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Abstract. Experiments directed to measure the interaction 
of lysozyme with liposomes consisting of phosphatidyl- 
choline (PC) and phosphatidylserine (PS) have been con- 
ducted by monitoring both protein and lipid fluorescence 
and fluorescence anisotropy of the protein. The binding of 
lysozyme to the unilamellar vesicles was quantified using 
a novel method of analysis in which the fractional contri- 
bution at moderate binding conditions is determined from 
either total fluorescence decay or anisotropy decay curves 
of tryptophan at limiting binding conditions. In the energy 
transfer experiments PC and PS lipids labelled with two 
pyrene acyl chains served as energy acceptors of the ex- 
cited tryptophan residues in lysozyme. The binding was 
strongly dependent on the molar fraction of negatively 
charged PS in neutral PC membranes and on the ionic 
strength. Changes in the tryptophan fluorescence decay 
characteristics were found to be connected with long cor- 
relation times, indicating conformational rearrangements 
induced by binding of the protein to these lipid membranes. 
The dynamics of membrane bound protein appeared to be 
dependent on the physical state of the membrane. Inde- 
pendent of protein fluorescence studies, formation of a 
protein-membrane complex can also be observed from the 
lipid properties of the system. The interaction of lysozyme 
with di-pyrenyl-labelled phosphatidylserine in anionic 
PS/PC membranes resulted in a substantial decrease of the 
intramolecular excimer formation, while the excimer for- 
mation of dipyrenyl-labelled phosphatidylcholine in neu- 
tral PC membranes barely changed in the presence of 
lysozyme. 
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Introduction 

The interaction of proteins with lipids is relevant for a wide 
range of biological and biotechnological processes. For 
example, various peripheral proteins are activated upon 
binding to membranes. To elucidate the principles that 
govern protein adsorption to lipid interfaces and confor- 
mational stability upon absorption, it is necessary to ex- 
amine simple, well-defined systems and to have methods 
available for quantification of the absorbed amounts. Since 
lysozyme is a stable, well-characterised protein with 
known 3-dimensional structure having six tryptophanyl 
residues (Imoto et al. 1972), it can easily serve as a model 
protein in these interaction studies. In this paper we report 
on the rotational dynamics of lysozyme molecules inter- 
acting with phospholipid vesicles derived from the decays 
of tryptophan fluorescence anisotropy. The dependence of 
this interaction on the ionic strength and on the membrane 
surface charge was investigated. Reversible association of 
lysozyme to the membrane was also studied by monitor- 
ing resonance energy transfer from excited tryptophans in 
lysozyme to pyrene labelled phosphatidylserine (PS) and 
phosphatidyl-choline (PC). Both techniques have proven 
to be very sensitive for following protein association at 
membrane surfaces (Pap et al. 1993; Bastiaens et al. 1993; 
Omata and Friedman 1991; Vincent and Gallay 1991; Hou- 
bre et al. 1990). However, precise quantitation of the ad- 
sorbed amount of protein is often a problem in such stud- 
ies. In fluorescence lifetime distribution analysis, no 
unique lifetime class of tryptophan residues arises from 
interaction of lysozyme with membrane vesicles, which 
makes it not very suitable for direct quantitation of pro- 
tein adsorbed to lipid vesicles. In principle, the average 
tryptophan fluorescence lifetime can be obtained from the 
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fluorescence decay and related to the efficiency of energy 
transfer to lipid acceptors (Dale et al. 1979). This param- 
eter can then be used to quantify the interaction between 
protein and quenching lipids (Pap et al. 1993; Bastiaens 
et al. 1993). A disadvantage of this approach is that the 
time-resolved information is averaged out. An alternative 
method is global analysis, in which decay parameters char- 
acteristic for the bound or free form are globally linked in 
a set of experiments (Beechem et al. 1991). This has proved 
to be a powerful method of analysis, but an interpretation 
of the fluorescence and anisotropy decays using a specific 
model is needed, and only a limited number of relaxation 
parameters can be analysed. The complexity of a system 
containing multiple intrinsic tryptophan residues does not 
allow for a detailed photophysical interpretation of the de- 
cay. In this paper a simple method is proposed to obtain 
the fraction of bound protein from time-resolved fluores- 
cence and anisotropy decays provided that the decay 
curves corresponding to free protein and to a sample where 
the majority of the protein molecules is bound, are known. 
Next to this quantitative analysis of lysozyme-lipid inter- 
action, a distribution analysis of the time-resolved trypto- 
phan fluorescence and fluorescence anisotropy indicated 
changes in the conformation and dynamics of lysozyme 
accompanying its binding to membranes. 

Experimental procedures 

Materials 

Hen egg white lysozyme was purchased from Boehringer 
(Mannheim). Bovine brain phosphatidylserine (PS), 
1,2-dipalmitoyl-L-phosphatidylserine, 1,2-dimyristoyl- 
L-phosphatidylcholine and 1,2-dipalmitoyl-L-phosphati- 
dylcholine were obtained from Sigma (St. Louis, MO), 
Di-('-pyrenedecanoyl)-PC (dipyrl0PC) and di-('-pyrene- 
butyryl)-PC (dipyr4PC) were synthesised by methods de- 
scribed previously (Patel et al. 1979). Transphosphatidyl- 
ation of labelled phosphatidylcholine by phospholipase D 
yielded di-pyrene PS (Comfurius et al. 1990). Purifica- 
tion of the pyrene labelled lipids was performed with high 
performance liquid chromatography on a silicic acid col- 
umn (240x 10 mm, LiChroprep Si 60, Merck, Germany). 
Elution was performed with an increasing methanol gra- 
dient (0-40%) in chloroform. All buffers were made with 
nanopure water. All other chemicals were of analytical 
grade. Unless otherwise noted, experiments were per- 
formed using 20 mM Tris HC1 buffer, pH 7.5, 20 ~,M 
EGTA at 20 °C. 

Vesicle preparation 

Small unilamellar vesicles were prepared by sonication 
using the method of Barenholz et al. (1977). The total 
phospholipid content was determined by phosphate anal- 
ysis according to the method of Rouser et al. (1970). The 
pyrene concentration was determined by measuring the op- 
tical density at 342 nm in ethanol/DMSO (75:25 v/v) 
(6=39700 M -1 cml) .  

Fluorescence methods 

Pyrene monomer and excimer fluorescence intensities 
were recorded on a DMX-1000 spectrofluorometer (SLM 
Aminco, Urbana, IL). The measurements were corrected 
for the background emission and the spectral instrument 
variations. Both excitation and emission monochromator 
bandwidths were set at 4 nm. Monomer and excimer emis- 
sions were detected at 377 nm and 480 nm, respectively. 
In the excimeric experiments the excitation wavelength 
was 347 nm, while in the energy transfer experiments dual 
wavelength excitation was used (290 and 335 nm). The 
latter experiments were carried out as previously detailed 
(Pap et al. 1995). 

Time-resolved fluorescence measurements were car- 
ried out with a time-correlated single photon counting 
setup as described elsewhere (Pap et al. 1993). The exci- 
tation wavelength was 295 nm. Fluorescence was selected 
using a 3 mm WG 335 cut-off filter (Schott, Mainz), an 
interference filter at 348.8 nm (Schott, bandwidth 4.8 nm 
FWHM) and a sheet type polariser (Polaroid type HNP'B). 
All measurements consisted of a number of sequences of 
registration of 10 s parallel and 10 s perpendicular pola- 
rised emission. After each sample the background of sam- 
ples in the absence of lysozyme was measured, at one fifth 
of the time of sample acquisition, p-Terphenyl (Eastman 
Kodak Co.) dissolved in ethanol served as reference com- 
pound (fluorescence lifetime= 1.06 ns (Vos et al. 1987)) to 
yield the dynamic instrumental response function of the 
set-up (van Hoek et al. 1985). The sample temperature was 
20 °C. The data were collected in a multichannel analyser 
(Nuclear Data model ND66); 1024 channels were used per 
experimental decay with a time spacing of 30 ps per chan- 
nel. After transfer the data were analysed on a Silicon 
Graphics Personal Iris computer model 4D-35 using the 
Maximum Entropy Method (MEM, Maximum Entropy 
Data Consultants Ltd., Cambridge, UK) of analysis yield- 
ing fluorescence-lifetime and correlation time distribu- 
tions of the enzyme (Livesey and Brochon 1987; Brochon 
et al. 1993; Vincent and Gallay 1991). Two-dimensional 
methods were used which investigate cross-correlations 
between the fluorescence lifetime components ('c) and the 
correlation times (¢) (Brochon et al. 1993). 

Computational methods 

Fractional analysis of decay curves 

The goal of analysis using the fractional approach is sim- 
ply to obtain an accurate value of the fraction of limiting 
states in a multicomponent system. These limiting states 
are, for instance, membrane bound and free protein. We 
assume that the multicomponent system only consists of 
a mixture of both limiting states. In the remainder of this 
section we will explore the details of this approach. 

The case of energy transfer from tryptophan residues 
to lipid acceptors 

The energy transfer fluorescence experiments will yield 
two limiting fluorescence decays: a strongly quenched 
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one, F(t)~, where the majority of the protein molecules are 
associated with pyrene containing vesicles and a non- 
quenched decay F(t)o of the protein in buffer. Provided 
that only two forms of the protein exist (bound and free), 
decays measured under moderate binding conditions, 
F(t)~, can be described as a combination of both limiting 
decays F(t) o and F(t),. Elimination of differences in the 
instrumental response (experiments were conducted on 
different days) was achieved by convolution of the linear 
combination of the ideal (response to 6pulse) fluorescence 
f(t)o andf(t), with the impulse response profile of the inter- 
mediate decay, P(t)x. The actual decaysf(t) o andf(t)~ were 
obtained from transformation of MEM-obtained lifetime 
distributions of the corresponding experimental decays 
from the lifetime domain into the time domain: 

f(t)o, s : Ia (z) e-t/rd'c (1) 
0 

where a (r) is the contribution of lifetime v in the decay. 
The experimental decay under moderate binding condi- 
tions can then be described as a combination of two con- 
volution products: 

F(t).,= (l -fl)NoP(t) x *f(t)o+ fl N, P(t)~ *f(t)s (2) 

where/3 and ( 1 - ~  represent the fractional contributions 
of the limiting decays to F(t)~. No and N~ are the normal- 
isation factors which eliminate differences in initial total 
fluorescence intensity in the various experiments ~,(t=o)/ 

The case of fluorescence anisotropy 
in which the protein bound to the membrane 
is more immobilised than free in solution 

Similarly, in time-resolved fluorescence anisotropy titra- 
tion experiments the characteristic decays at limiting bind- 
ing conditions can be used to describe the anisotropy de- 
cay under moderate binding conditions (R~). The relation- 
ship between the calculated intermediate anisotropy decay 
and the polarised components (f//~, f±,~) of the limiting de- 
cays is given by: 

r ( t )  x (1 - f l )  D ( t ) o  + f l  D ( t )  s 
= f( t)x  (3) 

where D(t)o and D(t)s correspond to f(t)//o-f(t)±o and 
f(t)//~-f(t)±s, respectively, r(t)~ is obtained from the ex- 
perimental polarised components: 

F(t)//= P ( t ) x* (2r ( t ) x  f ( o~  + l f ( t ) x l  (4) 

F(t)± = P(t)x* ( @  r(t)x f(t).~ + 1 f ( t )  x ) (5) 

contribution 13 to the actual fraction of bound protein in 
the sample (~) the following reasoning must be consid- 
ered. In a mixed sample, the fluorescence and fluorescence 
anisotropy properties of free lysozyme will contribute to 
respectively F(t)o and D(t) o. Membrane-bound lysozyme 
molecules contribute to the decays F(t)m or to D(t),~ which 
are approached by F(t), and D(t),, but which are, in prin- 
ciple, unknown. Similarly to earlier explanations F(t)~ can 
be expressed with a linear combination of (l -x)  F(t) o and 
x F(t) m. Substituting this expression for F(t), into Eqs. (2) 
and (3) yields a relation between 13 and the actual fraction 
of bound protein (~z): 

p = ~ (6) 
X 

If F(t)~ does not correspond to F(t)~ (x< 1), some type of 
model-dependent step will need to be included to obtain a 
value for x which describes the fractional association of 
the protein to the lipid interface. 

Binding model 

Free protein (t f) is considered to be in equilibrium with 
interaction sites on the membrane. A binding site on the 
membrane surface is defined as the average number of 
phospholipid molecules (m) that are occupied by binding 
of the protein. The fraction of bound protein (~) can then 
be modelled with a Langmuir adsorption isotherm, which 
includes the association constant (/(0), the total concentra- 
tion of protein (Pt), the total concentration of phospholip- 
ids (LT) and m. 

v = 0.53 Lt / m - 1 + g ,  Pf (7) 

Here v is the fraction of occupied sites for the protein at 
the membrane surface. The factor 0.53 is introduced since 
only the lipids at the outer leaflet of the bilayer membrane 
(53% of a 120 nm diameter vesicle) are accessible for ly- 
sozyme binding. Since Pb=aPt  and PS(1 -oOPt  (frac- 
tional concentrations) the following expression is obtained 
for a: 

) i 0. 3Cr 2 

~, r~ 177 \ K, Pt rapt 
( Z :  

2KamP~ (g) 

This function can be applied to the ]3 values obtained with 
the fractional analysis in order to estimate K a and x. 

Results and discussion 

Conformational alterations in lysozynw accompany 
nTembrane binding 

Relationship between fl and the fraction 
of bound protein ( a) 

Until now the fractional contribution was determined by 
assuming that only two forms are present in samples of 
various two-component mixtures. To assign the fractional 

Although lysozyme contains six tryptophanyl residues, it 
has been estimated that more than 80% of its fluorescence 
comes from two residues (Trp-62 and/or Trp-108) (Imoto 
et al. 1971). Figure 1A shows the results of a two-dimen- 
sional maximum entropy analysis of tryptophan fluores- 
cence of lysozyme in aqueous buffer solution describing 
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Fig. 2. The dependence of monomer fluorescence ratio at two ex- 
citation wavelengths (290 nm/330 nm) of dipyrene lipids on the ly- 
sozyme concentration. The vesicles consisted of DOPC/brain-PS/ 
dipyqoPS (3:1 : 1) ( • ) and DOPC/dipyqoPC (4: 1) ( • ). The total 
lipid concentration was kept constant to 10 JIM during the protein ti- 
tration. After addition of an excess of DOPC/brain-PS without 
pyrene lipid (final concentration 100 JIM) the ratio of monomeric py- 
rene fluorescence reverses to its initial value, indicating that the bind- 
ing is reversible 

the associative behaviour between fluorescence lifetimes 
and rotational correlation times. The fluorescence lifetime 
distribution of tryptophan in lysozyme, is described by two 
discrete lifetime peaks. A main contour ('c=1.7 ns, 
0=4.4 ns) in the image accounts for 92% of the emission. 
The relatively short correlation time (for a protein with 
molecular mass of 14 900 Da) might partly originate from 
a faster apparent depolarisation due to homo-energy trans- 
fer between tryptophan residues within the protein mole- 
cule. In the presence of DPPC vesicles, the total trypto- 
phan fluorescence image is quite similar. An additional 
minor contour (the contour levels are log-scaled) appears 
at long,correlation times indicating a small second popu- 

lation of membrane bound lysozyme molecules with dif- 
ferent motional properties (Fig. 1 B). In the presence of an- 
ionic membranes consisting of DPPC and DPPS (3: 1), 
however, the contour peak of free enzyme is fully replaced 
by two other peaks with fluorescence lifetime barycenters 
of 0.29 and 1.58 ns associated with very long correlation 
times (Fig. 1 C). Here all lysozyme molecules are immob- 
ilised by the lipid membranes. Interactions of lysozyme 
with vesicles do not only lead to changes in the protein dy- 
namics, but also change the tryptophan fluorescence life- 
time distribution (for other examples, see als Vincent and 
Gallay 1991; Brochon et al. 1993). Since a faster decay of 
tryptophan fluorescence is characteristic for a "quenched" 
conformation of the protein we conclude that stabilisation 
of structural conformers of lysozyme by the membrane 
leads to the appearance of shorter lifetime components as- 
sociated with long correlation times. These observations 
are in agreement with the lipid induced enhancement of 
helical secondary structure of lysozyme as observed by 
Lippert and coworkers (Lippert et al. 1980). 

Reversibility of binding 

In order to investigate reversibility of binding a competi- 
tion experiment was performed in which pyrene-lipid 
loaded vesicles interacting with lysozyme molecules were 
replaced by unloaded vesicles. In this experiment the mono- 
meric pyrene-lipid steady state emission was monitored at 
377 nm. The ratio was determined of monomer fluorescence 
when exciting at the pyrene excitation minimum at 290 nm 
and at the pyrene excitation maximum at 330 nm. At 290 nm 
excitation, the pyrene moieties within the F0rster radius of 
lysozyme are mainly excited via resonance energy transfer 
from primary excited tryptophans. The excitation at 330 nm 
directly excites pyrene and this signal is used as an internal 
control to correct for secondary effects like changes in the 
excimer/monomer intensity ratio. In Fig. 2 the monomer 
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Fig. 3. MEM recovered correlation time spectra from fluorescence 
anisotropy decay of lysozyme in the presence of DPPC vesicles ([]), 
vesicles of DPPC/DPPS (70: 30) ( ) and vesicles of DOPC/brain- 
PS (70: 30) (~). The used lysozyme and lipid concentrations were 
1.5 gM and 60 gM, respectively 

fluorescence ratio is plotted for DOPC/brainPS/dipyrl0PS 
(3: 1: 1) and DOPC/dipyrloPC (4: 1) as a function of the 
lysozyme concentration. In the case of the anionic mem- 
branes, the monomer intensity ratio increases with lyso- 
zyme concentration, indicating an increase of sensitised 
pyrene excitation via lysozyme, and thus illustrating mem- 
brane binding of the protein. Saturation of this effect is 
achieved. When a 10-fold excess of anionic vesicles with- 
out pyrene lipids is added, the ratio reduces to almost its 
original value of 0.21. This indicates that the binding of 
lysozyme to charged membranes is essentially reversible. 
In the case of the neutral PC membranes no systematic ef- 
fect is observed upon addition of lysozyme, indicating the 
absence of binding to the membrane. 

The reversibility of binding is not in accordance 
with previous studies using solid hydrophobic surfaces 
(Schmidt et al. 1990; Horsey et al. 991) or charged silica 
as adsorption surface (Horsey et al. 1991). Both artificial 
surfaces, however, induce more extended conformational 
adaptations causing irreversibility of binding (Schmidt 
et al. 1990; Horsey et al. 1991). In contrast to solid silica 
surfaces where the charges are strongly localised, the 
charged lipid headgroups can adapt their position in the 
membrane with respect to opposite charges at the protein 
surface. 

The effect of the membrane state 
on bound lysozyme dynamics 

The influence of lipid phase of the membrane (gel or fluid) 
on the fluorescence and dynamic behaviour of lysozyme 
was investigated by measuring the fluorescence and an- 
isotropy decays in the presence of model membrane 
systems of DPPC (gel state, neutral), DPPC/DPPS (70: 30) 
(gel state, negatively charged) or DOPC/brain-PS (70: 30) 
(fluid, negatively charged). Correlation time distributions, 
obtained from MEM analysis of the fluorescence anisot- 
ropy decays of lysozyme in the presence of these vesicles 
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having different states of the membrane are presented in 
Fig. 3. 

In the presence of the electrically neutral DPPC vesi- 
cles, the anisotropy decay is essentially described by a sin- 
gle correlation time distribution characteristic for enzyme 
in aqueous solution. In the presence of charged fluid state 
membranes (DOPC/brain-PS (3: 1)) an additional correla- 
tion time peak appears at approximately 30 ns, which orig- 
inates from lysozyme bound to these membranes. The cor- 
relation time of lysozyme interacting with membranes in 
the gel state (DPPC/DPPS (3:1)) is increased to an infi- 
nitely long correlation time. Although the accuracy of such 
long correlation times determined from tryptophan fluo- 
rescence is low, the results indicate that the rotation of ly- 
sozyme associated to DOPC/brain-PS membranes is es- 
sentially isotropic and in the case of DPPC/DPPS vesicles 
anisotropic. The physical state of the membrane thus sig- 
nificantly affects the dynamic behaviour of peripherically 
associated lysozyme. This effect can be due to differences 
in headgroup packing in the different lipid phases or, al- 
ternatively, to differences in hydrophobic interaction 
between lysozyme and lipid acyl chains. 

Dependence of lysozyme-membrane association 
on mixed lipid concentration from quenching 
of tryptophan fluorescence by resonance energy transfer 

In order to evaluate the binding oflysozyme to acidic mem- 
branes the polarised fluorescence decays oflysozyme were 
monitored in the presence of various amounts of vesicles 
composed of DPPC/DPPS/dipyr4PC (67.5:27.5:5). In the 
presence of these pyrene loaded vesicles, the tryptophan 
fluorescence is quenched (Fig. 4 A, lower panel) and re- 
duction of the barycenter value for each lifetime class is 
observed (data not shown). The titration data were ana- 
lysed in two steps in order to obtain a value for the bind- 
ing constant (Ka) of lysozyme for the mixed lipid mem- 
branes. In the first step the dependence of the fractional 
contribution/3 on the concentration of mixed lipid, was ob- 
tained by applying the fractional approach of fluorescence 
analysis (see Eq. (2)) to all these fluorescence decays. In 
this analysis the fluorescence decay of lysozyme in buffer 
represented the non-quenched decay F(t)o, while its decay 
in a sample with 0.5 mM of mixed lipid was assumed to 
approximate the decay of lysozyme molecules bound to 
the vesicle membranes. The lower panel of Fig. 4 A shows 
both limiting fluorescence decays with their fitted curves 
and an example of an intermediately quenched fluores- 
cence decay in the presence of 0. l 7 mM of the mixed lipid. 
The upper panel shows weighted residuals of the corre- 
sponding analyses. The fractional contribution/3 obtained 
from the analysis of titration experiments with this ap- 
proach and corresponding reduced Z 2 values are l?resented 
in Fig. 4B. The average value of the reduced z%btained 
from all analyses corresponds to 1.27, which is an accept- 
able fit quality, especially when we take into account the 
Z 2 values of 1.13 and 1.21 obtained with the distribution 
analysis (with MEM) of the limiting decay curves (F(t) o 
and F(t)s). Since/3 is proportional to the fraction of lyso- 
zyme bound to the membranes, these experiments clearly 
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are given in the upper panel. B The dependence of the fractional con- 
tribution (fl) on the mixed lipid concentration is plotted in the low- 
er panel and the fit quality (reduced Z 2) to the experimental fluores- 
cence decay data corresponding to each ]3 value is presented in the 
upper panel. In this lipid titration experiment, a lysozyme concen- 
tration of 1.5 gM was used. A simple one-step binding model was 
applied to the dependence of 13 on the mixed lipid concentration 
(solid line). See text for further details 

show the gradual increase of bound lysozyme molecules 
with increasing amounts of mixed lipid present in the sam- 
ple. 

In the second step the dependence of/3 on the lipid con- 
centration was modelled by applying a simple one-step 
binding model (described in the computational method 
section) yielding an optimised value for the fractional con- 
tribution x (of F(t) s in F(t)~) and a value for the binding 
constant K.. In this analysis we assumed that m= 14 (this 
value is based on a protein radius of 1.7 nm (Blake et al. 
1965) and a lipid area of 0.7 nm 2 (Demel et al. 1967)). The 
analysis yielded a value of 0.83 for x and 2.5x105 M -t 
mixed lipid for K a. From the preceding results we have 
seen that membrane binding is accompanied by structural 
changes in the protein. Therefore the one step binding pro- 
cess assumed in this analysis is a first approximation and 
the optimised values for x and Ka should be considered as 
rough estimates. 

Dependence of the membrane association 
of lysozyme on membrane surface charge 
and ionic strength as determined from fractional 
analysis of the fluorescence anisotropy 

The dependence of lysozyme binding on membrane sur- 
face charge was studied by monitoring the polarised tryp- 

tophan fluorescence decays at various mole fractions of 
DPPS in mixed DPPC/DPPS vesicles. The polarised de- 
cays were analysed with the fractional approach of anisot- 
ropy analysis (see Eq. (3)). The decays of lysozyme in the 
presence of pure DPPC vesicles and DPPC/DPPS (70 : 30 
molar ratio) vesicles were taken to represent the decay of 
non-bound lysozyme and of membrane-bound lysozyme, 
respectively. The lower panel of Fig. 5 A shows a typical 
decay of polarised fluorescence components (Ill and I±) of 
lysozyme in the presence of DPPC/DPPS vesicles at mod- 
erate binding conditions. The solid curve represents the fit 
obtained with the fractional analysis to the experimental 
points. The weighted residuals of the corresponding fit are 
presented in the upper panel. The results of fractional anal- 
ysis as a function of the tool% PS and the Z 2 values of the 
fits are presented in Fig. 5 B. Increasing the molar fraction 
of PS in the mixed neutral/anionic membranes causes a 
gradual enhancement of binding of lysozyme. The en- 
hanced binding might be due to an improved affinity of ly-  
sozyme for the membrane with increasing PS mole frac- 
tion or to an increase of the number of interaction sites in 
the membrane. 

In order to demonstrate that the specificity of lysozyme 
for PS is ionic in nature, the polarised fluorescence decays 
of lysozyme in the presence of 60 ~tM DPPC/DPPS (70 : 30) 
vesicles were determined as a function of ionic strength 
by adding 0 to 500 mM NaC1 to the sample. 
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Fig. 5. Dependence of traction of 
bound lysozyme on the mole fraction 
of DPPS in DPPC vesicles. The data 
points are obtained from fractional 
analysis of the fluorescence an- 
isotropy data sets. In this experiment 
the total lipid and lysozyme concen- 
trations were 60 gM and 1.5 ~IM, re- 
spectively 
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Fig. 6. Effect of ionic strength variation on the fraction of bound 
lysozyme. Vesicles (60 [.tM of DPPC/DPPS (70/30)) and lysozyme 
(1.4 btM) were incubated at various ionic strength (NaC1 concentra- 
tions from 0 to 500 raM). The data were obtained from fractional 
analyses of the anisotropy decays of the various samples 

Fractional analysis of these anisotropy data yielded fl 
as a function of NaC1 concentration (Fig. 6). In this anal- 
ysis a sample containing protein and membrane together 
with 500 mM NaC1 represented non-associated protein 
while one without NaC1 consistend of mainly associated 
lysozyme. It is apparent from Fig. 6 that the amount of 
binding of lysozyme to DPPC/DPPS vesicles decreases 
with increasing ionic strength of the buffer which indicates 
that electrostatic interactions play a dominant role in the 
association of lysozyme with phospholipid bilayers. 

monomer fluorescence intensity ratio (E/M) of dipyrl0PC 
and dipyQoPS was monitored as a function of lysozyme 
concentration in DOPC and DOPC:brainPS (3:1) vesi- 
cles, respectively. Formation of an intram01ecular excimer 
of two pyrene moieties that are attached to the same lipid 
molecule arises from a collisional encounter between an 
excited and a non-excited pyrene moiety (Galla and Sack- 
man 1974), and the frequency of such events is governed 
by the rotational dynamics of the pyrene chains, the mo- 
tional freedom superimposed by the local lipid environ- 
ment and the geometry of the parent molecule (Cheng et al. 
1991). 

Binding of lysozyme leads specifically to a reduction 
of excimer formation of dipyrtoPS, and not of dipyQoPC, 
confirming the specificity for acidic lipids in the interac- 
tion. The results of this experiment are presented in Fig. 7. 
Addition of NaC1 to a final concentration of 100 mM 
abolishes the association process and the E/M ratio of 
dipyrtoPS recovers almost to its value in the absence of 
protein. This observation can be interpreted as a decrease 
in the intramolecular collision frequency of the two py- 
rene fluorophores in PS. The binding of a protein at the 
membrane surface may affect acyl chain motion due to 
condensing or disrupting effects on the head-group pack- 
ing. These effects may alter the lipid chain motion by mod- 
ifying the free volume accessible to each lipid molecule. 
Partial exclusion of DOPC in regions where lysozyme 
interacts with the membrane might also contribute to 
changes in the membrane fluidity in these regions and, con- 
sequently, influence the intramolecular excimer formation 
of dipyrene labeled PS. 

Perturbation of the membrane bilayer 

To investigate the effect of lysozyme association on the 
physical properties of the lipid environment, the excimer- 

C o n c l u s i o n s  

The major purpose of the present study is to demonstrate 
that a fractional analysis of fluorescence decay curves can 



230 

0.66 

0.65 

~ 0.64 

0.63 

0.62 

0.61 

0.60 - 

I I I I I I 

0 I0 0 ' S ] IO 1 .5 2 '0  2'5 

Lysozyme (gM) 
Fig. 7. The dependence of the excimer-monomer fluorescence in- 
tensity ratio (E/M) of dipyrl0PS and dipyqoPC on the concentration 
of lysozyme. The total lipid concentration was kept constant 
(10 p,M), Points • show the effect on neutral PC/dipyrloPC (100: 1) 
vesicles and points • that of DOPC/brain-PS/dipyqoPS (75:25 : 1) 
membranes. In the latter case, reversibility of this acyl chain effect 
is demonstrated by addition of an excess of NaC1 to a final concen- 
tration of 100 mM 

ers of  pure PC and a strong binding to PC containing neg- 
atively charged PS. In the latter case the protein can be de- 
tached by increasing the ionic strength, indicating that the 
selectivity for PS is mainly of  an electrostatic nature. The 
rotational dynamics of  lysozyme molecules are signifi- 
cantly faster when the protein is adsorbed to fluid mem-  
branes rather than to membranes in the gel state. Interac- 
tion with the charged membrane surface leads to a change 
in protein conformation.  From the membrane point of  view 
the E/M results indicate that the adsorption of  lysozyme 
changes the structural and/or dynamic properties of  the 
membrane.  Effects of  peripheral protein binding on lipid 
motion h a v e b e e n  observed by others (See Jain and Zakim 
1987; Marsh ' 199t). In general, the overall result of  this 
surface interaction is an increase of  lipid packing density, 
which reduces the extent of  lipid chain motion as recorded 
by the intramolecular excimer formation. 
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Fig. 8. Schematic representation of the interaction of lysozyme with 
negatively charged phospholipid vesicles below (right) and above 
(left) the phase transition 

provide accurate binding curves of  proteins to lipid inter- 
faces. The results of  the analyses enable the investigation 
of  macromolecular  adsorption in a very detailed manner. 
The fractional analysis has several advantages: 1) A phys-  
ical interpretation of  the observed fluorescence or anisot- 
ropy decays in terms of  decay parameters is omitted; 
2) the maximum amount  of  information is conserved since 
the whole decay is used, and not some "average" param- 
eter such as the average fluorescence lifetime; 3) the num- 
ber of  adjustable parameters is minimal; 4) both total flu- 
orescence (sum of polarised decays) and anisotropy (dif- 
ference of  polarised decays) should yield independently 
identical fractions of  the limiting decays. We think that 
this way of  analysis will be applicable not only for the in- 
vestigation of  macromolecular  adsorption, but for any 
multiple component  system. 

Another  result arising from this work is the character- 
isation of  conformational  and dynamic aspects of  lyso- 
zyme adsorption to lipid membranes.  The experimental 
findings are schematically summarised in Fig. 8. Lyso- 
zyme exhibits a very weak non-specific binding to bilay- 

References 

Barenholz Y, Gibbes D, Litman B J, Goll J, Thompson TE, Carlson 
FD (1977) A simple method for the preparation of homogene- 
ous phospholipid vesicles. Biochemistry 16:2806-2810 

B astiaens PIH, Hoek A van, Wolkens WF, Brochon JC, Visser AJWG 
(1992) Comparison of the dynamical structures of lipoamide de- 
hydrogenase and glutathione reductase by time-resolved polar- 
ized flavin fluorescence. Biochemistry 31:7050-7060 

Bastiaens PIH, Pap EHW, Borst JW, Hoek A van, Kulinski T, Rigler 
R, Visser AJWG (1993) The interaction of pyrene labeled dia- 
cylglycerol with protein kinase C in mixed micelles. Biophys 
Chem 48: 183-191 

Beechem JM, Gratton E, Ameloot M, Knutson JR, Brand L (1991) 
The global analysis of fluorescence intensity and anisotropy de- 
cay data: second generation theory and programs. In: Topics in 
Fluorescence Spectroscopy. Lakowicz JR (ed) Plenum Press, 
New York, pp 241-305 

Blake CCF, Koenig DE Mair GA, North ATC, Phillips DC, Sarma 
VR (1965) Structure of hen egg-white Iysozyme. Nature 
206:757-761 

Brochon JC, Tauc P, M6rola F, Schoot BM (1993) Analysis of a re- 
combinant protein preparation on physical homogeneity and 
state of aggregation. Anal Chem 65: 1028-1034 

Cheng KH, Chen SY, Butko P, vd Meer WB, Somerharju P (1991) 
Intramolecular excimer formation of pyrene-labeled lipids in la- 
mellar and inverted hexagonal phases of lipid mixtures contain- 
ing unsaturated pbosphatidylethanolamine. Biophys Chem 39: 
137-144 

Comfurius P, Bevers EM, Zwaal RFA (1990) Enzymatic synthesis 
of phosphatidylserine on small scale by use of a one-phase 
system. J Lipid Res 31:1719-1721 

Dale RE, Eisinger J, Blumberg WE (I 979) The orientational free- 
dom of molecular probes. The orientation factor in intramolec- 
ular energy transfer. Biophys J 26: 161-194 

Demel RA, Van Deenen LLM, Pethica BA (1967) Monolayer inter- 
actions of phospholipids and cholesterol. Biochim Biophys 
Acta 135:11-19 

Galla HJ, Lmsetti J (1980) Lateral and transversal diffusion and 
phase transitions in erythrocyte membranes. Biochim Biophys 
Acta 596: 108-116 

Galla HJ, Sackman E (1974) Lateral diffusion in the hydrophobic 
region of membranes; use of pyrene excimers as optical probes. 
Biochim Biophys Acta 339:103-115 



231 

G6rrissen JH, Marsh D, Rietveld A, De Kruijff B (1986) Apocyto- 
chrome C binding to negative charged lipid dispersions 
studied by spin-label electron spin resonance. Biochemistry 
25:2904-2910 

Hoek A van, Visser AWJG (1985) Artefact and distortion sources 
in time correlated single photon counting. Anal Instrum 14: 
359-378 

Horsey D, Herron J, Hlady V, Andrade JD (1991) Fluorescence 
quenching of adsorbed hen and human lysozymes. Langmuir 
7:218-222 

Houbre D, Kuhry JG, Duportail G (1988) Effects of random copol- 
ymers of lysine on the thermotropic behaviour of dipalmitoyl- 
phosphatidylglycerol vesicles. Biophys Chem 30:245-255 

Imoto T, Forster LS, Rupley JA, Tanaka F (1971) Fluorescence of 
lysozyme: emissions from tryptophan residues 62 and 108 and 
energy migration. Proc Natl Acad Sci 69:1151-1155 

Imoto T, Johnson LN, North ACT, Phillips DC, Rupley JA (1972) 
Vertebrate lysozymes. In: The enzymes. Boyer P (ed. 3rd edn. 
vol 7). Academic Press, New York, pp 665-868 

Jain MK, Zakim D (1987) The spontaneous incorporation of pro- 
teins into perforate bilayers. Biochim Biophys Acta 906:33-68 

Lester DS, Doll L, Brumfeld V, Miller IR (1990) Lipid dependence 
of surface conformations of protein kinase C. Biochim Biophys 
Acta 1054:297-303 

Lippert JL, Lindsay RM, Schultz R (1980) Laser-Raman investiga- 
tion of lysozyme phospholipid interactions. Biochim Biophys 
Acta 599:32-41 

Livesey AK, Brochon JC (1987) Analyzing the distribution of de- 
cay constants in pulse fluorometry using the maximum entropy 
method. Biophys J 52:693-706 

Marsh D (1991) Lipid-protein interactions in membranes. FEBS Lett 
268:37 1-375 

Omata Y, Friedman FK (1991) A fluorescence study of the interac- 
tions of benzo-pyrene, cytochrome-P450c and NADPH-cyto- 
chrome P450 reductase. Biochem Pharmacol 42: 97-101 

Pap EHW, Bastiaens PIH, Borst JW, Berg PAW van den, Hoek A 
van, Snoek GT, Wirtz KWA, Visser AJWG (1993) Quantitation 
of the interaction of protein kinase C with diacyl and phosphoi- 
nositides by time resolved detection of resonance energy trans- 
fer. Biochemistry 32:13310-13317 

Pap EHW, Berg PAW van den, Borst JW, Visser AJWG (1995) The 
interaction between protein kinase C and lipid cofactors studied 
by simultaneous observation of lipid and protein fluorescence. 
J Biol Chem 270: 1254-1260 

Patel KM, Morrisett JD, Sparrow JT (1979) A convenient synthesis 
of phosphatidylcholines: acylation of sn-glyero-3-phosphocho- 
line with fatty acid anhydride and 4-pyrrolidinopyrine. J Lipid 
Res 20:674-677 

Rouser G, Fleischer SA, Yamamoto A (1970) Two-dimensional thin 
layer chromatographic separation of polar lipids and determina- 
tion of phospholipids by phosphorous analysis of spots. Lipids 
5:494-496 

Sankaram MB, Brophy PJ, Marsh D (1989) Spin-label ESR studies 
on the interaction of bovine spinal cord myelin basic protein with 
dimyristoyl phosphatidylglycerol dispersions. Biochemistry 28: 
9685-969i 

Schmidt CF, Zimmermann RM, Gaub HE (1990) Multilayer adsorp- 
tion of lysozyme on a hydrophobic substrate. Biophys J 57: 
577-588 

Vincent M, Gallay J (1991) The interactions of horse heart apocy- 
tochrome-c with phospholipid vesicles and surfactant micelles. 
Eur Biophys J 20: 183-19I 

Vos K, Hoek A van, Visser AJWG (1987) Application of a reference 
convolution method to tryptophan fluorescence in proteins. 
A refined description of rotational dynamics. Eur J Biochem 
165:55-63 


