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ABSTRACT Biological functionsof lysozyme, including its antimicrobial, antitumor, and immune-modulatory activities havebeen
suggested to be largely determined by the lipid binding properties of this protein. To gain further insight into these interactions on a
molecular level the association of lysozyme to liposomes composed of either 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine or
its mixtures with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-phos-
phatidylserine, or bovine heart cardiolipin was studied by a combination of fluorescence techniques. The characteristics of the
adsorption of lysozyme to lipid bilayers were investigated using fluorescein 59-isothiocyanate labeled protein, responding tomem-
braneassociation by a decrease in fluorescence.Upon increasing the content of anionic phospholipids in lipid vesicles, the binding
isotherms changed from Langmuir-like to sigmoidal. Using adsorptionmodels based on scaled particle and double-layer theories,
this finding was rationalized in terms of self-association of the membrane-bound protein. The extent of quenching of lysozyme
tryptophan fluorescence by acrylamide decreased upon membrane binding, revealing a conformational transition for the protein
upon its surface association, resulting in a diminished access of the fluorophore to the aqueous phase. Steady-state fluorescence
anisotropy of bilayer-incorporated probe 1,6-diphenyl-1,3,5-hexatriene was measured at varying lipid-to-protein molar ratios.
Lysozyme was found to increase acyl-chain order for liposomes with the content of acidic phospholipid exceeding 10 mol %. Both
electrostatic and hydrophobic protein-lipid interactions can be concluded to modulate the aggregation behavior of lysozymewhen
bound to lipid bilayers. Modulation of lysozyme aggregation propensity by membrane binding may have important implications for
protein fibrillogenesis in vivo. Disruption of membrane integrity by the aggregated protein species is likely to be the mechanism
responsible for the cytotoxicity of lysozyme.

INTRODUCTION

The structure and physicochemical properties of lysozyme

have been thoroughly characterized and this protein contin-

ues to be widely employed as a model in fundamental studies

assessing protein adsorption at interfaces (1), lipid-protein

interactions (2–6), membrane fusion (7–10), and structural

requirements for bactericidal action (11–13), as well as pro-

tein folding, aggregation, and amyloid fibrillogenesis (14–16).

There are a number of reports on the lipid-binding properties

of lysozyme (5–9,17,18). In brief, membrane association of

lysozyme is thought to involve both electrostatic and hydro-

phobic interactions (4,9,17). Lysozyme (pI ;11.0) bears a

net positive charge over a broad pH range and, accordingly,

has a high affinity for anionic phospholipids. The primary

role of electrostatic interactions in the membrane association

of lysozyme has been demonstrated by monitoring changes

in the electrophoretic mobility of lipid vesicles after protein

adsorption (6,17), examining the effects of pH, ionic strength,

and charge state of chemically modified lysozyme on its lipid

binding (6,7), and comparing the effects of lysozyme on the

aggregation and fusion of negatively charged and neutral

liposomes (9). There is also evidence demonstrating the in-

volvement of hydrophobic interaction in the membrane asso-

ciation of lysozyme. Accordingly, fluorescence polarization

of fluorescamine-labeled lysozyme showed comparable affin-

ity for neutral and negatively charged vesicles, both at low

and high ionic strengths (9). Lysozyme was found also to

induce the release of the aqueous contents of uncharged vesi-

cles, presumably resulting from a disruption of the mem-

brane integrity due to the insertion of lysozyme into the lipid

bilayer (4,9). Measurements of surface pressure for lipid mono-

layers revealed a pH and ionic-strength-dependent penetra-

tion of lysozyme into the lipid phase (6). Cumulatively, the

available data suggest that the membrane binding of lyso-

zyme is a multistep process involving 1), initial protein adsorp-

tion to the lipid bilayer surface driven by the formation of

ionic and/or hydrogen bond-mediated contacts; 2), confor-

mational alterations of the protein; 3), structural reorganiza-

tion of the lipid phase; and 4), partial insertion of lysozyme

into the membrane acyl-chain region. Although these distinct

steps have been identified, the accompanying molecular events

have not been characterized in detail.

In addition to its hydrolytic activity, lysozyme displays

antimicrobial, antitumor, and immunomodulatory properties,

which have been extensively studied. Interestingly, accumu-

lating evidence indicates that not only the catalytic but also

the lipid-binding properties of lysozyme may account for its

bactericidal action (13). Lysozyme catalyzes hydrolysis of

the b-(1,4)-glycosidic linkage between n-acetylglucosamine

and muramic acid of the peptidoglycan layer in the bacterial

cell wall, thereby promoting cell aggregation and loss of their
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viability. The antimicrobial activity of lysozyme is directed

mainly against Gram-positive bacteria, with much lesser ef-

fect on Gram-negative species, featured by the outer mem-

brane preventing protein diffusion to the target site. It was

demonstrated that the bactericidal action of lysozyme can be

augmented by modifying its cationic charge and hydropho-

bicity (12,15). More specifically, lysozyme, partially unfolded

by heat treatment, proved to exert catalytically independent

antimicrobial action against both Gram-negative and Gram-

positive bacteria (13). The enhancement of the bactericidal

activity of lysozyme against Gram-negative bacteria was ob-

served also after partial reduction of its disulfide bonds (19).

These data were interpreted in terms of the altered protein con-

formation minimizing the energetic cost of diffusion through

the outer membrane of Gram-negative bacteria and enhanced

insertion into the inner membrane, which is thought to be the

target of bacterial cells. A specific helix-loop-helix domain

penetrating into lipid bilayers was suggested to be respon-

sible for the bactericidal action of lysozyme (12,13). In view

of the above findings, identification of the factors controlling

the antimicrobial activity of lysozyme and lysozyme-lipid in-

teractions can be regarded to bear major biological relevance.

Another intriguing property of lysozyme relates to its re-

cently reported propensity for conversion into amyloidlike

fibrils in a proper membrane environment (20). Along these

lines, protein fibrillization has attracted particular attention

because of the critical role of this process in the pathogenesis

of a number of diseases involving the deposition of aggregated

proteins in various tissues (21). These aggregates are com-

posed of specific filamentous structures, amyloid fibrils, fea-

tured by a core cross-b-sheet structure in which polypeptide

chains are oriented in such a way that the b-strands run per-

pendicularly to the long axis of the fibril, while the b-sheets
propagate in its direction (22). It has been found that point

mutations giving rise to the reduced structural stability and

altered folding kinetics of human lysozyme render this pro-

tein amenable to amyloid fibrillization in vivo, associated

with a familial nonneuropathic systemic amyloidosis, a dis-

ease in which aggregated protein tends to form deposits in

liver, kidneys, and spleen (23). Lysozyme amyloidogenesis

has been extensively studied in vitro, with fibril growth being

induced at acidic pH, elevated temperature, or upon addition

of organic solvents (16,24,25). In accord with the generally

recognized concept, structural transition of lysozyme to par-

tially unfolded, aggregation-prone state has been suggested

to be a critical prerequisite for fibrillization (25). Importantly,

in vitro protein assembly into protofibrillar and fibrillar struc-

tures can be triggered by membrane binding (20,26,27). De-

spite considerable progress achieved in understanding the

mechanisms and pathways of protein fibrillization, the molec-

ular details of membrane-mediated fibrillogenesis remain

poorly understood (28). In this regard, studies on lysozyme-

liposome model system are likely to provide new insights.

The present study was undertaken to obtain further infor-

mation on the mechanisms of lysozyme-lipid interactions. In

accord with the membrane binding being a multistep process,

our goals were several-fold: 1), to characterize the adsorption

of lysozyme to neutral and negatively charged model mem-

branes with different surface charge densities and different

anionic phospholipid species; 2), to explore the effect of lip-

ids on protein conformation; and 3), to monitor changes in

the structural dynamics of the lipid bilayer due to protein

adsorption. We utilized fluorescence spectroscopy for lyso-

zyme covalently labeled with fluorescein, quenching of the

intrinsic tryptophan fluorescence by acrylamide, and assess-

ment of lipid acyl-chain order by steady-state fluorescence

anisotropy of the membrane-incorporated probe diphenyl-

hexatriene (DPH). Neat phosphatidylcholine vesicles or mix-

tures of this lipid with phosphatidylglycerol, phosphatidylserine,

or cardiolipin were used as model membranes.

MATERIALS AND METHODS

Materials

Chicken egg white lysozyme, fluorescein 59-isothiocyanate (FITC), and

HEPES were purchased from Sigma (St. Louis, MO). Dimethyl sulfoxide

was of Uvasol grade from Merck (Whitehouse Station, NJ). Bovine heart

cardiolipin (CL), 1-palmitoyl -2-oleoyl-sn-glycero-3-phosphocholine, 1-palmi-

toyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol, and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-rac-phosphatidylserine were from Avanti Polar Lipids

(Alabaster, AL). 1,6-Diphenyl-1,3,5-hexatriene (DPH) was from EGA Chemie

(Steinheim, Germany). All other chemicals were of analytical grade.

Lysozyme labeling with
fluorescein isothiocyanate

Labeling of lysozyme with FITC was performed according to Kok et al. (29).

FITC and lysozyme were dissolved simultaneously in 100 mM borate

buffer, pH 9.1 to give equimolar concentrations of the protein and label (110

mM). After incubation of the sample for 90 min at 25�C under continuous

stirring in the dark, pH was adjusted to 7.4. Subsequently, the solution was

dialyzed at 4�C against 20 mM HEPES, 0.1 mM EDTA, pH 7.4. The degree

of labeling was estimated using extinction coefficients of 73,000 M�1 cm�1

for FITC at 494 nm and 45,200 M�1 cm�1 at 280 nm. Lysozyme concen-

tration was calculated after subtracting FITC absorbance using extinction

coefficient of 37,800 M�1 cm�1 at 280 nm, and revealed a fluorescein-pro-

tein molar ratio of 0.9.

Preparation of lipid vesicles

Large unilamellar vesicles were made by extrusion using 1-palmitoyl

-2-oleoyl-sn-glycero-3-phosphocholine (PC) and its mixtures with 1-palmitoyl-

2-oleoyl-sn-glycero-3-phospho-rac-glycerol (PG), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phospho-rac-phosphatidylserine (PS), or CL, as indicated. A thin

lipid film was first formed of the lipid mixtures in chloroform by removing

the solvent under a stream of nitrogen. The dry lipid residues were

subsequently hydrated with 20 mM HEPES, 0.1 mM EDTA, pH 7.4 at room

temperature to yield lipid concentration of 1 mM. Thereafter, the sample was

subjected to 15 passes through a 100-nm pore-size polycarbonate filter

(Millipore, Bedford, MA), yielding liposomes’ desired composition. In this

way, 13 types of lipid vesicles containing PC and 0, 5, 10, 20, and 40 mol %

PG or PS, and 2.6, 5.3, 11.1, or 25 mol % CLwere prepared, with the content

of phosphate being identical for all liposome preparations.
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Fluorescence measurements

Steady-state fluorescence spectra were recorded with LS-50B spectrofluo-

rometer equipped with a magnetically stirred, thermostated cuvette holder

(Perkin-Elmer, Beaconsfield, UK). Fluorescence measurements were per-

formed at 25�C and using 10 mm path-length quartz cuvettes. Emission

spectra of fluorescein-labeled lysozyme were recorded in buffer and in the

presence of liposomes with excitation wavelength of 470 nm. Excitation and

emission band-passes were set at 5 nm.

Fluorescence quenching experiments were carried out with the neutral

water soluble quencher, acrylamide. Emission spectra of lysozyme were

recorded with excitation at 296 nm, using 5-nm band-passes for both ex-

citation and emission. Small aliquots (10 ml) of 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 reabsorption and inner filter effects using the

coefficient

k ¼ ð1� 10
�AÞAs

ð1� 10
�AsÞA; (1)

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

data of the quenching experiments were analyzed according to Stern-Volmer

equation (30),

Io=I ¼ 11 kqto ¼ 11KSV½Q�; (2)

where Io and I are fluorescence intensities recorded in the absence and

presence of a quencher, respectively, kq is the bimolecular quenching rate

constant, to is the fluorophore lifetime in the absence of the quencher, KSV is

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

Steady-state fluorescence anisotropy for DPH was measured using

excitation and emission wavelengths of 360 and 450 nm, respectively, with

excitation and emission band-passes set at 10 nm. Stock solution of DPH

was prepared in tetrahydrofurane. To incorporate the probe into lipid

bilayers, liposomal suspensions were incubated with DPH for 60 min at

25�C to achieve a lipid/probe molar ratio 400:1.

THEORETICAL BACKGROUND

Monomodal adsorption model

Lysozyme binding to model membranes has been analyzed

in terms of the adsorption models allowing for area exclusion

and electrostatic effects. These models are based on Gouy-

Chapman double-layer theory and scaled particle theory (SPT),

which is currently regarded as providing most adequate de-

scription of excluded area interactions between the adsorbing

protein molecules. In the simplest case of nonassociating li-

gand and monomodal adsorption the scaled particle theory

isotherm is given by (31)

KaF ¼ FgðFÞ; (3)

lng ¼ �lnð1�FÞ � e� 11
1

1�F
1

e

ð1�FÞ2; (4)

where Ka is the association constant, F is the concentration of

the protein free in solution, g is the activity coefficient of

adsorbed ligand,F is the fraction of surface area occupied by

adsorbed protein,F¼ nB/La, B is the concentration of bound

protein, n is the number of lipid molecules covered by a

single protein, La is the concentration of accessible lipids

related to total lipid concentration (L) as La¼ 0.5 L, and e is a
shape parameter (for disklike ligand e ¼ 1).

The equilibrium binding constant can be represented as

consisting of electrostatic (Kel) and intrinsic or nonelectro-

static (Ko) terms: (Ka ¼ KelKo). Electrostatic component of

binding constant, dependent on electrostatic surface potential,

environmental conditions (pH, ionic strength), and degree of

surface coverage by a protein is given by (32)

Kel ¼ exp � d

dNP

DFelðNPÞ
kBT

� �� �
; (5)

where T is the temperature, kB is Boltzmann’s constant, and

DFel is the total gain in electrostatic free energy, being a func-
tion of the number of adsorbed protein molecules, Np¼ BNA,

DFelðNPÞ ¼ F
s

elðNPÞ � F
s

elð0Þ � NPF
P

el; (6)

where Fs
el and F

P
el are the electrostatic free energies of a mem-

brane surface and a protein, respectively. The electrostatic free

energy of a spherical protein molecule with effective charge

1ze and uniform charge distribution can be written as (33)

F
P

el ¼
z
2
e
2

2eroð11 kroÞ; (7)

where ro is the protein radius, and k is the reciprocal Debye

length

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pe

2
NAc

ekBT

s
; (8)

with e being the elementary charge, NA Avogadro’s number,

e the dielectric constant, and c the molar concentration of

monovalent ions. In terms of the Gouy-Chapman double-

layer theory, the electrostatic free energy of a membrane of

area Sm ¼ SLLa is given by (34)

F
s

el ¼
2kBTSm

e
ssinh

�1 s

a

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a
2 1s

2
p

1 a
� �

;

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p

�1ecNAkBT

q
; (9)

where SL is the mean area per lipid molecule, SL¼ (fPCSPC1
fASA), fPC, and fA are the mole fractions of PC and acidic

phospholipids (PG, PS, or CL), SPC and SA are mean areas

per PC and acidic phospholipid headgroups, respectively

(taken as 0.65 nm2 for PC, PG, and PS, and 1.2 nm2 for CL

(35)), and s is the surface charge density given by

s ¼ �eðafALa � zBÞ
Sm

; (10)

where a is the degree of anionic phospholipid ionization,

which in the case of one-step deprotonation can be written as

a ¼ K1

K1 1 ½H1 �bexp
�eco

kBT

� �; (11)
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where K1 is ionization constant, [H1]b is the bulk proton

concentration, and co is electrostatic surface potential of a

membrane related to the surface charge density, defined as

co ¼
2kBT

e
sinh

�1 s

a

� �
: (12)

Numerical solution of the set of Eqs. 3–12 yields theo-

retical isotherms that can be fitted to experimental binding

curves.

Two-state model for the adsorption of a large
self-associating ligand

The model is based on the assumption that the adsorbed

protein exists in only two states, as a monomer and za-mer.

This model can be represented by (31)

KaF ¼ F1g1ðF1;FzÞ; (13)

Fz ¼ zaK1z

g1ðF1;FzÞza
gzðF1;FzÞ F

za
1 ; (14)

lng1 ¼ �lnð1�FÞ1
3F1 1

2

q
1

1

q
2

� �
Fz

1�F
1

F1 1
1

q
Fz

� �2

ð1�FÞ2 ;

(15)

lngz ¼ �lnð1�FÞ1 3Fz 1 ð2q1 q2ÞF1

1�F
1

ðFz 1 qF1Þ2
ð1�FÞ2 ;

(16)

whereF1,Fz are fractions of surface area occupied by mono-

mers and za-mers, respectively,F¼F11Fz, q¼ Rz/R1, Rz,

and R1 are the radii of the circles representing za-mer and

monomer, and K1z is the equilibrium constant for the for-

mation of za-mer. For the case of conserved area upon self-

association q ¼ z
1=2
a .

Cluster model

In contrast to the two-state model, the cluster model con-

siders highly heterogeneous populations of aggregated pro-

tein (protein clusters of arbitrary size and shape). The activity

coefficients of individual adsorbate species can be derived

from scaled particle theory of a mixture of hard convex par-

ticles in two dimensions (36),

gi ¼
1

1� Æraæ
exp

aiÆræ1 siÆrsæ=2p
1� Æraæ

1
ai

4p

Ærsæ
1� Æraæ

� �2 !
;

(17)

ri ¼
Fi

ai

; Æræ ¼ + ri; Æraæ ¼ + riai; Ærsæ ¼ + risi;

(18)

where ri, ai, and si are the surface number density, area, and

circumference of the footprint of species i, respectively. The
equilibrium constants for monomer association with the

surface (K1) and formation of species i (Kci) are defined as

K1F ¼ r1g1; Kci ¼ rigi

ðr1g1Þmi
; (19)

where mi is the degree of oligomerization of species i. The
equilibrium constant Kci is considered as a function of the

number of intermolecular contacts in cluster species i (Nci).

In particular, when all cluster footprints are represented by

circles and mi ¼ i for species i, the empirical relationship

holds (36) as

Nci ¼ 3:78fexp½�ði� 1Þ=2:51� � 1g1 2:5ði� 1Þ: (20)

Multimodal adsorption model

This model allows for the possibility of multiple intercon-

vertible adsorbate conformations or protein association with

heterogeneous surface, which contains binding sites differ-

ing in their size and free energy of adsorption. The activity

coefficient of the protein adsorbed in a particular conforma-

tion i or associated with the site of ith type is given by Eq. 17.
More specifically, if the membrane in question contains two

types of protein binding centers (i.e., there exist two

populations of the adsorbed protein differing in free energy

of adsorption) and adsorbed protein has a circular footprint,

Eqs. 17 and 18 can be rewritten as (37)

a1;2 ¼ n1;2SL; r1;2 ¼
B1;2

LaSL

; s1;2 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pn1;2SL

p
; (21)

Æræ ¼ B1 1B2

LaSL

; Æraæ ¼ n1B1 1 n2B2

La

;

Ærsæ ¼ 2
ffiffiffiffi
p

p ðB1

ffiffiffiffiffi
n1

p
1B2

ffiffiffiffiffi
n2

p Þ
La

ffiffiffiffiffi
SL

p ; (22)

and adsorption isotherm can be described by the following

set of equations:

Ka1ðP� B1 � B2Þ ¼ r1g1; Ka2ðP� B1 � B2Þ ¼ r2g2;

(23)

r1;2g1;2 ¼
B1;2

La � n1B1 � n2B2

exp

 
n1;2ðB1 1B2Þ1 2

ffiffiffiffiffiffiffi
n1;2

p ðB1

ffiffiffiffiffi
n1

p
1B2

ffiffiffiffiffi
n2

p Þ
La � n1B1 � n2B2

1 n1;2

B1

ffiffiffiffiffi
n1

p
1B2

ffiffiffiffiffi
n2

p
La � n1B1 � n2B2

� �2!
: (24)

RESULTS AND DISCUSSION

Binding studies

We first studied the adsorption of lysozyme to liposomes

with different compositions and contents of anionic phos-

pholipids. To differentiate between the lipid-bound and free

protein in solution, lysozyme was labeled with fluorescein

(Fl), an environment-sensitive fluorophore. As illustrated in
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Fig. 1, the binding of Fl-lysozyme to liposomes was

accompanied by a decrease in fluorescein emission. This

effect can be explained by changes in the microenvironment

on the fluorophore upon its transfer to the interfacial mem-

brane region whose pH is lower than that of the bulk phase

due to proton accumulation near negatively charged surfaces

(38). Accordingly, fluorescein emission displays a complex

pH dependence, reflecting equilibrium between the various

ionic forms, of which only monoanion and dianion forms are

fluorescent (30). In aqueous solution, the pKa values for step-

wise fluorescein deprotonation are known to be ;2.1, 4.4,

and 6.6, with the highest pKa corresponding to the depro-

tonation of the monoanionic form. The shift of equilibrium

between the fluorescent and nonfluorescent fluorescein spe-

cies after the association of labeled protein with liposomal

membranes is likely to be the reason for the observed fluo-

rescence decrease. Notably, the lowest interfacial pH reached

in the membrane systems used here can be estimated at;5.2.

This fluorescence response of Fl-lysozyme to membrane

binding was exploited to obtain information on the protein

adsorption to model membranes. To determine the adsorp-

tion isotherms the maximum fluorescence emission intensity

(DI) was measured as a function of lipid concentration for

different types of liposomes (Fig. 2). Several important fea-

tures of the observed binding curves are evident, such as 1),

as the surface charge of liposomal membranes increases, the

shape of adsorption isotherm tends to change from Langmuir-

like (Fig. 2 A) to sigmoidal (Fig. 2 D); 2), the adsorption of

lysozyme to PG and PS containing bilayers is virtually iden-

tical; and 3), the differences between the adsorption iso-

therms obtained for CL and PG or PS containing liposomes

become more pronounced with increasing molar percent of

anionic phospholipid. In an attempt to interpret these pecu-

liarities of the binding process, we made a semiquantitative

analysis of the adsorption isotherms. To this end, the SPT

adsorption models developed by Minton (31) and further

extended by Heimburg (32) to allow for electrostatic effects

employed (i.e., for dependence of association constant on

surface coverage). To fit the adsorption models to experi-

mental data it was assumed that the decrease of fluorescein

emission observed on titration of the labeled lysozyme by li-

posomes is related to the concentration of bound protein (Be),

Be

Ptot

¼ DI

DImax

; (25)

where Ptot is the total protein concentration and DImax is

the limit decrease in fluorescence. The fitting procedure in-

volved minimization of the error function

f ¼ 1

N
+
N

i¼1

ðBe � BcÞ2: (26)

Here, N is the number of experimental data points and Bc is

the concentration of bound protein calculated numerically

from the equations underlying the adsorption model em-

ployed. Importantly, our goal was not to recover the unique

set of model parameters providing the best agreement be-

tween the theory and experiment—as, due to strong cross-

correlation between the adjustable parameters and limited

number of data points, this goal was considered unachiev-

able within the scope of this study. Therefore, our strategy in

analyzing the adsorption behavior of lysozyme was to dem-

onstrate the adequacy of a certain adsorption model for a given

liposomal system and to gain meaningful (but not unique)

estimates of the model parameters.

The monomodal adsorption model given by Eqs. 3–12

proved to provide satisfactory fit of the Langmuir-like ex-

perimental isotherms obtained at relatively low contents of

anionic phospholipid (5 or 10 mol % PG or PS, and 2.6 or 5.3

mol % CL). The data fitting involved optimization of the two

parameters, intrinsic association constant (Ko) and effective

protein charge (z), with DImax being slightly varied in the

limits consistent with the saturation level of the binding

curves and n being taken as 16 (approximate number of phos-

pholipid headgroups that occupy the cross-sectional area of

unperturbed lysozyme molecule). The validity of this choice

for the n-value is supported by the finding that lysozyme

retains its globular form upon associating with lipids (39).

As illustrated in Fig. 3, the association constants tend to

increase with lipid concentration. This tendency reflects the

Kel behavior on decreasing surface coverage (F ¼ nB/La)
coupled with a reduction in the extent of membrane charge

neutralization by the adsorbed protein. However, electro-

statically controlled increase of association constant proved

insufficient to explain the steepening of the adsorption iso-

therms that occurs upon increasing the mole fractions of the

anionic phospholipid to 20 or 40 and 11 or 25 mol % of PG/

PS or CL, respectively (Fig. 2, C and D). Neither the mono-

modal nor multimodal (Eqs. 21–24) adsorption model was

adequate in describing the sigmoidal shape of the binding

curves (Fig. 4 A). Accordingly, we assumed that the sigmoidal

character of the isotherms stems from self-association of the

FIGURE 1 Fluorescence spectra of fluorescein-labeled lysozyme

(Fl-lysozyme) recorded in 20 mM HEPES, pH 7.4 and in the presence of

PC/PG (20 mol % PG) liposomes. Protein concentration was 0.4 mM.
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membrane-bound protein. The phenomenon of protein self-

association on a surface was treated by the two SPT adsorp-

tion models, i.e., a two-state model (Eqs. 13–16) and a

cluster model (Eqs. 17–20). Both models were tested for

their ability to predict the trend of DI(L) plots; however, only
the two-state model was capable of reproducing the exper-

imental data. Moreover, as shown in Fig. 4, B and D, sig-
moidal dependence on lipid concentration was recovered

only for protein monomers, while oligomers exhibited a

different behavior. This finding led us to assume that the

observed decrease in fluorescein emission arises from the

membrane binding of monomeric protein species, with fluo-

rescence of aggregated protein remaining virtually unchanged

because of substantially reduced label exposure to the inter-

facial microenvironment. Notably, simulation results dem-

onstrate that, at fixed protein and lipid concentrations, protein

monomers exist in an equilibrium with oligomers. Change

in the lipid concentration provokes shift of this equilibrium,

so that at a certain surface coverage the amount of protein

monomers, forming aggregates, reaches its maximum. The

La/B ratios corresponding to maximum degree of the protein

oligomerization were found to be ;24 (40 mol % PG), 33

(40 mol % PS), and 22 (25 mol % CL). Interestingly, these

estimates are close to theoretical saturation coverage of the

membrane surface with lysozyme, which equals to;20 lipid

molecules per protein (taking protein cross-section as;13.5

nm2 and molecular area per phospholipid headgroup as 0.65

nm2). It is also worthy of mention that a minimum degree of

the protein oligomerization required to ensure sigmoidal shape

of the binding curves was found to be 4, suggesting that

tetramers represent a preferential form of Fl-lysozyme ag-

gregates. These results are of interest in the context of

amyloidogenic properties of lysozyme since monomer as-

sociation into a critical oligomeric nucleus is thought to be a

key step in protein fibrillization (40).

Fluorescence quenching studies

As the next step of the study, it was of importance to define

changes in lysozyme structure, related to the augmented

protein aggregation upon membrane binding. This issue was

approached by examining the quenching of tryptophan fluo-

rescence by acrylamide. Lysozyme contains six tryptophan

residues, of which Trp62, Trp63, Trp108, and Trp123 are ex-

posed to solvent, while Trp28 and Trp111 are buried into the

hydrophobic interior. It has been shown that Trp62 and Trp108

account for 80% of lysozyme fluorescence (41), with their

emission maxima being observed at 352 and 342 nm, re-

spectively (42). The remaining fluorescence is due to Trp28

and Trp111 whose emission maximum is ;323 nm (43).

Superposition of spectral contributions from several fluo-

rophores differing in their local environment results in a rel-

atively broad fluorescence spectrum for lysozyme. Acrylamide

quenching was found to be accompanied by a blue shift of

FIGURE 2 Decrease of Fl-lysozyme

fluorescence measured at 514 nm

(DI514) as a function of lipid concentra-

tion for PC, PC/PG, PC/PS, and PC/CL

liposomes. Protein concentration was

0.15 mM. Solid lines represent theo-

retical curves providing the fit of

monomodal adsorption model (A, B) or
two-state model of adsorbate self-asso-

ciation (C, D) to the experimental data

with the following parameters: PC (n ¼
16, z ¼ 0.1, Ko ¼ 0.3 mM�1, DImax ¼
17, f ¼ 7.6 3 10�5); 5 mol % PG (n ¼
16, z ¼ 0.1, Ko ¼ 2.2 mM�1, DImax ¼
45, f ¼ 7.3 3 10�5); 5 mol % PS (n ¼
16, z ¼ 0.4, Ko ¼ 1.8 mM�1, DImax ¼
24, f¼ 3.93 10�5); 2.6 mol % CL (n¼
16, z ¼ 0.4, Ko ¼ 1.7 mM�1, DImax ¼
30, f ¼ 6.93 10�6); 10 mol % PG (n ¼
16, z ¼ 4.2, Ko ¼ 1.9 3 10�8 mM�1,

DImax ¼ 56, f ¼ 2.53 10�5); 10 mol %

PS (n ¼ 16, z ¼ 4.2, Ko ¼ 1.1 3 10�7

mM�1, DImax ¼ 29, f ¼ 6.9 3 10�5);

5.3 mol % CL (n ¼ 16, z ¼ 4.2, Ko ¼
2.4 3 10�4 mM�1, DImax ¼ 39, f ¼
5.2 3 10�5); 20 mol % PG (n ¼ 14,

Ko ¼ 0.2 mM�1, z ¼ 4.2, za ¼ 4, K1z ¼
20, DImax ¼118, f ¼ 5.2 3 10�6); 20

mol % PS (n ¼ 14, Ko ¼ 4.0 3 10�3

mM�1, z ¼ 4.2, za ¼ 4, K1z ¼ 20, DImax ¼104, f ¼ 1.9 3 10�6); 11.1 mol % CL (n ¼ 14, Ko ¼ 0.9 mM�1, z ¼ 4.2, za ¼ 4, K1z ¼ 20, DImax ¼152, f ¼ 3.1 3
10�6); 40 mol % PG (n¼ 8.8, Ko ¼ 4 mM�1, z¼ 4.2, za ¼ 4, K1z ¼ 0.05, DImax ¼149, f¼ 3.43 10�6); 40 mol % PS (n¼ 9.7, Ko ¼ 1 mM�1, z¼ 4.2, za ¼ 4,

K1z ¼ 0.04, DImax ¼132, f ¼ 2.8 3 10�6); 25 mol % CL (n ¼ 5.4, Ko ¼ 54 mM�1, z ¼ 4.2, za ¼ 4, K1z ¼ 0.02, DImax ¼209, f ¼ 6.2 3 10�6).
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emission maximum, indicating that the individual Trp resi-

dues are differently accessible to the quencher. Accordingly,

Stern-Volmer plots show dependence on emission wave-

length (Fig. 5). In this case, rigorous analysis of quenching

data must involve estimation of the set of multiple param-

eters including not only Stern-Volmer constants, but also

fractional contributions by the different fluorophores to the

measured overall fluorescence intensity (30). For multi-

tryptophan proteins such as lysozyme, unambiguous determi-

nation of these parameters for either free protein in solution

or the membrane-associated protein would be ambiguous

without selective substitution of Trp residues with nonflu-

orescent residues. In this study, we did not pursue rigorous

quantitative interpretation of the quenching data, and con-

fined ourselves to establishing the main tendencies in the

changes of fluorescence quenching efficiency upon mem-

brane binding of lysozyme. For this purpose, the results of

quenching experiments were treated in terms of the simplest

model (Eq. 2), which yields wavelength-dependent Stern-

Volmer constants averaged over all Trp residues contributing

to lysozyme fluorescence.

As seen in Table 1, lysozyme association with lipid ves-

icles was followed by a decrease in Stern-Volmer constants

for acrylamide quenching. This effect was found to become

more pronounced with increasing surface charge of the li-

posomal membranes. Since acrylamide is a water-soluble

collisional quencher that is reported not to penetrate into the

hydrophobic core of the bilayer (30), the observed changes in

KSV could be interpreted in terms of reduced accessibility of

tryptophan to solvent. However, while examining fluores-

cence quenching of membrane-bound protein one should

also bear in mind that bimolecular quenching constant de-

pends not only on the fluorophore microenvironment but

also on the rates of translational and rotational diffusion of

the protein molecule (44,45). In other words, immobilization

of soluble protein on the surface of lipid vesicle may lead to

KSV decrease unrelated to any changes in the protein con-

formation. Using the approach of Shoup et al. (44) described

in more detail in the Appendix, we approximated the mag-

nitude of diffusion-controlled effects in the systems under

study. It appears that the slower translational and rotational

diffusion of the protein associated with liposomes could

account for KSV decrease by a factor of up to 1.3. The KSV

decrement observed experimentally at anionic phospholipid

contents.10 mol % (Table 1) appeared to exceed the above

estimate, suggesting the reduction of Trp exposure to a sol-

vent for the membrane-bound lysozyme. The finding that the

magnitude of changes in KSV is virtually independent of

wavelength allowed us to attribute all the observed effects

to a modified local environment of the two dominant long-

wavelength fluorophores, Trp62 and Trp108. The reduced sol-

vent accessibility of these fluorophores could result from the

transfer of tryptophan into a membrane environment with a

lower polarity. However, this contradicts our observation

that lysozyme emission maximum does not exhibit a blue

shift upon membrane binding (data not shown). Alterna-

tively, the decreased quenching efficiency of Trp62 and Trp108

could be explained by these residues residing in a region

with intermolecular contacts between lysozyme molecules

aggregating in a membrane environment. This view is cor-

roborated by the early calorimetric, circular dichroism, and
13C-NMR data indicating that Trp62 and other residues located

in the active site are involved in lysozyme self-association

(46,47).

Enhanced aggregation of water-soluble proteins is gener-

ally ascribed to structural transformation of polypeptide

chain into a partially unfolded conformation (47). Accumu-

lating evidence substantiates the idea that the lipid bilayer

can lower the activation energy barrier for protein unfolding

(49,50). Nevertheless, to the best of our knowledge, defini-

tive evidence for the unfolding of lysozyme upon membrane

association is still lacking. Likewise, the fluorescence quench-

ing experiments described here do not reveal transition of

lysozyme into a partially unfolded state upon membrane bind-

ing. Yet, one should bear in mind that detection of increase

in solvent accessibility of the buried tryptophans, which is

expected to take place in the course of protein unfolding,

may be hampered by relatively small contributions to overall

lysozyme fluorescence by Trp28 and Trp111, occluded from

solvent in the unperturbed protein state. Notably, lysozyme

is a very stable protein whose secondary and tertiary structures

FIGURE 3 Association constants recovered from the fitting of mono-

modal adsorption model (A) or two-state model of adsorbate self-association

(B) to the experimental binding curves presented in Fig. 2, B and D.
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have been reported not to undergo significant changes in

acidic solution down to pH 0.6 (51). Therefore, if lysozyme

adopts a more loose conformation in the membrane-associated

state, this could not be exclusively attributed to the reduced

interfacial pH, because, as indicated above, the lowest pH

experienced by the protein bound to the model membranes

used here is ;5.2 (at 40 mol % PG). It seems probable that

other factors such as formation of ionic contacts with anionic

phospholipids and maximizing the interaction between hy-

drophobic amino acid residues and lipid acyl chains play

essential roles in determining the structural features of bound

protein. Clearly, the changes in lysozyme conformation and

aggregation state on membrane binding must be coupled

with structural reorganization of the lipid bilayer.

Fluorescence anisotropy measurements

In the last part of this study, we focused on lysozyme-induced

modification of the bilayer physical state. To this end, steady-

state fluorescence anisotropy of the bilayer-incorporated probe

DPH, a parameter reflecting mainly the molecular order of

lipid acyl chains, was measured for the indicated lipid-

protein assemblies. Lysozyme association with a PC bilayer

or model membranes containing 5 or 10 mol % of PG or PS

was not accompanied by noticeable changes in DPH aniso-

tropy, with this parameter taking values ;0.1. Similarly,

anisotropy was unaltered upon the binding of lysozyme to

liposomes containing 2.6 or 5.2 mol % CL. However, for

membranes with higher contents of anionic phospholipid

lowering the lipid/protein molar ratio resulted in a marked

increase of DPH anisotropy (Fig. 6).

DPH fluorescence anisotropy reflects the lipid acyl-chain

order or, more correctly, the bilayer free volume character-

izing the difference between effective and van der Waals

volumes of lipid molecules (52,53). Packing constraints and

thermal motion cause trans-gauche isomerization of acyl

chains, thereby producing dynamic, short-lived defects (kinks)

in the hydrocarbon core. A local increment in free volume

is generated in a bilayer due to lateral displacement of

hydrocarbon chain on the kink formation. Our previous

FIGURE 4 Fitting of different adsorption models to the experimental isotherms obtained for PC/CL (25 mol % CL) liposomes (A): dash line, monomodal

model (n¼ 12, z¼ 4.2, Ko¼ 3.3 mM�1, and f¼ 3.63 10�5); dot line, multimodal model (n1¼ 14, n2¼ 8, z¼ 4.2, Ko1¼ 800 mM�1, Ko2¼ 84, and f¼ 4.73
10�5); dash-dot line, cluster model (n ¼ 10, K1 ¼ 20 mM�1, and f ¼ 1.2 3 10�4); solid line, two-state model of adsorbate self-association (n ¼ 5.4, Ko ¼ 54

mM�1, z¼ 4.2, za ¼ 4, K1z ¼ 0.02, and f¼ 6.23 10�6); and DImax ¼ 209 in all cases. (B–D) Plots illustrating the shift of equilibrium between monomeric and

oligomeric protein species with lipid concentration.
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study employing pyrene excimer formation provided data in

favor of reduction of the bilayer free volume upon lysozyme

binding to PC and PC/CL model membranes (54). The

results presented here are consistent with the above findings

because lysozyme-induced increase of DPH anisotropy can

be interpreted as reflecting restriction of the probe rotational

mobility due to decreased rate of trans-gauche isomerization

of hydrocarbon chains. This ordering effect is most likely to

result from partial insertion of lysozyme into the nonpolar

membrane core, giving rise to modification of the profile of

acyl-chain order around the rough protein surface.

Although the binding data presented here are indicative of

hydrophobic interactions of lysozyme with uncharged (PC)

membranes, DPH anisotropy proved insensitive to protein-

induced perturbation of PC bilayer. In keeping with this ob-

servation are the results of Arcuri et al. (10) on the association

of lysozyme with PC/PE/Chol bilayers. Using the above values

of binding parameters we approximated lysozyme concen-

trations yielding similar L/B ratios for uncharged and charged

(fA ¼ 0.4 or 0.25 (CL)) liposomes. It appeared that at L/B
ratio ;100, corresponding to saturating conditions for lyso-

zyme adsorption onto PC membranes, DPH anisotropy in

charged bilayers increased by 10–20%, with no statistically

significant anisotropy changes being observed for PC bi-

layers. These findings suggest the extent and character of

bilayer modification by lysozyme to depend on relative

contributions of electrostatic and hydrophobic binding com-

ponents. Protein location in a lipid bilayer is dictated by

minimizing the interfacial free energies of interactions be-

tween polar and nonpolar portions of the protein and lipids

that undergo interdependent conformational alterations. Evi-

dently, orientation of lysozyme with respect to lipid-water

interface, the depth of bilayer penetration, and the structure

of the membrane-anchoring domain may differ for uncharged

and charged membranes. Furthermore, acidic phospholipids

may represent a key determinant for the protein adsorption

behavior. Our data indicate that lysozyme binding to PG-,

PS-, and CL-containing model membranes is accompanied

by similar changes of all the examined parameters. However,

at molar fractions of acidic phospholipid exceeding 10 mol

%, the magnitude of the observed changes was markedly

greater for PC/CL bilayers. This finding cannot be inter-

preted as arising from enhanced electrostatic binding be-

cause, as follows from our estimates, surface potential of PC/

CL membranes is slightly lower than that of PC/PG (PS)

membranes (Table 2). CL, a structurally unique phospho-

lipid composed of two phosphate groups and four acyl

chains, is known as having two widely separated pK values,

one at 2.8 and a second between 7.5 and 9.5 (55). The

peculiar ionization properties of CL are attributed to intra-

molecular hydrogen bonding between the free hydroxyl of

the central glycerol and protonated phosphate. For this rea-

son, at neutral pH there exist two populations of CL mole-

cules representing both deprotonated and partially protonated

species. Another distinctive feature of CL is associated with

its ability to form nonbilayer structures, inverted micelles,

and hexagonal HII phase. Such a rearrangement of lipid

molecules has been observed upon cyt c association with PC/
CL membranes (57). Once the nonbilayer structures are

TABLE 1 Stern-Volmer constants for the quenching of lysozyme fluorescence by acrylamide (KSV, M
�1)

Emission wavelength, nm

System 320 330 340 350 360 370

Buffer 4.8 6 0.1 5.5 6 0.11 6.8 6 0.07 7.2 6 0.06 7.6 6 0.06 7.8 6 0.05

PC 2.3 6 0.02 2.7 6 0.16 3.4 6 0.02 3.6 6 0.02 4.1 6 0.03 4.0 6 0.03

PC/PG, 5 mol % 3.9 6 0.11 4.5 6 0.09 5.5 6 0.08 5.8 6 0.08 6.0 6 0.09 6.0 6 0.08

PC/PG, 10 mol % 3.7 6 0.08 4.2 6 0.08 5.2 6 0.06 5.3 6 0.05 5.5 6 0.06 5.7 6 0.07

PC/PG, 20 mol % 2.5 6 0.02 2.7 6 0.02 3.3 6 0.03 3.6 6 0.04 3.9 6 0.03 4.2 6 0.05

PC/PG, 40 mol % 1.9 6 0.14 2.1 6 0.02 2.5 6 0.02 2.7 6 0.02 2.8 6 0.02 3.0 6 0.01

PC/PS, 5 mol % 3.6 6 0.08 4.2 6 0.08 5.0 6 0.06 5.4 6 0.06 5.6 6 0.07 5.6 6 0.08

PC/PS, 10 mol % 3.4 6 0.06 4.0 6 0.07 4.9 6 0.04 5.1 6 0.05 5.3 6 0.04 5.5 6 0.05

PC/PS, 20 mol % 2.6 6 0.03 2.9 6 0.02 3.4 6 0.02 3.7 6 0.02 3.9 6 0.03 4.1 6 0.02

PC/PS, 40 mol % 1.9 6 0.01 2.2 6 0.01 2.6 6 0.02 2.8 6 0.02 3.0 6 0.01 3.1 6 0.01

PC/CL, 2.6 mol % 3.9 6 0.09 4.6 6 0.09 5.6 6 0.08 5.8 6 0.07 6.0 6 0.08 6.3 6 0.08

PC/CL, 5.3 mol % 2.9 6 0.04 3.5 6 0.04 4.2 6 0.03 4.5 6 0.03 4.6 6 0.03 4.7 6 0.04

PC/CL, 11 mol % 2.0 6 0.01 2.3 6 0.01 2.7 6 0.01 2.9 6 0.02 3.0 6 0.03 3.0 6 0.02

PC/CL, 25 mol % 1.7 6 0.01 1.9 6 0.01 2.3 6 0.01 2.3 6 0.02 2.5 6 0.01 2.5 6 0.02

FIGURE 5 Typical plots for the quenching of lysozyme fluorescence by

acrylamide. Lipid concentration was 50 mM, protein concentration 0.4 mM.
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formed, the charged protein molecules may become trapped

into the interior of aqueous cylinders, spanning the lipid

bilayer. In principle, one cannot rule out this possibility for

lysozyme, which does resemble cyt c in its size and charge.

However, this assumption is difficult to reconcile with the

propensity of lysozyme for self-association in a membrane

environment. In addition, formation of nonbilayer structures

in PC/CL bilayers might be expected to manifest in peculiar

behavior of the parameters under study. Since this is not the

case, we are prone to hypothesize that CL-induced structural

alterations of lysozyme are different from those caused by

PG or PS. Likewise, the extent of the protein bilayer pen-

etration and concomitant perturbation of acyl-chain packing

seem to be more pronounced in CL-containing membranes.

Comparison of the L/P ratios at which lysozyme oligomer-

ization is assumed to occur (5–50) with those coupled with

ordering of hydrocarbon chains (40–300) suggests that pro-

tein insertion into membrane interior precedes its aggregation.

Concluding remarks

Overall, the above findings strongly suggest that the ob-

served enhanced tendency of lysozyme to aggregate in mem-

branes with increasing membrane surface charge cannot be

explained exclusively by electrostatically driven protein ac-

cumulation at the lipid-water interface. Modification of the

protein self-associating properties may reflect the ability of

acidic lipids to alter the conformational state of lysozyme, its

interfacial orientation, and the extent of bilayer penetration.

Interestingly, recent studies revealed a relationship between

the protein aggregation propensity and its structural instability

arising from the underwrapping of backbone amide-carbonyl

H-bonds (27). A structural motif such as partial exposure of

H-bonds to water was supposed to be an important deter-

minant of protein reactivity. It was demonstrated that a lower

extent of H-bond protection from water correlates with higher

amyloidogenic propensity and higher affinity of a series of

soluble proteins for PC bilayers. Along this line, energeti-

cally favorable screening of underwrapped H-bonds must be

regarded as an additional factor that may account for the

observed differences in lysozyme aggregation behavior in

neutral and negatively charged membranes. More specifically,

if one assumes that the orientation and location of lysozyme

in a PC bilayer is governed by minimizing the H-bond ex-

posure to solvent, some reduction of the protein reactivity,

and, as a consequence, decrease of the aggregation propen-

sity might be anticipated. In the meantime, the orientation of

lysozyme relative to the negatively charge bilayer is likely to

be different, being dictated to a large extent by electrostatic

factors. In this case, the number of the exposed H-bonds is

expected to be higher, thereby enhancing this protein’s ten-

dency to aggregate. All this notwithstanding, one should bear

in mind that aggregation behavior of a membrane-bound

protein reflects a complex interplay between a variety of

factors, differing in their nature and relative significance.

Notably, theoretical analyses of the energetics of lipid-

lipid interactions compared to lipid-helix and helix-helix in-

teractions showed that even a small increase in hydrocarbon

FIGURE 6 Changes in DPH fluorescence anisotropy upon lysozyme

binding to the model membranes. Lipid concentration was 24 mM, probe

concentration, 0.06 mM.

TABLE 2 Electrostatic surface potential of the model

membranes under study

c0, mV

Proportion of PG, PS, (CL) mol % PC/PG PC/PS PC/CL

5 (2.6) �35 �34 �34

10 (5.3) �60 �56 �55

20 (11) �92 �80 �79

40 (25) �126 �101 �105

Electrostatic surface potential was calculated from Eqs. 9–12 taking ioniza-

tion constant pK1 of 2.9 for PG, 5.5 for PS (56), and considering CL as a

dibasic acid with pK1 ¼ 2.8 and intrinsic pK2 ¼ 6 (38).
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chain order could favor oligomerization of transmembrane

a-helices (58). Hydrophobic mismatch is assumed to pro-

mote lipid-mediated protein-protein attraction (59). Attrac-

tive interactions between interfacially adsorbed (partially

inserted) a-helical amphipathic peptides were theoretically

predicted on the basis of mean-field chain packing theory

(60). It cannot be excluded that similar driving forces play a

role in the observed aggregation of membrane-bound lyso-

zyme. Other membrane-related determinants of lysozyme

aggregation behavior include conformational changes of the

protein, increase of its local concentration at lipid-water

interface, specific orientation of aggregating species, neu-

tralization of the protein surface charges by anionic lipid

headgroups, and particular arrangement of the inserted and

solvent exposed segments of the protein molecule. Of in-

terest in this regard is the viewpoint that helix-loop-helix

domain (87–114 residues of hen egg white lysozyme) lo-

cated at the upper lip of the active site cleft may serve as

a membrane anchor (13). The hydrophobic portion of this

domain (residues 87–95) is likely to insert into a nonpolar

bilayer region, with terminal basic residues (Arg112, Arg114)

being in contact with anionic headgroups of phospholipids,

and tryptophans (Trp108, Trp111) residing at lipid-water inter-

face (Fig. 7). In such an orientation, the portion of lysozyme

molecule reported to possess high aggregation propensity

(residues 49–101 (16)) appears to embrace both solvent-

exposed and membrane-embedded protein segments. Thus,

in keeping with the above considerations, it seems probable

that membrane-mediated self-association of lysozyme pro-

ceeds via formation of intermolecular contacts between

protein species partially inserted into the lipid bilayer.

Within the context of this reasoning, it is important to

analyze to what extent the membrane binding and self-

associating propensities of lysozyme may be influenced by

its labeling with FITC, employed in the present study to mon-

itor lysozyme-lipid interactions. The covalent attachment of

fluorescein moiety of FITC to a protein occurs in the amino

groups of lysine residues. Lysozyme contains six lysines,

Lys1, Lys13, Lys33, Lys96, Lys97, and Lys116. In principle,

each of these residues represents a potential site for covalent

labeling with FITC. However, lysozyme lysine residues have

been reported to differ in their chemical properties (61).

Mass-spectrometric peptide-mapping analyses showed that

the relative reactivities of these lysines directly correlate with

their surface accessibilities (determined from x-ray structural

data for a 1.4 Å van der Waals sphere). Accordingly, the

highest chemical reactivity was found for Lys97 and Lys33

whose surface accessibilities (47% and 40%, respectively)

are twice as large as those for the other lysine residues (;20%).

These findings allow us to assume that at the labeling ratio of

0.9, characteristic of the Fl-lysozyme preparation used in our

experiments, the fluorescein moiety is attached primarily to

either Lys97 or Lys33. If lysozyme is anchored to membrane

via helix-loop-helix domain (Fig. 7), both of these residues

would reside in the interface favoring the formation of ionic

contacts with phospholipid headgroups. In this case, lyso-

zyme labeling with FITC might be expected to lower the

affinity of this protein for negatively charged lipid bilayers.

Indeed, it appeared that unlabeled lysozyme can displace Fl-

lysozyme from the membrane binding sites, as judged by the

observed increase of FITC fluorescence (Fig. 8). Importantly,

one of the most reactive lysine residues, Lys97, is located

in the protein active site—which has been suggested to par-

ticipate in the head-to-tail lysozyme self-association impli-

cating the formation of asymmetric intermolecular contacts

(62,63). Fluorescent labeling may therefore be anticipated to

modify the aggregation properties of lysozyme. For instance,

if the fluorescein moiety covalently attached to Lys97 forms

ionic contacts with the neighboring Lys96, charge neutral-

ization would result in the enhancement of the protein self-

associating propensity. However, because of the low labeling

ratio (one dye molecule per protein), the principal features of

lysozyme adsorption behavior (especially when relating to

FIGURE 7 Schematic representation for possible disposition of lysozyme

relative to a lipid-water interface.

FIGURE 8 Competitive binding of Fl-lysozyme and unlabeled lysozyme

to lipid vesicles. Fractional displacement of Fl-lysozyme was calculated as

(1� DI514=DI
0
514), DI

0
514, and DI514 are the changes of Fl-lysozyme fluo-

rescence intensity in the absence and presence of unlabeled protein, respec-

tively. Lipid concentration was 45 mM.

150 Gorbenko et al.

Biophysical Journal 93(1) 140–153



the effect of surface charge on the protein oligomerization

state) seem to be similar for the native and labeled proteins.

All these issues, together with the above assumption about

the reduced label exposure to interfacial microenvironment

in oligomeric protein species, give ample grounds for believ-

ing that, in the Fl-lysozyme preparation employed in our

experiments, fluorescein is attached to Lys97, located in the

active site, and exhibited highest surface accessibility and

chemical reactivity.

It seems also of significance to emphasize that the above

adsorption models describe the equilibria between free pro-

tein in solution and the interfacially adsorbed protein species,

ignoring the possibility of intercalation of lysozyme into the

lipid phase. Evidently, in this case the concentration of lipids

involved in protein binding (La) cannot be simply taken as

0.5 L, because of the disruption of membrane integrity by the

inserted protein species. Direct evidence for the ability of

lysozyme to destabilize membrane structure by producing

local fluctuations in lipid packing comes from the leakage

experiments demonstrating that lysozyme can induce exten-

sive release of aqueous liposomal contents in the absence of

vesicle aggregation or fusion (6,9,10). The SPT-based model

describing the competition between the processes of surface

adsorption and bilayer insertion has been recently proposed

by Zuckermann and Heimburg (64). This model allows for

factors such as 1), reduction of the membrane charge density

resulting from the increase of the total interfacial area upon

protein insertion; and 2), the edge tension, which can oppose

or favor membrane penetration of the protein, depending on

the bilayer elastic properties and spatial configuration of the

membrane-buried protein domain. Correct application of this

model would require global analysis of multiple data sets

obtained with several experimental variables (for instance, at

varying ionic strength, protein, and lipid concentrations). For

the lysozyme-lipid system, this is problematic because of the

rather narrow ranges of the protein and lipid concentrations

at which the measured quantity is not distorted by the con-

tributions from vesicle aggregation and fusion. In the present

study we restricted ourselves to the quantitative interpreta-

tion of the limited amount of binding data in terms of the

simplified SPT models. Our goal was to demonstrate that

sigmoidal shape of the adsorption isotherms obtained under

conditions of decreasing surface coverage can be explained

only when assuming protein oligomerization. No other pro-

cesses such as coverage-dependent variations in surface charge

density or a shift of equilibrium between different protein

species could account for the observed adsorption behavior

of lysozyme. The experiments aimed at gaining extended

data sets appropriate for more adequate analysis of the sur-

face adsorption and membrane insertion processes are cur-

rently planned in our laboratory.

To summarize, the present study provides further insight

into several important aspects of lysozyme-membrane inter-

actions. By monitoring fluorescence changes of fluorescein-

labeled lysozyme, we explored lysozyme adsorption to

model membranes composed of PC in mixtures with PG, PS,

or CL, with varying content of these anionic phospholipids.

The shape of adsorption isotherms was found to change from

Langmuir-like to sigmoidal upon increasing the surface charge

of the lipid bilayers. Analysis of the binding data in terms of

electrostatically controlled adsorption of a large self-associ-

ating ligand allowed us to interpret this behavior as arising

from aggregation of the adsorbed protein. Fluorescence

quenching studies revealed that the accessibility of domi-

nating fluorophores Trp62 and Trp108 to a solvent decreases

upon membrane binding of lysozyme. These tryptophan

residues were assumed to be involved in the formation of

intermolecular contacts between the aggregating protein spe-

cies. Measurements of steady-state fluorescence anisotropy

of bilayer-incorporated probe DPH provided evidence for

lysozyme-induced increase of acyl-chain order at molar frac-

tions of acidic phospholipid exceeding 10 mol %. This effect

was attributed to the insertion of lysozyme into the nonpolar

membrane core. Based on the dependencies of the examined

parameters on lipid/protein molar ratio we hypothesized

that bilayer penetration of lysozyme occurs before its self-

association. Taken together, the results obtained emphasize

the importance of both electrostatic and hydrophobic protein-

lipid interactions in determining the aggregation properties

of membrane-bound lysozyme. In this context, it is tempting

to assume that lysozyme oligomerization in membrane envi-

ronment represents an essential prerequisite for its assembly

into amyloidlike structures described recently by Zhao et al.

(20). Furthermore, bactericidal action of lysozyme may be

related to enhanced membrane permeabilization ability of the

aggregated protein species (20,65).

APPENDIX

Protein binding to lipid vesicles is followed by the reduction of bimolecular

rate constant for collisional quenching due to orientational constraints and

slower translational and rotational diffusion of immobilized fluorophore

(45). This may lead to KSV decrease independent of modification of the

protein structure or geometrical masking factors. Possible contribution of

this phenomenon to KSV changes can be approximated by calculating the

ratio of the kq values expected for free Trp residues in solution (kMQ) and in

a lipid-bound (kVQ) protein. According to the equations by Shoup et al. (44)
for the rate of reaction between asymmetric molecules, kMQ can be evaluated

from

kMQ ¼ 8pDMQR
2

Mkð1� cosu0Þ2

4DMQð1� cosu0Þ � kRM +
N

n¼0

½Pn�1ðcosu0Þ � Pn11ðcosu0Þ�2Kn11=2ðj�nÞ
ðn1 1=2Þ½nKn11=2ðj�nÞ � j

�
nKn13=2ðj�nÞ�

; (A1)
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where j�n ¼ RM½nðn11ÞDR=DMQ�1=2; DMQ is a sum of translational dif-

fusion coefficients of the quencher (DQ) and the protein (DM), which for a

spherical protein of radius RM is given by the Stokes-Einstein expression

DM ¼ kT/6phRM (cm2/s); T is the temperature; k is the Boltzmann’s

constant; h is the solvent viscosity; DR is rotational diffusion coefficient;

DR ¼ kT=8pR3
Mh; k is a parameter related to the probability of reaction

upon encounter, which approaches a value of infinity for a probability of 1;

K is a modified spherical Bessel function of the third kind; and Pn(cosu0) is

the nth order Legendre polynomial. The reactive area is determined by the

cone angle 2u0 related to the fraction of the fluorophore’s area exposed on

the protein surface (fMQ) and fluorophore radius (RF), cosu0 ¼ 1� 2fMQR
2
F=

R2
M1fMQR

2
F

	 

. Parameter fMQ can vary from 0 (for fluorophore inaccessible

to a quencher) to 1 (for completely exposed fluorophore).

To estimate kVQ, Eq. A1 was used in the form valid for the limiting case

where the vesicle radius (RV) is much greater than the quencher radius

(RQ),RV � RQ; u0 � p (43):

kVQ ¼ 4DQRVu0: (A2)

Taking RQ ¼ 0.2 nm for acrylamide, RF ¼ 0.2 nm for tryptophan, RM ¼ 1.8

nm, RV ¼ 50 nm, DQ ¼ 1 3 10�5 cm2/s, and fMQ ¼ 1 we found maximum

possible value of kMQ/kVQ to be ;1.3. Thus, Stern-Volmer constant could

reduce by a factor of 1.3 at most only because of the slower translational and

rotational diffusion of membrane-bound lysozyme.
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