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Abstract

By examining the resonance energy transfer between fluorescent probes, embedded in the lipid bilayer (4-(dimeth-
ylaminostyryl)-1-methylpiridine, 4-(dimethylaminostyryl)-1-dodecylpiridine, N,N’-bishexamethylenrhodamine, rho-
damine 6G) as donors, and the heme group of hemoglobin as acceptor, the structure of the protein complexes with
the model membranes composed of phosphatidylcholine and cardiolipin was characterized. Quantitative interpreta-
tion of the experimental data was performed in terms of the model of energy transfer in two-dimensional systems,
using a set of parameters including the distance of closest approach between donor and acceptor, the vertical
separation of donor planes, the acceptor distance from the donor plane and the orientation factor. The limits for the
heme distance from the lipid bilayer center and the depth of the protein penetration in the membrane interior were
estimated. The results obtained suggest that the depth of hemoglobin insertion into liposomal membranes decreases
upon increasing CL content in the lipid bilayer. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction amino acid residues, total hydrophobicity of the

protein, chemical nature of the lipid’s headgroups

It is becoming increasingly apparent that the
structural features of the protein—lipid complexes
are determined by a number of factors, including,
in particular, surface topography of the protein’s
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and acyl chains, etc. [1,2]. One approach to eluci-
dating these factors and gaining further insight
into their relative significance in controlling the
protein binding to a lipid bilayer is based on the
employment of the model protein—lipid and pep-
tide—lipid systems [3—6]. These systems frequently
contain non-membrane water soluble proteins,
characterizing by a high affinity for the lipids.
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One of the proteins, being extensively utilized in
the model studies, is hemoglobin (Hb) [7,8]. A
substantial body of the data available in the liter-
ature are suggestive of multi-step process of Hb
interaction with lipids, including: (i) surface ad-
sorption of the protein via electrostatic or hydro-
gen bonding; (ii) conformational alterations in the
protein molecule; (iii) structural reorganization of
the lipid bilayer; and (iv) the protein penetration
into the membrane interior [9-13]. The relative
contributions of these steps may differ with vary-
ing the experimental conditions and the composi-
tion of the lipid bilayer. The model systems, con-
taining Hb, seem to be relevant not only in fur-
ther understanding the general principles of the
protein—lipid interactions, but also in elucidating
specific features of Hb binding to the lipid bi-
layer, being of interest in view of Hb propensity
to interact with the inner surface lipids of ery-
throcyte membrane [9].

In our previous study an attempt has been
made to characterize the structure of Hb com-
plexes with the model membranes by monitoring
the resonance energy transfer (RET) between the
lipid-bound fluorescent probe (3-methoxyben-
zanthrone) and the heme group of Hb [14]. The
main goal of the present work was to obtain
further structural information on the system
Hb-liposomes using a series of fluorescent probes
as donors and the heme group of Hb as acceptor.
A lipid component of the systems studied was
represented by zwitterionic phospholipid phos-
phatidylcholine (PC) and negatively charged
phospholipid cardiolipin (CL). A series of donors
being used involves 4-(dimethylaminostyryl)-1-
methylpiridine n-toluenesulfonate (DSM), 4-(di-
methylaminostyryl)-1-dodecylpiridine  n-toluene-
sulfonate (DSP-12), N,N’-bishexamethylenr-
hodamine (RH), rhodamine 6G (R6G).

2. Materials and methods
2.1. Chemicals
Egg yolk PC and beef heart CL were purchased

from Bakpreparat (Kharkov, Ukraine). Both
phospholipids gave single spots by thin layer chro-

matography in the solvent system chloroform/
methanol /acetic acid /water 25:15:4:2, v /v). R6G
was obtained from Reakhim (Russia). DSM, DSP-
12 were from Zonde (Latvia). RH was kindly
supplied by E.N.Victorova (Optical Institute,
Sanct-Petersburg, Russia). Horse hemoglobin and
thiourea was purchased from Reanal (Hungary).

2.2. Preparation of liposomes

A stock suspension of unilamellar phospholipid
vesicles was prepared by the method of Batzri
and Korn [15]. One ml of the ethanol lipid solu-
tion containing appropriate amounts of PC and
CL was injected into 13 ml of 5 mM sodium-phos-
phate buffer, pH 7.4 under continuous stirring.
Ethanol was then removed by dialysis. The phos-
pholipid concentration was determined according
to the procedure of Bartlett [16].

2.3. Fluorescence measurements

Fluorescence measurements were performed
with Signe spectrofluorimeter (Latvia). The emis-
sion spectra of the fluorescent probes were upon
excitation at 460 nm (DSM, DSP-12) or 490 nm
(R6G,RH). Excitation and emission slit widths
were set at 5 nm. Fluorescence intensity mea-
sured in the presence of Hb was corrected for the
reabsorption and inner filter effects using the
following coefficient [17,18]:

(1-101)A,

k=— %
(1-10"1)4

(D

where A is the donor absorbance of in the
absence of the protein, A, is the total absorbance
of the sample at excitation or emission wave-
lengths. The quantum yields of the donors in
liposomal suspensions were estimated using fluo-
rescein solution as standard [19]. The critical dis-
tance of energy transfer (R,, nm) was calculated
as [17]:

R, =979(K*n-*Q,J)"° 2)

where J is the overlap integral (in cm®- M~ 1), n,
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is the refractive index of the medium (n, = 1.37),
K? is the orientation factor, Q, is the donor
quantum yield. Concentration of the donors em-
ployed in the RET experiments were (in wM): 2
(R6G), 2 (RH), 3 (DSM), 2 (DSP-12). Hb was
used in oxidized state. The protein concentration
was found spectrophotometrically, using the ex-
tinction coefficient E ,;, = 5.66-10° M~ ! cm ™! for
Hb tetramer [20]. To prevent the protein-induced
lipid peroxidation an antioxidant thiourea was
added to the liposomal suspensions in the con-
centration of 100 mM.

2.4. Theory

In analyzing the RET occurring in membranes
the models developed for the two-dimensional
systems appear to be most appropriate [21-26].
One of such models, proposed by Wolber and
Hudson [22], provides a formalism for the de-
scription of RET between the donors and accep-
tors, randomly distributed in a plane. Given that
fluorescent probes, bound to a lipid bilayer, usu-
ally tend to partition between the outer and inner
leaflets, in our previous study an attempt has
been made to extend the model of Wolber and
Hudson to the case of donors, localized at both
sides of the membrane [14]. As a result, the
following expression for the relative quantum yield
of the donor was obtained:

o

0,=0.5 fexp[—)\](ll(t))Nd)\
0

+ fexp[—)\](lz(t))Nd)\ 3)
0

R,

() = [ exp| =M(R,/R)’|W,(R)IR )
R

e

Ry

L) = [ exp[~NR,/R)[W,(R)R 5)
R

e

where O, Op 4 are the donor quantum yields in

the absence and presence of acceptors, respec-
tively, A =t/7,, 7, is the lifetime of an excited
donor in the absence of acceptors, W (R)AR,
W,(R)dR are the probabilities of finding acceptor
in the annulus between radii R and R+ dR at
the outer and inner donor planes, respectively, R,
is the distance of closest approach between donor
and acceptor, N is the number of acceptors within
the disc of radius R,, beyond which the energy
transfer is insignificant (in analyzing the data R,
was put equal to 3R ). If the concentration of
acceptors per unit area is equal to C), N can be
written as:

N=mR3C} (6)

Fig. 1 illustrates the possible modes of the dispo-
sition of donor and acceptor planes in the lipid
bilayer, assuming that acceptors are localized at
the outer side of membrane. Denoting the dis-
tance separating the acceptor plane from a near-
est donor plane by d,, W,(R) can be written as:

2R

N R

(7)

If the donors are situated deeper than acceptors,
and donor planes are separated by a distance d,,
W,(R) is given by:

2R
R3—R2—(d,+d,)

W,(R) = (8)

Alternatively, when acceptors are localized deeper
than donors, W,(R) equals:

2R

(9)
R2-R>—(d,—d,)’

W2(R) =

3. Results

Quantitative interpretation of the results of
RET measurements in terms of the modified
model of Wolber and Hudson [Egs. (3)-(9)] re-
quires knowing the critical distance of energy
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Fig. 1. Schematic representation of the localization of donor and acceptor planes in the lipid bilayer.

transfer (R,), the possible limits for separation of
donor planes (d,) and the surface acceptor Con-
centration (C?). In view of this the main steps of
the present study were directed toward: (i) de-
termination of quantum yields and R, values for
the donor employed; (ii) estimation of the amount
of heme groups bound to the liposomal mem-
branes; and (iii) examination of the RET and
quantitative characterization of the heme position
relative to the lipid bilayer.

3.1. Donor location in model membranes

To date, the properties of the fluorescent
probes, employed in the present work as donors,
are rather well studied [19]. DSM and its more
hydrophobic derivative DSP-12, containing addi-
tional hydrocarbon chain (of 12 carbons), possess
at neutral pH positive charge and reside pre-
sumably in the polar part of lipid bilayer, in the
vicinity of phosphate groups (DSM) or at the
boundary between hydrophilic and hydrophobic
regions (DSP-12). Another positively charged
probe, R6G is also supposed to be situated at the
lipid—water interface, penetrating, to some ex-
tent, in the polar membrane region. Neutral hy-
drophobic probe RH, like DSP-12, is located pre-
sumably between the glycerol backbone and acyl

chains of lipid molecules. It should be noted, that
the diameter of the probes, being approximately
1-1.2 nm [19], is comparable with the size of the
polar portion of lipid bilayer, so that the concept
‘donor plane’ seems to account for the position of
the centers of donor molecules.

The binding of all fluorescent probes, being
used, except R6G, to the liposomal membrane is
accompanied by the substantial increase of their
quantum yields (approx. two orders of magnitude),
so that unbound probe appears not to contribute
significantly to the measured fluorescence inten-
sity. The quantum yield of R6G in buffer solution
was found to be comparable with that in the lipid
bilayer, while the changes in the probe fluores-
cence spectra (blue shift approx. 10 nm) provide
arguments in favor of its effective association
with lipids. Given this observation, control experi-
ments were focused on examining the extent of
R6G binding to liposomes. It was established that
under the experimental conditions employed in
the RET studies the contribution of free probe to
the total fluorescence is negligible.

Presented in Table 1 are the values of critical
distance of energy transfer between various fluo-
rescent probes and the heme group of Hb, calcu-
lated according to Eq. (2) for the lipid—protein
systems, differing in the liposome composition.
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Table 1
Critical distances of energy transfer®

CL (mol%) R, (nm)

DSM DSP-12 R6G RH
10 2.83 3.23 4.77 3.42
20 3.01 3.22 4.76 3.32
40 3.18 3.15 4.77 3.36
60 3.20 3.05 4.78 3.39
90 3.18 3.01 4.78 3.39

Calculated according to Eq. (2) assuming that K2 = 0.67.
3.2. Hemoglobin association with liposomes

To assess the concentration of the surface
bound heme groups an approach, described in
more detail in the previous work [14], has been
employed. This approach is based on the assump-
tion that the decrease of Hb absorbance in Soret
band, occuring upon the formation of protein—
lipid complexes, is proportional to the concentra-
tion of bound protein (B):

AA,,=aB (10)

where a is a coefficient of proportionality, A A,
is the absorbance change in Soret band maximum
(407 nm). According to the simplest binding model
(Langmuir isotherm) association constant (K,)
can be represented as:

B

Ky = (P,—B)(L,/n—B)

(11)

where P,, L, are the total protein and lipid
concentrations, respectively, n is the number of
lipid molecules per molecule of bound protein at
saturation. Eq. (11) can be rearranged to give:

1 n

Fo=84wr\ ot K (Toa—nd Ay (12)

Eq. (12) has been used in obtaining the binding
characteristics (K,, n) and the coefficient of pro-
portionality (a) for the lipid—protein systems un-
der study. Initial estimates of these parameters,
derived from the double reciprocal plots [14,19],
were iteratively improved by the data fitting, based
on the comparison of P, values, determined spec-
trophotometrically, with those calculated from Eq.
(12). Fig. 2 shows typical dependencies of A A,
on P, being treated in terms of this approach.
The binding parameters, derived in such a way
(Table 2) were subsequently used for the estima-
tion of the concentration of the bound protein
according to the relationship:

B=O.5[PO +L,/n+1/K,

—V(P,+L,/n+1/K,)* —4P L, /n
(13)

The surface acceptor concentration was then cal-
culated as follows:

s N,B
=4 (14)
Sy =N4L,(focSpc +ferScr) (15)

where N, is Avogadro number, fp., fo are the
mole fractions of PC and CL, respectively, Spc,
ScL are the mean areas per lipid molecule, taken
to be 0.65 nm? and 1.2 nm? [27,28], respectively.
To represent the concentration of bound acceptor

Table 2

Parameters of hemoglobin binding to liposomes

Cardiolipin content K, (x10° M1 n a (x10%)
(mol%)

10 25+0.7 216 + 52 52412
20 21+05 116 + 31 3.6+038
40 2.6+£0.7 130 + 34 91+22
60 53+14 170 + 42 10+24
90 55+12 83+21 92+21
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Fig. 2. Decrease of hemoglobin absorbance at 407 nm in
liposomal suspensions as a function of protein concentration
(wM). CL content, mol%: 1-10, 2-20, 3-40, 4-60, 5-90. Lipid
concentration, mM: 1-0.17, 2-0.59, 3-0.46, 4-0.38, 5-0.29.

in units, commonly used for the two-dimensional
systems (i.e. a number of acceptors per R2) the
C: values were multiplied by R2.

It is noteworthy that the reduction in Hb absor-
bance observed upon its binding to lipids, is
thought to originate from the protein capability
to induce lipid peroxidation, which, in turn, leads
to the substantial alterations in the structural
state of heme group [10-13]. Given that any
change in the heme absorbance would affect the
spectral overlap of donor and acceptor and, hence,
the critical distance of energy transfer, all RET
measurements were performed under conditions,
preventing lipid peroxidation (by adding antioxi-
dant thiourea), while the binding studies were
carried out in the absence of antioxidant.

It is also of importance to bear in mind, that
parameters K, and n, being relevant for the
calculation of the amount of bound protein within
the scope of the present study, do not reflect,
however, the actual quantitative characteristics of
Hb association with liposomes, since the simplest
binding model is believed to be inadequate in
considering the lipid—protein systems [29,30].

3.3. Resonance energy transfer measurements

Fig. 3 shows the plots of relative quantum yield

as a function of the surface concentration of the
heme groups, bound to liposomes, differing in CL
content. These data were analysed in terms of the
aforementioned model, in order to obtain the sets
of parameters R,, d,, d,, providing the best fit of
experimental Q, values (Q¢) to Eq. (3). The fit-
ting procedure involved the minimization of the
function:

=L ¥ 0r-0 (16)

a4 i=1

where Q! is the Q, value calculated by numerical
integration of Eq. (3), n, is the number of accep-
tor concentrations used in the RET experiments.
The possible limits for d, and R, were chosen by
considering the size of model membranes and Hb
molecule and taking into account the aforemen-
tioned assumptions concerning the localization of
donors in the lipid bilayer. As illustrated in Fig. 1,
the most reasonable choice for d, limits seems to
be approximately 2.0-2.4 nm in the case of DSP-
12 and RH, and approximately 3.0-3.6 nm for
DSM and R6G, given that the thickness of the
hydrophobic core of lipid bilayer is approximately
2 nm [27]. The distance of closest approach (R,)
equals the sum of donor radius, taken to be
approximately 0.5-0.6 nm [19], and the distance
from heme center to the protein surface (r,). The
dimensions of Hb molecule, containing four subu-
nits, are known to be 6.4 X5 X5 nm, with the
heme groups located in the vicinity of the protein
surface [31]. In the range of the relatively low
protein concentrations, employed in the RET
studies (0.3-1.5 wM), Hb tends to dissociate into
dimers [7]. Thus, it seems probable that Hb binds
to liposomal membranes in the form of dimers
with the average diameter of approximately 2.5
nm. Since the orientation of subunits with respect
to bilayer surface is unknown, one cannot ex-
clude, in principle, two extreme possibilities, cor-
responding to the cases of heme location in the
proximity of lipid-binding site (R, = 1.1 nm, with
heme radius approximately 0.6 nm), or at the
maximum distance from the contact area in the
protein—lipid complex (R, = 3 nm).

Another important question arising in inter-
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Fig. 3. Relative quantum yield of donors vs. concentration of heme groups of hemoglobin, bound to liposomes: A-DSM; B-DSP-12;
C-R6G; D-RH. CL content, mol%: 1-10, 2-20, 3-40, 4-60, 5-90 (A,B,O); 1-20, 2-40, 3-60, 4-90 (D). Lipid concentration, mM:

1-0.42, 2-0.35, 3-0.28, 4-0.23, 5-0.18.

preting the results of RET measurements
concerns the validity of the orientation factor
value, used in the R, calculation. Usually K? is
assumed to be 0.67, the value, characterizing ran-
dom reorientation of the donor emission and
acceptor absorption moments. It is noteworthy
that K? can range from 0 to 4, the lower and
upper limits correspond to perpendicularly ori-
ented and parallel donor and acceptor dipoles,
respectively [17]. The significance of orientational
effects in determining the RET efficiency is con-
sidered in a number of studies [21-24]; and [32].
It is clear from such consideration, that if there

exists certain preferential orientation of donor
and acceptor dipoles, the assumption of K? being
equal to 0.67 may be the reason for significant
ambiguities in the data analysis. This K? value is
valid for the isotropic and dynamic averaging
conditions, when the donor and acceptor
molecules are rapidly tumbling and their transi-
tion dipoles can adopt all orientations in a time
short compared with the transfer time. However,
in the membranes, being highly anisotropic sys-
tems, the donors have limited freedom of motion
and the isotropic condition is hardly satisfied. The
estimation of K? bounds for donor—acceptor
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pairs examined in the present work appears to be
hardly feasible task, both in experimental and
theoretical aspects. In view of this, in analyzing
the results of RET studies K? was allowed to
vary from the minimum to maximum possible
values. Analysis of the experimental data within
the framework of aforementioned approach yields
numerous sets of the parameters d,, R,, K*, d,
giving satisfactory fit of the measured dependen-
cies Q,(C?) to those calculated according to Egs.
(3)-(9). Based on the acceptor distance from the
nearest donor plane (d,), one can estimate heme

distance from the lipid bilayer center (d,):
d.=0.5d,+d, (17)

where ‘+’ corresponds to the case when donors
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< >

are localized deeper than acceptors, while ‘—
characterizes the opposite case. The relationships
between parameters d. and K?2, obtained for
various kinds of liposomes, are shown in Fig. 4. It
may be seen that the minimum d, values, being
equal to zero, are observed at certain minimum
K? value (K2, ), while the maximum d, (d™)
corresponds to K? = 4. Note that upon varying d,
in the limits, indicated above, the changes in d,
do not exceed 0.2 nm. Since parameter d, is
invariant over a series of donors, it seems reason-
able to assume that the true d,. value falls in the
range, being common for all donors, and actual
d™ equals the least of d]**values, derived for a
given kind of liposomes. As follows from Fig. 4,
the lowest d, are obtained with DSM, therefore

800 ©
i 3
4.00 — 4
2
A 1
2.00 —
0.00 T ‘ T | T | T |
0.00 1.00 2.00 3.00 4.00
Orientation factor
6.00 — @
i 4
400 —| )
3
B 1
2.00 —
0.00 . i , I . [ —
0.00 1.00 2.00 3.00 4.00
Orientation factor

Fig. 4. Distance of heme group of hemoglobin from the lipid bilayer center as a function of orientation factor: CL content, mol%:
a-10; b-20; c-40; d-60; e-90. Donors: 1-DSM, 2-DSP-12, 3-R6G, 4-RH.
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Fig. 4. (Continued).

the further data treatment was focused on this
donor. Fig. 5 illustrates dependencies of d**on
R,, derived for DSM from analyzing the results of
RET measurements, while Fig. 6 shows the typi-
cal relationships between parameters d., R, and
K?, obtained for liposomes differing in CL con-
tent.

4. Discussion

As can be seen in Fig. 4, at K?, corresponding
to a random reorientation of the donors and
acceptors (0.67), d. values, obtained with various
donors, in the most cases appreciably differ. Such
a finding suggests that the true value of K?, at
least for some of the donor—acceptor pairs being
used are distinct from the isotropic one. As indi-
cated above, the main reason for this may be the
existence of specific lipid-binding sites at the sur-
face of Hb molecule, leading to a particular heme
disposition relative to the lipid bilayer. However,
one should bear in mind, that in Hb tetramers or
dimers symmetrical disposition of hemes leads to
a degeneracy of the acceptor transition moment,
thus providing an additional source of uncertainty
in the K* value.

In this respect of great interest are the early
studies of cytosol Hb in erythrocytes, performed

by Eisinger and Flores [33-35]. By examining the
RET between fluorescent probes (n-(9-anthro-
yloxy) stearic acids), embedded into a lipid por-
tion of erythrocyte membranes, as donors, and
the hemes of cytosol Hb as acceptors, these au-
thors have made an attempt to assess possible
bounds for the orientation factor. In considering
the tetramer Hb molecule bound to the mem-
brane, it has been found, that the contributions of
symmetrically situated heme groups into the aver-
age K? value are mutually compensated, so that
the resulting K> range appears to be rather
small, even if Hb should have specific binding
sites with particular heme orientation. It seems
noteworthy that the estimation of K? bounds
can, in principle, be made on the basis of spec-
troscopic information on the orientation of transi-
tion moments relative to the plane of porphyrin
ring, and X-ray data on the heme position in the
protein molecule. Such an approach has been
elaborated in a series of works by Gryczynski et
al. [36,37], in examining the energy transfer
between the tryptophan residue and the heme
group of Hb . Unfortunately, within the scope of
the present work any narrowing of K> bounds for
the donor—acceptor pairs examined appears to be
impossible, mainly because of the lack of reliable
information regarding the orientation of the donor
transition moments. In addition, despite the X-ray

4.00 —

3.00 —

W

2.00 —|

Distance from bilayer center, nm

1.00 ,

1T T T
1.00 1.50 2.00 250 3.00
Distance of closest approach, nm

Fig. 5. Plots of the maximum possible distance of hemoglobin
heme from the lipid bilayer center vs. R,, obtained with
K?=4 for DSM. CL content, mol%: 1-10, 2-20, 3-40, 4-60,
5-90.



G.P. Gorbenko / Biophysical Chemistry 81 (1999) 93—-105

102

722255
27

7

-(I//%/

wi 421u22 1241]1q Wo4f 2ouvIsi]

W 421u20 4280]1q WOof 20uISIq

distance of closest approach between donor and

s

Fig. 6. Typical relationships between heme distance from the lipid bilayer center.

acceptor and orientation factor. CL content, mol%: A-10, B

that R, and d, do not depend appreciably on the
liposome composition, from Figs. 5 and 6 it fol-

90.

data on the heme position within Hb crystals
been available, they cannot be used directly

in

lows that the distance of heme group from the
bilayer center exhibits nonmonotonous depen-
dence on CL content (fc ). An increase of fq

from 10 to 20 mol% leads to some decrease in d,
while further growth of f-; from 20 to 40 mol%

considering the protein behavior in a solution.
Furthermore, as indicated in a number of studies,
the heme structural state may substantially alter
upon the formation of protein—lipid complexes.
Although all these factors significantly complicate

and higher is accompanied by the pronounced
increase in d,. These findings are consistent with
those obtained in the previous work by moni-
toring the RET between MBA and heme of Hb

the quantitave interpretation of the results of

some valuable estimates can
be drawn from the mentioned above relationships

between the parameters d,, K*

>

RET measurements

. Provided

e

and R
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[14]. As can be seen in Table 3, the maximum d,
values, derived with R, =1.1 nm and K 2 =4, fall
in the range 2.9-3.6 nm. If the heme center is
localized at vertical distance r;from the protein
surface area, being in contact with lipids, the
depth of the protein penetration into the lipid
bilayer interior (d,) can be defined as follows:

d,=05d, —(d, ~r}) (18)

where d,, is the thickness of the lipid bilayer, that
is known to be approximately 4.6 nm [27]. Since it
seems difficult to make any assumptions concern-
ing the position of lipid-binding site on the pro-
tein surface, the minimum r; value (»™") can be
taken 0.6 nm (heme radius), while maximum
ri(r™) would be approximately 2 nm (for Hb
dimers with average radius approx. 1.3 nm). Based
on these estimates one can determine the lower
(dy™) and the upper (dF®) limits for the depth
of Hb insertion into the liposomal membrane:

dm =0.5d,, + rfn — d" (19)

A7 =05d,, + ™ —do (20)

The values of dj'"derived in this way for extreme

and intermediate R, are presented in Table 3.
Note that the maximum penetration depth (d5**),
calculated with d™" =0, equals 4.3 nm for all
kinds of liposomes. Assuming that the true K?
value for donor—acceptor pair DSM-heme is not
far from isotropic one (0.67) and from the esti-
mate of Eisinger et al. (0.5) [35], the limits for
dpin, obtained with R™"=1.1 nm and R™* =3
nm (Table 3) may be considered as arguments in
favor of Hb penetration into the membrane inte-
rior. A lot of data available in the literature are
indicative of Hb capability to hydrophobic inter-
actions with lipids. Such a capability is supposed
to account for the substantial increase of bilayer
ion permeability in the presence of Hb [7,38], the
alterations in the thermotropic behavior of lipids
[39], strong association of Hb with neutral lipids
[7]. Total hydrophobicity of Hb is similar to that
of other water soluble proteins [8], but the possi-
bility of the exposure of nonpolar faces upon Hb
dissociation into dimers or separate subunits may
substantially increase the protein affinity for the
hydrophobic portion of the lipid bilayer. Another
factor, that may enchance the hydrophobic inter-
actions between Hb and lipids, consists in the
conformational changes of the protein molecule,
followed by the exposure of apolar residues on

Table 3
The limits of orientation factor (K2;.) and the depth of hemoglobin penetration in the membrane interior (43", nm)
CL content (mol%) Kol R, (nm) K =0.67 K=26 K=4
dc dein dc dein dc dein
10 0.5 1.1 1.6 1.3 2.8 0.1 33 0
2 0.7 22 2.5 0.4 2.9 0
0 2.9 1.6 13 2.2 0.7
20 0.9 1.1 ! 2.5 0.4 2.9 0
2 : 2.1 0.8 2.6 0.3
3 ! 1.1 1.8 1.9 1
40 0.3 1.1 21 0.8 33 0 3.6 0
2 1.5 1.4 3 0 34 0
3 -0 >2.9 23 0.6 2.8 0.1
60 0.4 1.1 1.9 1 31 0 34 0
2 1.3 1.6 2.8 0.1 32 0
3 -0 >29 2.1 0.8 2.6 0.3
90 0.1 1.1 25 0.4 34 0 3.6 0
2 2.1 0.8 31 0 34 0
3 1.2 1.7 2.6 0.3 2.9 0

*Minimum K? value exceeds 0.67.
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the protein surface. In particular, negatively
charged phospholipids, including CL, are re-
ported to induce considerable destabilization of
Hb structure [9-13]. It seems noteworthy that not
only the protein conformational alterations, but
also the structural reorganization of the lipid
bilayer can be responsible for the protein pene-
tration into the membrane. This concerns, partic-
ularly, the possibility of the formation of non-bi-
layer structures such as inverted micelles or hex-
agonal H; phase, leading to the protein trapping
into the aqueous cylinders, spanning the bilayer
[40]. There exists some evidence for the formation
of these structures upon Hb binding to the model
membranes, composed of PC and phos-
phatidylethanolamine [41], but for the systems,
containing PC and CL such information is still
lacking. Since the data presented here indicate
that the maximum depth of Hb penetration in the
lipid bilayer is approximately 4.3 nm, (the value,
corresponding to practically full insertion of Hb
dimers into the membrane interior), one cannot
rule out, in principle, the possibility of the forma-
tion of the non-bilayer structures in the systems
being examined.

Taken together, the results of the present study
can be summarized as follows. Resonance energy
transfer between a series of fluorescent probes,
embedded in the lipid bilayer, as donors, and the
heme group of Hb as acceptors, appears to be
relevant to the structural characterization of the
protein—lipid complexes. A set of parameters em-
ployed in the data analysis involves a distance of
closest approach between donor and acceptor
(R,), the vertical separation of donor planes (d,),
the acceptor distance from a nearest donor plane
(d,) and the orientation factor (K?). Varying d,
and R, in the limits, consistent with the dimen-
sions of the protein and the model membranes
yields possible limits for the heme distance from
the lipid bilayer midplane and the depth of the
protein penetration into the membrane interior.
The data obtained suggest that the extent of Hb
penetration in the lipid bilayer decreases with
increasing CL content in the liposomal mem-
branes. Although the present work provides some
evidence for the particular heme orientation in
the complexes with lipids, for the definitive con-

clusions concerning the existence of specific
lipid-binding sites at the surface of Hb molecule
further studies are needed.
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