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ARTICLE INFO ABSTRACT

Keywords: Generation of reactive oxygen species (ROS) are possibly induced by the crosstalk between mitochondria and
Cytochrome ¢ endoplasmic reticula, which is physiologically important in apoptosis. Cytochrome c (Cyt c) is believed to play a
RQS crucial role in such signaling pathway by interrupting the coupling within microsomal monooxygenase (MMO).
T;rpot?s[izal mmonooxygenase In this study, the correlation of ROS production with the electron transfer between Cyt ¢ and the MMO system is

investigated by resonance Raman (RR) spectroscopy. Binding of Cyt ¢ to MMO is found to induce the production
of ROS, which is quantitatively determined by the in-situ RR spectroscopy reflecting the interactions of Cyt ¢ with
generated ROS. The amount of ROS that is produced from isolated endoplasmic reticulum depends on the redox
state of the Cyt c, indicating the important role of oxidized Cyt c in accelerating apoptosis. The role of electron
transfer from MMO to Cyt ¢ in the apoptotic mitochondria-endoplasmic reticulum pathway is accordingly pro-
posed. This study is of significance for a deeper understanding of how Cyt c regulates apoptotic pathways through
the endoplasmic reticulum, and thus may provide a rational basis for the design of antitumor drugs for cancer

Resonance Raman spectroscopy

therapy.

1. Introduction

Controlled production of reactive oxygen species (ROS) is a physio-
logically important process in apoptotic pathways [1]. The membranous
microsomal monooxygenase (MMO) system is thought to regulate gen-
eration of ROS through crosstalk between mitochondria and endo-
plasmic reticula (ER) [2]. The MMO on ER contains cytochrome P450
(CYP), its reductase (CPR) as well as a membrane bound cytochrome bs
(Cyt bs) unit with its NADH-dependent reductase [3]. The efficiency of
electron transfer (ET) from NADPH via CPR to CYP for mono-
oxygenation of substrates is known as the degree of coupling [4]. Cyt bs
is considered to modulate CYP catalysis as it delivers the second electron
needed for the CYP-catalyzed reactions, enhancing in the mono-
oxygenase activity and coupling of such systems [5,6]. The MMO system
is poorly coupled and believed to significantly contribute to the overall
ROS production in the cell [7]. Production of ROS is an inevitable result
of MMO uncoupling both in presence and in absence of substrates [7],
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leading to lipid peroxidation, cell toxicity, and death.

Cytochrome c (Cyt c) released from mitochondria is expected to form
complexes with microsomal Cyt bs [8], which might interfere with the
coupling between MMO constituents. CYP uncoupling subsequently re-
sults in a burst of MMO-dependent ROS generation, followed by
amplified and strengthened pro-apoptotic signaling responses [2]. The
association of Cyt ¢ with Cyt bs is hypothesized to inhibit the CYP-Cyt bs
interactions, but further detailed investigation of the function of the
microsomal electron carriers is needed to check the hypothesis. Besides
of Cyt bs, the FMN domain of CPR in the MMO system is also an electron
donor for Cyt c. ET to Cyt c takes place via transient interactions [9,10].
Since ET is crucial for the catalytic cycle of CYP [11], ROS production
most likely involves ET between Cyt ¢ and MMO. Exploration of ET
between Cyt ¢ and MMO will thus contribute to a better understanding
of the mechanism of the Cyt c-mediated and MMO-dependent ROS
generation.

Raman spectroscopy allows for probing structural information of
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biomolecules under physiological conditions [12]. The intrinsically low
sensitivity and selectivity of Raman signals can be remarkably improved
via resonance Raman (RR) scattering where the excitation line is in
resonance with an electronic transition of a chromophoric redox center
of the target molecule. RR spectroscopy is particularly powerful for
characterizing heme proteins and their processes, since the vibrational
modes are sensitive markers for the redox state, the spin and ligation
pattern of the heme iron [13-17]. Cyt ¢, Cyt b5 and CYP are all heme
proteins that exhibit high RR cross sections upon excitation in resonance
with the Soret and Q-transition [18,19], facilitating investigation of ET
between Cyt ¢ and MMO. On the other hand, the vibrational modes of
the heme are also sensitive to the reaction between Cyt ¢ with ROS
[20-22]. Thus, ROS generated due to the interactions of Cyt ¢ with the
MMO, can be indirectly determined by RR spectroscopy.

In this study, we investigated the ET between Cyt ¢ and MMO
(CYP3A4, containing CYP, its reductase, and Cyt b5 in microsomes as
shown in Scheme 1 to explore (1) if the presence of Cyt ¢ influences ROS
formation in the MMO system without substrates, (2) which redox state
of Cyt ¢ has a stronger impact on ROS formation, and (3) the possibility
for MMO to transfer electrons to non-native states of Cyt c. By RR
spectroscopy, ET between Cyt ¢ and MMO are probed, and ROS pro-
duced by the association of Cyt ¢ with MMO microsomes and with iso-
lated ER from mouse liver are successfully quantified by RR spectra of
Cyt c. For the first time, it is shown that ROS regulation by MMO is
controlled by the redox state of Cyt ¢, and the underlying mechanism is
proposed on the basis of RR spectroscopy and isothermal titration
calorimetry (ITC). This study is a first attempt to investigate the Cyt c-
mediated regulation of ROS production in the MMO system by RR
spectroscopy, and it opens a new way to explore apoptotic mechanisms
during the crosstalk between the mitochondria and ER.

2. Materials and methods
2.1. Materials

Horse heart Cyt ¢ (C2867, >99% (SDS-PAGE)), CYP3A4 isozyme
microsomes (C4982, with CPR and Cyt bs, recombinant, expressed in
baculovirus-infected insect cells), NADPH (f-Nicotinamide adenine
dinucleotide 2-phosphate reduced, tetrasodium salt) (N7505), peroxide
assay kit (MAK311), protease inhibitor cocktail (P8340), and endo-
plasmic reticulum isolation kit (ER0100) were all obtained from Sigma-
Aldrich Co., Ltd. 6-week-old BALB/c female mice were bought from
Liaoning Changsheng biotechnology co., Ltd. Ritonavir (R126586) was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Acetonitrile, nickel chloride hexahydrate (NiCly.6H20, sodium hydrox-
ide (NaOH), ethylene glycol, hydrazine hydrate (80%), hydrogen
peroxide (H205, 30%) were purchased from Beijing chemical Co., Ltd.
The PBS buffer (10 mM, NaCl, NaaHPO412H50, NaH;P042H50, pH =
7.25) were prepared in ultrapure water (18.25 MQ' cm).
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2.2. Synthesis of Ni nanowires (Ni NWs)

The synthesis of Ni NWs followed dropping method [23]. Firstly, 2.4
g sodium hydroxide was dissolved in 70 mL ethylene glycol under
continuous magnetic stirring for 1 h. Subsequently, 20 mL of hydrazine
hydrate solution as a reducing agent was added with constant stirring to
obtain a homogeneous solution. The as-prepared solution was then
heated to 80 °C, followed by dropwise adding 10 mL of ethylene glycol
of nickel chloride hexahydrate. After stirring for 10 min, the product of
black fluffy solid was collected by an external magnet and washed with
ethanol and distilled water for 3 times. The final product was dried at
60 °C in a vacuum oven for 12 h.

2.3. Preparation of reduced Cyt ¢

The as-prepared 10 mg Ni NWs was grinded and then mixed with
200 pL of oxidized Cyt ¢ (400 pM) for 2 h at room temperature. The
solution of reduced Cyt ¢ was separated by collecting Ni NWs with a
magnet.

2.4. Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) was carried out with an ITC
equipment (Malvern Panalytical Ltd., MicroCal iTC200). All measure-
ments were carried out under the conditions listed in Table S1 (Sup-
plementary materials).

2.5. Samples in an anaerobic condition

The samples incubated in anaerobic condition were achieved in a
glove box with nitrogen. All the reactions were completed in the glove
box, and the solution were sealed rapidly in a hermetic cell before
Raman measurements.

2.6. Instruments and measurements

The TEM images of CYP3A4 microsomes were obtained with a Jeol
JEM 2100F microscope operating at 200 KV. RR spectra were obtained
with a confocal microprobe Raman instrument (Renishaw Raman sys-
tem model 1000), when using 532 nm excitation. The power at the
sample was 10 mW. Each sample was measured for three cycles with 30 s
acquisition time using a 50x Leica objective with a numerical aperture
of 0.50 and a working distance of 8.2 mm. The samples were deposited
in capillaries or aluminum plates before measurements.

For those RR spectra recorded with a 407 nm excitation, a confocal
Raman spectrometer (LabRam HR-800, Jobin Yvon) with from a Kr*
laser (Coherent Innova 300c) was used. The laser beam was focused by a
20x Nikon objective with a power of 1.0 mW at the sample (15s
acquisition, 2 times accumulation). Here, all samples were mechanically
rotated during the measurements to avoid laser-induced damage of the

Scheme 1. A schematic presentation of the interaction of Cyt ¢ with microsomal CYP3A4 and possible ET pathways in CYP3A4, and between Cyt ¢ and CYP3A4.
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proteins.

Details about the materials used in this study, preparation of smooth
ER and peroxide assays are involved in supplementary materials.
Smooth ER was obtained from the liver of 6-week-old BALB/c female
mice, and the animal experiments were approved by the Institutional
Animal Care and Use Committee of Jilin University.

3. Results

The CYP3A4 microsomes used in this study contained CYP, its
reductase (CPR) and Cyt bs, forming a complex (Scheme 1). Generally,
the FMN domain of CPR either directly transfers electrons from NADPH
and the FAD domain to CYP or indirectly to CYP via Cyt bs [24]. CYP can
receive the first electron from the CPR and accept a second electron from
either Cyt bs or CPR during the enzymatic reaction cycle of the CYP [25].
In the presence of oxidized cytochrome ¢ (Cyt c(ox)), ET might occur from
Cyt bs to Cyt c(ox) [26], or from CPR to Cyt cox) as mentioned above.
Possible ET pathways between Cyt ¢ and the CYP3A4 microsomes are
illustrated in Scheme 1.

3.1. ET from CYP3A4 microsomes to Cyt C(ox) and ROS generation

The microsomes used in this work were studied by transmission
electron microscope (TEM) and the images are shown in Fig. 1A, in
which lipid bilayers are clearly observed. Ni nanowires synthesized by a
dropping method were used to reduce the Cyt c(x) [23,27]. Using an
excitation line of 532 nm in resonance with the Q-transition, the RR
spectra displayed distinct RR fingerprints of Cyt c(ox) and Cyt C(red)
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(Fig. 1B, a and b). The assignment of the vibrational modes is
well-established and briefly summarized in section 3 of the supple-
mentary materials (Supplementary Fig. S1) [28]. Under anaerobic
conditions, Cyt c(ox) was reduced and Cyt ceq) kept its reduced state in
the presence of CYP3A4 microsomes and NADPH, as evidenced by
Fig. 1B (c and d). These results suggested ET from CYP3A4 microsomes
to Cyt c(ox). Under our experimental condition, Cyt cqeqy Was largely
stable at room temperature in air for 30 min (Supplementary Fig. S2). In
contrast, Cyt c(req) Was oxidized upon mixing with NADPH-CYP3A4
(Fig. 1C). Notably, Cyt cx) was initially reduced and subsequently
oxidized under the same conditions as in the experiments with Cyt c(red).
Since oxidization of the Cyt c(req) by O2 can be ruled out (Supplementary
Fig. S2), Cyt c(reqy was most likely oxidized by ROS [29], that were
possibly generated during the ET processes among Cyt ¢, CYP3A4 and
NADPH under aerobic conditions.

3.2. Quantification of H202

In the presence of NADPH and CYP3A4, Cyt C(req) and Cyt c(ox)
initially remained in or are converted to the reduced form, respectively
(labelled as “0 min” in Fig. 1C and D), followed by the oxidation as
evidenced by the appearance of the oxidized band at 1635 cm ™. These
results point to the possibility of quantifying the generated ROS by the
RR spectra of the Cyt c. Cyt creq) can be oxidized by Hy0, [30].
Accordingly, HyO2 concentration-dependent RR spectra of Cyt cC(red)
were collected (Fig. 2A). The intensity ratio of the bands at 1635 and
1583 cmfl, I1635/11583, was used to monitor the extent of Cyt C(req)
oxidation. A linear correlation was found for an intensity ratio from zero
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Fig. 1. (A) TEM image of the CYP3A4 microsomes; (B) RR spectra of (a) Cyt c(ox), (b) Cyt cged), both in buffered solution at pH 7.4, and Cyt ¢ with CYP3A4 and
NADPH under anaerobic conditions (¢: Cyt c(ox); d: Cyt C(red)); time-dependent RR spectra of Cyt ¢ with CYP3A4 and NADPH under aerobic conditions, starting from
the bottom with Cyt c(req) (C) and Cyt c(ox) (D). The top spectra in C and D refer to oxidized and reduced form, respectively, and just serve for comparison. The
concentrations of Cyt ¢, CYP3A4, and NADPH were 400 pM, 0.25 U, and 3.6 pM, respectively. The RR spectra were obtained with 532 nm excitation. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (A), H,0, concentration-dependent RR spectra of Cyt ¢ measured with 532 nm excitation; the blue and red bottom spectra show the oxidized and reduced
form of Cyt c, respectively; (B), calibration curve based on the H,O5 concentration and intensity ratio of the two bands at 1635 and 1583 em™}; (C) structure of
CYP3A4 bound to ritonavir (PDB: 3nxu); (D) mechanism of ROS generation during the ET process; (E) calibration curve of the peroxide assay kit, including the results
obtained from a mixture of (blue) NADPH and CYP3A4, (black) NADPH, CYP3A4 and Cyt C(r.q) and (pink) NADPH, CYP3A4 and Cyt c(ox). The inset shows a zoomed
area of the plot in the range between 0 and 3.3 pM; (F) time-dependent changes of the intensity ratio I;635/I1583 generated by NADPH and CYP3A4 from Cyt ¢eqy and
Cyt cox)- The concentrations used were 400 pM Cyt ¢, 0.03 U CYP3A4, and 1.2 yM NADPH. Each data point represents an average of five measurements, and each
error bar indicates the standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

up to ca. one, corresponding to an upper H,O5 concentration limit of ca.
0.5 mM (Fig. 2B). For higher HyO, concentrations, the intensity ratio
was not an appropriate spectral marker (Supplementary Fig. S3), most
likely because both the ferric and the ferrous native as well as ferric
non-native states include a RR band at ca. 1583 cm™ !, albeit with
different relative RR cross sections. However, low ROS concentrations
can be quantified based on this empirical correlation.

3.3. ROS generated from CYP and regulated by the redox state of Cyt ¢

The MMO on the ER is inefficient and poorly coupled, usually less
than 50% [31]. The weak coupling may cause the ET chains of MMO to
continue oxidizing NADPH and generating ROS even in the absence of
any substrates (Fig. 2D) [4]. Without NADPH and H,0> formation, Cyt c
did not undergo denaturation compared with native Cyt c(ox). As shown
in the Supplementary Fig. S4, the conformational change of ferric Cyt c
in a mixture of Cyt c(x) and CYP3A4 without NADPH (d) is negligible
compared with the native Cyt c(ox) (brown), but the addition of NADPH
significantly caused spectral changes (i.e., relative band intensities at
1560, 1583 and 1635 cm ™)) in trace c. Note that long incubation times
of Cyt c(reqy With CYP3A4 caused oxidation of Cyt c¢ (b) with a similar
spectral profile as the native Cyt c(ox). These results further provide that
Cyt ¢ can induce ROS formation. To further explore the origin of ROS, we
added ritonavir to the mixture. Ritonavir perfectly fits into the CYP
redox center and irreversibly binds to the heme iron [32]. The results
(Supplementary Fig. S5) show that ritonavir inhibits the oxidation of Cyt
C(red), evidently since no ROS were produced. Conversely, these findings
further support the view that CYP is the origin of ROS in the absence of
the inhibitor.

The H,0, assay by a peroxide assay kit was conducted and the
calibration curve was shown in Fig. 2E. In the presence of Cyt c, the

concentration of HyO, induced by Cyt c(ox) is around 2 pM (pink), but
H-0- was undetectable in the mixture of NADPH and CYP3A4 (blue),
suggesting the addition of Cyt c(x) leads to ROS formation. Additionally,
ROS produced in the mixture of NADPH, CYP3A4 and Cyt c(q) is also
undetectable (black), which is probably due to a smaller amount of HoO>
induced by Cyt c(req). However, the concentrations of HoO, (induced by
Cyt ¢) determined by this peroxide assay kit would be lower than their
real concentrations because of the consumption of HyO; by Cyt c. In the
presence of Cyt ¢ and catalytically small concentrations of CYP3A4, we
observed an increase of oxidized Cyt c over the incubation time (Fig. 2F).
Quantification on the basis of the calibration curve in Fig. 2B has shown
that the amount of HyO, induced by the Cyt c(ox) is more than 5 times
larger than that induced by Cyt c(req) after 20 min incubation (Supple-
mentary Table S2). These results suggest a redox-state specific role of
Cyt ¢ for ROS generation during the cross-talk between the mitochondria
and ER.

3.4. ET to non-native Cyt ¢

Upon interactions with ROS (i.e. H»03), oxidized Cyt ¢ undergoes
conformational changes. UV-Vis absorption spectra of Cyt c(x) With
H0,; reveal a small red-shift of the Soret-band maximum (Supplemen-
tary Fig. S6). Qualitatively similar results were obtained upon addition
of CYP3A4-NADPH to oxidized Cyt ¢ (Supplementary Fig. S6). The un-
derlying structural changes are also reflected by the RR spectra. A
careful inspection of the RR spectra obtained after 30 min treatment of
oxidized and reduced Cyt ¢ with CYP3A4-NADPH (Fig. 1C and D) in-
dicates an upshift of the heme modes v2/v19 from 1583 to 1586 em!and
V10 from 1635 to 1637 em~!. Since the RR spectra of CYP3A4 and
NADPH are undetectable under our experimental condition with 532 nm
excitation, the interference of the CYP with the RR spectrum of Cyt c is
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ruled out (Supplementary Fig. S7). Thus, these band shifts point to a
modification of the coordination sphere of the heme iron in Cyt ¢ [33,
34]. In fact, HyO»-induced covalent modifications of amino acid residues
in Cyt ¢ may cause the replacement of the Met80 axial ligand by another
ligand [35]. We have further checked this hypothesis by analyzing the
RR spectra of oxidized Cyt c at different time intervals following the
addition of H,O,. For these experiments, we have employed Soret band
excitation (407 nm; Supplementary, section 3, and Fig. S1) which spe-
cifically enhances the modes va, v3, Vo, and vy (Fig. 3B) [15,16,33]. The
frequencies of these modes are sensitive spectral markers for the
oxidation, spin, and ligation state of the heme [36]. The RR spectra
display small frequency shifts of these modes that steadily increase with
increasing incubation time (Fig. 3C). These spectral changes were
analyzed on the basis of a global fit of the spectra with two components
[37]. This approach assumes that the spectral changes result from the
two-state conformational transition involving the native and a
non-native oxidized state [38], denoted as Bl and B2, respectively
(details of the analysis are given in the ssupplementary materials; sec-
tion 4).

Redox Biology 53 (2022) 102340

The marker modes also of B2 are at the position characteristic of a
six-coordinate low-spin (6¢LS) configuration as the native state B1. The
slightly higher frequencies of these modes in B2, however, indicate the
replacement of the Met80 ligand by a nitrogen-coordinating amino acid
that could either be a His or a Lys [33,34,36,39,40]. In view of the recent
mass-spectrometric analysis, the coordination by Lys appears to be most
likely [41]. Assuming that the RR cross sections of the two 6¢LS con-
figurations are similar, one may determine the relative concentrations of
both states as a function of the incubation time (Fig. 3D). This analysis is
certainly a simplification since the non-native state B2 is known to
release the new nitrogen-coordinating ligand and form a five-coordinate
high-spin (5cHS) configuration, which exhibits only a relatively low RR
cross section at Soret band excitation [38]. Hence, identification of its
characteristic RR bands requires higher relative concentrations of the
5cHS species. However, the decrease of RR intensity with the incubation
time (Fig. 3C) implies increasing heme degradation, for which a ferric
5cHS species may be a precursor [42].

In further experiments, we checked if non-native Cyt ¢ can be
reduced by electrons from CYP3A4 microsomes. It is unlikely for Cyt bs
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Fig. 3. (A), RR spectra of native Cyt ¢ (B1) in buffered solution (pH 7.4) in the (c) oxidized and (d) reduced state, compared with the RR spectra of Cyt ¢ obtained
after 30 min-incubation of (a) ferric and (b) ferrous Cyt ¢ with CYP3A4 and NADPH, taken from Fig. 1d and c, respectively. The spectra were obtained with 532 nm
excitation. (B), RR spectra of (a) native oxidized Cyt ¢ and the reaction product obtained after incubation with 5 mM H,0, for 9 min, both measured with 407 nm
excitation. (C) RR spectra of oxidized Cyt c incubated with 5 mM H>0, for (a) 1 min, (b) 3 min, (¢) 5 min, (d) 7 min, and (e) 9 min. The spectra were measured with
407 nm excitation. Solid and dotted black lines are the experimental traces and the fit of spectral components, respectively. The two component spectra that were
employed are those of the native (B1) oxidized state (blue line) and a non-native (B2) 6¢LS state (magenta line). Further details of the component analysis are given in
the supplementary materials, section 4. (D) Relative concentrations of the non-native species B2 as a function of the incubation times as derived from the component
analysis in Fig. 3C. (E) Possible reactions and ET among Cyt (req), H2O2 and non-native Cyt c. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)



H. Xie et al.

to transfer electrons to non-native Cyt c that exhibits a negative redox
potential, but it is possible for non-native Cyt c (6¢LS, redox potential >
-200 mV) [43] to accept electrons from CPR (FMN, redox potential =
-270 mV) [44]. We first started the reaction of Cyt ¢ (400 pM) by
addition of CYP3A4 (0.25 U) and NADPH (3.6 pM) with 30 min incu-
bation time that led to the formation of a considerable fraction of
non-native B2(6¢cLS) (Fig. 1D). Subsequent addition of NADPH (3.6 pM)
led to the immediate reduction of Cyt c, followed by re-oxidation due to
the reaction with HyO3 (Fig. 4A). The process could be even repeated by
additional application of NADPH. From our results (Fig. S8), NADPH can
directly reduce non-native Cyt c, but in the presence of NADPH, Cyt bs
would accept electrons from CPR [45]. Thus electron transfer from
non-native Cyt ¢ to Cyt bs is most likely impossible. Therefore, the
re-oxidation of reduced non-native Cyt c originated from ROS formation.
These results imply that despite the negative shift of the redox potential
due to the ligand exchange [46], non-native Cyt c is likely reduced by
electrons from CPR. This in turn is likely to affect MMO coupling and
induces more ROS. Therefore, excessive NADPH will accelerate ROS
generation in the presence of Cyt c¢ at an early stage of apoptosis.

According to the above results, possible reactions and the ET among
Cyt c(red) H202 and non-native Cyt c are displayed in Fig. 3E. HyOo
arising from the dismutation of O3 is capable of oxidizing Cyt c(red),
consistent with the result previously demonstrated [47]. Further re-
actions of Cyt c(ox) with HoO2 most likely causes replacement of Met80
by a Lys residue and form a non-native B2[6¢LS] Cyt ¢ [35]. Our results
further revealed that the non-native Cyt c can accept electrons from CPR
and change into a reduced Cyt ¢, which may be subsequently re-oxidized
by the generated ROS. At the same time, the B2[6cLS] Cyt ¢ may change
into a B2[5cHS] configuration upon reaction with HyO,. Further re-
actions of the B2[5cHS] Cyt c finally cause degradation of the heme
[35], as reflected by the decrease of the RR signals with increasing in-
cubation of Cyt ¢ with HyO» (Fig. 3C).

Redox Biology 53 (2022) 102340

3.5. Interactions of Cyt ¢ with CYP3A4

To compare the binding affinity of the two Cyt ¢ redox states to
CYP3A4, we applied isothermal titration calorimetry (ITC). Fig. 4B and
C shows the calorimetric titration and the integrated binding isotherm of
the interactions of Cyt ¢ with CYP3A4. The binding constants were
determined to be K; = 1.09-10° M! (Cyt c(ox)-CYP3A4) and K, =
5.70-108 M~! (Cyt C(red)-CYP3A4). The relatively higher binding affinity
of Cyt c(ox) to CYP3A4 increases the probability of Cyt c(oy) to interfere
with the more important role in the cross-talk between mitochondria
and coupling of the MMO system through Cyt bz or CPR, inducing faster
ROS production. Binding of Cyt ¢ opens a reaction channel for ET from
MMO to Cyt c(ox), at the expense of ET from Cyt b5/CPR to CYP, thereby
decreasing the enzyme coupling. These results are consistent with those
shown in Fig. 2E. We thus conclude that the oxidized Cyt ¢ plays a more
important role in the cross-talk between mitochondria and endoplasmic
reticula in the proapoptotic processes.

3.6. Cyt c-mediated ROS production from isolated smooth ER

Finally, we extended the RR experiments to smooth ER prepared
from mouse liver cells (Fig. 5A). Details of the preparation are given in
the supplementary materials, section 1. In mouse liver, the cytoplasmic
side of smooth ER is known to contain CYP [48]. The morphology of
smooth ER displayed continuous membranes, indicating successful
isolation of the smooth ER (Fig. 5B).

Immediately after addition of oxidized Cyt c, rapid reduction took
place as indicated by the lack of the characteristic v1¢9 mode in the RR
spectrum at “0 min” (Fig. 5C). This marker band started to increase after
ca. 20 min incubation and reached a value at 60 min that corresponded
to an extent of ca. 30% oxidized Cyt c. These finding imply that similar
as in the experiments with the recombinant proteins (Fig. 1D), also in ER
rapid reduction of Cyt c(ox) takes place due to the reaction with NADPH/
CYP, followed by a slower re-oxidation by ROS generated during the ET
processes between Cyt ¢, CYP, and NADPH under aerobic conditions.
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Fig. 4. RR spectra of Cyt ¢ (400 pM) obtained with 532 nm excitation (A). The bottom (blue) spectrum represents the ferric native (B1) form of Cyt ¢ with an intensity
ratio I 635/I1583 larger than 1. Upon reaction with ROS generated by CYP3A4/NADPH a fraction of Cyt ¢ is converted to the non-native form as reflected by lower
intensity ratio (<1) of these bands. Addition of NADPH (3.6 pM) reduces both the native and non-native Cyt ¢ and the reaction HyO, is restarted. This reaction
sequence was repeated again, confirming the reduction of non-native Cyt ¢ by CYP3A4/NADPH. (B) and (C) show the calorimetric titration and the integrated
binding isotherm of the interaction of CYP3A4 with Cyt c(ox) Cyt C(req), respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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1583 Fig. 5. ROS production from isolated smooth ER of
1635 - - . .
A C mouse liver due to interaction with Cyt c. (A) Sche-
vy @ matic illustration of ER isolation; (B) TEM image of
isolated smooth ER; (C) RR spectra of smooth ER with
Cyt C(ox) (400 pM) in the presence of NADPH (10 pM)
under aerobic conditions after different incubation
times. The red and blue traces refer to the pure
reduced and oxidized Cyt c spectra as a reference. RR
spectra were measured with 532 nm excitation. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

1700

The only difference compared to the experiments in Fig. 1D is the slower of reduced Cyt ¢ to smooth ER no re-oxidation is observed within 60 min
re-oxidation rate, presumably due to the restricted mobility and lower incubation (Supplementary Fig. S9). These data confirmed the above
concentration of CYP. This is most likely the reason why upon addition conclusion that the oxidized Cyt ¢ plays a crucial role in ROS generation,
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Fig. 6. A proposed mechanism about the role of Cyt c(ox) in regulating ROS generation and accelerating apoptosis during crosstalk between mitochondria and ER.
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which will accelerate apoptosis through the mitochondria-ER pathway.
4. Discussion

At an early stage of apoptosis when there are yet only limited
amounts of Cyt c released from mitochondria, the impact of Cyt c on ROS
generation depends on its redox state. The reduced Cyt c has a lower
binding affinity to the MMO system on the ER, and it can induce ROS
generation, but only less efficiently. When oxidized Cyt ¢ binds to the
MMO system through Cyt bs or CPR, it will promptly induce ROS pro-
duction owing to higher binding affinity and ET communication with
the MMO. Additionally, the produced ROS also oxidize Cyt c(req), pro-
moting binding of Cyt c to the MMO system, and thus a further increase
of ROS production. The accumulated ROS subsequently cause the
release of more Cyt ¢ from the mitochondria, which further accelerates
the Cyt ¢ binding and ROS production (Fig. 6). Our study also suggested
that ROS production is highly dependent on the electron donors (e.g.,
NADPH).

It was proven that the redox state of Cyt c regulates cell fate through
the Apaf-1/caspase 9 pathway. In a living cell, the cytosol is a reducer
environment and most Cyt ¢ keeps its reduced form, but in an apoptotic
cell, the reducer environment is disturbed and the increasing oxidized
Cyt c accelerates apoptosis [49,50] The present results reveal an alter-
native pathway based on Cyt c-ER cross-talk that accelerates apoptosis
by ROS generation through the interactions of Cyt ¢ with MMO system.
Importantly, both pathways underline the important proapoptotic role
of oxidized Cyt c. Our results provide further insight into the role of ET
between Cyt ¢ and the MMO system for ROS generation outside the ERs,
and thus for the redox-dependent regulation of apoptosis by Cyt c.

5. Conclusions

In this study, we investigated the interaction of Cyt c¢ with the
microsomal MMO system by RR spectroscopy. The correlation of the ET
from MMO to Cyt ¢ with ROS production and the importance of the
oxidized Cyt c in accelerating apoptosis were unveiled. Since Cyt c(ox) is
a proapoptotic factor in both the mitochondria-ER and Apaf-1/caspase 9
pathways, modulating the ratio of reduced and oxidized Cyt c¢ by
introducing appropriate artificial and specific ingredients into the
cytosol would be of significance for accelerating apoptosis and killing
cells. Additionally, the delivery of Cyt c-like molecules to cancer cells
might trigger apoptosis independently of Cyt ¢ from mitochondria. Thus,
the present study may constitute an important step towards developing a
rational basis for the design of agents for cancer therapy through pro-
apoptotic drugs. Herein, we only focused on the structural alteration of
Cyt c during its reaction with the MMO or ROS, further study on the
structural basis of the MMO including the heme bs in Cyt bs, FAD/FMN
in CPR and the heme in CYP might be helpful for a deeper understanding
of the mechanism underlying the Cyt c-mediated CYP uncoupling.
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Abbreviation

Apaf-1: apoptotic protease activating factor-1
CPR: cytochrome P450 Reductase

CYP: cytochrome P450

Cyt bs: cytochrome bs

Cyt c: Cytochrome c

Cyt c(ox): Oxidized cytochrome ¢

Cyt c(req): reduced cytochrome ¢

ER: endoplasmic reticula

ET: electron transfer

FAD: flavin adenine dinucleotide

FAM: riboflavin 5'-monophosphate

MMO: microsomal monooxygenase

NADPH: p-Nicotinamide adenine dinucleotide 2-phosphate
ROS: reactive oxygen species

RR: resonance Raman
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