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Abstract

The method of fluorescence resonance energy transfer (FRET) has been employed to monitor cytochrome ¢ interaction with bilayer
phospholipid membranes. Liposomes composed of phosphatidylcholine and varying amounts of anionic lipid cardiolipin (CL) were used as model
membranes. Trace amount of fluorescent lipid derivative, anthrylvinyl-phosphatidylcholine was incorporated into the membranes to serve energy
donor for heme moiety of cytochrome c. Energy transfer efficiency was measured at different lipid and protein concentrations to obtain extensive
set of data, which were further analyzed globally in terms of adequate models of protein adsorption and energy transfer on the membrane surface.
It has been found that the cytochrome ¢ association with membranes containing 10 mol% CL can be described in terms of equilibrium binding
model (yielding dissociation constant K4=0.2—0.4 uM and stoichiometry n=11-13 lipid molecules per protein binding site) combined with
FRET model assuming uniform acceptor distribution with the distance of 3.5-3.6 nm between the bilayer midplane and heme moiety of
cytochrome c. However, increasing the CL content to 20 or 40 mol% (at low ionic strength) resulted in a different behavior of FRET profiles,
inconsistent with the concepts of equilibrium adsorption of cytochrome ¢ at the membrane surface and/or uniform acceptor distribution. To explain
this fact, several possibilities are analyzed, including cytochrome c-induced formation of non-bilayer structures and clusters of charged lipids, or
changes in the depth of cytochrome ¢ penetration into the bilayer depending on the protein surface density. Additional control experiments have
shown that only the latter process can explain the peculiar concentration dependences of FRET at high CL content.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction process. It has been shown that the electron transport is mediated
by the cyt ¢ diffusion—either in three dimensions, in the
intermembrane space, or in two dimensions, when the protein is

bound to the inner mitochondrial membrane, the mode of

Cytochrome ¢ (cyt ¢) is a peripheral membrane protein found
in the intermembrane space of mitochondria. With Fe ion in its

heme moiety switching between Fe*™ (ferro) and Fe™ (ferri)
redox states, this protein transfers electrons from cytochrome
bc complex to cytochrome ¢ oxidase in the respiratory chain of
the inner mitochondrial membrane [1]. Since both redox partners
of cyt ¢ are membrane-spanning protein complexes, cyt c—
membrane interactions play essential role in the respiration
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diffusion being determined by the ionic strength of the medium
[2]. In addition to this conventional function, the problem of cyt
¢ interaction with phospholipid membranes is related to two
other very important physiological and pathological processes.
Firstly, cyt ¢ release from mitochondria into the cytosol triggers
apoptosis or programmed cell death [3]. Apoptosis is involved in
embryo development, elimination of damaged cells, and
maintenance of cell homeostasis. Secondly, recent findings
indicate that cyt ¢ belongs to the group of proteins that have
ability for membrane-induced formation of amyloid fibers [4].
Amyloid deposits in tissues are known to accompany a number
of severe illnesses such as Alzheimer’s disease, Parkinson’s
disease, type II diabetes, etc.
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The interactions of cyt ¢ with phospholipid membranes have
been extensively studied with a variety of techniques, both in
mitochondrial membranes [5] and model systems such as
liposomes [6], monolayers at the air—water interface [7], or
solid-supported bilayers [8,9]. Membranes incorporating an-
ionic lipids are used in the majority of studies, since
mitochondrial membranes are known to be rich in negatively
charged lipids, particularly, cardiolipin [10]. Initial binding of
the protein to the membrane is electrostatically driven due to
the net positive charge of cyt ¢c. However, significant role of
hydrophobic interactions [8,11] and hydrogen bonding [12]
under specific conditions has also been suggested.

In the present study, we employed fluorescence resonance
energy transfer (FRET) from anthrylvinyl phospholipid deriva-
tives to heme group of cyt ¢ in order to obtain quantitative
information about cyt ¢ transverse location in the model mem-
branes composed of egg phosphatidylcholine and varying
amounts of cardiolipin. It was found that under the conditions
of low ionic strength and high cardiolipin content (>20 mol% of
total lipid) changes in the protein surface density on the mem-
brane can induce partial insertion of cyt ¢ deeper into the
bilayer.

2. Theory

Quantitative analysis of FRET data was performed using the
model of energy transfer between donors and acceptors
uniformly distributed in the planes parallel to the membrane
surface as described in detail elsewhere [13,14]. Relative
quantum yield of the donor, which is observed experimentally,
can be represented as

Qr_FDA _L )

N
=—— = exp( — t/tp)(1(1))"dt, (1)

Fp ™ Jo
where Fps and Fp are the donor fluorescence intensities (e.g.,
at the emission maximum) in the presence and in the absence
of acceptors, respectively, Tp is the donor excitation lifetime,
and

0= | exp | /2o(Ro/ R W (R)GR 2)

is the additional donor decay due to FRET to acceptors (Fig. 1).
Here, d. is the distance between the acceptor plane and the
bilayer midplane, R4 is the distance beyond which energy
transfer is negligible (Ry>3R,), Ry is the Forster radius, and
W(R)dR is the probability of finding an acceptor at the distance
between R and R+dR from the donor. N is the number of
acceptors located within the distance R4 from the donor. For the
geometry shown in Fig. 1

2RdR
W(R)AR = ——— 3
(RIOR = 5 G)
and
N =nC} [R] — d2]. (4)
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Fig. 1. Scheme of cytochrome ¢ bound to phospholipid membrane. Locations
of energy donors (anthrylvinyl moieties of fluorescent lipid derivatives) and
acceptors (heme groups in cytochrome c¢) are shown together with the
geometric parameters that are used in theoretical calculations (see text).

—_

Here C3 is the acceptor surface concentration related to the
molar concentrations of bound acceptor, B, and accessible
lipid, L,
B
p—

DTS ®)
/i and S being the mole fraction and mean area per molecule of
the j-th lipid species constituting the membrane, respectively.

In order to relate the concentration of bound acceptor
(protein) to the experimental variables, L,.; and P (P being
the total protein concentration), the above model was coupled to
the protein adsorption isotherm. Here, we use the isotherm de-
rived within the framework of scaled particle theory (SPT, [15]):

Kdl(P—B)_lfeexp[f_ee+(1€0>]7 (6)

where 0 =n,,B/L . is the fraction of membrane surface covered
with protein, 1, is the number of lipid molecules covered by
one protein molecule.

3. Materials and methods
3.1. Materials

All experiments were carried out in 5 mM Na-phosphate buffer, pH 7.4. In
some cases, NaCl was added to increase the ionic strength of the medium.
Phosphatidylcholine (PC) and phosphatidylglycerol (PG) from egg yolk and
cardiolipin (CL) from bovine heart were purchased from Sigma (Steinheim,
Germany). Horse heart cytochrome ¢ (cyt ¢) was from Fluka (Buchs,
Switzerland). Based on spectrophotometric measurements, the protein was
mainly in the oxidized form (>90%). Protein concentration was determined
spectrophotometrically using £406=1.05x 10° M~' cm™".

3.2. Preparation of liposomes
Large unilamellar vesicles were prepared by ethanol injection method [16].

Ethanol solutions of PC and CL (or PG) were mixed in necessary ratio and
rapidly injected into the buffer solution under rapid stirring. Trace amount of
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fluorescent lipid (<0.35 mol% of total lipid) was added to the lipid mixture
before injection. After injection, ethanol (<7%) was removed from the liposome
suspension by extensive dialysis. All volumes were thoroughly measured and
used for calculating the lipid concentration in liposome preparations. Total lipid
concentration was also checked by the method of Bartlett [17]. Liposomes were
stored at +5 °C and used within 2 days of preparation.

3.3. Fluorescent lipids

Fluorescent lipid analogues used here as energy donors, 1-acyl-2-[12-(9-
anthryl)-11-trans-dodecenoyl]-sn-glycero-3-phosphocholine (anthrylvinyl-
phosphatidylcholine, AV-PC) and 1-acyl-2-[12-(9-anthryl)-11-trans-dodece-
noyl]-sn-glycero-3-phospho-1-rac-glycerol (anthrylvinyl-phosphatidylglycerol,
AV-PG) were synthesized as described previously [18,19]. Their chemical
structures are shown in Fig. 2. AV-PC and AV-PG are chemically and
photostable, have a high quantum yield (~0.8 in liposomes) and emission
wavelength position and quantum yield independent of the environment polarity
[20]. Due to its non-polar nature, the anthrylvinyl group resides in the
hydrophobic region of the membrane and causes only minor perturbation of
the bilayer. '"H-NMR data [20] suggest that the antrylvinyl rings lie
perpendicular to the bilayer plane (see Fig. 1) close to the bilayer midplane.
Finally, AV has considerable emission in Soret band (Fig. 3) making it an
effective energy donor for heme proteins.

3.4. Fluorescence measurements

Fluorescence measurements were made using Hitachi M850 or Hitachi F-
4010 spectrofluorometer (Hitachi Corp., Japan). Fluorescence of AV-labeled
phospholipids was excited at 375 nm and recorded at 430 nm with slit widths
set to 5 nm. All measurements were performed at 20 °C. Absorption spectra
were recorded with CM 2203 combined spectrometer (SOLAR, Belarus). pH of
solutions was controlled using EV-74 ion meter (ZIP, Russia).

The relative quantum yield of donor was determined as a ratio of donor
intensities in the presence and in the absence of acceptor. 1 mL of fluorescent
liposome suspension was mixed in standard quartz cuvette (1 x 1 cm) with 0.2
mL of buffer or cyt ¢ solution to obtain different combinations of lipid and
protein concentrations.

Overall absorption at the excitation and emission wavelengths for all
samples used in fluorescence measurements was below 0.4 in 1-cm cuvette. To
correct the fluorescence intensity for the inner filter effect, two approaches were
utilized. First, correction coefficients K were calculated using the following
simplified formula [21]:

K— Feorr _ IOA(/ZcxH;A(/_cm)’ (7)
F, obs

where Fo; is the corrected intensity, Fop is the observed intensity, A(Aem) is

the absorption at the excitation wavelength, and 4 (Z.y,) is the absorption at the
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Fig. 3. Normalized fluorescence spectra of anthrylvinyl-phosphatidylcholine in
liposomes: excitation (dashed line, /.,,=430 nm) and emission (solid line,
Aex=375 nm). Also shown is the absorbance spectrum of cytochrome c
(dotted line).

emission wavelength. Second, to verify the coefficients calculated using Eq.
(7), in some measurements empirical correction coefficients were also obtained
by recording the fluorescence intensity for identical samples at a high ionic
strength (0.5 M NaCl). Under such conditions, no association of cytochrome ¢
with phospholipids occurs (e.g., [22]), therefore, the decrease of AV-PC
fluorescence upon cyt ¢ addition at such ionic strength results entirely from the
inner filter effect. Comparison of the two types of correction coefficients has
revealed that both approaches gave very close estimates of the inner filter effect
contribution to the overall changes in donor intensity.

3.5. Forster radius calculation

Critical distance of energy transfer, or Forster radius, for the AV-PC-heme
pair was calculated using the expression given by the Forster theory (e.g., [21]):

_ 9(In 10) > 4 s
Ro= (m”r ool )
J— / Fo(2)ea(D)id) / / Fo())ds, (8)
0 0

where N is the Avogadro number (in mol™"), «? is the orientation factor, 7, is
the refractive index of the medium (n,=1.4), ¢p is the donor quantum yield
(¢p=0.8), and J is the overlap integral calculated from the donor emission
spectrum Fp(A) and the acceptor absorption spectrum €4(4) (Fig. 3). Assuming
2 to be 2/3, which is the value obtained for the conditions of isotropic and
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Fig. 2. Chemical structures of the two fluorescent lipid derivatives used as energy donors: anthrylvinyl-phosphatidylcholine (AV-PC) and anthrylvinyl-

phosphatidylglycerol (AV-PG).
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Fig. 4. Concentration dependences of AV-PC fluorescence quenching by
cytochrome c¢ in liposomes containing 10 mol% CL. Total lipid concentrations:
29 pM (m), 71 uM (@), 143 pM (A), 285 uM (V¥), 571 uM (#). Solid lines
show theoretical curves providing the best global fit of the data.

dynamic averaging of the donor and acceptor transition moment orientations
[23], the Forster radius for our donor—acceptor pair is found to be 4.7 nm.
The assumption of ¥*=2/3 can be shown to provide a close approximation
for the system studied here. Indeed, the anthrylvinyl moiety of AV-PC has a
considerable orientational freedom in the lipid bilayer which is evidenced by
the low anisotropy of 0.054+0.002 for AV-PC in liposomes (4.x=375 nm) as
compared to the fundamental anisotropy of ca. 0.15 (1, =375 nm, [24]). At the
same time, the heme acceptor in cytochrome ¢ has degenerate x- and y-
polarized absorption bands [25], which means that its transition moment may
have any orientation within the plane of porphyrin ring. In general, the
contribution of orientational effects to the efficiency of FRET between
chromophores distributed in the membrane can be calculated in a precise
way using the approach of Davenport and coworkers [26,27]. Numerical
simulations of the energy transfer from AV-PC to the heme of cyt ¢ in the
membrane have shown that the uncertainty in R, and hence the uncertainty in
any structural parameter derived from the analysis of FRET data depends on the
orientation of the cyt ¢ heme group with respect to the membrane surface. In
the case where the porphyrin ring is parallel to the membrane surface — the
orientation suggested by the recent ESR results for cyt ¢ [28] — the error of d..
determination due to the assumption of ©?=2/3 does not exceed 1%. In the
most unfavorable case, where the heme is perpendicular to the membrane
surface this assumption results in the underestimation of d,. by less than 8%.

4. Results

Fig. 4 shows relative quantum yield of AV-PC fluorescence
in PC liposomes containing 10 mol% of acidic lipid
cardiolipin (CL). FRET efficiency was recorded as a function
of both total protein concentration and total lipid concentra-
tion (different curves in Fig. 4) in 5 mM Na-phosphate buffer.
AV-PC fluorescence was measured immediately after mixing
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the liposome suspension and cyt c¢ solution, since the
fluorescence signal did not change significantly after several
seconds of equilibration. Following correction for the inner
filter effect, the data were globally analyzed as described
previously [14]. In brief, both structural parameter—transverse
location of acceptor in the membrane—and binding parameters
describing acceptor association with the membrane can be
recovered by global analysis of two-dimensional FRET data
recorded at different total acceptor and total lipid concentra-
tions. For the analysis, the model of FRET in the membrane is
coupled to an adequate adsorption model. In the present study
we use the model of energy transfer from a plane of donors to
a plane of acceptors [29] in combination with the adsorption
model based on scaled particle theory [15,30] as outlined in
Theory. Solid lines in Fig. 4 show the best fit obtained during
the approximation. Corresponding parameters are given in
Table 1 along with 67% confidence intervals and reduced-y>
value. Note that in this case d.=3.6 nm stands for the distance
between the bilayer midplane and the heme group of cyt c.
Interestingly, approximations with other adsorption models,
e.g., Langmuir model, Van der Waals 2-D gas model [31], or
lattice models [32], provided very close values of d.. (data not
shown). In particular, global analysis of L10 data within the
framework of Langmuir binding model has been performed in
[14], giving K4=0.28"%% uM, n=27+2 and d.=3.51+0.09
nm. Both Langmuir and SPT-based binding models give
almost identical values of K4 and d. (cf. Table). At the same
time, more than twofold difference in apparent stoichiometry
results from the alternative ways to define stoichiometry in the
two models: while in Langmuir model a binding site includes
all lipid molecules corresponding to one protein molecule
(even those not covered by the protein, but sterically excluded
from the interaction with other protein molecules), in the SPT
model stoichiometry shows the number of lipid molecules that
are actually covered by the protein.

Similar experiments have been carried out with lipo-
somes containing higher amounts of CL, 20 and 40 mol%,
in the same buffer solution (5 mM Na-phosphate). The data
for liposomes with 20 mol% CL (hereafter referred to as
L20) are shown in Fig. 5A. The data for liposomes
containing 40 mol% CL (L40) are qualitatively similar to
L20 and are not shown here. Additionally, FRET efficiency
in liposomes with 20 mol% of CL was measured in the
presence of 15 and 30 mM NaCl (Fig. 5B and C; datasets
L20/S15 and L20/S30, respectively). Protein solutions and
liposome suspensions for these experiments were prepared

Table 1
Results of nonlinear least-squares global fit of FRET data obtained under different experimental conditions
Dataset CL content, Tonic strength, Fitting parameters Xl%

mol% mM Na*

Mpm K4, uM d., nm

L10 10 5 11.9°%% 0319 3.55°9% 0.837
L20 20 5 4.1+4.1 0.008" ¢ v 4241914 10.8
L20/S15 20 20 6.875% 0.18" % 3.947%5 0.746
L20/S30 20 35 6.579% 454" 180 4.09+0.1 0.778
L40 40 5 2.9+2.9 0.001"%50, 430+0.13 11.46

Confidence intervals (calculated for 67% confidence level) and reduced chi-square values are given for each fit.
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Fig. 5. Concentration dependences of AV-PC fluorescence quenching by
cytochrome c¢ in liposomes containing 20 mol% CL. Experiments were carried
out in 5 mM Na-phosphate buffer (A) and in the same buffer with the addition
of 15 mM NaCl (B) or 30 mM NaCl (C). Total lipid concentrations: 33 uM (M),
66 UM (@), 132 uM (A), 263 pM (), 527 uM (#). Solid lines show theoretical
curves providing the best global fit of the data.

in 5 mM Na-phosphate buffer containing specified amounts
of salt.

Global analysis of datasets L20 and L40 has shown that
these data cannot be satisfactorily fitted by the FRET model in
combination with various adsorption models. The best attain-
able approximation is shown in Fig. 5A with solid lines.
Corresponding parameters are given in Table 1. Note the vast

confidence intervals for binding parameters and large values of
x5 >>1. Although d values obtained for these data have quite
narrow confidence intervals, they should only be considered as
effective, averaged values.

In order to understand which features of data L20 and L40
account for the difference between the experiment and the
theoretical prediction, these data have been analyzed qualita-
tively and compared with the data obtained for liposomes with
10 mol% CL (L10). As can be seen in Figs. 4 and 5A, increase
of the CL content in liposomes leads to lowering of the
saturation level of AV-PC relative quantum yield. Saturation of
energy transfer efficiency occurs at high protein/lipid ratios
when the full coverage of membrane surface with adsorbed cyt
¢ is approached. Since energy transfer efficiency in membranes
depends both on the acceptor surface density and on the
distance of closest approach between donors and acceptors
(which in our case corresponds to the distance between the
donor and acceptor planes, Fig. 1), the enhancement of FRET
at saturation may correspond to more dense packing of the
protein molecules at the membrane surface and/or deeper
protein penetration into the bilayer.

The characteristic feature of L20 and L40 data, as
compared with L10, is the reduced energy transfer at high
lipid concentrations, which is reflected by the elevation of
the two upper curves in Fig. 5A with respect to the
equivalent curves in Fig. 4 (if the differences in the lipid
concentrations in L20 and L10 are taken into account, the
elevation will be even larger). Such behavior is rather
unexpected since cyt ¢ affinity to phospholipid membranes
is known to increase with anionic lipid content (e.g., [33]),
and thus FRET efficiency should rise with cardiolipin content
(at fixed protein and lipid concentrations).

It is also interesting to analyze the changes of energy
transfer in liposomes containing 20 mol% of CL that occur at
higher ionic strengths (cf. Fig. SA—C). In accordance with

20 mol% CL

33 mol% PG

Relative quantum yield of AV-PC

"
..
v
- U“ s

0.2 1 .

Ll

R T _— €
0-0 T T T T T 1
0 1 2 3 4 5 6

Total eytochrome ¢ concentration, M

Fig. 6. Comparison of AV-PC quenching profiles obtained in liposomes
containing 20 mol% cardiolipin (filled symbols) or 33 mol% phosphatidylgly-
cerol (open symbols) under low ionic strength conditions. Total concentrations
of lipid expressed in terms of acyl chain pairs: 39 uM (), 79 pM (@), 157 uM
(A), 314 pM (), 628 pM (#). Dotted lines are for guidance only and have no
theoretical significance.
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other studies [12,33] and with the conception of electrostatic
(initial) binding of cyt ¢ to charged membranes, data in Fig.
5A—C demonstrate lowering of the protein affinity (namely,
the equilibrium binding constant) for the membrane in response
to the ionic strength elevation. In contrast to L20, data obtained
at higher ionic strength (L20/S15 and L20/S30) can be fitted by
Egs. (1)—(6) fairly well. Structural and binding parameters
obtained by the global analysis are listed in Table 1. It is
evident that the agreement between the models and the
experimental data is very good (Fig. 5B, C; yg<1), and the
obtained parameters confirm the qualitative conclusions made
above. Indeed, the equilibrium dissociation constant (K4) and
the effective binding stoichiometry (n,y,, per monolayer)
increase monotonically with ionic strength (Table 1).

To address possible role of specific properties of cardiolipin
molecule in the unexpected behavior of L20 and L40 data, we
performed similar measurements in liposomes containing
phosphatidylglycerol (PG) instead of cardiolipin. Due to its
effective shape, the CL molecule has a propensity for non-
bilayer structures [34,35], and cyt ¢ was in fact shown to
induce the Hy phase formation in CL-containing liposomes
[36]. Meanwhile, phosphatidylglycerol does not produce
curvature strain in the membrane and thus forms stable
bilayers. In terms of the number of aliphatic chains and
phosphate groups one CL molecule may be considered
approximately equivalent to two PG molecules, then 20
mol% of CL will correspond to 33 mol% of PG. The
fluorescence data obtained under the same conditions with
PC/CL liposomes (20 mol% CL, the same data as in Fig. 5A)
and PC/PG liposomes (33 mol% PG, G33 data) are compared
in Fig. 6. As can be seen in the figure, the data obtained with
PG and CL are very close suggesting no significant influence
of CL non-bilayer forming properties on our energy transfer
data. It is also worth noting that the goodness of fit for G33
data is even worse than for L20 data.

Finally, to assess how the FRET data can be affected by
electrostatic phenomena, such as nonuniform distribution of

Relative quantum yield of AV-PC

Qg
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0 1 2 3 4 5 6
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Fig. 7. Comparison of AV-PC (open symbols) and AV-PG (filled symbols)
quenching profiles obtained on liposomes containing 33 mol% phosphatidyl-
glycerol under low ionic strength conditions. Total concentrations of lipid
expressed in terms of acyl chain pairs: 39 pM (), 79 uM (@), 157 pM (4),
314 pM (), 628 UM ().

donors and acceptors originating from the interactions
between positively charged cyt ¢ molecule and the acidic
lipid component, additional measurements have been per-
formed with negatively charged fluorescent lipid analog
anthrylvinyl-phosphatidylglycerol (AV-PG) instead of AV-
PC. Comparison of fluorescence data obtained in liposomes
with identical compositions (PC/PG, 33 mol% PG) but with
donor fluorophore attached either to zwitterionic PC or to
anionic PG is made in Fig. 7. Again, the two datasets are seen
to be virtually indistinguishable from each other implying no
significant contribution of membrane component electrostatic
demixing to the FRET concentration dependences.

5. Discussion
5.1. Membrane location of cyt ¢ at low CL content

Cyt ¢ binding to negatively charged membranes is known to
evoke appreciable destabilization or partial unfolding of cyt ¢
at the level of tertiary structure (e.g., [6,37,38]). Indeed,
denaturation temperature [37,39] as well as resistance to urea
denaturation [40] have been shown to decrease substantially
upon binding. Dramatic enhancement of hydrogen—deuterium
exchange observed for cyt ¢ bound to phosphatidylserine [41]
or phosphatidylglycerol [39] membranes reveals increased
accessibility of the protein backbone amide groups to solvent.
Pinheiro and co-workers [41] have shown that the transition
from tightly packed native structure to partially denatured state
is a highly concerted global transition that exposes all amides
of the protein core to solvent. Interestingly, the major part of
the evidences for cyt ¢ unfolding have been obtained with
model membranes composed entirely of anionic lipid, while it
has been shown that the degree of destabilization increases
with the anionic lipid content [37,42]. To examine the extent of
perturbations in cyt ¢ structure occurring in our experiments we
recorded absorbance and fluorescence spectra of the protein in
the presence of liposomes (under conditions of the FRET
experiments) and compared them to corresponding solution
spectra (data not shown). Changes in Soret absorbance did not
exceed 7% and were presumably due to incomplete correction
for liposome scattering, which was accomplished by subtract-
ing vesicle turbidity spectra from the corresponding absorbance
spectra of cyt ¢ in the presence of liposomes. Moreover, no
intrinsic fluorescence of cyt ¢ was detected in the presence of
liposomes with urea-denatured protein as a positive control,
which indicates that no large-scale unfolding of polypeptide
chain occurs and Trpso fluorescence remains to be quenched by
the heme (cf. [38]). Therefore, it is assumed here that, in spite
of the loosening of its tertiary structure, cyt ¢ bound to mixed
membranes with low anionic lipid content under our experi-
mental conditions retains its globular structure and main
features of the 3D fold. This relatively compact membrane-
bound state of cyt ¢ is close to the molten globule state
observed at low pH [43].

As mentioned above, the estimate of d.=3.6 nm obtained by
the global analysis of the L10 data represents the distance
between the heme group of cyt ¢ and the bilayer midplane
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(Fig. 1). According to the solution structure of cytochrome ¢
[44] the protein has spheroidal shape with dimensions
3x3.4x3.4 nm, and the heme group is displaced off the
molecule center by a distance r; ~0.7 nm. As can be seen from
Fig. 1, the bounds for the depth of protein penetration in the
bilayer (Dp) can be found by considering two orientations
where the heme group lies above or below the molecule center
at the normal to the membrane that runs through the protein
center. Then, the lower and upper bounds for Dp are
Dpinmax—q 57 d.+Rp*Fr, where R is the effective radius
of the protein in the lipid-bound state. Assuming that the bound
cyt ¢ has a molten globule-like structure and taking into account
that the radius of gyration for the A-state of cyt c is
approximately 30% greater than the value for the native
structure [45], an estimate for Rp* can be calculated by
multiplying the average radius of the native structure (~1.6
nm) by a factor of 1.3 to yield Rp* ~ 2.1 nm. Then, using this
value along with d,,=4.5 for eggPC bilayer [46] we obtain
D™ =~ 0.1 nm and D™ ~ 1.5 nm, i.e., depending on the
actual orientation of the protein L10 data may be interpreted in
terms of either adsorption at the bilayer surface (Dp~0) or
insertion up to the level of initial methylenes.

In the next section, the analysis of the data obtained with
higher cardiolipin content (L20 and L40) will be performed,
suggesting that distance d. may vary with experimental
conditions reaching in the extreme cases a maximum value
of ~4.6 nm. It is tempting to assume that this maximum d,
value corresponds to the loosest possible binding of cyt ¢ to the
membrane, when the protein touches the membrane surface
without penetrating it. If the protein orientation with respect to
the bilayer surface remains unchanged, then in a similar
manner d.=3.6 nm will correspond to the depth of protein
penetration of ~1 nm. Cyt ¢ orientation giving rise to such
relationship between d, and Dp is depicted in Fig. 1. The side
of cyt ¢ molecule that is turned to the membrane contains
Lys7,, Lysys, Lysge, Lysg; and Metgs. Interestingly, this is in
close agreement with recent ESR results showing that cyt ¢
binds to DOPG bilayers with the side on which Lysges, Lysgs
and Lys;, are located [28]. This orientation is also consistent
with the NMR and ESR data [47] suggesting that Metgs is
oriented towards the membrane and shielded from the external
solution, as well as the fluorescence data [7,48] pointing to the
accessibility of the exposed heme edge to the solvent. In
another fluorescence study, it was proposed that conserved
lysines 72 and 73 were involved in cyt ¢ binding to
deprotonated acidic lipids [22]. Hence, with the above
assumption on the protein orientation, our FRET data for
liposomes with 10 mol% CL suggest that cyt ¢ is inserted in the
bilayer to the level of carbonyls or initial methylenes.

5.2. Structural rearrangements of cyt c—lipid complexes.

On the contrary to L10 data, the results obtained with higher
acidic phospholipid content at low ionic strength cannot be
fitted by conventional adsorption models and the model of
FRET for donors and acceptors uniformly distributed in planes
separated by a fixed distance (Table 1). Therefore, some

structural rearrangements in the lipid—protein complexes must
be involved that change the donor—acceptor separation as a
function of: (i) cardiolipin content, (ii) lipid concentration or
the ratio of total lipid and protein concentrations, L/P and (iii)
ionic strength of the medium.

In Fig. 8, datasets L10, L20, and L40 are presented as
dependences of relative quantum yield of AV-PC on surface
density of cyt ¢ on the membrane. Such representation is very
convenient for the analysis of the geometrical changes in the
donor—acceptor system depending on the extent of membrane
coverage with protein. These plots were obtained by using the
effective binding parameters for cyt ¢ in corresponding
membrane systems. The parameters for L10 data were taken
from the results of the global analysis (Table 1), while the
parameters for L20 and L40 were obtained from global analysis
of the data points that lic below the O, level of ~0.2, i.e. in the
region of incomplete protein binding. Theoretical curves in Fig.
8 were calculated using Eqs. (1)—(6). Comparison of the
experimental data with the theoretical curves leads to the
following conclusions: (i) L10 data are fitted fairly well by
theory with d.=3.6 nm in the whole range of the protein
surface density; (ii) at low surface densities (C3<0.025 nm™?)
L20 and L40 data can be described by theory with d.=4.6 nm;
iii) at high surface densities (C3>0.07 nm %) L20 and L40
data can be described by theory with d.=3.6 nm; iv) at
intermediate surface densities (0.025<CX<0.07 nmfz) d,
changes continuously from 4.6 down to 3.6 nm. Hence, this
semi-quantitative analysis suggests that in the range of cyt ¢
surface densities between ~0.025 and ~0.07 the structure of
the protein—lipid membrane with high CL content alters in
such a way that the distance of closest approach between
donors and acceptors decreases from 4.6 to 3.6 nm.

It should be noted that we had attempted similar quantitative
analysis of FRET data in the system cytochrome c-liposomes
previously. Based on the limited experimental data with
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amphiphilic membrane probe 3-methoxybenzanthrone as en-
ergy donor, no clear trend was evident in the depth of cyt ¢
penetration in the bilayer depending on the CL content (10, 50,
or 80 mol%). In the present study, we utilized the advanced
global analysis methodology applied to the expanded experi-
mental dataset in order to improve the reliability of the
quantitative analysis and to narrow down the uncertainties in
the recovered structural parameters. Moreover, by using a
fluorescent lipid analog as donor, we were able to perform
FRET measurements in a more defined system from the
viewpoint of the donor localization within the bilayer.
Various rearrangements of protein—lipid membranes dis-
cussed in the literature on the peripheral protein interactions
with membranes can be classified as shown in Fig. 9. Firstly,
binding of charged protein to the membrane composed of a
mixture of neutral and (oppositely) charged lipids can cause
lateral redistribution of the components due to migration of the
charged lipid species to the protein adsorption site [30].
Numerical calculations [49] show that the magnitude of local
deviations in charged lipid density is determined by the balance
between attractive electrostatic interactions and mixing entro-
py. Their results indicate that the local demixing can be
substantial in the case where strongly charged protein adsorbs
on weakly charged membrane. Another mechanism of protein—
lipid lateral redistribution is the formation of macroscopic
domains of adsorbed protein, which has been observed
experimentally upon adsorption of cytochrome ¢ [50] or
cationic peptides [51] on mixed phospholipid membranes.
Accordingly, similar phenomena may be expected to occur in
our experiments. In this case, anionic CL would concentrate in
the vicinity of adsorbed cyt ¢ thus displacing the zwitterionic
species, including AV-PC, from the protein vicinity, which
would result in the reduction of energy transfer. However, our
experiments with anionic energy donor, AV-PG, have proven
that our data are not affected by the electrostatic redistribution
of lipid or protein components (Fig. 7). Indeed, if the lateral
redistribution of the membrane components affected our FRET
data, in the experiment with AV-PG at small B/L we would see

the increase in the FRET efficiency relative to the level
predicted for uniform distributions of donors and acceptors,
which is the opposite to the effect observed in experiments with
AV-PC (Fig. 5A). The insensitivity of our data to possible
lateral redistribution could be explained, in part, by the fact that
AV-PC donors in the inner liposome leaflet retain uniform
distribution and smooth out the effect of lipid demixing in the
outer leaflet.

The second type of possible structural rearrangements is the
formation of non-bilayer structures. This phenomenon may also
affect the energy transfer from AV-PC to cyt c¢. If the CL mo-
lecules concentrate in the regions with negative curvature, i.e., in
the nonbilayer structures around cyt ¢ molecules, the displace-
ment of AV-PC molecules from the protein vicinity can take
place, leading to the reduction of FRET. However, our results
with PG used instead of CL rule out this possibility (Fig. 6).

The third type of rearrangements is the changes of the
protein transverse position in the bilayer depending on its
surface density. The results of additional experiments shown in
Figs. 6 and 7 suggest that it is the only possible rearrangement
of the protein lipid membrane that is consistent with FRET
data. Hence, it can be concluded that in a certain range of cyt ¢
surface concentrations (approximately from 0.02 to 0.07 nm™?)
interfacially bound protein inserts deeper into the bilayer
resulting in the apparent reduction of d. by ~1 nm. It should be
noted that such behavior is observed only at high acidic
phospholipid content (>10 mol% CL) and low ionic strength of
the medium (<20 mM Na™).

It is now widely accepted that following electrostatic
binding to the bilayer surface some peripheral proteins are
capable of inserting into the hydrophobic core of the membrane
[52]. Similar phenomena are observed on binding of cytolytic
and antimicrobial peptides to membranes (e.g., [53,54]), which
at a certain critical concentration insert into the bilayer and
form aqueous pores. To describe such a situation Zuckermann
and Heimburg [11] developed a theoretical formalism based on
the Minton’s theory for surface adsorption of the ligand that
may have different conformations or aggregate at the surface

STRUCTURAL REARRANGEMENTS OF LIPID-PROTEIN MEMBRANES
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[15,55]. According to this formalism, protein molecules
adsorbed at the lipid—water interface form the 2-D gas, which
exerts lateral pressure on the bilayer lipid membrane. At high
surface densities, this pressure can become high enough to
overcome the energy barrier for protein insertion [11]. The
protein concentration at which the insertion begins is a function
of the membrane line tension, i.e., the additional energy
imparted to lipids around the inserted protein. Line tension, in
turn, is related to the protein shape and properties as well as
with the spontaneous curvatures of membrane constituents,
which in the case of charged lipids depends, among other
factors, on the ionic strength and pH of aqueous medium
[11,56]. The authors of [11] have applied this formalism to the
experimental data of Heimburg and Marsh [31], which had
been obtained for cyt ¢ binding to DOPG membranes at
various ionic strength in the range 0-250 mM Na' using
ultracentrifugation. At ionic strengths lower than 40 mM Na"
unusual binding isotherms were observed suggesting that some
changes in the mode of protein binding occurred at low ionic
strength. Subsequent ESR [31] and titration calorimetry [11]
experiments revealed that the change in mode of binding is
most likely a result of cyt ¢ insertion into the bilayer due the
increase in protein surface concentration. Interestingly, in our
FRET experiments, the unusual behavior of concentration
dependences for the efficiency of energy transfer to cyt ¢ was
observed in the same range of ionic strengths of 0—35 mM Na"
(data L20, L20/S15, and L20/S30). In addition, experimental
data supporting the insertion of cyt ¢ into the charged
membranes have been recently obtained using viscosity and
turbidity measurements, resonance Raman, circular dichroism,
and UV/vis absorption spectroscopy [57] as well as by direct
atomic force microscopy [9].

In conclusion, our work demonstrates that steady state
FRET can be applied as a quantitative tool for monitoring the
changes in molecular organization of protein—lipid assemblies.
In particular, FRET data suggest that at low ionic strength the
depth of cytochrome ¢ penetration into the bilayer is modulated
by the protein surface concentration. The extent of the protein
insertion into the membrane is determined by the ionic strength
of solution and the membrane acidic phospholipid content.
Further details of structural reorganizations taking place in the
cytochrome c—lipid complexes could be revealed by time-
resolved FRET measurements, which are known to be
particularly well suited for distinguishing different types of
donor—acceptor distance distributions (e.g., [21]). This work is
currently planned by our group.
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