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ABSTRACT: We report a resonance Raman and UV−vis
characterization of the active site structure of oxidatively modified
forms of cytochrome c (Cyt-c) free in solution and in complexes
with cardiolipin (CL). The studied post-translational modifications
of Cyt-c include methionine sulfoxidation and tyrosine nitration,
which lead to altered heme axial ligation and increased peroxidase
activity with respect to those of the wild-type protein. In spite of the
structural and activity differences between the protein variants free
in solution, binding to CL liposomes induces in all cases the
formation of a spectroscopically identical bis-His axial coordination conformer that more efficiently promotes lipid peroxidation.
The spectroscopic results indicate that the bis-His form is in equilibrium with small amounts of high-spin species, thus suggesting
a labile distal His ligand as the basis for the CL-induced increase in enzymatic activity observed for all protein variants. For Cyt-c
nitrated at Tyr74 and sulfoxidized at Met80, the measured apparent binding affinities for CL are ∼4 times larger than for wild-
type Cyt-c. On the basis of these results, we propose that these post-translational modifications may amplify the pro-apoptotic
signal of Cyt-c under oxidative stress conditions at CL concentrations lower than for the unmodified protein.

Cytochrome c (Cyt-c) is a 12.5 kDa soluble protein that
contains a single heme prosthetic group covalently

attached via two thioether bonds to cysteine residues in a
CXXCH motif, where the histidine residue (His18) acts as the
proximal axial ligand of the heme iron and Met80 is the sixth
ligand on the distal side.1,2

In healthy mammalian cells, this protein is found trapped
within the cristae and free in the intermembrane mitochondrial
space, where it shuttles electrons between respiratory
complexes III and IV embedded in the inner mitochondrial
membrane (IMM).1,3,4 Direct and phosphate-mediated electro-
static interactions of cationic Cyt-c with anionic and cationic
lipid components of the IMM, respectively, as well as
interactions with biomimetic self-assembled monolayers have
proven to be crucial in defining critical thermodynamic,
dynamic, and kinetic redox parameters of this electron
carrier.5−11 Among the different components of the IMM,
cardiolipin (CL) is particularly relevant as it constitutes the
only anionic phospholipid present and represents approx-
imately 10−20% of the total lipid content of the IMM and a
much smaller proportion for the outer mitochondrial
membrane (OMM).12,13 Different studies indicate that ∼15%
of the available Cyt-c is actually bound to CL in healthy cells.3,4

While the binding process is electrostatically driven, the
resulting complex has been proposed to involve the insertion
of one or two hydrocarbon chains of the lipid into hydrophobic

channels of the protein.14,15 Regardless of the mechanistic
details, it is clear that the interactions of Cyt-c with CL and
other anionic lipids induce changes in the protein tertiary and,
to a lesser extent, secondary structure, as established by a
variety of biophysical methods.8,14,16−31 These structural
changes include the breakage of the Fe−S(Met80) bond,
thereby producing a significant increase in (lipo)peroxidase
activity that has been implicated in the permeabilization of the
mitochondrial membrane trough CL peroxidation.32−37 Indeed,
the early events of apoptosis include a significant increase in the
CL levels in the OMM32,36 and the concomitant increase in
H2O2 concentration,38 thus triggering Cyt-c-mediated lipid
peroxidation, which is considered one of the pathways for
prompting the liberation of pro-apoptotic factors to the
cytosol.33 Among them, the release of Cyt-c itself to form a
multimeric complex with Apaf-1, ATP, and pro-caspase-9
(apoptosome) is one of the milestones in the cascade of events
leading to cellular suicide.39

Thus, Cyt-c/CL interactions appear to be determinant both
for sustaining and for terminating cellular life through
regulation of disparate electron shuttling and peroxidatic
functions of Cyt-c, respectively. In spite of this clear relevance,
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the multiple spectroscopic studies reported for complexes of
Cyt-c with CL and other model systems are sometimes
contradictory, particularly regarding the axial coordination of
the heme iron, which constitutes the active site for both protein
functions. For example, resonance Raman (RR) determinations
of Cyt-c bound to DOPG vesicles show the coexistence of
variable proportions of the native axial coordination pattern
(Met/His) with alternative hexa- and pentacoordinated species,
such as bis-His, H2O/His, and Fe−His, depending on the
relative DOPG/Cyt-c concentrations.24,25 Recent nuclear
magnetic resonance studies of Cyt-c/SDS complexes confirm
the bis-His form as the main component.27 MCD studies of
Cyt-c/CL complexes, on the other hand, suggest that the
coordination pattern of the ferric protein at neutral pH is Lys/
His and OH−/His,8 while RR studies of similar systems suggest
the coexistence of Lys/His and pentacoordinated Fe-His
species.23 It has been proposed that the coordinated distal
Lys in the so-called alkaline conformer may be more easily
displaced than His to adopt a catalytically active five-
coordinated form, thus favoring the Lys/His conformation.16,40

In general, it has been shown that the interactions of Cyt-c
with lipids, but also mutations such as the naturally occurring
G41S mutation, weaken the Met80−Fe bond and/or induce Ω
loop perturbations that increase substrate accessibility to the
active site, thus inducing the increase in peroxidase
activity.32,41,42

The notion that different post-translational modifications of
Cyt-c may act as inducers of the peroxidase activity adds
additional complexity and raises new questions, particularly
considering that the few available structural and functional
studies mostly refer to the modified proteins free in solution
and not to the relevant complexes with CL. Among these
modifications, ortho-nitration of tyrosine residues has been
reported for a variety of proteins under basal physiological
conditions but is significantly augmented under diverse
pathological conditions.43 While mammalian Cyt-c contains
four highly conserved Tyr residues at sequence positions 48, 67,
74, and 97, treatment with peroxynitrite leads to preferential
mononitration of the solvent-exposed Tyr74 and Tyr97.44

Nitration of Tyr97 appears to have no significant structural
and/or functional consequences in terms of electron transport
parameters and peroxidase activity. In contrast, the variant
nitrated at Tyr74 (NO2-Cyt74) exhibits distinct features,45,46

such as tyrosine deprotonation at neutral pH, which is coupled
to an early alkaline transition characterized by Met → Lys
exchange of the heme distal ligand. The structural change
results in a loss of electron shuttling capability and an increase
in peroxidatic activity of NO2-Cyt74 at physiological pH.46

Treatment of Cyt-c with reactive halogen species such as HOCl
has also been reported to induce increased peroxidase activity,
in this case ascribed to the HOCl-mediated oxidation of
Met80.47

More recently, we have reported that Cyt-c interacts
electrostatically with the most abundant lipid components of
the mitochondrial membranes, phosphatidylcholine and
phosphatidylethanolamine, through specific mediation of
phosphate anions.48 Under these conditions, the protein reacts
efficiently with H2O2 at the submillimolar levels characteristic
of the early pro-apoptotic stages.38 The reaction results in the
specific oxidation of the Met80 sulfur atom, thus yielding a
stable peroxidase with a OH−/His axial coordination pattern
(SO-Cyt).48

In this work, we report a RR and UV−vis spectroscopic study
of the conformational changes experienced at the level of the
heme ligation pattern by oxidatively modified Cyt-c species
upon interaction with unilamellar and multilamellar CL
liposomes, and the concomitant changes in peroxidatic activity.
The investigated biologically relevant post-translational mod-
ifications are tyrosine nitration and methionine oxidation,
including NO2-Cyt74, NO2-Cyt97, and SO-Cyt. As a prerequisite
for a meaningful comparison, we also revisit the axial
coordination of wild-type Cyt-c in complexes with CL
employing different pH conditions and the double mutant
H33N/H26N to obtain a reliable spectral assignment.

■ EXPERIMENTAL PROCEDURES

Chemicals. Horse heart cytochrome c (Cyt-c) was
purchased from Sigma-Aldrich (BioUltra, ≥99%). 1,2-Di[9-
(Z)-octadecenoyl]-sn-glycero-3-phosphocholine (PC), tetrao-
leoyl cardiolipin (CL), and cardiolipin sodium salt from bovine
heart (CLBH) were from Avanti Polar Lipids. Hydrogen
peroxide was from Mallinckrodt Baker, Inc., and Amplex Red
Ultra was from Invitrogen.

Preparation and Purification of the Protein Variants.
The protocols for production, purification, and characterization
of the Cyt-c mutant H33N/H26N49,50 and the post-transla-
tionally modified proteins SO-Cyt,48 NO2-Cyt74, and NO2-
Cyt97

46 were as described previously.
Preparation and Characterization of Liposomes.

Liposomes were prepared using two different protocols,
described below as methods A and B. In both cases, the
vesicle size, distribution, and stability of the preparations were
determined by dynamic light scattering (DLS; SLS-90 Plus/BI-
MAS instrument equipped with a He−Ne laser operating at
632.8 nm and 15 mW).
In method A, an ethanolic stock solution of CL (20 mM)

was rapidly injected into a vast excess of proper buffer to obtain
a final solution containing <4% ethanol. This protocol produces
multilamellar vesicles with an average radius of 100 nm [40 nm
standard deviation (SD)] and a polydispersity of <0.3 (Figure
1A).

Figure 1. Typical DLS autocorrelation functions obtained for
liposomes prepared by (A) method A and (B) method B as
mentioned in the text. The data shown are the result of three
acquisitions of 30 s. The insets show the size distributions () and
the cumulative functions (···) obtained from the analysis of the
autocorrelation functions.
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In method B, unilamellar lipid vesicles were prepared by
sonication of equimolar CL/PC mixtures. Appropriate amounts
of lipid stock solutions were mixed in chloroform, evaporated
to dryness under a gentle nitrogen stream, and then left under
reduced pressure for 1.5 h to remove any residual solvent. The
dry lipids were subsequently hydrated with 20 mM HEPES
(pH 7) (with 100 μM DTPA) at room temperature to obtain
lipid concentrations up to 5 mM. Such preparations were
further sonicated five times for 30 s on ice using an ultrasonic
probe tip sonicator. Identical results were obtained when
sonication was conducted using an ultrasonic bath at 0 °C for 2
h. The liposomes were used immediately after preparation and
presented an average radius of 25 nm (15 nm SD) and a
polydispersity of <0.2 (Figure 1B).
For both types of liposomes, DLS characterizations

performed in the absence and presence of Cyt-c and at the
beginning and end of the spectroscopic experiments exhibit no
differences within experimental error, thus indicating that both
preparations are stable under these conditions throughout the
experimental time window. All experiments were performed
using the nonperoxidizable tetraoleoyl cardiolipin (CL), except
for the determinations of O2 consumption that were performed
employing peroxidizable cardiolipin from bovine heart (CLBH).
Spectroscopic Methods. Resonance Raman (RR) spectra

were acquired employing a confocal microscope coupled to a
single-stage spectrograph (Dilor XY; f = 800 mm) equipped
with a 1800 lines/mm grating and a liquid nitrogen-cooled
back-illuminated CCD detector (2048 × 512 pixels). The 413
nm line of a continuous wave krypton ion laser (∼3 mW;
Spectra Physics BeamLok 2060) or the 458 nm line of an argon
ion laser (∼8 mW; Coherent Innova 70c) was focused on the
surface of a cylindrical quartz cuvette (Hellma) placed in a
homemade rotating device by means of a long working distance
objective (20×, NA 0.35), and the elastic scattering was
rejected with Notch filters. The sample volumes were typically
200 μL, and the spectral accumulation times were between 10
and 120 s. Before each experiment, the spectrometer was
calibrated employing Hg and Ne calibration lamps (Newport),
and all the spectra were obtained simultaneously with the
435.833 nm line from the Hg calibration lamp as an internal
spectroscopic standard to ensure reproducibility. The spec-
trometer parameters were set to obtain a 0.4 cm−1 increment
per data point and a 3 cm−1 instrumental bandpass.
After background subtraction, the RR spectra were subjected

to a component analysis as originally described by Döpner et
al.51 In this method, the experimental spectra are fitted using
complete spectra of the different species involved, which are
determined independently. The only adjustable parameters are
the relative contributions of the different component spectra,
while the spectral parameters of each component (positions,
widths, and relative intensities of the different bands) are kept
constant.
UV−visible absorption spectra were recorded either on a

Thermo Scientific Evolution Array or on a Shimadzu UV-3600
spectrophotometer using a 1.0 nm spectral bandwidth. For
UV−vis and combined UV−vis/RR experiments, protein
solutions were placed into 1 cm path length quartz cuvettes
(Hellma) equipped with a microstirrer (Labortechnik AG).
Fluorescence experiments were performed either with a PTI-
Quanta Master 4 or with a Thermo Varioskan Flash Multimode
Reader instrument equipped with temperature control.
Ultracentrifugation. The binding of the Cyt-c variants to

the liposomes was estimated using an ultracentrifugation assay

as described previously29 with minor modifications. Briefly,
PC/CL dispersions (200 μM) were prepared in 20 mM buffer
HEPES (pH 7.4, 1 mM EDTA) and brought into contact with
Cyt-c at various concentrations (1−200 μM). Subsequently, the
dispersion was equilibrated overnight at 4 °C. The lipid−
protein complexes were separated from the free protein by
ultracentrifugation for 80 min at 4 °C (160000g; Thermo
scientific, Sorvall MX120+ microultracentrifuge). The free
protein concentration was determined spectrophotometrically
using a molar absorption coefficient of 106.1 mM−1 cm−1 at
410 nm.

Determination of Peroxidatic Activity. The assays were
performed by adding 50 μM Amplex Red Ultra reagent and 25
μM H2O2 to a 0.5 μM protein solution in buffer HEPES [100
mM with 100 mM DTPA (pH 7.0)]. The fluorescence of the
oxidation product, resorufin, was monitored at a λem of 585 nm
(λexc = 570 nm) as a function of time using either a FLUOstar
Optima plate fluorimeter (BMG Labtech) or a Varioskan Flash
Multimode Reader (Thermo). The reaction rates were
determined by a linear fit of the fluorescence intensity profile.

Measurement of Lipid Peroxidation. The lipoperox-
idation activity was estimated by monitoring the oxygen
consumption of samples placed in a 2.2 mL refrigerated
chamber using a Clark-type electrode (Oxygraph 2k, Oroboros
Instruments, Innsbruck, Austria). The protocol was as
described previously52 with only minor modifications. Briefly,
CLBH/PC liposomes (200 μM) were preincubated at 37 °C in
10 mM potassium phosphate buffer (pH 7.4, 100 μM DTPA)
in the absence or presence of 20 μM WT Cyt-c, NO2-Cyt74, or
SO-Cyt. Hydrogen peroxide (100 μM) was added to the
liposome suspension after 15 min.

■ RESULTS AND DISCUSSION
Interactions of WT Cyt-c with CL Revisited. It has been

extensively shown in previous work that the interactions of
cationic Cyt-c with anionic model membranes usually lead to
the breakage of the weak Met80−Fe bond, particularly for the
ferric protein. The axial coordination of the heme iron in the
complexes appears to be dependent on the model membrane
and the specific conditions, and its assignment is not free of
discrepancies.8,23−25,27 Here we aim to correlate the active site
structure and the peroxidatic activity of oxidatively modified
Cyt-c species upon interactions with the anionic mitochondrial
lipid CL. Therefore, as a prerequisite for a consistent evaluation
of the effects of post-translational oxidative modifications, we
first investigated the interactions of WT ferric Cyt-c with CL
liposomes employing RR and UV−vis absorption as sensitive
spectroscopic probes of the heme electronic structure. For
comparative purposes, we selected two different liposome
preparations that were recently employed for investigating Cyt-
c/CL interactions.8,37 Method A yields multilamellar single-
component CL liposomes, while method B produces
unilamellar 1:1 CL/PC vesicles (see Experimental Procedures
for further details).
The injection of increasing amounts of an ethanolic solution

of CL to WT Cyt-c (method A) results in the gradual loss of
the CT absorption band at 695 nm and small blue-shifts of the
remaining bands (Figure 2 and Figure S1). The underlying
conformational transition appears to be quantitative at CL:Cyt-
c molar ratios of ∼25:1, as further injection of CL produces no
additional spectral changes. Whereas the disappearance of the
695 nm band indicates the breakage of the Fe−Met80 bond,53

the 3 nm downshift of the Soret and Q bands is consistent with

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00922
Biochemistry 2015, 54, 7491−7504

7493

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00922/suppl_file/bi5b00922_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00922


the formation of a predominant non-native six-coordinated low-
spin species (6cLS) that preserves the native proximal ligand
His18.24,25 Indeed, the absorption maxima closely resemble a
misfolded Cyt-c fragment for which a bis-His axial coordination
has been assigned.28 In addition to these main spectral features,
there is a hint of a very weak band at ∼620 nm for relatively
high CL concentrations, thus suggesting the presence of minor
amounts of high-spin (HS) species in equilibrium with the
main 6cLS alternative conformation.
Control experiments with the Cyt-c H33N/H26N double

mutant, which retains the native axial coordination (Figure
S2),50 show more distinct spectral changes upon CL injection,
including a larger downshift of the Soret band and relatively
strong absorptions at 495 and 620 nm, thereby indicating a
large population of HS species (Figure 2).
As shown in Figure 3, high-frequency RR bands ν2−ν4 and

ν10 of WT Cyt-c experience upshifts of approximately 2−5
cm−1 upon addition of CL at lipid:protein molar ratios of
∼25:1. These skeletal modes are sensitive to the porphyrin core
size and electron density and constitute characteristic markers
of the oxidation and spin states. Upshifts of this magnitude are
indicative of the formation of alternative 6cLS species as a
result of the replacement of Met80 with another strong-field
distal ligand such as His, Lys, or OH−.9,24,25,54,55 Therefore,
reference spectra for the Lys/His and OH−/His 6cLS
conformers were obtained from alkaline solutions of WT
Cyt-c at pH 10.5 and 12.4, respectively.55,56 As summarized in
Figure 3 and Table 1, the high-frequency RR bands of the
alkaline conformations exhibit relatively small but distinct
differences with respect to the Cyt-c/CL complex, thus
suggesting a different axial coordination. In good agreement
with this conclusion, the Met/His, Lys/His, and OH−/His
forms of WT Cyt-c present low-frequency RR spectra with a
qualitatively similar overall appearance and some quantitative
differences, while the spectrum of the CL/Cyt-c complex is
markedly different from those of all the other species. The
differences include a significant intensity drop of the out-of-
plane deformation modes γ5 (731 cm−1), γ12 (523 cm−1), γ21
(569 cm−1), and γ22 (446 cm−1), thus suggesting an increased
planarity of the heme that is compatible with a more symmetric

axial coordination.28,57 Moreover, the rise of a new band at 403
cm−1 strongly argues in favor of a bis-His coordination as this is
the spectral position expected for the asymmetric stretching
νas(Fe−Im2) of nonequivalent histidine ligands.28,58,59 Indeed,
the spectrum of the Cyt-c/CL complex is very similar to that
reported for the bis-His-coordinated N-fragment of Cyt-c28 and
also resembles very closely those of cytochrome c from
Methylophilus methylotrophus58 and of bis-His Cyt-c/SDS
complexes.24,25

Control RR spectra of the double mutant H33N/H26N are
also shown in Figure 3. While the spectra of WT Cyt-c and
H33N/H26N recorded in the absence of CL are identical, the
corresponding CL complexes exhibit sharp differences over the
entire spectral range. The ν3 envelope of the H33N/H26N/CL
complex includes a band at 1504 cm−1, i.e., compatible with a
6cLS species, and one additional band at ∼1492 cm−1 (Figure
S3) indicative of a HS form. The first one is compatible with
either Lys/His9,24,25,28,54,55 or N-terminal/His coordination, as
shown for a misfolded comparable double mutant from yeast.60

The position of the lower-frequency band is consistent with a
Fe−His18 pentacoordinated heme (5cHS) according to
previous assignments.9,24,25,28,54,55

On the basis of this evidence, we conclude that the heme
iron in the neutral Cyt-c/CL complex presents a bis-His axial
coordination with either His33 or His26 (or a mixture of both)
as the distal ligand and His18 in the proximal position.
Formation of similar bis-His species has been observed
previously employing GuHCl and SDS reagents under both
denaturating and nondenaturing conditions, and it was found
that it may occur with a minimal loss of secondary structure, as
indicated by IR and CD spectroscopy.24,27 This process,
however, necessarily implies tertiary structure changes
associated with the translation of the histidine residues from
the proximal to the distal side of the heme. Indeed, titration of
Cyt-c with CL results in a substantial increase in the
fluorescence emission of Trp59, which in the native Cyt-c
conformation is quenched through Förster energy transfer with
the heme (Figure S4). The emission maximum is found at
∼330 nm, i.e., very similar to those of Cyt-c complexes with
SDS, DOPS, and L-PG micelles, but blue-shifted with respect
to those of urea- and GuHCl-denaturated Cyt-c, thereby
indicating a more hydrophobic environment for Trp59 in the
Cyt-c/CL complex compared to the fully denatured pro-
tein.61−64 The increase in fluorescence shows a clear correlation
with the population of bis-His species as determined by RR
(Figure S4). In sharp contrast, alkalinization of Cyt-c solutions
is not associated with a significant increase in Trp59
fluorescence, in line with the compact structure recently
reported for the Lys/His alkaline conformer.65

Interestingly, RR spectroscopy shows that the addition of CL
to the Lys/His alkaline isomer (pH 10.5) induces quantitative
conversion to the same bis-His component obtained at neutral
pH (Figure 3).
At CL:Cyt-c molar rations above 25:1, the ν3 band of the

neutral complex displays a low-intensity shoulder at ∼1492
cm−1 (Figure S3) that suggests an equilibrium between the
main bis-His component and a minor fraction of HS species,
most likely 5cHS, in good agreement with the UV−vis data. For
CL contents below these values, complete spectral data sets
from Cyt-c titrations with CL can be quantitatively simulated
employing only the fixed bis-His and Met/His RR spectral
components in variable proportions (Figure S5), as described
in Experimental Procedures. Similar results were obtained for

Figure 2. Electronic absorption spectra of ferric WT Cyt-c (top
panels) and the H33N/H26N mutant (bottom panels). The solid and
dotted lines correspond to 10 μM protein solutions in 20 mM HEPES
(pH 7.0) before and after the addition of CL in 30:1 CL:protein molar
ratio (method A), respectively.
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the NO2-Cyt97 variant (see below). The relative intensity of
each spectral component obtained in this analysis (Ii) is related
to the relative concentration of the corresponding species (Ci)
through a proportionality factor that reflects the reciprocal RR
cross section: Ci = Ii f i/∑iIi f i. The different proportionality
factors were determined by comparing the intensities of the ν4
bands of WT Cyt-c and NO2-Cyt97 at pH 7.0, which represent
pure Met/His species, with those obtained after addition of
sufficient amounts of CL or base to achieve full conversion to
the bis-His, Lys/His, and OH−/His forms measured under,
otherwise, identical conditions. Relative concentrations of the
two alternative conformations of WT Cyt-c obtained in this
way as a function of the added CL (method A) are shown in
Figure 4A. Alternatively, the Met/His and bis-His relative
concentrations were determined by deconvolution of the Soret
absorption band into two Gaussian components with maxima at

406 and 409 nm (Figure S6 and Figure 4A), yielding results
very similar to those of the RR quantification.
Titration of Cyt-c with unilamellar CL/PC liposomes

(method B) produces qualitatively similar results. Indeed,
both UV−vis and RR spectra can be quantitatively simulated
employing the same Met/His and bis-His spectral components
found for method A. The extent of the Met/His → bis-His
conversion, however, is significantly lower in method B, thus
underlying the importance of CL relative to the diluent PC
component (Figure 4B), which is not expected to bind Cyt-c.
The data presented in Figure 4 can be rationalized in terms

of coupled binding and conformational equilibria as shown in
Scheme 1. The underlying simplifying assumptions are (i) the
contribution of the HS form is negligibly small, (ii) after
dissociation of the Cyt-c/CL complex the bis-His → Met/His
back conversion is fast and complete, and (iii) Kbound

M↔H ≫ 1.

Figure 3. Low- and high-frequency RR spectra of 10 μM solutions of Cyt-c protein variants obtained with 413 nm excitation under different
experimental conditions. From top to bottom the spectra correspond to WT Cyt-c at pH 7.0, WT Cyt-c at pH 7.0 with 250 μM CL, WT Cyt-c at pH
10.5 with 250 μM CL, WT Cyt-c at pH 10.5, WT Cyt-c at pH 12.4, H33N/H26N at pH 7.0 with 250 μM CL, and H33N/H26N at pH 7.0,
respectively. The spectra are baseline-corrected and subtracted for ethanol contributions.
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On the basis of these considerations, the coupled equilibria
depicted in Scheme 1 can be treated in terms of eq 1 with Kapp
= KMet/His

bind Kbound
M↔H:

‐
= +Klog

[bis His]
[Met/His]

log log[CL]Tot

Tot
app

(1)

This expression can be cast in a more general way by
introducing an empirical parameter n to account for possible
cooperativity effects:

‐
= +K nlog

[bis His]
[Met/His]

log( ) log[CL]nTot

Tot
app

(2)

The results of this analysis, which are summarized in Figure
4, Table 2, and Table S1, yield n ≈ 1 within experimental error,
thus indicating the lack of significant phase separation or other
possible cooperative effects under the experimental conditions
presented here. The apparent binding constants are similar to
values previously reported for Cyt-c and different anionic
lipids.25,26,34,66

As mentioned above, mixed unilamellar liposomes yield
incomplete Met/His → bis-His conversion even at a large
excess of CL (Figure 4b), thus suggesting that either KMet/His

bind or
Kbound
M↔H is lower than that of the single-component multilamellar

liposomes. In an attempt to distinguish between these two
possibilities, we performed an independent assessment of the
binding of Cyt-c to mixed liposomes employing a different
experimental approach. For this control experiments, mixed
liposomes [200 μM in CL; 20 mM HEPES (pH 7) and 1 mM
EDTA] were incubated for 12 h with various final
concentrations of Cyt-c. The lipid/protein complexes were
then separated from the free protein by ultracentrifugation, and

the concentration of Cyt-c in the supernatant was determined
spectrophotometrically. The adsorption isotherm obtained in
this way (Figure S7) is similar to those from previous reports.29

Table 1. RR Spectral Parameters of the Different Axial
Coordination Conformers of Ferric Cyt-c Determined under
Soret Band Excitation (λexc = 413 nm)

assigned axial coordination

vibrational modea Met/Hisb Lys/Hisc OH−/Hisd bis-Hise

Low-Frequency Region
ν8 350 348 347 346
ν50 363 363 367 362
δ(CβCcCd) 384 385 385 386
δ(CβCaS) 400 − − −
νas(Fe−Im2) − − − 403
δ(CβCaCb) 415, 421 414, 421 415, 422 412, 420
γ22 446 448 449 −
γ12 523 522 522 −
γ21 555, 569 554, 568 555, 568 554, 568
ν48 635, 642 634, 643 636, 644 642
γ20 656, 669 658, 668 657, 669 658, 668
ν(CaS) 693 693 692 688, 694
ν7 704 703 703 703
γ11 725 725 725 721
γ5 731 731 732 −

High-Frequency Region
ν4 1372 1374 1374 1374
ν3 1502 1504 1503 1506
ν2 1583 1586 1586 1588
ν10 1635 1636 1637 1638

aAssignment according to refs 28 and 56. bWT Cyt-c at pH 7.0. cWT
Cyt-c at pH 10.5. dWT Cyt-c at pH 12.4. eWT Cyt-c at pH 7.0 in the
presence of a 25-fold molar excess of CL.

Figure 4. Relative concentrations of the Met/His (gray) and bis-His
(black) species present in 10 μM solutions of WT Cyt-c [20 mM
buffer HEPES (pH 7.0)] as a function of CL concentration. Panels A
and B show data obtained with single-component multilamellar
liposomes (method A) and mixed PC/CL unilamellar liposomes
(method B), respectively. Data represented as solid symbols were
obtained by component analysis of the high-frequency RR spectra (λexc
= 413 nm). Empty circles and empty triangles correspond to data
obtained from low-frequency RR and UV−vis spectra, respectively.
The insets show the same data linearized and the corresponding
fittings according to eq 2.

Scheme 1. Representation of the Coupled Binding and
Conformational Equilibria of Cyt-c
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While the centrifugation assay reveals that for 10 μM total Cyt-
c the concentration of lipid-bound protein is ∼8 ± 3 μM, RR
experiments yield [bis-His]bound = 4.9 ± 0.3 μM under similar
conditions. Considering the large dispersion of the centrifuga-
tion data, this difference can be regarded as only a qualitative
indication of a slightly lower value of Kbound

M↔H in the mixed
unilamellar liposomes. This conclusion is in agreement with the
differences observed by RR for Kapp and Kbound

M↔H between the two
different preparations (Table 2 and Table S1).
The differences observed between single-component and

mixed liposomes are in line with previous observations showing
that both the binding affinity and the structural changes of the
bound protein and the membrane critically depend on the CL
content in a very complex manner.67

CL-Induced Conformational Changes of Nitrated
Cytochromes. In previous work, we have shown that the
Cyt-c variant mononitrated at Tyr97 (NO2-Cyt97) is essentially
indistinguishable from the unmodified WT protein in terms of

redox properties, the pKa for the alkaline transition, and
structural features.45,46 Indeed, the RR spectrum of NO2-Cyt97
at neutral pH is undistinguishable from that of WT Cyt-c,
displaying only the Met/His spectral component described in
Table 1. Titration of NO2-Cyt97 with multilamellar CL
liposomes (method A) produces gradual conversion of the
native Met/His conformation into the same bis-His component
described above for WT Cyt-c/CL complexes (Figure S8).
Quantitative treatment of these data in terms of Scheme 1 and
eq 2 affords binding parameters similar to those of WT Cyt-c
(Table 2 and Table S1). As for the WT protein, treatment of
NO2-Cyt97 with unilamellar mixed liposomes (method B)
produces qualitatively similar results albeit with incomplete
Met/His → bis-His conversion.
In contrast to NO2-Cyt97, the Cyt-c variant nitrated at Tyr74

(NO2-Cyt74) presents an “early” alkaline transition with a pKa

of 7.1,45,46 such that at neutral pH the RR spectrum can be
quantitatively simulated employing only two spectral compo-
nents, the Met/His and Lys/His species described in Table 1
(Figure 5).45,46

Upon titration of NO2-Cyt74 with multilamellar CL lip-
osomes, we observe the gradual appearance of the bis-His
component in the RR spectra at the expense of the Met/His
and Lys/His species (Figure 5). In addition to the main Met/
His, Lys/His, and bis-His species, we detect small amounts of a
third component that presents spectral parameters typical of a
HS heme (ν2 = 1570, ν3 = 1492, and ν4 = 1369).24 This species
becomes more evident in complexes with unilamellar liposomes
at CL:protein ratios of >10, but its contribution remains well
below 10% for the entire range of CL concentrations studied
(Figure S9).

Table 2. Equilibrium Parameters Obtained by RR
Spectroscopy for the Binding of the Different Cyt-c Variants
to CL/PC Unilamellar Liposomes (method B)a

Cyt-c SO-Cyt NO2-Cyt74 NO2-Cyt97

n 0.9 (0.2) 1.5 (0.3) 3.0 (0.8) 1.1 (0.2)
Kapp (×10

3 M−1) 5.8 (0.3) 22 (1.0) 17 (1.0) 7.2 (0.3)
Kbound
M↔H >12.5 − − >13

Kbound
K↔H − − 1.6 −

Kbound
OH−↔H − 4 − −

aResults for multilamellar single-component liposomes are listed in
Table S1. Standard deviations are indicated in parentheses. All the
parameters were obtained using eqs 2−4 and correspond to the
average of three independent experiments.

Figure 5. (A) Low-frequency RR spectra of 10 μM ferric NO2-Cyt74 measured in the absence and presence of 250 μM CL (multilamellar
liposomes). (B) High-frequency RR spectra of 10 μM ferric NO2-Cyt74 as a function of CL concentration, as indicated at the top of each spectrum.
Black lines are experimental spectra. Cyan lines are simulated spectra. Orange lines are Met/His spectral components. Red lines are Lys/His spectral
components. Green lines are bis-His spectral components. The parameters of the different spectral components are summarized in Table 1. (C)
Relative concentrations of the different species obtained from the spectra shown in panel B. All the spectra were measured with a λexc of 413 nm at
pH 7.0 (20 mM HEPES). The spectra shown are baseline-corrected and subtracted for ethanol contributions.
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The coupled binding and conformational equilibria of NO2-
Cyt74 can be treated in terms of Scheme 2, where the minor HS
species have been neglected for the sake of simplicity.
Here [bis-His]free and [Met/His]bound are neglected, as the

bis-His species is not detected in the absence of CL and the
Met/His component disappears after addition of excess CL.
Moreover, given that the titrations were performed at pH ≈
pKa, we can consider [Met/His]free ≈ [Lys/His]free. Within
these approximations, Scheme 2 affords an expression similar to
eq 2 but with Kapp = KMet/His

bind Kbound
M↔H.

In addition, the conformational equilibrium of the bound
Lys/His form can be expressed as

‐

=
‐
−

= ↔K

log
[bis His]
[Lys/His]

log
[bis His]

[Lys/His] [Met/His]

log

bound

bound

Tot

Tot Tot

bound
K H

(3)

As summarized in Table 2 and Table S1, Kapp, and therefore
Kbound
M↔H, is 2−3 times larger for NO2-Cyt74 than for WT Cyt-c

and NO2-Cyt97, thus indicating that nitration at position 74
confers a higher apparent affinity for CL and, probably, also a
higher conformational susceptibility in the complex. The
melting temperatures of the two nitrated variants, as
determined from the temperature dependence of the Trp59
fluorescence, are very similar and only slightly lower than for
WT Cyt-c (Table S2 and Figure S11), thereby suggesting that
the differences cannot be ascribed to the intrinsic instability of
NO2-Cyt74. The higher affinity is qualitatively confirmed by
independent ultracentrifugation experiments shown in Figure
S7. Moreover, the slightly but significantly higher n factor
suggests that the NO2-Cyt74 variant might be able to restructure
the lipid membrane to a lager extent than previously observed
for WT Cyt-c.67

To gain deeper insight into the interactions of NO2-Cyt74
and NO2-Cyt97 with CL, we performed titrations employing the
458 nm line from an argon laser for the RR monitoring. While
the spectra recorded under Soret excitation display only
vibrational modes from the heme, RR spectra obtained with
458 nm excitation show well-resolved bands of both the heme
group and the nitrotyrosine residues with comparable
intensities.46 The detection is selective for the basic form of
the nitrotyrosine trough the symmetric stretching of the nitro
group (νNO2

) at ∼1336 cm−1, given that only this form but not
the protonated species is in resonance with the 458 nm laser
line.46,68 As shown in Figure 6, the intensity of the νNO2

band
decreases upon injection of CL, both for NO2-Cyt74 and for
NO2-Cyt94.

This observation suggests that, upon binding to CL
liposomes, the nitrated tyrosines sense a more hydrophobic
environment that leads to protonation and concomitant loss of
the resonance condition with the laser probe. For NO2-Cyt74
free in solution, the population of deprotonated nitrotyrosine
equals the fraction of protein in the Lys/His conformation.46

Thus, the CL-induced intensity drop of the νNO2
band is likely

to reflect structural changes at the distal site of the Lys/His
conformer, particularly at the level of loop 71−85. Interestingly,

Scheme 2. Representation of the Coupled Binding and Conformational Equilibria of NO2-Cyt74

Figure 6. High-frequency RR spectra of 10 μM ferric samples of (A)
NO2-Cyt97 and (B) NO2-Cyt74 measured with 458 nm excitation in
the presence of different CL concentrations (method A; 20 mM
HEPES at pH 7.0). The spectra are baseline-corrected and subtracted
for ethanol contributions. Orange spectra were measured in the
absence of CL. Green spectra are for a 25:1 molar ratio of CL to
protein. The insets show the fractions of deprotonated nitrotyrosine
(pink) and of unbound protein (cyan) determined by RR (λexc = 458
nm and λexc = 413 nm, respectively) as a function of CL concentration.
Further details are given in the text.
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the apparent binding constant estimated from the data
presented in Figure 6A is similar to the value obtained for
WT Cyt-c from RR experiments under Soret excitation (Table
S1).
Unlike NO2-Cyt74, the free NO2-Cyt97 in solution presents

only the native Met/His axial coordination and >80% of the
nitrotyrosine residues deprotonated at neutral pH. In this case,
the intensity drop of the νNO2

band cannot be correlated with
changes at the level of loop 71−85 but, most likely, reflects the
interactions of helix 85−105 with the liposomes, including
partial unfolding at the C-terminus of this secondary structure
element, in agreement with previous observations.21,26,30,31 The
apparent binding constant (Kapp) obtained from the data in
Figure 6B is 6 × 10−3 M−1, which is lower than the value
determined from RR experiments with 413 nm excitation
under, otherwise, similar conditions (Table S1), thus indicating
that only a fraction of the adsorbed species presents partial
unfolding of helix 85−105, in agreement with previous
proposals.26

CL-Induced Conformational Changes in Sulfoxidized
Cytochrome. The controlled sulfoxidation of residue Met80
in a biomimetic environment has been recently shown to
produce a stable species (SO-Cyt) with increased peroxidatic
activity, thus suggesting a possible pro-apoptotic function for
this post-translational modification of Cyt-c.48 On the basis of
its spectroscopic features and pH dependence of the reduction
potential, the axial coordination of SO-Cyt at neutral pH has
been assigned as HO−/His.48 To corroborate this coordination
pattern, we compared the RR spectrum of neutral SO-Cyt with
those obtained for WT Cyt-c at pH 10.5 and 12.4 as reference
spectra of the Lys/His and OH−/His forms, respectively. As

summarized in Figure 7 and Table 1, the SO-Cyt variant
exhibits close spectral similarities with the OH−/His reference
spectrum and small but reproducible differences with respect to
the Lys/His form, thus further confirming the previous
assignment. Upon addition of excess CL, the spectra display
the characteristic changes that reveal the formation of the bis-
His form in equilibrium with the OH−/His species. Indeed,
complete RR data sets corresponding to the titration of SO-Cyt
with mixed CL liposomes (method B) can be quantitatively
simulated employing variable amounts of the HO−/His and bis-
His spectral components described in Table 1 (Figure 7). As no
other species are detected, the binding and conformational
equilibria can be analyzed in terms of Scheme 1 but using
HO−/His and bis-His as the intervening species. As for the
other protein variants, [bis-His]free = 0, while the data in Figure
7C suggest that [OH−/His]free is negligible at CL:SO-Cyt ratios
of >10:1; therefore, Kbound

OH↔H ≈ 3. With these approximations,
and employing eq 4 with the equation Kapp = KOH/His

bind Kbound
OH↔H,

we obtain the parameters reported in Table 2.

= +K nlog
[His/His]
[OH/His]

log( ) log[CL]nTot

Tot
app

(4)

The apparent binding constant obtained in this way for SO-
Cyt is ∼4 times larger than the value determined for the WT
protein. Control experiments based on the temperature
dependence of the Trp59 fluorescence yield a slightly lower
melting temperature for SO-Cyt (Table S2 and Figure S11),
thus suggesting an enhanced conformational flexibility of the
modified protein as the basis of the higher apparent affinity.

Figure 7. (A) Low-frequency RR spectra of 10 μM ferric WT Cyt-c at pH 12.4 (top), 10 μM ferric SO-Cyt at pH 7.0 (middle), and 10 μM ferric SO-
Cyt at pH 7.0 in the presence of 300 μM multilamellar CL liposomes (bottom). (B) High-frequency RR spectra of 10 μM ferric SO-Cyt at pH 7.0
measured in the presence of increasing concentrations of CL (unilamellar PC/CL 1:1 liposomes), as indicated on top of each spectrum. Black solid
lines are experimental spectra. Dotted cyan lines are simulated spectra. Red lines are OH−/His spectral components. Green lines are His/His spectral
components. (C) Relative concentrations of the spectral components obtained from panel A as a function of CL concentration. The symbols
represent experimental data, and the lines are the best fit to eq 4. All the spectra shown were acquired with a λexc of 413 nm and are baseline-
corrected and subtracted for ethanol contributions.
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Peroxidatic Activities of the CL/Protein Complexes.
The peroxidase activities of the different Cyt-c variants were
determined by employing the Amplex Red Ultra assay, by
monitoring the fluorescence of the oxidation product resorufin
as a function of time (see insets in Figure 8). In agreement with

previous reports,46,48 the catalytic activities obtained for the free
proteins in neutral solutions decrease in the following order:
SO-Cyt > NO2-Cyt74 > NO2-Cyt97 ≈ H33N/H26N ≈ WT
Cyt-c (Table S2). Taking NO2-Cyt74 at pH 8.5 and SO-Cyt at
pH 7.0 as pure Lys/His and OH-/His species, respectively,46,48

these assays show that the two alternative alkaline conforma-
tions present an enzymatic activity ∼7-fold higher than that of
the native Met/His form (Table 3). The enhanced peroxidase

activity is in agreement with a recent report on a Cyt-c mutant
that stabilizes a Lys/His conformer at nearly neutral pH.65

These findings are somehow puzzling because the enzymatic
activity requires dissociation of the distal ligand to allow H2O2
coordination, and therefore, one might expect the opposite
trend on the basis of the higher stability of the Lys−Fe bond
compared to that of the Met−Fe bond.65,69 This apparent
contradiction suggests that the structural details of the heme
pocket and the changes associated with the opening of the
heme crevice crucially define the thermodynamics and kinetics
of the overall dissociation reaction. Indeed, molecular dynamics
simulations show that, once the bond is broken, the energy cost
for displacing the distal ligand apart from the iron is
significantly higher for Met than for Lys.46 A similar explanation
may hold for the even higher peroxidase activity determined for
the bis-His form in the peroxidase assays of complexes of Cyt-c
with unilamellar CL liposomes (Figure 8A and Table 3).
According to these estimates, the catalytic activity of the bis-

His form is 15 times higher than for the Met/His conformer
and twice the value obtained for Lys/His and OH−/His. Note
that values previously reported for the CL-induced increase in
the peroxidase activity of WT Cyt-c span a broad range from 5
to 300.32,36,70,71 This variability may arise from the different
experimental conditions employed in terms of reducing
substrate, buffer solution, and concentrations of CL and
H2O2. The data summarized in Table 3 reflect intrinsic
differences as all the determinations were consistently
performed employing (i) low concentrations of H2O2 (12.5
μM) to prevent heme degradation, (ii) a moderate concen-
tration of CL to ensure that all the protein is adsorbed and, at
the same time, the liposomes remain unilamellar, (iii) a low-
ionic strength HEPES buffer free of phosphate, (iv) addition of
DTPA to prevent residual activity due to traces of free Fe3+, and
(v) the highly sensitive probe Amplex Red Ultra.
Addition of CL to all protein variants produces a gradual

increase in the measured peroxidase activity (Figure 8). The
SO-Cyt and NO2-Cyt74 variants exhibit a steeper initial increase
in activity compared to those of WT Cyt-c and NO2-Cyt97, but
the values attained at high CL excess are relatively similar
within experimental error (Figure 8 and Table S1). This finding
is consistent with the fact that the bis-His conformer is the
dominant species at high CL concentrations for all protein
variants. Furthermore, it points out similarities at the level of
the heme environment for the different protein/CL complexes
that suggest a common interaction mechanism. Note, however,
that control CL titrations monitored by the increase in Trp59
fluorescence show very similar behaviors for WT Cyt-c and
NO2-Cyt97, but SO-Cyt and NO2-Cyt74 exhibit significantly
broader transitions, an ∼10 nm red-shift of the emission
maxima, and also higher intensity for NO2-Cyt74 (Figure S12),
thus pointing out the need for a detailed structural character-
ization of the protein/CL complexes at the atomistic level.
Interestingly, the activity versus CL concentration profiles

shown in Figure 8 can be quantitatively simulated over the
entire concentration range by simply considering the intrinsic
activities of the different axial coordination conformers reported
in Table 3 weighted by their relative concentrations as
determined by RR. This relationship is expressed by eq 5,
where ORA refers to the overall relative peroxidase activity:

= + +

+ ‐

−ORA [Met/His] 7[Lys/His] 7[OH /His]

15[bis His] (5)

Figure 8. Overall relative peroxidatic activity determined by the
Amplex Red assay for 1 μM solutions of (A) WT Cyt-c, (B) NO2-
Cyt97, (C) SO-Cyt, and (D) NO2-Cyt74 as a function of CL:Cyt molar
ratio (method B). The solid lines represent the best fittings to eq 5,
while the dotted line in panel D is the best fit to eq 5 plus an additional
high-spin term, as indicated in the text. The insets show the emission
of the resorufin product as a function of time for the different protein
variants in the absence (gray) and presence (black) of a 50-fold molar
excess of CL.

Table 3. Peroxidase Activities of the Different Axial
Coordination Conformers, Relative to the Native Met/His
Speciesa

Lys/Hisb OH−/Hisc bis-Hisd

protein variant NO2-Cyt74 SO-Cyt M80A WT
Cyt-c/CL

relative peroxidase
activity

7.0 (1.0) 7.0 (1.0) 7.8 (0.8) 15.0 (1.0)

aStandard deviations are given in parentheses. bAt pH 8.5 (from
Figure 8B and ref 44). cFrom Figure 8C and ref 45. dFrom Figure 8A.
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Note that, while the symbols in Figure 8 represent the
measured activities, the lines correspond to ORA simulations
obtained with eq 5. For WT Cyt-c, NO2-Cyt97, and SO-Cyt, the
theoretical curves reproduce reasonably well the experimental
values, considering the experimental errors and the approx-
imations involved. For the case of NO2-Cyt74, eq 5 is
insufficient as it does not include the HS species detected
spectroscopically (see the solid line in Figure 8D). Addition of
a fifth term z[HS] to eq 5, where z is an adjustable parameter,
produces a drastic improvement in the fitting (dotted line in
Figure 8D) yielding z = 50 as the relative intrinsic activity for
the HS form. This activity falls within the range reported for
peroxidases,40 which is remarkable considering the larger errors
associated with the quantification of the minor HS species. The
good correlations obtained in all cases confirm that, for the
systems analyzed here, the intrinsic enzymatic activity is largely
determined by the axial coordination pattern and can be
transferred between protein variants. It is important to note
that, according to the analysis of the coupled binding and
conformational equilibria presented in the previous sections,
the Met/His, Lys/His, and OH−/His contributions in eq 5 are
largely dominated by unbound protein, while the bis-His and
HS contributions arise from CL-bound proteins. Thus, most
likely, each conformer shares not only the axial coordination
pattern but also some essential features of the heme
environment that, altogether, determine the peroxidase activity.
To further check this hypothesis, we determined the
consumption of molecular oxygen for WT Cyt-c, NO2-Cyt74,
and SO-Cyt in the presence of a 50-fold excess of mixed
unilamellar liposomes, i.e., under conditions of maximal
peroxidatic activity as determined in Figure 8. In contrast to
the experiments described above, these determinations were
performed employing a peroxidizable cardiolipin from bovine
heart (CLBH). The relative lipid peroxidation activities were
estimated from the initial slope of O2 consumption measured
immediately after addition of H2O2.

52 As shown in Figure S10,
NO2-Cyt74 and SO-Cyt exhibit lipid peroxidation activities
somewhat higher than that of the WT protein, but the
differences are not pronounced and remain largely within
experimental error.
Taken together, these findings show that the binding to CL

of all the Cyt-c variants studied here induces a conformational
transition to a lipoperoxidase competent species. The nitration
of Tyr74 and the sulfoxidation of Met80, however, produce an
increase in the apparent binding affinity for CL that correlates
with a different exposure of Trp59 and results in a larger
increase in peroxidase activity at lower CL concentrations.
Thus, these post-translational modifications are likely to
amplify the pro-apoptotic function of Cyt-c.
Recent studies have demonstrated that Cyt-c can be post-

translationally phosphorylated at tyrosines 48 and 97 in a tissue
specific manner.72 Interestingly, a Cyt-c variant that includes a
phosphomimetic substitution of Tyr48 presents an affinity for
CL 30% lower than that of the WT protein and requires a high
CL concentration to induce peroxidase activity,72 in sharp
contrast with Tyr74 nitration.

■ CONCLUSIONS
The binding of WT Cyt-c to CL-containing liposomes induces
protein structural changes that result in the replacement of the
distal ligand Met80 with a histidine residue, thus yielding a bis-
His alternative conformation. RR experiments show that the
bis-His form is in equilibrium with minor amounts of high-spin

species, most likely pentacoordinated, thereby suggesting a
certain lability of the distal His ligand. In agreement with this
conclusion, the bis-His alternative conformation presents a
peroxidase activity 15-fold higher than that of the Met/His
native protein and twice the values determined for the Lys/His
and OH−/His alkaline conformations. Post-translational
nitration of Tyr97 (NO2-Cyt97) has no significant effects on
the structure, redox properties, peroxidatic activity, or apparent
binding to CL liposomes. Nitration of Tyr74 (NO2-Cyt74), in
sharp contrast, presents an early alkaline transition that results
in the coexistence of similar populations of Met/His and Lys/
His species at neutral pH, with the latter presenting a 7-fold
increase in peroxidatic activity with respect to the native axial
coordination. Similar to that of the WT protein, binding of
NO2-Cyt74 to CL liposomes results in the formation of bis-His
species plus a minor fraction of a HS form at the expense of the
Met/His and Lys/His populations. The displacement of the
conformational equilibria of nitrated Cyt-c toward the bis-His
conformation is qualitatively consistent with previous observa-
tions of electrostatic complexes between monotyrosine mutants
and SAM-coated electrodes.73 Interestingly, the sulfoxidized
protein SO-Cyt, which presents OH−/His axial coordination in
neutral solution, also undergoes conversion to the bis-His form
upon binding to CL, which results in a 2-fold increase in
peroxidase activity. For all the protein variants studied here
(WT Cyt-c, NO2-Cyt97, NO2-Cyt74, and SO-Cyt), titrations
with CL liposomes yield clear correlations of the measured
overall peroxidase activities with the intrinsic activities of the
axial coordination conformers weighted by their relative
concentrations. In the presence of a sufficient excess of CL,
all protein variants are dominated by the bis-His alternative
conformational state and present similar peroxidase and
lipoperoxidase activities. Most likely, the essential features of
the heme environment that, together with the axial
coordination, determine the peroxidatic activity are also
comparable to some extent. Therefore, although post-transla-
tional nitration and sulfoxidation are associated with significant
and differential increases in peroxidatic activities in solution in
the order SO-Cyt > NO2-Cyt74 > NO2-Cyt97 ≈ WT Cyt-c,
these differences appear not to be relevant after binding to a
large excess of CL. On the other hand, the apparent binding
constants of SO-Cyt and NO2-Cyt74 to CL/PC liposomes are
nearly 4 times larger than for the unmodified Cyt-c, as
determined by RR spectroscopy, which is consistent with a
differential exposure of Trp59. The higher apparent affinity and
thermal instability are paralleled by apparent binding
cooperativity, which may be related to an enhanced ability to
induce partial restructuring of the lipid bilayer. Further work to
clarify these issues is currently ongoing.
These results suggest that nitration of Tyr74 and

sulfoxidation of Met80 may result in amplification of the pro-
apoptotic signal because of their higher affinities for CL that
induce the formation of catalytically competent species for lipid
peroxidation at CL concentrations lower than for the
unmodified protein.
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