THE

EASEBJOURNAL e RESEARCH e www.fasebj.org

Serine-47 phosphorylation of cytochrome c in the
mammalian brain regulates cytochrome ¢ oxidase
and caspase-3 activity
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ABSTRACT: Cytochrome ¢ (Cytc) is a multifunctional protein that operates as an electron carrier in the mitochondrial
electron transport chain and plays a key role in apoptosis. We have previously shown that tissue-specific phosphor-
ylations of Cytc in the heart, liver, and kidney play an important role in the regulation of cellular respiration and cell
death. Here, we report that Cytc purified from mammalian brain is phosphorylated on S47 and that this phosphory-
lation is lost during ischemia. We have characterized the functional effects in vitro using phosphorylated Cytc purified
from pig brain tissue and a recombinant phosphomimetic mutant (S47E). We crystallized S47E phosphomimetic Cytc
at 1.55 A and suggest that it spatially matches S47-phosphorylated Cytc, making it a good model system. Both
S47-phosphorylated and phosphomimetic Cytc showed a lower oxygen consumption rate in reaction with isolated
Cytc oxidase, which we propose maintains intermediate mitochondrial membrane potentials under physiologic
conditions, thus minimizing production of reactive oxygen species. S47-phosphorylated and phosphomimetic Cytc
showed lower caspase-3 activity. Furthermore, phosphomimetic Cytc had decreased cardiolipin peroxidase activity
and is more stable in the presence of H,O,. Our data suggest that S47 phosphorylation of Cytc is tissue protective and
promotes cell survival in the brain—Kalpage, H. A., Vaishnav, A,, Liu, J., Varughese, A., Wan, J., Turner, A. A, Ji, Q.,
Zurek, M. P., Kapralov, A. A., Kagan, V. E,, Brunzelle, J. S., Recanati, M.-A., Grossman, L. I, Sanderson, T. H., Lee, L,
Salomon, A. R., Edwards, B. F. P, Hiittemann, M. Serine-47 phosphorylation of cytochrome c in the mammalian brain
regulates cytochrome c oxidase and caspase-3 activity. FASEB J. 33, 13503-13514 (2019). www.fasebj.org
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Cytochrome c (Cytc) is a mitochondrial hemeprotein that
plays a central role in cellular respiration and apoptosis.
Cytc takes part in respiration by transferring electrons
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from bc; complex (complex III) to cytochrome ¢ oxidase
(complex IV, COX) where oxygen is reduced to water in
the electron transport chain (ETC). This is the proposed
rate-limiting step of the ETC in intact cells (1, 2), with the
free energy released during this reaction being twice as
high compared with complexes I and III, making it effec-
tively an irreversible reaction (3). The ETC complexes I, I1I,
and IV pump protons across the mitochondrial inner
membrane, generating an electrochemical gradient that is
utilized by ATP synthase (complex V) to convert ADP and
phosphate to ATP. Cytc is not only an indispensable pro-
tein for cellular energy production but also a major sig-
naling molecule for apoptosis. In the presence of an
apoptotic signal, Cytc is released from the mitochondria
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into the cytosol and interacts with the protein apoptotic
protease activating factor 1 (Apaf-1) (4). This results in the
formation of the apoptosome, which activates the caspase
cascade, leading to cell death.

Furthermore, during the early process of apoptosis, Cytc
functions as a peroxidase of cardiolipin, a mitochondria-
specific lipid that interacts with Cytc (5, 6). About 15-20%
of Cytcis tethered to cardiolipin (7, 8). Cytc acts as a catalyst
of cardiolipin peroxidation in the presence of reactive ox-
ygen species (ROS) such as H,O,. In apoptotic cells, 60% of
cardiolipin is redistributed to the outer mitochondrial
membrane, facilitating Cytc release from the mitochondria
into the cytosol (9). Cytc is also involved in both ROS
production and scavenging, utilizing its ability to accept
and donate electrons (10, 11). These multifunctional prop-
erties of Cytc identify it as a cellular life and death decision
molecule. Consequently, the protein is tightly regulated by
allosteric mechanisms (ATP/ADP ratio), tissue-specific
isoform expression, and reversible phosphorylations, as
reviewed in Kalpage et al. (12).

Reversible phosphorylations of Cytc take place in a
highly tissue-specific manner on distinct sites in mam-
malian liver, heart, and kidney under basal conditions
(13-15). We have previously reported that phosphoryla-
tion of brain Cytc at Y97 is strongly induced by neuro-
protective insulin treatment, but this Tyr phosphorylation
is absent under basal conditions (16). In this study, we
explored the basal phosphorylation state of brain Cytc and
identified a novel phosphorylation site on S47. Interestingly,
this phosphorylation is lost under ischemia, which is an
oxygen-depleted condition present in pathologies such as
ischemic stroke. This modification of Cytc was also identi-
fied in a number of high-throughput studies of the human
skeletal muscle phosphoproteome (17, 18), but was not
functionally characterized.

Most mammals including rodents have a somatic and
a testes tissue-specific isoform of Cytc. However, this
testes-specific isoform was lost in primates and is only
present as a nontranscribed pseudogene in humans (19).
The sequence of human Cytc is a mixture of both somatic
and testes-specific isoforms of mammals that express the 2
isoforms (19, 20). Cytc, together with its partner COX,
is tightly regulated to meet the tissue-specific needs
and energy demand of an organism. COX isoforms are
known for subunits IV, VIa, VIb, VIla, and VIII, which are
reviewed (21, 22).

Here, we report that Cytc purified from mammalian
brain tissue is phosphorylated on 547 under basal condi-
tions. This modification lowers respiration, apoptosis, and
cardiolipin-induced peroxidase activity. However, under
ischemic conditions, Cytc becomes dephosphorylated,
thus reversing all the neuroprotective functions of S47
phosphorylation. Our model proposes that cell signaling
mechanisms that target Cytc for phosphorylation con-
trol respiration to maintain intermediate mitochondrial
membrane potentials (AV,,) (23, 24). Such regulation is
crucial for higher organisms because AW, is directly
related to ROS production. At A¥,,, > 140 mV, ROS pro-
duction at ETC complexes I and III increases exponen-
tially, whereas mitochondria of resting cells with a low
AW, do not produce significant amounts of ROS (25-28).
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We propose that changes in the phosphorylation state
of Cytc in the context of brain ischemia-reperfusion
provides a mechanism for brain reperfusion injury
through maximal ETC flux, A¥,, hyperpolarization,
and excessive ROS production, exacerbating tissue
damage.

MATERIALS AND METHODS
Cytc and COX purification

For Cytc purification, pig brains were obtained from a
slaughterhouse (Dunbar, Milan, MI, USA) and snap frozen.
Half of the weighed brain tissue was left under ischemic
conditions in a tightly sealed bag at 37°C for 1 h. All proce-
dures involving animal tissues were approved by the Wayne
State University Institutional Animal Care and Use Com-
mittee. The tissue incubated under ischemic conditions and
nonischemic tissue were processed separately. Cytc was pu-
rified using our established protocol (13-15) with minor
modifications: Cytc eluted from the CM52 cellulose column
(GE Healthcare) was concentrated under vacuum to 1 ml and
further purified by size exclusion using a Sephacryl S-100
(GE Healthcare) gel filtration column. Gel-filtered Cytc was
concentrated and buffer exchanged to water using Amicon
Ultra-15 10 kDa centrifugal filter units (MilliporeSigma, Bur-
lington, MA, USA).

Regulatory competent COX was purified from pig brain
and heart as previously described for cow liver and heart
COX under conditions that preserve phosphorylation (29)
with minor modifications: additional washing steps with ST
buffer (250 mM sucrose, 20 mM Tris, pH 7.4) were performed
for the isolation of brain mitochondria because of the large
amount of fat present in brain tissue compared with heart. To
break the mitochondrial membranes, 20% Triton X-114
(1.5 ml/g protein) was added to brain mitochondria.
Extracted COX was loaded onto a DEAE-Sepharose (GE
Healthcare) anion-exchange column equilibrated with 125 mM
KPi, 0.5% Triton X-100. COX was eluted using a salt gradient
(100-700 mM KPi, 0.1% Triton X-100, pH 7.4). COX was further
purified by ammonium sulfate precipitation as described in Lee
et al. (29).

S47 phosphorylation mapping by
mass spectrometry

The purified pig brain Cytc was trypsin digested and enriched for
phosphopeptides using the PhosTio Kit (GL Science, Tokyo, Ja-
pan). The peptides were eluted into a Linear-Trap Quadrupole
Fourier Transform (LTQ-FT) Mass Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) through C18 reverse-phase gra-
dient column chromatography followed by electrospray ioniza-
tion as described in Sanderson ef al. (16). The tandem mass
spectrometry spectra were collected in the positive ion mode and
assigned to peptide sequences. Phosphopeptides of interest were
manually verified.

Site-directed mutagenesis

The codon corresponding to 547 of the somatic rodent Cytc
c¢DNA cloned into pLWO01 expression vector (30) was mutagen-
ized to a glutamate residue (S47E) as a phosphomimetic re-
placement and with an alanine residue as an additional control
(S47A), which cannot be phosphorylated. These mutants were
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generated using the QuickChange Lightning Site-Directed Mu-
tagenesis Kit (Agilent Technologies, Santa Clara, CA, USA)
according to the manufacturer’s protocol. Briefly, the pLWO01
Cytc plasmid was amplified using the following mutagenesis
primers. S47A forward: 5'-CCAGGCTGCTGGATTCGCTTA-
CACAGATGCC-3', S47A reverse: 5° GGCATCTGTGTAAGC-
GAATCCAGCAGCCTGG-3', S47E forward: 5'-CCAGGCTGC-
TGGATTCGAGTACACAGATGCC-3', S47E reverse: 5'-GGC-
ATCTGTGTACTCGAATCCAGCAGCCTGG-3'. The parental
DNA was digested using Dpnl restriction enzyme, and the DNA
was transformed into XL10-Gold ultracompetent cells. pLWO01
plasmids were purified from individual colonies using the Wiz-
ard Plus SV Miniprep Purification System (Promega, Madison,
WI, USA) and DNA sequencing was performed to confirm the
presence of the desired mutation.

Bacterial overexpression and recombinant
protein purification

Following sequence confirmation, the pLWO01 plasmid was
transformed into C41 (DE3) competent bacterial cells
(Lucigen, Middleton, WI, USA). Bacterial colonies were
cultured in Terrific Broth (Research Products International,
Mount Prospect, IL, USA) medium with 0.1 mg/ml carbe-
nicillin at 37°C and induced with 100 pM isopropyl-p-b-
thiogalactoside when an optical density (OD)gg of 1 was
reached. The bacterial cells were harvested and lysed, and
Cytc was purified, as previously described in Mahapatra
et al. (15), with slightly modified ion exchange chromatog-
raphy conditions for the DE52 anion-exchange (pH 7.4, 4.0
mS/cm conductivity) column and CM52 cation exchange
column (pH 6.5, 6.0 mS/cm conductivity). The protein was
eluted with a high-salt elution buffer (40 mM KPj, 0.5 M
NaCl). Cytc was further purified by size exclusion chroma-
tography and buffer exchanged to water as previously de-
scribed for Cytc purification from brain tissue.

Analysis of Cytc spectra

Cytc concentration was determined by the spectrophotometric
method as previously described in Mahapatra et al. (15). Cytc was
oxidized and reduced with K;3Fe(CN)s and NayS,Oy4 re-
spectively, and desalted using Sephadex G-25 NAP5 columns
(GE Healthcare). The Cytc concentration was calculated using the
following equation: (Assored —Assooxi)/19.6 mM/cm X 1 cm (31).
Reduced Cytc was used to obtain the spectrum from 220 to
700 nm. Oxidized Cytc (100 M) was used to obtain the spectrum
from 600 to 750 nm to analyze the peak at 695 nm.

COX activity measurements

Purified pig brain COX was diluted to 3 uM, and cardiolipin
(MilliporeSigma) was added to a 40:1 cardiolipin: COX molar
ratio. The enzyme was dialyzed (MW cutoff: 12,000-14,000 Da)
in COX measuring buffer [10 mM K-4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4, 40 mM KCl, 1% Tween
20, supplemented with 0.2 mM ATP] at 4°C overnight to remove
bound cholate (15). Oxygen consumption was measured via a
Clark-type oxygen electrode (Oxygraph System; Hansatech,
Pentney, United Kingdom) at a final concentration of 54.5 nM
brain COX and 163 nM heart COX in 220 pl measuring buffer.
Ascorbate (20 mM) was added as an electron donor for Cytc.
Purified Cytc (5 pM) was injected into the air-tight oxygen elec-
trode. Oxygen consumption was recorded and analyzed using
the Oxygraph software (Hansatech). COX activity was expressed
as oxygen consumed per minute.
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Caspase-3 activity assay

Cytc~/~ embryonic fibroblasts (CRL 2613; American Type Cul-
ture Collection, Manassas, VA, USA) were cultured in 8 T75 cell
culture flasks. The cells were harvested, and a cytosolic extract
was prepared as previously described in Mahapatra et al. (15).
Enzchek Caspase-3 Assay Kit 2 (Thermo Fisher Scientific) con-
taining the rhodamine 110-linked DEVD tetrapeptide that fluo-
resces upon cleavage by caspase-3 was used for caspase-3 activity
measurements. Fluorescence was measured using a Fluoroskan
Ascent FL plate reader (Thermo Fisher Scientific) using 485-nm
excitation (14-nm bandwidth) and 527-nm emission (10-nm
bandwidth) filters. The final readings were corrected for back-
ground fluorescence in the absence of Cytc.

Redox potential measurement

The midpoint redox potential (E°’) was analyzed spectrophoto-
metrically as previously described in Mahapatra et al. (15) using
2,6-dichloroindophenol (DCIP, E* = 237 mV) as a reference
compound. Data obtained were plotted as log(DCIP,,/DCIP,4)
vs. 1log(Cytox/Cytreq), yielding a linear graph with a slope of
nDCIP/nCytc and a y axis intercept of nCytc/59.2(E Cytc — E
DCIP). These values were used to calculate the E°” of Cytc from
the Nernst equation.

Heme degradation assay

Oxidized Cytc variants were passed through NAP5 columns to
remove the oxidant KzFe(CN)g and diluted to a final concentra-
tion of 5 uM in 50 mM phosphate buffer (pH 6.1). An excess of
3 mM H,0O, was added and the reduction of 408 nm heme Soret
band of Cytc was measured after 60 s as previously described in
Liu et al. (32).

Cardiolipin peroxidase activity

Tetralinoleylcardiolipin and Cytc (1 wM) of varying ratios (10:1,
20:1) were incubated for 10 min. Peroxidase activity was mea-
sured upon addition of Amplex red (50 pM) and H,O, (50 nM)
(15). Amplex red, when oxidized, is converted to resorufin.
Resorufin fluorescence was measured at 535 /585 nm (excitation/
emission) using a “Fusion R” universal microplate analyzer.

Gel electrophoresis and Western blotting

Purified Cytc was loaded on a 10% acrylamide (37.5:1)
Tris-tricine gel, Coomassie stained for 1 h, and destained over-
night. For Western blotting, the gel was transferred onto a PVDF
membrane using a Bio-Rad trans-blot semidry transfer apparatus
(125mA, 25V, 1 h). Membranes were blocked with 5% blocking
reagent (bovine serum albumin for anti-phospho antibodies and
dry milk for the Cytc antibody) for 1 h and incubated with pri-
mary antibodies: Cytc mouse monoclonal (BD Pharmingen, San
Jose, CA, USA), 1:1000, and Ser phosphoantibody cocktail (4
monoclonal antibodies 1C8, 4A3, 4A9, and 16B4; EMD Biosci-
ences, San Diego, CA, USA), 1:1000. After overnight primary
antibody incubation, blots were washed with 1XTris-buffered
saline, 0.1% Tween 20 buffer and incubated with horseradish
peroxidase-conjugated secondary mouse IgG (Cytc) and mouse
IgM (phosphoserine) antibodies in a 1:5000 dilution for 2 h. The
blots were washed with 1X Tris-buffered saline, 0.1% Tween 20
following secondary antibody incubation and visualized with
HyGlo chemiluminescent reagent (Denville Scientific, Holliston,
MA, USA), using an automatic X-ray film processor, model JP-33.
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Phostag gel electrophoresis

A Phostag (100 uM) AAL-107 ligand (Wako Chemicals, Rich-
mond, VA, USA) containing 10% Tris-Tricine gel was cast
according to the manufacturer’s protocol. Tissue-purified Cytc
from both ischemic and nonischemic conditions was loaded with
cow heart Cytc (MilliporeSigma) as an additional control. The
Phostag gel was run and immunoblotted with anti-rabbit Cytc
antibody (ab18738; Abcam, Cambridge, MA, USA). The Phostag
gel was incubated in transfer buffer with 5 uM EDTA for 20 min
before transfer to remove Mn**. The band intensity of phos-
phorylated and unphosphorylated Cytc was quantified using
the density-in-box tool of Quantity One 1-Dimension Analysis
Software (Bio-Rad, Hercules, CA, USA), after correction for
background.

High-resolution gel for separation of COX subunits

The COX subunits were separated by the Kadenbach SDS-PAGE-
urea method (33). The separation gel solution had a final con-
centration of 16% acrylamide and 7.2 M urea. Purified heart and
brain COX (30 pg/lane) were loaded, and the gel was runat 180 V
overnight.

Statistical analysis

Experimental data consisting of 3 or more replicates were ana-
lyzed for statistical significance for the different experiments by a
2-sided Wilcoxon rank-sum test using MSTAT v.6.1. Data are
reported as means * sb and were considered statistically signif-
icant when P < 0.05.

Cytc crystallization

S47E Cytc was purified and crystallized using the same proce-
dures employed successfully for 3 previous Cytc structures (15).
Briefly, it was gel-filtered on an S-100 column, concentrated to
15mg/ml orhigher in water, and oxidized with 5 mM K;Fe(CN)s
[Protein Data Bank (PDB): FC6] prior to crystallization. Crystals
were grown by vapor diffusion after mixing 1 .l of protein so-
lution with 1 pl of precipitant solution and equilibrating the drop
against 0.5 ml of the precipitant at room temperature. The re-
spective precipitant solutions are listed in Supplemental Table S1.
The single crystal was soaked for 10 min in a cryo-protectant
solution (Supplemental Table S1) before flash freezing in liquid
nitrogen. Diffraction data were collected at the Life Sciences
Collaborative Access Team facility (Advanced Photon Source
sector 21; Argonne National Laboratory, Lemont, IL, USA).
The data were integrated using XDS (34) in AutoProc (35). The
structure was solved, rebuilt, refined, and analyzed using the
Phenix (36) suite of programs (AutoMR, AutoBuild, Refine,
Composite.Omit). The beginning model for AutoMR was
chain-A of wild-type (WT) Cytc (5C0Za). The 4 FC6 molecules
were located in anomalous diffraction difference maps, and their
occupancies were refined in Phenix. The final structure was op-
timized with PDB-REDO (37), which also refined the heme links
to Cys14, Cysl7, His18, and Met80 against standard bond values.
This final step improved Ry, ok by 2.2%, Reree by 1.7%, and the real
space correlation coefficient for the electron density of 115/416
residues (none were worse).

Molecular dynamics

Molecular dynamics were performed with Yasara v.17-12-24 (38)
using its conservative “slow” protocol, recommended defaults
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for all parameters, and the most recent force field, Amber 2014
(39). The starting structures for the molecular dynamics calcula-
tions on the 547 mutants were prepared from chain 5C0Za. Root
mean square fluctuation and root mean square deviation (RMSD)
plots were generated with Excel using data imported from Yasara.
The “omit” electron density plots were assembled with
PyMOL [The PyMOL Molecular Graphics System, v.2.2.3 (2018)
Schrodinger, New York, NY, USA] using the simple “composi-
te.omit” electron density calculated by Phenix. The final assembly
of all figures was done in Photoshop (Adobe, San Jose, CA, USA).

RESULTS

Brain Cytc is S47 phosphorylated and becomes
dephosphorylated during ischemia

Previously, our lab identified distinct phosphorylation
sites of Cytc purified from the heart, liver, and kidney
under basal conditions. However, the basal phosphory-
lation state of Cytc in the brain was not known. Cytc pu-
rified from pig brain tissue was found by Western analysis
to be Ser phosphorylated (Fig. 1A). The purified protein
was properly folded and functional based on the presence
of its characteristic o, 3, and y peaks (40) in the reduced
absorption spectrum of Cytc (Fig. 1B). Through mass
spectrometry, we showed that the protein was phos-
phorylated at 547 (Fig. 1C), the only Ser residue present in
porcine and rodent somatic Cytc. This Ser phosphoryla-
tion was completely lost when Cytc was isolated from
brain tissue that was left ischemic for 1 h (Fig. 2A).

Cytc S47 phosphorylation inhibits respiration

To analyze the effect of this post-translational modification
in reaction with COX, the corresponding COX enzyme
was purified from porcine brain and from heart tissue as a
control. These proteins were resolved in a high-resolution
urea-polyacrylamide gel (33) to separate the 13 tightly
bound subunits of COX (Fig. 2B).

The COX brain and heart enzymes differ by 3
tissue-specific isoforms of subunits Vla, VIla, and VIII,
which run at slightly different positions, with the heart
COX containing the heart isoforms and the brain COX
containing the liver-type isoforms (41). Using Cytc puri-
fied from nonischemic (phosphorylated) and ischemic
(dephosphorylated) brain tissue, oxygen consumption
with the matching COX isozyme from pig brain was
measured with a Clark-type oxygen electrode. The
phosphorylated (nonischemic) form resulted in partial
inhibition of respiration by 48% compared with dephos-
phorylated (ischemic) Cytc (Table 1). This suggests that
547-phosphorylated (phospho-547) Cytc may regulate
ETC electron flux to maintain healthy intermediate AW¥,,
levels under physiologic conditions (see Discussion).

Cytc S47 phosphorylation inhibits apoptosis
The effect of Cytc 547 phosphorylation on its second im-

portant function, apoptosis, was determined as a measure
of caspase-3 activity. Caspase-3 is an executioner caspase
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apoptotic activity was significantly lower, by 62%, in the
presence of phospho-547 nonischemic Cytc, as compared
with dephosphorylated (ischemic) Cytc (Table 1). In order to
determine the proportion of Cytc that is phosphorylated in
the brain, the phosphorylated protein was separated from

Figure 2. Cytc purified from ischemic porcine brain tissue
is dephosphorylated. A) Purified porcine brain Cytc from
ischemic tissue (lane 1) and normal, nonischemic tissue
(lane 2). Top, immunoblot with phosphoserine (pSer)
antibodies; bottom, immunoblot with a Cytc antibody. B)
COX purified from porcine heart (lane 1) and brain
(lane 2) resolved on a high-resolution SDS-PAGE-urea
gel showing all 13 tightly bound subunits of COX. WB,
Western blot.
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TABLE 1. COX activity and Caspase-3 activity of Cytc purified from pig brain tissue (ischemic/

nonischemic)

Type Brain COX activity (min) Caspase-3 activity (%)

Dephosphorylated brain Cytc 283.5 = 13.3 (100% = 4.7)“ 100 = 4.3
(ischemic)

Phosphorylated brain Cytc 1475 = 19.6* (562.0% * 6.9)“ 37.9 = 16.1*
(nonischemic)

“Percentage of WT. *P < 0.05 compared with dephosphorylated Cytc.

the unphosphorylated protein on a Phostag gel (Supple-
mental Fig. S1). Based on densitometry analysis, we report
that about 35% of the protein was phosphorylated, which is
likely an underestimation because of the delay in time
extracting the organ that causes the tissue to become ische-
mic and to lose Cytc phosphorylation (see Discussion).

S47E phosphomimetic Cytc as a model for
S47 phosphorylation

To further functionally characterize the role of S47 phos-
phorylation, a recombinant phosphomimetic Cytc mutant,
S47E, was generated. Using a phosphomimetic mutant
instead of in vivo phosphorylated Cytc has the advantage
that the modification cannot be lost during functional as-
says, especially those that require extended incubation
times that could otherwise lead to hydrolysis of the phos-
phate group. In addition, essentially unlimited amounts can
be generated by bacterial overexpression. The S47E mutant
was purified along with recombinant WT and S47A
Cytc, a variant that cannot be phosphorylated, using a
bacterial expression system (Fig. 3A). The reduced and
oxidized absorption spectra of these recombinant pro-
teins were analyzed in order to confirm that the proteins
were properly folded (Fig. 3B). The presence of the weak
695 nm peak of the oxidized spectra indicates the proper
hexacoordinate structure of the heme iron (Fig. 3B, inset)
(42). To effectively function as an electron carrier in the
ETC, Cytc must have a redox potential value between
complex Il and complex IV. The redox potential value for
WT Cytc was 272 = 2 mV, which is similar to the values of
270 £ 1 mV and 256 + 12 mV for S47A and S47E Cytc,
respectively (Table 2). These values lie within the litera-
ture values of mammalian Cytc redox potential in the
range of 220-270 mV (43, 44), suggesting that they can
effectively participate in electron transfer.

Based on a published docking model of Cytc and COX
(45), S47 was suggested to interact with COX subunit VIla
(Fig. 3C). Brain and heart COX differ in their tissue-specific
isoforms of subunits Vla, VIla, and VIII (Fig. 2B). There-
fore, COX activity with the Cytc mutants was measured
with both brain COX containing subunit VIlaL (liver-type)
and heart COX containing subunit VIlaH (heart-type) to
reveal potential kinetic differences of the 2 isozymes.

The COX activity in the presence of 5 M phosphomi-
metic (547E) Cytc in reaction with pig brain COX was 54%
lower compared with COX activity in the presence of 5 uM
WT Cytc (Table 2). These data suggest that S47E re-
placement is a good mimetic for it vivo S47 phosphorylation
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(Table 1). The S47A mutant resulted in COX activity values
between the phosphomimetic and the WT, suggesting that
this substitution does not optimally represent unphos-
phorylated WT Cytc. The apparent K, of Cytc in the re-
action with brain COX was 1.5, 1.4, and 1.5 pM for WT,
S47A, and S47E Cytc, respectively. With heart COX, phos-
phomimetic Cytc resulted in partially inhibited respiration
to an extent comparable with brain COX, suggesting that
the tissue-specific isoforms of COX subunit VII in heart and
brain do not modulate the effect of Cytc S47 phosphoryla-
tion. The apparent K, of Cytc in the reaction with heart
COXwas1.5,1.2,and 1.5 uM for WT, S47A, and S47E Cytc,
respectively. However, COX activity of heart COX was 2.5
times lower than COX activity of brain COX (Table 2),
which is consistent with other reports in the literature sug-
gesting that liver-type COX has a higher turnover com-
pared with heart-type COX, as reviewed in ref. (22).

In the presence of the phosphomimetic S47E replacement,
caspase-3 activity was significantly inhibited (by 65%)
compared with WT Cytc (Table 2). The S47A mutant also
resulted in significantly lower caspase-3 activity, suggesting
that the hydroxyl group of the 547 residue is important for
apoptotic activity and that any modification of this residue
may affect the interaction of Cytc with Apaf-1. In fact, the
Apaf-1 Cytc docking model (46) revealed that 547 is located
in the Apaf-1binding domain of Cytc (Supplemental Fig. S2).

With increased ROS levels, Cytc undergoes oxidative
modifications such as sulfoxidation, which causes Cytc to
lose its function (47). This loss in function, upon addition of
3 mM H;0,, was monitored by a decrease in heme ab-
sorption of Cytc at 408 nm. S47E Cytc was about 30% more
resistant to heme degradation by excess H,O, compared
with both WT and 547 A Cytc, suggesting that S47E Cytc is
more resistant to oxidative stress (Table 2).

As discussed in the Introduction, cardiolipin peroxi-
dase activity is a proapoptotic function of Cytc. Car-
diolipin peroxidase activity was measured in the presence
of cardiolipin, Cytc, H,O,, and Amplex red as the fluo-
rescence indicator of cardiolipin oxidation. In a 10:1 and
20:1 ratio of cardiolipin:Cytc, WT Cytc has the highest
peroxidase activity compared with the S47A and S47E
mutants (Fig. 4), further supporting the antiapoptotic
function of the phosphorylated protein.

Crystal structure of S47E Cytc and molecular
dynamics simulations

To gain a better understanding of the structure-function
relationships of Cytc when the 547 residue is modified, we

KALPAGE ET AL.


http://www.fasebj.org

WT  S47A S47E

kDa
180
130

70
55

0.7

06

40

35
25

15

650 7‘00 - ?SO
Wavelongth ()

 ——4
[Ny
—
—
S
m—
|

ST

10

\ &

LY .
LALLEN &

“
> Pt

400 600

500 700
Wavelength (nm)

coxl

> )

R A

90°c X
/’

‘I

s
4
® 4

»

..“ s

4

Figure 3. Characterization of recombinant WT, S47A, and S47E Cytc. A) Coomassie gel of bacterially overexpressed and purified
recombinant WT (lane 1), S47A (lane 2), and S47E (lane 3) Cytc indicates that the proteins were purified to homogeneity. B)
Reduced Cyte (5 pM) spectra (220-700 nm) and oxidized Cytc (100 wM) spectra (600700 nm, inset) of recombinant WT (blue),
S47A (red), and S47E (green) indicate correct folding and functionality of the proteins. C) Docking model of Cytcand COX (45,
60). A COX residue within a distance of 3 A from residue 47 (magenta) is highlighted (Lys58 of COX subunit VIIa, cyan). Abs,

absorbance.

determined the crystal structure of S47E phosphomimetic
Cytc at 1.55 A (Supplemental Table S1) and performed
molecular dynamics simulations. The crystal structure of
S47E (6N10O.pdb) frozen at 100 K is similar to the WT Cytc
structure (5C0Z.pdb) (Fig. 5A). Phospho-547 was super-
posed onto the Glu-47 residue of the S47E crystal structure
(Fig. 5B) to demonstrate that S47E and phospho-547 spa-
tially arrange in a similar manner and that S47E is a good
phosphomimetic model. Figure 5C-F shows the RMSD of
the 4 molecules A, B, C, and D of the S47E Cytc tetramer
(6N10O.pdb) relative to the corresponding molecules A, B,
C, and D of the WT Cytc tetramer (5C0Z.pdb). Increased

TABLE 2. Functional studies of WI, S47A, and S47E Cytc

RMSD was observed around the S47 residue; however,
this was variable across the 4 molecules possibly because
the S47E crystal structure was disordered with broken
omit density especially in molecules C and D.

We performed molecular dynamics calculations to
evaluate the possible effects of the mutations on the
structrue of Cytc in solution. WT Cytc (5C0Z.pdb) and
S47A, S47E, and phospho-547 Cytc modeled in silico from
WT Cytc (5C0Z.pdb) were run for 300 ns and divided into
three 100-ns blocks. The first block was considered a pre-
equilibrium period. The RMSD of the second block from
100 to 200 ns and third block from 200 to 300 ns were

Caspase-3 Heme Redox potential
Cytc variant Brain COX activity (min) Heart COX activity (min) activity (%) degradation (%) (mV)
WT 233.2 + 15.1 (100% = 6.5)“ 98.1 = 13.5 (100% = 13.8)¢ 100 £ 1.9 100 = 4.0 272 £ 2
S47A 192.3 *+ 15.4* (82.5% * 6.6)* 65.4 = 14.6* (66.7% * 14.9)“ 38.0 * 6.8* 99.5 + 8.6 270 = 1
S47E 106.6 = 15.6% (45.7% = 6.7) 49.9 £ 2.7* (50.9% = 2.8)“ 35.5 £ 4.0% 67.5 £ 3.9% 256 £ 12
“Percentage of WT. *P < 0.05 compared with WT.
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Figure 4. Cardiolipin peroxidase activity. Cardiolipin peroxi-
dase activity is significantly lower with S47A and S47E Cytc at
10:1 and 20:1 tetralinoleylcardiolipin (TOCL):Cytc ratios
compared with the WT.

plotted for the Ca position on each residue (Supplemental
Fig. S3A-D). The molecular dynamics runs suggest that
there is no major perturbation in the overall structure at
Cytc position 47 in S47A, S47E, and phospho-547 mole-
cules. However, the negative classic y turn containing
residues K27, T28, and G29 shows the highest RMSD,
suggesting that this is the most unstable loop of Cytc. Su-
perposed WT Cytc with S47A and S47E Cytc shows that
S47A (red) and S47E (cyan) Cytc superpose well on top of
each other, whereas the WT (blue) Cytc structure is more
deviated, especially around the loop containing T28
(Supplemental Fig. S3E).

DISCUSSION

Even though Cytc is a well-studied protein and has been
known for over a century, its regulation through cell sig-
naling and post-translational modifications was only
recently reported. This was made possible by improved
protein purification protocols developed to preserve
post-translational modifications and thus the physio-
logic regulatory properties of mitochondrial proteins
including Cytc and COX (13, 29). We previously iden-
tified tissue-specific phosphorylation sites of Cytcin the
heart (13), liver (14), and kidney (15). We also reported a
phosphorylation site in the brain (Y97) that was in-
duced by insulin treatment (16), but absent under basal
conditions. Therefore, the basal phosphorylation state
of Cytc in the brain was unknown until this report. The
brain is an organ that heavily depends on oxidative
phosphorylation. In adult humans, the brain accounts
for only about 2% of the body weight, yet it consumes
20% of the oxygen we breathe (48), making it the most
energy expensive organ of the body.

Here, we show that Cytc purified from pig brain is
phosphorylated on residue S47. Cytc is 95% conserved
between human and pig, making the latter a good exper-
imental model because of its close proteome resemblance
to humans (49). In addition, we also mapped the same
modification on immunoprecipitated Cytc from rat brain
tissue (data not shown), suggesting that it is the common
regulatory post-translational modification present in the
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mammalian brain. To date, no studies have identified Cytc
547 phosphorylation in the human brain, but 547 phos-
phorylation of Cytc was mapped in 2 high-throughput
phosphoproteomics studies from human skeletal muscle,
suggesting that 547 phosphorylation is present in humans
under normal physiologic conditions (17, 50). However,
no functional follow-up studies were performed, and it is
unclear if a meaningful fraction of the Cytc protein pool
contains this modification in skeletal muscle.

The Phos-tag gel data indicate that about 35% of the
brain Cytc pool was S47-phosphorylated, suggesting that
this post-translational modification is biologically rele-
vant. It should be noted that the observed fraction of
phosphorylated Cytc is likely an underestimation because
of the time it takes to open the pig skull and snap freeze the
brains, a period in which the tissue is ischemic and may
lose some of this phosphorylation, which we know is
completely lost after 1 h of ischemia. Thus, to overcome the
challenge with regard to variability in phosphorylation of
tissue-purified Cytc, we used recombinant phosphomi-
metic (S47E) Cytc for functional analyses. The phospho-
mimetic form behaved in a similar way to in vivo
phosphorylated Cytc in both COX activity and caspase-3
activity assays. In addition, the crystal structure of S47E
Cytc, obtained at a resolution of 1.55 A, shows that it
spatially arranges similarly to modeled phospho-547 Cytc
(Fig. 5B), further supporting that S47E Cytc serves as a
good phosphomimetic model.

The 547 residue belongs to the Qny-loop (foldon V)
comprising residues 40-57, which were previously report-
ed to have the highest unfolding capacity (51, 52). Fur-
thermore, this is the loop that contains the only 2
disease-related mutations reported for Cytc (G41S, Y48H)
that cause thrombocytopenia in humans (53). This may
further explain the substantial functional changes in respi-
ration and apoptosis caused by single point mutations in
this evolutionarily optimized protein. Surprisingly, RMSD
analysis did not show a significant perturbation in the fol-
don V region of Cytc containing 547 when phosphorylated
or replaced with alanine or glutamate. However, significant
changes in RMSD were observed around the T28 residue
when 547 was modified. In contrast to most studies that
report 547-containing Qnyy-loop as the most unstable region
of Cytc, our molecular dynamics runs have suggested the
T28-containing loop to be the most unstable portion of the
protein. This loop is referred to as the “negative classic” -y
turn of the protein comprising residues 27-29, which has
been shown to be very important for the stability of Cytc
sidechains (54). Furthermore, we and others have pre-
viously reported that T28 is an important regulatory site of
Cytc that controls the ETC function (15, 55).

In several in vitro assays the control mutant, S47A Cytc,
behaved more like the phosphomimetic protein or showed
a behavior somewhere between the two. This finding
suggests that this specific site on Cytc (i.e., the presence of
the Ser residue) is essential for maximal ETC electron flux
and apoptotic activity. Even though alanine is the closest
neutral replacement for a Ser residue, it lacks a polar group
to mimic the hydroxyl group. We and others have ob-
served effects deviating from the WT in some functional
analysis with an alanine replacement in Cytc (55). Recently
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Figure 5. S47E crystal structure at 1.55 A. A) Omit electron density for the S47E residues. The unbiased electron density calculated
by Phenix.composite.omit and contoured at 1.0 RMSD with PyMOL is shown for the Glu-47 residues in the 4 Cytc chains in the
asymmetric unit of 6N10.pdb. Cytc S47F has 8 glutamate residues for a total of 32 in the 6N1O tetramer. They are on the surface,
and most are mobile and disordered with broken omit density for the side chain atoms. If one counts the number of carboxyl group
atoms (carbon 8, oxygen el. and oxygen €2) in density at 1.0 RMSD in this figure then the numbers are E47a (3), E47b (1), E47c (0),
and E47d (1). Applying this simple analysis to the entire crystal structure gives scores (maximum = 24) of 20, 17, 13, and 18, for
chains A, B, C, and D, respectively. B) Phosphomimetic Glu-47. The 2F,-F; electron density calculated by Coot (hitps://www2.mrc-
Imb.cam. ac.uk/personal/pemsley/coot/web/docs/coot. himl) from the 6N10 structure and data are shown for Phe-46a, Glu-47a, and Tyr-48a
contoured at 1 RMSD (PyMOL). There are no residues within 3.5 A of the Glu-47a side chain. The equivalent phospho-S47
sidechain is superposed onto Glu47a to show the structural match. The phosphorus atom is orange. S47 was modeled by mutating
Glu-47a back to a Ser with YASARA and then attaching a phosphate group with Coot. G-F) The RMSD figures comparing the 4
molecules A, B, C, and D of S47E (6N10.pdb) and WT (5C0Z.pdb) in the 2 crystal structures.

we reported similar behavior for another alanine mutant, of S47A and S47E Cytc. This may explain the similar
T28A Cytc (15). Superposition of WT, S47A, and S47E after ~ functional effects observed for these 2 mutants in caspase-3
300 ns of molecular dynamics shows similar arrangement activity and cardiolipin peroxidation.
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Figure 6. S47 phosphorylation (pS47) of Cytc by an
unknown kinase leads to intermediate healthy respiration,
lower apoptosis, and lower cardiolipin peroxidase activity.
Cytc gets dephosphorylated under ischemia, which leads to
pathologically high respiration rates, increased apoptosis,
and increased cardiolipin peroxidase activity.

Interestingly, alanine substitution is found in position 47
across several different species such as Drosophila, fungi, al-
gae, arthropods, and bacteria (56), indicating that an alanine
replacement is evolutionarily permissible at this site. In fact,
the presence of an alanine may be beneficial for these species
since S47A demonstrates increased protective functions as
observed with the phosphorylated protein, such as lower
caspase-3 and cardiolipin peroxidase activities. The nega-
tively charged amino acid aspartate, which is an alternative
phosphomimetic replacement, was also found at this site in
species such as snails, Caenorhabditis elegans, and nematodes
(56). However, based on our crystallographic analysis, in-
cluding the length of the phosphorylated side chain together
with our functional data, we conclude that glutamate and
not aspartate is the better phosphomimetic replacement to
study Ser phosphorylation. This is also suggested by the fact
that, despite S47D Cytc showing lower caspase and car-
diolipin peroxidase activities similar to S47E Cytc, it behaves
in an opposite manner in reaction with COX compared with
in vivo phosphorylated or S47E Cytc, leading to about a 70%
increase in respiration (55). In contrast, the glutamate phos-
phomimetic reflects the activity seen with the in vivo phos-
phorylated protein.

COX along with Cytc are evolutionarily adapted to meet
tissue-specific energy needs of different organs. One adap-
tive mechanism is the expression of tissue-specific isoforms,
such as the liver-type and heart and skeletal muscle-type
specific isoforms in COX subunits Vla, VIla, and VIII (22).
Heart-type COX is specific to the heart and skeletal muscle
tissue, whereas the liver-type is expressed in most other
tissues (57, 58). The liver-type isoforms are expressed in
tissues such as the liver and brain that have specialized
functions and not such a high capacity for mitochondria
compared with heart and skeletal muscle. Therefore,
liver-type COX has a higher basal activity compared with
heart-type COX (22). However, the in vitro COX activity
experimental setup used for these measurements do not
take into account the AW, and supercomplex formation of
the ETC complexes, which are important features of intact
mitochondria. Therefore, in order to better represent the
physiologic in vivo situation, COX activity should be mea-
sured in live cells or tissues. Because COX subunit VIla
was suggested to interact with S47 of Cytc based on a
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computational docking model (45), we asked whether the
effect of the Cytc 547 modification on COX activity may be
further modulated by the presence of the liver- vs. the
heart-type isoform of subunit VIla. Surprisingly, both heart
and brain COX showed a similar level of inhibition of res-
piration with phosphomimetic Cytc compared with WT,
suggesting that interaction of Cytc with subunit VIla does
not alter the respiration rate in a tissue-specific manner.

In summary, this is the first study reporting the basal
phosphorylation state of Cytc in the mammalian brain and
its functional characterization using both in vivo phos-
phorylated and phosphomimetic (547E) Cytc. Our results
suggest that this modification is cytoprotective in terms of
maintaining optimal intermediate mitochondrial respira-
tion rates by partially inhibiting COX activity (Fig. 6). We
propose that the loss of this post-translational modification
during cellular stress, such as during brain ischemia (Fig.
2A), would cause pathologically high respiration rates
during reperfusion that would lead to AW¥,,, hyperpolar-
ization and a ROS burst, promoting cardiolipin perox-
idation and triggering apoptosis (24). Lower caspase-3 and
cardiolipin peroxidase activities provide another safeguard
mechanism from apoptosis when Cytc is phosphorylated.
These mechanisms should be further investigated in an in
vivo model. In addition, the kinase and phosphatase in-
volved in this sighaling pathway are yet to be discovered. A
small number of kinases and phosphatases with localiza-
tion to brain mitochondria has been reported (59), further
supporting tissue-specific phosphorylation of mitochon-
drial proteins. We propose that a better understanding of
Cytc regulation in the brain may facilitate the development
of a Cytc-targeted neuroprotective therapy to improve
debilitating pathologies such as ischemic stroke when Cytc
becomes dephosphorylated.
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