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Abstract The last decade has seen unprecedented upsurge of
interest in the structural and toxic properties of particular type
of protein aggregates, amyloid fibrils, associated with a num-
ber of pathological states. In the present study fluorescence
spectroscopy technique has been employed to gain further
insight into the membrane-related mechanisms of amyloid
toxicity. To this end, erythrocyte model system composed of
liposomes and hemoglobin was subjected to the action of
oligomeric and fibrillar lysozyme. Acrylamide quenching of
lysozyme fluorescence showed that solvent accessibility of
Trp62 and Trp108 increases upon the protein fibrillization.
Resonance energy transfer measurements suggested the pos-
sibility of direct complexation between hemoglobin and ag-
gregated lysozyme. Using the novel squaraine dye SQ-1 it
was demonstrated that aggregated lysozyme is capable of
inhibiting lipid peroxidation processes. Fluorescent probes
pyrene, Prodan and diphenylhexatriene were employed to
characterize the membrane-modifying properties of hemoglo-
bin and lysozyme. Both oligomeric and fibrillar forms of
lysozyme were found to exert condensing influence on lipid
bilayer structure, with the membrane effects of fibrils being
less amenable to modulation by hemoglobin.

Keywords Hemoglobin . Liposomes .Aggregated lysozyme .

Lipid peroxidation . Fluorescence spectroscopy

Introduction

During the past decades the phenomenon of protein self-
assembly into highly ordered supramolecular aggregates
called amyloid fibrils attracts ever growing attention due to
a well established correlation between the deposition of these
aggregates in various tissues and etiology of numerous se-
vere disorders including Alzheimer’s, Creutzfeldt-Jacob’s,
Parkinson’s, Huntington’s diseases, systemic amyloidosis,
type II diabetes, etc. [1]. Increasing evidence indicates that
interactions between amyloid fibrils and cell plasma mem-
branes may essentially contribute to amyloid cytotoxicity
[2–4]. Red blood cells are known to be one of the targets
for pathological fibrillar aggregates. Specifically, amyloid-β
peptide was reported to induce eryptosis [5] and affect met-
abolic modulation of red blood cells [6–8]. The increased
erythrocyte membrane fluidity was found in Alzheimer dis-
ease [9, 10]. The binding of amyloid proteins to erythrocyte
membranes is followed by the oxidative stress of red blood
cells [8, 11]. Furthermore, fibrillar proteins can exert influ-
ence on erythrocyte functioning through their association
with hemoglobin [12]. However, despite extensive research
efforts, molecular details of amyloid-induced erythrocyte
damage are far from being fully understood. To approach
this problem, in the present study we employed fluorescence
spectroscopy technique to ascertain the effects of lysozyme
oligomers and mature fibrils on the liposomal erythrocyte
model system.

Erythrocyte model system composed of unilamellar lipid
vesicles and hemoglobin (Hb) was chosen for the following
reasons. It was found that hemoglobin possesses the ability
to associate with the inner membrane of red blood cells [13,
14]. Erythrocyte membrane has two types of Hb binding
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sites. The sites of first type, that include band 3 protein, are
character ized by high affini ty, reversibi l i ty and
anticooperativity of binding [15, 16]. When bound to band
3 protein Hb resides on the membrane surface and do not
insert into the lipid bilayer. The low-affinity Hb binding sites
of second type consist of phospholipids [17]. Although Hb-
lipid interactions have long been a focus of numerous stud-
ies, precise molecular mechanisms as well as physiological
implications of Hb-lipid binding still remain unclear. Ad-
sorption of proteins onto lipid bilayers is a multistep process
including interdependent protein conformational changes
and membrane structural modifications. Hb-lipid binding is
driven by both electrostatic and hydrophobic interactions
[18, 19]. Non-polar coupling promotes protein penetration
into the inner membrane regions that is accompanied by the
protein and bilayer structural changes [20, 21] and free-
radical production [22, 23].

Experimental

Materials

Egg white lysozyme (Lz), hemoglobin from bovine blood in
met form (Hb), acrylamide, 1,3,5-hexatriene (DPH), 6-
propionyl-2-dimethylaminonaphthalene (Prodan) and
pyrene were from Sigma (USA). Egg yolk phosphatidylcho-
line (PC) and beef heart cardiolipin (CL) were purchased
from Biolek (Kharkov, Ukraine). Cholesterol (Chol) was
from Avanti Polar Lipids Inc., (Alabaster, AL). Phospho-
lipids gave single spot by thin layer chromatography in the
solvent system chloroform:methanol:acetic acid:water,
25:15:4:2, v/v. SQ-1 was synthesized as described previous-
ly [24]. All other chemicals were of analytical grade.

Preparation of Lipid Vesicles

Unilamellar lipid vesicles composed of PC and its mixtures
with 5 mol% CL (CL5) and 10 mol% CL (CL10) or 30 mol%
Chol (Chol30) were prepared using the extrusion technique
[25]. Appropriate amounts of lipid ethanol solutions were
evaporated to dryness under vacuum to remove organic
solvent. The obtained lipid films were subsequently hydrated
with 1.2 ml of 5 mM Na-phosphate buffer (pH 7.4). The
resulting dispersions were extruded through a 100 nm pore
size polycarbonate filter (Nucleopore, Pleasanton, CA). The
lipid concentration determined according to the procedure of
Bartlett [26] was 10 mM.

Formation of Amyloid Fibrils

The reaction of lysozyme fibrillization was initiated using the
approach developed by Holley et al. [27]. Protein solutions

(3 mg/ml) were prepared by dissolving lysozyme in deionized
water with subsequent slow addition of ethanol to a final
concentration 80 %. Next, the samples were subjected to
constant agitation at ambient temperature. This resulted in
the formation of lysozyme fibrils over a time course of about
30 days. The amyloid nature of fibrillar aggregates was con-
firmed in ABM and ANS fluorescence assays. For fluorescent
measurements with pre-fibrillar lysozyme aggregates the ali-
quots of agitated protein solution were taken during the lag-
phase (within 10 days of fibrillization).

Fluorescence Measurements

All fluorescence measurements were performed in 5 mM
sodium phosphate buffer, pH 7.4, at room temperature. Fluo-
rescence spectra were recorded with Perkin Elmer LS55
(UK) spectrofluorimeter. Excitation wavelengths were
340 nm for pyrene, 350 nm for DPH and Prodan, 640 nm
for SQ-1. SQ-1 fluorescence kinetic measurements were
monitored at 676 nm. Excitation and emission slit widths
were set at 2.5 nm for pyrene, 5 nm for Prodan, 10 nm for
SQ-1 and 15 nm for DPH.

Fluorescence quenching data were analyzed using the
Stern-Volmer equation:

I0
I
¼ 1þ kqτ0 ¼ 1þ KSV Q½ � ð1Þ

where I0 and I are fluorescence intensities of Lz in the absence
and presence of a quencher, kq—bimolecular quenching con-
stant, τ0 is fluorophore lifetime in the absence of quencher,
KSV—Stern-Volmer constant, [Q]—quencher concentration.

Prodan three-wavelength generalized polarization
(3wGP) was calculated according to the following relation-
ships [28]:

3wGP ¼ R12−1
R12 þ 1

; R12 ¼ I1k32
I2k32−I3 þ I1R31

; k32

¼ I3W
.
I2W ; R31 ¼ I3M

.
I1M ð2Þ

where I1, I2, I3 are fluorescence intensities of Prodan at 420,
480 and 530 nm, respectively; I2W, I3W, I1M, I3M are fluores-
cence intensities of Prodan in water (subscript W) and mem-
brane (subscript M) at 420 and 530 nm, respectively.

For quantitative analysis of resonance energy transfer
between Trp residues of Lz and heme group of Hb the
measured fluorescence intensities of the donor were
corrected for the inner filter and reabsorption effects using
the following coefficient:

k ¼ 10 AexþAemð Þ=2 ð3Þ
where Aex and Aem are the acceptor optical densities at the
excitation and emission wavelengths, respectively. The
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Förster radius (R0) for Trp-heme donor-acceptor pair was
calculated as:

R0 ¼ 979 κ2n−4r QD J
� �1.6

; J ¼
Z∞

0

FD λð ÞεA λð Þλ4dλ
.Z∞

0

FD λð Þdλ ð4Þ

where J is the overlap integral derived from numerical inte-
gration, FD(λ) is the donor fluorescence intensity, εA (λ) is
the acceptor molar absorbance at the wavelength λ, nr is the
refractive index of the medium (nr=1.37), QD is the donor
quantum yield, κ2 is the orientation factor. Forster radius for
Trp-heme donor-acceptor pair was found to be~3.9 nm. The
average distance R between Trp and heme moieties was
determined from [29]:

E ¼ R6
0

R6
0 þ R6 ð5Þ

where E is the efficiency of energy transfer, E=1−I/I0, I, I0
are the donor fluorescence intensities in the absence and
presence of acceptor, respectively.

Results and Discussion

Quenching of Lysozyme Fluorescence by Acrylamide

To elucidate the nature of lysozyme conformational changes
upon fibrillization, at the first step of the study we examined
the quenching of Lz intrinsic fluorescence by acrylamide. Lz
contains 6 Trp residues, of which Trp28 and Trp111 are
located in the hydrophobic core, while Trp62, Trp63, Trp108
and Trp123 reside on the surface of protein molecule [30, 31].
Two of these residues, Trp62 and Trp108 are known to be the
predominant Lz fluorophores, responsible for ~80 % of the
total protein emission [30]. Therefore, the measured
quenching efficiency mainly reflects solvent accessibility
of these two Trp residues. As seen in Table 1, within the first
10 days of protein incubation, corresponding to the lag phase
of fibrillization process, the differences between Stern-
Volmer constants were insignificant, while for the mature

fibrils abundant on the 30-th day of fibrillization KSV value
exhibited a marked increase. Several lines of evidence clear-
ly indicate that lysozyme amyloid formation proceeds via
partially unfolded conformational states [32]. As was dem-
onstrated by Holley and coauthors, in 80 % ethanol Lz
adopts a relatively stable structure similar to that in the native
state [27]. However, ethanol in combination with agitation
turned out to induce pronounced partial unfolding of lyso-
zyme, which occurs during the lag phase. In predominantly
organic solvents hydrophobic interactions between side
chains become weaker, thereby promoting the exposure of
non-polar protein core [33]. Dynamic light-scattering studies
showed that in 80 % ethanol lysozyme tend to adopt flexible
“broken rod” conformation favorable for the formation of
intermolecular β-sheets [34]. Hence, the fluorescence
quenching data presented here can be interpreted in terms
of the differences between Lz conformations in the lag phase
and at the end of fibrillization process. As judged from CD
measurements, theβ-sheet content of Lz increases during the
lag phase, presumably due to formation of dimers from the
partially unfolded protein monomers [27]. It seems likely
that in the course of fibril growth monomeric subunits un-
dergo further structural reorganization resulting in the in-
creased solvent accessibility of Trp62 and Trp108.

Lysozyme Association with Hemoglobin

At the second step of the study it was of interest to
evaluate whether Lz oligomers and fibrils can directly
associate with other proteins. To this end, the resonance
energy transfer (RET) technique was employed for mon-
itoring the interaction between Lz and Hb being
employed as a model protein. Trp residues of Lz served
as the energy donors, while heme groups of Hb were
employed as the acceptors. As illustrated in Fig. 1, Hb

Table 1 Stern-Volmer constants for quenching of lysozyme tryptophan
fluorescence by acrylamide

Time of lysozyme incubation under denaturing
conditions, days

KSV, M
−1

2 3.35±0.08

4 3.00±0.15

6 4.19±0.09

8 4.00±0.04

10 3.34±0.10

30 (amyloid fibrils) 6.08±0.07 Fig. 1 Decrease of amyloid lysozyme tryptophan fluorescence in the
presence of hemoglobin. Lysozyme concentration was 1 μM
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addition to oligomeric or fibrillar Lz was followed by
the quenching of Trp fluorescence without any shift of
emission maximum. Lysozyme emission spectra were
corrected for the inner filter effects (Eq. (3)) to ensure
that the quenching Lz fluorescence arises from RET,
rather than from the absorption of exciting and emitted
light by the heme groups. It appeared that the efficiency
of energy transfer between Lz and Hb is virtually inde-
pendent of the time of Lz incubation under denaturing
conditions. The average donor-acceptor distance calcu-
lated from the Eq. (5) was found to be~4.4 nm. Within
Hb concentration range employed in the RET experi-
ments (0–0.2 μM), Hb tetramer tends to dissociate into
αβ dimers [35]. Given that dimensions of Hb dimer are
approximately 4.2×4.0×5.0 nm, while the size of Lz
molecule is about 4.5×3.0×3.0 nm, the above estimate
for Trp-heme separation seems to be quite reasonable.
Since at physiological pH Lz bears high positive charge,
while Hb is practically uncharged, it is hardly probable
that electrostatic interactions play determining role in
Lz-Hb association. Presumably, the formation of
intermolecular Lz-Hb contacts is driven mainly by hy-
drophobic interactions between the exposed non-polar
patches. Fibrillization may give rise to the increase of
protein surface hydrophobicity, as was demonstrated, for
instance, for Aβ-peptide [36]. The exposure of non-
polar amino acid residues upon Lz incubation of in
80 % ethanol and Hb dissociation into dimers [37]
may be important determinants of the observed Lz-Hb
complexation.

Lysozyme Influence on Hemoglobin-Induced Lipid
Peroxidation

One of the known mechanisms of amyloid-mediated
erythrocyte damage involves induction of oxidative
stress [8, 11]. Free radical reactions in a lipid phase
can also be initiated by hemoglobin-membrane interac-
tions [38–40]. Therefore, a separate series of our exper-
iments was designed to ascertain whether oligomeric
and fibrillar forms of Lz can modulate the process of
lipid peroxidation. For this purpose, we used the
fluorescence-based approach exploiting high sensitivity
of the novel squaraine dye SQ-1 to the presence of free
radicals. It has been previously found that Hb-induced
lipid peroxidation brings about drastic quenching of SQ-
1 fluorescence, presumably arising from the cleavage of
dye squaric moiety by the reactive oxygen species [41].
In the present study we employed SQ-1 to monitor
oxidative processes in the model systems containing
liposomes, Hb and Lz. SQ-1 incorporated into liposomal
membranes appeared to be insensitive to Lz-induced
membrane modifications, while Hb produced significant

decrease in SQ-1 fluorescence. Oligomeric or fibrillar
Lz was added to liposomes pre-incubated with SQ-1
and kinetics of the probe fluorescence was monitored
at SQ-1 emission maximum (676 nm) over 3–5 min.
Then Hb was added to the system and kinetic measure-
ments were performed over 6–10 min. As illustrated in
Fig. 2, SQ-1 fluorescence quenching was considerably
suppressed in the presence of lysozyme. Interestingly,
the magnitude of this effect was practically independent
of the protein aggregation state varying with increasing
the time of its incubation under denaturing conditions.
There are at least two possible explanations for these
findings. First, Lz can be a scavenger of free radicals.
Positively charged Lz molecule initially associates with
the lipid bilayer surface via formation of ionic contacts
between the charged amino acid residues and lipid
headgroups. Then, initial electrostatic binding is follow-
ed by the protein partial insertion into a membrane

Fig. 2 Relative changes of fluorescence intensity of SQ-1 upon hemo-
globin binding to CL5, CL10 (a) and PC, Chol30 (b) lipid vesicles in
the presence and absence of amyloid lysozyme. Lipid concentration
was 15.5 μM, lysozyme −2 μM, SQ-1 −0.12 μM, hemoglobin −0.02
μM. Shown in inset is chemical structure of SQ-1
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hydrophobic core. Presumably, some molecular groups
of lysozyme (for instance, SH-groups) can react with
free radicals, thereby preventing the initiation and prop-
agation of oxidative chain reaction. Since Lz has higher
affinity for anionic lipids, in CL-containing bilayers its
antioxidant effect was more pronounced compared to
the neat PC membranes, as shown in Fig. 2. According
to the second hypothesis, Lz antioxidant effect may
originate from the competition between Hb and Lz for
the membrane binding sites. In addition, as was dem-
onstrated above, Lz avidly associates with Hb, therefore,
aggregated protein can serve as a template for Hb
binding. All the above types of protein-lipid and
protein-protein interactions may hamper Hb ability to
induce lipid peroxidation.

Hemoglobin Effect on Lipid Bilayer Structure

At the next step of the study we examined the influence
of hemoglobin on membranotropic activity of lysozyme.
First, Hb ability to modify lipid bilayer structure was
assessed using several fluorescent probes differing in
their bilayer location. Structural changes induced by
Hb in the headgroup membrane region were monitored
with polarity-sensitive probes pyrene and Prodan.
Pyrene monomers are known to reside in the acyl chain
region close to the lipid headgroups [42]. Relative in-
tensity of the first-to-third pyrene vibronic peaks (II/IIII)
is highly sensitive to microenvironmental polarity [43,
44]. This parameter was~1 for all types of liposomes,
showing no explicit dependence on lipid composition of
the model membranes. Hb-lipid interactions resulted in
the rise of II/IIII value by ~12–18 %, indicating an
increase in the lipid bilayer polarity. These findings
are in agreement with the data previously reported by
Xi et al. [45]. Presumably, Hb-lipid binding destabilizes
headgroup region of the lipid bilayer, thereby promoting
water penetration into the membrane interior. Additional
arguments in favour of this assumption were obtained
using another polarity-sensitive probe, Prodan. This
probe displays bimodal membrane distribution, which
depends on the packing properties of a lipid bilayer.
The ratio of fluorescence signals originating from
Prodan molecules occupying different membrane sites
is highly sensitive to the probe environmental polarity
[46]. As shown in Fig. 3, Hb-lipid binding resulted in
the decrease of 3wGP value, being indicative of the
increase in membrane polarity [28]. Higher magnitudes
of 3wGP changes produced by Hb in CL-containing
liposomes compared to PC can be explained by the fact
that electrostatic interactions between Hb and lipid
headgroups destabilize protein structure, giving rise to
the formation of partially unfolded state which favors

protein incorporation into the membrane core [20, 21].
Drastic decrease of 3wGP value in Chol30 liposomes
could be the result of Hb-induced displacement of
Prodan molecules into more polar membrane binding
sites.

Next, using nonpolar fluorescent probes DPH and
pyrene we addressed the question of whether Hb can
exert influence on the structural state of hydrophobic
membrane region. As seen in Fig. 4, Hb interaction
with PC and PC/CL liposomes was followed by the
increase of DPH anisotropy, resulting from restriction
of the probe rotational mobility. These data are consis-
tent with the observation that Hb is capable of increas-
ing membrane viscosity [47]. On the contrary, in
Chol30 lipid bilayers DPH anisotropy did not undergo
any statistically significant change, suggesting that
tighter lateral packing of hydrocarbon chains caused by
cholesterol hampers Hb penetration into the membrane
interior. Further support for these assumptions comes

Fig. 3 Three-wavelength generalized polarization of Prodan in lipid
and hemoglobin-lipid systems. Lipid, hemoglobin and Prodan concen-
trations were 38.6 μM, 0.05 μM and 0.3 μM, respectively

Fig. 4 DPH fluorescence anisotropy in lipid and hemoglobin-lipid
systems. Lipid, hemoglobin and DPH concentrations were 38.6 μM,
0.05 μM and 0.9 μM, respectively
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from pyrene excimerization studies. As seen in Fig. 5,
Hb-lipid interaction was accompanied by the decrease of
excimer-to-monomer intensity ratio (E/M). The amount
of excimers (excited-state dimers formed from excited
and non-excited pyrene monomers) is determined by the
rate of the probe lateral diffusion, which, in turn, is a
function of the membrane fluidity, or, more strictly
speaking, free volume of a lipid bilayer [48, 49]. The
observed decrease in the extent of pyrene excimerization
most likely reflects reduction of the bilayer free volume
upon Hb penetration into acyl chain membrane region.

Modulation of Lysozyme-Induced Changes in Membrane
Structure by Hemoglobin

Further series of experiments was aimed at examining
the influence of aggregated lysozyme on structural or-
ganization of the model membranes. Likewise, it was
of interest to ascertain whether membrane-modifying
properties of Lz can be modulated by hemoglobin.
The binding of oligomeric and fibrillar Lz to liposomal
membranes had no influence on the intensity ratio of
the first-to-third pyrene vibronic peaks, indicating that
degree of bilayer hydration remained virtually
unchanged at the level of upper acyl chain carbons,
where pyrene monomers tend to reside. In the mean-
time, another parameter derived from pyrene emission
spectra, excimerization degree, exhibited pronounced
decrease upon association of aggregated lysozyme with
liposomes (Fig. 6). The magnitude of this effect
showed a general trend to increase with the time of
Lz incubation under denaturing conditions. Likewise,
the age of Lz aggregates turned out to be essential in
determining the character of Hb modulating effect on
the membrane modifications produced by Lz. As

illustrated in Fig. 6, during the lag phase the sign
and magnitude of Hb modulating effect on E/M value
markedly vary, while E/M changes induced by the
mature Lz fibrils were virtually unaffected by Hb.
These data reflect the complexity of fibril formation
process, with a diversity of membrane-active protein
species co-existing during the lag phase. On the con-
trary, at the end of fibrillization the mature Lz fibrils
become predominant components of the examined sys-
tem and membrane effects of pre-fibrillar species seem
to be negligible. Our pyrene excimerization studies
indicate that lysozyme is capable of reducing the bi-
layer free volume in both oligomeric and fibrillar
forms, but membrane condensation caused by fibrils is
more profound and less subjected to various impacts,
as can be deduced from the experiments with Hb.
Additional support for these rationales comes from

Fig. 5 Pyrene excimer-to-monomer fluorescence intensity ratio in lipid
and hemoglobin-lipid systems. Lipid, hemoglobin and pyrene concen-
trations were 15.7 μM, 0.02 μM and 0.4 μM, respectively

Fig. 6 Relative decrease of pyrene excimer-to-monomer fluorescence
intensity ratio upon binding of the lysozyme oligomers (a) and fibrils
(b) to lipid and hemoglobin-lipid membranes. Lipid, hemoglobin, ly-
sozyme and pyrene concentrations were 15.7 μM, 0.02 μM, 2.9 μM
and 0.4 μM, respectively
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DPH anisotropy measurements. As shown in Fig. 7,
DPH anisotropy changes were markedly modulated by
Hb only in the case of Lz oligomers, rather than
mature fibrils. Similar to pyrene, DPH responses to
mature fibrils were more pronounced compared to olig-
omers. However, in contrast to pyrene, the effects ob-
served with DPH showed clear dependence on lipo-
some composition. In the negatively charged PC/CL
bilayers DPH anisotropy increases under the influence
of both oligomeric and fibrillar Lz, suggesting the
restriction of the probe rotational mobility. The en-
hancement of this effect with the rise in CL proportion
points to essential role of electrostatics in the mem-
brane structural modifications induced by Lz. Electro-
static interactions ensure protein targeting to the mem-
brane surface, its accumulation at lipid-water interface,
specific orienting and structural transformation of poly-
peptide chain. Obviously, the extent of Lz penetration
into membrane core depends on the surface coverage,
which, in turn, is governed by electrostatics. The va-
lidity of this viewpoint is confirmed by the findings

that in neutral PC and PC/Chol liposomes DPH anisot-
ropy changes are much smaller than those in PC/CL
liposomes (Fig. 7). Moreover, tighter acyl chain pack-
ing in Chol-containing bilayer resulted in the absence
of any significant anisotropy changes in the case of Lz
oligomers and rather small (~5 %) increase of this
parameter in the case of Lz fibrils. At last, the distinc-
tions between spectral responses of pyrene and DPH
are likely to originate from the differences in the un-
derlying molecular events and bilayer perturbation
scales. While the rate of DPH rotational diffusion is
sensitive to bilayer perturbation in the immediate vicin-
ity of the probe, the rate of pyrene lateral diffusion
determining the excimerization degree is a more inte-
gral parameter averaged over entire bilayer volume.
The modulating effect of Hb on the bilayer-modifying
properties of Lz can be rationalized as follows. The
recovered destabilization of the headgroup bilayer re-
gion upon Hb-lipid binding can increase the accessibil-
ity of the bilayer interior to Lz oligomers, so that the
membrane effects detected with pyrene and DPH be-
come more pronounced in the presence of Hb (Figs. 6a
and 7a). In contrast, mature fibrils seem to overcome
the energetic barrier for membrane insertion more eas-
ily compared to oligomers, in a way that does not
require bilayer destabilization.

In summary, the results presented here allowed us to
suggest the following ideas: (i) in the course of fibril
growth monomeric subunits of lysozyme experience
structural transformation resulting in the increased sol-
vent accessibility of Trp62 and Trp108; (ii) surface hy-
drophobicity of lysozyme increases upon fibrillization,
thereby elevating the likelihood of protein-protein com-
plexation; (iii) regardless of its aggregation state, lyso-
zyme can inhibit the process of lipid peroxidation; (iv)
both oligomeric and fibrillar forms of lysozyme can
induce condensation of lipid bilayer; (v) membrane-
modifying properties of oligomeric lysozyme can be
modulated by other proteins. Although these ideas re-
quire further experimental verification, they can be
regarded as a starting point on the way to deeper
understanding of the membrane-mediated mechanisms
of amyloid toxicity.
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