free SAA 
under near-physiologic conditions and its persis-
tently high plasma concentrations in chronic 
infl ammation, only a small percentage of patients 
develop AA amyloidosis ((Gillmore et al.  2001 ) 
and references therein). To explain this observa-
tion, SAA has been proposed to develop protec-
tive mechanisms against misfolding, such as the 
proteolysis of its amyloid-forming N-terminal 
part (Yamada et al.  1995 ) or hexamer formation 
(Lu et al.  2014 ). We hypothesize that modest 
intrinsic sequence propensity to form amyloid is 
one of such protective mechanisms.  
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  Fig. 8.14    Predicted amyloidogenic profi le and the struc-
ture of human serum amyloid A. AmylPred2 ( a ) and 
PASTA profi les ( b ) of SAA1.1 isoform that causes human 
amyloidosis are shown. AmylPred2 predicts one amy-
loidogenic segment in residues 2–9 ( blue ) by six methods, 
and another in residues 65–70 ( green ) by fi ve methods; an 
additional minor segment in residues 67–70 is predicted 
by four methods. PASTA2.0 predicts that the major 
N-terminal amyloidogenic segment can form parallel or 
antiparallel β-sheet with comparable pairing energy. 
 Green bar  shows fragment 1–76 that deposits in human 

AA amyloidosis linked to infl ammation.  Rectangles  show 
helical segments observed in the x-ray crystal structure. 
Amino acid sequence shows predicted amyloidogenic seg-
ments color-coded. ( c ) X-ray crystal structure of human 
SAA1.1 monomer determined to 2.2 Å resolution by Lu 
et al. ( 2014 ). The predicted amyloidogenic segments are 
mapped on the structure and color-coded.  Orange dots  
show positions 52 and 57 of Ala/Val substitutions that dis-
tinguish the major protein isoforms, SAA 1.1 (V52, A57), 
SAA 1.3 (A52, A57) and SAA 1.5 (A52, V57)       

 

8 Amyloid-Forming Properties of Human Apolipoproteins: Sequence Analyses and Structural Insights



200

8.4.8     Apolipoprotein B 

 ApoB is a 550 kDa glycoprotein synthesized by 
the liver. Plasma apoB contains a single chain of 
4,536 amino acids, which is one of the largest 
known proteins and the largest apolipoprotein. 
One copy of full-length apoB, termed apoB100, 
is present as the major protein on the surface of 
LDL and VLDL. A shorter variant representing 
the fi rst 48 % of apoB sequence, termed apoB48, 
is synthesized in the intestine and forms the 
major protein on chylomicrons (Nakajima et al. 
 2014 ). ApoB forms a fl exible structural scaffold 
on the lipoprotein surface and an important func-
tional ligand for binding to LDL receptor and 
heparan sulfate proteoglycans (Goldstein and 
Brown  1976 ; Camejo et al.  1998 ). In contrast to 
other apolipoproteins, apoB is non-exchangeable 
(water- insoluble) and remains associated with its 
host particle during metabolism. Also in contrast 
with the exchangeable apos, apoB is predicted 
and observed to contain both α-helices and 
β-sheets (Segrest et al.  2001 ). 

 The enormous size and insolubility of apoB 
have precluded its detailed structural studies. 
Amino acid sequence analysis suggests fi ve large 
structural domains (Segrest et al.  2001 ). Residue 
segment 1–1,023, termed βα1 domain, is thought 
to form an autonomously folded globular domain 
that protrudes from the LDL surface. Homology 
model of this domain has been proposed based on 
the x-ray crystal structure of a related protein, 
lamprey lipovitellin (Segrest et al.  1999 ). Epitope 
labeling combined with cryo-electron micros-
copy have determined the overall arrangement of 
human apoB on the mid-size LDL and showed 
that the protein fully encircles LDL, with the N- 
and C-terminal domains located near each other 
to close the circle (Liu and Atkinson  2011 ; 
Kumar et al.  2011 ). 

 The involvement of apoB in amyloid forma-
tion has been suggested in several in vitro studies 
of modifi ed LDL, including oxidized and electro-
negative LDL (Stewart et al.  2005 ; Parasassi 
et al.  2008 ; Brunelli et al.  2014 ). Aggregation of 
modifi ed LDL was evident in these and other 
studies (Bancells et al.  2010 ), including our own 

work (Jayaraman et al.  2007 ; Lu et al.  2012 ; Lu 
and Gursky  2013 ). However, convincing experi-
mental evidence for amyloid formation by apoB, 
such as the oriented fi ber diffraction and a large 
increase in cross-β-sheet content measured by 
spectroscopy, is still lacking. 

 Our amino acid sequence analysis reveals that 
apoB has unusually high amyloid-forming poten-
tial, comparable to that of Aβ peptide (Figs.  8.7  
and  8.15 ; Table  8.1 ). Major amyloidogenic seg-
ments, which are predicted in all fi ve apoB 
domains, span regions that are thought to form 
native α-helices or β-sheets. Figure  8.15  shows 
amyloidogenic profi le in three representative 
portions of apoB including residues 300–400 
(predicted to form native α-helical structure), 
residues 780–880 (located in a predicted β-sheet 
region), and residues 2,150–2,250 from the α 2  
helical domain that was proposed to be involved 
in β-aggregation (Parasassi et al.  2008 ). Many 
amyloidogenic segments in these and other parts 
of apoB are predicted strongly by AmylPred2 
(8–11 methods) and span 10 or more amino acids, 
longer than those in the exchangeable apos 
(Table  8.1 ). Likewise, PASTA2 predicts unusu-
ally strong favorable pairing energies below −9 
units for many apoB segments, which is consis-
tent with their high hydrophobicity. In compari-
son, the lowest PASTA2 energies are about −8.4 
for Aβ(1–42), −7 for apoA-II and −5.5 or weaker 
for other exchangeable apos (Table  8.1 ). 
Furthermore, similar to most exchangeable apos, 
PASTA predicts parallel in-register β-sheet for all 
major amyloidogenic segments in apoB. 

   In sum, of all apolipoproteins explored, apoB 
has by far the strongest sequence propensity to 
form amyloid, which correlates with high protein 
hydrophobicity of this water-insoluble protein. 
Nevertheless, to-date there is no compelling evi-
dence for amyloid formation by apoB in vivo or 
in vitro. We propose that the reason why apoB 
does not readily form amyloid is due to its exten-
sive protein-lipid and protein- protein interactions 
on LDL and VLDL. These native interactions 
make this enormous protein non-exchangeable 
and thereby protect it from dissociation, proteo-
lytic degradation and misfolding.   
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8.5     Summary 

 The studies outlined in this chapter show that 
amyloidogenic segments in human apolipopro-
teins (i) are largely hydrophobic, (ii) are located 
almost entirely in the native amphipathic 
α-helices in the exchangeable apos while in the 
non- exchangeable apoB they span both predicted 
α-helices and β-sheets, and (iii) are predicted to 
preferentially form parallel in-register β-sheet in 
amyloid. These amyloidogenic segments are 
enriched in aromatic residues that often form 
native interactions stabilizing the helix bundle 
structures of free proteins such as apoA-I, apoA-
IV and apoE (Figs.  8.4 ,  8.8 , and  8.13 ). Importantly, 
the predicted amyloidogenic segments have been 
verifi ed in the experimental studies of apoC-II, 
apoA-I, apoA-II and SAA (Wilson et al.  2007 ; 
Wong et al.  2012 ; Adachi et al.  2014 ; Mendoza-
Espinosa et al.  2014 ; Das et al.  2014 ; Sawashita 

et al.  2009 ; Lu et al.  2014 ). Amyloidogenic seg-
ments in many other globular proteins share simi-
lar characteristics: they tend to be hydrophobic 
(with a notable exception of prions), are enriched 
in aromatic groups, and are often protected from 
misfolding by forming well-ordered secondary 
structure such as α-helix (Tzotzos and Doig  2010 ; 
Sabate et al.  2012 ). Furthermore, parallel in-reg-
ister β-sheet has emerged as the predominant 
structural motif observed by EPR and solid-state 
NMR in amyloid fi brils formed by many proteins 
(Tycko  2006 ; Margittai and Langen  2008 ; 
Shewmaker et al.  2011 ), including fi brils of 
apoC-II and α-synuclein (Teoh et al.  2011b ; Lv 
et al.  2012 ; Der-Sarkissian et al.  2003 ). 

 A surprising conclusion emerging from our 
studies is that the intrinsic sequence propensity 
to form amyloid decreases in order apoB > 
apoA-II > apoC-II ≥ apoA-I, apoC-I, apoC-III, 
SAA > apoA-IV, apoA-V, apoE (Table  8.1 ). 
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  Fig. 8.15    Amyloidogenic propensity of selected portions 
of human apoB (total protein length 4,536 a. a.) 
AmylPred2 and PASTA2.0 profi les are shown for 
100- residue portions that are predicted to form various 
native secondary structures: residues 300–400 ( left ) form 
mainly α-helices that are a part of the so-called A-helix 
region; residues 780–880 ( middle ) form mainly β-sheets 
that are a part of the A-sheet region; residues 2,150–2,250 
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region (nomenclature according to Segrest et al.  2001 ; 
Wang et al.  2010 ). Residue numbers in  top panels  indicate 
amyloidogenic segments predicted by fi ve or more meth-
ods in AmylPred2 (at or above the  dotted line ).  Bottom 
panels  show segments with pairing energy below −4 pre-
dicted by PASTA. Other parts of apoB have comparable 
predicted amyloidogenic propensity (not shown)       
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This rank order was unexpected given that apoE 
and SAA are prominent players in human amy-
loidoses such as Alzheimer’s disease and 
infl ammation- linked AA amyloidosis, while 
apoB and normal human apoA-II are not. What 
is the reason for this apparent discrepancy 
between the predicted and observed amyloid 
formation in vivo? Clearly, intrinsic sequence 
propensity is just one of many factors determin-
ing amyloid formation in vivo and in vitro. 
Other important factors include stability of the 
native protein structure, protein concentration, 
external conditions such as pH, ligand binding, 
proteolytic environment, etc. Moreover, the 
probability of protein misfolding is determined 
not only by the global stability of its native 
structure, but also by the local conformation and 
dynamics in sensitive regions (Chiti and Dobson 
 2009 ). We propose that sequestration of such 
amyloidogenic regions via the native protein- 
protein and protein-lipid interactions protects 
apos against misfolding (Das et al.  2014 ; Gursky 
 2014 ; Lu et al.  2014 ). 

 Strong apolipoprotein-lipid interactions are 
expected and observed to be particularly pro-
tective. One example is apoB, the largest and 
most hydrophobic of all human apos, which 
interacts most strongly with its host lipoprotein. 
These strong interactions render apoB non- 
exchangeable and thereby protect it from form-
ing amyloid despite its unusually high sequence 
propensity to do so (Fig.  8.15 ), comparable to 
that of Aβ peptide (Fig.  8.7 ; Table  8.1 ). Another 
example is apoA-II, the most hydrophobic 
exchangeable apolipoprotein that is tightly 
bound to the surface of mature HDL. This 
strong binding is reinforced by the protein 
dimerization via the Cys6-Cys6 disulfi de bond, 
rendering normal human apoA-II practically 
non-exchangeable. We propose that this strong 
association with mature HDL protects wild-
type human apoA-II from forming amyloid 
despite its high sequence propensity to do so 
(Fig.  8.6 , Table  8.1 ). Notably, naturally occur-
ring mutant apoA-II with C-terminal extension 
that causes human amyloidosis has high 
amyloid- forming propensity approaching that 
of Aβ (Table  8.1 ). 

 Interestingly, except for this mutant apoA-II, 
human apos that commonly form amyloid in vivo 
are consistently predicted to be in the middle of 
the amyloid propensity range (SAA1.1) or near 
its end (apoE) (Table  8.1 ). These proteins can 
readily dissociate from the lipid surface and cir-
culate in labile free form. We propose that these 
proteins have evolved protective strategies 
against misfolding, which explains why their pri-
mary sequences have modest propensity for 
β-aggregation (Figs.  8.12  and  8.14 , Table  8.1 ). 
For example, the protective strategy in free apoE 
is high structural stability of the helix bundle in 
the N-domain where all major amyloidogenic 
segments are located, combined with the low 
amyloidogenic sequence propensity of the fl exi-
ble hinge and C-domains (Figs.  8.12  and  8.13 ). 
The protective strategy in apoA-IV, nearly half of 
which circulates as free protein, is sequestration 
of the major amyloidogenic segments via the 
“clasp” mechanism (Fig.  8.8 ). Additional protec-
tion may also be attained via self-association of 
free proteins, such as the formation of an antipar-
allel α-helical dimer by apoA-I (Fig.  8.3 ) or 
apoA- IV (Deng et al.  2012 ), or sequestration of 
the major amyloidogenic segments in SAA hex-
amer (Lu et al.  2014 ). Location of the amyloido-
genic segments next to the charged stretches, 
such as the basic receptor-binding sites in apoA-
V and apoE (Figs.  8.9  and  8.12a ), is also expected 
to protect the proteins from β-aggregation. 
Finally, rapid proteolysis and clearance of free 
apos can serve as important protective mecha-
nisms against amyloidosis. 

 We conclude that apolipoproteins’ propensity 
to bind lipid surface and to form amyloid are two 
sides of the same coin, both rooted in proteins’ 
hydrophobicity. This suggests that functional 
constraints on apolipoproteins make it diffi cult to 
eliminate their pathologic β-aggregation. 
Nevertheless, the primary sequences that are 
optimal for lipid surface binding and for amyloid 
formation are distinctly different, as illustrated in 
several examples. First, large apolar faces of the 
amphipathic α-helices or β-sheets found in the 
exchangeable and non-exchangeable apos are 
essential for binding to lipid surface but not for 
amyloid formation. This is exemplifi ed by the 
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naturally occurring C-terminal extension in 
human apoA-II (Fig.  8.6 ) which is highly amy-
loidogenic but cannot form a lipid-binding 
amphipathic α-helix (Gursky  2014 ). Other exam-
ples include apoA-V and the C-domain of apoE, 
which are highly lipophilic but not highly amy-
loidogenic (Figs.  8.9  and  8.12 ). Furthermore, 
stretches of similarly charged amino acids, such 
as the receptor and heparan binding sites in apoE, 
apoA-V and apoB, are well-tolerated in the polar 
faces of the lipid-binding class-A α-helices, yet 
such stretches are expected to disrupt amyloid 
structure due to their intra- and intermolecular 
electrostatic repulsion in a parallel in-register 
β-sheet. These examples illustrate various strate-
gies potentially employed during evolution to 
optimize reversible binding of apolipoproteins to 
lipid surface while reducing the risk of amyloid 
formation. 

 In sum, the reason why apolipoproteins are 
overrepresented in amyloid diseases is not due to 
their native class-A amphipathic α-helices per se. 
Rather, it is rooted in increased apolipoprotein 
hydrophobicity that is not only required for lipid 
binding but also increases protein propensity for 
β-aggregation. In fact, class-A apolipoprotein 
α-helices are not necessarily more amyloido-
genic than their class-G counterparts, as sug-
gested by the highly amyloidogenic hydrophobic 
C-terminal segment in apoC-II that forms a native 
class-G helix (Figs.  8.10b  and  8.11 , Table  8.1 ; 
also see Chap.   7     by Ryan et al. in this volume). 
Furthermore, the apolipoprotein α-helices do not 
necessarily have higher amyloid-forming pro-
pensity than their β-sheet counterparts. This is 
evident from the amino acid sequence analysis of 
apoB, the most amyloidogenic of all apos and the 
only one with signifi cant β-sheet content. 
Numerous amyloidogenic segments span the 
whole length of apoB including predicted 
α-helices and β-sheets (Fig.  8.15 ). Importantly, 
the amyloidogenic segments in the exchangeable 
apos are located in the amphipathic α-helices and 
overlap their apolar lipid-binding faces, which 
probably protects them from misfolding. 
Likewise, amyloidogenic regions in globular pro-
teins often overlap with their functional inter-
faces, suggesting a competition between normal 

protein function and pathogenic β-aggregation 
(Castillo and Ventura  2009 ). 

 This competition implies that increasing apo-
lipoprotein retention on the lipid surface may 
provide a potential therapeutic strategy against 
amyloidosis. For example, increased levels of 
plasma triacylglycerol are well-known to pro-
mote apoA-I dissociation from the HDL surface 
upon enzymatic lipolysis of core TG (Lamarche 
et al.  1999 ). Consistent with this observation, 
clinical studies show that apoA-I amyloid depos-
its in atherosclerotic arteries correlate directly 
only with patients’ age and with the plasma levels 
of TG (Röcken et al.  2006 ). We propose that this 
correlation may refl ect causation, as elevated lev-
els of TG in HDL induce generation of free 
apoA-I that is the precursor of amyloid. This 
prompts us to speculate that TG-reducing thera-
pies may help protect apoA-I against dissociation 
from the lipid, and thereby delay amyloid forma-
tion in vivo (Das et al.  2014 ).     
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      Computational Approaches 
to Identifi cation of Aggregation 
Sites and the Mechanism 
of Amyloid Growth 

           Nikita     V.     Dovidchenko      and     Oxana     V.     Galzitskaya    

    Abstract  

  This chapter describes computational approaches to study amyloid 
 formation. The fi rst part addresses identifi cation of potential amyloido-
genic regions in the amino acid sequences of proteins and peptides. Next, 
we discuss nucleation and aggregation sites in protein folding and mis-
folding. The last part describes up-to-date kinetic models of amyloid 
fi brils formation. Numerous studies show that protein misfolding is initi-
ated by specifi c amino acid segments with high amyloid-forming propen-
sity. The ability to identify and, ultimately, block such segments is very 
important. To this end, many prediction algorithms have been developed 
which vary greatly in their effectiveness. We compared the predictions for 
30 proteins by using different methods and found that, at best, only 50 % 
of residues in amyloidogenic segments were predicted correctly. The best 
results were obtained by using the meta-servers that combine several inde-
pendent approaches, and by the method PASTA2. Thus, correct prediction 
of amyloidogenic segments remains a diffi cult task. Additional data and 
new algorithms that are becoming available are expected to improve the 
accuracy of the prediction methods, particularly if they use 3D structural 
information on the target proteins. At the same time, our understanding of 
the kinetics of fi bril formation is more advanced. The current kinetic mod-
els outlined in this chapter adequately describe the key features of amyloid 
nucleation and growth. However, the underlying structural details are less 
clear, not least because of the apparently different mechanisms of amyloid 
fi bril formation which are discussed. Ultimately, the detailed  understanding 
of the structural basis for amyloidogenesis should help develop rational 
therapies to block this pathogenic process.  

        N.  V.   Dovidchenko      •    O.  V.   Galzitskaya      (*) 
  Institute of Protein Research ,  Russian Academy 
of Sciences ,   4 Institutskaya str. ,  Pushchino, 
Moscow Region   142290 ,  Russia   
 e-mail: bones@phys.protres.ru; 
ogalzit@vega.protres.ru  

 9

mailto:bones@phys.protres.ru
mailto:ogalzit@vega.protres.ru


214

  Keywords  

  Amyloidogenic segments   •   Amyloid prediction methods   •   Linear and 
exponential aggregation kinetics   •   Domain swapping   •   Nucleation of pro-
tein folding and misfolding  

9.1         Introduction 

 More than 40 human diseases are currently 
known to critically involve protein misfolding 
and deposition as amyloid fi brils in organs and 
tissues (Chiti and Dobson  2006 ). These diseases, 
collectively called amyloidoses, differ in their 
etiology and clinical presentation and can be 
classifi ed as primary  vs.  secondary, acquired  vs . 
hereditary, and systemic  vs . focal diseases. 
Primary amyloidosis is caused by the deposition 
of a specifi c protein. An example is AL amyloi-
dosis caused by deposition of immunoglobulin 
light chains that are overproduced in plasma cells 
(Hayman et al.  2001 ). Secondary amyloidosis 
occurs as a consequence of another underlying 
disorder. For example, AA amyloidosis, which is 
a common complication of chronic infl amma-
tion, involves deposition of a proteolytic frag-
ment of serum amyloid A (SAA) that is 
overproduced in infl ammation. In contrast to AL 
and AA that are acquired diseases, most other 
amyloidoses have a genetic origin and involve 
autosomal dominant mutations that make a nor-
mally soluble globular protein amyloidogenic. 
Examples include mutations in proteins such as 
transthyretin, apolipoproteins A-I and A-II, gel-
solin, lysozyme, cystatin, fi brinogen, etc. 
(Benson  2003 ). These types of amyloidosis are 
usually systemic diseases affecting multiple tis-
sues and organs (kidney, liver, heart, etc.). In con-
trast, focal diseases are localized and affect a 
single organ where amyloid fi bers are deposited, 
such as brain in neurodegenerative diseases. The 
best known of such disorders involve depositions 
of amyloid-beta (Aβ) peptide in Alzheimer’s dis-
ease and of prion proteins in Creutzfeld-Jakob 
and Mad Cow diseases. To modulate and, ulti-
mately, block the pathologic transition from the 
native functional protein conformation into amy-
loid, it is essential to unravel the properties of the 

protein sequence and structure underlying this 
transition. 

 To form amyloid, a protein molecule must 
undergo major conformational changes. In fact, 
the fi bril core always consists of β-sheets in 
which individual β-strands are oriented perpen-
dicular to the main axis of the fi bril (Jiménez 
et al.  1999 ), whereas the native protein may or 
may not contain the β-sheet structure. Conversion 
of amyloidogenic proteins into fi brils is often 
associated with cytotoxicity (Bucciantini et al. 
 2004 ). Notably, immature water-soluble fi brils, 
pre- fi brillar aggregates and oligomers are typi-
cally more toxic to cells than mature insoluble 
amyloid fi brils (Bucciantini et al.  2004 ). The 
structures of fi bril precursors, which are rich in 
β-sheet, and the mechanisms of their toxic action 
were proposed to be similar for different pro-
teins. This idea is based on the observation that 
specifi c antibodies that bind to toxic protofi brils 
of the Aβ peptide can also bind to fi bril precur-
sors formed by other proteins with unrelated 
amino acid sequences, suggesting structural sim-
ilarity of these precursors (Kayed et al.  2003 ). 

 Importantly, numerous experimental studies 
show that the ability to form fi brils is not limited 
to amyloidogenic proteins associated with dis-
eases, but is an inherent property of various struc-
turally unrelated proteins (Chiti et al.  1999 ; 
Fändrich et al.  2001 ). Moreover, an increasing 
number of proteins are found to form functional 
amyloid  in vivo  (Fowler et al.  2007 ). These fi nd-
ings raise a question: what factors trigger protein 
misfolding into amyloid? Is it a particular amino 
acid sequence of a protein, its structural proper-
ties, interactions with ligands (such as lipids and 
heparan sulfate proteoglycans, which are ubiqui-
tous components of amyloid deposits  in vivo ), or 
the lack thereof? What mechanisms can protect 
normal globular proteins from becoming 
amyloidogenic? 
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 Evolutionary selection against aggregation 
resulted in an increased content of amino acids 
that inhibit protein aggregation (Tartaglia et al. 
 2005 ), such as Pro that disrupts the β-sheet struc-
ture, Gly that confers mobility to the polypeptide 
chain and thereby increases the entropic cost for 
ordering (Rauscher et al.  2006 ), as well as the 
increased content of charged residues (Kovacs 
et al.  2010 ) that confer protein solubility. 
However, the demands for protein folding 
(described in part 4 of this chapter) as well as the 
functional requirements can make it diffi cult to 
fully eliminate protein misfolding. In this chap-
ter, we address the basic properties of the pri-
mary, secondary and tertiary protein structure 
that confer amyloidogenic properties, and 
describe the computational methods that enable 
one to predict amyloidogenic regions in proteins 
and peptides and to understand the kinetic steps 
and the underlying physical processes involved 
in amyloid fi bril formation.  

9.2     Identifi cation of Protein 
Sites Responsible 
for Amyloid Formation 

9.2.1     Structural Determinants 
of Amyloidogenic Propensity 
of Proteins and Peptides 

 Although it is currently accepted that most if not 
all proteins can form amyloid fi bers under certain 
conditions  in vitro  (Chiti and Dobson  2006 ), it 
remains a major challenge to predict whether or 
not a given protein or peptide actually forms 
amyloid at near-physiologic conditions. The dif-
fi culty stems, in part, from a wide range of exter-
nal and internal factors that can infl uence protein 
misfolding and amyloid formation  in vivo  and  in 
vitro . External factors such as the local pH and 
the interactions (or lack thereof) with various 
ligands can critically modulate protein folding 
and shift the balance towards misfolding and 
aggregation (Fändrich et al.  2001 ). Protein muta-
tions and post-translational modifi cations can 
also importantly infl uence amyloid formation. 
Another crucial determinant is the protein con-

centration determined by the balance between the 
generation of a potentially amyloidogenic protein 
or peptide and its proteolysis and clearance. 
Among the major internal determinants are the 
overall stability of the native protein conforma-
tion (addressed below) and the presence of local 
protein regions with high propensity to initiate 
the misfolding. The latter aspect is addressed 
later in parts 2 and 3 of this chapter. 

  In vivo  and  in vitro  studies consistently show 
that reduced structural stability of globular pro-
teins tends to promote amyloid fi bril formation 
(Chiti and Dobson  2006 ).  In vitro  studies demon-
strate that mildly denaturing conditions leading 
to partial protein unfolding promote fi bril growth 
(Fändrich et al.  2003 ), perhaps due to increased 
solvent accessibility of the aggregation-prone 
regions (Dobson  1999 ). This idea is supported by 
the observation that many naturally occurring 
mutations and variations associated with amyloid 
diseases reduce protein stability (Gertz and 
Rajkumar  2010 ). However, exceptions from this 
general trend have also been observed in various 
proteins, such as immunoglobulin light chains or 
apolipoprotein A-I (Sánchez et al.  2006 ; 
Klimtchuk et al.  2010 ; Das et al.  2014 ), suggest-
ing that fi bril formation by a mutant protein does 
not always correlate with its reduced stability. 
Thus, although partial protein destabilization is 
necessary for amyloid fi ber formation, it is appar-
ently not suffi cient. 

 Notably, many amyloid diseases involve 
natively unfolded proteins or peptides. Examples 
described in this volume include Aβ peptide in 
Alzheimer’s disease, α-synuclein in Parkinson’s 
disease, amylin in type 2 diabetes, serum amy-
loid A in infl ammation-linked amyloidosis, and 
several small apolipoproteins such as apoA-II or 
apoC-II that readily form amyloid fi brils  in vivo  
and/or  in vitro . Partial folding of these intrinsi-
cally disordered proteins is believed to be prereq-
uisite for their β-aggregation (see Chap.   2     by 
Uversky in this volume). Thus, the current para-
digm in the fi eld is that amyloid formation is ini-
tiated by the partially folded structural 
intermediates. However, such partial folding 
alone is often insuffi cient to form amyloid, sug-
gesting that additional factors are involved. 
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 Extensive experimental evidence accumulated 
since 1990s suggests that protein misfolding is 
usually initiated by specifi c amino acid sequence 
motives that, when exposed to solvent, are more 
liable to aggregation than the rest of the polypep-
tide sequence (Tenidis et al.  2000 ; von Bergen 
et al.  2000 ; Ivanova et al.  2004 ). A protein can 
become non-amyloidogenic upon deletion of 
such motifs (Ivanova et al.  2004 ); in addition, 
certain mutations in these sensitive motives can 
either diminish or amplify the amyloidogenic 
propensity of a protein (Ivanova et al.  2004 ). 
Furthermore, synthetic peptide fragments corre-
sponding to these amyloidogenic regions, which 
are sometimes as short as fi ve residues (López de 
la Paz and Serrano  2004 ), can form amyloid 
fi brils similar to those formed by the full-length 
proteins (Thompson et al.  2000 ). Identifi cation of 
such regions in proteins and peptides is crucial 
for understanding the mechanism of amyloid for-
mation and, ultimately, for developing targeted 
therapies to modulate or block amyloidosis.  

9.2.2     Development of Prediction 
Methods for Amyloidogenic 
Regions 

 One of the earlier prediction methods of amy-
loidogenic regions is based on the idea that pro-
tein misfolding is initiated by the packing defects 
in the tertiary structure, which lead to increased 
solvent accessibility of the backbone hydrogen 
bonds, termed “insuffi cient wrapping” 
(Fernández et al.  2003 ). The authors reported that 
10 % of protein structures deposited to the Protein 
Data Bank have such packing defects, and pro-
posed an algorithm to search for such potentially 
labile structural regions. Obviously, this method 
requires detailed knowledge of the 3D structure 
of the target protein, which is not always 
available. 

 Most other prediction methods do not rely on 
the 3D structural information of the target protein 
and use the primary structure as an input. Since 
fi bril formation involves conformational changes 
leading to an increased β-sheet content (Jiménez 
et al.  1999 ; Yoon and Welsh  2004 ), a  computational 

algorithm was proposed to search for polypeptide 
chain segments with high propensity to form 
β-sheet. This approach can identify short seg-
ments with β-sheet propensity, yet it cannot pre-
dict whether or not a given protein is likely to 
form amyloid. 

 Another method to predict possible amyloido-
genic regions in the primary sequence is based on 
the experimental studies of amyloidogenic prop-
erties of six-residue synthetic peptides with vari-
ous amino acid sequences (López de la Paz and 
Serrano  2004 ). The authors determined the hexa-
peptide sequence (STVIIE) that has the highest 
propensity to form amyloid fi brils  in vitro , and 
used this motif to search for amyloidogenic 
regions in other proteins. Interestingly, amyloid 
fi ber formation was observed upon insertion of 
the hexapeptide STVIIE at the N-terminus of the 
SH3-domain of α-spectrin, a water-soluble pro-
tein that normally does not form fi brils (Esteras- 
Chopo et al.  2005 ). Thus, the combined 
computational and experimental studies sup-
ported the idea that the amyloidogenic propensity 
of a protein can be localized in short residue 
segments. 

 This idea was further supported in studies of 
murine β 2 -microglobulin that normally does not 
form amyloid. The variable segment in residues 
83–89 was substituted for a seven-residue 
sequence (NHVTLSQ) from human β 2 - 
microglobulin that forms amyloid. The substitu-
tion induced amyloid formation by the murine 
protein  in vitro  (Ivanova et al.  2004 ). Importantly, 
this synthetic amyloidogenic heptapeptide 
(NHVTLSQ) forms amyloid in solution, whereas 
the peptide with a similar amino acid composi-
tion but scrambled sequence (QVLHTSN) does 
not. Studies such as this clearly show that not 
only the composition of the amino acids but also 
their order determines the amyloidogenic proper-
ties. Furthermore, on the basis of their experi-
mental studies the authors proposed a structural 
model of β 2 -microglobulin amyloid in which a 
β-zipper spine is decorated with the remaining 
part of the protein molecule that partially retains 
its native fold (Ivanova et al.  2004 ). 

 Many other studies addressed the link between 
the amino acid sequence of a protein and its 
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 ability to form amyloid (Idicula-Thomas and 
Balaji  2005 ). The authors reported that proteins 
with low thermal stability and increased life time 
have increased propensity to form amyloid fi brils 
 in vivo , and determined characteristics of the 
amino acid sequence which correlate with the 
fi bril formation. Their results showed that a 
seven-residue peptide with a high β-sheet pro-
pensity, which was inserted into an α-helix, 
increased the propensity of this helix to convert 
into a β-sheet under mildly denaturing condi-
tions. These studies support the idea that a par-
ticular composition and sequence of short amino 
acid stretches is crucial for amyloid formation. 
The authors proposed a function for predicting 
amyloidogenic properties of proteins on the basis 
of their amino acid sequences, and tested it by 
using the SwissProtein data base. The results 
suggested that 32 % of all proteins in the data-
base were amyloidogenic; further, of the 54 pro-
teins that readily formed fi brils, 75 % were 
correctly identifi ed as amyloidogenic.  

9.2.3     FoldAmyloid Algorithm 

 Several research groups have developed methods 
for identifying regions within polypeptide chains 
that are responsible for amyloid formation. One 
of such methods proposed by our team is 
FoldAmyloid (Galzitskaya et al.  2006 ; 
Garbuzynskiy et al.  2010 ). FoldAmyloid is based 
on the well-known concept of enthalpy-entropy 
compensation stating that a suffi cient number of 
contacts between residues, which provide favor-
able enthalpy contribution to the free energy of 
protein stability, is required to compensate for the 
loss of conformational entropy upon protein 
arrangement into a more organized compact state 
(Galzitskaya et al.  2000 ). Since the enthalpy is 
determined by the combined strength of the 
short-range packing interactions, we hypothe-
sized that if the mean expected packing density, 
which determines the average number of residue 
contacts within a given distance, is lower than the 
threshold (i. e. the normal packing density for 
globular proteins), the protein will remain 
unfolded. Alternatively, if the mean expected 

packing density exceeds the threshold, resulting 
in an increased number of residue contacts, this 
will favor amyloid formation. In fact, since amy-
loid fi brils are thermostable, insensitive to prote-
ases, and rich in β-sheet (Kajava et al.  2004 ), they 
are expected to contain such densely packed 
regions. 

 We tested this hypothesis computationally and 
demonstrated that the ability of proteins to fold 
and form such densely packed regions is often 
responsible for amyloid formation (Garbuzynskiy 
et al.  2010 ). In addition to the packing density for 
individual amino acids (contact scale), we 
obtained the probability scales inferred from the 
statistical analyses of protein structures, such as 
the scale for the main chain hydrogen bond for-
mation (donor scale). These scales were incorpo-
rated into server FoldAmyloid (  http://bioinfo.
protres.ru/FoldAmyloid    ) for predicting amy-
loidogenic regions in a protein sequence. 

 The server was tested on a database (  http://
bioinfo.protres.ru/fold-amyloid/amyloid_base.
html    ) containing 144 peptides that readily form 
amyloid as well as 263 peptides that do not. The 
contact scale correctly identifi ed 75 % of 
amyloid- forming peptides and 74 % of peptides 
that did not form amyloid. The donor scale cor-
rectly determined 69 % of peptides that formed 
amyloid and 78 % of those that did not. Using 
these scales with an equal weight, we created a 
hybrid scale that predicted correctly 80 % of 
amyloid-forming peptides and 72 % of peptides 
that did not form amyloid (Garbuzynskiy et al. 
 2010 ).  

9.2.4     Other Prediction Methods 

 During the last decade, several algorithms for 
predicting amyloidogenic segments have been 
developed and improved. One of such algorithms, 
Zyggregator (Tartaglia and Vendruscolo  2008 ), 
uses side chain hydrophobicity, the tendency to 
form α-helices and β-sheets, and the protein net 
charge to determine the aggregation profi le of a 
protein and predict its folding rate (Chiti et al. 
 2003 ). This method is available online at   http://
www-vendruscolo.ch.cam.ac.uk/ggt23.html    . 
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 The method Tango (Fernandez-Escamilla et al. 
 2004 ), preceded by Agadir (Muñoz and Serrano 
 1994 ), predicts the protein’s probability to form a 
particular secondary structure. Agadir uses a statis-
tical analysis of the empirical properties of amino 
acids based on 3D protein structures to calculate 
the relative probability of amino acid stretches to 
fold into a helical or globular conformation. Tango 
employs a similar approach but considers four pos-
sible structural states: α-helix, β-turn, α-helical and 
β-sheet aggregates, as well as the unfolded (ran-
dom coil) state (Fernandez-Escamilla et al.  2004 ). 
This method is available online at   http://tango.crg.
es/protected/academic/calculation.jsp    . 

 Several more recent methods such as Waltz 
employ machine-learning algorithms and are 
trained on the data sets of peptides with empiri-
cally determined amyloidogenic properties 
(Maurer-Stroh et al.  2010 ). Waltz was trained on 
the database of hexapeptides about one half of 
which tends to form amyloid at neutral pH. In 
contrast to black-box methods where the weights 
assigned to individual amino acids have no physi-
cal meaning, the weights is Waltz generally rep-
resent the amyloid-forming propensity of amino 
acids. To obtain the weight values, the authors 
aligned the training set onto itself and created a 
position-specifi c scoring matrix, which refl ects 
the probability of a given type of amino acid to be 
found in a particular position in the amyloido-
genic hexapeptide. Interestingly, the results 
showed that hydrophobic and aromatic residues 
are favored in the middle of the hexapeptide; this 
contrasts with the overall tolerance for placement 
of charged and polar amino acids. The resultant 
algorithm is based on a combination of the 
position- specifi c scoring matrices and additional 
empirical information on the amyloid-forming 
propensity obtained from the physicochemical 
analyses of the designed set of hexapeptides. In 
addition, the authors proposed to distinguish the 
aggregates by their morphology as either fi bril- 
like or amorphous, as the properties of peptides 
that tend to form such aggregates distinctly differ. 
In general, Waltz was reported to achieve better 
prediction results than its predecessor, Tango 
(Maurer-Stroh et al.  2010 ). 

 The SecStr method (Hamodrakas et al.  2007 ) 
is based on the hypothesis that regions with a 

high predisposition to form α-helices as well as 
β-sheets, as determined by at least three methods 
for secondary structure prediction, can act as 
conformation switches that tend to promote amy-
loid formation. The program is available online at 
  http://biophysics.biol.uoa.gr    . 

 Among the amyloid prediction methods, a 
special place belongs to AmylPred2, a meta- 
server for consensus analysis (Tsolis et al.  2013 ). 
The server combines 11 methods including 
FoldAmyloid, Tango, and Waltz. The authors 
show that, judging from the Matthews correlation 
coeffi cient that measures the quality of binary 
classifi cations in machine learning, AmylPred2 
outperforms its composite methods. However, 
the results suggest that the overall sensitivity of 
all methods is relatively low (~50 % for the best 
cases, ~40 % for AmylPred2) due to signifi cant 
overprediction of amyloidogenic regions. Other 
problems emerging from the analysis of certain 
target proteins where that the predictions by vari-
ous methods vary greatly. Nevertheless, with 
inclusion of more experimental data and addi-
tional prediction methods, the server can become 
very useful in fi nding consensus among various 
algorithms and predicting amyloidogenic segments 
with greater reliability. This server is available at 
  http://biophysics.biol.uoa.gr/onlinetools.html    . 

 PASTA2 is a good example of a support vector 
machine method, which is based on the regression 
analysis to build a model that divides a given 
dataset into classes on the basis of the training 
examples. This method shows an excellent poten-
tial for identifying amyloidogenic regions. 
PASTA2 is an extension of the PASTA method 
that calculates the propensity of a polypeptide 
segment to form a cross-β structure on the basis of 
hydrogen-bonding statistics found in the 
β-strands. The authors used the training set con-
sisting of ~2,500 protein domains, each under 100 
a. a. long, with known high-resolution structures 
(<1.8 Å resolution). In addition to the energetic 
parameters, PASTA2 predicts structural features 
such as the secondary structure (e. g. parallel or 
antiparallel β-sheet) and intrinsic disorder. 
According to the authors’ data, this approach can 
outperform AmylPred2; however, overprediction 
of amyloidogenic segments remains an issue with 
PASTA (Trovato et al.  2006 ; Walsh et al.  2014 ). 
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The PASTA 2.0 server can be accessed at   http://
protein.bio.unipd.it/pasta2/    . 

 One of the recently proposed methods, termed 
GAP, is a result of advances in machine learning 
(Thangakani et al.  2014 ). The method is based on 
the idea of “paired frequencies” postulating that, 
since the N and N + 2 side chains are similarly 
oriented in any β-strand, amyloid-forming 
sequences are expected to have position-specifi c 
amino acid propensities similar to those found in 
the secondary structures of globular proteins. 
GAP has been tested on 310 amyloid-forming 
peptides. In spite of its relatively poor perfor-
mance on amyloidogenic proteins (described in 
the next section), the method yielded several 
interesting results. For example, the propensities 
for β-structure formation in globular proteins dif-
fered from those in amyloid-forming peptides 
(Thangakani et al.  2014 ). The authors also found 
that, in spite of the partial overlap, there was a 
distinct difference in the pairing propensities of 
the amino acids for the peptides forming amyloid 
fi brils versus amorphous β-structured aggregates. 

 The growing volume of experimental data on 
amyloid formation by proteins and peptides, 
combined with the development of new computa-
tional approaches, leads to continuous improve-
ment in the accuracy of the predictions. Still, 
these predictions have inherent limitations that 
are discussed below.   

9.3     Experimental Verifi cation 
of Theoretical Amyloid 
Predictions 

9.3.1     Two Types of Amyloidogenic 
Segments 

 The locations of amyloidogenic regions have 
been determined by experimental methods, such 
as mass spectrometry, for a number of globular 
proteins and peptides that readily form fi bers  in 
vivo  or  in vitro . Many of these proteins and pep-
tides are listed in Table  9.1 . In addition, several 
hundred artifi cial peptides have been shown to 
form fi brillar aggregates  in vitro ; most of these 
peptides were derived from the amyloidogenic 
segments of natural proteins. Our analysis of the 

available experimental data from these proteins 
and peptides revealed that most amyloidogenic 
segments have one common property: they have 
an elevated content of hydrophobic residues 
(Galzitskaya et al.  2006 ).
   The only notable exception are prion domains of 
yeast proteins, such as Sup35 and Ure2, which 
have a high content of polar residues, particularly 
asparagine (N) and glutamine (Q) (Nelson et al. 
 2005 ). The X-ray crystal structure of the 
GNNQQNY peptide responsible for Sup35 aggre-
gation was determined by (Nelson et al.  2005 ). 
The results revealed that hydrogen bonds formed 
by the protein backbone and the side chains are 
important for structural stabilization. Aggregates 
of a similar type can be formed in numerous dis-
ease-related proteins containing long polygluta-
mine tracts (up to several dozen Gln) whose length 
varies among the patients; particularly long polyQ 
tracts lead to protein aggregation (Yang et al. 
 2014 ) in disorders such as Huntington’s disease. 

 In sum, there are two distinct types of amy-
loidogenic regions found in naturally occurring 
proteins. The fi rst type is rich in hydrophobic resi-
dues and stabilizes the fi bril via the hydrophobic 
interactions. The second type contributes to fi bril 
formation via the hydrogen bonds formed by polar 
residues such as Gln and Asn in prion- like domains 
and in polyQ proteins. Most amyloid prediction 
methods, including FoldAmyloid (Galzitskaya 
et al.  2006 ; Garbuzynskiy et al.  2010 ), are designed 
to search for the regions of the fi rst type, which 
have been subjects of extensive experimental stud-
ies. Although FoldAmyloid potentially allows for 
identifi cation of amyloidogenic regions of the sec-
ond type, the existing experimental data are insuf-
fi cient to test this aspect of its performance.  

9.3.2     Performance of Prediction 
Algorithms Using 30 
Amyloidogenic Proteins 

 To test the performance of various sequence- 
based prediction methods, we used experimen-
tally defi ned amyloidogenic regions in proteins 
which were originally compiled and tested by 
(Walsh et al.  2014 ). Two methods, Waltz and 
FoldAmyloid, which were not included in the 

9 Computational Approaches to Identifi cation of Aggregation Sites and the Mechanism…

http://protein.bio.unipd.it/pasta2/
http://protein.bio.unipd.it/pasta2/


220

      Table 9.1    Prediction results for 30 amyloidogenic proteins by using seven methods: Comparison with experimental 
data              

 (continued)
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Table 9.1 (continued)

 (continued)
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Table 9.1 (continued)

 (continued)
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original work, were added with some modifi ca-
tions. For MetAmyl, which is a meta-server that 
predicts amyloidogenic regions by using a com-
bination of four methods, we inherited the results 
from the original analysis that showed good per-
formance by this method (Emily et al.  2013 ). We 
excluded the FISH-Amyloid (Gasior and 
Kotulska  2014 ) and FoldAmyloid hybrid meth-
ods whose predictions were less accurate. 
Further, we excluded four prion proteins from the 
test set since their amyloidogenic regions have a 
distinct amino acid composition, which necessi-
tates specialized prediction algorithms such as 
that proposed by (Alberti et al.  2009 ). The fi nal 
test set consisted of 30 amyloidogenic proteins 
and peptides listed in Table  9.1 . 

 Our analysis has two limitations. First, for 
practical reasons, only a subset of the peptide 
fragments of the test proteins has been studied 
experimentally. Therefore, in many cases it is not 
known whether (i) all predicted  non- amyloidogenic 

residues are truly  non- amyloidogenic (except for 
the experimentally verifi ed amyloidogenic 
regions predicted as non- amyloidogenic, i. e. 
false negatives); (ii) all regions predicted to form 
amyloid actually do so. However, one should 
keep in mind that proteins are not expected to 
have many amyloidogenic regions. Second, the 
average length of the experimentally verifi ed 
amyloidogenic regions in the test proteins is 
much larger than the polypeptide segments actu-
ally forming the amyloid core (usually 5–11 
amino acids) (Gilead and Gazit  2005 ), which 
increases the probability of predicting correct 
amyloidogenic regions. 

 With these caveats, our analysis clearly 
showed that, despite high prediction performance 
stated in many publications, the actual perfor-
mance is not very good as judged by the number 
of total true positives. As expected, the best pre-
dictors are meta-servers that combine several 
independent approaches. The top predictor, 

Table 9.1 (continued)

 The numbers of amyloidogenic residues correctly identifi ed are in blue (True Positives, TP) and the numbers of missed 
residues are in red (False Negatives, FN). In black are the false positives regions incorrectly  identifi ed as amyloidogenic 
(False Residues). Total sums up the results for all proteins. All methods were used under conditions of optimal specifi c-
ity; FoldAmyloid was used with a sliding window of seven residues (Note: The original table (Walsh et al.  2014 ) had a 
minor error for calcitonin (region 15–19 includes 5 residues, not 6), which did not bias the fi nal results) 
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MetAmyl, yielded more than half correctly 
 predicted amyloidogenic residues (661 out of 
986). However, it also had the highest overpre-
diction rate: almost four times more regions have 
been predicted to be amyloidogenic than experi-
mentally confi rmed. Notably, MetAmyl, which is 
based on a consensus of four methods, predicts 
more true positives than another meta-server, 
AmylPred2, which uses 11 methods. Among the 
non-meta-servers, PASTA2 and FoldAmyloid 
yielded the best results; notably, the results for 
PASTA2 were close to those for the meta-servers. 
This relatively good performance may be due to 
the fact that both PASTA2 and FoldAmyloid use 
averaged structural information on globular pro-
teins to optimize the prediction performance, 
although the protein datasets for these methods 
are different. 

 Several methods such as Waltz, Tango and 
GAP were trained on the database of peptides 
that form amyloid fi brils  in vitro . The description 
of GAP states that ~90 % true positives were 
obtained by using the peptides database 
(Thangakani et al.  2014 ). However, our test of the 
proteins listed in Table  9.1  suggests that GAP 
signifi cantly overpredicts the amyloidogenic 
regions; for example, GAP predicted ~150 amy-
loidogenic regions for the fi rst target protein, pro-
lactin, which is unrealistically high. Because of 
this high overprediction rate, GAP was not 
included in our fi nal analysis. 

 Waltz was tested in two regimes, the best per-
formance and the maximal specifi city regime. In 
the regime of maximal specifi city, Waltz pro-
duced fewer overpredictions than other methods. 
The obvious drawback of such high specifi city is 
missed amyloidogenic regions, i.e. relatively few 
true positives and many false negatives. Moreover, 
comparison of the prediction results by Waltz and 
its ancestor, Tango, showed that the performance 
of these two methods is not signifi cantly different 
(Table  9.1 ). 

 The general reason for the limited accuracy of 
various prediction methods (~50 % correctly pre-
dicted residues in amyloidogenic regions by our 
estimate) is that these methods do not take into 
account the actual 3D structural information on 
individual proteins. As a result, the prediction 

methods are expected to underestimate the infl u-
ence of long-range interactions among residues 
that are distant in the primary sequence but close 
in 3D space. These and other structural features 
may be crucial, at least for some proteins (for 
example, see the lipid surface-binding proteins 
apoA-I and apoA-IV described in Chap.   8     by Das 
and Gursky in this volume). The effect is further 
exacerbated when the training dataset for the 
machine learning algorithms contains only poly-
peptides but no globular proteins, as was the case 
with GAP. Another reason for the limited perfor-
mance may be attributed to particular amino acid 
sequences giving rise to various types of aggre-
gates, e.g. β-sheet rich amorphous aggregates 
versus fi brils, as suggested by the peptide studies 
(Thangakani et al.  2014 ).  

9.3.3     Peptide Test Case: Huntingtin- 
Based 17-Residue Sequences 

 To improve the performance of the prediction 
methods, their results should be compared with 
the experimental data obtained from a wide range 
of proteins and peptides. Such a comparison is 
reported in many recent studies. One example is 
the study using the amino acid sequence of a 
17-residue N-terminal peptide of huntingtin, a 
polyQ-containing protein that forms amyloid in 
Huntington’s disease (Roland et al.  2013 ). The 
N-terminal 17-mer peptide of huntingtin forms 
highly α-helical aggregates that do not spontane-
ously convert into β-sheet-rich fi bers under near- 
physiologic conditions. The authors generated 15 
peptides with scrambled sequences and analyzed 
the aggregation properties of these peptides as 
well as their ability to form β-sheet-rich fi brils. 
The experimentally determined amyloidogenic 
properties were compared with the properties of 
the scrambled sequences predicted with 
Zyggregator, Waltz, Zipper, and Tango. Although 
the peptide that was predicted to be particularly 
amyloidogenic readily formed amyloid fi brils  in 
vitro , the general quality of the predictions was 
not very high. Individual methods varied in the 
number of the predicted amyloidogenic sequences 
and in their ability to correctly identify the 
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fi bril- forming peptides. Most methods overpre-
dicted the peptide amyloidogenicity. The authors 
proposed that this discrepancy between the the-
ory and the experiment may be due, in part, to 
experimental limitations (e. g. low micromolar 
peptide concentrations used in these experiments 
might have been insuffi cient for fi ber formation 
by some peptides), as well as to the limited fun-
damental understanding of the link between the 
primary peptide structure and the process of 
amyloid formation. At the same time, underpre-
diction of two out of fi ve amyloid-forming pep-
tides by all four methods demonstrated that, 
evidently, there are certain amino acid sequences 
whose propensity to form amyloid is not suffi ciently 
accounted for by these prediction methods.  

9.3.4     Protein Test Case: Glucan 
Transferase Bgl2p 

    Glucan transferase Bgl2p (230 amino acids) is the 
major thermostable protein in the yeast cell wall. 
Amyloidogenic regions in Bgl2p were initially 
predicted by using FoldAmyloid (Galzitskaya 
et al.  2006 ; Garbuzynskiy et al.  2010 ), followed 
by the experimental demonstration that this pro-
tein readily forms amyloid fi brils  in vitro  
(Kalebina et al.  2008 ). The protein was predicted 
to have a strong amyloid-forming potential (seven 
amyloidogenic segments); this explains why the 
mutational analysis of this protein by using sev-
eral amino acid substitutions could not reduce its 
amyloidogenic potential  in vitro . 

 Next, we used a consensus analysis to predict 
amyloidogenic peptides in Bgl2p. To do so, we 
used six programs: PASTA, Tango, Waltz, 
Aggrescan (de Groot et al.  2012 ), DHPred 
(Zimmermann and Hansmann  2006 ), and 
FoldAmyloid. Residue segments that were pre-
dicted to be amyloidogenic by at least four out of 
six methods were chosen for the peptide synthe-
sis; another peptide, which was predicted by 
three methods (Aggrescan, DHPred, and 
FoldAmyloid), has also been synthesized; fi nally, 
an additional synthetic peptide fragment was 
used as a non-amyloidogenic control. Thus, four 
10-residue peptides have been synthesized 

(Fig.  9.1 , gray highlight): (1) AEGFTIFVGV 
(residues 80–89, predicted by up to 5 methods), 
(2) VDSWNVLVAG (residues 166–175, up to 3 
methods), (3) VMANAFSYWQ (residues 187–
196, up to 4 methods), and (4) NDVRSVVADI 
(residues 141–150, 0 methods, non- 
amyloidogenic) (Bezsonov et al.  2013 ). 
Aggregation properties of these peptides and of 
the full-length protein were studied in the pH 
range 4.4–7.5. Fluorescence spectroscopy (ThT 
binding) and fl uorescence microscopy clearly 
showed that peptide 4, which was predicted to be 
non-amyloidogenic, actually did not form fi brils 
under any experimental conditions explored. 
Peptides 1 and 3, which were predicted by up to 
fi ve methods, readily formed amyloid fi brils in 
all experiments. Peptide 2 predicted by up to 
three methods formed amyloid at acidic pH but 
not at pH 7.5. Full-length protein Bgl2p also 
readily formed amyloid at pH 4.7 but not at pH 
7.5, suggesting a positive correlation in the aggre-
gation behavior of Bgl2p and peptide 2 (Bezsonov 
et al.  2013 ). Notably, peptide fragments corre-
sponding to all amyloidogenic regions that were 
predicted by the consensus methods formed amy-
loid fi brils, demonstrating the utility of the con-
sensus methods for predicting amyloidogenic 
properties  in vitro .  

 A more important and, arguably, more chal-
lenging task is to identify amyloidogenic seg-
ments that are critical to amyloid formation in a 
biological context, and to predict the effects of 
protein mutations and modifi cations on amyloid- 
forming propensity  in vivo . To this end, (Belli 
et al.  2011 ) compared the aggregation propensity 
predicted by different methods with the limited 
experimental data available on the aggregation 
propensities of several wild-type and mutant pro-
teins from  E. coli . The data were based on the 
quantitative measurements of the levels of mutant 
proteins found in inclusion bodies relative to the 
wild type (Carrió et al.  2005 ; Wang et al.  2008 ). 
The authors concluded that, despite limited abil-
ity to predict amyloid formation in a biological 
context, “algorithms that have been developed to 
predict amyloid formation  in vitro  also offer a 
considerable degree of accuracy for predicting 
amyloid propensity  in vivo .”   

9 Computational Approaches to Identifi cation of Aggregation Sites and the Mechanism…



226

  Fig. 9.1    Potential amyloidogenic determinants in glucan 
transferase Bgl2p from  Saccharomyces cerevisiae  cell 
wall (UniProtKB/TrEMBL entry number P15703). Amino 
acids that were predicted by individual algorithms to be 
located in amyloidogenic segments (*); amino acids that 
were predicted by four or more methods to be amyloido-
genic are  boxed . The N-terminal signal sequence is in 
 light gray letters . Generally, the signal sequences which 

bind lipid are largely hydrophobic and are predicted to be 
amyloidogenic. Sequences of the four peptides that have 
been synthesized and experimentally investigated are 
highlighted in  gray . “aa” indicates residue numbers; “seq” 
shows protein amino acid sequence. The number in brack-
ets relates to the serial number of synthesized peptide 
mentioned in the text (Figure is modifi ed from (Bezsonov 
et al.  2013 ))       
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9.4     Nucleation and Aggregation 
Sites in Protein Folding 
and Misfolding 

 Since polypeptide chain can either fold into a 
native structure or misfold and form aggregates 
or amyloid fi brils, these processes compete, and 
the outcome can depend on the rate-limiting tran-
sition states as well as the folding and misfolding 
intermediates. For some proteins such as human 
acylphosphatase, the transition states in folding 
and aggregation are structurally unrelated (Chiti 
et al.  2002 ), suggesting structurally distinct path-
ways for folding and aggregation. In other pro-
teins such as β 2 -microglobulin, partially unfolded 
species that resemble folding intermediates have 
been implicated in amyloid formation (Jahn et al. 
 2006 ), suggesting that the free-energy landscapes 
for folding and misfolding of these proteins may 
be related. Identifi cation of a folding intermedi-
ate as the key precursor of β 2 -microglobulin fi bril 
elongation under physiological conditions pro-
vided direct experimental evidence that the fold-
ing and aggregation landscapes for this protein 
coincide, at least initially, and diverge only at the 
level of a native-like folding intermediate that 
resembles the immunoglobulin fold (Jahn et al. 
 2006 ). Thus, there is no single rule describing the 
relationship between the regions important for 
folding of the native structure and for amyloid 
formation. 

 A crucial rate-limiting event in protein folding 
is the formation of a folding nucleus, which is a 
structured part of the polypeptide chain in the 
high-energy transition state. A detailed analysis 
of the formation and evolution of the folding 
nucleus in amyloidogenic proteins may help 
understand what properties make these proteins 
amyloidogenic. However, experimental data 
delineating both the folding nucleus and the amy-
loidogenic regions in the same protein are often 
lacking. Since the folding nucleus is unstable, it is 
diffi cult to investigate it experimentally. An 
elaborate experimental approach, called Φ-analysis, 
has been developed to indirectly assess the structure 
of the folding nuclei (Matouschek et al.  1989 ). By 
introducing point mutations into a protein 

 structure, it is possible to fi nd residues whose 
mutations have a similar destabilizing effect on 
the transition state and on the native state. The 
Φ-value for a mutation in residue  r  is defi ned as:

 Φ = Δ  r  [ F ( T ) −  F ( U )] / Δ  r  [ F ( N ) −  F ( U )] (9.1)

Here Δ  r  [ F ( N ) −  F ( U )] is the mutation- induced 
change in the free energy difference between 
the native ( N)  and the unfolded ( U)  state, and 
Δ  r  [ F ( T ) −  F ( U )] is the mutation-induced change 
in the free energy difference between the transi-
tion ( T ) state (which is the high-energy rate- 
limiting state in protein unfolding) and the 
unfolded ( U ) state. Most Φ-values vary from 0 to 
1; Φ = 1 indicates that the mutated residue is in 
the folding nucleus. The values of Φ < 0 or Φ > 1 
are rare and indicate non-native contacts in the 
transition state. 

 Since the Φ-analysis is very labor-intensive, 
there is general paucity of experimental data iden-
tifying folding nuclei in amyloidogenic proteins. 
To overcome this problem, we used the available 
data to compare: (i) the experimentally identifi ed 
amyloidogenic regions with the predicted folding 
nuclei (Galzitskaya and Finkelstein  1999 ; 
Garbuzynskiy et al.  2004 ) (for proteins with 
experimentally identifi ed amyloidogenic regions), 
and (ii) the experimentally identifi ed folding 
nuclei with the predicted amyloidogenic regions 
(for proteins with experimentally identifi ed fold-
ing nuclei). The results revealed that most experi-
mentally determined amyloidogenic segments 
(12 regions, Table  9.2 ) overlap the predicted 
folding nuclei (Fig.  9.2 ), and most predicted amy-
loidogenic segments overlap the experimentally 
determined folding nuclei (Galzitskaya and 
Garbuzynskiy  2008 ; Galzitskaya  2009 ,  2011a ). 
On average, Φ-values for residues in amyloido-
genic regions were signifi cantly greater than those 
outside these regions. This implies that the 
 amyloidogenic regions tend to overlap the folding 
nucleus of a native protein structure. Consequently, 
amyloidogenic regions can nucleate either the 
normal protein folding or the misfolding into 
amyloid fi brils, thus playing a key role in the 
competition between these processes.
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  Fig. 9.2    Distribution of the predicted Φ-values (Galzitskaya 
and Finkelstein  1999 ; Garbuzynskiy et al.  2004 ) in protein 
regions that have been demonstrated experimentally to be 
amyloidogenic ( black bars ) or non- amyloidogenic ( gray 

bars ). The regions from seven proteins have been used for 
this analysis: acylphosphatase (1aps), β 2 -microglobulin 
(1im9), gelsolin (1kcq), transthyretin (1bm7), lysozyme 
(193l), myoglobin (1wla), and human prion (1qm0)       

   Table 9.2    Proteins with experimentally determined 3D structures and amyloidogenic regions   

 Protein  PDB ID 

 No. amino acids  Experimentally determined 
amyloidogenic regions  Context  Protein  3D structure used a  

 Acylphosphatase  1aps b   98  98 (1–98)  16–31 (Chiti et al.  2002 )   in vitro  

 87–98 (Chiti et al.  2002 ) 

 β2-microglobulin  1im9  99  99 (1–99)  20–41 (Kozhukh et al.  2002 )   in vivo & in vitro  

 59–71 (Jones et al.  2003 ) 

 83–89 (Ivanova et al.  2004 ) 

 Gelsolin  1kcq  104  104 (158–261)  52–62 (Maury and Nurmiaho-
Lassila  1992 ) 

  in vitro  

 Transthyretin  1bm7  127  114 (10–123)  10–19 (Chamberlain et al.  2000 )   in vivo & in vitro  

 105–115 (Jaroniec et al.  2002 ) 

 Lysozyme  193l  130  129 (1–129)  49–64 (Krebs et al.  2000 )   in vivo & in vitro  

 Myoglobin  1wla  153  153 (1–153)  7–18 (Picotti et al.  2007 )   in vitro  

 101–118 (Fändrich et al.  2003 ) 

 Human prion  1qm0  253  143 (125–228)  169–213 (Lu et al.  2007 )   in vivo & in vitro  

   a Numbers in brackets correspond to those in the PDB entry 
  b Amyloidogenic regions were determined experimentally for human acylphosphatase. Although the 3D structure of this 
protein is unknown, the 3D structure of a highly homologous horse acylphosphatase (95 % sequence identity) has been 
determined (PDB ID 1aps)  
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    Furthermore, our sequence and structural 
analysis suggests that these regions usually con-
tain clusters of large apolar side chains, leading 
to restricted motions of the polypeptide back-
bone and thereby helping nucleate the ordered 
structure. Since protein folding nuclei are deter-
mined based on the Φ-value analysis, while the 
amyloidogenic regions are predicted from the 
analysis of the primary structure, the overlap 
between the two regions observed in our studies 
enables us to predict the nucleation sites for pro-
tein folding on the basis of the primary structure 
analysis (Galzitskaya and Garbuzynskiy  2008 ; 
Galzitskaya  2009 ,  2011a ). 

 As fi rst proposed by Eisenberg’s group, amy-
loid formation can involve domain swapping 
whereby two or more polypeptide chains swap 
identical structural elements to form oligomers 
(Bennett et al.  1994 ,  1995 ). Proteins with a wide 
range of unrelated amino acid sequences and 
structures can oligomerize via the domain swap-
ping (Galzitskaya  2011b ). The residues from 
such swapped regions acquire their stable confor-
mation early in the folding process, suggesting 
that these regions are important for correct pro-
tein folding as well as misfolding. We compiled a 
data base of proteins that contain swapped 
domains as well as the proteins that have been 
crystallized in the monomeric form. The folding 
nuclei were determined based on the monomeric 
protein structures with the experimental error for 
Ф-value of ±0.1, and the amyloidogenic seg-
ments were predicted using the amino acid 
sequence analysis by FoldAmyloid. Together, the 
results showed that, in 11 out of 17 proteins, the 
regions with Ф > 0.5 that are probably responsi-
ble for folding overlapped with the swapped 
regions of the polypeptide chain. Furthermore, in 
11 out of 17 proteins, the swapped regions over-
lapped with the predicted amyloidogenic regions 
(Galzitskaya  2011b ). These results support the 
idea that protein regions undergoing domain 
swapping are often critical for correct protein 
folding as well as in misfolding.  

9.5     Possible Mechanisms 
and Kinetic Models 
of Amyloid Growth 

9.5.1     Linear Nucleation-Elongation 
Model  

 A commonly used method to study amyloid 
 formation is to monitor the time course of amy-
loid growth by tracking the binding of diagnos-
tic dyes Thiofl avin T (ThT) or Congo Red (CR). 
Binding to amyloid-like aggregates increases 
fl uorescence intensity of these dyes, which can 
be used to track the increase in concentration of 
amyloid- like aggregates in real time (Buxbaum 
and Linke  2012 ). Such kinetic experiments 
using fl uorescence can be performed relatively 
easily (e. g. see the Chap.   4     by Singh et al. on 
amylin in this volume) and can help dissect the 
complex multistep pathways of amyloid fi ber 
formation. 

 Amyloid formation can be considered as a 
polymerization reaction. Most quantitative mod-
els for linear polymerization stem from the work 
performed more than half a century ago (Oosawa 
et al.  1959 ) proposing a kinetic model for actin 
polymerization. The experimental data showed 
that actin polymerization is akin to a condensa-
tion reaction that takes place only if the concen-
tration of the initial reactant (actin) exceeds the 
critical threshold. The highly cooperative charac-
ter of the reaction was supported by two observa-
tions: (i) increase in actin concentration resulted 
in a higher reaction rate at early stages; (ii) addi-
tion of a nucleus with a pre-formed aggregate led 
to rapid polymerization of free actin. 

 The linear polymerization (i. e. nucleation – 
consecutive elongation) model was used to 
explain protofi bril formation by hemoglobin in 
sickle-cell anemia (Hofrichter et al.  1974 ). The 
reaction had a high free energy barrier for nucle-
ation. The authors defi ned a nucleus as the least 
thermodynamically stable oligomer that can initi-
ate further growth of protofi brils. 
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 Frieden and Goddette ( 1983 ) developed addi-
tional aspects of the linear model of actin polymer-
ization. They noted that each event of monomer 
attachment to the growing polymer chain has its 
own rate constant, and that the reaction begins with 
the monomer activation, which in the case of actin 
involved Mg 2+ -induced conformational changes. 

 Goldstein and Stryer ( 1986 ) further explored 
the linear model of protein polymerization. They 
defi ned the nucleus as a “primer” of a certain size 
whose formation led to changes in kinetic con-
stants. The goal was to explore numerical meth-
ods for optimal fi tting of various experimental 
data to the model; important improvements in the 
experimental approach have also been proposed.  

9.5.2     Exponential Growth Model 

 Even though the nucleation-consecutive elonga-
tion is a common mechanism of protein polymer-
ization, many experimental data on protein 
polymerization and fi bril formation cannot be 
adequately described by this simple model 
(Foderà et al.  2008 ; Xue et al.  2008 ; Cohen et al. 
 2013 ). To describe these data, an “exponential 

growth” mechanism was proposed. This mecha-
nism refl ects an increased number of sites for 
monomer attachment upon fi bril growth in 
 processes such as fi bril fragmentation, secondary 
nucleation, branching, etc. (Fig.  9.3 ).  

 The fi rst experiments that were aimed to test 
the exponential growth model addressed the 
kinetics of actin polymerization. Reagents such 
as Ca 2+  and Mg 2+  were known to disassemble 
actin fi laments, but the mechanism of their action 
was unclear. Wegner and Savko demonstrated 
that actin fi laments can undergo spontaneous 
fragmentation during polymerization reaction. 
This explained why the nucleation-consecutive 
elongation model failed to adequately fi t the data 
(Wegner and Savko  1982 ). Only when fi bril frag-
mentation was accounted for, the model could 
adequately approximate the kinetic data. 

    Ferrone et al. ( 1980 ) developed a model of 
heterogeneous nucleation to explain the effect of 
“extreme autocatalysis” and the strong 
concentration- dependence observed in aggrega-
tion of sickle-cell hemoglobin. This two-step 
model assumed that, fi rst, regular nucleation 
leads to the formation of a protofi bril; next, addi-
tional protofi brils are formed on its surface. This 

  Fig. 9.3    General scheme for amyloid formation depicting 
linear and exponential growth models.  M  monomer,  O  
oligomer,  O   n*   oligomer of critical size  n * that forms the 
nucleus that is the transient species with high free energy, 
 P  amyloid aggregate,  k   m+   rate constant of monomer 
attachment to the oligomer,  k   m−   rate constant of monomer 

dissociation from the oligomer,  k   n+   rate constant of amy-
loid seed formation (the least stable specie on the reaction 
pathway),  k   exp   rate constant of the exponential growth 
event (bifurcation, fragmentation etc.),  k   p   rate constant of 
monomer attachment to the growing amyloid aggregate,  α  
non-cross-beta aggregate,  β  cross-beta aggregate       
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model included two equations describing homo-
geneous nucleation at the fi rst stage and 
 heterogeneous nucleation at the second stage; the 
system of equations was solved numerically. The 
results suggested that the surface available for 
addition of monomers increases mainly due to 
the increase in the size of the aggregate, as the 
protofi bril surface can provide new nucleation 
sites. The concept of heterogeneous nucleation 
was novel and has importantly contributed to the 
theory of protein aggregation. 

 More recently, Miranker and colleagues 
explored amyloid fi bril formation by amylin, a 
small polypeptide hormone that deposits in type 
2 diabetes (also see    Chap.   4     by Singh et al. in this 
volume). Kinetic studies showed that nucleation 
can proceed via two pathways: protofi bril- 
independent (primary) and protofi bril-dependent 
(secondary). The balance between the two 
depends on the external interface. In the presence 
of such an interface, the primary mechanism is 
dominant; alternatively, the secondary mecha-
nism dominates (Ruschak and Miranker  2007 ). 

 Normally, amyloid fi brils are unbranched lin-
ear polymers. Interestingly, fi bril branching (i. e. 
growth in a tree-like structure) was observed dur-
ing amyloid formation by a small hormone glu-
cagon; in these studies, single fi bril growth was 
monitored in real time by using TIRF microscopy 
(Andersen et al.  2009 ). Clearly, such branching 
can lead to exponential growth kinetics.  

9.5.3     Mixed Models 

 Exponential growth model predicts a longer lag 
phase (nucleation) and/or a faster propagation 
phase (growth) as compared to the nucleation- 
consecutive elongation model. Notably, in the latter 
model, the number of fi bers during linear growth is 
roughly proportional to the number of nuclei 
formed during the lag phase, because fi ber growth 
is energetically more favorable than the nucleation. 
Therefore, after a certain time, the number of fi brils 
becomes constant. In contrast, the number of fi brils 
continues to increase upon fragmentation (which 
commonly occurs in amyloid fi brils), branching 
(which is uncommon in amyloid) and other expo-

nential growth scenarios. This difference is the key 
distinction between the nucleation-consecutive 
elongation and the exponential growth models. 
Since certain experimental data cannot be ade-
quately described by either model alone (Wegner 
and Savko  1982 ), several mixed models for protein 
polymerization have been proposed based on a 
combination of the nucleation at the fi rst stage and 
exponential growth at the second stage. In case of 
amyloid, the most probable mechanism of expo-
nential growth in the second stage is fi bril fragmen-
tation (Serio et al.  2000 ; Xue et al.  2008 ). 

 Radford and colleagues approximated the 
aggregation kinetics of β 2 -microglobulin with a 
modular system of kinetic equations (Xue et al. 
 2008 ). A set of modules describing various steps 
in the aggregation mechanism was selected, and 
various combinations of these modules were used 
to fi t the experimental data obtained by ThT fl uo-
rescence. The best fi t was obtained by using a 
model that included a module for polymerization 
with a consecutive monomer attachment, and 
another module for fragmentation. 

 Morris, Finke and colleagues proposed a simple 
model to describe the process of amyloid aggrega-
tion where exponential growth model incorporated 
a linear relationship between the “ends” of the 
growing aggregate and its mass (Morris et al. 
 2009 ). Although the non-quadratic mass accumu-
lation during early stages of growth can be 
described by this model, the analytical solution 
represents a sigmoid curve. Hence, the model did 
not apply to proteins displaying non- sigmoid reac-
tion kinetics (Giehm and Otzen  2010 ). 

 Knowles and colleagues analytically solved 
equations describing fi ber formation with frag-
mentation (Knowles et al.  2009 ). Their model 
included the nucleation stage and the exponential 
growth stage with fragmentation; the latter was 
essential for the accurate approximation of the 
experimental data. The authors reported that 
nearly all proteins showed linear scaling in the 
logarithmic coordinates of relative concentration 
versus relative lag time, with the constant expo-
nential coeffi cient (i.e. the dependence lnT lag  ~ 
 const  + γln[C], with a constant γ = −0.5). The 
nature of such “scaling” was addressed by Cohen 
et al. ( 2011 ) who expanded the model by adding 
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secondary nucleation, i.e. nucleus formation on 
the surface of growing fi brils, and solved the 
equations analytically. The authors report that γ 
depends on the size  n  of the secondary nucleus, 
γ = −( n  + 1)/2. In the exponential growth model in 
the absence of bifurcation,  n  = 0 and hence, 
γ = −0.5, which is the “scaling” constant (Knowles 
et al.  2009 ). Thus γ refl ects the specifi c mecha-
nism of the amyloid formation and can poten-
tially be used to assess the exponential growth 
mechanism on the basis of the kinetic data. 

 Recently, we reported a detailed analysis of 
various kinetic mechanisms of amyloid growth 

(Dovidchenko et al.  2014 ). A useful parameter in 
this analysis is L rel  which describes the ratio 
between the duration of the lag phase and the 
time required to include all monomers into the 
growing polymer (Fig.  9.4 ). We found that: (i) the 
linear growth corresponds to a very narrow range 
of L rel  ≤ 0.2 and occurs only if L rel  is independent 
of the initial monomer concentration; (ii) these 
limitations do not apply to the exponential 
growth. Further, we showed that L rel  is deter-
mined by the size of the primary nucleus ( n *), 
which is the smallest least stable aggregate on the 
reaction pathway, and of the secondary nucleus 

  Fig. 9.4    Alternative scenarios for amyloid growth and 
the corresponding kinetic parameters. T 2  is the time of 
inclusion of all monomers into the aggregate, L rel  is the 
ratio between the duration of the lag phase and the time of 

inclusion of all monomers into the growing polymer, 
[M ∑ ] is the total monomer concentration,  n * is the size of 
the primary nucleus, and  n  2  is the size of the secondary 
nucleus       
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( n  2 ), which mediates branching on the surface of 
the growing fi bril. We determined the depen-
dence of L rel  on the initial monomer concentra-
tion and used it to calculate  n * and  n  2 . Notably, 
we found that the scaling effect described by 
(Knowles et al.  2009 ) is a general feature of the 
polymerization reaction which refl ects both the 
nucleus size and the specifi c scenario for amyloid 
growth (illustrated in Fig.  9.4 ).  

 To determine the sizes of the primary and sec-
ondary nuclei and the mechanism of amyloid 
growth, we used this model to approximate the 
experimental kinetic data recorded from eight 
proteins: insulin, β2-microglobulin, yeast prion 
Sup35, yeast prion Ure2p, murine WW domain, 
A β 42, TI I27, and apolipoprotein C-II. The 
results are summarized in Table  9.3 .

   Interestingly, in most cases of exponential 
growth, the size of the primary nucleus,  n *, was 
close to 1, suggesting that the protein monomer is 
suffi cient to initiate amyloid formation. 
Alternatively,  n * ≅ 1 may relate to a group of pro-
tein molecules that act as a single entity in solu-
tion; another alternative is that a protein monomer 
initiates fi bril growth from an aggregated state. 
Thus, kinetic data alone are insuffi cient to unam-
biguously determine the fi brillation mechanisms. 
Since molecular mechanisms of amyloid forma-
tion can vary from protein to protein, one ought 
to use additional experimental techniques (e.g. 

various types of microscopy, ultracentrifugation, 
etc.) to carefully rule out alternative scenarios 
before deciding on the precise mechanism of 
fi brillation. An example of a combined kinetic 
and structural approach that utilizes atomic force 
microscopy to determine the detailed mechanism 
of amylin fi brillation is described by Jeremic and 
his team in Chap.   4     of this volume. 

 In sum, substantial progress has been made in 
our understanding of the kinetic aspects of amy-
loid formation. In some cases (such as Aβ42 or 
apolipoprotein C-II, Table  9.3 ) it is possible to 
determine the mechanism of aggregation solely 
on the basis of the kinetic data, while in many 
other cases additional structural information is 
required. By combining computational and 
experimental approaches, one can determine the 
size of the primary nucleus, which is the critical 
state in the fi brillation pathway.   

9.6     Concluding Remarks 

 Despite recent advances in the development and 
improvement of the sequence-based amyloid pre-
diction algorithms, much remains to be done in 
this area. The results of our comparative analysis, 
expanded and averaged in Table  9.4 , show that, 
despite current improvements, individual algo-
rithms have limited accuracy and specifi city.

    Table 9.3    Kinetic parameters of fi ber formation   

    Protein or peptide  L rel  (min–max)  lnT 2  (min–max)   n * ± ε  n *    n  2  ± ε n  2  

  “Exponential” growth with fragmentation/bifurcation  

 Insulin a   5.17–5.56  −0.49–0.08   0.81  ± 0.54  − 0.04  ± 0.13 

 β2-microglobulin b   1.48–3.86  0.79–2.28   1.58  ± 0.58  − 0.06  ± 0.18 

 Yeast Prion Sup35 c   0.29–0.70  4.62–5.52   1.09  ± 0.20  − 0.51  ± 0.45 

 Yeast Prion Ure2p d   0.76–1.02  1.79–2.39   0.96  ± 1.52  − 0.23  ± 1.40 

 Murine WW domain e   1.56–2.10  4.76–6.02   1.21  ± 1.27   0.05  ± 1.02 

  “Exponential” growth with bifurcation  

 Aβ42 f   0.53–0.67  −0.51–1.44   2.64  ± 0.11   1.72  ± 0.05 

 TI I27 g   0.14–0.34  5.93–7.85   2.86  ± 0.30   2.04  ± 0.29 

  “Linear” growth  

 Apolipoprotein C-II h   0.06–0.10  2.77–4.82   4.44  ± 0.38  – 

  Tabulated    parameters include L rel  and lnT 2  described in the text, and the sizes of the nuclei,  n * (primary nucleus) and  n  2  
(secondary nucleus) 
 The parameters were determined by applying our kinetic model to approximate the experimental kinetic data recorded 
by using ThT fl uorescence of eight proteins:  a (Selivanova et al.  2014 ),  b (Xue et al.  2008 ),  c (Collins et al.  2004 ),  d (Zhu 
et al.  2003 ),  e (Ferguson et al.  2003 ),  f (Cohen et al.  2013 ),  g (Wright et al.  2005 ),  h (Binger et al.  2008 )  

9 Computational Approaches to Identifi cation of Aggregation Sites and the Mechanism…

http://dx.doi.org/10.1007/978-3-319-17344-3_4


234

    Ta
b

le
 9

.4
  

  A
ve

ra
ge

d 
re

su
lts

 o
f 

am
yl

oi
d 

pr
ed

ic
tio

ns
 b

y 
va

ri
ou

s 
al

go
ri

th
m

s.
 P

A
ST

A
2,

 M
et

A
m

yl
, 

an
d 

W
al

tz
 w

er
e 

us
ed

 i
n 

di
ff

er
en

t 
re

gi
m

es
, 

in
cl

ud
in

g 
sp

ec
ifi 

ci
ty

-o
pt

im
iz

ed
 

pa
ra

m
et

er
s   

 Sc
or

in
g 

ty
pe

 
 PA

ST
A

2 
90

 %
 

sp
ec

ifi 
ci

ty
 

 PA
ST

A
2 

85
 %

 
sp

ec
ifi 

ci
ty

 
 A

m
yl

Pr
ed

2 
 Ta

ng
o 

 M
et

A
m

yl
 

hi
gh

 s
pe

ci
fi c

ity
 

 M
et

A
m

yl
 

gl
ob

al
 a

cc
ur

ac
y 

 W
al

tz
 b

es
t 

pe
rf

or
m

an
ce

 
 W

al
tz

 
hi

gh
- s

pe
ci

fi c
ity

  
 Fo

ld
A

m
yl

oi
d 

 Se
ns

iti
vi

ty
 

 0.
36

 
 0.

48
 

 0.
41

 
 0.

19
 

 0.
38

 
 0.

54
 

 0.
19

 
 0.

08
 

 0.
28

 

 Sp
ec

ifi 
ci

ty
 

 0.
91

 
 0.

85
 

 0.
86

 
 0.

95
 

 0.
86

 
 0.

73
 

 0.
94

 
 0.

99
 

 0.
92

 

 Fa
ls

e 
re

gi
on

s 
pr

ed
ic

te
d 

as
 a

m
yl

oi
do

ge
ni

c 
 38

 
 70

 
 12

1 
 37

 
 88

 
 14

8 
 37

 
 8 

 31
 

 N
o.

 c
or

re
ct

ly
 p

re
di

ct
ed

 
re

gi
on

s/
 to

ta
l  

 33
/ 4

6  
 37

/ 4
6  

 42
/ 4

6  
 17

/ 4
6  

 33
/ 4

6  
 41

/ 4
6  

 22
/ 4

6  
 11

/ 4
6  

 29
/ 4

6  

N.V. Dovidchenko and O.V. Galzitskaya



235

   The recent improvements are illustrated by 
comparing two best-performing individual meth-
ods, FoldAmyloid (which is a relatively old and 
simple approach) and PASTA2 (a new more 
sophisticated approach that performs best among 
the non-meta-servers). As evident from Table  9.4 , 
the accuracy and sensitivity of PASTA2 predic-
tions are clearly better than those of FoldAmyloid. 
At the same time, comparison of the overall pre-
diction quality shows only modest improvement, 
which is due to low sensitivity partly caused by 
overprediction and partly by the coarseness of the 
methods. Even the incorporation of several meth-
ods into the meta-servers MetAmyl and 
AmylPred2 does not drastically improve the 
results. Apparently, the methods that are entirely 
sequence-based are approaching their limit. 

 The problem may perhaps be partially over-
come by using the training sets containing small 
proteins and their domains rather than short pep-
tides forming the amyloid core. However, a 
greater problem is that the existing prediction 
methods do not incorporate 3D structural infor-
mation of the target proteins. Because sequence- 
based prediction of the 3D structure of globular 
proteins is still unattainable, accurate prediction 
of the native environment of the peptides forming 
the amyloid core is also unattainable. The situa-
tion is somewhat analogous to the prediction of 
the antibody-binding protein epitopes on the 
basis of the primary structure: in both instances, 
the properties of interest depend on the 3D pro-
tein structure and hence, cannot be accurately 
predicted based on the amino acid sequence 
alone. We believe that, to qualitatively improve 
the amyloid prediction methods, it is perhaps 
necessary to incorporate additional information 
that critically infl uences proteins’ propensity to 
form amyloid, such as the native 3D structure. In 
fact, a prediction test carried out on natively-
unfolded amyloidogenic proteins and peptides 
(Ahmed and Kajava  2013 ) showed much better 
performance than the analysis of folded proteins 
reported in this chapter. Ultimately, in addition to 
3D structure, other important factors such as the 
protein dynamics and the environmental condi-
tions (e. g. the presence of lipid membranes) 
should also be considered. 

 Signifi cant progress has been achieved in our 
understanding of the link between the normal 
folding and the misfolding of proteins, and in 
elucidating the kinetic features of protein mis-
folding and aggregation. Sophisticated kinetic 
models have been proposed to accurately describe 
the complex pathways of protein fi brillation, 
which include nucleation, branching, fragmenta-
tion, and growth from the surface. However, 
detailed structural understanding of these reac-
tion steps is still lacking for most proteins. Such 
a detailed structural understanding may possibly 
provide a key element to improve the accuracy of 
amyloid prediction. 

 Prediction of protein fi brillation  in vivo  
remains a major challenge, since a wide array of 
environmental factors can infl uence fi ber nucle-
ation and growth in the biological context. For 
example, most amyloid deposits found  in vivo  
contain additional components (such as lipids, 
cell membrane components such as heparan sul-
fate proteoglycans, and apolipoproteins), and the 
complex role of these components in amyloido-
genesis is far from clear. Moreover, some pro-
teins form so-called functional amyloids in living 
cells, wherein the assembly and disassembly of 
fi brils occurs in response to biological clues 
(Chiti and Dobson  2006 ). Understanding the 
mechanisms of fi bril assembly and disassembly 
 in vivo  and  in vitro  is not only of fundamental 
scientifi c importance, but may also help develop 
new therapeutic targets against amyloidosis.     
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    Abstract  

  Syndecans are transmembrane heparan sulfate proteoglycans involved in 
the regulation of cell growth, differentiation, adhesion, neuronal develop-
ment, and lipid metabolism. Syndecans are expressed in a tissue-specifi c 
manner to facilitate diverse cellular processes. As receptors and co- 
receptors, syndecans provide promising therapeutic targets that bind to a 
variety of physiologically important ligands. Negatively charged glycos-
aminoglycan chains of syndecans, located in the extracellular compart-
ment, are critical for such binding. Functions of syndecans are as diverse 
as their ligands. For example, hepatic syndecan-1 mediates clearance of 
triglyceride-rich lipoproteins. Syndecan-2 promotes localization of 
Alzheimer’s amyloid Aβ peptide to the cell surface, which is proposed to 
contribute to amyloid plaque formation. Syndecan-3 helps co-localize the 
appetite-regulating melanocortin-4 receptor with its agonist, leading to an 
increased appetite. Finally, syndecan-4 initiates the capture of modifi ed 
low-density lipoproteins by macrophages and thereby promotes the ath-
eroma formation. We hypothesize that syndecan modifi cations such as 
desulfation of glycosaminoglycan chains may contribute to a wide range 
of diseases, from atherosclerosis to type 2 diabetes. At the same time, 
desulfated syndecans may have benefi cial effects, as they can inhibit amy-
loid plaque formation or decrease the appetite. Despite considerable prog-
ress in understanding diverse functions of syndecans, the complex 
physiological roles of this intriguing family of proteoglycans are far from 
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clear. Additional studies of syndecans may potentially help develop novel 
therapeutic approaches and diagnostic tools to alleviate complex human 
diseases such as cardiovascular and Alzheimer’s diseases.  

  Keywords  

  Apolipoproteins   •   Heparan sulfate proteoglycans   •   Atherosclerosis   • 
  Alzheimer’s disease   •   Obesity   •   Shedding of syndecans  

  Abbreviations 
   AD    Alzheimer’s disease   
  AgRP    Agouti-related protein   
  apo    Apolipoprotein   
  APP    Amyloid-β precursor protein   
  Aβ    Amyloid-β peptide   
  DPAB    Dense peripheral actin bands   
  EG    Endothelial glycocalyx   
  HDL    High-density lipoproteins   
  HSPG    Heparan sulfate proteoglycan   
  IDL    Intermediate-density lipoproteins   
  LDL    Low-density lipoproteins   
  MAP    mitogen-activated protein kinase   
  MC4R    Melanocortin-4 receptor   
  MMP    Matrix metalloproteinase   
  PTK    Protein tyrosine kinase   
  SULF2     Heparan sulfate glucosamine-6-O-

endosulfatase-2   
  TG    Triacylglycerols   
  VLDL    Very low-density lipoproteins   
  α-MSH     α-melanocyte-stimulating anorexi-

genic hormone   

10.1           Introduction 

 Heparan sulfate proteoglycans (HSPGs) are 
glycoproteins containing covalently attached 
long chains of negatively charged heparan sul-
fates. Three groups of HSPGs differ in their 
location in the cell plasma membrane (syn-
decans and glypicans), in the extracellular 
matrix (agrin, perlecan, type XVIII collagen), 
or in the secretory vesicles (serglycin) (Sarrazin 
et al.  2011 ). This chapter is devoted to mem-

brane HSPGs, particularly syndecans. In con-
trast to glypicans that are attached to the 
membrane via a lipid anchor, syndecans contain 
a membrane-spanning domain, as well as the 
extracellular and cytoplasmic domains in their 
core protein. This allows syndecans to bind var-
ious extracellular ligands and modulate their 
downstream signaling. 

 Vertebrates have four types of syndecans that 
are located on the surfaces of most cell types, 
including fi broblasts and epithelial cells. 
Syndecans function as membrane receptors and 
co-receptors that can undergo ligand-induced 
endocytosis. The endocytic activity of syndecan-
 1 plays a crucial physiological role in lipid 
metabolism (Stanford et al.  2009 ), while syn-
decan- 4 is important in capturing of modifi ed 
low-density lipoproteins (LDL) by macrophages 
(Boyanovsky et al.  2009 ), which contributes to 
formation of atherosclerotic plaques. As a co- 
receptor, syndecan-2 contributes to the accumu-
lation of amyloid-beta (Aβ) peptide on the cell 
surface and hence, to the development of 
Alzheimer’s disease (AD) (Narindrasorasak 
et al.  1991 ; Li et al.  2005 ; Zhang et al.  2014 ), 
while syndecan-3 helps regulate the appetite 
(Karlsson- Lindahl et al.  2012 ). An excellent 
review on the mechanisms of action of HSPGs 
such as syndecan- 2 in AD was recently pub-
lished by Zhang et al. ( 2014 ). Here, we provide 
a broad overview of the roles of syndecans in 
various physiological processes including, but 
not limited to, AD and other disorders of lipid 
metabolism such as type 2 diabetes, obesity and 
cardiovascular disease. 
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 Lipid metabolism involves complex biochem-
ical processes that occur in living organisms and 
are controlled by the endocrine glands. A variety 
of biochemical mechanisms underlie the action 
of hormones produced by these glands. One 
example is regulation of the body weight by the 
hypothalamus. Arguably, the best-studied path-
way to infl uence hypothalamic appetite involves 
a G-protein coupled receptor melanocortin-4 
(MC4R), its agonist α-melanocyte-stimulating 
hormone (α-MSH), its antagonist agouti-related 
protein (AgRP), and its co-receptor syndecan-3. 
Mutations in MC4R lead to obesity in humans, 
and modifi cations in syndecan-3 can also infl u-
ence the body weight (Lubrano-Berthelier et al. 
 2003 ; Reizes et al.  2003 ). 

 Perhaps the most common cause of impaired 
lipid metabolism involves aberrant utilization of 
lipoproteins. These water-soluble nanoparticles, 
which include high-, low- intermediate- and very-
low-density lipoproteins (HDL, LDL, IDL, 
VLDL) and chylomicrons, are comprised of lipids 
(phospholipids, cholesterol, cholesterol esters, 
triacylglycerides) and specifi c proteins termed 
apolipoproteins (apos) that solubilize lipids and 
mediate their transport and metabolism in circula-
tion (see Chap.   8     by Das and Gursky in this vol-
ume). Aberrant lipoprotein metabolism is involved 
in major human diseases such as diabetes, hyper-
cholesterolemia, atherosclerosis and obesity, and 
also contributes to various kinds of dementia 
including AD. The link between the elevated 
plasma levels of cholesterol and the severity of 
AD is well established ((Puglielli et al.  2003 ; 
Barrett et al.  2012 ) and references therein), lead-
ing to a hypothesis that impaired lipid metabolism 
is a major hallmark of AD (see Sect.  7 ). An impor-
tant link between lipoprotein metabolism and AD 
is provided by apolipoprotein E (apoE). ApoE, 
which circulates mainly on HDL and VLDL, is 
synthesized by the liver, brain, kidney, and spleen 
and mediates cholesterol transport and metabo-
lism in plasma and cerebrospinal fl uid; apoE is an 
important risk factor for AD where it acts in an 
isoform-specifi c manner (Liu et al.  2013 ). Various 
cell receptors bind apoE and internalize apoE-
containing lipoproteins, and one of such receptors 
is syndecan-1. 

 In this chapter, we summarize the current 
knowledge of the roles of syndecans in lipid 
metabolism and other vital processes, as well as 
their potential involvement in major human dis-
eases including atherosclerosis and AD.  

10.2     Biosynthesis, Structure 
and Function of Syndecans 

10.2.1     Syndecans: Primary Structure, 
Biosynthesis and Signalling 

 Syndecans were discovered in 1989 by Merton 
Bernfi eld’s group at Stanford during studies of 
the cell surface proteins containing heparan sul-
fate and chondroitin sulfate chains. Such proteins 
were called “syndeins”, which means “to bind” 
in Greek (Saunders et al.  1989 ). Syndecans con-
tain a core protein consisting of a long external 
domain (ectodomain) with covalently attached 
glycosaminoglycan chains, a single-pass trans-
membrane domain, and a short cytoplasmic 
domain. During evolution, the ectodomains have 
undergone numerous mutations, whereas the 
cytoplasmic domains have not changed much and 
contain highly conserved functional regions. 

 In vertebrates, there are four types of syn-
decans that originate from a single invertebrate 
precursor protein. Following gene duplication, 
two groups of syndecans were formed, one 
including syndecans-1 and -3 and the other syn-
decans- 2 and -4 (Chakravarti and Adams  2006 ). 
Another round of gene duplication occurred in 
each group, explaining high homology within the 
groups (Chen et al.  2002 ). Syndecans-2 and -4 
are shorter and contain only heparan sulfate 
chains, while syndecans-1 and -3 are longer and 
contain both heparan sulfate and chondroitin sul-
fate chains (Fig.  10.1 ).  

 The core protein of syndecans is synthesized 
on the membrane-bound ribosomes followed by 
translocation to the endoplasmic reticulum 
lumen. Covalent attachment of glycosaminogly-
can chains to the core protein takes place in 
Golgi. Finally, syndecans are transported to the 
cell surface via exocytosis. Attachment of the 
heparan sulfate and chondroitin sulfate to the 
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syndecan core protein occurs via a common 
mechanism (Manon-Jensen et al.  2010 ). 

 Glycosaminoglycan chains can contain 
50–200 disaccharides joined by the negatively 
charged sulfate groups, which allows these chains 
to bind a large number of positively charged 
ligands and numerous plasma proteins, as well as 
the proteins secreted by the extracellular matrix. 
These proteins include various fi broblast growth 
factors, transforming growth factors, receptor 
tyrosine kinases, chemokines and interleukins, 
lipases and apolipoproteins (Bishop et al.  2007 ). 
Electrostatic repulsion among the negatively 
charged chains causes glycosaminoglycans to 
stretch in space, increasing cell surface coverage. 
Therefore, the formation and function of syn-
decan complexes with their partners may depend 
on the spatial distribution of the negatively 
charged heparan sulfates (Kreuger et al.  2006 ). 
Notably, sulfation of glycosaminoglycans is non- 
uniform: areas with a small content of sulfate 
groups are scattered among those with a high 
content, with less sulfated sites usually located 
closer to the core protein. 

 Direct interactions of the core protein with 
various proteins also contribute to syndecan 
function. For example, the cytoplasmic domains 
of the core protein can bind cytoskeletal proteins 
and kinases, while the ectodomains can act in 
concert with other cell-surface receptors such as 
integrins to activate cell attachment, cell spread-
ing and motility (Couchman et al.  2001 ). 
Cytoplasmic domains of syndecans contain two 
conserved regions, C1 (consisting of 11 amino 
acids) and C2 (4 amino acids), which fl ank the 
variable V region (20 amino acids) (Fig.  10.1 ). 
Four amino acids (EFYA) of the C2 region bind 
to PDZ-binding proteins, including synbindin, 
synectin, calcium/calmodulin-dependent kinase, 
and syntenin. This binding is important in vesicle 
transport and in cancer cells proliferation 
(Beauvais and Rapraeger  2004 ). The proximal 
C1 region interacts with actin-binding proteins 
ezrin, radixin, and moesin, which control the 
organization of the actin cytoskeleton. The vari-
able region is unique for each type of syndecan 
and determines its ligand binding specifi city 
(Brown  2011 ) (Fig.  10.1 ).  

  Fig. 10.1    Schematic representation of four types of 
syndecans found in vertebrates. Syndecans-1 and -3 are 
longer than syndecans-2 and -4. Glycosaminoglycan 
chains that are covalently attached to the core protein 
consist of serine, xylose, two galactoses, and glucuronic 
acid. This is followed by repeating disaccharides of hep-
aran sulfate, one of which is N-acetylglucosamine and 
glucuronic acid, and the other is N-acetylglucosamine 
and iduronic acid. Hondroitin sulfate is composed of 

N-acetylgalactosamine and glucuronic acid. The cyto-
plasmic domain contains two conserved regions ( C1  and 
 C2 ) fl anking the variable region ( V ) that is different for 
different types of syndecans. Transmembrane domain 
( TM ) contains GxxxG motif that is unique in each type 
of syndecan and is essential for dimerization and, poten-
tially, for cholesterol binding. C2 domain contains EFYA 
motif that binds PDZ domains (Modifi ed from Manon-
Jensen et al.  2010 )       
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10.2.2     Shedding of Syndecans 

 There are two different forms of syndecans: the 
full-length form that spans the membrane and the 
“soluble” form containing just the cleaved 
ectodomain dissociated from the membrane. 
Shedding of the full-length form of syndecans to 
produce the soluble form is a highly regulated 
process that can occur upon various extracellular 
stimuli (including growth factors, chemokines, 
bacterial virulence factors, trypsin, heparanase, 
insulin) and under cellular stress (Manon-Jensen 
et al.  2010 ). Soluble ectodomains can function as 
paracrine or autocrine effectors that compete 
with transmembrane syndecans for extracellular 
ligands. Ectodomains of syndecans are constitu-
tively shed by the extracellular zinc-dependent 
endopeptidase and by matrix metalloproteinases 
(MMPs) (Fig.  10.2 ). The shedding enhances in 
response to infl ammation and other disruptive 
processes. For example, large amounts of soluble 
syndecan-1 accumulate in the tissue fl uid sur-
rounding the wounds. Upon action of thrombin 
and epidermal growth factor, which are espe-
cially active in wound healing, the shedding of 
syndecanes intensifi es (Subramanian et al.  1997 ). 

Phosphorylation of conserved tyrosines in the 
cytoplasmic domain of syndecans also stimulates 
the shedding (Manon-Jensen et al.  2010 ).  

 Interestingly, enhanced shedding of syndecans 
induces their expression. Therefore, the amount 
of heparan sulfate chains present on the syndecan 
core proteins was proposed to control both the 
rate of shedding and the biosynthesis of syn-
decans (Ramani et al.  2012 ). Despite its impor-
tance in pathological states such as infl ammation 
and cell stress, the mechanism of syndecan shed-
ding is not known in detail and needs further 
investigation.  

10.2.3     Functions of Individual 
Syndecans in Vertebrates 

 Syndecan-1 plays important roles in lipid metab-
olism (van Barlingen et al.  1996 ), wound healing 
(Vanhoutte et al.  2007 ), regulation of the leuko-
cyte migration (Savery et al.  2013 ), and in reor-
ganization of the endothelial cytoskeleton in 
response to fl uid shear stress (Thi et al.  2004 ). 
The latter effect helps to protect the vessel wall 
from damage, thereby preventing the development 

  Fig. 10.2    Schematic representation of the structures of 
syndecan-1 and -3 ( a ) and syndecan-2 and -4 ( b ) and 
their shedding. During shedding, the ectodomains are 
cleaved from the membrane surface by matrix metallo-
proteinases ( MMPs ), generating a “soluble” form of 
syndecans. The C2 region of the cytoplasmic domain 
contains a PDZ binding motif that binds the scaffold 

proteins of the cell ( synbindin ,  synectin , etc.). The C1 
region interacts with the actin-binding proteins in the 
cell ( radixin, exrin, moesin ). The GxxxG motif in the 
transmembrane domain is necessary for syndecan 
dimerization as well as for its partitioning into choles-
terol-rich membrane domains (Modifi ed from Manon-
Jensen et al.  2010 )       
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of atherosclerosis. However, increased gene 
expression of syndecan-1 in macrophages coun-
teracts this protective effect and promotes forma-
tion of atherosclerotic plaques via an unknown 
mechanism (Asplund et al.  2009 ). Furthermore, 
the increased content of soluble syndecan-1 in 
serum is a biomarker of multiple myeloma (Kim 
et al.  2010 ). 

 Syndecan-2 plays a major role in the forma-
tion of the nervous system during embryogene-
sis, as well as in angiogenesis (Lin et al.  2007 ; 
Noguer et al.  2009 ; De Rossi et al.  2014 ). 
However, syndecan-2 is also implicated in amy-
loid plaque formation in neurodegenerative dis-
eases, as it helps retain Aβ peptide on the cell 
surface, which is proposed to trigger the develop-
ment of AD (Snow and Wight  1989 ; Manich 
et al.  2011 ; Zhang et al.  2014  and references 
therein). In addition, syndecan-2 contributes to 
the migration of cancer cells during the develop-
ment of intestinal tumors (Lin et al.  2007 ; Choi 
et al.  2012 ). 

 Syndecan-3 is required for normal brain 
function, regulation of appetite, memory 
improvement, as well as for the development 
of skeletal muscles (Kaksonen et al.  2002 ; 
Cornelison et al.  2004 ; Karlsson-Lindahl et al. 
 2012 ). The latter is supported by the animal 
model studies showing that syndecan-3-null 
mice are thin and weak (Kaksonen et al.  2002 ; 
Cornelison et al.  2004 ; Karlsson-Lindahl et al. 
 2012 ). 

 Syndecan-4 plays important roles in angio-
genesis, focal adhesion, cell migration, in 
reducing blood pressure, as well as in LDL 
uptake by the arterial macrophages and forma-
tion of atherosclerotic plaques (Denhez et al. 
 2002 ; Boyanovsky et al.  2009 ). Because LDL 
uptake by the cells is a major determinant of 
cholesterol concentration in the plasma mem-
brane, which importantly infl uences the devel-
opment of cardiovascular as well as Alzheimer’s 
diseases, we speculate that syndecan-4 may 
indirectly infl uence the development of these 
major disorders.   

10.3     Endothelial Glycocalyx 
and Its Major 
Glycosaminoglycans 

 Glycosaminoglycans are associated with the arte-
rial lumen and contain mainly heparan sulfates, 
chondroitin sulfates, and hyaluronic acids. 
Heparan sulfate comprises 50–90 % of the total 
glycosaminoglycans. Two major core proteins in 
EG have attached heparan sulfate chains: syn-
decan- 1 and glypican-1. These two proteins have 
distinct functions. For example, syndecan-1 can 
transmit a signal into the cell to reconstruct cyto-
skeleton, while glypican-1 is involved in signal-
ing to activate nitric oxide synthesis (Kokenyesi 
and Bernfi eld  1994 ; Weinbaum et al.  2007 ). 

 Syndecan-1 (33 kDa) contains three sites for 
covalent attachment of heparan sulfate which are 
located close to the N-terminus of the core pro-
tein, and two sites for attachment of chondroitin 
sulfate located close to the transmembrane 
domain (Kokenyesi and Bernfi eld  1994 ). The 
cytoplasmic domain of syndecan-1 interacts with 
structural proteins in the cells. 

 Glypican-1 (64 kDa) contains three to four 
sites for covalent attachment of heparan sulfate 
which are located close to the membrane 
(Fransson et al.  2004 ). In contrast to syndecan-1 
that is anchored to the membrane via the trans-
membrane protein, glypican is anchored through 
glycosyl phosphatidyl inositol (Fransson et al. 
 2004 ). This lipid anchor contributes to the parti-
tioning of glypican into caveolae, which are 
much larger than the lipid rafts and form 
50–100 nm pits reinforced by the cytoskeleton 
(van Deurs et al.  2003 ). Caveolae (Latin for “lit-
tle pits”) are essential in cell signalling and 
endocytosis. 

 Compared to heparan sulfate and chondroitin 
sulfate, hyaluronic acid is much longer and may 
reach 1,000 kDa (Fig.  10.3 , green line). It is 
located on the cell surface and is not bound cova-
lently to the core protein (Laurent and Fraser 
 1992 ). Hyaluronic acid contains no sulfate 
groups, and its negative charge results solely 
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from the carboxyl groups that also confer its 
hydrophilic properties. Hyaluronan interacts with 
transmembrane receptor CD44 and with chon-
droitin sulfate that are preferentially located in 
caveolae (van Deurs et al.  2003 ; Singleton and 
Bourguignon  2004 ).  

 The endothelial glycocalyx (EG) forms an 
extracellular layer on the luminal surface of 
endothelial cells. EG is the main site of triacyl-
glycerols (TG) hydrolysis in TG-rich lipopro-
teins such as VLDL by lipoprotein lipase. EG 
has a multicomponent structure that contains 
proteoglycans anchored to the plasma mem-
brane and glycoproteins with glycosaminogly-
can chains attached to their ectodomains 
(Fig.  10.3 ). The complex structure of EG and its 
location at the interface between the blood fl ow 
and the endothelium determine its various func-
tions. For example, EG protects the endothe-
lium from pathogens such as bacterial virulence 
factors, and is important in selective infi ltration 
of blood components and in protection against 
the mechanical impact of the blood fl ow 
(Weinbaum et al.  2007 ). The acidic character of 

EG facilitates interactions with the basic moieties 
on plasma proteins, growth factors, cytokines, 
as well as with various cations and water. In 
addition, EG contains various cell receptors 
(e.g., integrins), cell adhesion molecules (selec-
tins), and immunoglobulins. These molecules 
can bind oligosaccharides such as sialic acid, 
and thereby contribute an additional negative 
charge to EG (Pries et al.  2000 ).  

10.4     Role of Syndecan-1 
in Reconstruction 
of Endothelial Cell 
Cytoskeleton Under Fluid 
Shear Stress 

 Many studies have shown that EG plays an 
important role in signal transduction resulting 
from the shear stress on the actin cytoskeletons. 
This transduction can involve various signaling 
cascades. The “bumper car” model postulates 
that the mechanical pressure of the blood fl ow 
resulting from the high fluid shear stress is 

  Fig. 10.3    Schematic representation of the endothelial 
glycocalyx components. Caveolin, which is associates 
with membrane areas rich in cholesterol and sphingolipids 
( lipid rafts ), facilitates formation of caveolae. Glypican is 
associated with heparan sulfate and is usually located in 
the caveolae. Syndecan-1 is shown as a dimer located in 
the lipid rafts. Syndecan-1 contains heparan sulfate and 
chondroitin sulfate chains. The short cytoplasmic domain 

of syndecan-1 interacts with the structural proteins of the 
cell. Sialic acid is bound to the glycoprotein, and hyal-
uronic acid is bound to the transmembrane receptor CD44, 
which is also bound to chondroitin sulfate and is often 
located in the caveolae. Numerous plasma proteins, 
growth factors and cations are retained in EG via the ionic 
interactions with the glycosaminoglycans (Modifi ed from 
Weinbaum et al.  2007 )       
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dissipated by the core protein of syndecan-1, 
which protects the apical membrane of the vascu-
lar endothelial cells (Thi et al.  2004 ; Weinbaum 
et al.  2007 ). The core protein of syndecan-1 
causes a torque on the actin cortical web that pro-
duces a clockwise rotation of the cell (Fig.  10.4 ). 
Though the bending moment on each core pro-
tein is small, all together they promote clockwise 
rotation of the dense peripheral actin bands 
(DPAB), which disrupts cell junctions, retaining 
only tight junctions. Such disruption serves as a 
mechanism of cell protection, just as the disrup-
tion of a bumper protects the car.  

 The “bumper car” model also explains why 
the cells are elongated and oriented along the 
direction of the fl ow. Reorganization of DPAB by 
fl uid shear stress lowers the impact from the force 
on the tight junctions, and thereby provides 
greater stability in response to the blood fl ow. 
Once DPAB are reorganized, they can form new 
contacts and thus adapt to the new conditions of 
shear stress (Thi et al.  2004 ). 

 Under the impact of the laminar blood fl ow 
and high shear stress, as well as in the presence of 
HSPGs, the proliferation of elongated endothe-
lial cells is suppressed. However, upon damage 

of the EG, endothelial cells acquire the ability to 
proliferate, which is important in wound healing 
(Yao et al.  2007 ).  

10.5     Syndecan Dimerization 
and Clustering in Lipid Rafts 

 Biological activity of syndecans and other spe-
cifi c receptors and co-receptors involves their 
dimerization and clustering in lipid rafts. Lipid 
rafts, enriched in cholesterol and sphingolipids, 
form densely packed areas in the cell membrane. 
Typically, lipid rafts are not fi xed in the mem-
brane. Specifi c membrane proteins such as syn-
decans contribute to raft stabilization. The 
transmembrane domain of all syndecans is a sin-
gle membrane spanning α-helix that contains a 
conserved dimerization motif GXXXG 
(Figs.  10.1  and  10.2 ). This motif places two Gly 
residues next to each other on the same side of 
the α-helix, forming a fl at surface that is well 
suited for dimerization as well as for cholesterol 
binding. Sanders and colleagues (Barrett et al. 
 2012 ) demonstrated that this motif plays a key 
role in cholesterol binding to the transmembrane 

  Fig. 10.4    Scheme showing reconstruction of cytoskele-
ton in response to high fl uid shear stress. ( a ) The core pro-
tein of syndecan-1 under the infl uence of the local torque 
transmits clockwise rotation into the cell, resulting in 
reorganization of the cytoskeleton, altered cell-cell con-

tacts, and changes in the cell shape. ( b ) In the absence of 
syndecan-1, there is no cytoskeleton reorganization and 
no rearrangement of the cell-cell contacts. The fl uid sheer 
stress acts directly on the apical surface of the endothelial 
cells (Modifi ed from Thi et al.  2004 )       
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portion of the amyloid-β precursor protein (APP) 
(also see Chap.   1     by Hong in this volume). Such 
binding was proposed to lead to APP partitioning 
into the lipid rafts and thereby substantially infl u-
ence its proteolytic processing by γ-secretase and 
generation of Aβ (Barrett et al.  2012 ). Similarly, 
the GXXXG motif in the transmembrane region 
of syndecans is implicated in the protein dimer-
ization as well as in its partitioning into lipid rafts 
via the binding of membrane cholesterol (Dews 
and Mackenzie  2007 ; Barrett et al.  2012 ). Both 
dimerization and location in lipid rafts are essen-
tial for the syndecan action in transmembrane 
signaling, endocytosis, and other functions (Chen 
and Williams  2013 ). The biological signifi cance 
of these interactions is supported by the strong 
sequence conservation of syndecan GxxxG 
motifs across different species (Leonova and 
Galzitskaya  2014 ). 

 Syndecan homodimers signifi cantly differ in 
their strength of self-association: syndecan-1 
homodimer is very weak, syndecan-3 and syn-
decan- 4 homodimers are much stronger, and 
syndecan- 2 homodimer is very strong (Dews and 
Mackenzie  2007 ). Different types of syndecans 
can also form heterodimers and even heterotri-
mers, except for syndecan-1 and -4 that do not 
form a heterodimer with each other (Dews and 
Mackenzie  2007 ). This may lead to formation of 
various syndecan complexes in cells that express 
more than one syndecan type. Dimerization and 
clustering of syndecans in lipid rafts plays a cru-
cial role in various aspects of syndecan- dependent 
signal transduction and raft-mediated 
endocytosis.  

10.6     ApoE and Syndecan-1 
Mediate Hepatic Clearance 
of Triglyceride-Rich 
Lipoproteins 

 Liver is the key organ that regulates lipid metabo-
lism, from secretion of various lipoproteins to 
their hepatic clearance, cholesterol uptake and 
synthesis of bile acids. In 1985, Brown and 
Goldstein won the Nobel Prize for their discov-
ery of the LDL receptor and the receptor- 

mediated LDL endocytosis (Goldstein et al. 
 1985 ). Two types of hepatic lipoprotein receptors 
were identifi ed, one binding to apolipoproteins B 
and E on the lipoprotein surface and the other 
only to apoE (Mahley et al.  1981 ). ApoB/apoE 
receptors are responsible for binding and endocy-
tosis of LDL, while apoE receptors selectively 
bind triglyceride-rich lipoproteins (such as IDL, 
VLDL and their remnants) and mediate their 
endocytosis. 

 ApoE in association with HDL is the major 
apolipoprotein that mediates lipid transport and 
metabolism in the brain; moreover, apoE on 
plasma lipoproteins such as VLDL directs the 
delivery of the lipoprotein lipids to the liver (Getz 
and Reardon  2008 ). Several apoE receptors on 
the surface of hepatocytes are involved in the lat-
ter process, one of which is syndecan-1 
(MacArthur et al.  2007 ). IDL, which are transient 
products of VLDL metabolism, are converted 
into LDL upon TG hydrolysis by lipoprotein 
lipase, which is accompanied by dissociation of 
apoE and other related proteins from the lipopro-
tein surface. Lipoprotein lipase that is anchored 
to the arterial wall was proposed to contribute to 
the retention of LDL in the arterial endothelium, 
thereby promoting the development of athero-
sclerosis (Pentikäinen et al.  2002 ). Furthermore, 
the thickness of the EG in the affected areas of 
the coronary arteries in mice was reported to be 
much smaller than that in the neighboring areas 
that were not affected by atheromas (van den 
Berg et al.  2006 ). Moreover, the thickness of EG 
was reported to decrease in the presence of high 
plasma levels of cholesterol, especially in the 
presence of oxidized LDL, and signifi cantly 
increase by the action of high shear stress 
(Weinbaum et al.  2007 ). These changes in EG 
thickness critically involve syndecan-1. 

 Binding of apoE- and apoB-containing lipo-
proteins to heparan sulfates has long been 
known as a major mechanism of retention of 
these lipoproteins in the arterial endothelium, 
which is an important early trigger of athero-
sclerosis. Several stretches of basic residues in 
apoB and one such stretch in apoE (see Chap.   8     
by Das and Gursky in this volume) are impli-
cated in binding of LDL, VLDL and related 
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lipoproteins to their receptors, as well as in lipo-
protein binding to HSPGs (Mahley et al.  1981 ; 
Chen and Williams  2013 ). More recently it has 
been proposed that syndecan- 1 utilizes binding 
to heparan sulfate chains to provide a new recep-
tor for the apoE- containing lipoproteins (Wilsie 
et al.  2006 ) (Fig.  10.5 ). This idea was supported 
by the observation that syndecan- 1-defi cient 
mice have high plasma levels of TG-rich lipo-
proteins, suggesting reduced clearance of these 
lipoproteins in the absence of syndecan-1 
(Stanford et al.  2009 ).  

 Syndecan-1 is normally synthesized by the 
sub-endothelial hepatocytes. Numerous villi on 
the hepatocytes extend into the pre-capillary 
space of Disse (MacArthur et al.  2007 ). Plasma 
lipoproteins are small enough to enter the space of 
Disse and bind to the hepatocyte receptors. 
Similar to other apoE receptors, syndecan-1 medi-
ates the uptake of TG-rich lipoproteins via the 
whole-particle endocytosis (Chen and Williams 
 2013 ). These lipoproteins contain multiple copies 

of apoE, thus forming multivalent ligands for 
 syndecan-1 chains. Interestingly, hepatocytes 
express genes of syndecan-1, -2, -4, yet only syn-
decan-1 binds lipoproteins. To explain this bind-
ing selectivity, it was proposed that heparan 
sulfate chains in syndecan-1, which contain more 
sulfated sugars than any other types of syndecans, 
mediate lipoprotein binding by interacting with 
the basic stretches from multiple copies of apoE 
on the lipoprotein surface (Stanford et al.  2009 ). 

 Aberrant clearance of triglyceride-rich lipo-
proteins occurs in type 2 diabetes characterized 
by elevated levels of plasma TG. These high 
 levels can result from impaired clearance of 
TG-rich lipoproteins such as VLDL via the 
apoE receptors. Decreased sulfation of HSPG 
can decrease such clearance. Heparan sulfate 
glucosamine-6- O-endosulfatase-2 (SULF2) 
removes the 6-O-sulfate group from HSPG 
(Chen et al.  2010 ). In a mouse model of type 2 
diabetes, the inhibition of SULF2 normalizes 
the clearance of TG-rich lipoproteins in spite of 
extensive deregulation of lipid metabolism in 
these animals (Hassing et al.  2012 ). Hormones 
adiponectin and insulin also inhibit SULF2 in 
cultured cells, resulting in enhanced lipoprotein 
catabolism. Taken together, these studies indi-
cate that desulfation of heparan sulfate chains of 
syndecan-1 impairs the clearance of TG-rich 
lipoproteins and contributes to insulin resis-
tance in the mouse model of diabetes 2, and that 
these pathogenic effects can be corrected by 
increased sulfation of HSPGs (Chen et al.  2010 ; 
Williams and Chen  2010 ).  

10.7      Role of ApoE4 
and Syndecan-2 in Amyloid 
Plaque Formation 

 Alzheimer’s disease (AD) is the most common 
form of dementia characterized by the extracel-
lular accumulation of Aβ peptide followed by the 
neuronal death and brain atrophy. This debilitat-
ing disease presents a growing public health chal-
lenge in the developed countries, with millions of 
patients affected worldwide. There is no cure for 
AD and the treatment options are limited, which 

  Fig. 10.5    Cartoon illustrating the role of syndecan-1 in 
clearance of triglyceride-rich lipoproteins. Chylomicrons 
( CM ) are found in the intestine, and very-low, intermedi-
ate- and low-density lipoproteins ( VLDL ,  IDL  and  LDL , 
respectively) circulate in plasma. Lipoprotein lipase 
( LPL ) hydrolyses TG in these lipoproteins. Apolipoproteins 
A, E, Cs and two forms of apolipoprotein B (apoB-48 
found on CM and apoB-100 found on VLDL and their 
metabolic products) are indicated (also see Chap.   8     by 
Das and Gursky in this volume) (Modifi ed from 
MacArthur et al.  2007 )       
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makes it imperative to elucidate the factors that 
can promote or prevent neuronal damage in AD 
and the underlying molecular mechanisms. The 
“amyloid cascade” hypothesis postulates that 
accumulation of the neurotoxic Aβ peptide leads 
to the formation of amyloid plaques and causes 
aberrant cellular functions, including disruption 
of the plasma membrane or activation of apop-
totic genes (Hardy and Higgins  1992 ). High con-
centrations of Aβ peptide, which are toxic to 
cells, can result from the peptide overproduction 
(in the early-onset hereditary AD) or its impaired 
clearance (in the late-onset sporadic AD that con-
stitutes the majority of cases) (Prasansuklab and 
Tencomnao  2013 ). Aβ is a normally soluble 
40–42 residue peptide generated from the large 
insoluble amyloid-β precursor protein (APP) 
upon cleavage of its transmembrane domain by 
specifi c secretases. Cholesterol binding via the 
transmembrane GxxxG motif of APP leads to its 
preferential partitioning into lipid rafts, which 
co-localizes APP with its processing γ-sectretase 
leading to increased production of Aβ (Barrett 
et al.  2012 ). This process may contribute to the 
direct correlation between the plasma levels of 
cholesterol and AD (see Chap.   3     by Morgado and 
Garvey and Chap.   1     by Hong in this volume). 

 Aβ circulates in the cerebrospinal fl uid and in 
plasma (Pirttilä et al.  1994 ) mainly in association 
with HDL. This association led to a proposal that 
a major hallmark of AD is the disorder of lipid 
metabolism (Biere et al.  1996 ; Koudinov et al. 
 1994 ,  2001 ). Partial support for this idea comes 
from later studies elucidating the link between 
AD and elevated levels of cholesterol (Puglielli 
et al.  2003 ; Barrett et al.  2012 ). Another related 
hypothesis postulates the compensatory mecha-
nism of neurotoxicity, and is focused on compar-
ing normal functions of Aβ in healthy subjects 
and in AD patients (Koudinov and Berezov 
 2004 ). Aβ is produced in low amounts in normal 
brains and is important in synaptic functions 
((Puzzo et al.  2008 ) and references therein). One 
of these functions includes the effect of Aβ on the 
synaptic plasticity through various receptor sig-
naling pathways, which is critical for learning 
and memory. In fact, mouse models including 
APP knock-out reportedly show impaired long- 

term potentiation and memory loss (Dawson 
et al.  1999 ; Laird et al.  2005 ). These fi ndings 
strongly support the idea that, in contrast to high 
concentrations of Aβ in the brain, which contrib-
ute to the development of dementia in AD, low 
(picomolar) concentrations of Aβ play an impor-
tant modulatory role in neurotransmission and 
memory. 

 ApoE, which is the major apolipoprotein in the 
central nervous system, provides an important 
link between lipoprotein transport and AD (Poirier 
 2000 ). Humans have three apoE gene alleles: e2, 
e3, and e4. The corresponding protein isoforms 
differ by amino acid substitutions at two sites: 
apoE2 (Cys112, Cys158), apoE3 (Cys112, Arg 
158), and apoE4 (Arg112, Arg158) (Davignon 
et al.  1988 ; LaDu et al.  1997 ). ApoE3 and, to a 
less extent, apoE2 are more common in humans 
as compared to apoE4, yet nearly 25 % of the 
population have at least one copy of the e4 allele 
(Puglielli et al.  2003 ). The presence of one and, 
particularly, two e4 alleles is the strongest estab-
lished genetic risk factor for AD, whereas e2 is 
protective (Liu et al.  2013 ). The origin of these 
differences is not entirely clear and is generally 
attributed to the isoform-specifi c interactions 
between apoE and Aβ, which infl uence the clear-
ance of Aβ (Deane et al.  2008 ). Contrary to this 
prevailing idea, no signifi cant isoform- dependent 
association of apoE with Aβ has been detected in 
several studies; in fact, minimal direct interac-
tions between apoE and soluble Aβ in cerebrospi-
nal fl uid were reported, suggesting that such 
interactions may not signifi cantly infl uence the 
metabolism of soluble Aβ (Verghese et al.  2013 ) 
and references therein). The authors proposed an 
alternative mechanism in which HDL- bound 
apoE and soluble Aβ directly compete for the 
binding to lipoprotein receptors in the brain. 
Regardless of the exact mechanism, soluble Aβ is 
cleared more effectively from the brain interstitial 
fl uid in mice carrying apoE2 and apoE3 isoforms 
as compared to apoE4 (Castellano et al.  2011 ), 
supporting the idea that clearance of Aβ is infl u-
enced by apoE in an isoform-specifi c manner. 

 Another possible link between lipid metabo-
lism, apoE, and accumulation or clearance of Aβ 
is via the interactions with HSPGs (Fig.  10.6 ). 
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Highly sulfated HSPGs have been found in most 
amyloid deposits, including AD plaques (Snow 
et al.  1987 ,  1988 ; Aguilera et al.  2014 ; Zhang 
et al.  2014 ). Although the complex role of HSPGs 
in amyloid formation is far from clear, specifi c 
interaction between APP and HSPG were pro-
posed to be involved in the earliest stages of AD 
as well as in Down syndrome (Narindrasorasak 
et al.  1991 ; Li et al.  2005 ). Moreover, the accu-
mulation of Aβ on the cell surface is promoted by 
direct binding of the peptide N-terminal HHQK 
motif to heparan sulfate chains (Giulian et al. 
 1998 ), which was reported to inhibit Aβ clear-
ance and promote amyloid fi bril formation (Snow 
et al.  1987 ; Li et al.  2005 ). The role of HSPGs in 
AD is further supported by the observation of 
reduced amyloid deposition in transgenic mice 
overexpressing human heparanase that cleaves 
the heparan sulfate chains (Li et al.  2005 ). 
Furthermore, in vitro studies demonstrated that 
complete removal of all sulfates from the heparin 
chains completely blocks amyloid fi brils forma-
tion by Aβ, whereas partial removal blocks it 
only partially (Castillo et al.  1999 ).  

 In line with this idea, full-length form of 
syndecan- 2 binds Aβ peptide and retains it on 
the cell surface, thereby promoting amyloid 
plaque formation in AD (Watanabe et al.  2004 ). 
Several earlier studies showed co-deposition of 
Aβ and HSPGs, such as syndecans 1–3, in AD 
plaques ((Zhang et al.  2014 ) and references 

therein). Recent analysis of Aβ plaques in 
SAMP8 mice, which are often used as a model 
of AD, has revealed the presence of syndecan-2 
and perlecan associated with Aβ (Manich et al. 
 2011 ) (Fig.  10.6 ). Furthermore, transgenic mice 
overexpressing heparanase that decreases syn-
decan shedding are resistant to induction of 
amyloid plaque formation in vivo (Li et al. 
 2005 ). Together, these studies support the idea 
that the binding of APP or Aβ to HSPGs, includ-
ing syndecan- 2, can importantly infl uence Aβ 
generation and/or clearance and thereby affect 
the development of AD. Therefore, blocking the 
binding of Aβ to heparan sulfates may provide a 
potential therapeutic strategy against amyloid 
plaque formation.  

10.8     Regulation of Appetite by 
Syndecan-3 

 Obesity, which is a major public health problem 
in many developed countries, greatly increases 
the risk of cardiovascular disease, type 2 diabe-
tes, and certain types of cancer (Daousi et al. 
 2006 ; Schuster  2010 ; Khandekar et al.  2011 ). 
The balance between consumed food and the 
energy expenditure is regulated by the central 
nervous system. The cerebral cortex has a trophic 
effect on the adipose tissue, either through sym-
pathetic and parasympathetic systems or through 

  Fig. 10.6    Cartoon illustrating interactions of Aβ peptide 
with heparan sulfate chains of syndecan-2 in normal and 
in heparanase-overexpressing tissues. ( a ) Binding of Aβ 
to heparan sulfate of syndecan-2 promotes Aβ accumula-

tion on the cell surface and amyloid deposition. ( b ) This 
pathogenic deposition is abolished if heparan sulfates are 
degraded by heparanase, which diminishes syndecan 
binding to Aβ (Figure modifi ed from Li et al.  2005 )       
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the endocrine glands. Body weight is regulated 
by the hypothalamus. The best-understood path-
way via which hypothalamus regulates the appe-
tite is through the melanocortin system, which 
includes G-protein coupled receptor MC4R, the 
appetite-reducing melanocyte hormone α-MSH, 
and its competitive antagonist that is the obesity- 
inducing agouti-related protein AgRP (Gantz and 
Fong  2003 ). The α-MSH hormones are produced 
by neurons in the arcuate nucleus of the hypo-
thalamus and are transferred to the adjacent 
paraventricular nucleus where they concurrently 
activate MC4R. Mutations in this receptor are 
among the most frequent causes of obesity in 
humans (Mergen et al.  2001 ). 

 Syndecan-3 acts as a co-receptor that regulates 
the appetite and body weight by promoting the 
co-localization and binding of AgRP to MC4R, 
which contributes to increased appetite (Reizes 
et al.  2003 ; Madonna et al.  2012 ). Polysaccharide 

chains of syndecan-3 play a key role in these 
interactions by binding to the positively charged 
AgRP. The role of syndecan-3 in the body weight 
regulation is supported by the observation that 
syndecan-3-null mice are resistant to obesity 
(Reizes et al.  2001 ). Furthermore, shedding of 
syndecan-3 provides an important mechanism in 
appetite regulation. In fact, the tissue inhibitor of 
mealloprotease-3 (TIMP-3) that inhibits the shed-
ding is increased in food deprivation in mice 
(Reizes et al.  2003 ). Moreover, cleavage of hepa-
rane sulfates on syndecan-3 by heparanase abol-
ishes the interaction of AgRP with MC4R 
(Fig.  10.7 ). As a result, heparanase- defi cient mice 
develop increased appetite and consume much 
more food that their wild-type counterparts 
(Karlsson-Lindahl et al.  2012 ). Taken together, 
these studies show that syndecan- 3 is an impor-
tant co-receptor in regulating body weight and 
appetite in mice and, potentially, in humans.   

  Fig. 10.7    Schematic representation of the MC4R signal-
ing. Syndecan-3 serves as a co-receptor for AgRP while 
also blocking the binding of its competitive antagonist, 
α-MSH. ( a ) In heparanase-null mice ( Hpa-ko ), syn-
decan-3 helps co-localize AgRP with MC4R and thereby 

promote their binding, which leads to increased food con-
sumption. ( b ) Heparanase injected in these mice ( Hpa-tg ) 
cleaves heparan sulfate chains, thus allowing the MC4R 
receptor to interact with α-MSH, which leads to reduced 
appetite (Modifi ed from Karlsson-Lindahl et al.  2012 )       
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10.9     Conclusions 

 Syndecans are responsible for diverse physiolog-
ical processes in healthy state and are implicated 
in several major human diseases including disor-
ders of lipid metabolism (atherosclerosis, type 2 
diabetes), AD and certain types of cancer. This 
highly conserved family of proteoglycans has 
evolved from the single syndecan precursor 
found in invertebrates to four different types 
found in vertebrates. Syndecans function as co- 
receptors and receptors for a variety of extracel-
lular ligands that are bound mainly by the 
glycosaminoglycan chains. Functions of syn-
decans are involved in every stage of organism 
development, from the embryonic to adult state. 
Due to their strategic membrane-spanning 
 location and their ability to bind numerous intra- 
and extracellular ligands, syndecans can transmit 
signals across the plasma membrane and can also 
help maintain the cytoskeleton under stress con-
ditions. To activate different signaling cascades, 
ectodomains of syndecans bind multiple posi-
tively charged ligands through their glycosami-
noglycan chains outside the cell, while the 
conserved cytoplasmic domains bind various 
adaptor proteins and enzymes inside the cell. 
Clustering of syndecans in lipid rafts, together 
with their dimerization, is critical for inducing 
signaling cascades. In this important process, the 
GxxxG motif in the transmembrane helical 
domain of the core protein is responsible for syn-
decan dimerization as well as for cholesterol 
binding and partitioning in lipid rafts (Barrett 
et al.  2012 ; Leonova and Galzitskaya  2013 ). 

 Notably, both APP and syndecans contain a 
cholesterol-binding GxxxG motif and, as a result, 
preferentially partition into lipid rafts (Barrett 
et al.  2012 ; Leonova and Galzitskaya  2013 ). This 
co-localization, together with the direct involve-
ment of this motif in formation of homo- and het-
erodimers of syndecans and other transmembrane 
α-helical domains (described by Hong in Chap.   1     
of this volume), prompts us to speculate that this 
transmembrane motif may potentially mediate 
direct interactions between APP and syndecans 

and thereby infl uence APP processing and gen-
eration of Aβ. 

 A wide range of syndecan functions involves 
ligand binding by heparan sulfate and chondroi-
tin sulfate chains. Syndecan-1 utilizes this bind-
ing for clearance of apoE-containing TG-rich 
lipoproteins. 

 Heparan sulfate chains are utilized by all syn-
decan. In syndecan-2, they facilitate Aβ retention 
on the cell surface, which is proposed to contrib-
ute to the development of amyloid plaques in 
AD. In syndecan-3, binding to heparan sulfate 
chains helps to co-localize the MC4R receptor 
with its agonist AgRP, which increases the appe-
tite. Syndecan-4 uses the chains to initiate cap-
ture of modifi ed LDL by macrophages in the 
process that promotes atheroma formation, 
increases cholesterol levels in the plasma mem-
brane, and thereby adversely affects the develop-
ment of cardiovascular disease and AD. 

 As a result, desulfation of glycosaminoglycan 
chains of syndecans can contribute to the develop-
ment of various diseases such as hypercholesterol-
emia, type 2 diabetes and obesity. On the other 
hand, desulfation of syndecans can have benefi cial 
effects, such as inhibition of amyloid plaque for-
mation in AD, inhibition of atheroma formation in 
cardiovascular disease, and decreased appetite. 

 Despite signifi cant progress in elucidating mul-
tiple functions of syndecans, their mechanisms of 
action and biomedical signifi cance are not fully 
understood. Further studies may ultimately help 
develop new syndecan-based  therapeutic targets. 
For example, inhibition of syndecan-3 may 
enhance the binding of AgRP to MC4R and 
thereby reduce the appetite and help alleviate obe-
sity, while desulfation of syndecan-2 may inhibit 
amyloid plaque formation in AD. Moreover, early 
detection of genetic defects and predispositions to 
certain diseases may also potentially include syn-
decans. We speculate that populational studies 
addressing the roles of syndecans in human dis-
ease may provide an alternative approach to under-
standing the etiology of major complex diseases, 
including cardiovascular disease, Alzheimer’s dis-
ease and other disorders of lipid metabolism.     
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