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CTPYKTYPA U OYHKIIMHU BUOIIOJIMMEPOB

Lysozyme interaction with liposomes:

thermodynamics of binding

G. P. Gorbenko

Kharkiv State University
Pl. Svobody, 4, Kharkiv, 61077, Ukraine

Using the method of competitive analysis the interaction of lysazyme with liposomes composed of
phosphatidylcholine and diphosphatidylglycerol has been studied. In terms af the lattice and continuum
models of large ligand adsorption to membrane thermodyitamic paramelers for the protein-lipid complexes
have been estimated. Lysozyme binding to liposomes containing more than 25 mol %, of DPG has been
found to be characterized by the positive cooperativity, originating, presumably, from the self-ussocration

of the bound protein.

Introduction. Protcin-lipid interactions are known 10
play an important role in determining the structural
and functional properties of biomembranes [1]. Pro-
tein binding to lipid bilayer is characterized by a
number of peculiarities, being essential for thermo-
dynamic analysis of the equilibria in protein-lipid
systems. These peculiarities originate, in particular,
from i) large size of the protein, capable of forming
several simuolianeous contacts with the membrane
surface; ii) steric area-excluding interactions between
adsorbed protein molecules; iii) strong dependence of
the binding on the ligand shape, i. e. on the
geometrical arrangement of binding contacts in the
protein-lipid complex. To date, two classes of models
for protein adsorption on surface have been proposed,
namely lattice and continuum ones {2—7}. In terms
of the lattice models lipid bilayer is represented by a
regular array of binding contacts (subunits), forming
protein binding sites according to the size and shape
of contact region [2—4]. Continuum models treat the
protein adsorption to surface omr the basis of the
theories of two-dimenstonal hard-particle fluids [7].
Although thesc two classes of models seem (o be most
adequate for thermodynamic analysis of protein-lipid
interactions, a major parl of the data reported in the
literature have been analyzed within the framework of
traditional Lapgmuir approach, However, because of
peculiar features of the protein-lipid systems this
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approach does not allow to obtain correct quantitative
characteristics of the protcin association with lipid
bilayer [4].

In the present study some lattice and continuum
medels of large ligand adsorption on surface have
been employed to estimate binding parameters for the
complexes of cationic protecin lysozyme with lipo-
somes, composed of neutral *(phosphatidylcholine
(PC)) and negatively charged (diphosphatidylglycerol
(DPG)) lipid species. Lysozyme is not 2 membrane
profein, but it currently widely used in the model
studies due to its ability to associate with lipids by
means of electrostatic and hydrophobic interactions
[8—101].

Materials and Methods. Egg yolk PC and beef
heart DPG were purchased from Bakpreparat (Khar-
kiv, Ukraine). Both phospholipids gave single spots by
thin layer chromatography in the solvent system
chloroform:methanol.acetic acid:water, 25:15:4:2,
v/v). Egg white lysozyme was obtained from «Reanal»
(Hungary). Unilamellar phospholipid vesicles werc
prepared by the method of cthanol injection. 1 ml of
the ethanol lipid solution containing appropriate amo-
unts of PC and DPG was injected into 13 ml of
10 mM Tris-HCl buffer, pH 7.4, under continuous
stirring. Ethanol was then removed by dialysis. Pho-
spholipid concentration was determined according to
the procedure of Bartlett [11]. Lysozyme binding to
liposomes was monitored using the method of com-
petitive analysis, described in detail previousily [12—
141].
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Results and Discussion. In order to follow lyso-
zyme interaction with liposomes a competition be-
tween the protein and fluorescent probe 4-(dime-
thylaminostyryl)-1-methyipiridine »-1oluenesulfonate
(DSM) for the binding sites on the bilayer surface has
been examined. Such a competition manifests itself in
the decrease of fluorescence intensity of membrane-
bound DSM upon addition of the protein [11, 12].
Typical curves illustrating the probe displacement by
lysozyme are presented in Fig. |. Previous studies
have shown .that in liposomal membranes there exist
two types of DSM binding centers [15]. Assuming
that the centers of only one type are responsible for
the competition effects, an approach to the estimation
of the protein binding parameters has been developed
113, 14 ). In the present work this approach has been
extended 1o the case of competition for both types of
DSM binding centers. The first step of the data
analysis consists in 1he estimation of the fraction of
surface area, occupied by the protein (<P) from
experimental dependencies of DSM fluorescence in-
lensity ([,) on the protein concentration (P). Fluo-
rescence intensity of DSM bound to the sites of two
types can be represented by:

[, = B, + Byfa, (1)

where #,, B, are the concentrations of the probe, f,,
£, are Fluorescence intensities of one mole of the probe
bound to the centers of the first and second type,
respectively (note that fluorescence of DSM in solu-
tion is negligibly small compared to that in lipid
bilayer). The concentration of free probe (Zp is given
by:

1,

Z,=Z,~-B, -8B, = Zu_}—‘

r

2
—13,(1—£)=a!—B](JZ, 2
f

where Z, is the total probe concentration. Binding
constants are defined by the expressions:

o B B 3
1 Z/-N,:, 2 ZM!

where N/, N\ are the concentrations of free binding

sites. From eq. (3 ) one obtains:

B . B B B.
N = _1; N = 2 : 1 2
P UZK T ZK) KN KGN

(4}

Denoting total number of the sites by N, and N,

the fraction of surface area, occupied by the protein,
can be written as:
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Fig. 1. The change of DSM fluorescence intensity in the presence of

tysozyme. DPG content, mol%,: [ — 5, 2 — 1L 3 — 250 4 — 43,
5 — 67 6 — L00. Lipid concentration, paM: | — 67; 2 —92: 3
12; 4 — 5,5 — 1; 6 — 2. The probe concentration is 5 xM. The leit
Y-axis corresponds 1o the curves 2 and 6. f is D5SM fluorescence
intensity in the absence of lysozyme, f; is DSM fuorescence intensity
upon the protein addition

N, + B, (3)
R Al B v
1 2

From the eq. (1), (2), (b u (5 it follows that:

; | .
BN U+ % —BTaQ)J 1, - BJ,
B, = . = e
O . :
: (K (a — 51&’-2.),
Relationship (6) can be transformced to:
aB; + bB, + ¢ ~ 0, (7
where
AN ho,
a = K,K,,_(l —}—;) {\Nz + flzN'J;
1K, I . "p\)
=-NK |F2 1= + Az - ] -
b=M [ 2 ( ARG
s 1;-“ \]
~N21<.2[1 + K, Z“_T,J ¥
: Y )
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I.N K, K,
= Bl l + Z[K -
A ST
B, = b= WD; D =¥ - 4ac.

2a

Using the value of B,, obtained in such a way,
from the eq. (1), (4) and (5) one can find & value,
corresponding to a given fluorescence intensity 1.
Parameters N,, N,, K|, K, /., f, for liposomes under
study have been determined previously [13]. From
experimental curves [.(P) measured at 5—8 con-
centrations of each tvpe of liposomes the depende-
ncies $(Py have been obtained. Second step of the
data treatment was aimed at the determination of the
binding parameters characterizing the complexes of
lysozyme with lipids-association constant (K} and a
number of lipid molccules per molecule of the bound
protein (n). In analyzing experimental results two
limiting cases, corresponding to the linear and discoid
ligand shape, have been considered. Within the fra-
mework of the lattice models the protein binding to
liposomal membranes, modeled as hexagonal lattice of
lipid molecules, has been described by the following
relationships (2, 31

For linear ligand

n-l
KF =T [1 —(1 —k)n.r) ,
@ I-nr 1—nr
rug;:)t_:z*—Q_Z_ 9
L z* nzs’

For disc-like ligand

r [ anr
KF= 1 - nr exPlluwr]’

(1;m
where B, F are the concentrations of bound and free
protein, respectively, L is the fotal lipid concentration,
z* is the lattice coordination number (z* =0), « is the
parameter of excluded area (v =3, w=2V3r/in. As-
suming that protein-binding contacts are not close-
packed (e. g. when the protein interacts only with one
kind of the lipid species) the model of disc binding to
dilute centers has been used [41]:

(1)

_ r anr
Rt = (1—nry CXp{l —nr)'

For the sake of comparison the data have been
also treated in terms of continuum model, represented
by the equations [7 ]

K F = ®G(dy: InG = ~in(l - @)~ ¢ -

I £

d .I P
1 ’ (1 )*‘

-1

where ¢ is a shape-dependent parameter (¢ =1 for
disc-like ligand and e = (g/m) (1 + 1/g* for rectangle
with axial ratio g. The values of K, and s, providing
the best fit of the data set have been found by
minimizing a function:

1 e
f:EZ(P:)‘Po)Z;

where P;° is the protein concentration, determined
experimentaliy, m is the number of experimental
points, P,° is the protein concentration calculated for
a given set of the parameters n and K,, P, =B+ F;
B=®L/n the value of F was derived from eqs.
(h—(12).

As can be seen in Table, for both types of the
models used the value of n dramatically decreased
with the increasing DPG content in the lipid bilayer,
and in some cases » tended to zero upon fitting. Such
a behaviour of this parameter may, in principle, be a
consequence of an increase of the packing density of
protein molecules at the bilayer surface. Howcver,
taking into account the cross-section of lysozyme (ca.
2700 AM [16], corresponding to an area of ca. 39 PC
molecules (S, 70 A®) or ca. 23 molecules of DPG
(Spee = 120 A" [171] the values of n = I seem to be
unreasonable. Assumption that lysozyme binds to
dilute centers (this may be the case when the protein
forms only electrostatic contacts with DPG head-
groups) does not improve the situation. Drastic de-
crease of n reflects the steepening of the binding
curves, that can stem, in particular, from the coope-
rativity of binding process. Cooperative effects have
bectt considered in terms of the lattice model of linear
ligand adsorption to membrane, described by rela-
tionships [4]:

K.F =Byl + A/py(l + Ap)™™;

(13)

_r (1=-U-Xhnary  Anr
Bo_l—nr[ 1-nr P E T T
A= (ax~ 1)/ (ar + 1);
172
o 4 - D)Anr(l - ar)
a* I:l -+ 1—(1‘*/1)1’1!')2 ] (14)

where 7 is the cooperativity parameter. Application of
this model yields rather reasonable estimales of n
{Table) and allows 1o assume that upon DPG content
exceeding 25 mol% lysozyme binding to liposomes is
characterized by a positive cooperativity (n = 1.2—
1.3). In this context it seems of importance o note
that cooperative phenomena are widespread in
biological systems and play significant role in the
interaction of the proteins with small figands and

483



GORBENKD G. I

Parameters of lysozyme binding to liposomes

Liposome
™ PG Rt L PG:DPG 8L l PG DPG 30 BGC-DPG 403 | PG TG L
Parameirs
DPCG content, mol®
5 ! 25 43 67
Lattice mode!
Linear ligand
KoM (i.6=0.3y10° U.1+0.2) 107 (1.5+0.3)-10° (3.5+0.8)-10% (1.920.4) - 1(
n 20+5 21+5 41 1+0.2 622
Disk-like ligand
KoM - o 9.8+1.0)- 10" (1.2+1.5 10" (2.4+0.41 - 1(
n — - =0 -0 -0
Dilute centers, Disk-like ligand
KoM (5.2+1.1)-10° (2.7£0.7-10° (8.9+1.9)-10" (7.1x1.4)-10° (1.2x0.3) -1
" 1443 184 1.1+0.2 =0 1+0.2
Cooperativity, Linear ligand
KoM} (1.420.3)-10° (1,220,310 (2.5x0.6) - 10° (7.2+1.6)-10° (2.520.7) - i
n 19+4 1+0.2 17+3 1744 16+3
3 1.0C0.02 1.0320.03 1.220.05 1.320.05 1.2+0.06
Continuum model
Linear ligand (g=10)
KoM (1.8+0.4) - 10° 1.8+0.5) -10° (5.221.13-10° (7.5%1.6}-10° (5.5+1.2) 1
n 20.5+5 19+4 0.6+0.2 0.2:+0.06 0.2+0.06
Disk-like ligand
Ko M7 — — (1.0x0.3)-10° (1.8+0.5)-10° (2.320.6) - 1
n — -- 1.0+0.2 0.3x0.08 0.5+0.1
Disk-like ligand, Self-association, Ki:=1
KoM — - 4.8=1.1)-10" (4.4+0.9)-10° (4.921.0)- I
n — — 33 30 26
n — — 2 2 2

*Unsuccessful fitting.
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macromolecules [18, 19]. One of the most probable
reason for this effect is the sclf-association of bound
protein. The fact that cooperativily is not observed at
the low mole percent of DPG could be interpreted as
follows. lncrease of the surface charge density of the
lipid bilayer can result in i) enhancing the screening
of the net protein charge and ii) increasing the
amount of the bound protein molecules per unit of the
membranc area. At a certain DPG content (in our
case ca. 25 mol%,) the superposition of these effects
may lead to appearance of the conditions favourable
for the formation of the protein associates. Iln this
respect it scemed of interest to analyze the data in
terms of the continuum model for the adsorption of a
large self-associating ligand to a surface {7]. The
main relationships of this model can be written as:

KUEF - q)l G.I (q’l 7(1):);

(p _ K GI(ID["T);): Z,
LT ZaA GZ((DI,(D_‘_) t]s (15)
3b, + P— + i il
InG, = —In(1 - &) + IL_¢“J +
I3 l 2
[orim]
+ d 7 (16)
(1= @) .
D 2
InG, = -tn{1 - ®) + 3P, + (29 + g )P, +
1 -
D+ qul)z
(1—dy (17

where ¢ =@ + @, and ¢g=R¥R, R, and R, are the
radii of the circles representing z-mer and monomer,
respectively, K. is the constant characterizing the
formation of z-mer. In the case when area is con-
served on self-association ¢ =22, The complexity of
this model does not allow to ascertain the set of the
parameters (K, n, K, 2) unequivocally, but we have
made an altempt to obtain some semi-quantitative
estimates. The data treatment procedure was based
on the calculation of @, (¢, =P — &) by numerical
solution of the eq. (15) with the subsequent evaluation
of F (cq. (14)), 8 and f (eq. (I3). The value of a
was put equal to S,/ S,, where S, is the mean area per
lipid hcadgroup (5, = (S,.of* + Sppad / (F %+ 1), /* is the
molar ratio PC to DPG), while K,, was varied in the
range 0.01—40 (the upper limit was determined by
the requirement &, > 0). Under such conditions some
scts of the parameters (K, K,,, z) corresponding to a
minimum of the function f have been derived for the
cases when -n differs from 1. As can be seen from
Table 1, such sets, obtained, in particular, for X,, =

LYSOZYME INTVERACTION WITH LIPOSOMIEN

= 1, provide arguments in favour of the assumption
that preferential form of the protein associates is
dimer, only for DPG liposomes evidence for tetramer
formation has been obtained. The existence of the
minimum of the function f is illustrated in Fig. 2
(minimumnt is observed at z=2) and Fig. 3 {(minimum
is observed at z=4).

Conclusions. The results of the present study can
be summarized as follows. Among lattice modcels of
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Fig. 2. Three-dimensional diagram. illustraling the dependency of
function f on K, and z for liposomes, containing 43 mol", DPG. The
[ vatues {z-axis) are given as f- 10", K, values eft bottom axisy dare
given as K, 10 K, =1
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Fig. 3. Three-dimensional diagram, illustrating the dependency ol
function f (eq. (13)) on K, and z for liposomes, composed of DPG.
The f values (z-axis) are given as ot K, values (left boitom
axis) are given as K,- 107 K, = |
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large ligand adsorption 10 membranes the model of
cooperative binding of linear ligand proved to be most
adequate for thermodynamic description of lysozyme
interaction with liposomes. Lysozyme binding to lipo-
somal membranes containing more than 25 molY, of
DPG is characterized by a positive cooperativity,
arising presumably from the self-association of bound
protein.
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" 11 l'opbenxo
Bzaemonia JH3oumMy 3 AinocOMAMEL TEPMOJMHAMIKA 38°43YBAHHS

Pesome

Memodom ROMKYPERMHOCO uhani3y docridxyewni a3aemo0i0 ni3n-
uumMy 3 ainocomamu, chopmosarumu 3 ocumuduaxoainy nu
dichocgparmudieniyepuity. ¥ pamkax peidimosguX ma KoHnuHyans-
Hux modedett a0copbuil vequkux aicandia Ha NOGepxni Ipobaexo
QUIRKY MepMOOuURAMInHLY NGRAMemplé YMGopenHsa DLiok-rini0rux
KoMuAexcid. Bemanoeacno, wo e3gemodis Giaka 3 ninocomamu, y
AKUX wachiice Qudpochanudicaeaiyeputy cxaadac nokad 25 moa7,,
XQPaKmMepuIyCMoci HOZINUGHOW KOOREPAINUGHICIIO, AKQ MOXe
OYMU 3YMOGALHE COMOUCONITUIEI) MONEKY.R 36 a3aH0C0 Biaka.

I . Topbenxo

B3anMOICHC IBME NZOLHAMIL ¢ THOOCOMAMM: TEPMOANHAMKMKA
CBAZBIRAHM

Pezrome

Memodos KORKYPEHRIHGS G GHOAU3A UCCAEH08aH0 S3auMO0eUCInGlLe
AHZ0UMMI C TUNROCOMAME, COCHOANMMU U3 cMeced dochamudin-
xonuna ¢ duoc@amuduie iuepruHoN. B pamMrax peuemorHoiX u
KOHMUHYWIbHOIX Modeaen adcopbuyuu Boavuux autandos wna no-
BEPXHOCHI QUEHEHB! HEPMOOUHAMUMECKIE NAPAMETNDY 0DpUIcad-
HuA Benok-uNudHLIX KOMILACKCOS. Yenlanoaaeno, vo npu codep-
Kanuie Qugocamudunc muepuna, hpessiiciowenm 25 moa%, a3au-
MOFERCMBRE AU3OUUMG © HUDHBIN BUCAGEM Xapakmepu3yemes
HOACKIUINEABHOI KOOREPIIHIUGHOCHIBIO, ODYCIOBAEHHON, NO-3HDUMO~
MY, CAMOACCONNAUUEN MOICKYA COAIANHOLO BeAKA.
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