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Abstract

The effect of methemoglobin on the structure of model membranes composed of phosphatidylcholine and diphospha
tidylglycerol (18: 1, mol : mol) was studied with the help of pH-indicator dye bromothymol blue. The partition coefficients
characterizing the dye binding to methemoglobin or model membranes were derived from the pK?2 dependences on the
protein or phospholipid concentration. The observed character of the dye partitioning in the lipid or lipid—protein systemsis
interpreted in terms of the traditional electrostatic approach and some modern theories of membrane electrostatics. It is
assumed that methemoglobin affects the structural and physicochemical parameters of lipid—water interface. © 1998

Elsevier Science B.V.
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1. Introduction

Acid—base indicator bromothymol blue is known
as a probe highly sensitive to the alterations in the
structure and physical properties of the proteins [1],
phospholipid vesicles [19,27,29] and biomembranes
[15,24,32]. The response of bromothymol blue to the
changes of environmental conditions involves the
shift of its protolytic equilibrium. In particular, the
dye binding to phospholipid vesicles was found to be
followed by the increase of the apparent ionization
constant (pK ?) [19,27,29]. By studying the effect of
various factors, including anesthetics [29], proteins
[19] and temperature [27] on the structure of model
phospholipid membranes, it has been demonstrated

* Corresponding author. 52-52 Tobolskaya Str. 310072,
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that pK2 shift of the bound dye reflects the changes
in the molecular organization and physicochemical
characteristics of the bilayer interfacial region.

In the present study, an attempt has been made to
apply bromothymol blue for the investigation of
lipid—protein interactions. The model system chosen
includes hemoglobin as a protein component and
liposomes composed of phosphatidylcholine (PC) and
diphosphatidylglycerol (DPG) (18: 1, mol : mol) as a
lipid one. PC is a zwitterionic phospholipid, being the
main component of most biological membranes. To
obtain model membranes having a net negative
charge, PC was mixed with DPG containing two
charged phosphate groups. Although hemoglobin is
not a naturally occurring membrane protein, it can
effectively bind to phospholipids by means of elec-
trostatic as well as hydrophobic interactions
[25,35,47]. For this reason, the hemoglobin-lipo-
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somes system appears to be suitable in elucidating
the general features and mechanisms of protein—lipid
interactions. The present study was focused on one of
the protein forms, namely methemoglobin (metHb).
This form is characterized by its relative stability in
liposomal suspension since it is known that phospho-
lipids can induce conversion of oxyhemoglobin to
methemoglobin [22,28,44]. The main purpose of this
work was to obtain information regarding the influ-
ence of protein on the properties of phospholipid
bilayer.

2. Materials and methods

Egg-yolk phosphatidylcholine and beef-heart
diphosphatidylglycerol were purchased from
Bakpreparat (Kharkov, Ukraine). Both phospholipids
gave single spots by thin-layer chromatography in the
chloroform: methanol : acetic acid: water 25:15:4:2,
v/Vv) solvent system. Indicator bromothymol blue
was obtained from Reakhim (Russia) and used with-
out further purification. Horse methemoglobin and
thiourea were purchased from Reanal (Hungary).

A stock suspension of unilamellar phospholipid
vesicles was prepared by the method of Batzri and
Korn [3]. A 1ml aliquot of the ethanol lipid solution
containing 45mM phosphatidylcholine and 2.5mM
diphosphatidylglycerol was injected into 13ml of the
5mM sodium-phosphate buffer under continuous stir-
ring. Ethanol was then removed by dialysis. The
average diameter of the vesicles, evaluated from sam-
ple turbidity measurements [26] was ca. 100nm.
Phospholipid concentration was determined accord-
ing to the procedure of Bartlett [2]. Concentrations of
metHb and bromothymol blue were found using ex-
tinction coefficients E,,, = 5.66 X 10°M ~*cm™* for
the protein [6] and Ez,=225X10*M~tcm™? for
the dye [1].

The pK, were derived from the fitting of pH
titration data to the equation [7]:

A,107PH + ASPKe
~ 10 PKa 4 107 PH (1)

where A is the dye absorbance at a given pH, A,
and Ag the absorbances at pH 5.0 and 11.0, respec-
tively. The measurements were performed with SF-46

spectrophotometer at the wavelength 617 nm corre-
sponding to the absorbance maximum of the indicator
basic form.

The dye concentration employed for pK_ determi-
nation was 2 X 10~> M. Methemoglobin was added
to liposomes—dye mixture to a fina concentration
varying from 2x 1077 to 1.3 X 10" °M. To avoid
lipid peroxidation initiated by the protein, 170mM of
free-radical scavenger thiourea was introduced to the
liposomal suspension. In the presence of 2M KCI, no
appreciable changes in the turbidity of the samples
were observed, thereby indicating that no marked
aggregation of liposomes occur. All experiments were
performed at 20°C.

3. Theory

The acid—base equilibrium of bromothymol blue
can be represented by:

Hin"e I+ H™

where HIn™ and In?~ are the protonated and deproto-
nated dye forms, respectively. According to the gen-
erally accepted electrostatic approach [18,33,34,37],
the apparent ionization constant of the dye, distribut-
ing between membrane and agueous phases, is given
by:

In

A " v vF
pKZ=pK,; +log -
Y 2.303RT

(2)

1+ (PHIn( Um/Uw))7l )
1 + ( I:)In( Um/l)w))il

where vy, vin @d Py, P,, represent transfer
activity coefficients and partition coefficients for the
protonated and deprotonated dye forms, respectively,
Ums Uy the volumes of membrane and agueous phases,
¥ the electrostatic surface potential, F,R, T the Fara-
day constant, the gas constant and absolute tempera-
ture, respectively. The partition coefficients are de-
fined as:

NG
Puin = — 3)

w
r‘HInUm
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P (4)

In n\|ArI1Um
where n is the number of moles of the different dye
species in the membrane phase (m) and the bulk
solution (w). On the other hand, partition coefficients
can be considered as consisting of electrostatic and
nonelectrostatic (P°) terms:

Puin = PI(—)HneXp( -2y, WF/RT)

= Yhin®XP (— 2y WF/RT) (5)
Pn==Plexp(—z,¥F/RT)
= Y exp(—2z,7F/RT) (6)

where z denotes the charge of the corresponding dye
species. Taking into account the Egs. (3)—(6), Eq. (2)
can be transformed to:

1+ Puin(om/vw) )
l + Pln( Um/UW)

Nonelectrostatic term in the Eq. (2) corresponds to
the so-called intrinsic ionization constant (K ):

7|n

pKZ=pK, +log

(7)

pK, = pK}' + log (8)

YHin
An approximate estimation of the pK! can be de-
rived from the pK2 value determined at high bulk-
phase ionic strength when electrostatic surface poten-
tial is thought to be negligibly small [29].

Traditional €electrostatic approach, based on the
Egs. (2)—(8), being rather convenient for practical
use, nevertheless, does not consider in details the
actual factors governing the dye distribution between
aqueous and membrane phases. It seems unreal to
identify all these factors, but the main among them
can be derived from the modern theories of mem-
brane electrostatics. There are a number of excellent
reviews, regarding the electrostatic properties of
lipid—water interface [13,20,30,31,45,46], which
prove to be of utmost importance in analyzing the
experimental data. In particular, as concerns the so-
Iute partitioning, the following distribution function is
introduced [13]:

9i(x) = exp[ —w(x)/KgT] (9)

where w.(x) is the mean force potential that corre-
sponds to the integral potential, associated with the

force between the particle i and the membrane vesi-
cle and kg the Boltzmann constant. The form of the
mean force potentia largely depends on the electro-
static model used and the membrane system under
study. For example, in the case of hydrophobic ion
distribution w:( x) can be approximately described as
a sum of severa constituents [13,23]:

Wi (X) =Wy ;(X) + Wggi( X) + Whydral,i(x)

+ Wd,i(x) + Wn,i + Wothers,i(x) (10)

The first term w ;(x) characterizes the coulombic
ion—membrane interactions:

Wy i(X) = ze¥4(x) (11)

By including only this term in Eq. (9), one obtains
the commonly used Boltzmann distribution function.
The contribution wg,,,,;(X) corresponds to the free
energy of charge transfer between the media differing
in dielectric constants [11]. The neutral energy term
w,;(x) includes hydrophobic, van der Waals and
steric factors [23]. Of special interest is the hydration
contribution Wy, 4. ;(X) which reflects a number of
phenomena concerned with the capability of mem-
brane components to bind water molecules [4,5,13].
Interfacial hydration can substantially affect the elec-
trostatic membrane properties. In general, membrane
surface potential must be considered as a sum of the
common Coulomb potential (%) and non-Coulomb
dipole (or polarization) potential (¥,) stemming from
the molecular dipoles of phospholipids and interfacial
water [46]. In turn, dipole potential of phospholipids
(V) is determined by ester carbonyl dipoles of glyc-
erol backbone of the lipid molecules and phospho-
choline dipoles of headgroups. The hydrational part
of ¥, (¥,) originates from the water dipoles oriented
at the lipid—water interface. According to some esti-
mates, ¥, of model membranes has a magnitude of
severa hundreds of mV, being positive inside [13,23].
The value of ¥, may vary from —300 to —800mV
[13,46]. Hydrational potentia is appreciable only in
the membrane vicinity since it decays on a linear
scale of 0.07-0.4nm [13]. Dipole potentia ¥, is
introduced in the Eq. (10) through the term w;(x).
The contribution Wq;( X) accouts for a variety of
residual solute—surface interactions which are thought
to be negligibly small. Thus, by considering certain
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average ion position x at the lipid—water interface,
partition coefficient can be represented by:

P = exp(—w;/kgT)=exp [ —(z8%y + Wagn
+ Whygra,i T Wi + Wd,i)/kBT] (12)

4, Results

The above-mentioned approaches provide the theo-
retical background for the analysis of bromothymol
blue pK?2 shift arising from the dye partitioning
between aqueous and membrane phases. Interpreta
tion of the pK2 changes observed for the lipid—pro-
tein system is complicated by the possible contribu-
tion of both lipid- and protein-associated dye species
to the measured pK2 value. It therefore seemed
important to examine the acid—base behavior of bro-
mothymol blue in the solutions containing either
liposomes or hemoglobin. The present study included
the following main steps:

(a) quantitative analysis of the pK2 and pK! de-

pendences on the lipid or protein concentration

aimed at the evaluation of the partition coefficients
for different indicator forms;

(b) investigation of the protein effect on the pK?

and pK! values of bromothymol blue bound to

liposoma membranes; and

(c) estimation of the surface electrostatic potential

of liposoma membranes from the pK2 measure-

ments.

Figs. 1 and 2 show typical pH titration curves used
for the pK2 determination. For bromothymol blue in
aqueous bulk solution the pK ' was estimated to be
ca. 7.18, the value being in good agreement with that
reported elsewhere [50]. The dye binding to phospho-
lipid vesicles resulted in the substantial increase of
the pK2 as compared to pK.)'. Similar changes, but
much smaller in magnitude were observed for metHb.
In order to approximately evaluate the intrinsic ion-
ization constants, pH titrations have been performed
in the presence of 2M KCI. The salt concentration of
2M was chosen for the screening of the membrane
charge taking into account some theoretical estimates
of electrostatic surface potential (see below) and the
finding that, upon addition of KCI, the increase of
pK?2 reached plateau at KCl concentration of ca
1.6M. In Figs. 3 and 4, the pK? and pK/! values

determined for liposomes, metHb and their mixture
are plotted against phospholipid or protein concentra-
tion. The fitting of these data to Eq. (7) alowed to
estimate the partition coefficients for protonated and
deprotonated forms of bromthymol blue (Table 1).
The volumes of the membrane and the protein phases
were calculated as follows:

v, =N,C V, (13)
v, = N.CpVp (14)

where C, , C; are the molar phospholipid and protein
concentrations, V, , V, are the volumes of phospho-
lipid or protein molecules, respectively. Taking V, to
be 1265A3 [21], V,, to be 1.2 X 10°A3[12], it follows
that v, = 0.762C, (dm?), v, = 73.5C, (dm®). Under
the experimental conditions employed (C, <1 X
1073M, Cp,= 1.3 X 10" ® M), the values of v,, and
vp appeared to be much less than the total volume of
the system (v, = 1dm?), so that v, = v,.

The pK?2 dependences on metHb concentration
(Fig. 4) were fitted to Eq. (7) with C, substituted for
Cp. The measurements of pK?2 in the lipid—protein
system were performed at variable C, and constant
C, values. In analyzing these results, two limiting
cases have been considered. In the first case, the
possibility of the dye binding to protein was ignored
so that the experimental curves were fitted to Eqg. (7).
In the second case, the dye was assumed to distribute
between independent lipid and protein binding sites
and the data have been analyzed with the use of the
following equation:

PKS=pK.
1 + Pbln(vm/uw) + I:)HF’In(Up/UW)
1 + PIIB(Um/UW) + PITl(UP/UW)

+log
(15)

where superscripts L and P correspond to the lipid
and protein, respectively. The values of P, and P,
introduced in Eq. (15) were derived from the pK?2
measurements performed with metHb in the absence
of liposomes (Table 1). Partition coefficients esti-
mated for the lipid—protein system by using Egs. (7)
and (15) could be considered as rough limits of the
P., ad P, characterizing the dye distribution be-
tween liposoma membranes modified by metHb and
free protein in solution.
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Fig. 1. Absorbance of bromothymol blue at 617 nm as a function of pH: (A) — liposomes PC: DPG (9: 1) and (B) — liposomes + metHb,
protein concentration Cp = 1.3 X 1078 M: (1) 5mM Na-phosphate buffer, lipid concentration (C, ), mM: (2) 0.11; (3) 0.29 (A), 0.22 (B);
and (4) 0.95.
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Fig. 2. Absorbance of bromothymol blue at 617nm vs. pH: (A) — liposomes PC:DPG (9: 1), (B) — liposomes + metHb, Cp = 1.3 X
1075 M: (1) 5mM Na-phosphate buffer, 2M KCI; C, : (2) 0.04; (3) 0.22; and (4) 0.95.
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Fig. 3. Dependences of pK2 (1,2) and pK! (34) on lipid

concentration: (1,3) liposomes, (2,4) liposomes+ metHb, Cp =
1.3xX107 ¢ M.
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Fig. 4. Dependences of (1) pK2 and (2) pK/, on the concentra-
tion of metHb in the absence of liposomes.

As can be seen in Table 1, there is a substantial
difference in the affinity of the various forms of
bromothymol blue to the lipid bilayer or protein, the
distinction being especialy pronounced for lipo-
somes. The protonated form of the dye was found to
associate much more effectively with phospholipid
vesicles than deprotonated one. By analyzing the pK 2
dependences of bromothymol blue on phospholipid
concentration in some cases (marked by superscript
‘d in Table 1), we failed to determine the P,, value
with appropriate accuracy. This alows one to assume
that, in liposomal suspension, a major part of depro-
tonated dye species remains in the aqueous phase.
Additional arguments in favor of the very weak
interaction of the form In?~ with phospholipids, or
even lack of any binding, were provided by the
measurements of the dye absorbance spectra and
dialysis experiments. As illustrated in Fig. 5, the
binding of the protonated form of bromothymol blue
to liposomes was followed by the noticeable blue
shift of the absorbance spectrum and increase in its
intensity. By contrast, for deprotonated form no
marked spectral changes were observed. These find-
ings agree with the results of the dye release mea-
surements presented in Fig. 6. The leakage of the
protonated dye species from the dialysis tube contain-
ing liposomes was negligible (Fig. 6(A)), while the
release of deprotonated ones was almost the same for
liposomal suspension and agueous solution (Fig.

Table 1
Partition coefficients of different forms of bromothymol blue
caculated according to Eq. (7) and Eqg. (15)

System Phin Pin r
5mM Na-phosphate buffer

MetHb 16x10*  64x10° 0995
Liposomes 51x10%  —@ 0.978
Liposomes+ metHb 44x10* 16x102  0.989
Liposomes+ metHb®  6.1x 10* —a 0.987

5mM Na-phosphate buffer + 2M KCI

MetHb 28x10*  23x10°  0.99
Liposomes 3.1x10° 1.1x10°3 0.990
Liposomes+ metHb 44x10°5  —2 0.987
Liposomes+metHb®  51x10°  —2 0.986

4P, tends to zero upon fitting of experimental data to Eq. (7) or
Eqg. (15). The accuracy of the partition coefficients determination
was ca. 12-16%, r being the correlation coefficient.
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Fig. 5. Absorbance spectra of bromthymol blue: (1) pH 4.4,
5mM Na-phosphate buffer; (2) C, = 0.1mM, (3) 0.25mM; and
(4) 1.3mM.

6(B)). All these data suggest that substantial pK?
shift of bromothymol blue observed for liposomes
could be explained mainly by the association of
protonated dye species with the lipid bilayer. As a
whole, the results of the binding experiments pre-
sented in Table 1 can be summarized as follows.
MetHb molecules contain binding sites for both forms
of bromothymol blue, but the protonated form binds
more effectively to the protein as compared to depro-
tonated one. In the case of liposomes, partition coef-
ficient of the indicator form HIn™ is several orders of
magnitude greater than that of the form In?~. Screen-
ing of the surface negative charge upon addition of
2M KCl is followed by enhancing the association of
the both dye species with phospholipid vesicles. Tak-
ing into account the accuracy of the P,, and P,
determination (being ca. 12—16%)), it can be assumed
that partitioning of the dye between the bulk solution
(5mM phosphate buffer) and lipid phase is not af-
fected appreciably by metHb. Meanwhile, in the pres-
ence of 2M KClI, the protein caused the opposite
changes of the partition constants — a slight increase
of P, and substantial decrease of P,,.

o Absorbance Absorbance
2
A B
0.4
0.15 |- 1 1
03
v
04 | /
S 02
0.05 -
0.1+
2
0 Q . (J> 9 (|> !0 0 1 I 1 I 1
0 1 2 3 4 5 0 1 2 3 4 5 6

Time, hours

Time, hours

Fig. 6. Leakage of bromthymol blue from the dialysis tube: (A) — pH 4.4, 430nm; and (B) — pH 12.2, 617nm: (1) dye in 5mM
phosphate buffer; and (2) dye in the liposomal suspension C, = 1.8mM.
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5. Discussion

Table 2 contains the pK2 values of bromothymol
blue and their shifts with respect to pK}' observed
for lipid and lipid-protein systems. These data corre-
spond to phospholipid concentration of ca. 1mM
taken from the range where pK2 exhibits no strong
dependence on C, (Fig. 3). As can be seen in Table
2, upon addition of metHb pK?2 and pK/ undergo
the opposite changes. Both pK? and pK/ reached
constant values at C, of ca 8x 107 and 5X
10~ 7 M, respectively, so that the protein concentra-
tion of 1.3 X 10~®M corresponds to the plateau re-
gion of the pK?2 and pK! dependences on C,. The
observed decrease of pK 2 could hardly be ascribed to
the redistribution of the dye between the lipid bilayer
and protein molecules since phospholipid concentra-
tions employed are substantially larger than the pro-
tein concentration so that the major part of the dye
seems to be localized in the lipid phase.

According to our estimates, and those reported in
the literature [40,47,48], hemoglobin interaction with
negatively charged liposomes is characterized by the
binding constant of ca. 10° M ~* and number of lipids
constituting the protein binding site ca. 100. Using
these values, we found that, for C,= 1.3 X 107 °M
and C,_ = 10"3M, the amount of the bound protein
would be ca. 1.2 X 107° M, i.e. the concentration of
the free protein appeared to be rather small.

In the lipid bilayer, bromothymol blue is thought
to be located at the interfacial region presumably
between hydrophilic headgroups and non-polar acyl
chains [15,29]. The shift of the acid—base equilib-
rium, resulting from the dye binding to liposomes, is
controlled by various factors including electrostatic
surface potential, interfacial physicochemical proper-
ties and dye orientation within the membrane. The
last two factors are believed to determine the intrinsic
ionization constant. The contribution of the surface
potential to the pK?2 changes can be estimated in

Table 2

terms of the aforementioned electrostatic approach.
Since, at low ionic strength (5mM), partition coeffi-
cients of the deprotonated dye form appeared to be
very smal, the term P, (v,,/v,) in Eq. (7) intro-
duces a negligible correction so as to give the follow-
ing:

pKZ=pK/

Um
+ log (1 + Pﬂ,n—exp(—zH,nllfF/RT))
UW

(16)

In the presence of 2M KCI, when the surface poten-
tial of the liposomal membranes is supposed to tend
to zero, the measured pK2 (pK) is given by:

1 + PI(—)Iln( Um/Uw)
l + Pl?\( Um/UW)

pK, = pK} + log (17)

Taking into account that for the high lipid concentra-
tion (> 1mM) the terms containing P, and PS,,
are substantially > 1, from the Egs. (16) and (17),
we have:

APKi=pKi—pKas—Z”'“qIF —log 1+P.°_m)
o= PPa ™ PR = 5 303RT "
(18)

The relationship (18) was employed to evaluate the
electrostatic surface potential of the model mem-
branes being studied. Using pK2 and pK/ values
presented in Table 2, ¥ was estimated to be ca
—38mV for liposomes and —61mV for liposomes
modified by metHb. It should be noted that an esti-
mate of ¥ derived from the pK?2 measurements is
thought to represent the mean potential at the location
of the indicator prototropic moiety in the interfacial
region [29]. Another way to evaluate the electrostatic
surface potential is based on the direct use of Eq. (5)
with partition coefficients measured at low (5mM)
and high (2M) ionic strengths instead of P, and

The effect of metHb on the pK? and pK/ values of bromothymol blue at the lipid concentration of 9.5x 107%M and protein

concentration of 1.3 X 10~ M

System pK2 pK,, pKZ—pKY pK, — pKY
Liposomes 891+ 0.04 9.28 + 0.05 1.73 210
Liposomes + metHb 8.63 + 0.06 9.67 + 0.09 1.45 249
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PA,,- In this case, ¥ was found to be ca. —46 and
—59mV for lipid and lipid—protein model mem-
branes, respectively. On the other hand, ¥ value can
be estimated theoretically, e.g. from the following
solution of non-linearized Poisson—Boltzmann equa-
tion, obtained for spherical vesicles [36]:

28r30kRT .
i [ e
8In[cosh(Y/4)] |
n[ZC(.) ( / )] =0 (19)
(kr)“sinh?(Y/2)

where o is the surface charge density, Y= ¥ F/RT,
k~! the Debye length and r the vesicle radius. The
surface charge density of the mixed PC: DPG liposo-
ma membranes was evaluated according to the fol-
lowing relationship:

2e

- = 20
77 A + Apee (20)

where Apc, Appg are the mean areas of PC and DPG
headgroups, f the ratio of PC to DPG molar concen-
trations. Taking Apc and Apps to be 0.7nm? and
1.2nm?, respectively, [21] and f to be 18, it follows
that o= 2.3 X 1072 Cm™2. Meanwhile, if the cation
binding is taken into account, the effective surface
charge density must be considered:

g
%81~ 1+ KyCgexp(— 2P F /RT)

(21)

where Ky is the binding constant, Cg; the bulk
concentration of a given ion (in our case, Na* or
K™). The typical Ky values characterizing the bind-
ing of monovalent cations to negatively charged
phospholipids are reported to range from 0.4 to
1.0M 1 [1346]. If Kz=10M* and C; =5mM,
then o, isequal to 2 X 1072 Cm™2 By introducing
o or gy in Eq. (19), the following estimates were
derived: ¥ = —87mV, ¥4 = —80mV, so that theo-
retical ¥ values appear to be greater than experimen-
tal ones. Besides, from the Eq. (19) it follows that,
under the existing conditions of charge screening
(2M KQD, ¥= —7mV, and ¥, = —2mV, i.e. the
error associated with the assumption of zero ¥ vaue
proves to be rather small. Notwithstanding this, it
should be pointed out that all aforementioned esti-
mates of surface potential were obtained in terms of

the simplest approach, ignoring the complex nature of
membrane electrostatic phenomena. In order to inter-
pret the experimental data more adequately, we at-
tempted to use Eqg. (12) in analyzing the partition
coefficients of bromothymol blue. As follows from
the comparison of Egs. (5), (6) and (12), the so-called
non-electrostatic term of partition coefficient (P°)
can be represented by:

P° = exp [ ~ (Weom,i + Whydrat,i T Wo i + Wd,i)/kBT]
(22)

The above-described estimation of surface potential
is based on the assumption that the only consequence
of increasing ionic strength is the substantial diminu-
tion of coulombic electrostatic term. However, the
sdt effects are not restricted to the common charge
screening, but may include the alterations in dielec-
tric properties of the interfacial region, extent of
membrane hydration, conformation and mobility of
phospholipids, etc. [13,30]. Hence, all possible contri-
butions to P° (Eg. (22)) do not probably remain
unchanged with the growth of ionic strength. Given
all these complications, along with the observed pre-
dominant hemoglobin influence on the non-electro-
static constituents of partition coefficients (Table 1),
it follows that — coming from the simplified model
used — the conclusion about the protein-induced in-
crease of surface potential may be wrong. Therefore,
in considering hemoglobin effect, it ssems more rea-
sonable to analyse the changes in the partition coeffi-
cients for various dye species.

As dready indicated, metHb does not significantly
ater the indicator partition coefficients at low ionic
strength. Meanwhile, at high ionic strength the P,
value was markedly lowered, resulting in the increase
of pK!. This effect cannot be explained by the dye
partitioning between independent ‘‘protein’”’ and
“lipid”’ binding sites. As follows from Fig. 4 at the
protein concentration considered (1.3 X 10~% M), the
measured pK! does not exceed 7.6. Hence the shift
of pK! being ca 2.5 units for the lipid—protein
system could be attributed mainly to bromothymol
blue interaction with the lipid bilayer. Another possi-
ble explanation involving the formation of new dye
binding sites, due to phospholipid-induced conforma
tional changes of metHb, seems unlikely because in
this case the pK! measured for protein should be
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appreciably greater than that for the lipid phase.
Thus, an assumption can be made that the increase of
pK/! caused by metHb reflects modification of the
dye region in the liposomal membrane under the
influence of the protein. A lot of evidence indicates
that hemoglobin binding to the lipid bilayer involves
electrostatic as well as hydrophobic interactions
[9,25,35,47]. The results of the present work were
obtained at the pH varying from 7.0 to 10.0. In this
pH range, hemoglobin has for the most part negative
net charge since its isoelectric point is known to be
ca. 7.4. Asfar as the ionization state of phospholipids
is concerned, it should be noted that PC is a zwitte-
rion over the 3—12 pH range, while phosphate groups
of DPG are fully ionized over pH 5.0 [46], therefore
no significant changes of phospholipid ionization oc-
cur in the pH range studied.

In view of these facts, no appreciable electrostatic
interaction between the protein and liposomes, being
negatively charged, could be expected. Meanwhile,
numerous studies provide evidence for a strong hy-
drophobic interaction of hemoglobin with the lipid
bilayer. Such findings as hemoglobin-induced in-
crease of liposome ion permeability [10,25], effective
binding of the protein to lipid vesicles at high ionic
strength [10], the character of its effect on the lipid
thermotropic behavior similar to that observed for
integra membrane proteins [35] are considered as
arguments in favor of preferentially non-polar nature
of hemoglobin complexes with phospholipids. The
explanation for this phenomenon involves two possi-
bilities:

(@) formation of the hydrophobic contact region

upon the dissociation of hemoglobin molecule into

dimers [10]; and

(b) lipid-induced conformational changes of

hemoglobin leading to the enhanced exposure of

the apolar residues at the protein surface [25].
However, there exist some evidence suggesting the
incorporation of the heme moiety rather than globin
part into the lipid bilayer [41,43].

Thus, it seems likely that metHb effect on the
protolytic behaviour of bromothymol blue bound to
liposomes is determined by the alterations in the dye
microenvironment resulting from the hydrophobic
protein interaction with phospholipids. This is also
supported by the observed enhancement of the pro-
tein influence on the dye partitioning between aque-

ous and lipid phases upon addition of KCI, when
electrostatic effects are expected to be substantially
suppressed. On the other hand, taking into accout the
possible contributions to P° (Eqg. (22)), it becomes
clear that decrease of the partition coefficient for
In?~ dye form under the influence of the protein can
be caused by various reasons including, in particular,
the changes of interfacial hydration, conformational
aterations of phospholipids, formation of structural
defects, where the binding of ions In?~ is energeti-
cally unfavorable and so on. The opposite effects of
hemoglobin observed for HIn™ and In?~ dye species
suggest the involvement of non-coulombic electro-
static factors in the protein-induced phenomena. As
aready mentioned, the contributions of phospholipid
and water dipoles to the net surface potential have the
opposite sign. If under certain circumstances ¥,
proves to be > ¥, the dipole potential ¥, would be
negative, thus preventing the penetration of two-
charged hydrophobic ion In?~ in the interfacial re-
gion.

Unfortunately, by analyzing the data available in
the literature we could not find information concern-
ing the detailed mechanisms of hemoglobin effect on
the molecular organization of the model membranes.
Some arguments in favor of the lipid bilayer pertur-
bation caused by hemoglobin were provided by *'P-
NMR and |R-spectroscopy [14,39]. However, it ap-
peared difficult to compare our observations with the
findings of the other authors. Nevertheless, it should
be noted that the changes of phospholipid headgroup
conformation and mobility have been reported for the
cases of both electrostatic (basic myelin protein [42],
melittin [8,17]) and hydrophobic (glycophorin [49],
cytochrome oxidase [38], Ca-ATPase [16]) protein—
lipid interactions. For example, cationic amphiphilic
peptide melittin was found to affect choline dipole
orientation in the negatively charged model mem-
branes by rotating the N* end of the dipole to the
aqueous phase [8]. It is suggested that the extent of
headgroup reorientation is controlled by both, the
melittin influence on the total surface charge density
and spatial positioning of the peptide with respect to
the choline dipoles. As indicated above, under the
experimental conditions employed in the present
work, one might expect preferential hydrophobic in-
teraction of hemoglobin with liposoma membranes.
The protein incorporation into the lipid bilayer could
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affect the conformation of phospholipid molecules
and ater in such a way the orientation of ester
carbonyl and phosphocholine dipoles. The spatial
distribution of the protein charged groups seemsto be
of significance in determining the position of phos-
pholipid dipoles. In addition, one cannot exclude the
possibility of the protein influence on interfacial hy-
dration or formation of structural defects in the bi-
layer regions in contact with the protein molecules.

In conclusion, the results of the present study can
be summarized as follows. The apparent ionization
constant of bromothymol blue was found to be sensi-
tive to the structural changes of the model mem-
branes caused by metHb. Using the pK2 depen-
dences on phospholipid concentration, the dye parti-
tion coefficients for lipid and lipid—protein systems
have been determined. The character of the protein
effect on the distribution of dye species between
aqueous and lipid phases suggests modification of the
structure and physicochemical characteristics of the
membrane interfacial region upon the formation of
protein—lipid complexes.
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