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Abstract

Resonance energy transfer between a series of lipid-bound fluorescent probes as donors and the heme group of cytochrome
c as acceptor has been used to obtain structural information on the protein complexes with model membranes, composed of
phosphatidylcholine and cardiolipin. Analysis of experimental data in terms of the model of energy transfer in two-
dimensional systems provides further evidence for preferential cytochrome c orientation with respect to the lipid bilayer and
penetration of the protein into the membrane interior. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Model systems consisting of cytochrome c (cyt c),
the peripheral protein of the inner mitochondrial
membrane, and lipid monolayers or vesicles are pres-
ently extensively investigated in two main aspects.
The ¢rst aspect involves gaining insight into molec-
ular mechanisms and functional consequences of cyt
c association with a lipid component of the mito-
chondrial membrane [1^3], while the other one con-
cerns elucidating the general features of protein-lipid
interactions, manifested themselves in the formation
of cyt c complexes with lipids [4^6]. A substantial
body of evidence obtained to date suggests that the
process of cyt c binding to the lipid bilayer includes
the following main steps: (i) protein adsorption on

the membrane surface via electrostatic interactions
and hydrogen bonding, (ii) conformational changes
of the protein molecule, (iii)structural alterations of
the lipid phase, (iv) partial or full insertion of the
protein into the membrane interior [7,8]. Under
physiological conditions, cyt c carries a net positive
charge ([8,9]), determining a high a¤nity of the pro-
tein to lipid bilayers containing negatively charged
phospholipids. One of such phospholipids, cardioli-
pin (CL), attracts a particular interest as putative
component of cyt c binding sites at the inner mito-
chondrial membrane [1]. Two mechanisms are as-
sumed to be responsible for cyt c adsorption to the
lipid bilayer surface [4,9,10]. The ¢rst mechanism in-
volves electrostatic binding of positively charged
amino acid residues such as lysine or arginine to a
deprotonated headgroup of negatively charged phos-
pholipids, while the other one consists of the forma-
tion of hydrogen bonding between the protein side
groups and protonated phospholipid headgroup. As-
sociation of cyt c with the bilayer surface is followed
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by structural changes of the protein involving alter-
ations of the conformational state of the heme group
and loosening or unfolding of the overall protein
structure [11^14]. Such changes in cyt c conforma-
tions are supposed to promote its penetration into
the membrane interior with subsequent hydrophobic
interactions between non-polar residues of a poly-
peptide chain and hydrocarbon chains of the lipids
[8,14]. It should be noted, however, that cyt c inser-
tion in the membrane inner region can be mediated
not only by protein conformational alterations, but
also by modi¢cation of the lipid organization. Par-
ticularly, in CL-containing model membranes, cyt c
can induce the formation of non-bilayer structures,
followed by the protein trapping into aqueous cylin-
ders spanning the bilayer [15]. All these ¢ndings sug-
gest that the process of cyt c association with lipids
must not be interpreted within the framework of a
simpli¢ed electrostatic mechanism, postulated for pe-
ripheral membrane proteins. Electrostatic interac-
tions are usually considered to be non-speci¢c, de-
pending on the net charge of the protein and the
surface potential of the lipid bilayer, while hydrogen
bonding, that requires complementarity between the
contact regions in the protein-lipid complex, ac-
counts for speci¢c interactions between the protein
and lipids. However, it seems likely that not only the
net charge but also the charge distribution on the
surface of the protein molecule can determine the
character of the protein-lipid interactions. For in-
stance, the clustering of positively charged groups
in the protein surface may lead to appearance of
an area, providing the most thermodynamically fa-
vorable contacts with the lipid bilayer. This may en-
hance the speci¢city of electrostatic binding, that,
like hydrogen bonding, can be the reason for a cer-
tain preferential orientation of the protein molecule
with respect to the bilayer surface. Elucidating such
an aspect of the protein-lipid interactions requires
structural information on the protein complexes
with lipids. One approach to obtain such information
is based on examining resonance energy transfer
(RET) between £uorophores, bound to lipids and
intrinsic protein chromophores, particularly a heme
group. A previous study of RET between £uorescent
probe 3-methoxybenzanthrone (MBA) and the heme
group of cyt c suggests that there exists preferential
protein orientation relative to the lipid bilayer, com-

posed of phosphatidylcholine (PC) and CL. The
main goal of the present work was to obtain further
evidence for the speci¢c disposition of cyt c in com-
plexes with CL-containing model membranes by
monitoring RET between donors, localized in the
lipid phase and heme group of cyt c. A series of
donors being employed includes MBA, N,NP-bis-
hexamethylenrhodamine (RH), rhodamine 6G
(R6G), 4-(dimethylaminostyryl)-1-dodecylpiridine n-
toluenesulfonate (DSP-12), 4-(dimethylaminostyryl)-
1-methylpiridine n-toluenesulfonate (DSM).

2. Materials and methods

2.1. Chemicals

Egg yolk PC and beef heart CL were purchased
from Bakpreparat (Kharkov, Ukraine). Both phos-
pholipids gave single spots by thin layer chromatog-
raphy in the solvent system chloroform:methanol:
acetic acid:water, 25:15:4:2, (v/v). Bovine heart cyt
c and R6G were obtained from Reakhim (Russia).
MBA, DSM and DSP-12 were from Zonde (Latvia).
RH was kindly supplied by Victorova E.N. (Optical
Institute, St. Petersburg, Russia). Thiourea was pur-
chased from Reanal (Hungary).

2.2. Preparation of liposomes

A stock suspension of unilamellar phospholipid
vesicles was prepared by the method of Batzri and
Korn [16]. 1 ml of the ethanol lipid solution contain-
ing appropriate amounts of PC and CL was injected
into 13 ml 5 mM sodium-phosphate bu¡er, pH 7.4,
under continuous stirring. Ethanol was then removed
by dialysis. The phospholipid concentration was de-
termined according to the procedure of Bartlett [17].

2.3. Fluorescence measurements

Fluorescence measurements were performed with a
Signe spectro£uorimeter (Latvia). Emission spectra
of £uorescent probes were excited at 440 nm
(MBA), 460 nm (DSM, DSP-12), 490 nm (R6G,
RH). Excitation and emission slit widths were set
at 5 nm. The £uorescence intensity measured in the
presence of cyt c was corrected for reabsorption and
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inner ¢lter e¡ects using the following coe¤cients
[18,19]:

k � �13103A�As

�13103As�A �1�

where A is the donor absorbance in the absence of
the protein, As is the total absorbance of the sample
at excitation or emission wavelengths. Quantum
yields of the donors in liposomal suspensions were
estimated using a £uorescein solution as standard
[20]. The critical distance of energy transfer (Ro,
nm) was calculated as [18]:

Ro � 979�K2n34
r QDJ�1=6 �2�

where J is the overlap integral, nr is the refractive
index of the medium (nr = 1.37), K2 is an orientation
factor (K2 = 2/3), QD is the donor quantum yield.
Concentrations of donors employed in RET experi-
ments were (WM): 6 (MBA), 2 (R6G), 2 (RH),
3 (DSM), 2 (DSP-12). Cyt c was used in the oxidized
state. To prevent protein-induced lipid peroxidation,
the anti-oxidant thiourea was added to the liposomal
suspensions in a concentration of 100 mM.

2.4. Theory

The theoretical background for analyzing RET in
membranes is provided by a number of models, elab-
orated for two-dimensional systems [21^26]. In the
present study, the results of RET measurements
were quantitatively interpreted in terms of the modi-
¢ed model of Wolber and Hudson [22], as described
in more detail previously [27]. Donors are assumed
to be uniformly distributed in two planes, localized
in the outer and inner bilayer lea£ets, while acceptors
are supposed to be situated only on the outer side of
membranes. According to the model employed, the
relative quantum yield of donor (Qr) is given by:

Qr � 0:5 �
Z r

0
exp�3V ��I1�t��N dV�

Z r

0
exp�3V ��I2�t��NdV � �3�

I1�t� �
Z Rd

Re

exp�3V �R0=R�6�W 1�R�dR �4�

I2�t� �
Z Rd

Re

exp�3V �R0=R�6�W 2�R�dR �5�

where QD, QDA are donor quantum yields in the
absence and presence of acceptors, respectively,
V= t/dd, dd is the lifetime of an excited donor in the
absence of acceptors, W1(R)dR, W2(R)dR are the
probabilities of ¢nding acceptor in the annulus be-
tween radii R and R+dR at the outer and inner do-
nor planes, respectively, Re is the distance of closest
approach between donor and acceptor, N is the num-
ber of acceptors within the disc of radius Rd, beyond
which energy transfer is insigni¢cant. If the concen-
tration of acceptors per unit area is equal to Cs

a, N
can be written as:

N � ZR2
dCs

a �6�
If the acceptors are assumed to be situated on the
outer side of the membrane and separated from a
nearest plate of donors by a distance da, the expres-
sion for W1(R) is given by:

W 1�R� � 2R
R2

d3R2
e3d2

a
�7�

By denoting the distance separating donor planes, dt,
and considering the case when donors are localized
deeper than acceptors, W2(R) can be written as:

W 2�R� � 2R
R2

d3R2
e3�d t � da�2

�8�

If acceptors are situated deeper than donors, W2(R)
is given by:

W 2�R� � 2R
R2

d3R2
e3�d t3da�2

�9�

3. Results

RET investigation of cyt c complexes with phos-
pholipids included the following main steps: (i) as-
sessment of the quantum yield and critical distance
of energy transfer for various donors, (ii) a binding
study, aimed at determining the amount of cyt c
associated with liposomal membranes, (iii) obtaining
and analyzing dependencies of the relative quantum
yield on the surface acceptor concentration.
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3.1. Characterization of donors

To test the conclusions drawn in the previous
study of RET between MBA and heme of cyt c
[27] and to obtain more reliable structural informa-
tion, the present work was focused on analysis of
data sets, combining the results of RET measure-
ments for a series of donors. All donors employed
are rather well-characterized with respect to their
spectral properties and localization in the lipid bi-
layer [20]. DSM and R6G, possessing a positive
charge at neutral pH, reside at the lipid-water inter-
face, orienting in such a way that a positively
charged nitrogen atom is located in the vicinity of
phosphate groups, while the aromatic ring is situated
in the polar region of the bilayer. DSP-12, di¡ering
from DSM by the hydrocarbon chain, consisted of
12 carbons, penetrates to a greater extent into the
membrane interior, localizing presumably at the
boundary of polar and non-polar parts of the lipid
phase. A similar localization is also supposed for
neutral hydrophobic probes RH and MBA, situated
in the glycerol backbone region between hydrophilic
headgroups of phopholipids and non-polar acyl
chains. The quantum yield of all donors bound to
liposomal membranes, except R6G, appears to be ca.
two orders of magnitude greater as compared to that
in bu¡er solution. Therefore, the contribution of free
probe to the measured £uorescence intensity seems to
be negligibly small. For R6G, the values of the quan-
tum yield in bu¡er and suspension of liposomes were
comparable, though £uorescence spectra of the dye
exhibit a marked (ca. 10 nm) blue shift, suggesting its
e¡ective association with lipids. In view of this, spe-
cial experiments have been performed, aimed at eval-
uating the degree of probe binding to liposomes. It
appeared that at R6G and lipid concentrations, em-
ployed in RET measurements, the contribution of

free probe to the total £uorescence intensity does
not exceed 2%.

Presented in Table 1 are the quantum yields of the
donors employed and critical distances of energy
transfer, calculated according to Eq. 2. For DSM
and DSP-12, quantum yield exhibits a marked de-
pendence on the CL content of liposomal mem-
branes, while for the other probes, such a depend-
ence appears to be less pronounced (RH, MBA) or
insigni¢cant (R6G).

3.2. Binding of cyt c to liposomes

As follows from the statements of the model used,
adequate quantitative interpretation of the results of
RET measurements in membrane systems requires
knowing the surface acceptor concentration (Cs

a)
being proportional to the molar concentration of
bound protein (B). Estimation of B was made within
the framework of the simplest binding model (Lang-
muir isotherm), using an approach described in detail
in the previous work [27]. The underlying assumption
of this approach is that the lipid-induced decrease of
cyt c absorbance in the Soret band (vA407 ) is pro-
portional to the concentration of bound protein (B) :

vA407 � aB �10�
Where a is a coe¤cient of proportionality. Denoting
the total protein and lipid concentrations by Po and
Lo, respectively, the association constant (Kb) can be
written as:

Kb � B
�Po3B��Lo=n3B� �11�

where n is the number of lipid molecules constituting
a protein binding site on the membrane surface. Re-
arranging Eqs. 10 and 11, one obtains:

Table 1
Some characteristics of donors, employed in resonance energy transfer measurements

CL, mol% Quantum yield Critical distance of energy transfer, nm

DSM DSP R6G NRH MBA DSM DSP R6G NRH MBA

10 0.07 0.19 0.89 0.18 0.12 2.83 3.23 4.77 3.42 3.67
20 0.10 0.17 0.89 0.15 0.12 3.01 3.22 4.76 3.32 3.67
40 0.13 0.15 0.90 0.16 0.11 3.18 3.15 4.77 3.36 3.68
60 0.13 0.13 0.90 0.17 0.11 3.20 3.05 4.78 3.39 3.68
90 0.13 0.12 0.90 0.17 0.09 3.18 3.01 4.78 3.39 3.68
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Lo � nvA407

a
1� a

Poa3vA407�Kb

� �
�12�

Eq. 12 was used for determining binding parameters
(Kb, n) and the coe¤cient of proportionality (a) for
each of the lipid-protein systems studied. Initial esti-
mates of these parameters, derived from the double
reciprocal plots [20,27], were subsequently iteratively
improved in the ¢tting procedure, based on compar-
ison of the experimental value of Lo with that calcu-
lated according to Eq. 12. Fig. 1 shows typical plots
of vA407 versus Lo, analyzed in terms of the afore-
mentioned approach. Quantitative characteristics of
cyt c binding to liposomes obtained in this way (Ta-
ble 2) were used for calculation of the concentration
bound protein according to the relationship stem-
ming from Eq. 11:

B � 0:5�Po � Lo=n�

1=Kb3
������������������������������������������������������������������
�Po � Lo=n� 1=Kb�234PoLo=n

q
� �13�

The surface acceptor concentration was then esti-
mated as follows:

Cs
a �

NAB
SL

�14�

SL � NALo�tPCSPC � tCLSCL� �15�

where NA is the Avogadro number tPC, tCL are mol
fractions of PC and CL, respectively, SPC , SCL are
mean areas per lipid molecule, taken to be 0.65 nm2

[28] and 1.2 nm2 [29], respectively. To represent the
concentration of bound acceptor in units commonly
used for two-dimensional systems (i.e. a number of
acceptors per R2

o) the Cs
a values were multiplied by

R2
o.
It seems to be of importance to note that the lipid-

induced decrease of cyt c absorbance at the Soret
band is usually interpreted in terms of conformation-
al changes of the protein, originating from its capa-
bility to cause lipid peroxidation [30]. Taking into
account that any alteration in the heme absorbance
would give rise to a change of Ro values, depending
on the spectral overlap of donor and acceptor, all
RET measurements were performed in the presence
of anti-oxidant (thiourea). On the contrary, in the
binding studies, no anti-oxidant was added to the
suspension of liposomes.

Another question noteworthy concerns the validity
of Kb and n values, obtained according to the sim-
plest binding model described by a Langmuir iso-
therm. Although such an approach is rather conven-
ient, it seems to be inadequate in analyzing protein-
lipid systems. As indicated in a lot of studies, a more

Fig. 1. Decrease of cyt c absorbance at 407 nm in liposomal
suspensions as a function of the lipid concentration. CL con-
tent, mol%: 1, 10; 2, 20; 3, 40; 4, 60; 5, 90. The protein con-
centration was 5.4 WM.

Table 2
Parameters of cyt c binding to liposomes

Cardiolipin content, mol% Kb, (U105 M31) n a (U104)

10 6.2 þ 1.1 103 þ 25 4.8 þ 1.2
20 7.1 þ 1.2 51 þ 11 8.1 þ 1.9
40 7.6 þ 1.2 47 þ 9 16 þ 4
60 0.6 þ 0.1 14 þ 3 21 þ 3
90 0.9 þ 0.2 15 þ 3 23 þ 3
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correct description of the protein binding to the lipid
bilayer is provided by the models of non-localized
adsorption of large ligands to the surface [6,31,32].
However, within the framework of the present work,
application of the simplest binding scheme seems to
be reasonable, since parameters Kb and n are used
only for evaluation of the concentration of bound
protein, being independent of the model employed.

3.3. Resonance energy transfer studies

Fig. 2 shows the plots of the relative quantum
yield of the donors versus the concentration of
heme groups of the protein bound to liposomal
membranes. A further data analysis was aimed at
obtaining the sets of parameters Re, da and dt, giving
the best ¢t of experimental Qr values (Qe

r) to Eqs. 3^
9. The ¢tting procedure involved minimization of the
function:

f � 1
na

Xna

i�1

�Qe
r3Qt

r�2 �16�

where Qt
r is the Qr value derived from numerical

integration of Eq. 3, na is the number of acceptor
concentrations employed in RET measurements. Pa-
rameters dt and Re were allowed to vary in the
ranges, consistent with the real dimensions of the
lipid bilayer and protein molecule. For donors lo-
cated at the boundary between polar and non-polar
regions of the membrane (DSP-12, RH, MBA), the
values of dt were chosen to be close to the thickness
of the hydrocarbon core, being ca. 2^2.4 nm [28].
Given that the size of the hydrophilic region of the
lipid bilayer is ca. 1 nm, for DSM and R6G, situated
in the vicinity of phospholipid headgroups, dt limits
were taken to be 3^3.6 nm. Parameter Re, character-
izing the minimum possible distance between the cen-
ters of the probe and heme, equals the sum of the
donor radius, being ca. 0.5^0.6 nm [20], and the dis-
tance from the heme center to the protein surface
(rh). A molecule of cyt c is known to be a spheroid
with dimensions 3U3.4U3.4 nm and a heme group

located in the center of the protein, ca. 1.5 nm from
its surface [33]. Thus, for a native protein molecule
Re will be ca. 2 nm. However, as indicated above, cyt
c binding to the lipid bilayer is accompanied by sig-
ni¢cant alterations in the protein conformation, in-
volving changes in the environment and coordination
of the heme group and structural reorganization of
the polypeptide chain [34^36]. In view of this, it
seemed reasonable to vary Re in a rather wide range
from 1.5 to 3.5 nm.

Another important problem encountered in RET
studies consists in the correct choice of the value of
the orientation factor (K2) upon Ro calculation Eq.
2. Coe¤cient K2, commonly used in the analysis of
RET data (0.67), corresponds to a random reorien-
tation of the donor emission and acceptor absorption
moments during the emission lifetime. However, if
the position of acceptor or donor is characterized
by a certain preferential orientation relative to the
lipid bilayer, the K2 value would di¡er from 0.67.
Such a situation may take place when the formation
of cyt c complexes with a membranes is mediated by
speci¢c lipid binding sites. In this case, orientation of
the heme dipole cannot be considered as random. In
addition, a restricted mobility of £uorescent probes
in the lipid phase may narrow the range of possible
orientations for donor dipole, thus increasing the
di¡erence between the actual K2 value and the iso-
tropic one (0.67). In principle, K2 can alter from 0 to
4, the limits corresponding to perpendicular and par-
allel orientations of donor and acceptor dipoles [18].
Taking into account the results of the previous RET
study suggesting that for the donor-acceptor pair
MBA-heme of cyt c, the K2 value di¡ers from 0.67
[27], in analyzing the data presented here, K2 was
allowed to vary in the range 0^4.

4. Discussion

Analysis of the results of RET measurements, per-
formed with a series of donors, yields numerous sets
of parameters, da, dt, Re, K2, providing a satisfactory

Fig. 2. The relative quantum yield of donors versus the concentration of heme groups of cyt c, bound to liposomes: A, MBA; B, RH;
C, R6G; D, DSP-12; E, DSM. CL content, mol%: 1, 10; 2, 20; 3, 40; 4, 60; 5, 90. Lipid concentration, mM: 1, 0.42; 2, 0.35;
3, 0.28; 4, 0.23; 5, 0.18.
6
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Fig. 3. The distance of cyt c heme from the lipid bilayer center as a function of the orientation factor: CL content, mol%: A, 10;
B, 20; C, 40; D, 60; E, 90. Donors: 1, MBA; 2, RH; 3, R6G; 4, DSP-12; 5, DSM (A^C); 1, MBA; 2, R6G; 3, DSP-12; 4, DSM
(D, E).
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¢t of experimental dependencies Qr(Cs
a) to those cal-

culated within the framework of the model em-
ployed. The data obtained were used subsequently
to estimate the heme distance from the bilayer mid-
plane (dc) as follows:

dc � 0:5d t � da �17�
when donors are situated closer to the membrane
center than acceptors and

dc � 0:5d t3da �18�
in the opposite case.

Fig. 3 illustrates the relationships between dc and
K2 obtained with Re = 2 nm, the value being most
probable for an unmodi¢ed protein structure. It ap-
peared that for each of the donors used, there exists
a certain minimum K2 value (K2

min), corresponding to
dc = 0, and maximum dc value (dmax

c ), derived for
K2 = 4. In the case of random reorientation of donors
and acceptors, one should expect the intersection of
the plots dc (K2), obtained for di¡erent donors, in the
point corresponding to K2 = 0.67 and the actual dc

value. The absence of such an intersection for the
curves, presented in Fig. 3, may be considered as
an additional argument in favor of a speci¢c orien-
tation of the heme group of cyt c with respect to the
lipid bilayer. Another support for this assumption
comes from the ¢ndings indicating that for some
donors (MBA, RH), minimum possible K2 values
for most of the protein-lipid systems studied exceed
0.67 (Table 3). In view of this, it seems of importance
to emphasize that the idea concerning preferential cyt
c orientation in complexes with phospholipids was
put forward in the early RET study of Teissie [37].

Considering K2 as optimizing parameter in the data
¢tting led to the conclusion that cyt c associated with
liposomes, composed of PC and phosphatidic acid,
adopts a speci¢c position relative to the lipid bilayer.
Such a behavior of cyt c in complexes with lipids
may originate from peculiarities of its structure. Ac-
cording to X-ray data, on the surface of the cyt c
molecule, acidic and basic groups are segregated into
two positively charged patches with a negative patch
between them [33]. Involvement of one of the posi-
tively charged patches in the interactions with lipids
may account for speci¢c protein disposition with re-
spect to the membrane surface.

It seems noteworthy that in some cases (DSM, 10
and 20 mol% CL; RH, 60 and 90 mol% CL), data
¢tting Eqs. 3^9 was unsuccessful, being indicative of
a contribution of other factors, besides RET, in the
changes of the donor quantum yield. For DSM, this
may be the competition between the protein and
probe for the binding sites on the bilayer surface,
that was found to take place at a low CL content.
Competitive binding of DSM and cyt c to liposomes
would lead to a decrease of donor £uorescence, being
independent of RET. In the case of RH, the decrease
of Qr with increasing Cs

a turned out to be more dras-
tic than that predicted by the model. As demon-
strated by Wolber p Hudson [22], one reason for
such a Qr behavior may be the formation of a com-
plex between donor and acceptor. Given that cyt c,
bound to liposomes, can adopt an unfolded confor-
mation, one cannot exclude, in principle, the possi-
bility of RH binding to the heme group of the pro-
tein.

Since parameter dc is invariant for a given kind of

Table 3
The limits of orientation factor (K2

min), heme distance from the lipid bilayer center (dmax
c ) and the depth of protein penetration in the

membrane interior (dmin
P ), recovered from the analysis of RET data assuming that Re = 2 nm

Donor 10 mol% CL 20 mol% CL 40 mol% CL 60 mol% CL 90 mol%CL

K2
min dmax

c K2
min dmax

c K2
min dmax

c K2
min dmax

c K2
min dmax

c

MBA 1.2 2.7 0.4 3.3 0.7 3 1.4 2.3* 0.6 3.3
RH 1.3 2.6* 0.8 2.7* 1.2 2.4* a a a a

R6G 0.1 4.9 0.06 4.5 0.1 4.3 0.4 4.2 0.2 4.4
DSP-12 0.3 3.6 0.2 3.3 0.1 3.4 0.1 3.4 0.1 3.5
DSM a a a a 0.5 2.5 0.4 2.8 0.2 3*

dmin
P , nm 1.2 1.1 1.4 1.5 0.8

The values of dmax
c are given in nm.

aUnsuccessful ¢tting.
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liposomes, it seems reasonable to assume that the
most probable dc values fall in the region of overlap
and the actual dmax

c will be equal to the least of the
values derived for various donors. As can be seen
from Table 3, for liposomes, containing 10, 20 and
40 mol% CL, the minimum dmax

c was recovered with
RH and for liposomes, containing 60 or 90 mol%
CL, with MBA and DSM, respectively. The results
of RET measurements, performed with these donors,
were subsequently analyzed to obtain dependencies
of dc on Re. Fig. 4 shows such dependencies for
maximum possible dc values, estimated for lipo-
somes, di¡ering in CL content, while Fig. 5 illus-
trates relationships between parameters dc, Re and
K2.

Unfortunately, the data obtained do not allow to
draw any unambiguous conclusions regarding the
role of the membrane composition (particularly CL
content) in determining the heme localization in the
protein-lipid complex. This is caused, in particular,
by the possibility of varying degrees of protein con-
formational changes with an increasing CL content,
leading to di¡erent Re values for various liposomes.
Besides, one cannot rule out that the heme orienta-
tion relative to the bilayer, contributing to the K2

value, depends on the fraction of CL in liposomal
membranes. To elucidate these questions, further
studies are needed.

Supposing that heme is localized in the center of
the protein molecule, on the basis of dc estimates,
one can determine the depth of the protein penetra-
tion in the membrane interior (dP):

dP � 0:5dm3�dc3rh� �19�
where dm is the thickness of the lipid bilayer, being
ca. 4.6 nm [28]. If no appreciable conformational
changes of cyt c occur, the heme distance from the
protein surface (rh) would be ca. 1.5 nm. However, a
lot of evidence indicates that negatively charged
phospholipids, including CL, induce loosening or
partial unfolding of the cyt c molecule [34^36]. This
destabilization of the protein structure, originating,
presumably, from its electrostatic interaction with
lipids, is thought to be followed by exposure of
non-polar amino acid residues accounting for the
protein insertion into the membrane interior [8,14].
It seems probable that conformation of cyt c in com-
plexes with phospholipids resembles the molten glob-
ule state, being intermediate upon the protein denat-
uration. Although this state is characterized by a
drastically increased intermolecular mobility of the
protein and overall loosening of its tertiary structure,
the size of the globule does not alter signi¢cantly (an
increase of the hydrodynamic radius of the protein
does not exceed 20%) [38]. Given these observations,
the reasonable choice for the possible rh range ap-
pears to be ca. 1.5^2 nm. Thus, using Eq. 19, one can
estimate the lower (dmin

P ) and upper (dmax
P ) limits for

the depth of cyt c penetration into the membrane
interior:

dmin
P � 0:5dm � rmin

h 3dmax
c �20�

dmax
P � 0:5dm � rmax

h 3dmin
c �21�

Presented in Table 3 are the estimates of dmin
P , de-

rived for dmax
c , being equal to the values marked by

an asterisk. Note that dmax
P in all cases equals 4.3 nm

(dmin
c = 0). Taking into account that the size of the

polar region of the lipid bilayer is ca. 1 nm [28],
the results obtained appear to be indicative of partial
or full penetration of cyt c in the membrane interior.
These data are in agreement with some observations
reported in the literature. In particular, examination
of cyt c interaction with dipalmitoylphosphatidylcho-
line by Raman spectroscopy has shown that the pro-

Fig. 4. Plots of the maximum possible distance of cyt c heme
from the lipid bilayer center versus Re. CL content, mol%:
1, 10; 2, 20; 3, 40; 4, 60; 5, 90. Donors: 1^3, RH; 4, MBA;
5, DSM.
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tein can penetrate into the acyl chain region [39].
Other arguments in favor of such a possibility have
been provided by calorimetric studies of cyt c com-
plexes with dioleoylphosphatidylglycerol [40]. Using
surface plasmon resonance spectroscopy to investi-

gate cyt c binding to lipid membranes, composed
of PC and CL, Salamon and Tollin have obtained
evidence for the protein unfolding and subsequent
hydrophobic interactions with lipids [8]. In this con-
text, it seems of importance to emphasize that the

Fig. 5. Three-dimensional plots illustrating the relationships between the heme distance from the bilayer center, the distance of closest
approach between donor and acceptor and the orientation factor. CL content, mol%: A, 10; B, 20; C, 40; D, 60; E, 90. Donors:
A^C, RH; D, MBA; E, DSM.
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protein unfolding is not the only possible reason for
cyt c penetration into the membrane interior. As
demonstrated in comprehensive studies of de Kruij¡
et al. [15], cyt c association with CL-containing mod-
el membranes can induce the formation of non-bi-
layer structures, particularly inverted micelles and a
hexagonal HII phase. Such a modi¢cation of the lipid
organization is thought to be accompanied by pro-
tein incorporation into the aqueous cylinders span-
ning the bilayer. The data presented here, being sug-
gestive of the full protein insertion in the liposomal
membrane, do not exclude, in principle, the possibil-
ity of formation of non-bilayer structures.

In summary, the results of this study provide fur-
ther evidence for a speci¢c orientation of cyt c, asso-
ciated with model membranes composed of PC and
CL. The capability of cyt c to adopt a particular
position in complexes with phospholipids can be at-
tributed to a peculiar distribution of amino acid res-
idues on the protein surface. It seems probable that a
certain spatial arrangement of the protein side
groups leads to the formation of a site, providing
the most thermodynamically favorable contacts
with lipids. Speci¢city of cyt c binding to the lipid
bilayer, originating, presumably, from electrostatic
protein-lipid interactions and hydrogen bonding,
may have both structural and functional consequen-
ces. Quantitative interpretation of the results of RET
measurements suggests that cyt c can partially or
fully insert into the membrane interior. Possible low-
er and upper limits for the depth of protein penetra-
tion in the lipid bilayer were ascertained to be 0.8
and 4.3 nm, respectively. A speci¢c orientation of cyt
c in complexes with phospholipids and its ability to
penetrate in the membrane interior may signi¢cantly
contribute to the protein functioning as a component
of the mitochondrial electron transport chain.
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