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Aims Cyclophilin-D is a well-known regulator of the mitochondrial permeability transition pore (PTP), the main effector
of cardiac ischaemia/reperfusion injury. However, the binding of CypD to the PTP is poorly understood. Cysteine
202 (C202) of CypD is highly conserved among species and can undergo redox-sensitive post-translational modifi-
cations. We investigated whether C202 regulates the opening of PTP.

Methods We developed a knock-in mouse model using CRISPR where CypD-C202 was mutated to a serine (C202S). Infarct

and results size is reduced in CypD-C202S Langendorff perfused hearts compared to wild type (WT). Cardiac mitochondria
from CypD-C202S mice also have higher calcium retention capacity compared to WT. Therefore, we hypothesized
that oxidation of C202 might target CypD to the PTP. Indeed, isolated cardiac mitochondria subjected to oxidative
stress exhibit less binding of CypD-C202S to the proposed PTP component F1FO-ATP-synthase. We previously
found C202 to be S-nitrosylated in ischaemic preconditioning. Cysteine residues can also undergo S-acylation, and
C202 matched an S-acylation motif. S-acylation of CypD-C202 was assessed using a resin-assisted capture (Acyl-
RAC). WT hearts are abundantly S-acylated on CypD C202 under baseline conditions indicating that S-acylation on
C202 per se does not lead to PTP opening. CypD C202S knock-in hearts are protected from ischaemia/reperfusion
injury suggesting further that lack of CypD S-acylation at C202 is not detrimental (when C is mutated to S) and
does not induce PTP opening. However, we find that ischaemia leads to de-acylation of C202 and that calcium
overload in isolated mitochondria promotes de-acylation of CypD. Furthermore, a high bolus of calcium in WT car-
diac mitochondria displaces CypD from its physiological binding partners and possibly renders it available for inter-
action with the PTP.

Conclusions Taken together the data suggest that with ischaemia CypD is de-acylated at C202 allowing the free cysteine residue
to undergo oxidation during the first minutes of reperfusion which in turn targets it to the PTP.
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1. Introduction

Cell death following ischaemia/reperfusion (I/R) is thought to be due
to opening of the mitochondrial permeability transition pore (PTP), a
large conductance channel in the inner mitochondrial membrane."™
Calcium and reactive oxygen species are well-established triggers of
PTP opening and both are elevated during I/R. Opening of the PTP>
leads to loss of mitochondrial membrane potential, loss of ATP-
production, and ultimately cell-death. Although the molecular identity
of PTP is debated, the F1FO-ATP-synthase has been proposed as the
pore-forming component.”™ ! In contrast to the uncertainty regarding
the identity of the pore-forming unit of the PTP, genetic knockdown
and inhibitor studies have documented that cyclophilin-D (CypD), a
peptidyl-prolyl cis-trans isomerase localized in the mitochondrial ma-
trix, is a regulator of PTP.”> ™ In IR injury, Ca*? overload and oxida-
tive stress promote the translocation of CypD to the inner
mitochondrial membrane which in turn sensitizes PTP and triggers
cell-death.”>"® PTP has been shown to be redox-sensitive, which
makes thiols on cysteines of CypD an interesting target.'”*° Cysteine
202 (C202) in mouse CypD is highly conserved among species, and
previous studies from our group have shown that it is oxidized during
I/R injury and S-nitrosylated in ischaemic preconditioning.*’ Another
common post-translational modification of cysteines is S-acylation.
S-acylation is the covalent attachment of a fatty acid to a protein thiol
group and has been shown to affect the localization of proteins or
their catalytic activity.”*** CypD C202 matches an S-acylation site
motif found commonly in soluble proteins.”* We have previously
shown that the mutation of C202 to a serine (C202S) which cannot
undergo redox-sensitive post-translational modifications desensitized
PTP opening in mouse embryonic fibroblasts, suggesting that C202 is
important for PTP opening.?®

The goal of the present work is to elucidate the role of C202 of CypD
in mediating PTP opening. We developed a CypD C202S knock-in
mouse model using CRISPR in a C57BL/6N background. We find that
C202 in addition to being a site of S-nitrosylation,21 is a major site of
S-acylation. We report that CypD C202S mice exhibit reduced I/R injury
and desensitized PTP opening. Furthermore, CypD C202S exhibits
diminished binding to the proposed PTP component ATP-synthase
under oxidative stress.

2. Methods
2.1 Animals

All animals were treated and cared for in accordance with the Guide for
the Care and Use of Laboratory Animals (National Institutes of Health),
and protocols were approved by the Institutional Animal Care and Use
Committee of the National Heart, Lung, and Blood Institute. Global
CypD C202S mice were maintained on a C57BL/6N background.
Genotyping was performed as described elsewhere.” Mice were anaes-
thetized with an intraperitoneal injection of sodium pentobarbital
(200 mg/kg, P3761, Sigma). Heparin (3000U/kg, Sigma) was co-
administered to prevent blood clotting during the isolation procedure
for the perfused hearts. Induction of anaesthesia was confirmed within
5 min of injection by the absence of physical responses, including pedal
withdrawal and corneal reflexes.

2.2 Langendorff perfused hearts

Hearts were excised quickly from mice and placed into ice-cold Krebs—
Henseleit buffer of the following composition (mmol/L): 120 NaCl, 11 d-
glucose, 25 NaHCO3, 1.75 CaCl,, 4.7 KCl, 1.2 MgSOy, 1.2 KH,PO, (pH
74). Aortas were cannulated and connected to a non-recirculating
Langendorff perfusion apparatus, through which the heart was perfused
retrogradely with Krebs buffer (37°C, aerated with 95% O,/5% CO,) at
a constant pressure of 100 cm H,O. For all experiments, hearts were
first equilibrated for 20 min and then subjected to global ischaemia for
20 min followed by reperfusion for 90 min. Where indicated hearts were
perfused with cyclosporine A 5min before the onset of ischaemia to
5min after onset of reperfusion. To measure left ventricular developed
pressure (LVDP), a latex balloon connected to a pressure transducer
was inserted in the left ventricle and recordings were made using
PowerlLab (ADInstruments). Rate pressure product (RPP), a measure of
functional recovery, was calculated as the post-ischaemic LVDP muilti-
plied by heart rate divided by the pre-ischaemic values. After reperfusion
hearts were perfused with 1% 2,3,5-triphenyltetrazolium chloride (TTC)
and then incubated in TTC for 30 min at 37°C. Hearts were fixed in 10%
formaldehyde, and cross-sections were imaged. Infarct size was calcu-
lated as a percentage of total cross-sectional area, and for each heart, the
mean value was determined from six separate images.



214

G. Amanakis et al.

2.3 Western blotting

Heart was homogenized and lysates prepared as previously described.”®
Proteins were resolved by SDS-PAGE, transferred to nitrocellulose
membranes (Invitrogen) and incubated overnight with antibodies against
cyclophilin D (ab110324, Abcam), ATP5A (ab14748, Abcam), ATP50
(sc-365162, Santa Cruz), VDAC1 (sc-8828, Santa Cruz). Membranes
were then incubated with secondary antibodies conjugated with HRP
(1:10 000, Santa Cruz) for 1h at room temperature, ECL reagents were
added (RPN2232, Amersham ECL Prime, GE Healthcare Life Sciences),
and chemiluminescence was measured using an Amersham Imager 600
(GE Healthcare Life Sciences).

2.4 Cardiac mitochondria isolation

Cardiac mitochondria were isolated by standard differential centrifuga-
tion. First, hearts were minced in ice-cold mitochondria isolation buffer
of the following composition (mmol/L): 225 mannitol, 75 sucrose, 5
MOPS, 0.5 EGTA, 2 taurine (pH 7.25), and homogenized briefly on ice
by a Polytron homogenizer (Ultra Turrax T25, IKA Labortechnik). To di-
gest contractile proteins, trypsin was added (0.1 mg per 100 mg wet tis-
sue, T1426, Sigma) to the homogenate for 5min on ice. Trypsin
digestion was stopped upon addition of 0.5 mL of mitochondria isolation
buffer supplemented with 0.2% fatty-acid free bovine serum albumin.
Any remaining tissue chunks were briefly homogenized by hand with a
Teflon pestle. The homogenate was centrifuged at 500 g for 5min and
the resulting supernatant was then spun at 11 000 g for 5 min to pellet
the mitochondria. All procedures were performed at 4°C. Protein was
quantified using the Bradford assay (23200, Thermo Scientific).

2.5 Calcium retention capacity and swelling

assays
Calcium-induced mitochondrial swelling was measured as a decrease in
absorbance at 540 nm using a microplate reader (FLUOstar Omega,
BMG Labtech). Isolated cardiac mitochondria were resuspended (100 pg
in 200 pL) in physiological buffer of the following composition (mmol/L):
120 KCl, 10 Tris—HCL, 5 MOPS, 5 KH,PO,, 10 glutamate, 5 malate, and
0.01 EGTA (pH 7.4). Abolus of 250 pmol/L CaCl, was added, and absor-
bance at 540 nm was recorded continuously. Calcium retention capacity
was examined by using the fluorescent Ca>" indicator Calcium Green-
5N (1 umol/L, C3737, Molecular Probes), which measures extramito-
chondrial calcium. Mitochondria were first depleted of their endogenous
calcium with a 5 min incubation in depletion buffer of the following com-
position (mmol/L): 125 KCl, 20 HEPES, 15 NaCl, 5 MgCl,, 1 K,EDTA, 1
EGTA, 2 KH,PO,, 0.1 malate (pH 7.1).*” Subsequently, mitochondria
were resuspended in physiological buffer (100 pg in 200 L, see above)
and 10-25 umol/L CaCl, were repeatedly added. In some experiments,
mitochondria were treated with Cyclosporine-A (1umol/L, 30024,
Sigma).

2.6 In vitro oxidation of cardiac
mitochondria and immunoprecipitation of
the ATP synthase

After isolation of cardiac mitochondria, 250-500 pg were pelleted and
resuspended in physiological buffer of the following composition (mmol/
L): 120 KCl, 10 Tris—HCL, 5 MOPS, 5 KH,PO4 (pH 7.4) without gluta-
mate/malate at 3-5 mg/mL. Phenylarsenide (P3075, Sigma) was added at
final concentration of 100 pmol/L and an incubation followed for 10 min
at room temperature. Then the mitochondria were pelleted and resus-
pended in IP buffer of the following composition (mmol/L): 150 NaCl,

250 HEPES (pH 7.4), supplemented with protease/phosphatase inhibi-
tors (HALT cocktail 78440, Thermo Fisher Scientific). To solubilize mito-
chondrial membranes 1.6g n-dodecyl-B-D-maltopyranoside (D4641,
Sigma) per g protein was added, and an incubation on ice for 30 min fol-
lowed. Samples were then centrifuged at 21 000 g for 10 min at 4°C, and
supernatants were incubated overnight at 4°C with an antibody against
the ATP subunit O (1:200, sc-365162, Santa Cruz). Samples were incu-
bated the following day with pre-washed magnetic beads coupled to
protein G (50-100 pL Dynabeads Protein G, Invitrogen) for 1 h at room
temperature. The beads were washed five times with IP buffer supple-
mented with 0.05% n-dodecyl-B-D-maltopyranoside, and eluted with
2x LDS sample buffer supplemented with 10% B-mercaptoethanol
(Invitrogen NuPAGE) by incubating at room temperature for 10 min.
The eluates were then analysed by western blot and probing with anti-
cyclophilin D (ab110324, Abcam) and anti-ATP5O (sc-365162, Santa
Cruz), or anti-ATP5A (ab14748, Abcam). CypD signal was normalized
to the signal of ATP50 or ATP5A in each lane.

2.7 Acyl-resin-assisted-capture (Acyl-RAC)
of S-acylated cysteines

To assess acylation of C202, we employed a resin-assisted capture.”
Murine hearts were perfused for 20 min. Subsequently, mitochondria
were isolated as described above. Mitochondrial pellets of 150-500 pig

8

were resuspended into HE-buffer of the following composition (mmol/
L): 150 NaCl, 250 HEPES, 1 EDTA, pH 7.5 with NaOH, protease and
phosphatase inhibitors (HALT cocktail 78440, Thermo Fisher Scientific),
supplemented with 1% SDS and 40 mmol/L N-ethylmaleimide (04259,
Sigma). N-ethylmaleimide was used to block free cysteines, and an incu-
bation at 50°C for 30 min followed. The samples were then subjected to
a de-salting column (Zeba spin desalting columns, 7K MWCO 89883,
Thermo Fisher Scientific) to remove excess SDS and N-ethylmaleimide.
Thiopropyl-Sepharose 6B (GE Healthcare Life Sciences) was prepared
according to the instructions of the manufacturer. The samples were
then transferred to the resin (8 mg of dry resin per sample) and fresh
250 mmol/L hydroxylamine-HCl (26103, Thermo Scientific, 2.5 mol/L
stock, pH adjusted to 7 with NaOH) or 250 mmol/L NaCl (negative con-
trol) were added. An incubation at room temperature for 2 h followed.
Hydroxylamine removes fatty acids from cysteines, which can be subse-
quently captured by the sepharose resin. After the incubation period,
the resin was washed four times with HE-buffer supplemented with 1%
SDS, and four times with HE-buffer. Elution of proteins captured by the
resin was performed with 60 uL of 2x LDS sample buffer supplemented
with 10% B-mercaptoethanol (Invitrogen NuPAGE) at 70°C for 10 min.
The eluates were then analysed by western blotting with anti-cyclophilin
D (ab110324, Abcam).

2.8 In vitro S-palmitoylation of cyclophilin D
The assay was performed as described previously.”” Purified wild-type
(WT) human cyclophilin D was obtained from Abnova, CA, USA.
Aliquots of 250 nmol/L were made into buffer of the following composi-
tion (mmol/L): 120 NaCl, 40 Tris, 8 HEPES, pH 8.0. Subsequently,
2 umol/L palmitoyl-CoA (P9716, Sigma) was added and the samples
were incubated at 30°C for 1 h. DMSO 0.1% served as vehicle control.

2.9 Cyclophilin D peptidyl-prolyl isomerase
activity

The assay was performed as described previously.'® In glass cuv-
ettes (10 x 10 mm) were added 10nmol/L purified cyclophilin D
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Figure 1 CypD C202S mice are cardioprotected. (A) Infarct size assessment by TTC; unpaired two-tailed Student’s t-test, n=6 mice per group. (B)
Representative microphotograph of infarcted heart tissue appearing white after TTC staining. (C) Rate pressure product recovery at reperfusion; unpaired
two-tailed Student’s t-test, n = 6 mice per group. (D) CypD C202S expression level was similar to WT in heart lysates; unpaired two-tailed Student’s t-test,
n =8 mice per group. (E) Representative western blot of CypD expression level in heart lysates, VDAC1 was used as loading control. CypD, cyclophilin D;
Kl, CypD C202S; LVDP, left ventricular developed pressure; VDAC, voltage dependent anion channel; WT, wild type.

(Abnova, stock 250 nmol/L) and 6 mg/mL a-chymotrypsin (C4129,
Sigma, stock 60 mg/mL in 0.001% HCI) at a final volume of 1mL.
The cuvette was placed in a Nanodrop 2000C (Thermo Fisher
Scientific) with stirring, and 75nmol/L of N-Succinyl-Ala-Ala-Pro-
Phe p-nitroanilide (57388, Sigma, stock in trifluoroethanol supple-
mented with 0.47mol/L LiCl) were added. Absorbance was

measured at 380 nm every 2s over a period of 3 min. Data were fit-
ted to a first-order equation (A = Ao - Ae™, with k as rate con-
stant) and rate constants (kops) Were obtained. The ke,/ky values
were calculated according to the equation Ke/kpm = (Kobs - Ko)/
[CypD], where kg is the first-order rate constant for spontaneous
cis-trans isomerization.
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Figure 2 Cardiac mitochondria from CypD C202S mice exhibit higher calcium retention capacity compared to wild type; representative traces of calcium
retention capacity assays in cardiac mitochondria without (A) and with (B) 1 pmol/L cyclosporine A; calcium retention capacity was measured using calcium-
sensitive probe calcium green-5N. (C) Summary of calcium retention capacity per genotype and treatment. Infarct size assessment with TTC (D) and rate
pressure product recovery at reperfusion (E) in hearts perfused with 0.2 umol/L cyclosporine A or DMSO control. Two-way ANOVA with Sidak’s post hoc
test, n =5 mice per group for panels C-E. CsA, cyclosporine A; CypD, cyclophilin D; RFU, relative fluorescence units; WT, wild type.
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Figure 3 CypD C202S exhibits reduced binding to the proposed
PTP  component ATP-synthase under oxidative stress. (A)
Immunoprecipitation of ATP-synthase in de-energized and oxidized mi-
tochondria; the outputs were assessed for cyclophilin D and the ATP-
synthase subunits alpha and O; unpaired two-tailed Student’s t-test,
n=4 mice per group. (B) Representative western blot of the outputs,
one mouse for WT and two mice for KI. ATP5A, ATP-synthase subunit
alpha; CypD, cyclophilin D; KI, CypD C202S; PheArs, phenylarsenide;
WT, wild type.

2.10 In vitro treatment of cardiac
mitochondria and assessment of
S-acylation of CypD

Cardiac mitochondria were isolated from WT C57BL6/N mice as previ-
ously described and 150-250 pig were incubated in physiological buffer
with phenylarsenide (100 umol/L), CCCP (2umol/L), or CaCl,
(500 pmol/g mitochondria) for 5 min at room temperature. At the end
of the incubation, the samples were centrifuged at 11 000 g for 2 min and
S-acylation was assessed with Acyl-RAC, as described above.

2.11 In vitro crosslinking of cardiac
mitochondria and assessment of binding
partners of CypD

Cardiac mitochondria were isolated from WT C57BL6/N mice as previ-
ously described and 80 pg were incubated in physiological buffer with
CaCl, (500 pmol/g mitochondria) for 10 min at room temperature. At
the end of the incubation fresh prepared disuccinimidyl suberate (DSS

21555, Thermo Scientific) was added at a final concentration of 3 mmol/
L and the samples incubated for 30 min at room temperature. The cross-
linking reaction was then quenched with 20 mmol/L Tris incubated for
15min at room temperature. An aliquot of each sample (10 pg) was
then resolved by SDS-PAGE and western blotting as described above.

2.12 Statistical analysis

Data are reported as mean £ SEM. Student’s t-test and two-way
ANOVA with Sidak’s correction for multiple comparisons were used for
statistical analysis. Differences were considered significant at the level of
P <0.05. All statistical analyses and curve-fitting were performed with
Prism, version 7.02 (GraphPad).

3. Results

3.1 Cypd C202S protects against I/R injury
We first investigated whether C202 of CypD plays arole in I/R injury. To
accomplish this, we mutated C202 to a serine and subjected Langendorff
perfused hearts to global ischaemia for 20 min followed by 90 min of re-
perfusion. The recovery of contractile function (RPP) at reperfusion was
improved and infarct size was attenuated in CypD C202S mice com-
pared to their WT littermates (Figure 1A), suggesting that C202 of CypD
plays a role in regulating I/R injury.

3.2 Cypd C202S desensitizes the

permeability transition pore to calcium

The protection observed in CypD C202S hearts could be due to a re-
duction in the level of CypD in these hearts. To test this, we assessed
CypD C202S expression levels in heart lysates using western blot and
found that the expression level did not differ in comparison to the WT
CypD (Figure 1B and C).

We next tested whether cardiac mitochondria from CypD C202S-KI|
mice exhibited altered sensitivity to the PTP. We assessed calcium reten-
tion capacity, a measure of PTP opening in mitochondria from WT and
CypD C202S hearts. Consistent with the protection against I/R injury,
isolated cardiac mitochondria from CypD C202S mice exhibited higher
calcium retention capacity compared to WT (Figure 2A and C). We fur-
ther evaluated whether mutant CypD conferred additional protection
to the known PTP desensitizer cyclosporine A. In the presence of
1 umol/L cyclosporine A, CypD C202S showed calcium retention capac-
ity similar to WT (Figure 2B and C). Notably, the calcium retention capac-
ity was increased when mitochondria from CypD C202S mice were
treated with cyclosporine A. To test whether this is mirrored in an in-
creased protection against infarction we treated WT and CypD C202S
mice with 0.2 pmol/L cyclosporine A for 5min before the onset of is-
chaemia to 5 min after onset of reperfusion (Figure 2D and E). In contrast
with isolated mitochondria and WT hearts, CypD C202S hearts did not
exhibit additional cardioprotection when treated with cyclosporine A.
This might suggest that PTP regulation differs between isolated mito-
chondria and an ex vivo perfused heart or that there is not enough dy-
namic range to resolve the additional protection by cyclosporine A in
these hearts.

Previous studies showed that mutation of C202 did not alter the
isomerase activity of CypD,"® thus it was unlikely that the reduced PTP
observed in the CypD mutant mitochondria was due to loss of isomer-
ase activity.® We therefore investigated whether mutation of CypD
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Figure 4 Assessment of CypD S-acylation in perfused murine hearts under baseline conditions and at the end of ischaemia. S-acylation of CypD was
assessed by a resin-assisted capture (Acyl-RAC) that is based on the capture of S-acylated cysteines by a sepharose resin. Inputs represent samples before
the Acyl-RAC was run and outputs represent the sample following the Acyl-RAC which is enriched in S-acylated proteins. (A) CypD C202S mice exhibit
less S-acylation of CypD under baseline perfusion compared to wild type; unpaired two-tailed Student’s t-test, n = 5 mice per group; representative western
blots. (B) CypD S-acylation decreases after 20 min of global ischaemia in wild-type hearts; unpaired two-tailed Student’s t-test, n = 4 mice per group; repre-
sentative western blots. CypD, cyclophilin D; HAM, hydroxylamine; Isch, ischaemia; Perf, perfusion; pos.ctrl, positive control for the western blot; WT, wild

type.

altered the targeting of CypD to the F1FO-ATP-synthase, which has been
proposed as the PTP.

stress has been reported to enhance CypD binding to the mitochon-
drial membrane'" where it activates PTP. To test if C202 is impor-
tant in targeting CypD, cardiac mitochondria were subjected to the

3.3 Cypd €202S binds less to proposed oxidizing agent phenylarsenide and the binding of CypD to the pro-

PTP component ATP-synthase under

oxidative stress
Previous studies have shown that cysteine 202 is the primary residue
of CypD that undergoes oxidation during I/R injury."®*' Oxidative

posed PTP component, the F1FO-ATP-synthase was evaluated.
Following phenylarsenide addition, CypD C202S exhibited less associ-
ation with the ATP synthase compared to WT CypD (Figure 3). The
data are consistent with the hypothesis that oxidation of cysteine 202



Cysteine 202 of cyclophilin D is a regulator of PTP

219

b

p<0.001

-
(4, ]
]

—
o
1
[ B

L8]
1

Palmitoylated CypD
(normalized to DMSO)

DMSO PCoA
CypD
B
1.5-
Q
Q . 1.0- £
© ¥
25 =
G DMSO0.1% ®
n o Q
< 057 PCoA 2uM
— DMSO blank
0.0 ' ' . T ,
0 50 100 150 200 250
time (s)

CypD

Inputs Outputs
PCoA DMSO PCoA DMSO
—— - 20 kDa
Ladder
A ..

i A
1l o e
5%106- g &= -5
- | :_ v
: ® o
"

I I I I I
Blank DMSO PCoA DMSO PCoA
CsA CsA
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ase activity was assessed spectrophotometrically; two-way ANOVA with Sidak’s post hoc test, n = 5 independent replicates per group (each replicate repre-
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promotes its binding to proposed PTP components. Mutating the cys-
teine to a serine which cannot undergo oxidation attenuates its bind-
ing to PTP and confers protection against I/R injury. These data are
consistent with the hypothesis that oxidation of C202 plays a role in
targeting CypD to the PTP.

3.4 Cysteine 202 is the main S-acylation
site of CypD

In a previous study, we found CypD to be S—ni‘crosyla‘ced.21 A number of
studies have shown cross-talk between S-nitrosylation and S-acyla-
tion.3"33 Cysteine 202 matches an S-acylation site motif found com-
monly in soluble proteins (-C—-L-).2* To assess S-acylation of cysteine
202 we employed a resin-assisted capture. We compared S-acylation of
WT hearts immediately following removal from the mouse to S-

acylation in Langendorff perfused mouse hearts. We found that S-acyla-
tion is not altered by 60 min of perfusion. We also compared S-acylation
between WT and CypD-KI mice and found that at baseline, CypD
C202S hearts exhibits significantly less acylation compared to WT
(Figure 4A). WT CypD shows two-fold more S-acylation compared to
CypD C202S, suggesting that C202 is a major site of acylation.
Previous studies suggest that S-acylation can affect enzyme activity>*=’
and there is evidence that the opening of PTP depends on the isomer-
ase activity of CypD.? To determine whether S-acylation affects the
cis-trans isomerase activity of CypD, purified WT CypD was S-
palmitoylated non-enzymatically in vitro, then its catalytic activity was
measured. The effectiveness of S-palmitoylation was assessed using
Acyl-RAC. Incubation of CypD with palmitoyl-CoA resulted in a
6.7-fold increase of S-acylation (Figure 5A). The catalytic activity of
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Figure 6 (A) Calcium resulted in a 37% decrease in S-acylation of CypD; unpaired two-tailed Student’s t-test, n =9 mice per group, representative west-
ern blot. (B) CCCP addition did not alter levels of S-acylation of CypD; unpaired two-tailed Student’s t-test, n =7 mice per group, representative western
blot. For (A) and (B) S-acylation of CypD was assessed by a resin-assisted capture (Acyl-RAC) that is based on the capture of S-acylated cysteines by a
sepharose resin. Inputs represent samples before the Acyl-RAC was run and outputs represent the sample following the Acyl-RAC which is enriched in S-
acylated proteins. CCCP, Carbonyl cyanide m-chlorophenyl hydrazone; Ctrl, controls; CypD, cyclophilin D; HAM, hydroxylamine; WT, wild type.

S-palmitoylated CypD was measured and did not differ from that of
non-palmitoylated CypD (Figure 5B).

3.5 Cypd C202 is de-acylated during
ischaemia

To assess whether CypD acylation is altered during I/R, Langendorff per-
fused murine hearts were subjected to baseline perfusion or I/R and
CypD S-acylation was assessed. In WT hearts CypD acylation was signifi-
cantly reduced following ischaemia compared to baseline perfusion
(Figure 4B). Notably, CypD C202S mice cannot undergo oxidation or S-
acylation at cysteine 202, and there was no change in acylation in the
hearts during I/R.

We were interested in examining the mechanism responsible for the
loss of S-acylation of C202 during ischaemia in the WT hearts. We con-
sidered that perhaps the increase in calcium or uncoupling during I/R
might enhance de-acylation at C202. To test this hypothesis, we

incubated isolated mitochondria with high calcium or the uncoupler car-
bonyl cyanide m-chloropheny!l hydrazine (CCCP). Addition of 500 pmol
calcium per g of mitochondria which exceeds the calcium retention ca-
pacity for WT mitochondria (Figure 2) and triggers PTP opening resulted
in a 37% decrease in S-acylation. Thus, the addition of calcium leads to
de-acylation of CypD to levels similar to those observed following is-
chaemia (Figure 6A). We also tested whether a decrease in mitochondrial
membrane potential might stimulate de-acylation. CCCP addition did
not alter levels of S-acylation of C202 (Figure 6B). To further test the hy-
pothesis that calcium regulates S-acylation we measured S-acylation of
CypD in total non-perfused heart lysates from global germline mito-
chondrial calcium uniporter knock-out (MCU-KO) mice, which have re-
duced mitochondrial calcium,38 and we find an increase in S-acylation of
CypD (Figure 7A). The data would be consistent with the hypothesis that
a free C202 is needed for CypD to activate PTP. We hypothesized
that with ischaemia the increase in mitochondrial calcium leads to
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Figure 7 (A) Global germline MCU-KO mice exhibit higher levels of CypD S-acylation compared to WT in non-perfused total heart lysates; unpaired
two-tailed Student’s t-test, n = 6 mice per group; representative western blot. S-acylation of CypD was assessed by a resin-assisted capture (Acyl-RAC) that
is based on the capture of S-acylated cysteines by a sepharose resin. Outputs represent the sample following the Acyl-RAC which is enriched in S-acylated
proteins. (B) Isolated cardiac wild-type mitochondria were treated without/with calcium, crosslinked with DSS and subjected to western blot. Treatment of
WT cardiac mitochondria with calcium results in disassociation from its binding partners; unpaired two-tailed Student’s t-test, n = 6 mice per group. AU, ar-
bitrary units; CypD, cyclophilin D; HAM, hydroxylamine; MCU, mitochondrial calcium uniporter; WT, wild type.

de-acylation of C202 of CypD making it available for interaction with the
PTP. To further test this hypothesis, we tested whether addition of
500 pmol calcium per g mitochondria would result in a change in CypD
binding partners. We show that if we add a crosslinker to WT cardiac
mitochondria there is association of CypD with many high molecular
weight proteins. If we add a bolus of calcium that triggers PTP opening
(500 pmol/g mitochondria) and then add the crosslinker we see that cal-
cium reduces the association of CypD with these proteins as indicated
by anincrease in CypD at 20 kDa (Figure 7B).

4. Discussion

CypD is a well-established regulator of PTP. In the present study,
we show that C202 acts as an integrator of cell-death signalling; its

post-translational modifications such as S-nitrosylation, oxidation, and S-
acylation are modulators of the PTP. The mutation of C202 to a serine is
cardioprotective, desensitizes PTP, and leads to reduced CypD binding
to the proposed PTP component ATP-synthase following oxidative
stress. CypD C202 has been identified as a redox-sensitive residue.®
We have previously demonstrated that CypD C202 undergoes S-nitro-
sylation in ischaemic preconditioning, a cardioprotective manoeuvre
which consists of short non-lethal I/R cycles before prolonged ischaemia.
We propose that S-nitrosylation contributes to cardioprotection by
shielding C202 of CypD from oxidation.”

To further study the importance of CypD C202 in I/R injury we devel-
oped a global C202S CypD knock-in mouse in a C57BL6/N background
using CRISPR. Mice with this KI mutation (CypD C202S) exhibit reduced
I/R injury in the isolated perfused heart model. The protection observed
is not due to attenuated levels of the mutant CypD, since the expression
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of CypD C202S is similar to the expression of the WT CypD. Isolated
cardiac mitochondria from CypD C202S mice exhibit a higher calcium
retention capacity compared to WT consistent with desensitization of
PTP opening by calcium, suggesting a role for C202 in modulating PTP
opening.

The F1FO-ATP-synthase has recently been proposed as a core PTP
component.”" Oxidative stress has been reported to promote the
translocation of CypD to the inner mitochondrial membrane and pro-
posed PTP components.”'>*? Consistent with this hypothesis we found
that oxidation of C202 promotes the binding of CypD to the ATP-
synthase. In CypD C202S mice, the serine at residue 202 cannot undergo
oxidation, possibly limiting the translocation of CypD to PTP, thus de-
sensitizing it and conferring protection.

Cysteine residues can also undergo S-acylation and CypD C202
matches an S-acylation motif.”**° Previous studies have shown that S-
nitrosylation and S-acylation can reciprocally regulate the targeting of

3132
proteins

and thus we were interested in assessing the role of S-acyla-
tion of CypD in I/R injury. The assessment of S-acylation requires enrich-
ment which is typically achieved with the Acyl-RAC or an acyl-biotin-
switch method.* Both methods are based on the use of hydroxylamine
to release fatty acids from cysteine residues which can then bind to the
resin (Acyl-RAC) or to biotin (biotin switch). WT hearts are abundantly
S-acylated on CypD C202 under baseline conditions indicating that S-ac-
ylation on C202 per se does not lead to PTP opening. CypD C202S
knock-in hearts are protected from I/R injury suggesting further that lack
of CypD S-acylation at C202 is not detrimental if the C is mutated to a S,
and does not induce PTP opening. However, we find that ischaemia leads
to de-acylation of C202 and it appears that an increase in calcium pro-
motes de-acylation.

Consistent with a role for mitochondrial calcium in regulating levels of
CypD acylation, global germline CD1 MCU-KO mice which have re-
duced mitochondrial calcium compared to WT>® exhibit higher amount
of S-acylated CypD. However, these MCU-KO mice are not protected
from I/R injury likely due to other adaptations that occur in these mice.
For example, we have shown previously that their CypD-mediated regu-
lation of PTP is altered because of increased phosphorylation at serine
42 of CypD.%

These findings are reminiscent of the role of palmitoylation in regulat-
ing eNOS function. Palmitoylation targets eNOS to caveolae where in-
teraction with caveolin which inhibits eNOS.*' However, eNOS
targeting to caveolae is needed for proper functioning of eNOS. %3
Loss of eNOS palmitoylation and targeting to caveolae alters the avail-
ability of substrates and cofactors and thereby alters eNOS generation
of NO. Agonists activation of calcium-calmodulin leads to activation and
depalmitoylation of eNOS.** Thus, although palmitoylation targets
eNOS to caveolin which inhibits its activity, it also appears to target it to
the proper location to undergo activation by calcium-calmodulin which
results in depalmitoylation.

Taken together the data suggest that mutation of C202 to a serine re-
duced PTP opening and is cardioprotective. These data are consistent
with the hypothesis that a free cysteine is needed to target CypD to the
PTP. It is possible that further oxidation of this cysteine is involved in tar-
geting CypD to the PTP. During ischaemia, the rise in mitochondrial cal-
cium leads to depalmitoylation which following oxidative stress leads to
CypD oxidation and activation of PTP. If an NO donor is present at the
time of depalmitoylation, S-nitrosylation of the C202 can occur which
blocks oxidation and targeting to the PTP. Consistent with this hypothe-
sis Brookes et al*® showed that addition of an NO donor blocks or
attenuates calcium-induced PTP opening. Thus, calcium activated PTP

opening is blocked in the presence of an NO donor which can
S-nitrosylate C202 as it becomes deacylated. Overall, our findings sug-
gest that C202 of CypD plays an important role in mediating cell-death
as its post-translational modifications are potent regulators of I/R injury.
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Translational perspective

In this study, we demonstrated cysteine 202 of CypD undergoes multiple post-translational modifications that regulate its ability to activate perme-
ability transition pore (PTP). We provide novel data demonstrating acylation of CypD and show that acylation and SNO compete for modification
of C202. Together these novel data suggest that CypD integrates signals to regulate the PTP and cell death.




