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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-
B-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

AP Amyloid-p peptide

Chol Cholesterol

CL Cardiolipin

cytce Cytochrome ¢

FRET Forster 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
fB-structure-enriched conformation, and have dis-
tinct highly ordered structural organization with
B-sheets propagating along the fibril axis (Serpell
2000; Kelly 2002). Due to fundamental similarity
between intra- and interchain interactions, protein
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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), a-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
(Meratanetal. 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-p-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, APy 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 AP 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
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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; (i) 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-f 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 (56T, 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-

ek

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)
(Ldcio 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

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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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 Ap
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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 A
(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, 71/13, has long been employed as
an indicator of polarity in the vicinity of pyrene
monomers. Accordingly, in water I11/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
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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 (loffe
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 [1/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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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 uM, protein concentration
was 1 uM, pyrene concentra-
tion was 0.1 uM; liposome
diameter was 50 nm

Fig.6.4 Schematic represen-
tation of adsorption of multi-
ple lipid vesicles along the
amyloid fibril

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 P,-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-
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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 AP 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, AP 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.
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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 AP 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), AP
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 AP 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
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(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 P,-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).
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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 ¢) 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 ¢, 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).

Fig.6.5 Relative quantum
yield of AV-PC in protein-
lipid systems as a function of
cytochrome ¢ concentration
for PC/PG (3:2, mol:mol) and
PC/CL (3:1, mol:mol)
liposomes. Lipid concentra-
tion was 10 uM, lysozyme
concentration was

0.5 uM. Liposome diameter
was 100 nm
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To track membrane association of cyt ¢ and its
displacement with monomeric or polymerized
lysozyme, we measured the efficiency of Forster
resonance energy transfer (FRET) between
anthrylvinyl-labeled PC (AV-PC) as a donor and
heme group of cyt ¢ as an acceptor. As shown by
'"H-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 ¢ and lysozyme for the membrane
binding sites manifested itself in the rise of AV
quantum yield (Q,) with increasing lysozyme
concentration. Compared to its monomeric coun-
terpart, fibrillar lysozyme caused substantially
more detachment of cyt ¢ 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 ¢ 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 ¢
molecules from these areas.

As follows from the mean-field thermodynamic
analysis of surface adsorption in a binary mixture
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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 ¢ 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 A 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 ¢ discussed here.

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 uM, cytochrome
¢ concentration was

0.08 uM. Liposome diameter
was 100 nm

G. Gorbenko et al.

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
¢ — 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 Q,
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 Q, of the membranes
with similar electrostatic surface potentials but
different lipid composition. This implies that the
amount of desorbed cyt ¢ is not determined
exclusively by nonspecific electrostatic factors.
The possibility of specific interactions between
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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 n-m 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 AP 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.
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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 P-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; (i) 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: K, = (6.2i0.7),uM'] ,
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G26R/W @8 fibrils illustrating the presence of helical and
twisted ribbon polymorphs (a). Height profiles acquired

n, =0.1£0.02 (high-affinity ~ sites) and
K, =(0.14i0.03)yM", n, =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@S8 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

50 100 150 200
Length, nm

over contour length for different polymorphs of 1-83/
G26R/W @8 fibrils (b)

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 f-strand in lipid-free
protein, suggesting high intrinsic f-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 p-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 p-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
B-strand-loop-B-strand ~ structure in  which
B-strands from residues 14-31 to 41-58 form a
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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

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 B-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 f-strand and by the residues Q41_
N43_K45_1.47_N49_DS51, S52_T54_T56_
S58 in the C-terminal P-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_Y 18 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
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complexes, as a function of Thioflavin T concentration.
Lipid concentration was 13 uM, protein concentration

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
1, and calculating the relative quantum yield aver-
aged over all donors as:
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Here, P is the total concentration of the protein
monomers, K, is the dye partition coefficient
(630+46 for PC liposomes), and V;, Vy, are the
volumes of the lipid and aqueous phases, respec-
tively. Subsequent estimate of the surface density

was 1.6 uM, Laurdan concentration was 0.5 uM. Liposome
diameter was 50 nm. Solid line represents the simulation
data yielding the best agreement between experiment and
theory

Here r;is the distance between j-th donor and i-th
acceptor; Np and N, stand for the number of
donors and acceptors in a box, respectively; and
I, was taken as 10 R,, where R, is the Forster
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 (B, Byr and Bprz) were calculated for any
given total concentration of ThT by solving the
system of the following equations:

_ n,P(Z-B,,—B,,—B,)
™ 1/K,+(Z-B,,-B,-B,)

(6.2)

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 (N,
Npyr and Nyz) 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 rpp
from the fibril axis. The lengths of the helical
(Iyr) and twisted ribbon (l) fibrils in the box
relative to the box edge [, were defined by
parameters s, =1,, /[, and s, =[, /[, . 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
{rep, Sur, STk} 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 (k> and
Kmax’) Using the information on the fluorophore
rotational mobility derived from the fluorescence
anisotropy measurements (Dale et al. 1979).
Although the values of rp, sy and sz 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, dyz
and dyz. Two alternative scenarios were consid-
ered in regard to the orientation factor: (i) x° is
fixed and varies between k> and ka2, or (ii) k2
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: Iz ~29 nm, I3
~6 nm, dy ~1 nm, dr; ~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 (uH), 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
S$52-Q69, with the strongest lipid-binding poten-
tial in L44-R61. This corroborates the model
assumption that the p-sheet in residues 41-58
faces the membrane surface. Since the distance
between the P-sheets in our proposed f-strand-
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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/

loop-f-strand structure is ~1 nm, our estimates for
dyr and dry, are consistent with bilayer penetration
by the p-strands to the depth ~1 nm, i.e. to the
level of the initial acyl chain carbons.

Furthermore, the values of Iy and [ 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 nm? 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 [y,
~17 nm, [;x=0, dyz ~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 uM 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

G. Gorbenko et al.

G26R/W @8 fibrils on a lipid bilayer template drawn
approximately to scale (b). Scale bar in panel (a) is 50 nm

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
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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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