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Abstract: A key event in the cytochrome c-dependent apoptotic pathway is the permeabilization of
the outer mitochondrial membrane, resulting in the release of various apoptogenic factors, including
cytochrome c, into the cytosol. It is believed that the permeabilization of the outer mitochondrial
membrane can be induced by the peroxidase activity of cytochrome c in a complex with cardiolipin.
Using a number of mutant variants of cytochrome c, we showed that both substitutions of Lys
residues from the universal binding site for oppositely charged Glu residues and mutations leading
to a decrease in the conformational mobility of the red Ω-loop in almost all cases did not affect
the ability of cytochrome c to bind to cardiolipin. At the same time, the peroxidase activity of all
mutant variants in a complex with cardiolipin was three to five times higher than that of the wild
type. A pronounced increase in the ability to permeabilize the lipid membrane in the presence of
hydrogen peroxide, as measured by calcein leakage from liposomes, was observed only in the case
of four substitutions in the red Ω-loop (M4 mutant). According to resonance and surface-enhanced
Raman spectroscopy, the mutations caused significant changes in the heme of oxidized cytochrome c
molecules resulting in an increased probability of the plane heme conformation and the enhancement
of the rigidity of the protein surrounding the heme. The binding of wild-type and mutant forms
of oxidized cytochrome c to cardiolipin-containing liposomes caused the disordering of the acyl
lipid chains that was more pronounced for the M4 mutant. Our findings indicate that the Ω-loop is
important for the pore formation in cardiolipin-containing membranes.

Keywords: mitochondrial cytochrome c; heme; red Ω-loop of cytochrome c; liposome leakage; cardi-
olipin; peroxidase activity; resonance Raman spectroscopy; surface-enhanced Raman spectroscopy

1. Introduction

During the activation of the cascade of events leading to cell apoptosis, cytochrome c
(CytC) moves across the outer mitochondrial membrane into the cytosol, where it either
enhances the external apoptotic signal or initiates the activation of the caspase cascade
by its own (CytC-dependent) apoptotic pathway [1,2]. Apoptotic processes are initiated
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by a variety of stimuli, including exposure to pathogens, radiation, chemotherapy drugs,
and oxidative stress [3–5]. The key event in the CytC-dependent apoptotic pathway is
the permeabilization of the outer mitochondrial membrane, as a result of which various
apoptogenic factors, including CytC, enter the cytosol. It is generally accepted that this
stage, controlled by the Bcl-2 proteins family, is a kind of bifurcation point for a cell (life or
death) [3–5].

To date, it is believed that permeabilization of the outer mitochondrial membrane can
be induced by the peroxidase activity of CytC, in turn induced by the formation of a complex
between CytC and cardiolipin (CL) [6]. CL is a negatively charged phospholipid contained
in the inner membrane of mitochondria that forms a membrane site for CytC binding.
Upon the induction of apoptosis, a chain of events is triggered, leading to the movement of
CL from the inner to the outer mitochondrial membrane, where a complex with CytC is
formed [7–9]. In this case, significant conformational and functional rearrangements occur
in the CytC molecule, as a result of which the protein loses its ability to transfer an electron
and acquires a high peroxidase-like activity [10], causing the permeabilization of the outer
membrane. At present, there is evidence in favor of pore formation occurring during the
permeabilization of CL-containing membranes induced by the CytC peroxidase-like activity.
In particular, in model systems of giant liposomes and planar bilayer lipid membranes, it
was shown that CytC is capable of forming pores in a lipid membrane containing CL, both
in the presence [11,12] and in the absence of hydrogen peroxide [13].

In this regard, it seems important to study the role of individual functionally significant
amino acid residues or sequences of CytC in the interaction of CytC with CL-containing
membranes. The data obtained will make a certain contribution to the determination of
the molecular mechanisms of CytC interaction with mitochondrial membranes during its
translocation into the cytosol, expanding our understanding of the role of conformational
changes in CytC during the initial stages of apoptosis.

In previous works, we studied the interaction of CytC with natural and artificial lipid
membranes [14], as well as the role of the Lys72 residue, which is essential for the function-
ing of protein, in the membrane-permeabilizing activity of CytC [15]. Previously, we have
constructed a number of mutant CytC variants with several substitutions in the red Ω-loop
70–85 [16,17] and with multiple substitutions of surface Lys residues from the universal
CytC binding site with its redox partners of the electron transport chain—ubiquinol–
cytochrome c-reductase (complex III) and cytochrome c-oxidase (complex IV) [18]. In
the course of a detailed study of these mutant variants, we found that the electron trans-
port function of CytC with substitutions both in the universal binding site (CytC variant
K8E/K27E/K72E/K86E/K87E/E62K/E69K/E90K (8Mut)) and in the non-ordered red Ω-
loop (variants T78N/K79Y/M80I/I81M/F82N (M1), T78S/K79P (M2), I81Y/A83Y/G84N
(M3) and P76I/G77L/I81L/F82L (M4)) is almost completely suppressed [16,18]. At the
same time, in CytC mutants M1, M2, and M3, changes in the conformation and geometry
of hemoporphyrin were observed, while the structure of the protein part of CytC was
generally preserved [16,17].

In this work, we investigated the ability of the above CytC mutant forms to bind to car-
diolipin, and their membrane-permeabilization and peroxidase activities. Using resonance
and surface-enhanced Raman spectroscopy (RRS and SERS, respectively), we studied the
conformation of reduced and oxidized heme molecules in wild-type (WT) CytC and two mu-
tants with the most pronounced decrease in respiratory activity—K8E/K27E/K72E/K86E/
K87E/E62K/E69K/E90K (8Mut) and P76I/G77L/I81L/F82L (M4). We also investigated
conformational changes in heme and heme local surroundings in oxidized M4 and 8Mut
CytC forms under their interaction with CL-containing liposomes. We also analyzed the in-
fluence of WT, M4, and 8Mut cytochromes on the ordering of lipid chains in CL-containing
liposomes upon the interaction with CytC molecules.
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2. Materials and Methods

Components for the culture media and buffer solutions for chromatography and elec-
trophoresis (AppliChem, Darmstadt, Germany), ampicillin, CytC from horse heart (Sigma,
Schnelldorf, Germany), Xho I restriction endonuclease (Promega, Madison, WI, USA),
BamH I restriction endonuclease (New England Biolabs Inc., Ipswich, MA, USA), Pfu-DNA
polymerase, and T4-DNA ligase (Fermentas, Pabrade, Lithuania) were used in this study.
Distilled water was additionally purified on a Milli-Q system (Millipore, Burlington, MA,
USA). We used sodium dithionite (SDT) for the CytC reduction, bovine heart cardiolipin (in
powder), soybean phosphatidylcholine, calcein, hydrogen peroxide, Triton X-100 (Sigma,
Schnelldorf, Germany), luminol (MP Biomedicals, Eschwege, Hessen, Germany).

2.1. Construction of the Mutant Genes of CytC

The construction of amino acid substitutions in the CytC Ω-loop (70–85) sequence and
the calculation of the structure of its mutant variants with substitutions T78N/K79Y/M80I/
I81M/F82N (M1), T78S/K79P (M2), I81Y/A83Y/G84N (M3), and P76I/G77L/I81L/F82L
(M4) were described earlier [16,17]. The construction of amino acid substitutions in the uni-
versal CytC binding site, during which the mutant variant K8E/K27E/K72E/K86E/K87E/
E62K/E69K/E90K (8Mut) with altered surface charges was obtained, was described ear-
lier [18].

The mutations were introduced into the gene of horse CytC in a composition with
pBP(CYC1) expression plasmid vector by site-specific mutagenesis according to the
QuikChangeTM Mutagenesis Kit method (Stratagene, La Jolla, CA, USA). The production
of mutant DNA during mutagenesis was analyzed by electrophoresis in 1% agarose gel.
The nucleotide sequences of mutant genes in the plasmid DNA were determined on an ABI
Prism 3100-Avant Genetic Analyzer (Applied Biosystems, Beverly, MA, USA). The selected
mutant genes were cloned in the pBP(CYC1) expression vector modified for the expression
of genes of horse CytC [19].

2.2. Expression of the Mutant Genes of CytC, Protein Isolation, and Purification

The expression of the mutant genes of cytochrome c was performed in the JM-109
strain of E.coli in an SB liquid-nutrient medium with ampicillin (the final concentration
was 200 µg/mL) without the addition of the inductor at 37 ◦C under vigorous stirring for
22–24 h [20].

Afterward, the growth cells were homogenized by forcing through a French press
(Spectronic Instruments, Inc., Irvine, CA, USA) at high pressure with subsequent centrifu-
gation at 100,000 g for 20 min.

The isolation and purification of the target proteins were performed on an “AKTA
FPLC” liquid chromatographic system (GE-HEALTHCARE, CШA) according to the previ-
ously elaborated two-step scheme [16,18,21]. The degree of purification and concentration
of cytochrome c in the resulting fractions were determined on a spectrophotometer and by
SDS-PAGE electrophoresis. The fractions with the A409/A280 purity of 4.5–5.0 (this value
corresponded to a purity of ≥95% for the substance commercially prepared by Sigma,
Schnelldorf, Germany) were oxidized by treating with potassium ferricyanide added at the
equimolar concentration, dialyzed three times against 10 mM ammonium carbonate buffer
(pH 7.9), and lyophilized on an ALPHA I-5 device.

2.3. Centrifugation Binding Assay

Protein-liposome ultracentrifugation binding assays were performed as previously
described [22–24], with certain modifications. In particular, liposomes were prepared in
the buffer containing 200 mM sucrose and subsequently dispersed in the buffer containing
200 mM glucose. The measurement solution contained 180 mM glucose, 10 mM KCl,
10 mM Tris, 10 mM MES, 1 mM EDTA, pH 7.4; the lipid concentration was 50 mg/mL. CytC
(WT or mutant variants) was added at a concentration of 1 mM. Samples were mixed by
pipetting and incubated 30 min prior to centrifugation. The samples were centrifuged for
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60 min using a Beckman J2–21 ultracentrifuge equipped with a Beckman JA-21 rotor. The
centrifuge was run at 50,000 G using compressed nitrogen. After the completion of each
run, the supernatant was immediately removed and its absorption spectrum measured
with a SOLAR CM 2203 spectrofluorometer. Bound (pelleted) protein was calculated as
total minus free.

2.4. Estimation of the CytC Membrane-Permeabilization Activity

The activity of CytC mutant forms to induce pores in CL-containing membranes
was estimated by the calcein leakage from CL-containing liposomes [25]. Calcein-loaded
liposomes were prepared by evaporation under a stream of nitrogen of a 2% solution
of a mixture of lipids in chloroform (4 mg soybean phosphatidylcholine (Sigma, Type
II-S) and 1 mg bovine heart CL) followed by hydration with a buffer solution containing
50 mM calcein, 50 mM KCl, 5 mM Tris, and 5 mM MES, pH 7.4. The mixture was vortexed,
passed through several cycles of freezing and thawing, and extruded through 0.1 mm
pore size Nucleopore polycarbonate membranes using an Avanti Mini-Extruder. The
unbound calcein was then removed by passage through a Sephadex G-50 coarse column
with a buffer solution containing 100 mM KCl, 10 mM Tris, and 10 mM MES, pH 7.4.
The fluorescence of the calcein-loaded liposomes was monitored at 520 nm (excitation at
490 nm) with a Panorama Fluorat 02 spectrofluorimeter (Lumex, Russia). The measurement
solution contained 180 mM sucrose, 10 mM KCl, 10 mM Tris, 10 mM MES, 1 mM EDTA,
pH 7.4; the lipid concentration was 10 mg/mL, CytC—1 mM; H2O2—1 mM. The extent of
calcein efflux was calculated as (Ft − F0)/(F100 − F0), where F0 and Ft represent the initial
fluorescence intensity and the fluorescence intensity at the time t, respectively, and F100 is
the fluorescence intensity after the complete disruption of liposomes by the addition of the
detergent Triton-X100 (final concentration, 0.1% w/w).

2.5. Peroxidase Activity Assay by Luminol Chemiluminescence

Peroxidase activity was assessed by chemiluminescence response [7,12,26] arising
from the H2O2-induced oxidation of luminol in the presence of CytC. The assay was
performed in sucrose buffer (200 mM sucrose, 10 mM Tris, 10 mM MES, pH 7.4) by adding
10 µM luminol and 25 µM H2O2 to a 0.5 µM solution of CytC or its mutant variants (lipid
concentration, 10 µg/mL). Chemiluminescence was detected with a Lum-100 luminometer
(DISoft LLC, Moscow, Russia), as described in Ref. [27].

2.6. Resonance Raman and Surface-Enhanced Raman Spectroscopy of CytC

The RRS and SERS spectra of wild-type and mutant cytochrome c molecules were
recorded using confocal Raman spectrometer NTEGRA Spectra (NT-MDT, Zelenograd,
Russia) with the 532 nm laser illumination and coupled to the inverted Olympus micro-
scope, objective ×20 NA 0.45. The laser power for the registration spot with the diameter
of appr. 800 nm was 3 and 0.3 mW under RRS and SERS spectra recording, respectively.
The spectrum accumulation time was 20 s. All measurements were performed in 10 mM
NaPi buffer, pH 7.0, 22 ◦C. Silver (Ag) nanostructured surfaces (AgNSSs) were prepared as
described in [28] by means of Ag reduction in the silver ammonia complex, ultrasonically
sprayed onto the coverslip surface and heated up to 340 ◦C for an hour with 5 min breaks
every 3–4 min. The obtained AgNSSs were stored in the dark at room temperature and
used in SERS experiments 2 weeks after synthesis. In order to record SERS spectra, the
small volume (100 µL) of 10−5 M CytC was placed on a glass Petri dish and covered by
AgNSS oriented with its nanostructured surface towards the microscope objective. The
SERS spectra were recorded 1 min after the AgNSS placement into the CytC solution. In
RRS experiments, we used solutions of reduced WT and mutant CytC at the concentration
of 10−5 M without the AgNSS surface. The reduction of WT and mutant forms of CytC
was performed with SDT. A small amount of SDT powder was added into the experi-
mental probe with CytC 2–3 min before spectrum recording. In all cases, the number of
independent measurements was 3–4.
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2.7. Liposome Preparation

CL-containing liposomes were prepared, as described in the previous section, and in-
cubated with the solution of oxidized CytC WT or its mutant forms for 1 h. After incubation,
we centrifugated the mixture of liposomes with CytC and removed the supernatant with
unbound CytC. Liposomes with the membrane-bound CytC were placed on the AgNSS,
and SERS spectra were recorded with 532 nm laser excitation, laser power of 0.3 mW per
800 nm registration spot. The SERS spectrum accumulation time was 20 s.

3. Results and Discussion
3.1. CytC Binding to Cardiolipin-Containing Liposomes and the Peroxidative Permeabilization of
Liposomes Induced by CytC Mutants

The ability of CytC mutant forms to bind to CL in liposomes was investigated using
a spectrophotometric method. Figure 1A shows the absorbance spectra of WT CytC
and its mutants with substitutions in the non-ordered red Ω-loop 70–85. Dashed curves
show the spectra of supernatants obtained after the centrifugation of the corresponding
mutant proteins incubated with CL-containing liposomes. As it is seen from the histogram
in Figure 1B, all the CytC variants exhibited binding to the CL-containing liposomes,
comparable to WT CytC binding. The exception was variant M3, the binding efficiency of
which decreased by more than two times.
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Figure 1. Absorbance spectra (A) of supernatants obtained after centrifugation of WT CytC and its
mutants with various substitutions in the absence (solid lines) and in the presence (dashed lines) of
CL-containing liposomes, and a histogram (B) showing the extent of the binding of mutant forms
K8E/K27E/K72E/K86E/K87E/E62K/E69K/E90K (8Mut), T78N/K79Y/M80I/I81M/F82N (M1),
T78S/K79P (M2), I81Y/A83Y/G84N (M3), and P76I/G77L/I81L/F82L (M4) to the liposomes. Results
are expressed as mean ± SE of at least three experiments.

Figure 2A shows the time courses of calcein leakage from liposomes induced by the
addition of horse heart WT CytC or its mutants in combination with H2O2, as monitored
by an increase in calcein fluorescence. At the end of each calcein leakage trace, 0.1% Triton
X-100 was added, and the level of calcein fluorescence recorded after the addition of Triton
X-100 was used as 100% leakage. Figure 2B (black bars) displays the maximum rates of the
liposome leakage (maximum slopes of the time-course curves) observed after the addition
of each protein. It is seen that CytC mutants 8Mut, M1, and M2 induced peroxidative
liposome leakage, with maximum rates comparable to that for WT CytC. A statistically
valid decrease in the maximum rate of the CytC/H2O2-induced calcein leakage was found
only in the case of the M3 mutant. However, this variant exhibited reduced CL-binding
capacity (Figure 1B).
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Figure 2. (A) Time courses of calcein leakage from liposomes induced by the addition of WT
CytC or its mutants with H2O2 and (B) maximum rates of the liposome leakage measured after
the addition of the mutant proteins (8Mut-K8E/K27E/K72E/K86E/K87E/E62K/E69K/E90K, M1-
T78N/K79Y/M80I/I81M/F82N, M2-T78S/K79P, M3-I81Y/A83Y/G84N, M4-P76I/G77L/I81L/F82L).
Results are expressed as mean ± SE of at least three experiments. At the end of each leakage trace,
0.1% Triton X-100 was added, and the level of calcein fluorescence recorded after the addition of
Triton X-100 was used as 100% leakage.

A strikingly different behavior was demonstrated by the M4 mutant variant with the
P76I/G77L/I81L/F82L substitutions: the maximum rate of the M4-CytC/H2O2-induced calcein
leakage increased by more than five times compared to that of the WT-CytC/H2O2 complex.

Figure 3A shows the time courses of the intensity of luminol chemiluminescence
induced by CytC/H2O2 in the presence of CL-containing liposomes. It is seen that the
peroxidase-like activity of all mutant forms of CytC in the presence of CL-containing
liposomes increased three to five times as compared to the activity of WT CytC, with
the maximum (more than five times compared to WT) increase observed in variant M4
with P76I/G77L/I81L/F82L substitutions (Figure 3B). Remarkably, only in the presence
of this CytC variant, the extraordinarily high rate of calcein release from liposomes was
observed (Figure 2B). On the other hand, in contrast to a more than three-fold increase
in the peroxidase-like activity of mutant forms 8Mut and M2 compared to WT CytC,
no enhancement of the calcein release from liposomes in the presence of these mutant
forms was observed (Figure 3B). Therefore, the data obtained do not enable us to assert
the existence of a correlation between an increase in the peroxidase-like activity of CytC
mutants and an increase in lipid membrane permeabilization induced by CytC mutants in
the presence of H2O2.

Thus, the most striking result found here consists in dramatic stimulation of the perox-
idative membrane-permeabilizing activity of CytC in the mutant variant P76I/G77L/I81L/
F82L (M4). Based on recent findings [29,30] that the I81A and I81N mutations in human
CytC exhibited a substantial enhancement in peroxidase activity, particularly below pH 7,
it can be suggested that Ile81 plays a key role in regulating peroxidase and permeabilizing
activity of CytC. Besides, the mutation at Pro76 was found to bring about a pronounced
increase in peroxidase activity of human CytC [31]. Of note, the mutation of Phe82 was
also shown to cause the destabilization of human CytC [32].
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by CytC/H2O2 in the presence of CL-containing liposomes and (B) maximum val-
ues of luminol chemiluminescence after the addition of H2O2 and CytC mutant forms
(8Mut-K8E/K27E/K72E/K86E/K87E/E62K/E69K/E90K, M1-T78N/K79Y/M80I/I81M/F82N, M2-
T78S/K79P, M3-I81Y/A83Y/G84N, M4-P76I/G77L/I81L/F82L). Results are expressed as mean ± SE
of at least three experiments.

The obtained effects of the mutations on CytC-induced permeabilization of liposomes
can be related to changes in the heme conformation of mutant proteins compared to the
WT CytC heme. For this reason, we further investigated the conformational features of
the hemoporphyrins of two CytC variants, 8Mut with substitutions of Lys residues from
the universal binding site and M4 with four substitutions in the disordered Ω-loop 70–85,
by the methods of resonance Raman (RRS) and surface-enhanced Raman spectroscopy
(SERS) methods.

3.2. Conformation of Heme and Its Local Protein Environment in Cytochrome c Are Affected by the
Mutations in the Ω-Loop and in the Universal Binding Site

We studied the conformations of heme in WT and mutant forms of reduced and
oxidized CytC molecules in the phosphate buffer solution and in oxidized CytC bound to
the outer surface of CL-containing liposomes.

3.2.1. Conformation of Heme in Unbound Reduced and Oxidized Cytochrome c Molecules

Resonance Raman spectra of isolated reduced CytC molecules demonstrate a set of
intensive peaks with maximum positions at 752, 1314, and 1585 cm−1, corresponding to
methine bridges vibrations (CaCm bonds), and at 1130 cm−1 (vibrations of heme-CH3
groups) (Figure 4A,B) [16,28,33–35]. Further, the resonance Raman spectra of CytC possess
less intensive peaks in the low-frequency spectrum range (below 750 cm−1) and around
1350–1400 cm−1 (Figure 4A). The peak at 571 cm−1, is a signature of the ruffled heme
conformation and its relative intensity grows upon the increase in the probability of this
conformation [16,33]. The peak with the maximum position at 1365 cm−1 corresponds to
symmetric pyrrol half-ring vibrations in the heme of reduced c-type cytochromes and is
not sensitive to the heme deformation. Previously, Sun and colleagues demonstrated that
the ratio of peak intensities at 571 and 1365 cm−1 linearly increases with the shift of the Fe
atom from the heme plane [33]. Peaks with maxima positions at 750, 1313, and 1585 cm−1

correspond to vibrations of all heme bonds and are considered to be partly sensitive to
a change in the probabilities of planar/ruffled heme conformations. A peak with the
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maximum position at 1130 cm−1 corresponds to vibrations of CH3-side radicals in the
heme. The relative intensity of this peak increases with a decrease in the local rigidity of the
protein surrounding of the heme since the vibrational movements of atoms in CH3-radical
become easier. Since the intensity of the peak at 1365 cm−1 does not depend on the heme
conformation, it is usually used for the normalization of other peaks. So, we used the
ratio of peak intensities I571/I1365 as the estimation of the probability of the ruffled heme
conformation and the ratio I1130/I1365 as the estimation of the vibration probability of the
CH3-radical in the CytC heme. The decrease in the rigidity of the protein part in the heme
surrounding allows freer movements of the heme in the CytC cleft, resulting in the ease of
CH3-radicals’ vibrations and in the increase in the I1130/I1365 ratio (Figure 4C,D).

According to our data (Figure 4C,D), the reduced CytC with four site-directed muta-
tions (M4) had a lower probability of the deformed ruffled heme conformation (correspond-
ing to an increased probability of the planar heme conformation and to the positioning of
Fe atom in the heme plane) than the WT and 8Mut cytochromes. For the M4 mutant, we
also found changes in the probability of the heme CH3-bond vibrations, demonstrating
the decrease in the rigidity of the CytC protein part in the local surrounding of the heme
(Figure 4C,D). We did not observe changes in the planarity of the heme or in the probabil-
ity of heme CH3-group vibrations in the CytC mutant with eight site-directed mutations
(Figure 4C,D).

Heme conformations in oxidized WT and mutant forms of CytC in the buffer and in the
membrane-bound state were studied by means of surface-enhanced Raman spectroscopy
because oxidized CytC mutants possess low Raman intensity, undetectable without AgNSSs.
Previously, with a wide range of preparations, we demonstrated the stability of the AgNSSs
in physiological buffers and the absence of their effect on the lipids and proteins of different
membranes, purified CytC in the buffer, the morphology of erythrocytes, and the functional
activity of mitochondria [16,28,36,37]. Thus, AgNSSs do not influence WT and mutant
CytC molecules in buffer and can be used to study oxidized CytC in the buffer or under
interaction with CL-containing liposomes. The SERS spectra of oxidized WT and its
mutant forms in buffer solution have many pronounced peaks with intensity maxima at
the following positions: 1130, 1168, 1314, 1375, 1570, and 1638 cm−1. Peaks at 1314 and
1570 cm−1 correspond to the vibrations of all heme bonds, peaks at 1168 and 1375 cm−1

correspond to asymmetric and symmetric pyrrol half-ring vibrations that do not depend on
the heme planarity, the peak at 1638 cm−1 corresponds to the methine bridges’ vibrations
in planar heme, and the peak at 1130 cm−1 corresponds to the vibrations of heme CH3-side
radicals (Figure 5A). The SERS spectra of oxidized CytC molecules bound to CL-containing
liposomes had a similar structure to the SERS spectra of unbound CytC in the buffer
solution (spectra are not shown). We used the ratio of peak intensities I1638/I1375 as the
estimation of the probability of the planar heme conformation, the ratio I1130/I1375 as the
estimation of the probability of CH3-group vibrations, and the rigidity of the heme local
surrounding and the ratio I1168/I1375 as the estimation of the probability of asymmetric
pyrrol ring vibrations vs symmetric vibrations.
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Figure 4. (A) Resonance Raman spectra of reduced WT CytC and its mutant forms in PBS buffer
solution (10−5 M) with four and eight site-directed mutations (M4 and 8Mut, respectively). The
reduction of CytC was performed by adding SDT powder to the experimental chamber 2–3 min
before the spectrum registration. For a clearer representation, spectra are normalized on the sum
of all spectrum intensities and shifted vertically. Dotted lines show the maximum positions of the
most intensive peaks and of a peak corresponding to ruffled heme conformation (at 571 cm−1) or a
planarity-insensitive peak (at 1365 cm−1). Numbers above peaks show maximum peak positions.
Bold numbers demonstrate peaks used in the study. (B) The structural formula of heme c. (C,D) Ratios
of peak intensities calculated from the resonance Raman spectra of reduced WT CytC and its mutants
with four and eight site-directed mutations (dark grey, light grey, and white boxes, respectively). The
I571/I1365 ratio corresponds to the probability of the ruffled heme conformation and the I1130/I1365

ratio corresponds to the probability of vibrations of the heme CH3-side radicals (right figure). Data
are presented as mean values and the error of the mean, n = 7. Statistics were calculated with ANOVA
(GraphPad Prism 8.0). ** p < 0.01, **** p < 0.0001.
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Figure 5. (A) SERS spectra of oxidized WT, M4, and 8Mut cytochrome c (1 mM) in the phosphate
buffer. For clearer presentation, spectra are normalized to the sum of all spectrum intensities and
shifted vertically. Dotted lines show the maximum positions of the most intensive peaks used for the
heme conformation analysis. (B–D) Ratios of peak intensities calculated from the SERS spectra of WT
CytC and its mutants with four and eight site-directed mutations in buffer solution (dark grey, light
grey, and white boxes, respectively) and in the membrane-bound state in CL-containing liposomes
(dark violet, bright violet, and light violet boxes, respectively). The I1638/I1375 ratio corresponds to
the probability of the plane heme conformation (B), the I1130/I1375 ratio corresponds to the probability
of the heme CH3-group vibrations (C), and the I1168/I1375 ratio corresponds to the probability of
asymmetric pyrrol ring vibrations vs their symmetric vibration. Data are presented as mean values
and the error of the mean, n = 7. Statistics were evaluated with ANOVA (GraphPad Prism 8.0).
* p < 0.05, ** p < 0.01 for the specified ratios calculated for a certain CytC form bound to CL-containing
liposomes compared to this CytC form in the buffer. # p < 0.01, ## p < 0.001 for the specified ratios for
M4 and 8Mut in liposome-bound state compared to WT CytC in the liposome-bound state. × p < 0.01,
×× p < 0.001 for the specified ratios for M4 and 8Mut in the buffer compared to WT CytC in the buffer.

We observed an increase in the probability of the planar heme conformation (a decrease
in the probability of the ruffled heme conformation) in CytC mutants with four and eight
mutations compared to WT CytC (Figure 5B), which indicated the location of the Fe atom
closer to the heme plane in the M4 and 8Mut proteins than in WT cytochrome c. The
binding of CytC to CL in liposomes differently affects the heme planarity in various
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mutants: WT CytC binding to liposomes caused an increase in the probability of heme
plane conformation, whereas, in 8Mut CytC, the probability of the plane conformation was
decreased with respect to unbound 8Mut CytC (Figure 5B, white and light violet bars).
The binding of M4 CytC to liposomes did not affect the planarity of the heme (Figure 5B,
grey and bright violet bars). Thus, even upon the binding of 8Mut CytC to the liposomal
membrane, its heme had a higher probability of plane conformation compared to WT and
M4 CytC. We also found a decrease in the probability of the heme CH3-group vibrations
and the decrease in the probability of asymmetric pyrrol ring vibrations in the mutants
with four and eight site-directed mutations compared to WT CytC in both states of CytC:
unbound molecules in buffer and in the membrane-bound CytC molecules in liposomes
(Figure 5C,D). This result indicates higher rigidity in the protein surrounding the heme of
CytC with four and eight site-directed mutations (Figure 5). Such an increase in the rigidity
of the heme surrounding oxidized M4 and 8Mut CytC mutants may be responsible for their
decreased ability to accept an electron from the cytochrome c1 in complex III [17], since
for the electron tunneling between cytochrome c1 and CytC, the heme c should obtain an
optimal orientation towards heme c1 that can be obstructed in the rigid heme surrounding
the studied CytC mutants.

3.2.2. Ordering of Lipids in CL-Containing Liposomes upon CytC Binding

To evaluate the effect of CytC binding to CL-containing liposomes on the membrane
lipids’ ordering, we recorded SERS spectra in the high-frequency range (2600–3100 cm−1)
containing peaks attributed to the bond vibrations of liposome lipids (Figure 6). Table 1
shows the positions of peak maxima and their assignment to certain bond vibrations. Table 2
demonstrates the SERS spectra parameters that were used to analyze the conformation of
lipids in Cl-containing liposomes with and without bound CytC.

It is seen that in the case of CytC with four site-directed mutations, the ratio I2935/I2860
is significantly increased compared to WT CytC, and there is a tendency to down-shift the
peak corresponding to the symmetric vibrations of C-H bonds in CH3-groups. For both
CytC mutant forms, we observed a significant increase in the ratio I2935/I2905 compared to
WT CytC. These results indicate that the interactions of CytC mutants with CL in liposomes
cause a decrease in the ordering of lipid tails in liposomes. For both mutant cytochrome
forms and WT, we also analyzed the spectral region 2860–2890 cm−1 that indicates, to some
extent, acyl chain lateral packing density. It is known that for pure lipid membranes or lipid
structures, the acyl chain lateral packing density correlates with the ratio I2883/I2847. When
the packing density is high, as in the case of ordered acyl chains, dipolar coupling between
methylene C−H vibrations in adjacent chains leads to an increase in the intensity of the
CH2 symmetric stretching mode and to a decrease in the I2883/I2847 ratio. In the spectra of
cytochrome c bound to CL-containing liposomes, the protein backbone C−H stretching
modes overlap with the antisymmetric stretching mode (2883 cm−1) of the phospholipid
acyl chains, making the I2883/I2847 ratio a poor indicator of bilayer structure. However, in
the different SERS spectra of WT CytC-liposomes and mutant CytC-liposomes, a reduction
in the C−H symmetric stretching mode was observed, which indicated a decrease in acyl
chain methylene C−H vibrational coupling arising from disordered acyl chains. All these
data demonstrate that the binding of both CytC mutants to CL-containing liposomes,
compared to WT CytC binding, caused the disordering of the acyl chains of Cl and PC.

It should be noted that the interaction of WT CytC with Cl-containing liposomes also
caused an increase in the I2935/I2860 ratio compared to pure liposomes, which indicated the
disordering of lipid chains.
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Figure 6. (A) Typical SERS spectra of control liposomes (PC:CL = 4:1) and liposomes with added
cytochromes, normalized to the intensity of the peak 2905 cm−1. (B) The relative input of the
symmetric vibrations of C−H bonds in CH3 groups compared to the symmetric vibrations of −CH2−
backbone bonds in the CytC protein part and in the acyl chains of liposomal lipids. (C) Maximum
position of the peak corresponding to the symmetric vibrations of C−H bonds in side-chain CH3-
groups. (D) The relative input of the symmetric vibrations of C−H bonds in −CH3 radicals compared
to the asymmetric vibrations of −CH2− backbone bonds. Data are presented as mean values and the
error of the mean, n = 7. Statistics were calculated with ANOVA (GraphPad Prism 8.0). * p < 0.05,
*** p < 0.001, **** p < 0.0001.
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Table 1. Raman peak assignment (done in accordance with [38,39]).

Position of a Peak Maximum
in SERS Spectra

CL-Containing Liposomes
with Bound CytC

Raman Peak Position in
Spectra of CL-Containing
Liposomes without CytC

Description Comments

2627 - ν(C–H)

2720 - ν(C–H)

2860 2854 νs(-CH2-)

2905 2906 νas(-CH2-)

2925–2940 2930 νs(CH3)

3005 3014 н(=CH-)

Correlates with the number of
double C=C bonds in CL [39]

and is affected by CytC-specific
interaction with CL

Table 2. Peak ratios used for the analysis of CytC interaction with the CL of liposomes.

Parameter, Calculated from Raman Spectra Meaning Comments

I2935/I2860

The relative input of symmetric
vibrations of C-H bonds in amino

acids’ CH3-groups compared to the
symmetric vibrations of -CH2-

backbone bonds

The ratio increase corresponds to the
easier -CH3 bond vibrations due to the

decrease in the ordering of the membrane
lipid tails and due to the appearance of

disturbances in the membrane lipid phase

I2935/I2905

The relative input of the symmetric
vibrations of C-H bonds in amino

acids’ CH3-groups compared to the
asymmetric vibrations of -CH2-

backbone bonds

The ratio gives similar information as the
ratio I2935/I2860. The disordering of lipid
tails affects this ratio to a greater degree

than the ratio I2935/I2860

ν(2925–2940)
The peak corresponds to the

symmetric vibrations of C-H bonds in
amino acids’ CH3-groups

Peak maximum shifts under changes in
the lipid ordering and membrane

microfluidity in the CytC surrounding

4. Conclusions

In summary, we have found that site-directed mutations P76I/G77L/I81L/F82L in
the Ω-loop of CytC caused multiple changes in the conformation of heme and the protein
part of oxidized CytC. In particular, we observed that in this mutant, in the oxidized state,
the probability of the plane heme conformation was higher compared to WT CytC, but
the mobility of heme CH3-groups was lower, thereby indicating a higher rigidity of the
protein heme surrounding the mutants compared to WT CytC. Such an increase in the
rigidity of the heme surrounding may obstruct the optimal orientation of the mutant CytC
heme towards the heme of cytochrome c1, deteriorating the electron transfer from the
complex III to CytC. A similar change in the heme conformation and its surrounding was
observed for the CytC mutant with eight site-directed mutations in the universal binding
site (K8E/K27E/K72E/K86E/K87E/E62K/E69K/E90K). The binding of oxidized WT and
mutant CytC molecules to CL-containing liposomes caused the disordering of lipid chains
and the deterioration of CL and PC chain interaction. This effect was more pronounced
for the mutant with four site-specific mutations in the Ω-loop (P76I/G77L/I81L/F82L)
compared to the mutant K8E/K27E/K72E/K86E/K87E/E62K/E69K/E90K (8Mut) or WT
CytC. In line with these observations, the strong stimulation of the peroxidative membrane
permeabilizing activity of CytC in the mutant variant P76I/G77L/I81L/F82L was found.
Of note, the CL-binding ability was similar for WT CytC and both its mutants. The obtained
results demonstrate that the Ω-loop is important for the interaction with the membrane
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phospholipids and that the increase in the rigidity in this loop leads to the increased
permeabilizing activity of cytochrome c.

Author Contributions: The manuscript was written in collaboration with all the authors. A.M.F. and
R.V.C. are authors with equal contributions. Conceptualization—R.V.C., G.V.M., Y.N.A. and D.A.D.;
data curation—R.V.C., A.M.F. and N.A.B.; formal analysis—N.A.B., E.I.N., Z.V.B. and A.A.B.; funding
acquisition—R.V.C.; investigation—R.V.C., A.M.F., N.A.B., E.I.N., Z.V.B., T.V.B., M.A.S., A.A.B. and
Y.N.A.; methodology—A.M.F., N.A.B. and Y.N.A.; project administration—M.P.K.; resources—M.P.K.,
G.V.M., Y.N.A. and D.A.D.; supervision—M.P.K., G.V.M., Y.N.A. and D.A.D.; visualization—R.V.C.,
A.M.F. and N.A.B.; writing—original draft, R.V.C. and N.A.B.; writing—review and editing, R.V.C.,
N.A.B. and E.A.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Russian Science Foundation (grant No. 22-24-
00985)—RVC, MAS, ZVB.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw data are available from corresponding authors under reason-
able request.

Acknowledgments: The authors are grateful to Gusev I.D. for help with protein purification. GVM
acknowledges support from the Russian Science Foundation (RSF, grant number 19-79-30062) that
was used for the production of plasmonic Ag-nanostructured surfaces.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kulikov, A.V.; Shilov, E.S.; Mufazalov, I.A.; Gogvadze, V.; Nedospasov, S.A.; Zhivotovsky, B. Cytochrome c: The Achilles’ heel in

apoptosis. Cell. Mol. Life Sci. 2012, 69, 1787–1797. [CrossRef] [PubMed]
2. Ow, Y.P.; Green, D.R.; Hao, Z.; Mak, T.W. Cytochrome c: Functions beyond respiration. Nat. Rev. Mol. Cell Biol. 2008, 9, 532–542.

[CrossRef] [PubMed]
3. Chipuk, J.E.; Moldoveanu, T.; Llambi, F.; Parsons, M.J.; Green, D.R. The BCL-2 family reunion. Mol. Cell. 2010, 37, 299–310.

[CrossRef] [PubMed]
4. Hotchkiss, R.S.; Strasser, A.; McDunn, J.E.; Swanson, P.E. Cell death. N. Engl. J. Med. 2009, 361, 1570–1583. [CrossRef]
5. Youle, R.J.; Strasser, A. The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol. 2008, 9,

47–59. [CrossRef]
6. Firsov, A.M.; Kotova, E.A.; Korepanova, E.A.; Osipov, A.N.; Antonenko, Y.N. Peroxidative permeabilization of liposomes induced

by cytochrome c/cardiolipin complex. Biochim. Biophys. Acta 2015, 1848, 767–774. [CrossRef]
7. Kagan, V.E.; Tyurin, V.A.; Jiang, J.; Tyurina, Y.Y.; Ritov, V.B.; Amoscato, A.A.; Osipov, A.N.; Belikova, N.A.; Kapralov, A.A.;

Kini, V.; et al. Cytochrome c acts as a cardiolipin oxygenase required for release of proapoptotic factors. Nat. Chem. Biol. 2005, 1,
223–232. [CrossRef]

8. Kriska, T.; Korytowski, W.; Girotti, A.W. Role of mitochondrial cardiolipin peroxidation in apoptotic photokilling of
5-aminolevulinate-treated tumor cells. Arch. Biochem. Biophys. 2005, 433, 435–446. [CrossRef]

9. Kagan, V.E.; Bayir, H.A.; Belikova, N.A.; Kapralov, O.; Tyurina, Y.Y.; Tyurin, V.A.; Jiang, J.; Stoyanovsky, D.A.; Wipf, P.; Kochanek,
P.M.; et al. Cytochrome c/cardiolipin relations in mitochondria: A kiss of death. Free Radic. Biol. Med. 2009, 46, 1439–1453.
[CrossRef]

10. Muenzner, J.; Pletneva, E.V. Structural transformations of cytochrome c upon interaction with cardiolipin. Chem. Phys. Lipids 2014,
179, 57–63. [CrossRef]

11. Antonov, V.F.; Puchkov, M.N.; Korepanova, E.A.; Nemchenko, O.Y.; Borodulin, V. Soft perforation of cardiolipin-containing
planar lipid bilayer membrane by cytochrome c and H2O2. Eur. Biophys. J. 2014, 43, 469–476. [CrossRef]

12. Puchkov, M.N.; Vassarais, R.A.; Korepanova, E.A.; Osipov, A.N. Cytochrome c produces pores in cardiolipin-containing planar
bilayer lipid membranes in the presence of hydrogen peroxide. Biochim. Biophys. Acta 2013, 1828, 208–212. [CrossRef] [PubMed]

13. Bergstrom, C.L.; Beales, P.A.; Lv, Y.; Groves, J.T. Cytochrome c causes pore formation in cardiolipin containing membranes. Proc.
Natl. Acad. Sci. USA 2013, 110, 6269–6274. [CrossRef] [PubMed]

14. Gusev, I.D.; Firsov, A.M.; Chertkova, R.V.; Kotova, E.A.; Dolgikh, D.A.; Kirpichnikov, M.P.; Antonenko, Y.N. Study of interaction
of fluorescent cytochrome c with liposomes, mitochondria, and mitoplasts by fluorescence correlation spectroscopy. Russ. J.
Bioorg. Chem. 2020, 46, 1162–1171. [CrossRef]

http://doi.org/10.1007/s00018-011-0895-z
http://www.ncbi.nlm.nih.gov/pubmed/22179840
http://doi.org/10.1038/nrm2434
http://www.ncbi.nlm.nih.gov/pubmed/18568041
http://doi.org/10.1016/j.molcel.2010.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20159550
http://doi.org/10.1056/NEJMra0901217
http://doi.org/10.1038/nrm2308
http://doi.org/10.1016/j.bbamem.2014.11.027
http://doi.org/10.1038/nchembio727
http://doi.org/10.1016/j.abb.2004.09.025
http://doi.org/10.1016/j.freeradbiomed.2009.03.004
http://doi.org/10.1016/j.chemphyslip.2013.11.002
http://doi.org/10.1007/s00249-014-0977-6
http://doi.org/10.1016/j.bbamem.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23085196
http://doi.org/10.1073/pnas.1303819110
http://www.ncbi.nlm.nih.gov/pubmed/23576757
http://doi.org/10.1134/S1068162020060084


Biomolecules 2022, 12, 665 15 of 15

15. Chertkova, R.V.; Firsov, A.M.; Kotova, E.A.; Gusev, I.D.; Dolgikh, D.A.; Kirpichnikov, M.P.; Antonenko, Y.N. Lysine 72 substitutions
differently affect lipid membrane permeabilizing and proapoptotic activities of horse heart cytochrome c. Biochem. Biophys. Res.
Commun. 2021, 548, 74–77. [CrossRef]

16. Chertkova, R.V.; Brazhe, N.A.; Bryantseva, T.V.; Nekrasov, A.N.; Dolgikh, D.A.; Yusipovich, A.I.; Maksimov, G.V.; Rubin, A.B.;
Kirpichnikov, M.P. New insight into the mechanism of mitochondrial cytochrome c function. PLoS ONE 2017, 12, e0178280.
[CrossRef]

17. Chertkova, R.V.; Bryantseva, T.V.; Brazhe, N.A.; Kudryashova, K.S.; Revin, V.V.; Nekrasov, A.N.; Yusipovich, A.I.; Brazhe, A.R.;
Rubin, A.B.; Dolgikh, D.A.; et al. Amino acid substitutions in the non-ordered Ω-loop 70–85 affect electron transfer function and
secondary structure of mitochondrial cytochrome c. Crystals 2021, 11, 973. [CrossRef]

18. Pepelina, T.Y.; Chertkova, R.V.; Ostroverkhova, T.V.; Dolgikh, D.A.; Kirpichnikov, M.P.; Grivennikova, V.G.; Vinogradov, A.D.
Site-directed mutagenesis of cytochrome c: Reactions with respiratory chain components and superoxide radical. Biochemistry
(Moscow) 2009, 74, 625–632. [CrossRef]

19. Dolgikh, D.A.; Latypov, R.F.; Abdullaev, Z.K.; Kolov, V.; Roder, H.; Kirpichnikov, M.P. Expression of mutant horse cytochrome c
genes in Escherichia coli. Russ. J. Bioorg. Chem. 1998, 24, 756–759.

20. Pepelina, T.Y.; Chertkova, R.V.; Dolgikh, D.A.; Kirpichnikov, M.P. The role of individual lysine residues of horse cytochrome c in
the formation of reactive complexes with components of the respiratory chain. Russ. J. Bioorg. Chem. 2010, 36, 90–96. [CrossRef]

21. Chertkova, R.V.; Sharonov, G.V.; Feofanov, A.V.; Bocharova, O.V.; Latypov, R.F.; Chernyak, B.V.; Arseniev, A.S.; Dolgikh, D.A.;
Kirpichnikov, M.P. Proapoptotic activity of cytochrome c in living cells: Effect of K72 substitutions and species differences. Mol.
Cell. Biochem. 2008, 314, 85–93. [CrossRef] [PubMed]

22. Radi, R.; Turrens, J.F.; Freeman, B.A. Cytochrome c-catalyzed membrane lipid peroxidation by hydrogen peroxide. Arch. Biochem.
Biophys. 1991, 288, 118–125. [CrossRef]

23. Hanske, J.; Toffey, J.R.; Morenz, A.M.; Bonilla, A.J.; Schiavoni, K.H.; Pletneva, E.V. Conformational properties of cardiolipin-bound
cytochrome c. Proc. Natl. Acad. Sci. USA 2012, 109, 125–130. [CrossRef] [PubMed]

24. Muenzner, J.; Toffey, J.R.; Hong, Y.; Pletneva, E.V. Becoming a peroxidase: Cardiolipin-induced unfolding of cytochrome c. J. Phys.
Chem. B 2013, 117, 12878–12886. [CrossRef]

25. Firsov, A.M.; Kotova, E.A.; Antonenko, Y.N. Calcein leakage as a robust assay for cytochrome c/H2O2-mediated liposome
permeabilization. Anal. Biochem. 2018, 552, 19–23. [CrossRef]

26. Radi, R.; Thomson, L.; Rubbo, H.; Prodanov, E. Cytochrome c-catalyzed oxidation of organic molecules by hydrogen peroxide.
Arch. Biochem. Biophys. 1991, 288, 112–117. [CrossRef]

27. Vladimirov, Y.A.; Proskurnina, E.V.; Izmailov, D.Y.; Novikov, A.A.; Brusnichkin, A.V.; Osipov, A.N.; Kagan, V.E. Mechanism of
activation of cytochrome c peroxidase activity by cardiolipin. Biochemistry (Moscow) 2006, 71, 989–997. [CrossRef]

28. Brazhe, N.A.; Evlyukhin, A.B.; Goodilin, E.A.; Semenova, A.A.; Novikov, S.M.; Bozhevolnyi, S.I.; Chichkov, B.N.; Sarycheva, A.S.;
Baizhumanov, A.A.; Nikelshparg, E.I.; et al. Probing cytochrome c in living mitochondria with surface-enhanced raman
spectroscopy. Sci. Rep. 2015, 5, 13793. [CrossRef]

29. Lei, H.; Nold, S.M.; Motta, L.J.; Bowler, B.E. Effect of V83G and I81A substitutions to human cytochrome c on acid unfolding and
peroxidase activity below a neutral pH. Biochemistry 2019, 58, 2921–2933. [CrossRef]

30. Feng, Y.; Liu, X.-C.; Li, L.; Gao, S.Q.; Wen, G.-B.; Lin, Y.-W. Naturally occurring I81N mutation in human cytochrome c regulates
both inherent peroxidase activity and interactions with neuroglobin. ACS Omega 2022, 7, 11510–11518. [CrossRef]

31. Samsri, S.; Prasertsuk, P.; Nutho, B.; Pornsuwan, S. Molecular insights on the conformational dynamics of a P76C mutant of
human cytochrome c and the enhancement on its peroxidase activity. Arch. Biochem. Biophys. 2022, 716, 109112. [CrossRef]
[PubMed]

32. Lalli, D.; Rosa, C.; Allegrozzi, M.; Turano, P. Distal unfolding of ferricytochrome c induced by the F82K mutation. Int. J. Mol. Sci.
2020, 21, 2134. [CrossRef] [PubMed]

33. Sun, Y.; Benabbas, A.; Zeng, W.; Kleingardner, J.G.; Bren, K.L.; Champion, P.M. Investigations of heme distortion, low-frequency
vibrational excitations, and electron transfer in cytochrome c. Proc. Natl. Acad. Sci. USA 2014, 111, 6570–6575. [CrossRef]
[PubMed]

34. Ogawa, M.; Harada, Y.; Yamaoka, Y.; Fujita, K.; Yaku, H.; Takamatsu, T. Label-free biochemical imaging of heart tissue with
high-speed spontaneous Raman microscopy. Biochem Biophys Res Commun. 2009, 382, 370–374. [CrossRef]

35. Brazhe, N.A.; Treiman, M.; Brazhe, A.R.; Find, N.L.; Maksimov, G.V.; Sosnovtseva, O.V. Mapping of redox state of mitochondrial
cytochromes in live cardiomyocytes using Raman microspectroscopy. PLoS ONE 2012, 7, 41990. [CrossRef]

36. Nikelshparg, E.I.; Grivennikova, V.G.; Baizhumanov, A.A.; Semenova, A.A.; Sosnovtseva, V.; Goodilin, E.A.; Maksimov, G.V.;
Brazhe, N.A. Probing lipids in biological membranes using SERS. Mendeleev Commun. 2019, 29, 635–637. [CrossRef]

37. Sarycheva, A.S.; Brazhe, N.A.; Baizhumanov, A.A.; Nikelshparg, E.I.; Semenova, A.A.; Garshev, A.V.; Baranchikov, A.E.;
Ivanov, V.K.; Maksimov, G.V.; Sosnovtseva, O.V.; et al. New nanocomposites for SERS studies of living cells and mitochondria. J.
Mater. Chem. B 2016, 3, 539–546. [CrossRef]

38. Orendorff, C.J.; Ducey, M.W., Jr.; Pemberton, J.E. Quantitative correlation of Raman spectral indicators in determining conforma-
tional order in alkyl chains. J. Phys. Chem. A 2002, 106, 6991–6998. [CrossRef]

39. Czamara, K.; Majzner, K.; Pacia, M.Z.; Kochan, K.; Kaczor, A.; Baranska, M. Raman spectroscopy of lipids: A review. J. Raman
Spectrosc. 2014, 46, 4–20. [CrossRef]

http://doi.org/10.1016/j.bbrc.2021.02.023
http://doi.org/10.1371/journal.pone.0178280
http://doi.org/10.3390/cryst11080973
http://doi.org/10.1134/S0006297909060066
http://doi.org/10.1134/S1068162010010097
http://doi.org/10.1007/s11010-008-9768-7
http://www.ncbi.nlm.nih.gov/pubmed/18425421
http://doi.org/10.1016/0003-9861(91)90172-F
http://doi.org/10.1073/pnas.1112312108
http://www.ncbi.nlm.nih.gov/pubmed/22190488
http://doi.org/10.1021/jp402104r
http://doi.org/10.1016/j.ab.2017.03.014
http://doi.org/10.1016/0003-9861(91)90171-E
http://doi.org/10.1134/S0006297906090070
http://doi.org/10.1038/srep13793
http://doi.org/10.1021/acs.biochem.9b00295
http://doi.org/10.1021/acsomega.2c01256
http://doi.org/10.1016/j.abb.2021.109112
http://www.ncbi.nlm.nih.gov/pubmed/34954215
http://doi.org/10.3390/ijms21062134
http://www.ncbi.nlm.nih.gov/pubmed/32244917
http://doi.org/10.1073/pnas.1322274111
http://www.ncbi.nlm.nih.gov/pubmed/24753591
http://doi.org/10.1016/j.bbrc.2009.03.028
http://doi.org/10.1371/journal.pone.0041990
http://doi.org/10.1016/j.mencom.2019.11.009
http://doi.org/10.1039/C5TB01886B
http://doi.org/10.1021/jp014311n
http://doi.org/10.1002/jrs.4607

	Introduction 
	Materials and Methods 
	Construction of the Mutant Genes of CytC 
	Expression of the Mutant Genes of CytC, Protein Isolation, and Purification 
	Centrifugation Binding Assay 
	Estimation of the CytC Membrane-Permeabilization Activity 
	Peroxidase Activity Assay by Luminol Chemiluminescence 
	Resonance Raman and Surface-Enhanced Raman Spectroscopy of CytC 
	Liposome Preparation 

	Results and Discussion 
	CytC Binding to Cardiolipin-Containing Liposomes and the Peroxidative Permeabilization of Liposomes Induced by CytC Mutants 
	Conformation of Heme and Its Local Protein Environment in Cytochrome c Are Affected by the Mutations in the -Loop and in the Universal Binding Site 
	Conformation of Heme in Unbound Reduced and Oxidized Cytochrome c Molecules 
	Ordering of Lipids in CL-Containing Liposomes upon CytC Binding 


	Conclusions 
	References

