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ABSTRACT: The interplay between the anionic phospholipid cardiolipin
(CL) and cytochrome c (cyt c) holds significance in the early stages of
apoptosis. Despite identification of up to four potential sites of interaction
between cytochrome c and cardiolipin bearing membranes, the exact mode
of interaction remains unexplained, especially given that some of the
putative binding surfaces are mutually exclusive. In this study, we utilize
millisecond time-resolved electrospray ionization hydrogen−deuterium
exchange mass spectrometry (TRESI-HDX-MS) to investigate conforma-
tional and dynamic changes in cytochrome c in the presence of various
phospholipids (DMPC, POPG, and CL) incorporated into nanodiscs. We
observe that, among the proposed binding sites, the adjacent “L”- and “A”-
sites exhibited a decrease in deuterium exchange, while the “N” site
remained unperturbed, suggesting a specific orientation of cytochrome c
with respect to cell membranes upon binding. We also demonstrate that negatively charged phospholipids with physical differences
(i.e., POPG and CL) exhibit essentially the same interaction with cytochrome c, supporting the utility of POPG nanodiscs as a model
for cytochrome c−membrane interactions.

■ INTRODUCTION
Proteins can undergo various changes in their structural
conformation, depending on pathological and physiological
processes within the cell. Therefore, it is essential to
understand the shifts in structure and conformational dynamics
proteins undergo to perform their biological functions.
Cytochrome c (cyt c) is a common “model” protein that
plays crucial roles in the mitochondrial respiratory chain and
the early steps of cell apoptosis.1−4 Under normal cell
conditions, cyt c has been well characterized as a shuttle that
transfers electrons from cyt c reductase (complex III) to cyt c
oxidase (complex IV). Once the cell experiences stress, it may
undergo the early stages of apoptosis, where cyt c acts as a
peroxidase, resulting in the oxidation of cardiolipin, altering the
fluidity of the inner mitochondrial membrane. The disruption
in the normal packing of lipids within the membrane, results in
the release of cyt c into the cytosol where apoptosomes are
formed leading to cell death.2,3,5−7 Over the past decade, many
researchers have studied the involvement of cytochrome c in
the early stages of apoptosis, where it undergoes a conforma-
tional change that converts it from electron carrier to active
peroxidase.8,9 This process is relevant for disease interventions,
particularly in the wide range of pathologies involving cells that
become insensitive to apoptotic signaling.6,8

In healthy cells, cyt c is a 12 kDa heme protein located in the
inner mitochondrial membrane, where 15% is bound to an

anionic phospholipid headgroup, cardiolipin (CL). The other
85% is free or loosely bound to the membrane via electrostatic
interactions.8,10,11 Upon cell stress, cyt c forms a complex with
CL through four particular interaction sites: A-site, L-site, N-
site, and C-site (Figure 1).1,6,8,11 Upon complexation, cyt c
unfolds into a non-native conformation that acts primarily as a
peroxidase.6,8,12,13 Although the physiology of cyt c has been
understood for more than half a century, the mechanisms of
cyt c/CL complex formation have remained underexplored
and, where information is acquired, contentious.

There exists a degree of agreement in that the interaction is
initially charge-driven, with positively charged amino acid
residues of cyt c interacting electrostatically with the negatively
charged phospholipid headgroups of the membrane.2,7−9,14,15

Among the potential binding sites, it has been suggested that
the A-site initiates complex formation through interactions
involving Lys72, Lys63, Lys86, and Lys87 as key residues,
followed by additional contacts within the C-site (Figure
1A).8,15 The A-site interactions are thought to be primarily
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electrostatic, while the C-site is involved in hydrogen bonds
and potentially hydrophobic interactions (through insertion of
a lipid tail into the hydrophobic cavity of cytochrome c).14,16,17

Another positively charged patch of residues, the L-site, has
been proposed to be involved in complex formation,
specifically Lys22, Lys25, His26, Lys27, and His33 (Figure
1A).8,18 In addition, the fourth binding site, N-site, was
recently discovered via NMR to participate in the binding of
liposomes to mediate membrane fusion (Figure 1A).3,6,8

There is a long-running debate as to whether all four of
these binding sites are directly involved in the interaction with
CL, particularly the C and L sites. Among those who have
studied structural changes that occur when cyt c interacts with
CL liposomes, C-site and L-site binding are observed under
highly acidic conditions (pH 2.6) and slightly below pH 7,
respectively.18,19 Since C-site binding is thought to be relevant
only at low pH, and we do not observe unexpected evidence
for it in this (physiological pH) study, we have omitted it from
the discussion. However, from a biological perspective, as the
local cell environment changes pH during the electron
transport chain, different structural conformations of cyt c
are present, making all other binding sites at least potentially
relevant.1,6,11

There is also substantial debate around cyt c undergoing
significant structural changes following complexation with CL
membranes. Some have proposed that cyt c undergoes a two-
step unfolding event where the His26-Pro44 hydrogen bond
breaks, leading to tertiary unfolding at the N- to C-termini and
peroxidase activity-associated M80-heme coordination (Figure
2).9 Multiple studies have shown that forming the cyt c/CL
complex leads to a broad unfolding of the tertiary structure
necessary for peroxidase activity.9,20,21

Among the few proposed specific structural models for
phospholipid binding, the lipid anchoring model, which holds
that one or two acyl chains of CL protrude out of the
membrane and is/are inserted into a hydrophobic cavity of the
protein (driving the “misfolding” of cyt c into its peroxidase
configuration), is likely the most widely promoted. In

particular, it has been argued that this occurrence may be
necessary for CL-oxidation, which is a hallmark of
apoptosis.1,12,21,22 Nonetheless, it can be argued that this
model would involve an exceptionally high free energy barrier
for “flipping” of the acyl chain(s).16

Currently, all published studies looking at the structural
changes of cyt c utilize CL-liposomes or unilamellar vesicles.
Although these often provide a suitable bilayer membrane
mimic, for peripheral membrane proteins in particular, the
interaction with the curved bilayer and surrounding solution
can affect the interaction between protein and phospholipid
headgroups.6,23 Therefore, it is essential to consider if the
membrane mimic used is representative or if it ignores the
interaction between the bilayer and the relationship with the
membrane.24 Specific to the formation of the cyt c- CL
complex, Elmer-Dixon et al. (2020) along with other studies
showed that the curvature of liposomes might provide
structural information that may not be physiologically relevant
as the surface of the inner mitochondrial membrane (IMM) is
concave, while the majority of the aforementioned studies
measure binding to the convex outer surface of the CL
liposome.7,25 Mohammadyani et al. (2018) used coarse-
grained molecular dynamics modeling to validate that CL
presence in the eukaryotic mitochondrial and bacterial
membranes induces a negative curvature.3 In this study, we
use nanodiscs, which provide a more organized, controlled, and
“flat” membrane mimic. We aim to characterize the structure
and dynamics of cyt c in its “unbound” configuration (absent
of phospholipids nanodiscs) compared to the “bound”
configuration using millisecond hydrogen−deuterium ex-
change mass spectrometry (HDX-MS). HDX-MS measures
which regions of the protein become more or less protected
from solvent exchange upon complexation, resulting either
from intermolecular interactions or rearrangement of the
intramolecular hydrogen bonding network.26 Using short HDX
labeling time points (milliseconds to seconds) allows for the
detection of changes in the structure of weak (or fast cycling)
binding interactions or subtle shifts in conformation.26

■ EXPERIMENTAL SECTION
Protein Purification. MSP1D1 was expressed and purified

from E. coli BL21-CodonPlus (DE3) cells containing the
pET28a-MSP1D1 vector (Addgene). The protein purification
process is described in detail by Oganesyan et al. (2021).27 In
short, the sonicated supernatant postlysis was purified using
Ni2+ affinity gravity chromatography with three washes of
increasing concentration of imidazole followed by an elution
buffer using 0.4 M imidazole. The protein was concentrated to
4 mg/mL and stored in 20 mM Tris/HCl, 100 mM NaCl, and
1 mM EDTA buffer pH 7.0 with 25% glycerol at −80 °C for
future use. This particular length of MSP1D1 produces
nanodiscs with a diameter size of 10 nm, which is acceptable
for cyt c with a diameter of 3.4 nm.5

Production, Purification, and Validation of Nano-
discs. Nanodiscs were made according to established
protocols.28−30 For this study, four types of lipid constituents
for nanodiscs were used: 100% 14:0 DMPC (1,2-dimyristoyl-
sn-glycero-3-phosphocholine, Avanti Polar Lipids cat no.
850345P) as the negative control, 100% 16:0−18:1 POPG
(1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
(sodium salt), Avanti Polar Lipids cat no. 840457P) as the
positive control, 100% 18:1 CL (1′3′-bis[1,2-dioleoyl-sn-
glycero-3-phospho]-glycerol (sodium salt), Avanti Polar Lipids

Figure 1. (A) Structural models (PDB 1HRC) showing proposed
sites of interaction between cytochrome c and phospholipid
membranes, corresponding to the A-site (T49−K55, N70−I81), the
C-site (N52), the L-site (V3−K27, Y97−A101), and the N-site
(E21−Y48, K53). (B) A proposed model for cytochrome c
phospholipid interactions with structural changes, adapted from ref
6 under creative commons attribution license, copyright 2020
Antonio Diáz-Quintana et al.
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cat no. 710335P), and 80:20 DMPC:POPG. All nanodiscs
were formed using MSP1D1 as the membrane scaffolding
protein. First, DMPC and POPG lipids were suspended in
HPLC-grade water to a final concentration of 200 mM, diluted
further in 100 mM sodium chlorate, and sonicated in a heat
bath until the lipid solution appeared clear. The lipid-to-MSP
ratio was calculated where the ratios for DMPC, POPG, CL,
and DMPC:POPG are 1:80, 1:60, 1:25, and 1:80:20,
respectively. Nanodiscs containing DMPC lipids were first
incubated at its transition temperature at room temperature
(transition temperature is 25 °C) for 20 min and then at 4 °C
for 1 h, and POPG lipids (transition temperature is 4 °C) were

incubated at 4 °C for 1 h before incubation with biobeads SM
Absorbents (Biorad, cat no. 152-8920). DMPC was incubated
with biobeads for 2 h at 4 °C, while POPG required 4 h at 4
°C. For the formation of CL nanodiscs, the following protocol
provided the best results: 5 mg of CL lipids was resuspended in
20 mM HEPES buffer, pH 7.2, and sonicated until transparent
before adding 2 mg of MSP1D1 to a final volume of 1.5 mL.
The transition temperature of CL is ∼50 °C; therefore, the
sample was then incubated in a 48−50 °C water bath until the
solution appeared clear with no visible lipid particles.

Size exclusion chromatography (SEC), SDS-PAGE, and
nuclear magnetic resonance (NMR) were used for nanodisc

Figure 2. Size-exclusion chromatography with corresponding SDS-PAGE protein bands of prepared nanodiscs. (A) 1,2-Ditetradecanoyl-sn-
glycerol-3-phosphocholine DMPC 14:0 nanodiscs, (B)1-exadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium salt)
16:0/18:1 POPG nanodiscs, (C) cardiolipin CL 18:0 nanodiscs, and (D) mixture of 80%DMPC and 20% POPG nanodiscs. The chemical formulas
of DMPC, POPG, and CL are displayed in each panel A−C. Samples were run on a Superdex 200 prep grade column (300 mm × 7.8 mm),
monitoring absorbance at 280 nm. SDS-PAGE gels are displayed under the respective chromatograms corresponding to fractions collected. The
molecular weight marker (MWM) band corresponds to the 25 kDa standard (Thermofisher, cat no. 26620).
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purification and validation. Nanodiscs were purified from free
lipids or MSP using SEC on Waters H-class using an in-house
packed column packed with Superdex 200 prep-grade beads
(300 × 7.8 mm) in 20 mM HEPES pH 7.2 (Cytiva, cat no. 17-
1043-01). Protein standards (Biorad, cat no.1511901) were
used to evaluate the separation of the in-house column (Figure
S8) at a flow rate of 1 mL/min. Nanodisc were purified at a
flow rate of 0.5 mL/min. Fraction volumes of 0.5 mL were
collected, and 12.5% SDS-PAGE gels were used to confirm
that fractions contained MSP. Fractions that contained MSP
were collected and concentrated to 150−300 uM with 20%
D2O final concentrations for NMR verification.

Nanodisc verifications were acquired on a Bruker DRX600
NMR spectrometer operated with XWINNMR software,
version 3.5. The samples were prepared in a 3 mm NMR
tube and acquired with a 5 mm broadband observe probe at 22
°C. The 1H decoupled 31P NMR spectra were acquired using a

30-degree 4.8-s pulse, 131,072 data points, and a relaxation
delay of 0.1 s. The data was processed using a 2 Hz line
broadening function. The instrument was calibrated using
phosphoric acid and spectrum processed using TopSpin v4.1.3.
TRESI-HDX-MS of Cytochrome c Nanodisc Interac-

tions. The complexes were assembled at a 1:1 molar ratio
before TRESI-HDX-MS experiments, where the final concen-
tration of cyt c was 5 uM in 20 mM HEPES at pH 7.2. The
experimental setup design followed an established protocol
with minor modifications.31,32 The protein complex passes
through the notched region of the inner capillary, mixing with
D2O in the outer capillary with a final concentration of 50%
D2O, for various time points. Before protease digestion, the
labeled sample was quenched using 0.5% formic acid in water.
The resulting peptides were desalted, trapped, and separated
on an ACQUITY UPLC BEH C18 VanGuard Pre-column
(Waters, MA). Eluted peptides were ionized by electrospray

Figure 3. Summed difference plots of % deuterium uptake of the complex with nanodiscs and cyt c. (A) HDX difference plot of cyt c in the
presence of DMPC nanodiscs, (B) HDX difference plot of cyt c in the presence of POPG nanodiscs, (C) HDX difference plot of cyt c in the
presence of CL nanodiscs, and (D) HDX difference plot of cyt c in the presence of 80:20 DMPC: POPG nanodiscs. (E and F) Structural
visualization of the interaction between the A- and L-site of cyt c (PDB: 1HRC) and the nanodisc surface. Statistically significant decreases in
deuterium uptake upon complexation are depicted by the colored bars, with a significance determined by a threshold for each peptide (2σ, n = 4−
12). The gray-colored bars displays nonstatistically significant changes between the bound and unbound states. To be considered statistically
significant, the ΔHDX must exceed the gray line, which is two times the summed propagated error.
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and detected using a Synapt G2S mass spectrometer (Waters,
MA). The mass spectrometer was equipped with an IMS to
provide additional peptide separation. An LC gradient from 5%
to 35% 0.1% FA in acetonitrile was used to elute peptides for
analysis, followed by a 15 min hold at 85% acetonitrile to elute
trapped lipids between each injection. The generated peptides
were identified using ProteinLynx Global Server (PLGS),
Table S1. All time points were acquired in quadruplicate
technical replicates.

■ RESULTS AND DISCUSSION
Verification of Nanodiscs Using Size-Exclusion

Chromatography and NMR. The purification and verifica-
tion of nanodiscs was conducted using size-exclusion
chromatography (SEC), SDS-PAGE, and 1D 31P NMR.
Figure 2A−D illustrates the UV280 trace of DMPC, POPG,
CL, and DMPC:POPG, respectively, along with the SDS-
PAGE bands corresponding to the MSP in specific fractions.
Due to the heterogeneity of nanodisc assembly, SEC allowed
for the initial evaluation of the preparation, where the
chromatograms are normalized to the maximum peak intensity
and the relative yield of nanodiscs compared to empty
liposomes or lipid-free MSP. SDS-PAGE analysis of the SEC
fractions reveals a protein band corresponding to MSP1D1
(∼24 kDa) with high purity (Figure S1). In DMPC and POPG
samples, the ratio between MSP and lipids resulted mainly in
aggregation/liposomal formation in addition to nanodiscs, as
confirmed by SEC.33 Although aggregation/liposomes were
found in the sample preparation, only fractions containing the
highest concentration of MSP1D1 (with a retention time of
∼14 min) were used in further analysis.

Interestingly, peaks of CL nanodiscs shift toward a shorter
retention time compared to POPG nanodiscs, from which the
CL phospholipid is derived.6,34 Since the size of the nanodiscs
is governed by the packing protein used in both cases
(MSP1D1), this shift in retention may be a consequence of
interactions between the agarose-dextran matrix of the column
beads rather than a size difference.35 Differences in retention
times have been observed with different ratios of differently
charged phospholipids,36 but in this case these differences
likely reflect different charge densities for “cylindrical” single
tailed phopsholipids (POPG), and “conical” double tailed
phopsholipids like CL, something that will come into play for
nanodisc/cyt c interactions.25,37,38 It is also a possibility that
CL is forming nonconnonical nanodisc-like structures, for
example with alternate MSP wrapping,39 that have a larger
average size than the canonical form.

Selected fractions from DMPC (14 min), POPG (14 min),
and CL (11 min) nanodiscs were verified by using 1D 31P
NMR (Figure S2). The presence of formed nanodiscs was
characterized by a sharp peak around 0 ppm in each NMR
spectrum. The NMR peaks produced from nanodiscs were
compared to the NMR peaks produced from liposomes
(Figure S2). These results correlated well with those of others
who have previously confirmed the presence of nanodiscs
using 31P NMR.40−42

The Cyt c Nanodisc Binding Interface. TRESI-HDX-MS
was used to obtain conformational insight into the interactions
between cyclic cation and various phospholipid headgroups in
nanodiscs. As previously described, this method allows for
insight into conformational dynamics with labeling times in the
millisecond to second time regime, with the ability to detect
both direct interactions and subtle changes in conformational

dynamics due to complex formation.26,43 TRESI-HDX is
particularly useful in difference HDX measurements when the
“bound” condition involves rapid cycling between “on” and
“off” states, which is common for weak binding interactions
(but, less appreciated, also quite possible for relatively “tight”
binders if kon and koff are both high). This situation results in
an early (ms to s timesccale) “time of maximum difference”
between kinetic profiles arising from the bound and unbound
conditions. While the kinetics and thermodynamics of the
interactions between cyt c and nanodiscs have not been
characterized, the low amplitude of our HDX difference data
suggest a relatively weak interaction, and the early times of
maximum difference support a fast-cycling one.

Sequence coverage of 87.6%, and 3.00 redundancy was
achieved using an in-house NHS-pepsin column (Figure S3).
These experiments included three time-points (0.5, 2, and 5 s)
of four different protein states: cyt c alone, cyt c with 10 nm
DMPC nanodiscs, cyt c with 10 nm POPG nanodiscs, and cyt
c with 10 nm CL nanodiscs. Figure 3A−D bar plots illustrate
the summed difference in deuterium uptake between bound
cyt c and free cyt c, integrated over 3 time points (each of
which was measured in quadruplicate, Figures S4−S7). These
differences are mapped onto the 1HRC PDB structure for
POPG and CL nanodiscs in Figure 3E,F. The observed HDX
differences are small, suggesting a relatively weak and dynamic
interaction, but they are reproducible, consistently independ-
ently measured in redundant peptides, and statistically
significant (to 2σ, n = 4−12, Table S2). It is essential to
note that these differences were observed for nanodiscs
containing 100% anionic phospholipid (POPG and CL), but
not for nanodiscs containing DMPC. This is expected, since
DMPC is neutral, and it was used here as a negative control to
determine if phospholipid or MSP affected the deuterium
uptake of cyt c in the absence of significant specific
interactions. Furthermore, in support of our findings, Imai et
al. (2016) observed similar results when conducting para-
magnetic-quench EPR experiments on horse heart cyt c,
supporting the idea that other negatively charged lipids
(specifically in their case DOPG) can elicit CL-like structural
changes in cyt c.44

Upon complexation, significant deuterium uptake differences
are observed in two regions of cyt c, corresponding to a.a. D2-
F10 and M65-F82. These regions are exactly in agreement with
the putative L and A binding sites, as proposed from various
studies using NMR, FTIR, and MALDI-TOF.3,5,6,18 In
addition, Mohommadyani et al. (2018) provided evidence of
simultaneous engagement of two binding sites, which over-
lapped mainly with the A- and L-sites using molecular docking,
which was evaluated using solution NMR.3 These two
hydrophobic patches on the protein’s surface may serve as a
membrane anchor, as both domains are near lysine residues,
providing additional electrostatic interactions with the
phospholipid head groups (Figure 3E,F).3,5 Importantly, in
the presence of CL, HDX an additional decrease in uptake was
observed in peptides F82-L94. Recently, Li et al. (2019)
observed, using solid-state NMR, that upon complexation with
LUVs containing CL, I81 and F82 induce spectral changes.45

Furthermore, dynamic changes in the residues N70−I85 loop
have been reported as a selectivity for CL.45

Conformational Restructuring of Cyt c upon Com-
plexation. Apart from the sites of initial interaction, there has
been extensive debate about the nature (or occurrence) of
substantial structural changes in cyt c upon complexation.
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Multiple groups have observed significant differences in cyt c
structure in the presence of phospholipids and attributed them
to tertiary structural changes of the protein upon bind-
ing.1,4,6,7,46 It remains to be seen if the observed tertiary
structural changes are due to a large [cyt c]/[CL] ratio16 or
perhaps crowding of cyt c on the membrane surface, as this
ensemble is challenging to probe.6 The current published
literature has shown that two distinct types of CL-bound cyt c
conformations can be observed: a largely unfolded one and
another with native-like compactness.46,47 However, others
have provided evidence that cyt c upon CL-binding remains
unaltered. Wand and collaborators provided evidence using
reverse lipid micelles by NMR to show that upon binding to
CL phospholipid, cyt c remains unaltered.48 This latter model
is in line with our HDX data, which provide no evidence of
significant unfolding of cyt c upon complexation.

Other research groups have also provided evidence of this
using different methods like HSQC (NMR), and the structural
conformation of cyt c in the presence and absence of vesicles
overlapped quite well.49 Solid-state NMR showed that in the
presence of DOPC/CL unilamellar vesicles, the cyt c/CL
complex promoted peroxidase activity without substantially
affecting the 31P or the 13C frequencies of the lipid glycerol
signals.49 This further supports our data that cyt c in the
presence of CL phospholipids remains largely structurally
unaltered.

It was not until recently that various research groups, such as
Ripanti et al. (2021), provided evidence against the lipid
anchorage model.16 Their study using Attenuated Total
Reflection InfraRed spectroscopy (ATR-IR) and Fluorescence
Resonance Energy Transfer (FRET) experiments concluded
that there was no evidence of the insertion of a lipid acyl chain
in the cyt c hydrophobic core. Instead, the insertion occurred
only when the ratio of [Cyt c]/[CL lipids] exceeded 0.15. CD
measurements also supported this finding where evidence of
tertiary structural changes was observed on the protein when
the ratio of [Cyt c]/[CL lipids] was more significant than
0.2.16,46 Therefore, it remains unclear whether the structural
differences observed are related to the experimental conditions
or methods used. It is also hard to determine if liposomes are
biologically relevant in understanding the structural dynamics
of cyt c in the presence of CL because various groups have
determined tertiary unfolding while others using similar
methods showed no differences.47 Furthermore, some have
attempted to use molecular modeling to manually dock one or
two acyl chains into the heme moiety. Still, results demand a
substantial conformational change to provide a channel where
the acyl chain may be lodged.50,51 Ultimately, our HDX data
do not support a substantial degree of lipid anchorage even for
100% CL nanodiscs.
Mixed Lipid Nanodiscs. It can be argued that the

conformational changes observed in 100% CL nanodiscs are
not representative of the mitochondrial membrane and can
drive nonphysiological conformational changes of cyt c. In
mitochondria, CL phospholipids typically represent between 5
and 20% of the total lipid content of the inner membrane;
therefore, producing nanodiscs that contained 80% DMPC and
20% CL would be ideal. However, after various attempts, we
were not successful in making multicomplex nanodiscs with
DMPC and CL.6 This could be due to the differences in
sample preparation using the two different lipids. We were able
to generate nanodiscs using an 80:20 DMPC:POPG ratio;
however, we were unable to detect binding to these nanodiscs

(Figure 3D), which may result from strongly favored
incorporation of DMPC during reconstitution, or simply
binding below our threshold of detection. Nonetheless, our
data suggest that the general features of cyt c membrane
interactions�interactions at the A- and L- sites, without a
substantial subsequent conformational change�are retained
for different negatively charged phospholipids, so that even
pure POPG nanodiscs can serve as a reasonable in vitro model
for cyt c membrane interactions.

■ CONCLUSIONS
Cyt c exhibits great functional complexity despite being a small
protein with a relatively simple global fold. Here, we have
provided evidence regarding the interaction of cyt c with flat-
structured nanodisc membrane mimics. In HDX, the
membrane-bound protein reveals aspects of the initial
membrane interaction through the proposed A-site and L-
site under physiological pH conditions. Further character-
ization of the dynamics of cyt c in the presence of CL
compositions, such as tetra-stearyl-cardiolipin22 and tetra-
myristoyl-cardiolipin,21 embedded nanodiscs is required, as the
affinity of cyt c to these lipids differ and correlates to its
peroxidase activities. In addition to the presence of H2O2, such
studies provide a better understanding of the mechanism
required to release cyt c during the early stages of apoptosis. It
may support further development of therapeutic approaches.
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