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Abstract 

Protein polymerization into amyloid fibrils underlies a number of human disorders, including 

hereditary systemic amyloidosis arising from fibrillization of the mutated lysozyme. Cell 

membranes represent one of the main targets for the toxic action of amyloid aggregates. In the 

present study the impact of monomeric and fibrillar lysozyme on the structural state and 

physicochemical properties of the model lipid membranes composed of phosphatidylcholine and 

its mixtures with cardiolipin and cholesterol was investigated using the fluorescence 

spectroscopy technique. Probing the protein-lipid interactions with the fluorescent probes 

Laurdan and pyrene showed that both forms of lysozyme give rise to the dehydration of lipid 

bilayer and decrease of its free volume, but the magnitude of these effects was much more 

pronounced for the fibrillar protein. The membrane-modifying propensity of lysozyme was 

found to be strongly modulated by the composition of lipid bilayer, with the membrane 

responses being enhanced by cardiolipin and diminished by cholesterol. 
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1. Introduction 

Protein self-association into highly ordered aggregates, amyloid fibrils, plays a pivotal 

role in the molecular etiology of a number of systemic and neurodegenerative human disorders 

including different types of amyloidosis, type II diabetes, Alzheimer’s, Parkinson’s and 

Huntington’s diseases [1,2]. Amyloid fibrils represent a kind of one-dimensional pseudo-crystals 

of multiple characteristic length scales, characterized by translational symmetry along the fibril 

axis and stabilized by hydrogen bonds between the backbone amide groups and a set of 

hydrophobic interactions [3,4]. The self-assembly of proteins and peptides into extended linear 

aggregates evolves through a wide range of structural intermediates of different sizes and 

morphologies. Despite a well-established causative link between the formation of amyloid fibrils 

and evolution of severe diseases, the molecular-level details of cell damage by pathogenic 

protein assemblies still represents the matter of controversy. A collection of studies supports the 

hypothesis that cytotoxic action of amyloid aggregates is targeted primarily at cellular 

membranes. The major role in membrane disruption is ascribed to the early fibril intermediates, 

i.e. low- and higher-molecular weight oligomers whose cytotoxic potential is thought to arise 

from the formation of non-specific ion channels [5], the alterations in calcium homeostasis and 

activity of membrane enzymes [6,7] and the loss of membrane integrity [8,9]. At the same time, 

accumulating evidence indicates that not only the prefibrillar oligomeric species but also the 

mature fibrils are capable of producing the diverse membrane-modifying effects. Among these 

are the increase in membrane permeability [10], lipid bilayer thinning [11], membrane 

fragmentation [11], the uptake of lipids into the fibers growing on the membrane template [12]. 

An essential feature of the membrane effects of aggregated proteins is their dependence on the 

basic physicochemical properties of lipid bilayer, such as phase state, curvature, elasticity, 

electrostatic surface charge, hydrophilicity and lipid packing density, which, in turn, are 

controlled by the exact lipid composition. This highlights the importance of systematic studies of 

the model protein-lipid systems with controllable structural and physicochemical characteristics. 

One of such systems, containing the amyloidogenic protein lysozyme and lipid vesicles of 

varying composition was in the focus of our previous studies designed to shed light on the 

membrane-modifying action oligomeric lysozyme [13,14] and its mature fibrils [15]. Lysozyme 

is a multifunctional cationic protein displaying bactericidal, antitumor and immunomodulatory 

activities. The mutants of human lysozyme are amenable to pathological fibrillization associated 

with hereditary nonneuropathic systemic amyloidosis, a disease in which amyloid deposits 

accumulate in a range of tissues including the kidney, liver and spleen [16,17]. The ortholog of 

human lysozyme, hen egg white lysozyme (Lz) sharing ~60% of sequence homology, readily 

undergoes fibrillization in vitro and is extensively employed in the amyloid studies. Using the Lz 
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as a model protein we previously found that oligomeric Lz penetrates into nonpolar membrane 

region and increases the packing density of hydrocarbon chains [13,14], while the mature fibrils 

of Lz have a superficial membrane location giving rise to bilayer dehydration and more dense 

packing of lipid headgroups [15]. As a next logical step, in the present study the membrane 

interactions of the Lz mature fibrils were explored with an emphasis on the role of lipid bilayer 

composition. More specifically, by varying the proportion of zwitterionic (phosphatidylcholine, 

PC), anionic (cardiolipin, CL) phospholipids and sterol (cholesterol, Chol) in the unilamellar 

lipid vesicles, we addressed the following main questions: i) whether the membrane effects of 

fibrillar Lz depend on the surface charge of lipid bilayer; ii) how the membrane modifications 

induced by the Lz fibrils are modulated by cholesterol in the two- (PC/Chol) and three-

component (PC/CL/Chol) lipid systems; iii) what is the location of Lz fibrils relative to the lipid-

water interface. To answer these questions, several fluorescence approaches have been 

employed, involving the two fluorescent probes located in the polar (Laurdan) and nonpolar 

(pyrene) regions of a lipid bilayer, the intrinsic protein fluorescence and its quenching by a polar 

quencher acrylamide. 

 

2. Materials and Methods 

2.1. Materials 

The hen egg white lysozyme, pyrene and cholesterol were purchased from Sigma (St. 

Louis, MO, USA). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and cardiolipin were from 

Avanti Polar Lipids (Alabaster, AL). Laurdan (6-Lauroyl-2-dimethylaminonaphthalene) was 

from Invitrogen Molecular Probes (Eugene, OR, USA). 

2.2. Preparation of lysozyme fibrils 

The lysozyme amyloid fibrils were grown by the incubation of the protein solution (10 

mg/ml) in 10 mM glycine buffer (pH 2) at 60 °C for 14 days. The working solutions of the native 

and fibrillar lysozyme were prepared in 5 mM Na-phosphate buffer (pH 7.4). For the electron 

microscopy assay, a 10 µl drop of the protein solution was applied to a carbon-coated grid and 

blotted after 1 min. A 10 µl drop of 2% (w/v) uranyl acetate solution was placed on the grid, 

blotted after 30 sec, and then washed 3 times by deionized water and air dried. The resulting 

grids were viewed at Tecnai 12 BioTWIN electron microscope. 

2.3. Preparation of lipid vesicles 

The large unilamellar lipid vesicles were prepared by the extrusion technique from PC 

and its mixtures with CL (5 or 20 mol%) and/or Chol (30 mol%). The thin lipid films were 

obtained by the evaporation of lipids’ ethanol solutions and then hydrated with 1.2 ml of 5 mM 

Na-phosphate buffer (pH 7.4) to yield the final lipid concentration 2 mM. Afterwards, the lipid 
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suspensions were extruded through a 100 nm pore size polycarbonate filter. Hereafter, the 

liposomes composed of binary mixtures of PC with 30 mol% Chol, 5 or 20 mol% CL were 

referred to as Chol30, CL5 and CL20, while the lipid vesicles composed of ternary mixtures of 

PC with CL (5 or 20 mol%) and Chol (30 mol%) were referred to as CL5/Chol30 and 

CL20/Chol30, respectively. 

2.4. Fluorescence measurements  

The steady-state fluorescence spectra were recorded with RF6000 spectrofluorimeter 

(Shimadzu, Japan). The fluorescence measurements were performed at 20 °C using 10 mm path-

length quartz cuvettes. The excitation wavelengths were 340 nm for pyrene and 364 nm for 

Laurdan. The ratio of vibronic bands in the pyrene emission spectra ( I IIII I ) was calculated 

from the fluorescence intensities at 371 nm (II) and 382 nm (IIII). The excimer-to-monomer 

fluorescence intensity ratio (E/M) was determined by measuring the fluorescence intensities at 

the monomer (391 nm) and excimer (466 nm) peaks. The generalized polarization (GP) of 

Laurdan fluorescence was determined as [18]: 

B R

B R

I I
GP

I I





            (1) 

where IB and IR are the fluorescence intensities of the blue (440 nm) and red (490 nm) spectral 

components, respectively. 

 The fluorescence quenching experiments were carried out with the neutral water-soluble 

quencher acrylamide. The emission spectra of lysozyme were recorded with excitation at 296 

nm, using 5 nm band passes for both excitation and emission. Small aliquots (10 µl) of the 

acrylamide stock solution (4 M) were added to a stirred and temperature-controlled protein 

solution or protein-lipid mixtures. Fluorescence intensity measured in the presence of quencher 

was corrected for the reabsorption and inner filter effects using the following coefficient: 
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where A is the protein absorbance in the absence of a quencher, and As is the total absorbance of 

the sample at excitation or emission wavelengths. The fluorescence quenching data were 

analyzed in terms of the Stern-Volmer equation [19]: 

0 01 1 [Q]q SVI I k K             (3) 

Where I0 and I are fluorescence intensities recorded in the absence and presence of a quencher, 

respectively, kq is the bimolecular quenching rate constant, τ0 is the fluorophore lifetime in the 

absence of the quencher, KSV is the Stern-Volmer constant, and [Q] is the quencher concentration. 

3. Results and discussion 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

As seen in Fig. 1, in the transmission electron microscopy images the lysozyme fibrillar 

aggregates are visualized as unbranched rod-like structures, up to 1.5 μm in length and 7 – 20 nm 

in width, lacking any trace amounts of amorphous and/or unstructured material. Under the 

conditions employed here, i.e. acidic pH and elevated temperature, the process of lysozyme 

fibrillization was reported to proceed through substantial loss of the protein tertiary structure and 

partial disruption of the secondary structure, resulting in the formation of assemblies with 

partially solvent-exposed hydrophobic patches, weakened intramolecular H-bonding, reduced 

hydration and high net positive charge [20]. 

 

Fig. 1. Transmission electron microscopy images of lysozyme amyloid fibrils. Scale bar is 200 

nm 

 

As the first step towards elucidating the membrane effects of fibrillar lysozyme (LzF), we 

investigated the protein-induced modification of the polar region of lipid bilayer using the 

fluorescent membrane probe Laurdan which is distinguished by a high sensitivity to the degree 

of membrane hydration and lipid phase state [21]. This probe responds to the environmental 

changes by the shift of its emission maximum [22,23]. Laurdan shows a substantial 

bathochromic shift in fluorescence spectra with increasing solvent polarity that is attributed to 

the increase of the dipole moment of its naphthalene moiety upon excitation and concomitant 

reorientation of solvent dipoles around the excited-state dipole of the probe molecule. The 

sensitivity of Laurdan to solvent polarity can be illustrated by the fact that its emission maximum 

is ~380 nm in dodecane, ~460 nm in dimethylsulfoxide, and ~490 nm in methanol [18]. 

In a lipid bilayer, this amphiphilic fluorophore resides at the level of glycerol backbone, with 

lauric acid tail being anchored in the acyl chain region. The emission maximum of membrane-
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bound Laurdan exhibits a strong dependence on the lipid phase state. In the gel phase the probe 

emission maximum is ~440 nm, while in the liquid crystalline phase it is ~490 nm [15]. At 

temperatures above the phase transition the Laurdan emission maximum shows a bathochromic 

shift arising from the increased hydration of the lipid bilayer at the level of glycerol backbone. In 

general, the Laurdan emission spectrum represents a superposition of two distinct components 

corresponding to the solvent-unrelaxed (shorter-wavelength band centered at ~440 nm) and 

solvent-relaxed states (longer-wavelength band centered at ~490 nm) [25, 26]. The variations in 

the degree of membrane hydration alter the ratio between these spectral components, thereby 

resulting in the shift of the emission maximum that is commonly quantified using the steady-

state fluorescence parameter known as the generalized polarization (GP) [27]. 

Shown in Fig. 2 are the typical emission spectra of Laurdan measured in the absence of 

protein (Fig. 2A) and at varying concentrations of LzF (Fig. 2B). Analogous spectra have been 

recorded for all types of lipid vesicles examined here, and similar control experiments have been 

conducted in the presence of monomeric protein (LzN).  

  

Fig. 2. Typical emission spectra of Laurdan in the model lipid membranes in the absence of 

protein (A). Emission spectra of Laurdan in the system CL20 + fibrillar lysozyme (B). Lipid 

concentration was 66 μM, Laurdan concentration was 2.3 μM 

 

The analysis of the acquired data sets in terms of the generalized polarization showed that GP 

values are negative for PC liposomes and positive for all other types of liposomes, indicating that 

in the neat PC bilayer Laurdan resides in a more polar environment compared to the membranes 

from the binary and ternary lipid mixtures. The both examined forms of lysozyme, LzF and LzN 

brought about the increase in GP values, with the magnitude of this effect being dependent on 

the composition of the protein-lipid systems (Fig. 3). The rise in the Laurdan GP most likely 

originates from the protein-induced bilayer dehydration coupled with the increase in lipid 

packing density. The three main tendencies are noteworthy: i) the fibrillar lysozyme produces a 

more pronounced decrease in bilayer hydration compared to the monomeric protein; ii) the 
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modifying influence of LzF and LzN is substantially stronger in the negatively charged lipid 

bilayers relative to the neutral ones; iii) the membrane effects of fibrillar and, to a lesser extent, 

monomeric lysozyme, are considerably diminished in the presence of cholesterol. 

 

Fig. 3. Relative increase in generalized polarization of Laurdan upon binding of monomeric and 

fibrillar lysozyme to the lipid bilayers of various composition. 

 

The next step of the study was directed towards uncovering the impact of the lysozyme fibrils 

on the structure and dynamics of nonpolar part of lipid bilayer using another fluorescent probe, 

pyrene, distributing in the acyl chain region. Fig. 4 depicts the representative emission spectra of 

pyrene in the lysozyme-lipid systems measured at varying concentrations of the aggregated 

protein. As can be seen, the spectra are characterized by clearly defined vibronic bands which 

reflect the π-π* transitions in the fluorophore molecule. Specifically, the first vibronic band 

(peak at 372 nm) corresponds to the 0-0 transition, while the third band (peak at 383 nm) 

describes the 0-2 transition [27]. Due to a strong correlation between electronic and vibronic 

states of pyrene molecule, the third peak proved to be extremely sensitive to the polarity of 

fluorophore microenvironment [28], the phenomenon manifesting itself in the increase in the 

intensity ratio of the first to the third vibronic band ( I IIII I ) in more polar solvents. 
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Fig. 4. Pyrene fluorescence spectra in CL5 lipid vesicles at varying concentration of fibrillar 

lysozyme. Lipid concentration was 66 μM, pyrene concentration was 0.8 μM 

 

Another informative parameter that can be extracted from the pyrene fluorescence spectra 

is the excimer-to-monomer intensity ratio ( /E M ). The formation of the pyrene excimers in 

membrane systems is usually considered as a diffusion-controlled process, depending on the 

structural and dynamic properties of the lipid bilayer [27,29]. A number of models have been 

developed to describe the pyrene excimerization [27,28-32]. Among them, the model of “random 

walk” formulated by Montroll [32] and extended by Galla et al. [31] seems to be generally 

accepted. This model considers pyrene monomers as forming a sub-lattice on the two-

dimensional periodic lattice composed of lipid molecules. The sub-lattice centers containing the 

excited monomers are supposed to be the traps for ground-state pyrene molecules. The average 

number of steps needed for ground-state molecule to reach a trapping center at a square lattice is 

given by: 

2 2
lns

Pyr Pyr

n
f f

            (4) 

where Pyrf  is the mole fraction of the lattice centers occupied by pyrene. The relation between 

the collision frequency ( col ) and sn  can be written as: 
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1

col s jn 


             (5) 

here j  stands for the jump frequency (the number of diffusional steps per second). On the other 

hand, 
col  can be defined as: 

'

0

1f

col E

f

kE

M k


 
  


          (6) 

where   is a proportionality coefficient between the ratio of excimer-to-monomer quantum 

yields and fluorescence intensities, 0

E  is the excimer lifetime, 
',f fk k  define the probabilities of 

the radiative decay of excited monomers and excimers, respectively. Eq. (6) may be simplified if 

one assumes that 0.8  , 
' 0.1f fk k  , 0 38E   ns [30,31]. By combining Eqs. (4)-(6) one 

obtains 

'

0

1 2 2
ln

f

j E

f pyr pyr

kE

M k f f


  
   


         (7) 

As follows from Eq. (7) there exists a direct relation between the measurable quantity /E M  and 

the pyrene jump frequency, which, in turn, is proportional to the lateral diffusion coefficient 

( diffD ) [27,31]: 

21

4
diff jD              (8) 

here 0.8   nm is the average jump length of the pyrene monomers. Within the framework of 

the above model, pyrene is considered as an indicator of the membrane free volume since the 

existence of free volume in the hydrophobic region of lipid bilayer controls the frequency of the 

collisions between the pyrene molecules and its diffusion coefficient. The membrane free 

volume is the result of the formation of acyl chain rotational isomers (so-called gauche-trans-

gauche kinks) due to the thermal undulations of the lipid hydrophobic tails. The kink formation 

gives rise to the lateral displacement of the acyl chains creating thereby the membrane free 

volume. Pyrene diffusional step is thought to be completed only when the space formed upon a 

molecule jump, will close due to the displacement of the defect of neighboring acyl chain 

[29,32]. Therefore, the frequency of the pyrene diffusional steps j  is directly proportional to the 

frequency of the defect displacement along the acyl chain, k : 

2

2

2 k
j k

d

L
              (9) 

where 0.13kd   nm is the lateral displacement of the acyl chain upon the kink formation, 

0.7L   nm is the length of the pyrene molecule. 
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Presented in Tables 1 and 2 are the spectral (the excimerization extent, /E M  and 
I IIII I  

intensity ratio) and dynamic ( col , j ,
k  and diffD ) characteristics of the pyrene excimerization 

calculated from the emission spectra using the Eqs. (4)-(9), in the absence of the protein, and in 

the presence of LzF or LzN. The main outcomes from the analysis of the obtained parameter set 

can be outlined as follows: i) both LzF and LzN exert statistically significant effect on the pyrene 

excimerization process only in the negatively charged CL-containing lipid vesicles (CL5, CL20, 

CL5/Chol30 and CL20/Chol30), where the protein-lipid complexation resulted in the decrease of 

all estimated parameters; ii) the influence of fibrillar species on the pyrene characteristics was 

markedly stronger than that of the native protein; iii) the inclusion of cholesterol into the lipid 

bilayer suppressed the action of LzF and LzN on the membrane properties sensed by pyrene. 

These findings suggest that the lysozyme, either in fibrillar or monomeric form, does not modify 

the free volume of the neutral vesicles, while the protein binding to the negatively charged 

bilayers is accompanied by the drop in the polarity of pyrene microenvironment (as judged from 

the decrease in I IIII I ) and the reduction of the membrane free volume (as concluded from the 

decrease in /E M , col , j , k  and diffD ). These findings support the idea that lipid bilayer 

composition controls the membrane-associating properties of amyloid fibrils and governs the 

extent to which fibrillar proteins alter the physicochemical properties of the lipid bilayer. 

Cumulatively, the Laurdan and pyrene fluorescence measurements provide a basis for the 

following inferences. (i) The observation that in the neutral PC and Chol30 liposomes the 

lysozyme fibrils does not produce any change in the pyrene parameters, but affects the Laurdan 

spectral behavior, suggest that LzF does interact with the uncharged membranes but its 

modifying effects are restricted to the interfacial bilayer region and do not propagate into the 

membrane core. (ii) In the CL-containing membranes strong electrostatic interactions between 

the negatively charged phospholipid headgroups and positively charged amino acid side chains 

not only promote the lysozyme membrane anchoring, but also favor the protein bilayer 

embedment to the level of acyl chains and occupation of the membrane free volume. All these 

processes slow down the pyrene diffusion and decrease the frequency of the collision between its 

molecules, resulting thereby in the reduced excimerization extent. Much more pronounced 

effects of LzF compared to LzN can be explained by the higher positive charge of the fibrillar 

protein and extension of the charged groups along the fibril length. Notably, the importance of 

electrostatic interactions in determining the mode of fibril-membrane complexation has been 

demonstrated for other amyloid-forming peptides and proteins [33-35]. 
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Table 1. Pyrene spectral parameters in different protein-lipid systems 

System 
I IIII I  Е/М 

No protein LzF LzN No protein LzF LzN 

PC 0.95 0.94 0.95 0.39 0.37 0.38 

CL5 0.96 0.72 0.89 0.44 0.28 0.33 

CL20 0.96 0.64 0.71 0.52 0.39 0.45 

Chol30 0.94 0.93 0.93 0.34 0.32 0.34 

CL5/Chol30 0.95 0.85 0.93 0.35 0.27 0.32 

CL20/Chol30 0.95 0.78 0.86 0.41 0.37 0.40 

 

Table 2. Effect of fibrillar and monomeric lysozyme on pyrene excimerization parameters 

System 
col , ns-1, ×10-3 j , ns-1 

k , ns-1 diffD , sm2 s-1, ×10-8 

No protein LzF LzN No protein LzF LzN No protein LzF LzN No protein LzF LzN 

PC 2.71 2.56 2.63 0.02 0.01 0.02 0.44 0.41 0.43 2.42 2.31 2.36 

CL5 3.05 1.94 2.29 0.02 0.01 0.01 0.49 0.32 0.37 2.73 1.74 2.05 

CL20 3.61 2.71 3.12 0.02 0.02 0.02 0.58 0.44 0.51 3.23 2.42 2.79 

Chol30 2.36 2.21 2.36 0.01 0.01 0.01 0.38 0.36 0.38 2.11 1.99 2.11 

CL5/Chol30 2.42 1.87 2.21 0.01 0.01 0.01 0.39 0.31 0.36 2.17 1.68 1.99 

CL20/Chol30 2.83 2.56 2.77 0.02 0.01 0.01 0.46 0.42 0.45 2.55 2.31 2.49 
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For instance, it has been found that electrostatic attraction between the Aβ peptide and lipid 

headgroups represents the main driving force regulating the penetration of the amyloid fibrils 

into the membrane hydrophobic core [33]. (iii) Both fluorescent reporters, Laurdan and pyrene, 

showed that the magnitude of the protein-induced changes in the lipid bilayer characteristics was 

markedly lower in the Chol-containing membranes. For illustration, in the CL5 liposomes the 

/E M  decrease was at most 25 and 36% for LzN and LzF, respectively, while in the 

CL5/Chol30 vesicles this parameter reduced at most by 8 and 23%, respectively. This 

observation is in accordance with the findings reported earlier for other amyloidogenic proteins, 

viz. for the prokaryotic hydrogenase maturation factor [36], Aβ(1-40) peptide [37] and N-

terminal fragment of apolipoprotein A-I [38]. The ability of cholesterol to preclude the 

membrane effects of prefibrillar and fibrillar protein aggregates is generally attributed to its 

bilayer-rigidifying propensity that hampers protein insertion into membrane core, prevents 

membrane disruption and permeabilization [15,37,39]. 

 

Fig. 5. Fluorescence spectra of fibrillar lysozyme in the presence of CL20 model membranes. 

Protein concentration was 1.6 μM. 

 

To gain further insight into the mode of membrane association of fibrillar lysozyme, at the 

last step of the study we measured the protein intrinsic fluorescence and its quenching by a 

neutral polar quencher acrylamide. Since the major effects of the lysozyme fibrils were observed 
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in the CL-containing systems, in this section we restricted ourselves to the four types of lipid 

vesicles (CL5, CL20, CL5/Chol30 and CL20/Chol30). The hen egg white lysozyme contains six 

tryptophan residues located at positions 28, 62, 63, 108, 111 and 123, with Trp62 and Trp108 

predominantly contributing to the overall emission spectrum of the protein [40]. The 

measurements of LzF intrinsic fluorescence in the presence of the negatively charged liposomes 

(representative spectra are depicted in Fig. 5) showed that increase of the lipid-to-protein molar 

ratio is accompanied by ~5 nm blue shift of the LzF emission maximum in CL5 and CL20 

systems, suggesting the transfer of the protein fluorophores into the membrane environment with 

lower polarity. In contrast, in Chol-containing systems, as well as in the case of LzN binding to 

all the types of membranes, the blue shift was only ~1 nm, indicating that: i) the Trp62 and 

Trp108 residues of LzN adopt a more superficial bilayer location compared to LzF; and ii) 

cholesterol prevents the penetration of LzF into the bilayer hydrophobic core, the observation 

being in accordance with the pyrene fluorescence measurements. 

To extract additional information, the intrinsic lysozyme fluorescence was quenched by 

acrylamide. As seen in Fig. 6A, acrylamide quenching is followed by the blue shift of the 

emission maximum for both monomeric and fibrillar forms in the presence of all types of 

negatively charged membranes. This finding indicates that individual Trp residues differ in their 

accessibility to the quencher, i.e. the solvent-exposed tryptophans are quenched more efficiently 

than the buried residues. This phenomenon manifests itself in the dependence of the Stern-

Volmer plots on the emission wavelength (Fig. 6B).  

  

Fig. 6. Quenching of the protein intrinsic fluorescence by acrylamide in the system CL5 + 

fibrillar lysozyme (A). Stern-Volmer plots for the quenching of fibrillar lysozyme fluorescence 

by acrylamide (B). Protein concentration was 1.6 μM, lipid concentration was 74 μM. 

 

The formation of protein-lipid complexes resulted in about two-fold decrease in Stern-Volmer 

constants compared to the protein in buffer solution (Table 3), suggesting the reduced 

accessibility of Trp residues to the solvent in the lipid-bound state. Likewise, LzF appeared to be 
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less exposed to acrylamide quenching than LzN assuming that stacking of the lysozyme 

molecules into fibrillar architecture shields the protein fluorophores from the solvent. Based on 

the results of molecular dynamics simulation previously we proposed the hypothetical structural 

model of the lysozyme amyloid fibrils. Briefly, this model implies that residues Gly54-Asn65 

and Ile78-Thr89 constitute the cross-β fibril core with Trp62, one of the main protein emitters, 

and Trp63 locating almost in the fibril center [41]. This sterically hinders the collisions between 

tryptophans and acrylamide and weakens the overall quenching efficiency. Alternatively, one 

may suppose that close packing of monomer subunits within the protofilaments reduces the 

accessibility of the protein fluorophores to the quencher. 

 

Table 3. Stern-Volmer constants for acrylamide quenching of lysozyme intrinsic fluorescence 

Lipid system  
Emission wavelength, nm 

320 330 340 350 360 370 

Buffer 
LzF 4.68±0.06 5.11±0.06 5.33±0.05 5.74±0.07 5.92±0.05 6.17±0.06 

LzN 4.93±0.08 5.19±0.07 5.51±0.07 5.83±0.09 6.04±0.05 6.38±0.08 

СL5 
LzF 2.21±0.03 2.43±0.04 2.69±0.03 2.81±0.04 2.91±0.03 2.98±0.04 

LzN 2.89±0.04 3.31±0.05 3.73±0.05 4.01±0.06 4.17±0.06 4.31±0.07 

CL5/Chol30 
LzF 2.52±0.04 2.81±0.04 3.09±0.05 3.24±0.05 3.39±0.05 3.51±0.05 

LzN 2.56±0.03 2.84±0.04 3.19±0.04 3.42±0.05 3.55±0.05 3.65±0.06 

CL20 
LzF 1.96±0.03 2.18±0.03 2.42±0.04 2.47±0.04 2.51±0.05 2.59±0.03 

LzN 2.21±0.02 2.36±0.02 2.51±0.02 2.56±0.02 2.59±0.03 2.61±0.03 

CL20/Chol30 
LzF 1.17±0.01 1.29±0.01 1.38±0.01 1.43±0.02 1.47±0.02 1.49±0.02 

LzN 1.67±0.05 1.91±0.06 2.12±0.06 2.25±0.06 2.33±0.06 2.42±0.05 

 

In summary, the following conclusions may be drawn from the results presented here: i) 

the lysozyme monomers and amyloid fibrils interact with the membranes via different modes; ii) 

the fibrillar form of lysozyme exerts more pronounced influence on the degree of hydration and 

free volume of the lipid bilayer; iii) the membrane binding of the lysozyme fibrils is 

predominantly initiated by electrostatic interactions, but the extent of fibril penetration into the 

membrane is further controlled by hydrophobic contacts; iv) lipid bilayer composition represents 

one of the major determinants of amyloid fibril effect on the structural and physicochemical 

characteristics of the lipid bilayer. Notably, our results are in accord with the data reported 

elsewhere. Direct evidence for the membrane disruption provoked by the lysozyme amyloid 

fibrils was provided by the different leakage assays [42-44]. Specifically, Hirano et al. showed 
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that the Lz amyloid aggregates induced the calcein leakage from the liposomes of different 

composition [42]. The observed effect was much more pronounced for the negatively charged 

lipid vesicles indicating that the electrostatic amyloid-membrane interactions are predominantly 

responsible for the membrane destruction. The arguments in favor of the membrane-destabilizing 

effects of fibrillar Lz come also from the study of Huang et al. [43]. It has been found that the 

lysozyme fibrils are capable of producing the hemolysis of human erythrocytes in the dose- and 

age-dependent manner. Such a disruptive effect on the cell membranes was attributed to the 

exposition of amyloid hydrophobic patches into the membrane interior, with electrostatic 

protein-lipid interactions being strongly required for fibril adsorption onto the lipid bilayer 

surface. At last, Gharibyan and co-workers have observed the release of lactate dehydrogenate 

from the plasma membranes of SH-SY5Y cells in the presence of Lz amyloid fibrils [44]. In 

addition, high positive net charge and hydrophobicity of the fibrillar lysozyme have been 

demonstrated to play a crucial role in triggering the apoptotic cascade. It has been hypothesized 

that the morphology of protein aggregates represents the main determinant of amyloid 

cytotoxicity. 

In the above structural model of the lysozyme fibrils we suggested that the fragment 

embracing the residues Gly117-Leu129, which have labile unstructured or turn conformation 

within the fibril, anchors the fibril on the lipid matrix, the process which may results in the 

irreversible loss of bilayer integrity. The putative anchoring segment 117-129 is characterized by 

high hydrophobicity favoring its embedment into a lipid bilayer, but at the same time it contains 

several polar residues capable of forming contacts with lipid polar groups. Based on the above 

rationales, it can be assumed that the fragment 117-129 resides at the lipid polar/nonpolar 

interface while the fibril core is located on the membrane surface, as schematically illustrated in 

Fig. 7.  
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Fig. 7. Hypothetical model for orientation of lysozyme amyloid fibrils on the lipid bilayer. 

Shown in red is the unstructured region of the lysozyme fibrils embracing the amino acids 

residues Gly117-Leu129. Blue arrows indicate β-strands. 

 

In such an orientation the lysozyme fibrils are capable of affecting both the polar and 

hydrophobic membrane regions as was deduced here from the Laurdan and pyrene fluorescence 

studies. Overall, our findings lend support to the idea that the search of effective inhibitors of 

fibril-membrane interactions represents the necessary step in the development of anti-amyloid 

strategies. 
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Highlights: 

 Lz monomers and fibrils interact with the membranes via different modes;  

 Lz fibrillar form exerts more pronounced influence on lipid bilayer;  

 membrane binding of the Lz fibrils is initiated by electrostatic interactions;  

 lipid bilayer composition is one of the major determinants of amyloid toxicity. 
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