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Background: Cyclophilin D, a known mitochondrial permeability transition pore (mPTP) regulator, is associated with
cellular protection.
Results:Mutation of cysteine 203 of cyclophilin D inhibits mPTP opening and improves cell viability.
Conclusion: Cysteine 203 of cyclophilin D is a critical residue for mPTP activation.
Significance: This work provides novel mechanistic insights into mPTP regulation.

The mitochondrial permeability transition pore (mPTP)
openingplays a critical role inmediating cell deathduring ische-
mia/reperfusion (I/R) injury. Our previous studies have shown
that cysteine 203 of cyclophilinD (CypD), a criticalmPTPmedi-
ator, undergoes protein S-nitrosylation (SNO). To investigate
the role of cysteine 203 inmPTPactivation,wemutated cysteine
203 of CypD to a serine residue (C203S) and determined its
effect on mPTP opening. Treatment of WT mouse embryonic
fibroblasts (MEFs) with H2O2 resulted in an 50% loss of the
mitochondrial calcein fluorescence, suggesting substantial acti-
vation of the mPTP. Consistent with the reported role of CypD
in mPTP activation, CypD null (CypD�/�) MEFs exhibited sig-
nificantly less mPTP opening. Addition of a nitric oxide donor,
GSNO, toWT but not CypD�/� MEFs prior to H2O2 attenuated
mPTP opening. To test whether Cys-203 is required for this
protection,we infectedCypD�/�MEFswith aC203S-CypDvec-
tor. Surprisingly, C203S-CypD reconstituted MEFs were resis-
tant to mPTP opening in the presence or absence of GSNO,
suggesting a crucial role for Cys-203 in mPTP activation. To
determinewhethermutation ofC203S-CypDwould altermPTP
in vivo, we injected a recombinant adenovirus encoding C203S-
CypD or WT CypD into CypD�/� mice via tail vein. Mitochon-
dria isolated from livers of CypD�/� mice or mice expressing
C203S-CypD were resistant to Ca2�-induced swelling as com-
pared with WT CypD-reconstituted mice. Our results indicate
that the Cys-203 residue of CypD is necessary for redox stress-
induced activation of mPTP.

The mitochondrial permeability transition pore (mPTP)2
plays a critical role in mediating cell death during ischemia/

reperfusion (I/R) injury (1–3), and inhibition of mPTP is the
target of cytoprotective signaling in various organs, including
the heart, brain, kidney, and liver (4–8). mPTP has been sug-
gested to be amultiprotein complex that can form a nonspecific
pore, which renders the inner mitochondrial membrane per-
meable to molecules smaller than 1500 daltons (9–11). The
opening of mPTP during I/R injury results in loss of membrane
potential, uncoupling of oxidative phosphorylation, matrix
swelling, ATP depletion, and production of reactive oxygen
species, ultimately leading to cell death. mPTP opening is
reported to be amajor cause of reperfusion injury, and thus it is
an important target for cytoprotection. Interestingly, mPTP
has been shown to be redox-sensitive (12–14). Low levels of
N-ethylmaleimide can reduce susceptibility of mPTP opening,
but high levels enhance mPTP opening (15). It also has been
shown previously that critical thiols in the pore can be oxidized
and facilitate mPTP opening (16–20). Despite extensive
research, the molecular identity of the mPTP remains
controversial.
At present, cyclophilin D (CypD) is the only defined element

of the mPTP, serving as a regulator of mPTP but not as a pore
component (3). Mitochondria isolated from CypD�/� mice
have been shown to be more resistant to mPTP opening than
WTmice,which correlateswith a reduction in cell death during
I/R in vivo (3, 21). CypD is amitochondrial matrix protein from
a family of cyclophilin proteins that have peptidylprolyl isomer-
ase (PPIase) activity, catalyzing the cis-trans isomerization of
peptidylprolyl bonds. In addition, CypD catalyzes the folding of
newly imported mitochondrial proteins. In light of the redox
sensitivity ofmPTP, it is also interesting that CypD has recently
been shown to be regulated by redox-sensitive processes
(12–14).
S-nitrosylation (SNO), the covalent attachment of an NO

moiety to a protein thiol group, is a reversible, redox-dependent
post-translational modification that has been shown to reduce
I/R injury (22–24). NO donors such as GSNOhave been shown
to increase SNO of a number of proteins. SNO could exert
protective effects by modifying cysteine residues and thereby
shielding crucial cysteine residues from further irreversible
modification such as oxidation in I/R injury (23). Moreover,
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SNO has the ability to modify the activity of target proteins
such as enzymes that are involved in oxidative phosphorylation
(25–27). In addition, SNOhas also been shown tomodulate the
activity of proteins involved in apoptosis and oxidative stress
(28–29). Studies show that depending on the concentration
and redox state of the cell, NOcan enhance or inhibit themPTP
(30–32). SNO of proteins occurs with cardioprotection (33).
Kohr et al. (34) recently demonstrated that treatment of heart
homogenates with GSNO results in SNO of cysteine 203 on
CypD. These observations led us to hypothesize that Cys-203 of
CypD might be important in CypD regulation of the mPTP.
Therefore, the goal of this work was to determine the effect of
mutation of Cys-203 of CypD on mPTP opening. In this work,
we show thatmutation of the SNO site Cys-203 of CypD signif-
icantly reducedmPTP opening inmouse embryonic fibroblasts
(MEFs), suggesting that Cys-203 of CypD is required for mPTP
opening.

EXPERIMENTAL PROCEDURES

Materials—S-Nitrosoglutathione (GSNO) was purchased
from Calbiochem/EMD Bioscience (La Jolla, CA). Hydrogen
peroxide, trypsin, glutamate, malate, carbonyl cyanide p-chlo-
rophenylhydrazone, and all other standard chemicals (unless
indicated otherwise) were purchased from Sigma. DMEM was
purchased from ATCC (Manassas, VA). Hank’s buffered salt
solution and tetramethylrhodamine, ethyl ester were pur-
chased from Invitrogen. Protease/phosphatase inhibitor tablets
were purchased from Roche Applied Science (Indianapolis,
IN). Sources for other reagents/chemicals are specified for each
procedure outlined below.
Animals—All animals were treated and cared for in accord-

ance with the Guide for the Care and Use of Laboratory Ani-
mals (National Institutes of Health, revised 1996), and proto-
cols were approved by the Institutional Animal Care and Use
Committee. Male C57BL/6 mice (12 to 15 weeks) were
obtained from The Jackson Laboratory (Bar Harbor, ME).
Heart Perfusion—After anesthesia, mouse hearts were

excised and quickly placed in ice-cold Krebs-Henseleit buffer:
120mmol ofNaCl, 11mmol of D-glucose, 25mmol ofNaHCO3,
1.75 mmol of CaCl2, 4.7 mmol of KCl, 1.2 mmol ofMgSO4, and
1.2 of mmol KH2PO4. The aorta was cannulated on a Langen-
dorff apparatus and the heart was perfused in retrograde fash-
ion with oxygenated Krebs-Henseleit buffer at 37 °C. After 20
min of equilibrium perfusion, hearts were perfused for an addi-
tional 40 min or subjected to ischemic preconditioning (four
cycles of 5min of ischemia and 5min of reperfusion). At the end
of the perfusion period, hearts were snap-frozen in liquid nitro-
gen. Crude mouse heart homogenates were prepared as
described previously (33, 34). Briefly, each heart was powdered
on liquid nitrogen with a mortar and pestle. Powdered hearts
were then resuspended in 1.5ml of homogenization buffer con-
taining the following: sucrose (300mM), HEPES-NaOH, pH 7.7
(250mM), EDTA (1mM), and neocuproine (0.1mM). AnEDTA-
free protease inhibitor tablet (Roche Diagnostics, Indianapolis,
IN) was introduced just before use. Samples were then homog-
enized viaDounce glass homogenization on ice and centrifuged
at 1000 � g for 2 min. The supernatant was recovered as total
crude homogenate.

S-Nitrosylation Protein Identification and Site Determina-
tion with S-Nitrosylation Resin-assisted Capture—S-Nitrosy-
lated proteins were identified using the SNO-resin-assisted
capture method as described previously (33, 34). Briefly, sam-
ples (1 mg) were diluted in HEPES EDTA neocuproine buffer
with 2.5% SDS and an EDTA-free protease inhibitor tablet
(Roche Diagnostics). Samples were then incubated with 50
mmol/liter N-ethylmaleimide for 20 min at 50 °C to block
unmodified (i.e. free) thiol groups; N-ethylmaleimide was
removed via acetone precipitation. Samples were resuspended
in HEN buffer with 1% SDS and incubated with 20 mmol/liter
ascorbate and thiopropyl-Sepharose resin (GE Healthcare) for
4 h at room temperature to reduce and capture SNO cysteine
residues. Samples were then subjected to tryptic digestion, and
the remaining resin-bound peptides were eluted via 10 mmol/
liter DTT and identified using an LTQOrbitrap XLmass spec-
trometer (Thermo Fisher Scientific, San Jose, CA). The MAS-
COT search engine was used for protein identification as
described previously (33, 34).
Site-directed Mutagenesis—The expression vector of

mutated C203S-CypD was constructed using a QuikChange II
site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA) using plasmid pCMV6-XL5-CypD as a template.
The human full-length CypD clone was constructed using the
pCMV6-XL5 mammalian expression vectors obtained from
OriGene (Rockville, MD). The forward (TCATCACAGA
CTCTGGCCAGTTGAGC) and reverse complement (CTC
AACTGGCCAGAGTCTGTGATGAC) primers containing a
base mismatch (indicated by boldface letters) were synthesized
by Integrated DNA Technologies (San Diego, CA). DNA
sequencing was confirmed using VP1.5 (GGACTTTC-
CAAAATG-TCG) and XL 39 (ATTAGGACAAGGCTGGT-
GGG) primers by Genewiz, Inc. (South Plainfield, NJ).
The mutated C203S-CypD plasmid was digested with the

restriction enzyme NotI to release the CypD insert, and the
resulting sample was analyzed on 1% agarose gel. As expected,
after digestion with NotI, the CypD plasmid generated two
fragments: the pCMV6-XL5 vector (4.7 kb) and CypD insert
(1.7 kb) (Fig. 3A). Themutation was further confirmed byDNA
sequencing and analyzed using the basic local alignment search
tool (BLAST). The cysteine corresponding codon TGT was
replaced with the serine corresponding codon TCT (Fig. 3B).
MEF Isolation—MEFs were isolated from CypD�/� and

CypD�/� embryos from 12.5 to 14.5-day-pregnant mice by
trypsin digestion, as described previously (3). MEFs were cul-
tured inDMEMsupplementedwith 15% fetal bovine serumand
1% penicillin/streptomycin.
Transfection—Isolated WT MEFs were transfected with

pCMV-XL5 (control vector) (OriGene, Rockville, MD).
CypD�/� MEFs were transfected with control vector, WT
CypD, or mutated C203S-CypD plasmids using Fugene HD
(Roche Diagnostics). MEFs were cultured for 48 h prior to
experiments.
LIVE/DEAD Viability—After transfections, MEFs were

treated with 1 mMH2O2 for 6 h to induce cell death. Cell death
was assessed using the LIVE/DEAD viability kit (Molecular
Probes) according to the manufacturer’s instructions.
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mPTP Assay—mPTP opening in MEFs was assessed using
the MitoProbe Transition Pore Assay Kit (Molecular Probes)
according to themanufacturer’s instructions. Briefly, cells were
loadedwith 40 nM of calcein-acetoxymethyl ester (AM) at 37 °C
for 15 min. Cells were then washed with Hank’s buffered salt
solution and were treated with 0.4 mM CoCl2 or 0.4 mM CoCl2
plus 1 mM H2O2 for 10 min at 37 °C. The samples were then
analyzed using a CYAN flow cytometer with appropriate exci-
tation and emission filters for fluorescein. The change in fluo-
rescence intensity between samples incubated with only
calcein AM/CoCl2 and samples incubated with calcein
AM/CoCl2�H2O2 indicates mPTP-induced opening by H2O2.
Generation of Recombinant CypD and Mutated CypD

Adenoviral Particles—Adenoviral CypD and mutated CypD
were generated using the AdEasy adenoviral vector system
(Agilent Technologies, Inc., Santa Clara, CA) as described by
the manufacturer. Adenovirus stocks were further amplified in
AD-293 cells, and adenovirus titers were determined using the
AdEasy viral titer kit (Genomics), an enzyme-linked immuno-
assay, according the manufacturer’s instructions.
In Vivo Gene Transfer—Adenovirus-mediated gene transfer

to the liver was carried out by tail vein injection of 5.4 � 107
pfu/g of adenoviral particles. Three experimental groups were
evaluated after 72 h. In group 1, CypD�/� mice received intra-
venous injection of adenovirusCMV-GFP (control). In group 2,
CypD�/� mice received a recombinant adenovirus encoding
WT CypD. In group 3, CypD�/� mice were injected with a
recombinant adenovirus encoding mutated C203S-CypD.
Mitochondria Isolation from Liver Tissue—Liver tissue was

rinsed four times with PBS, and the tissue was homogenized in
225 mMmannitol, 75 mM sucrose, 5 mMMOPS, 0.5 mM EGTA,
and 2 mM taurine (pH 7.25) (Buffer B) with protease/phospha-
tase inhibitors. The homogenate was centrifuged at 500 � g,
and the resulting supernatant was centrifuged at 11,000 � g to
pellet the mitochondria. The mitochondrial pellet was resus-
pended in Buffer B and protease/phosphatase inhibitors.
Mitochondrial Oxygen Consumption Measurement—Oxy-

gen consumption was measured in a chamber connected to a
Clark-typeO2 electrode (Instech) andO2monitor (Model 5300,
YSI, Inc.) at 25 °C. Mitochondria were incubated in respiration
buffer (120mMKCl, 5 mMMOPS, 1 mM EGTA, 5mMKH2PO4,
and 0.2% BSA). After addition of 10 mM glutamate/2 mM

malate, state 3 respiration was measured by addition of 0.5 mM

ADP.
Mitochondrial Swelling and Calcium Retention Capacity

Assays—Ca2�-induced swelling of isolated liver mitochondria
weremeasured spectrophotometrically as a decrease in absorb-
ance at 540 nm. Isolated liver mitochondria (100 �g) were
washed twice with Buffer B with protease/phosphatase inhibi-
torswithout EGTAand resuspended in swelling buffer (120mM

KCl, 10 mM Tris-HCl, 5 mM MOPS, 5 mM Na2HPO4, 10 mM

glutamate, and 2 mM malate) in a total volume of 200 �l. Pore
opening was induced by 250 �M of CaCl2 in the presence and
absence of 200 nM cyclosporine A (CsA), a knownmPTP inhib-
itor, and measured at 540 nm.
In addition,mPTP opening ofMEFs expressingWTCypDor

mutated CypDwas assessed using the calcium retention capac-
ity (CRC) assay. To measure CRC of MEFs, after transfections,

MEFs were harvested using trypsin, washed in PBS, and per-
meabilized with 0.002% digitonin for 10 min. After permeabili-
zation of the plasma membrane, MEFs were washed once in
PBS before being resuspended in the swelling buffer. CRC was
assessed using 10 �M fluorescent Ca2� indicator Calcium
Green-5N (Molecular Probes, Eugene, OR) with the addition of
5 �M Ca2� pulses to induce mPTP opening.
Mitochondrial Membrane Potential Measurement—Mem-

brane potential of isolated mitochondria was measured using 1
�M tetramethylrhodamine, ethyl ester in a quenching mode in
200 �l of swelling buffer. To dissipate the membrane potential,
1 �M protonophore carbonyl cyanide p-chlorophenylhydra-
zone was used.
PPIase Activity—PPIase activity was measured spectropho-

metrically using recombinant CypD (Abnova, Walnut, CA)
with buffer (50mMHEPES, 100mMNaCl, pH 8.0). Immediately
before assaying activity, freshly prepared �-chymotrypsin (60
mg/ml, final concentration, 6 mg/ml, Sigma) was added. The
freshly made PPIase substrate N-succinyl-Ala-Ala-Pro-Phe
p-nitroanilide (substrate) (Sigma) was dissolved in the solvent
trifluoroethanol with LiCl (470mM) to a 3mM stock concentra-
tion. The PPIase substrate was added to the reaction to give a
final concentration of 75 nM. The absorbance was recorded at
410 nm. All assay solutions/reagents were at 4 °C. Data were
fitted into a first-order rate equation. The assay relies on the
ability of �-chymotrypsin to release p-nitroanilide fromN-suc-
cinyl-Ala-Ala-Pro-Phe p-nitroanilide only if the bond on the
N-terminal side of the proline side is in the trans conformation.
Addition of the substrate in the presence of �-chymotrypsin
causes a very rapid release of p-nitroanilide since a large pro-
portion (70–80%) of the substrate is in the trans conforma-
tion, followed by the slower release of p-nitroanilide as the cis
isomer spontaneously isomerizes to the trans form. CypD
enhances the rate of the second stage of the reaction. The rate
constant of the second stage of the reaction represents PPIase
activity. Data obtained in the presence of 20 nM CypD were
fitted to a first order rate equation to obtain the kobs as
described (13). The spontaneous PPIase activity or non-enzy-
matic rate (Ko, in the absence of recombinant CypD) was also
calculated from each independent experiment. The data pre-
sented as kobs � Ko.
Western Blot—After 48 h of transfection, proteins were

extracted in cold radioimmune precipitation assay buffer plus
protease and phosphatase inhibitors according to themanufac-
turer’s instructions (Thermo Scientific). Equivalent amounts of
protein (40 �g) from each sample were separated on NuPAGE
4–12% Bis-Tris gels (Invitrogen) and transferred to nitrocellu-
lose membranes. Gel transfer efficiency and equal loading were
verified using reversible Ponceau S staining. The resulting blots
were probedwith cyclophilinD and�-ATP synthase antibodies
(Mitosciences, Eugene, OR) or �-actin antibody (Sigma).
Statistical Analyses—All data were expressed as mean � S.E.

The Student’s two-sample t test or one-way analysis of variance
with Bonferroni’s post hoc analyses were used for comparison
of differences between groups, and a p value 0.05 was consid-
ered to be significant.
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RESULTS

S-Nitrosylation of CypD—Protein SNO has been shown to
play important role in cardioprotection (22–24, 33, 34). To
determine whether CypD was S-nitrosylated with cardiopro-
tection, we subjected Langendorff perfused hearts to ischemic
preconditioning as described in the methods. Using a modified
SNO-Resin-Assisted Capture method (33, 34), we found S-ni-
trosylation of CypD on cysteine 203 (KIVITDC*GQLS) (aster-
isk indicates the S-nitrosylated cysteine residue). A represent-
ative spectrum for CypD identification is shown in Fig. 1. This
finding is consistent with our previous data (34) showing that
Cys-203 is S-nitrosylated in heart homogenates following
GSNO treatment.
GSNO Inhibited mPTP Opening—Addition of NO donors,

which lead to an increase in protein SNO, have been shown to
be cytoprotective and to reduce mPTP opening (25, 33). As
CypD has the ability to undergo SNO at Cys-203, we wanted to
examine whether mutation of Cys-203 to a serine would block
GSNO-mediated protection or modulate mPTP opening. Ini-
tially, we assessed mPTP opening induced by H2O2 in WT
CypD MEFs transfected with control plasmids or CypD�/�

MEFs transfected with WT CypD using the calcein AM-cobalt

chloride quenching method (Fig. 2A). In this technique, cal-
cein/acetoxy-methyl ester enters the cell (cytosol and mito-
chondria) and becomes fluorescent upon de-esterification. Co-
loading of cells with cobalt chloride quenches the fluorescence
in the cytosol but not in the mitochondria since cobalt is not
transported across the mitochondrial membranes. H2O2 is
used as it is a known inducer of mPTP opening (3). As mPTP is
induced, mitochondrial calcein fluorescence is quenched by
cobalt. Treatment of WTMEFs with H2O2 for 10 min induced
a 46 � 4.4% quenching of calcein fluorescence consistent with
mPTP opening in 46% of the mitochondria (Fig. 2A). CypD�/�

MEFs that were reconstituted with WT CypD showed similar
induction of mPTP as WT MEFs. Furthermore, as expected,
H2O2 treatment of CypD�/� MEFs resulted in a much reduced
quenching of calcein fluorescence consistent with resistance to
mPTP opening in the absence of CypD. As NO can decrease
mPTP opening (28–32) and also leads to SNOof CypD (32), we
reasoned that GSNO treatment might inhibit activation of
mPTP. To test this hypothesis, WTMEFs and CypD�/� MEFs
transfected with either an empty vector or withWTCypDwere
treated with an NO donor, GSNO, for 15 min prior to H2O2
treatment (Fig. 2A). Treatment with 1 mM GSNO significantly

FIGURE 1. MS/MS spectra for CypD. Representative MS/MS spectra showing fragmentation of the KIVITDC*QLS peptide (IonScore, 38). Peaks in the spectrum
that are marked red correspond to matched b ions and peaks that are marked blue correspond to matched y ions. The number paired with each ion identification
(i.e. b2, y4, etc.) indicates the number of amino acids present on N-terminal fragments for b ions and C-terminal fragments for y ions. This peptide identification
was observed with ischemic preconditioning in two of five biological replicates; this modification was not observed in any of the hearts with control perfusion.

Mutated C203S-CypD Inhibits mPTP Opening

NOVEMBER 18, 2011 • VOLUME 286 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 40187



attenuated H2O2-induced mPTP opening by 29 � 2.6% in WT
MEFs (n � 5, p � 0.05). GSNO treatment similarly attenuated
H2O2-induced mPTP opening in MEFs transfected with WT
CypD. These results are consistent with the hypothesis that
SNO of CypD is important in cytoprotection. As expected,
GSNO treatment did not provide any additional protection in
CypD�/� MEFs treated with H2O2 (Fig. 2A).

We next wanted to determine whether GSNO would alter
PPIase activity ofCypD.WemeasuredPPIase activity of recom-
binant CypD in the presence of GSNO (Fig. 2B). GSNO has no
effect on PPIase activity although the PPIase activity was sensi-
tive to CsA (Fig. 2B).
Cys-203 of CypD Is Required for mPTP Opening—We next

wanted to investigate whether Cys-203 of CypD is necessary for
inhibition of mPTP with GSNO treatment. Protein SNO has
been shown to play an important role in cytoprotection (22–26,
33). Previously, Kohr et al. (34) found CypD is SNO on cysteine
203 (KIVITDC*GQLS) after GSNO treatment. We also found
(Fig. 1) that CypD is SNO at Cys-203 in preconditioned Lan-

gendorff-perfused hearts. We hypothesized that SNO of Cys-
203 in CypD might alter its ability to activate mPTP opening.
To assess the role of SNO on CypD, we mutated Cys-203 of
CypD to a serine residue (C203S) using site-directed mutagen-
esis. We then confirmed the mutation by restriction digestion
(Fig. 3A) and by DNA sequencing (Fig. 3B). We next expressed
C203S-CypD in CypD null (CypD�/�) MEFs. We isolated pri-
mary CypD�/� MEFs and transfected themwith either theWT
CypD or mutated C203S-CypD for 48 h. As shown in Fig. 4,
similar levels of C203S-CypD andWTCypDwere expressed in
the CypD�/� MEFs.

We next examined the ability of C203S-CypD to regulate the
mPTP (Fig. 5). If our hypothesis is correct, wewould expect that
C203S-CypD should behave asWTCypDMEFs in the absence
of GSNO, but C203S-CypD should not allow protection by
GSNO treatment. We pretreated CypD�/� MEFs transfected
with either mutated C203S-CypD (mCypD) or WT CypD with
GSNO followed by H2O2 addition. Unexpectedly, we found
thatMEFs expressing mutated C203S-CypD showed a reduced
susceptibility to mPTP opening in the absence of GSNO and
that GSNO treatment had no additional effect. Mutation of
Cys-203 to a serine inhibited mPTP to the same extent as was
observed in the CypD null MEFs. Quenching of calcein was
similar in the presence (23%) and absence of GSNO (19%) (Fig.
5A); thus, GSNO provides no additional protection to
mCypD�/�MEFs. Furthermore, as shown in Fig. 5B, consistent
with data in the literature, the mPTP opening of MEFs trans-
fectedwithWTCypD is blocked by CsA, a knownmPTP inhib-
itor. However, addition of CsA toMEFs transfectedwithC203S
CypD provided no additional protection from H2O2-induced
mPTP opening (Fig. 5B).

We next investigated whether C203S-CypD would protect
MEFs against another mPTP inducer ionomycin, a Ca2� iono-
phore. MEFs expressing WT CypD or C203S-CypD were
assessed for mPTP opening in the presence of ionomycin. As
shown in Fig. 5C, ionomycin induced a robust mPTP opening.
After ionomycin treatment,MEFs expressingWTCypD exhib-
ited a 79� 4.2% quenching of calcein fluorescence as compared
with 49� 7.4% inMEFs expressing C203S-CypD (Fig. 5C). The
mPTP opening in MEFs expressing WT CypD is sensitive to
CsA. However, addition of CsA to MEFs expressing C203S
CypD resulted in no further inhibition of mPTP. In addition to
the calcein AM-cobalt chloride quenching method, we mea-
sured mPTP opening with the CRC assay using the calcium
sensitive probe calciumgreen-5N (Fig. 5D). Consistentwith the
H2O2 and ionomycin-induced mPTP results, we found that
CypD�/� MEFs or CypD�/� MEFs expressing the mutated
CypD can sequester more calcium than MEFs expressing WT
CypD (Fig. 5D, red or purple versus blue lines). The mPTP
opening is sensitive to CsA in the group of KO MEFs trans-
fected withWT CypD (turquoise versus blue line), but CsA has
no additional inhibition on Ca2� uptake in KO MEFs trans-
fected with the mutated CypD (orange versus purple line).
Taken altogether, these data indicate a critical role of Cys-203
in CypD and suggest that Cys-203 is necessary for CypD to
facilitate mPTP opening.
C203S-CypD Reduces H2O2-induced Cell Death—To deter-

mine whether C203S-CypD would protect MEFs from H2O2-

FIGURE 2. H2O2-induced mPTP opening is blocked by GSNO. In A, CypD WT
MEFs were transfected with pCMV-XL6 (control (Con) plasmids). CypD�/�

MEFs (KO) were transfected either with pCMV-XL6 (control plasmids) or WT
CypD for 48 h as labeled in each panel. After transfections, mPTP opening was
assessed using H2O2 in the presence and absence of a NO donor, GSNO, using
the calcein-cobalt quenching technique. *, p � 0.05 versus WT�empty or
KO�CypD (n � 5). In B, PPIase activity was measured using recombinant
CypD in the presence of 0, 0.25, 0.5, and 1 mM GSNO. The reaction was initi-
ated with PPIase substrate and chymotrypsin as described under “Experimen-
tal Procedures.” The kobs for PPIase activity was calculated using non-linear
regression analysis as described under “Experimental Procedures.” The k0 is
the PPIase activity in the absence of CypD (the non-enzymatic rate) was also
calculated using non-linear regression and was subtracted from the kobs. The
results represent average measurements from three independent assays.
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induced cell death, MEFs expressing WT CypD or C203S-
CypDwere treated withH2O2 for 6 h to induce cell death. After
treatment, we determined the percent of cell death using the
LIVE/DEAD viability kit. MEFs expressing C203S-CypD
showed reduced cell death as compared with MEFs expressing
WT CypD (24 � 3.5% versus 41 � 2.7%, Fig. 6). Our results
indicate the importance of cysteine 203 in modulating mPTP
opening in response to oxidative stress-induced cell death.
In Vivo Expression ofWTCypDandMutated C203S-CypD in

CypD�/� Mouse Liver—As we showed the importance of Cys-
203 of CypD in MEFs, we next wanted to express the mutated
C203S-CypD in vivo anddetermine its effect onmPTPopening.
We first generated adenovirus vectors encoding WT CypD or
mutated C203S-CypD and injected viral particles into
CypD�/� mice via tail vein at 5.6 � 107 pfu/g mouse. Seventy-
two hours after injection, we extracted the liver tissue and
determined the expression of CypD (Fig. 7). Adenovirus-medi-
ated transfer of CypD and mutated C203S-CypD resulted in
similar levels of expression in liver tissue (Fig. 7). As a control,
we injectedCypD�/�micewith an adenovirus harboring a gene

encoding GFP to determine infection efficiency and to ensure
the lack of virus related effects. As expected, proteins extracted
from CypD�/� mice have no expression of CypD but only
express GFP. Our results confirmed similar expression of WT
CypD and mutated C203S-CypD in liver tissue.
We next investigated whether C203S-CypDwould alter oxy-

gen consumption or membrane potential. Respiratory control
ratio was measured as the ratio between mitochondrial respi-
ration states 3 and 2. Isolated mitochondria expressing WT
CypD or mutated CypD exhibited similar respiratory control
ratio (state 3/state 2) (Fig. 8A).Wemeasuredmembrane poten-
tial using the fluorescent probe TMRE. There was no difference
in maximal membrane potential or dissipated membrane
potential (carbonyl cyanide p-chlorophenylhydrazone treat-
ment) (Fig. 8B).
To determinewhethermutatedCypDaltered the response to

mPTP opening, liver mitochondria isolated from CypD�/�

mice, CypD�/� mice infected with WT CypD, or CypD�/�

mice infected with mutated C203S-CypD were assessed for
their ability to undergo Ca2�-induced swelling (Fig. 8C). As
expected,mitochondria isolated fromCypD�/�mice exhibited
resistance to swelling after addition ofCa2�, which is consistent
with previous data showing that CypD regulatesmPTPopening
(3). Mitochondria isolated from livers of CypD�/� mice recon-
stituted withWTCypD underwentmPTP opening as indicated
by Ca2�-induced swelling, which results in a decrease in
absorbance at 540 nm (Fig. 8C, blue line). This effect was sen-
sitive toCsA (turquoise line). In contrast,mitochondria isolated
from livers of CypD�/� mice with mutated C203S-CypD (pur-
ple line) exhibited similar mPTP opening as the mitochondria
isolated from CypD-KO mice (red line), and mPTP opening in
the mitochondria expressing mutated CypD showed no addi-
tional inhibition with CsA (orange line). In addition, we have
measured mPTP opening using the CRC assay as in Fig. 5D.

FIGURE 3. Confirmation of C203S-CypD mutation by restriction digestion and DNA sequencing. In A, 1 �g of mutated CypD (mCypD) plasmid was digested
with 2 units of restriction enzyme, NotI, at 37 °C for 1 h. The resulting reaction and undigested samples were analyzed on a 1% agarose gel. A representative
ethidium bromide stained gel is shown. In B, a mutated C203S-CypD plasmid sample was sequenced to confirm the site-directed mutagenesis. The replaced
serine corresponding codon TCT is in boldface.

FIGURE 4. Expression of mutated C203S-CypD in CypD�/� MEFs. CypD�/�

MEFs (KO) were transfected with pCMV-XL6 (control plasmids), WT CypD, or
mutated C203S-CypD plasmids for 48 h. After 48 h of transfection, proteins
were extracted, and samples were analyzed by Western blot analysis using
anti-CypD or anti-�-actin (as a loading control). Representative autoradio-
graphs are shown (n � 4). mCypD, mutant CypD.
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Consistent with the swelling assay (Fig. 8C), we found that liver
mitochondria isolated from CypD�/� mice with mutated
C203S-CypD can sequester more calcium than mitochondria
isolated from CypD�/� mice expressing WT CypD (Fig. 8D,
purple versus blue traces). Furthermore, CsA has no additional
effect on Ca2� uptake in CypD�/� mice with mutated C203S-

CypD (orange trace). Taken together, these results indicate that
Cys-203 of CypD is required for mPTP opening.

DISCUSSION

CypD is currently the only defined element of the mPTP. In
this study, we show that CypD activation of the mPTP is criti-
cally dependent on Cys-203. Mutation of Cys-203 to a serine
impairs CypD activation of mPTP such that mutated C203S-
CypD results in a similar reduction in mPTP opening as total
loss of CypD. Consistent with previous studies, CypD�/� cells
exhibit reduced susceptibility to mPTP opening with calcium
overload or oxidative stress (3). In this study, we show that
mutation of Cys-203 results in a CypD that is unable to activate
mPTP (Figs. 5 and 8, C and D) and improves cell viability (Fig.
6); however, this mutation has no effects onmitochondrial bio-
energetics (Fig. 8, A and B). These data suggest that Cys-203 is
necessary for CypD to activate the mPTP. A previous study
identified Cys-203 of CypD as a redox-sensitive residue (13).
The inability of C203S-CypD to activate themPTP is not due to

FIGURE 5. mPTP opening is blocked by C203S-CypD. CypD�/� MEFs (KO)
were transfected either with WT CypD or C203S-CypD plasmids for 48 h as
labeled in each panel. After transfections, mPTP opening was assessed using
H2O2 (A and B) or ionomycin (C) in the presence and absence of an NO donor,
GSNO, or CsA using the calcein-cobalt quenching technique. In D, after trans-
fections, CRC was measured using calcium-sensitive probe calcium green-5N
in the presence of 5 �M Ca2� pulses. A representative figure is shown from
three independent assays. *, p � 0.05 versus WT�empty or KO�CypD (n � 5).
mCypD, mutant CypD.

FIGURE 6. C203S-CypD reduces H2O2-induced cell death. CypD�/� MEFs
(KO) were transfected with WT CypD or mutated C203S-CypD plasmids for
48 h. After transfections, MEFs were treated with 1 mM H2O2 for 6 h to induce
cell death. Cell death was assessed using the LIVE/DEAD viability kit (Molecu-
lar Probes) according to the manufacturer’s instructions. The results repre-
sent average measurements from three independent assays. mCypD, mutant
CypD. *, p � 0.05, versus KO � WT CypD in the presence of H2O2.

FIGURE 7. Induction of mutated C203S-CypD expression in the liver mito-
chondria of CypD�/� mice abolished Ca2�-induced mPTP opening. Liver
samples were obtained 72 h after adenovirus injections with an adenoviral
vector driving WT CypD, mutated C203S-CypD, or AdCMV-GFP (used as a
control) expressions. Immunoblot analysis of 40 �g of mitochondrial protein
extracted from mouse livers, and the resulting blots were probed with anti-
CypD, GFP, and �-ATP synthase (ATPsyn) antibodies. Representative blots are
shown (n � 6). mCypD, mutant CypD.
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complete loss of structure as Linard et al. (13) showed that
C203S-CypD did not impair isomerase activity. CypD catalyzes
a peptidyl prolyl cis-trans isomerization (PPIase). Linard et al.
(13) showed that PPIase activity ofWTCypD is reduced by 20%
if CypD is oxidized, whereas PPIase activity of C203S-CypD is
unaffected by oxidation.
SNO has been reported to reduce cell death in the setting of

I/R injury (22–24, 33). Nitric oxide at low levels has also been

shown to reduce mPTP opening, although high levels of nitric
oxide can stimulate mPTP (30–32). Activation of the mPTP is
generally thought to be the primarymediator of cell death in I/R
injury. Taken together, this would suggest that SNO might
reduce cell death by directly or indirectly inhibiting the mPTP.
It was therefore of interest that CypD is SNO following cardio-
protectionwith ischemic preconditioning (Fig. 1).We also have
shown previously that GSNO can SNO Cys-203 of CypD (34).

FIGURE 8. C203S-CypD expression in the liver mitochondria of CypD�/� mice does not alter mitochondrial oxygen consumption and membrane
potential. Liver mitochondrial samples were obtained as described in Fig. 7. Respiratory control ratio (RCR) (A) was determined using glutamate and malate as
substrates by calculating state 3/state 2 using a Oxygraph electrode. In B, membrane potential was monitored using the fluorescent dye TMRE in coupled
respiring mitochondria and then in the presence of 1 �M protonophore carbonyl cyanide p-chlorophenylhydrazone. In C, mitochondrial swelling assay was
measured by absolute absorbance at baseline and after Ca2� (250 �M) addition in the presence and absence of CsA in isolated liver mitochondria from each of
the indicated groups as described in A. The data show the profile of absorbance at 540 nm of mitochondrial suspensions after exposure to 250 �M CaCl2. The
results represent average measurements from four independent preparations of liver mitochondria from separate mice. In D, CRC was measured using the
calcium-sensitive probe calcium green-5N in the presence of 10 �M and 50 �M Ca2� pulses. mCypD, mutant CypD.
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Our data showed that GSNO reduces mPTP opening withWT
CypD (Fig. 2A); however GSNO has no effects on PPIase activ-
ity using recombinant CypD (Fig. 2B). However, we do not
know the percentage of CypD that is SNOwithGSNOaddition,
and it is possible that the percentage is too small to have an
effect on isomerase activity. However, the lack of effect of
GSNO on isomerase activity is consistent with data in the liter-
ature showing mutation of Cys-203 does not inhibit PPIase
activity (13). Nevertheless, mutation of Cys-203 inhibits mPTP
opening to a similar extent as total loss of CypD. These data
suggest a critical role of Cys-203 in the activation of mPTP. In
addition, these data also support the hypothesis that CypD is a
target of SNOand that SNOofCys-203 acts similar tomutation
of Cys-203 or to CypD deletion. It is possible that a free SH
group is important to form a disulfide bond perhaps involved in
targetingCypD to the pore.Mutation of Cys-203 or SNOof this
cysteine could alter protein-protein interactions between
CypD andmPTP component(s). Alternatively, oxidation of this
Cys-203 could be an important factor in mPTP activation, and
oxidation would be blocked by SNO or mutation of this site.
Previous studies by Kohr et al. (34) suggest that Cys-203 of
CypD is oxidized during I/R and to a lesser extent in precondi-
tioning, a known cardioprotective phenomena. It has been sug-
gested that cysteine residues which are SNO are shielded from
further oxidative damage (23, 33). Further studies are necessary
to elucidate the role(s) of Cys-203 of CypD in modulating I/R
injury.
In summary, the Cys-203 residue of CypD is a critical residue

for SNO andmPTP activation. Mutation of Cys-203 to a serine
impairs CypD activation of mPTP similar to CypD ablation.
Further investigation of the role of this cysteine residue may
provide a better understanding of the molecular identity of the
mPTP and the mechanistic basis for mPTP opening as well as
how cytoprotective interventions inhibit mPTP opening for
protection from I/R injury. Taken together, these data provide a
novel regulatory role for cysteine 203 of CypD in mPTP
regulation.
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