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ABSTRACT: Cytochrome c (cyt c) is a multifunctional protein
with varying conformations. However, the conformation of cyt c in
its native environment, mitochondria, is still unclear. Here, we
applied NMR spectroscopy to investigate the conformation and
location of endogenous cyt c within intact mitochondria at natural
isotopic abundance, mainly using widespread methyl groups as
probes. By monitoring time-dependent chemical shift perturba-
tions, we observed that most cyt c is located in the inner
mitochondrial membrane and partially unfolded, which is distinct
from its native conformation in solution. When suffering oxidative
stress, cyt c underwent oxidative modifications due to increasing
reactive oxygen species (ROS), weakening electrostatic interactions
with the membrane, and gradually translocating into the inner
membrane spaces of mitochondria. Meanwhile, the lethality of oxidatively modified cyt c to cells was reduced compared with normal
cyt c. Our findings significantly improve the understanding of the molecular mechanisms underlying the regulation of ROS by cyt c
in mitochondria. Moreover, it highlights the potential of NMR to monitor high-concentration molecules at a natural isotopic
abundance within intact cells or organelles.

■ INTRODUCTION
Cytochrome c (cyt c) is a highly conserved heme protein that
transfers electrons in the respiration chain of mitochondria.1,2

It also acts as a scavenger to resist oxidation damage,3 making
it a useful first-aid medicine for hypoxia.4 In addition, cyt c
induces cell apoptosis when released to the cytosol under
certain stimuli, such as DNA damage or oxidative stress.5,6

To meet multifunctional needs, the conformation of cyt c
shows flexibility and high adaptability.7 Extensive studies have
been conducted to elucidate its various conformations under
different solution circumstances.1 The structure of cyt c
comprises five α-helices, two short antiparallel β-sheets, and a
conserved heme group that is deeply embedded in the
hydrophobic center.8 Typically, the iron of heme is six-
coordinate in its native state. H18 and M80 axially bond to the
iron that expels solvent from the center.9 When the
surrounding environment changes, the Fe-M80 bond can be
easily disrupted, leading to a partially unfolded conformation
of cyt c with high peroxidase activity.10 For instance, the Fe-
M80 contact is substituted by Fe−K79 or Fe−K73 at high
pH.11 Furthermore, the conformation of cyt c is also
influenced by temperature and pressure.12,13

In mitochondria, where cyt c is mainly located in eukaryotic
cells, more specific factors influence the structure and function

of cyt c. At first, mitochondria keep redox environments inside
for the respiration of cells, which generate reactive oxygen
species (ROS).14,15 These ROS, such as H2O2, oxidize cyt c at
M80, Y67, and lysines from surface to depth, leading to the
rupture of the Fe-M80 bond and promotion of the peroxidase
activity.16,17 Second, it has been well-studied that the
electrostatic interactions between cyt c and cardiolipin (CL)
in the mitochondria membrane can cause an expansion of the
structure of cyt c and rupture of the Fe-M80 bond as well.18,19

Brazhe et al. detected that cyt c contains a ferric heme in intact
mitochondria by surface-enhanced Raman spectroscopy,20

while the tertiary structure of the protein and potential
alterations in mitochondria remain unknown.

Probing the structures of proteins in cells and organelles is
very challenging. The development of in-cell fluorescent
probes,21,22 electron paramagnetic resonance (EPR),23−25
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nuclear magnetic resonance (NMR),26−28 and other tech-
nologies have provided great insights into the conformations of
proteins in vivo. The investigation of various advanced sample
preparation techniques,29−31 such as protein overexpression,
isotopic labeling, and electroporation technique, has empow-
ered NMR as a formidable tool for in situ protein
detection.26−28 This technique has even been used to probe
the conformation of proteins in mitochondria.32 However,
certain proteins that are challenging to express render these
biomolecular techniques less effective, thereby constraining the
utility of NMR. Moreover, there are doubts regarding the
artificial enrichment of proteins within cells due to the
potential for inducing unknown effects, such as the occurrence
of the “protein burden” effect.33−36

In this work, naturally occurring conformations of cyt c were
investigated in yeast mitochondria by using NMR spectroscopy
(Figure 1). With a concentration range of 0.5−5 mM in
mitochondria,37,38 cyt c has the potential to be detected by
NMR directly under natural isotopic abundance. 1H−13C
NMR spectra demonstrate that the conformation of cyt c in
mitochondria is significantly different from that of its native
state in solution. The protein is partially unfolded, with a five-
coordinated heme, and mainly binds to CL in the inner
mitochondrial membrane (IMM). Real-time tracking of the
protein using NMR reveals that cyt c undergoes oxidative
modification under oxidative stress, followed by release from
IMM, and its protein concentration increases in the
intermembrane space (IMS) of mitochondria. Furthermore,
the oxidatively modified cyt c exhibits less depression in cell
growth, suggesting that the oxidative modification of cyt c
protects the cell against apoptosis.

■ MATERIALS AND METHODS
Materials. CL, digitonin, Janus green B, and D2O were purchased

from Sigma-Aldrich (Merck, Burlington, MA, USA). The DCFH-DA
kit, BCA Protein Assay Kit, MTT cell proliferation and cytotoxicity
detection kit, and MitoTracker Red CMXRos were obtained from
Beyotime Biotechnology (Shanghai, China). H2O2 and glycerol were
purchased from Sinopharm Chemical Reagent Co, Ltd. (Shanghai,
China). The mitochondria and cyt c were prepared in fresh 0.1 M
sodium phosphate buffer (PBS) with pH 7.4.
Extraction of Mitochondria. Mitochondria were extracted from

wild-type yeast cell strain BY4741, following a protocol described
before.39 Yeast was cultured in YEPD media (1% yeast extract, 2%
peptone, and 2% glucose) for 48 h, and differential centrifugation and
sucrose density gradient centrifugation were performed to extract
crude mitochondria and high-purity mitochondria from the cells. The
concentration of the isolated mitochondria was measured using the
BCA Protein Assay Kit. All the experiments on mitochondria samples
were conducted within 2−3 h after the extraction.

Separation of the Intermembrane Space and Inner
Mitochondrial Membrane. IMS and IMM were separated by
following a previously reported protocol.40 The protein in the IMS
was released by dissolving the outer mitochondrial membrane
(OMM) using digitonin, and the supernatant was collected after
10000 g of centrifugation for 30 min. Digitonin is a nonionic
detergent commonly used to separate mitoplast (IMM and matrix)
from OMM.40,41 Electrostatic interaction drives the interaction
between cyt c and CL, and therefore the remaining precipitates
were treated with 150 mM NaCl to release the rest of the cyt c from
IMM.42 The released cyt c was then obtained by collecting the
supernatant after another round of 10000 g of centrifugation for 30
min.
Preparation of Cyt c. The yeast iso-1 cyt c used in this study was

labeled with 15N and 13C and expressed in Escherichia coli BL21(DE3).
Purification was carried out using a two-step method involving a
cation exchange column and size-exclusion chromatography col-
umn.43 Ferrous and ferric cyt c were prepared for NMR detection by
adding extra sodium L-ascorbate (SLA) and K3[Fe(CN)6] into 0.1 M
PBS buffer (pH 7.4), respectively.
Preparation of the CL Liposome. The CL liposome was

prepared according to a reported protocol.44 A 5 mL ethanol of CL
was evaporated under a vacuum at 318 K to form an adherent film,
which was then dissolved in 1 mL of precooled 0.1 M PBS solution at
277 K. The dissolved solution was sonicated in an ice bath for 15 min
to obtain uniform CL liposomes on ice. The particle size and
uniformity of the prepared liposomes were checked by dynamic light
scattering (DynaPro NanoStar, Wyatt, Santa Barbara, CA, USA).
Detection of the Activity and Integrity of Extracted

Mitochondria. The commonly used mitochondrial staining kit,
Janus green B (0.2%), was utilized to visualize intact mitochondria.
The integrity of the mitochondrial membrane was assessed using a
MitoTracker Red CMXRos dye (20 nM). A stock of mitochondria
with a total protein concentration of 1 mg/mL was prepared, then
divided into five EP tubes, and incubated at 30 °C. For every 3 h, one
aliquot was taken out, separated into two pools, and then stained by
Janus green B and MitoTracker Red CMXRos dye, respectively. After
being stained, the samples were further diluted to get a suitable
concentration for observation. All staining results were viewed with a
Nikon Eclipse Ts2R microscope (Nikon Corporation, Japan). The
profiles of light intensities were plotted and analyzed by the software
(NIS-Elements D 5.10.00) associated with the Nikon microscope.
Detection of the Functionality of Extracted Mitochondria.

Succinate dehydrogenase in functional mitochondria can metabolize
and reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT).45 The process is accompanied by the production of
blue-purple formazana, which is insoluble in water. The formazana
particles can be dissolved and colored with isopropyl alcohol. So, the
color of formazana particles can indicate the functionality of
mitochondria mixing with MTT.

A stock of mitochondria with a total protein concentration of 5
mg/mL was prepared and aliquoted into 15 tubes. All samples were
kept at 30 °C until three tubes were taken out every 3 h. The three
tubes of samples were used as parallel tests. MTT was added into each
tube following the kit instructions, and isopropyl alcohol was added

Figure 1. Scheme of the strategy for detecting the conformation and translocation of endogenous cyt c within mitochondria.
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after a 4 h incubation. Finally, UV absorbance around 570 nm was
measured when the particles were completely dissolved in samples
using a SpectraMax i3x multimode plate reader (Molecular Devices,
San Jose, CA, USA).
Measurement of the Oxygen Consumption Rate of

Extracted Mitochondria. Oxygen consumption rate (OCR) is
one of the main indexes of respiration. It can be used to evaluate the
metabolic status of mitochondria.46,47 OCR of mitochondria was
measured at Shanghai Fuda Testing Technology Group Co., Ltd.
(Shanghai, China) by using a Seahorse Energy Metabolism Analyzer
(Agilent Technologies, XFe24, USA). The mitochondria stock with a
total protein concentration of 2 mg/mL was kept at 30 °C. For every
3 h, the OCR was recorded with three parallel samples.
Identification of the Cyt c in Living Mitochondria. To

confirm the NMR signals from cyt c in mitochondria, 15N and 13C-
labeled cyt c were introduced into mitochondria via electroporation,
as described previously.48,49 The mitochondria with protein
concentrations of 20 mg/mL were divided into 100 μL aliquots,
mixed with cyt c, and then electroporated using an Eppendorf
Electroporator (Hamburg, Germany) at 1250 V in a cold electro-
poration cuvette with a 2 mm gap (Bio-Rad). It is important to notice
that any remaining cyt c after electroporation was removed through
multiple centrifugations.
Detection of the Carbonylation of Cyt c. Contents of carbonyl

on cyt c were detected using 2, 4-DNPH kits and manipulated
following the kit instructions. The proteins were reacted with 2, 4-
DNPH, and the UV absorbance around 370 nm was measured using a
SpectraMax i3x multimode plate reader (Molecular Devices, San Jose,
CA, USA), according to the kit instructions.
Detection of the Internal ROS in Mitochondria. To identify

ROS within the mitochondria, we utilized DCFH-DA kits and

followed the procedures outlined below: the fluorescent dye was
mixed with the mitochondrial solution, which had a protein
concentration of 20 mg/mL, at a volume ratio of 1:1000. After 20
min of incubation at 303 K, the fluorescence of this mixture was then
measured using a SpectraMax i3x multimode plate reader.
NMR Experiments. The mitochondria were suspended in 0.1 M

PBS (pH 7.4) with 10% D2O, at a final protein concentration of 20
mg/mL for NMR determination. All NMR experiments were
conducted at 303 K on a Bruker Avance III 700 MHz NMR
spectrometer equipped with a TXI cryoprobe. 2D 1H−13C HSQC
spectra were acquired with spectral widths of 20.00 and 40.00 ppm for
1H and 13C, respectively, using 2048 and 128 complex points. The
number of scans was 32. For high-resolution HSQC spectra used to
identify the homonuclear scalar coupling between adjacent carbons,
the spectral width of the 13C dimension was 15.00 ppm. All NMR
experimental data were processed with Bruker Topspin 4.0.1 software
(Bruker, Billerica, MA, USA).
EPR Experiments. A 0.5 mM cyt c sample and a stock of

mitochondria with a total protein concentration of 30 mg/mL were
prepared in 20 mM HEPES buffer with 10% glycerol (pH 7.0),
respectively. The samples were transferred into 4 mm quartz tubes
and flash-frozen using liquid nitrogen for about 5 min before being
put into an EPR spectrometer. EPR spectra were recorded at 10 K on
an X-band EPR spectrometer (CIQTEK-EPR100) under the
following conditions: a microwave frequency of 9.736 GHz, a
microwave power of 0.2 mW, a modulation frequency of 100 kHz, a
modulation amplitude of 1 G, and a time constant of 100 ms. The
data processing and baseline calibration were completed by Origin
9.1.
Observation of the Effect of Cyt c on the Growth of Yeast

Cells. The yeast was cultured to an OD of 2.0 in 10 mL of liquid

Figure 2. 1H−13C HSQC spectra of intact mitochondria and cyt c under various conditions. (A,B) Spectra of intact mitochondria without and with
13C-labeled cyt c, respectively. (C) Overlay of (A,B). (D,E) Spectra of ferrous and ferric cyt c at a concentration of 0.1 mM, respectively. (F)
Overlay of (D,E). (G,H) Spectra of 0.1 mM cyt c in the presence of 3.2 mM CL liposome and 0.5 mM H2O2, respectively. (I) Overlay of (G,H).
(The green arrows represent one set of cyt c signals in mitochondria, which is the same as those bound to CL, the black arrows represent another
set of cyt c signals in mitochondria, which is the same as those mixed with H2O2, and the asterisks represent other signals primarily originating from
lipids in mitochondria).
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YEPD medium and then equally divided into several groups for
various experimental conditions. The yeast cells were electroporated
with 0.5 mM cyt c treated with varying concentrations of H2O2 in the
SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH,
pH 7.2), while the control group received the same amount of buffer
solution. The yeast was then grown in a solid and liquid YEPD culture
medium. The number of yeast cells was recorded throughout different
durations of culturing. The solid medium was photographed, and cells
of the liquid medium were counted using a blood cell count plate.

■ RESULTS AND DISCUSSION
Endogenous Cyt c within Intact Mitochondria Can Be

Detected by NMR. The methyl group on the protein surface
serves as an excellent probe for characterizing protein
conformation at a natural isotope abundance. This was
convincingly demonstrated by Jagger et al., who utilized
NMR to directly observe the conformation of a 52 kDa protein
at natural isotopic abundance isolated from human plasma,
thereby highlighting the powerful utility of methyl detection
NMR in probing proteins within complex environments while
preserving their native isotopic composition.50

In the cellular environment, methyl groups in the side chain
may be less affected and, therefore, still detectable in the
spectrum. To illustrate this, the enlarged 1H−13C HSQC NMR
spectra shown in Figure 2 highlight the signals of proteins in
high-field regions, and the full spectra are shown in Figure S1.
In this spectral region, the signals directly acquired on intact
yeast mitochondria predominantly originate from methyl
groups (Figure 2A). This can be attributed to three equivalent
protons present in the methyl group, which rotate rapidly
around a connecting C−C bond, rendering them more
detectable by NMR compared to other functional groups.
Hence, the employment of 1H−13C NMR has emerged as a
reliable approach for investigating proteins at their native
isotopic abundances within complex environments.

To confirm the methyl signals are from cyt c inside
mitochondria, we introduced 13C-labeled cyt c into mitochon-
dria by electroporation, and the corresponding area of the
1H−13C HSQC spectra is exhibited in Figure 2B. Compared
with Figure 2A, the peaks in the two spectra are nearly
identical, while most peaks simultaneously display increases in
intensities in the spectrum of mitochondria in the presence of
13C-labeled cyt c (indicated by triangle). The signals overlap in
Figure 2C. In addition, when collecting 1H−13C HSQC
experiments without carbon decoupling during acquisition
periods, the majority of signals gradually showed a pair of split
peaks in the flank according to rising concentrations of
electroporated 13C-labeled cyt c (Figure S2). Since the peak
splitting was caused by homonuclear 2JC, C coupling between
adjacent 13C atoms, which was observable in 13C-labeled
proteins only,51 the results indicate that the chemical shifts of
original cyt c in mitochondria are consistent with of artificially
introduced 13C-cyt c, and the increments of peak intensities in
the spectrum in Figure 2B are contributed by the labeled cyt c.
In addition, the signal intensities of cyt c in the mitochondria
extracted from yeast with cyt c gene knockout were obviously
reduced compared to those in the mitochondria from wild-type
yeast cells (Figure S3). Therefore, it is proven that the NMR
resonances shown in Figure 2A belong to methyl groups of cyt
c naturally in intact mitochondria.

Some signals showed no increase in intensities after the
introduction of 13C-labeled cyt c (indicated by an asterisk),
indicating other preserved contents of mitochondria than cyt c.

For example, the signal identification of CL, a substantial
mitochondrial component, was further verified by comparing
the 1H−13C HSQC spectrum of mitochondria with the
spectrum of pure CL (Figure S4). Besides, the absence of
signals in the 1H−15N HSQC spectrum of 15N-labeled cyt c
brought into mitochondria indicates that cyt c did not get
degraded (Figure S5).

To better understand the conformation of cyt c in intact
mitochondria, 1H−13C HSQC spectra of cyt c in various
environments were acquired. In comparison with the spectra of
native ferrous and ferric cyt c in dilute solution (Figure 2D,E),
the chemical shifts of cyt c in mitochondria are different from
those in either of these two states, showing significantly lower
chemical shift dispersion, indicating that the conformation of
cyt c in mitochondria is different from that in solution. The
results suggest that the conformation of cyt c is influenced by
the internal environment of mitochondria.

In mitochondria, the conformational transitions of cyt c can
occur through two distinct pathways: interaction with CL at
the IMM52 and oxidation induced by elevated levels of ROS.16

Observation of 1H−13C HSQC spectra of cyt c in solutions
containing CL liposomes or H2O2 reveals limited chemical
shift dispersion in Figure 2E,F, which is coincident with the
presence of partially unfolded structures, as evidenced by CD
and UV−visible spectra. These findings were also affirmed by
our previous study, in which we established that cyt c assumes
a partially unfolded state with ferric heme within the CL
membrane or H2O2 environment, underscoring the influence
of both environmental factors on cyt c conformation within
mitochondria.53

It deserves to be noted that the spectrum of cyt c in
mitochondria (Figure 2A) also shows poor chemical shift
dispersion, and some of its signals overlap with those in the
presence of CL liposome (indicated by red triangle), while
some others overlap with those in the presence of H2O2
(indicated by black triangle). The former signals exhibit much
higher intensities than the latter ones. These results all indicate
that, in mitochondria, cyt c mainly adopts partially unfolded
conformations, and they primarily bind to the IMM with some
undergoing oxidative modification by ROS.

The supernatant of the mitochondria was checked using
NMR after the aforementioned NMR detection within 2 h. No
signal was detected, indicating that all of the signals mentioned
above originated from cyt c within mitochondria (Figure S6).
In our previous study, we assigned the side chain signals of
ferric and ferrous cyt c using the 3D NMR technique.54 By
tracking chemical shift changes in these references, we assigned
most of the resonances detected in mitochondria. Resonances
were mainly methyl groups located in flexible loops on the
negatively charged or uncharged surfaces of cyt c away from
the CL binding site (Figure S7). This finding suggests that
methyl groups are suitable for describing conformational
changes in proteins in intact cells due to their flexibility and
sensitivity.55

In addition, EPR experiments were performed to verify the
iron state of cyt c within the mitochondria. EPR is a well-
established tool for investigating the conformation of cyt c in
various conditions.56−58 The EPR spectra of both ferric cyt c
and mitochondria samples are depicted in Figure S8. The
detection of a high-spin EPR signal corresponding to ferric iron
in the mitochondria signifies the presence of cyt c in the ferric
state within the mitochondria. This supported our NMR
spectral findings that ferric forms of cyt c were observed,
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suggesting that cyt c mainly exists in the ferric state within
mitochondria. This outcome is plausible, given that ferric cyt c
levels are known to increase subsequent to interactions with
lipids such as CL on IMM or due to exposure to agents like
H2O2.

59,60

Cyt c Adopts Different Conformations Depending on
the Locations within Mitochondria. The conformation of
cyt c may vary, depending on its location. To determine its
location within mitochondria, the IMS and IMM were
separated and detected by using NMR. Figure 3A depicts
the separation process. OMM had dissolved during the
operation, which was confirmed by testing mitochondrial
membrane potential using MitoTracker Red CMXRos (Figure
S9).

To prove the success of the separation of cyt c from
mitochondria, SDS-PAGE was first applied. The result showed
a band in accordance with the molecular weight of cyt c in
both lanes of samples gained from IMS and IMM, respectively
(data not shown). Then NMR experiments were performed on
the two samples separately. It was found that the 1H NMR
spectra of IMS and IMM are different from each other. Some
of the resonances in the high-field region are identical to those
of purified cyt c, and especially the signals from heme are
distinguishable, implying that cyt c was successfully derived.
Moreover, the signals of cyt c from the IMM are well
dispersed, while peaks of cyt c from IMS are dispersed poorly
(Figure 3B,C). These results indicate that cyt c extracted from
the IMS still maintains a partially unfolded conformation,
whereas cyt c gained from the IMM can restore the folded
structure. Due to the low NMR sensitivity to proteins at
natural isotope abundance, and some other components that

simultaneously isolated with cyt c may bother the spectra, we
did not further acquire 2D NMR spectra on these two samples.

To increase the sensitivity of the NMR detection of cyt c,
0.5 mM 13C-labeled cyt c was electroporated into mitochon-
dria. The 1H−13C HSQC spectra of cyt c extracted again from
IMS and IMM are presented in Figure 3D,E, respectively. Both
spectra show clear resonances of cyt c, demonstrating the
existence of cyt c not only in the IMM but also in the IMS.

The NMR spectrum of cyt c in the IMS is distinct from that
in a dilute solution (Figure 3D), despite the same pH and ionic
concentration. The spectrum shows poor chemical shift
dispersion and overlaps with one set of cyt c resonances in
the presence of H2O2, implying a partially unfolded structure.
Oxidative modification of residues on proteins is known to
occur when exposed to H2O2,

17,61 so cyt c in IMS may
undergo oxidative modification due to the high content of
ROS in mitochondria.14 Oxidative modification on lysine
residues reduces the positive charge on the surface of cyt c,62

disrupting its electrostatic interactions with CL,63 and then
leading to the release of cyt c into IMS. Whereas, the spectrum
of cyt c released from the IMM with the addition of 150 mM
NaCl shows a chemical shift dispersion pattern as a folded cyt
c, with most resonances overlapping with ferric cyt c (Figure
2E). These findings indicate that cyt c in the IMM is ferric and
can be refolded upon release into solution.42

To confirm that unfolded cyt c in IMS is ROS induced,
1H−13C HSQC spectra were used to examine the con-
formation transition of cyt c induced by the CL liposome and
H2O2 in the presence of 150 mM NaCl (Figure S10). Results
showed that while H2O2-induced unfolded cyt c remained
unfolded in the presence of NaCl, CL-induced unfolded cyt c

Figure 3. Cyt c in various locations of mitochondria. (A) Diagram of the separation process of cyt c from mitochondria. (B,C) 1D 1H spectra of
isolated cyt c from IMS and IMM, respectively. (The two diagonal lines cover some strong signals that may come from small molecules of
metabolites). (D,E) 2D 1H−13C HSQC spectra of 13C-labeled cyt c re-extracted from IMS and IMM, respectively.
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was refolded with the addition of NaCl, suggesting that
released cyt c in IMS may undergo oxidative modification
leading to an unrecoverable structure.

In addition, the redox state of cyt c in the IMM was further
investigated by 1H NMR and UV−vis spectroscopy. As a result
of the paramagnetic effect of ferric iron, the NMR peaks of
heme methyl groups (around 30−35 ppm) and M80 methyl
group (−23.5 ppm) of cyt c exhibit specific chemical shift
distributions in the ferric state. As illustrated in Figure S11, the
1H NMR spectra of native cyt c isolated from the IMM
displayed these characteristic chemical shifts. Meanwhile, in
Figure S12, we observed the distinctive absorbance peaks of
ferric cyt c at 410 and 527 nm in the UV−vis spectrum, which
is the sign of ferric cyt c.17 These results align with the
detection of ferric iron in mitochondria via EPR analysis,
further indicating the predominance of the ferric state of iron
in cyt c within mitochondria.
Real-Time Observation of the Conformation and

Translocation of Natural Cyt c in Mitochondria. It is
known that cyt c function is relevant to its locations, and
translocation of cyt c has been identified as a crucial step in
apoptosis.64 Monitoring the relative levels of cyt c binding to
the IMM and free in the IMS (bound and free states) should
help to understand the role of cyt c in apoptosis. Real-time
NMR spectra of intact mitochondria were obtained to meet
the purpose. Intact mitochondria were extracted from yeast
and monitored for over 12 h. Figure 4A shows the 1H−13C
HSQC spectra of the intact mitochondria at the beginning (0.5
h after extraction) and at the end (12.5 h after extraction) of
the observation. To ensure the reliability of cyt c resonances
observed in mitochondria, HSQC spectra of cyt c in different
contents of CL liposome and H2O2 were also obtained
(Figures S13 and S14).

During the experiment, it was observed that only one set of
resonances from cyt c that bind to IMM was detected in the
initial spectrum. This finding suggests that the majority of cyt c
in normal mitochondria binds to the IMM. However, in the
final spectrum, another set of signals appears (labeled by
asterisks), indicating that some cyt c was released from the
IMM. This result was further confirmed by the inspection of
the time-dependent spectra of cyt c (Figure 4B). The
resonances assigned to the bound cyt c in CL gradually
decreased over time, while the corresponding signals from free
cyt c increased progressively, illustrating the translocation of
cyt c. Notably, no signals of cyt c were detected in the
supernatant extracted from the NMR sample at the end of the
experiment, indicating that the released cyt c was located in the
IMS but did not leak into the solvent. Cyt c is widely
recognized as an electron carrier in the electron transport chain
that triggers the production of ROS, such as O2

− or H2O2.
Isolated mitochondria typically experience oxidative stress over
time,64 raising internal ROS levels,65,66 and leading to an
increase in the release of cyt c. We hypothesize that the new set
of NMR signals with gradually enhanced intensities may be
attributed to the accumulation of ROS in oxidatively stressed
mitochondria. To verify this, we measured peak intensities of
each time-dependent spectrum of both free and bound cyt c
and compared them with changes in internal ROS in
mitochondria (Figure 4C,D). According to the results, the
trend of the increase in free cyt c over time is consistent with
that of internal ROS in mitochondria. This suggests a positive
correlation between the translocation of cyte c and oxidative
stress in mitochondria.

The increase in the level of ROS in the mitochondria is
possible because of hypoxia. Under hypoxic conditions, cellular
metabolism is incomplete, resulting in the rapid production of
ROS.67 Therefore, we quantitatively detected the OCR of

Figure 4. Changes of cyt c in intact mitochondria over time. (A) 1H−13C HSQC spectra of yeast mitochondria were taken at 0.5 and 12.5 h after
the extraction, with labeled resonance assignments. Resonance marked with and without asterisks represents free cyt c in IMS and bound cyt c in
IMM, respectively. “U” means unassigned resonances. (B) Changes in selected cyt c resonances in real-time. (C) Relative peak intensities of free
and bound cyt c over time. (D) Fluorescence changes of ROS in living mitochondria over time. (E) OCR of mitochondria at different time points.
(F) Monitoring of the functionality of mitochondria at different time points. Each column represents the percentage of 570 nm UV absorbance of
each time point compared to the 0.5 h time point. Mitochondria at 0.5 h are considered 100% active. The mitochondria were incubated in five
sealed EP tubes at 30 °C to simulate and monitor the sample condition during the real-time NMR experiments.
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mitochondria at different time points, as shown in Figure 4E.
The OCR of mitochondria gradually weakened over time,
which corresponds to the increasing trend of ROS in
mitochondria. The result further indicates that mitochondria
undergo oxidative stress after separation from yeast.

According to this situation, we tested the functionality and
activity of separated mitochondria during a real-time
observation period. MTT is a specific reagent used to detect
mitochondrial functionality.45 From Figure 4F, it can be seen
that more than 85% of mitochondria were still well functional
over 12.5 h. The sustained activity and integrity of
mitochondria were further confirmed by using Janus green B
and MitoTracker Red CMXRos staining (Figure S15). In
general, these results suggest that mitochondria were
consistently active and intact throughout the whole process
of the real-time experiments.
Oxidative Modification and Release of Cyt c in the CL

Liposomes. To provide further evidence that the release of
cyt c from the IMM is triggered by internal ROS, a
comparative experiment was conducted. Two NMR spectra
of cyt c in CL liposomes with and without H2O2 were acquired
and compared to each other. The results, presented in Figure
5A,B, show that in the absence of H2O2, the spectra of cyt c
interacting with CL were similar to those of the bound cyt c in
mitochondria. However, in the presence of 0.5 mM H2O2 (a
concentration previously used in assays 17), some new signals
appeared, similar to the free cyt c observed in mitochondria.
These findings confirm that oxidative stress can cause the
release of cyt c from IMM.

Mitochondria have been reported as the primary sources of
ROS in most aerobic mammalian cells. This ROS production
by mitochondria plays a crucial role in retrograde redox
signaling from the organelle, cytosol to the nucleus.68 As a
result, translocation and conformational changes of cyt c in
conjunction with ROS production indicate that cyt c is suitable
for sensing and signaling oxidative stress. It is not surprising
that cyt c has been shown to act as an antioxidant by regulating
the generation and elimination of O2

− and H2O2 within
mitochondria.69

Some studies have demonstrated that cyt c can undergo
carbonylation modification in a dilute solution upon exposure
to ROS, mainly on lysine residues. These lysine residues are
crucial for the electrostatic interaction of cyt c with CL.70

Oxidative modification of cyt c weakens this interaction, as
carbonylation changes the positively charged side chain to an
uncharged aldehyde.62 To determine if cyt c undergoes
oxidative modification in mitochondria, we detected carbon-
ylation of cyt c extracted from mitochondria and in a dilute
solution under oxidative conditions. H2O2, a high-content ROS
that accumulates during oxidative stress, was used as a positive
control to verify oxidative modification. The use of 2,4
dinitrophenylhydrazine (DNPH) has been established for
detecting protein carbonylation.71 DNPH selectively binds to
the carbonyl groups of proteins, producing distinct absorption
at 370 nm in the UV−visible spectrum. To enhance sensitivity,
additional cyt c was introduced into mitochondria via
electroporation to match the NMR sample conditions. The
mitochondria containing transferred cyt c were centrifuged

Figure 5. Release and carbonylation of cyt c under oxidative conditions. (A,B) 1H−13C HSQC spectra of 0.1 mM cyt c mixed with 0.5 mM CL
liposomes in the absence and presence of 0.5 mM H2O2, respectively. (C) Carbonylation of 0.01 mM cyt c under various treatments.

Figure 6. Detection of internal ROS in mitochondria using the DCFH-DA fluorescence probe. (A) Changes in the ROS levels in mitochondria
over time after electroporation of cyt c. (B) Comparison of the ROS levels in living mitochondria extracted from yeast in the absence and presence
of H2O2 within 2 h.
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multiple times to remove any surface attached to cyt c,
incubated at room temperature for 12 h, and then lysed to
extract the internal cyt c.

The difference in carbonylation levels of cyt c under various
conditions is depicted in Figure 5C. The carbonyl content of
cyt c in solution increased gradually with the addition of H2O2,
indicating that carbonylation occurs when cyt c is exposed to
H2O2. Comparatively, cyt c purified from mitochondria
incubated at room temperature for 12 h also displayed a
high degree of carbonylation. These results demonstrate that
carbonylation modifications occur on cyt c in mitochondria. It
is noteworthy that carbonylation exists in cyt c even in the
absence of H2O2, which is reasonable since cyt c is easily
oxidized when exposed to air.72

Cyt c Scavenges ROS in Mitochondria during
Oxidative Stress. ROS has a dual nature, serving as both
an antimicrobial agent and a participant in pathways that
regulate programmed cell death, including apoptosis and
autophagy.68 Consequently, it is essential to understand the
impact of cyt c on ROS. We monitored internal mitochondrial
ROS levels over time after electroporation with 0.5 mM cyt c
(Figure 6A). In contrast to normal mitochondria without cyt c
electroporation (Figure 4D), the internal ROS level in
mitochondria with extra cyt c increased significantly more
slowly, and the highest ROS level was less than one-third of
that in normal mitochondria during the same detection period.
Furthermore, static levels of internal ROS in mitochondria at
different H2O2 concentrations indicate that cyt c can act as a
ROS scavenger in mitochondria, dramatically reducing ROS
levels (Figure 6B). Since H2O2 is a known inducer of apoptosis
in yeast,73 the results imply that cyt c may play a crucial role in
antiapoptosis in mitochondria by eliminating excess ROS,
while translocation and oxidative modification are involved.
Oxidatively Modified Cyt c Has Reduced Impacts on

Cell Apoptosis. Although cyt c in mitochondria was not
released for a relatively short period (within 2 h), when
mitochondria were extracted and left at room temperature for
over 12 h, we detected the leaking cyt c in the supernatant
(Figure S16). This indicates that as oxidative stress keeps
elevating, the mitochondria are failing to resist high
concentrations of ROS and releasing cyt c.

It was known that cyt c dropped into the cytoplasm typically
triggers apoptosis by initiating the activation cascade of
caspases. Given our evidence suggesting that a portion of cyt

c is subject to oxidative modification in the presence of high
levels of H2O2, it raises the question of whether these oxidative
modifications, originating from the IMM, retain the same
apoptotic effects upon reaching the cytoplasm.

To evaluate the effects of oxidatively modified cyt c on cell
apoptosis, we monitored the growth of yeast cells transfected
with and without cyt c (Figure 7A). As expected, yeast cells
transfected with normal cyt c showed observably reduced
growth.74 While those transfected with cyt c treated with 0.1
mM H2O2 had a weaker suppression of growth. Furthermore,
the higher the concentrations of H2O2 treated with cyt c, the
lighter the suppression of cell growth after transfection (Figure
7B). This outcome presents the probability that oxidative
modification may have a protective effect on cyt c-induced
apoptosis.

Yeast cells are useful model organisms for studying apoptosis
and undergo apoptosis under exposure to various external
stimuli.73 The release of cyt c from mitochondria initiates
apoptosis by interacting with apoptotic peptidase activating
factor 1 (Apaf1) and activating caspase via some positively
charged residues like lysine on the surface of cyt c.75,76

Therefore, combined with our discoveries, it is reasonable to
propose the hypothesis that oxidative modification reduces the
impact of cyt c on apoptosis by altering the charge of these
positively charged residues, potentially weakening the electro-
static interaction of cyt c with Apaf1.

■ CONCLUSIONS
Proteins are essential for regulating and performing various
physiological functions in intact organisms. Determining the
structures of proteins under physiological conditions provides
accurate insights into the elucidation of protein functional
mechanisms. However, it poses significant challenges due to
the complex and dynamic nature of proteins within the cellular
environment.

This study used NMR to investigate the conformation and
translocation of cyt c, a multifunctional protein, in mitochon-
dria. By observing methyl groups in the protein, 1H−13C NMR
spectroscopy was able to probe cyt c in intact mitochondria
directly, in real-time and without overexpression. This was
feasible due to the detectable concentration of cyt c in
mitochondria and the high NMR sensitivity of methyl groups.

It has been discovered that cyt c in intact mitochondria,
unlike in solution, is partially unfolded and mainly binds to the

Figure 7. Growth of the yeast cells, comparing those transfected with or without cyt c. (A) Growth of the yeast cells transfected without cyt c and
with normal and oxidized cyt c. (B) Growth of the yeast cells transfected with cyt c (0.5 mM), which was oxidized using various concentrations of
H2O2.
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IMM through electrostatic interactions (Figure 8A). This
conformation exposes the heme of the protein, leading to
higher peroxidase activity and efficient scavenging of ROS.19,69

Real-time NMR spectra revealed that cyt c in mitochondria
gradually changed location and was prone to being oxidatively
modified by increased ROS,68 which induced carbonyl
modifications on lysine residues and ruptures in the
interactions between cyt c and CL in the mitochondrial
membrane (Figure 8B). The modified cyt c was released from
the membrane and significantly counteracted the effect
brought by the original cyt c form on cell growth. These
findings suggest that yeast cyt c is a highly efficient ROS
scavenger in mitochondria,19,69 and oxidative modification may
serve a protective role against oxidative stress, indicating the
importance of cyt c translocation and oxidative modification in
regulating ROS in mitochondria.
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