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N-terminal cleavage of cyclophilin D
boosts its ability to bind F-ATP synthase
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Cyclophilin (CyP) D is a regulator of themitochondrial F-ATP synthase.Herewe report the discovery of
a form of CyPD lacking the first 10 (mouse) or 13 (human) N-terminal residues (ΔN-CyPD), a protein
region with species-specific features. NMR studies on recombinant human full-length CyPD (FL-
CyPD) and ΔN-CyPD form revealed that the N-terminus is highly flexible, in contrast with the rigid
globular part. We have studied the interactions of FL and ΔN-CyPDwith F-ATP synthase at the OSCP
subunit, a site where CyPD binding inhibits catalysis and favors the transition of the enzyme complex
to the permeability transition pore. At variance from FL-CyPD, ΔN-CyPD binds OSCP in saline media,
indicating that the N-terminus substantially decreases the binding affinity for OSCP. We also provide
evidence that calpain 1 is responsible for generation of ΔN-CyPD in cells. Altogether, our work
suggests the existence of a novel mechanism of modulation of CyPD through cleavage of its
N-terminus that may have significant pathophysiological implications.

Cyclophilin (CyP)D is the onlymember of theCyP family (17members in
humans) localized to mitochondria. CyPs are highly conserved peptidyl-
prolyl cis-trans isomerases (PPIase) whose activity is inhibited by
Cyclosporin A (CsA) in the nanomolar range1. The conserved catalytic
domain (cyclophilin-like domain, CLD)2 consists of a β-barrel arranged
by 8 antiparallel β-sheets that form a compact hydrophobic core3 con-
nected by several loops and 3 helical elements, i.e., the two α-helices H1
and H3, which pack against the barrel at opposite sides, and the small H2
between strands S6 and S7, also reported as a 310 helix

4. The surface of the
active site presents two distinct pockets, the S1’ pocket, which includes the
highly conserved proline-binding residues, and the S2 pocket, which is
responsible for interacting with residues P2 and P3 (relative to the sub-
strate proline, P1)5. Access to this pocket is guarded by a set of gatekeeper
residues, which dictate substrate specificity and include Thr86, Ser94,
Arg95, Ala116, Thr120, Ser123, and Gln124 for CyPD5. To date, all the
>60 structures of human CyPD derived from crystallographic studies in
the PDB database6 are based on truncated forms of CyPD lacking 14
N-terminal residues, whose role in protein structure and function remains
therefore to be clarified. PPIases function as protein folding chaperones,
but the actual importance of this activity in vivo has been questioned, as

CyPs could rather provide scaffolds or interaction hubs7 regardless of their
enzymatic activity8.

One of the best-characterised functions of CyPD is regulation of the
mitochondrial permeability transition pore (PTP)9–11, an unselective inner
membrane channel whose opening requires matrix Ca2+ and is favored by
oxidative stress12,13. Short openings provide a fast Ca2+ release channel while
prolonged openings result in stable depolarization, thus preventing ATP
synthesis, and lead tomitochondrial swelling and eventually to cell death by
necrosis14 or through the release of proapoptotic proteins15. CyPD mod-
ulates the PTP by decreasing the Ca2+ load required for pore opening, an
effect that is prevented by its binding of CsA9,10. The discovery that CyPD
interacts with F-ATP synthase at subunit OSCP in a CsA-sensitive way16,17

put forward the suggestion that F-ATP synthase is involved in PTP for-
mation. The demonstration that F-ATP synthase preparations form Ca2+-
activated channels provided solid evidence for the F-ATP synthase role to
generate thePTP17–20,which is also supportedbygeneticmanipulationof the
enzyme18,21–26 and by structural studies27.

CyPD interaction with F-ATP synthase influences cell bioenergetics as
its binding to OSCP leads to a 30% inhibition of both ATP hydrolysis and
synthesis, which are reactivated by CsA displacement of CyPD16. CyPD
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inhibition is counteracted also by the mitochondrial chaperone TRAP1,
which competes for the binding at OSCP increasing the F-ATP synthase
catalytic activity28. Based on the disruption of CyPD-OSCP interactions by
CsA, a binding site overlapping with the CsA binding site on the catalytic
region of CyPDappears likely. The binding site onOSCP overlaps with that
of the F-ATP synthase inhibitor Benzodiazepine (Bz)-423, which also
induces channel activity within F-ATP synthase17. A survey of electrostatic
surface potentials of CyPD and OSCP suggested that the CyPD-OSCP
interaction, which is disrupted by increased ionic strength and favoured by
Pi, is electrostatic17. Recent work has revealed that CyPD undergoes several
post-translational modifications including phosphorylation, acetylation
and oxidation that mainly occur near the active site29,30 but also affect the
N-terminus29,31,32 and the so-called “backface” locatedon theopposite side of
the catalytic domain33. The impact of these modifications onmitochondrial
pathophysiology has been well described34–36, while their consequences on
CyPD structure are still to be defined.

Here we describe the structural properties and functional role of the
N-terminal region of mammalian CyPD and report the presence of a novel
form of CyPD truncated at the N-terminus within mammalian mitochon-
drial matrix, whose cleavage could be catalysed by calpain 1. We also show
that the truncated form of CyPD has specific properties of interaction and
modulation of F-ATP synthase, to which it binds more avidly in vitro, sug-
gesting the existence of a previously unrecognized layer of PTP regulation.

Results
CyPD N-terminus is poorly conserved and does not regulate the
PPIase activity
Sequence comparison of mature CyPD (excluding the mitochondrial-
targeting sequence) revealed substantial variation in the N-terminus and a
high degree of conservation across the rest of the sequence (Fig. 1a), which
reached 100% for residues involved in the catalytic activity of CyPD such as
Arg68 and Trp134. Mammalian CyPD harbors approximately 13-14 dis-
tinct N-terminal residues, whereas simpler organisms such as D. melano-
gaster and S. cerevisiae possess fewer residues or lack them altogether. This
observation suggests a potential evolutionary divergence in the functional
role of CyPD and prompted us to investigate whether this short sequence in
the N-terminus (N-terminal tail, NTT) could contribute to shape the
structural and functional features ofCyPD.Thus,weproducedrecombinant
human full-length CyPD (FL-CyPD) and a form devoid of N-terminal
residues 1-13, which we will refer to as ΔN-CyPD (Fig. 1b and Supple-
mentary Fig. 1). We could resolve FL-CyPD and ΔN-CyPD in 15% SDS-
PAGE gels and confirmed their identity by mass spectrometry (Fig. 1c).
Recombinant FL-CyPD and ΔN-CyPD displayed almost identical CsA-
sensitive PPIase activity as determined by refolding of RNase T1 (Fig. 1d),
clearly indicating that the NTT is not necessary for the catalytic activity.

All CyPD structures deposited in the Protein Data Bank have been
determined by X-ray crystallography and are all truncated forms at the
N-terminus carrying a Lys-to-Ile substitution at position 146 (133 in the
crystal, see e.g. PDB ID 4O8H37), thus closely resembling ΔN-CyPD. Since
the structure of FL-CyPD has never been reported before, we have com-
pared previously reported structures with the structural and dynamic fea-
tures of FL-CyPD and ΔN-CyPD as derived from NMR experiments on
uniformly [13C,15N]-labelled samples. 2D [1H,15N] HSQC spectra of FL-
CyPD andΔN-CyPD inCyPDbuffer (20mMNaPi, 2 mMDTE, pH 7.0) at
298 K show very well-dispersed peaks, typical for globular proteins, and
superposition reveals a high similarity between the two protein forms
(Fig. 2a). The assignment of the NMR chemical shifts in human ΔN-CyPD
has already beendescribed in the literature (BMRB ID: 25340) under similar
experimental conditions38, while the chemical shifts assignment of human
mature CyPD has never been reported. The chemical shift values of the
backbone and Cβ atoms of both FL-CyPD andΔN-CyPDwere determined
according to the standard triple resonance assignment procedure. Of note,
althoughat 298 K the assignment completeness of the proteinwas over 90%,
the chemical shifts of the FL-CyPD N-terminal residues were almost not
observed. To improve the detection of the N-terminal region, 2D HSQC

spectra were recorded in the temperature range between 283 K and 316 K.
Signals fromtheN-terminal residuesbecamevisible only at low temperature
between 283 K and 289 K, and they were clearly stronger than those of the
other peaks (Fig. 2b). Analysis of 3D spectra at 283 K made possible to
reliably assign the N-terminal segment, although the Ser10-14 stretch gave
distinct but non-assignable signals that were therefore collectively assigned
as S*. Signals fromGly78, Asp79 andPhe80 could only be assigned at 310K-
316K. Moreover, signals from Lys161 and Ser162 were visible only when
CyPDbuffer contained 150mMKCl. Last, a signal attributable toHis83was
visible only when CsA was added at a 1:1 ratio. Except in the case of
N-terminal residue signals, these observationsweremade for bothFL-CyPD
and ΔN-CyPD. Interestingly, both Gly87 and Gly88, adjacent to the gate-
keeper Thr86, gave distinct signals in the [1H,15N]HSQC spectrum (Fig. 2c),
indicating that these residues are in twodistinct conformations under a slow
chemical exchange regime in the NMR time scale. Indeed, from the che-
mical shift difference between the two forms, we could estimate the
exchange constant kex to be larger than 1.8ms. The assignment of the less
populated forms, specified as Gly87B and Gly88B, was possible due to the
signal propagation in theHNCAexperiment,which indicated the sequential
connectivity of two Gly residues, a unique feature in CyPD sequence.

NMR highlights the pronounced flexibility of the N-terminal tail
The secondary structure of FL-CyPD and ΔN-CyPDwas determined using
the software TALOS-N39 on the basis of the backbone assigned chemical
shifts (13 Cα,13C’,15NH and 1HN) and 13Cβ of both proteins and their
sequence (Fig. 3a).According toTALOS-Noutput, the secondary structures
of FL-CyPD and ΔN-CyPD are highly similar and in good agreement with
the crystallographic ones, comprising 3 α-helices and 8 β strands6. The only
notable difference was in the last β-strand. Here, while the crystallographic
structure comprised a continuous strand from residue 169 to residue 176,
our analysis revealed two shorter strands running from residue 169 to
residue 177, interrupted by what could be interpreted as a β-bulge at posi-
tions 172 and 173 (only 172 forΔN-CyPD).Moreover, for FL-CyPD a two-
residue helical element was found at position 136-137, corresponding to the
310 helix reported in the crystallographic structures at positions 135-137.
Importantly, according to our analysis the NTT of FL-CyPD is unstruc-
tured, and the first secondary structural element (Strand 1) starts at resi-
due Leu18.

A temperature titration from 283 K to 316 K in 3 K steps was per-
formed to derive the temperature coefficients (TC) of main chain amide
groups, which are diagnostic of their involvement in hydrogen bonding
(Fig. 3b, SupplementaryData 1). Both FL-CyPDandΔN-CyPDwere found
highly enriched in hydrogen bonds (i.e., TC >−4.6 ppb). Specifically, 124
backbone amide groups (~ 2/3 of the total amide groups) were found to be
involved in hydrogen bonding, at the same positions for both CyPD forms
and with comparable TCs. A close comparison with the crystal structure
revealedno dramatic differences in terms of hydrogen bonding of the amide
groups, most of which occur at the termini of secondary structure elements.
Conversely, the 14 N-terminal residues of FL-CyPD were not observed to
participate in hydrogen bond, coherently with the unstructured nature
observed in the secondary structure computations.

The structural characterization of both FL-CyPD and ΔN-CyPD also
involved the definition of the CsA binding site, again via solution NMR. To
this end CsAwas added at a 1:1 ratio, which should be sufficient for binding
saturation given the low dissociation constant of the CsA:CyPD complex
(13.4 nM)6. The resulting induced chemical shifts changes were analysed to
identify the binding site positions (Supplementary Fig. 2) and clearly the
same residues were affected to the same extent by CsA addition in both FL-
CyPDandΔN-CyPD.These residueswere the only ones directly involved in
the binding site defined by the crystal structure4, and no involvement of the
N-terminal residues of FL-CyPDwas observed, suggesting that CsA follows
a “lock and key” kind of binding. The sidechain of the single Trp134 of
CyPD was strongly perturbed (Δδ = 0.93 for both proteins), indicating its
involvement in the binding as also reported by other groups5. Similarly, the
side chain amide group of a His residue was strongly affected, most likely
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Fig. 1 | CyPD sequences and generation of full-length and truncated variants.
a Alignment of CyPD in different species. Residues are color-coded on a blue scale,
from lightest to darkest, based on the percentage of conservation, while the red box
highlights the N-terminal residues. b SDS-PAGE followed by Coomassie staining
showing the principal steps of FL-CyPD production in E. coli strain BL21(DE3)
pLysS. Lane 1, molecular weight markers; Lane 2, bacterial pellet after sonication;
Lane 3, SUMO-CyPD eluted from the nickel-resin; Lane 4, SUMO and CyPD after
the enzymatic reaction with Ulp1; Lane 5, flow through from the second incubation
with nickel resin containing free CyPD and contaminants; Lane 6, purified CyPD
after cationic exchange chromatography. c Mass spectrometry analysis of recom-
binant FL-CyPD (Lane 2) and ΔN-CyPD (Lane 3) separated on 15% SDS-PAGE
(Lane 1, molecular weight markers) stained with colloidal Coomassie (left panel).

Peptides from the bands of two recombinant proteins were sequenced and matched
against human mature CyPD sequence (right panel). The univocally sequenced and
matched peptides are shown in red, while residues in black represent non-detected
ones (representative experiment out of five). Sequence coverages are indicated.
d PPIase activity of recombinant FL-CyPD and ΔN-CyPD. PPIase activity was
assessed monitoring the intrinsic fluorescence of RNase T1 during its refolding. Left
panel: ΔF during time of the spontaneous reaction (grey line), compared with the
refolding catalysed by FL-CyPD (blue) or ΔN-CyPD (orange), with or without 1:10
CsA. Representative traces of 4 different experiments. Right panel: slopes of the
linear part of the traces were interpolated and used as a probe of FL-CyPD or ΔN-
CyPD catalytic activity. Data were analysed according to the Kruskal-Wallis test
followed by Dunn’s multiple comparisons test (**p < 0.01; *p < 0.05).
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Fig. 2 | NMR chemical shifts assignment of human FL-CyPD and ΔN-CyPD.
aOverlay of the 1H-15NHSQC spectra (protein fingerprints) of FL-CyPD (blue) and
ΔN-CyPD (orange) acquired at 298 K. b 1H-15N HSQC spectrum of FL-CyPD at
283 K. Counter levels were reduced to show the higher intensity of the signals from

the N-terminal tail compared to the other residues. c Representative image from the
1H-15NHSQC spectrum acquired at 298 K of FL-CyPD showing the double forms of
G87 and G88. Samples consisted of 500 μM CyPD in 20 mM NaPi pH 7.0. Spectra
were acquired in a 700MHz Bruker Spectrometer.

https://doi.org/10.1038/s42003-024-07172-8 Article

Communications Biology |          (2024) 7:1486 4

www.nature.com/commsbio


His139, whose NH side chain group has a < 4 Å distance from CsA in the
crystal structure4.

We next investigated protein dynamics of backbone NHs in the ps-ns
timescale by measuring the heteronuclear steady-state 15N{1H} nuclear
Overhauser effect (hetNOE). Indeed, hetNOE correlates with local
dynamics, with low hetNOE diagnostic for fast motions and typical values
for secondary structured regions around 0.9. Figure 3c shows the hetNOEs

measured at 298 K plotted against the residue number for FL-CyPD (upper
panel) and ΔN-CyPD (lower panel). The hetNOE values span from –0.651
to 0.8 forFL-CyPDand from0.746 to 0.906 forΔN-CyPDwith ameanvalue
calculated for the residues in secondary structure elements of 0.828 for FL-
CyPD, 0.842 for ΔN-CyPD. Overall, the hetNOEs of ΔN-CyPD are all
around the mean value of the structured region, indicating low flexibility of
the corresponding residues in the ps-ns time scale. The corresponding

Fig. 3 | Structural and dynamical features of human FL-CyPD and ΔN-CyPD.
a Secondary structure of human FL-CyPD (upper barplot) and ΔN-CyPD (lower
barplot) derived from the assignedmain chainNMRchemical shifts according to the
chemical shift indexing performed by TALOS-N (+ 1=helix, red; −1=strand, yel-
low; 0=random coil). The comparisonwith the crystallographic secondary structure,
graphically represented above (ribbon=helix, arrow=strand), is also shown.
b Temperature coefficients for each main chain amide group from FL-CyPD (upper
barplot) andΔN-CyPD (lower barplot). The plot is aligned with the one presented in

(a), so the x-axis (representing the primary sequence) is the same. Red dashed line
represents the limit above which a given amide group is considered involved in a
H-bond (−4.6 ppb). cBarplots representing the hetNOE for each residue within FL-
CyPD (upper barplot) andΔN-CyPD (lower barplot). Bars are coloured according to
the crystallographic secondary structure (blue=random coil; red=helix; yellow=-
strand). The red dotted lines represent the mean hetNOE of the secondary structure
elements (0.828 for FL-CyPD, 0.842 for ΔN-CyPD). Error bars have been defined in
the methods section.
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residues in FL-CyPD follow the same identical pattern, and range between
0.714 and 0.926. The N-terminal residues of FL-CyPD, instead show very
low hetNOEs (from −0.651 to 0.219), notably with negative values in the
stretch K3-G6, indicating fast motion dynamics of this region, in sharp
contrast to the structured globular domain (Fig. 3c).

Asmentioned above,Gly87 andGly88 present double forms, namedA
and B. The TC values indicate that theGly88 amide group is not involved in
H-bonding in both conformations and in both FL-CyPD and ΔN-CyPD,
whereasGly87 amide group is indeedH-bonded in the “A” formwhile loses
theH-bond in the “B” form, again inboth variants (SupplementaryTable 1).
ThehetNOEofGly88BandGly87Bwas found to be lower in bothFL-CyPD
and ΔN-CyPD than in the more populated counterpart (Supplementary
Fig. 3),with a less pronouncedhetNOEdecrease inΔN-CyPD.This suggests
that Gly88B and Gly87B are more flexible than their respective “A” forms.
Taken together, NMR analyses revealed that human FL-CyPD and ΔN-
CyPD are structurally identical, except for the NTT of FL-CyPD, which is
highly flexible, in sharp contrast with the remaining globular rigid part.

NTT influencesCyPD binding andmodulation of F-ATP synthase
at physiological ionic strength
It is known that endogenous CyPD interacts with the OSCP subunit of
F-ATP synthase and inhibits enzyme activity by about 30%, which is

reactivated byCsAdisplacement ofCyPD16,17. To assesswhether theNTTof
FL-CyPD plays a role in modulating the CyPD/OSCP interaction, we
investigated whether FL-CyPD and ΔN-CyPD interact with and modulate
F-ATP synthase to the same extent. For this purpose, we used sub-
mitochondrial particles (SMP), which retain most of the enzymatic
machinery of oxidative phosphorylation including F-ATP synthase, whose
catalytic sector is exposed to the solvent40 and therefore accessible to added
exogenous recombinant CyPD. SMP were almost completely depleted of
endogenous CyPD (Supplementary Fig. 4), the mitochondrial content of
which is estimated to be between 0.1 and 0.4 nmol/mg protein41, and then
incubated with 1 nmol of FL-CyPD orΔN-CyPD/mg SMP. As reported for
endogenous CyPD, in a sucrose-based buffer both recombinant FL-CyPD
andΔN-CyPD could be immunoprecipitated withOSCP, while in the KCl-
based buffer only ΔN-CyPD retained its interaction (Fig. 4a, b) suggesting
that at physiological ionic strength the NTT negatively affects the CyPD/
OSCP interaction. In support of these findings, the above differences were
found to be much more prominent in KCl-based buffer not supplemented
with phosphate, which is required for the binding of endogenous CyPD in
sucrose-based media16. Indeed, ΔN-CyPD still bound OSCP in a CsA-
sensitivemanner,while FL-CyPDbindingwas almost completely abrogated
(Supplementary Fig. 5). Whenever CyPD was bound to OSCP, it could be
displaced by CsA irrespective of the presence of the N-terminal domain

Fig. 4 | Binding and modulation of F-ATP synthase by FL-CyPD and ΔN-CyPD.
a Pig heart SMP depleted of endogenous CyPD (1mg/ml) were incubated at 25°C for
15min with 1 nmol of either FL-CyPD or ΔN-CyPD/mg SMP under two different
conditions, namely in the sucrose-based buffer (250mM sucrose) or the KCl-based
buffer (125mMKCl) supplemented with 10mMKH2PO4, in the presence or absence
of 2 μM CsA. Immunoprecipitation of OSCP was performed, followed by Western
blotting with anti-OSCP or anti-CyPD antibodies (representative experiment out of
three). b Each immunodetected band was analyzed by densitometry, and the ratio
between the peak area ofCyPD (FL-CyPDorΔN-CyPD) and that of the corresponding
OSCP subunit wasmeasured and expressed relative to the ratio obtained in the sucrose
buffer in the absence ofCsA,whichwas taken as100%(values aremean±S.D.of at least

three independent experiments). c ATPase activity of pig heart SMP depleted of
endogenous CyPD and exposed to different concentrations of either FL-CyPD (◯) or
ΔN-CyPD (△) in the sucrose-based buffer (left panel) or the KCl-based buffer (right
panel). The oligomycin-sensitive ATP hydrolysis rate was determined spectro-
photometrically. Mean ± S.D. values of at least four independent experiments are
shown in black. d ATPase activity of pig heart SMP exposed to 1 nmol/mg SMP of
either FL-CyPDorΔN-CyPD in either sucrose-based buffer orKCl-based buffer in the
presence or absence of 2 μMCsA. The ATPase activity in the absence of FL-CyPD or
ΔN-CyPD was taken as 100%, and reported values are mean ± S.D. of at least 3
independent experiments. Data were analysed according to the two-way ANOVA
analysis followed by Bonferroni’smultiple comparisons test (**p < 0.01;***p < 0.005).
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(Fig. 4a, b), consistently with the NMR data (Supplementary Fig. 2). The
functional relevance of these interactions is supported by the inhibitory
effect on ATPase activity of SMP, which was always observed when they
were treatedwithΔN-CyPDbut notwith FL-CyPD inKCl, where we rather
observed a slight stimulatory effect (Fig. 4c, d). It should be stressed that the
ratio between 0.05 and 2nmol ofCyP/mgSMPs iswithin the 0.2-6CyPD/F-
ATP synthase molar ratio, based on the F-ATP synthase content of
mitochondria40,42. The lower affinity between FL-CyPD and OSCP in KCl
was also confirmed by surface plasmon resonance (SPR) experiments on a
simplified binding system (Supplementary Fig. 6). Here recombinantOSCP
with a Myc-tag was noncovalently captured onto a CM5 chip covalently
derivatized with a monoclonal anti-Myc antibody, while increasing con-
centrations of FL-CyPD and ΔN-CyPD where injected into the mobile
phase. Indeed, from the estimated Kd values, calculated as the ratio koff/kon,
a > 90-fold increased affinity of ΔN-CyPD for OSCP was determined.
Kinetic analysis of SPR data revealed that this remarkable increased affinity
of ΔN-CyPD for OSCP is mainly due to an increase in the association rate
constant by approximately 30-fold compared to FL-CyPD-OSCP, whereas
the dissociation rate constant was only reduced 3-fold. Remarkably, both
FL-CyPD and ΔN-CyPD retained comparable PPIase activity in KCl-
containing medium (Supplementary Fig. 7), confirming that the NTT does
not affect this enzyme activity.

Overall, these results indicate that FL-CyPD and ΔN-CyPD differ in
binding andmodulation of F-ATP synthase at physiological ionic strength.

Ionic strength affects the conformation and dynamics of specific
regions within CyPD
Given the prominent effects of KCl on the interaction between CyPD iso-
forms and F-ATP synthase, we used NMR to investigate possible structural

effects.WecomparedCSPand lineshapeof 1H-15NHSQCspectra of FL- and
ΔN-CyPD in the absence and presence of KCl. Previous studies show that
the addition ofNaCl influences the chemical shift of the 1H and 15N nuclei of
proteins; in particular, an overall negative deviation of 0.01 ppm/100mM
NaCl is observed43. We observed a similar behaviour with the addition of 6
residues of FL-CyPD and 5 residues of ΔN-CyPD, which were significantly
affected by the addition of 150mM KCl with a positive deviation of more
than0.01ppm(Fig. 5a). Fiveof the six residueswith changesof chemical shift
were identical for ΔN-CyPD and FL-CyPD. These include Ser90 (the most
perturbed one), Arg95, Lys89, Gly93 and Phe96, all clustering in the S2/
gatekeeper region. The only residue specifically affected in FL-CyPD is Lys3,
absent in the truncated form. Remarkably, one amide sidechain was also
significantly affected in both proteins (Δδ = 0.087 for FL-CyPD, Δδ = 0.083
forΔN-CyPD). The position in theHSQC spectrum suggests that it is a Gln
or Asn sidechain amide group. Although, due to the lack of sidechain
assignment, it is difficult to determine the residue identity, an educated guess
can be made and points to Asn48, as its sidechain is 5.5 Å away from Ser90
amide group. The five common CSP are clustered in the long loop H1-S3
and may be interpreted in term of local conformational variations.

Measurement of the signal intensity, limited to non-superimposed
residues, indicated a specific change in the lineshape, for a number of
residues, due to KCl addition (Fig. 5b). The signals of Lys161 and Ser162, in
the S1 region of CyPD, became detectable and assignable for both FL-CyPD
and ΔN-CyPD, indicating an unquantifiable increase in their intensity, and
thus showing a strong dependence in their dynamics on ionic strength
(Fig. 5b). Additionally, a reduction in signal intensity was observed only for
FL-CyPD, particularly at residues Thr81, Arg95 and Gly88B. These FL-
CyPD-specific variations clustered at the S2/gatekeeper region. TheNTT of
FL-CyPD was also affected by KCl addition, as the signals from Lys3, Gly4

Fig. 5 | Effect of KCl on structure and dynamics of
FL-CyPD and ΔN-CyPD. a CSP analysis of FL-
CyPD (left panel) and ΔN-CyPD (right panel) after
the addition of 150 mM KCl. Data points are
coloured according to the chemical shift perturba-
tion: pink points have a Δδ higher than Δ�δ þ 3 S.D.
(pink dotted line), orange points have a Δδ higher
than Δ�δ þ 2 S.D. (orange dotted line), grey points
are non-perturbed residues. b KCl-induced varia-
tions plotted on the structures of FL-CyPD (left,
Alphafold2 prediction) and ΔN-CyPD (right, PDB
2Z6W). Variations of chemical shifts shown in (a)
are reported as orange spheres of the amide nitrogen
of the corresponding residues. Lineshape variations
were determined either considering the signal
intensity or the integral at 0 mMKCl and at 150 mM
KCl, only for those peaks that did not coalesce
throughout the titration. Residues whose lineshape
was significantly affected by salt addition are
represented as spheres coloured in blue (signal
intensity decrease) or red (signal intensity increase).
The lower panel shows the surface representations of
the above structures, showing the localization of the
S2/gatekeeper and S1/active site regions and resi-
dues affected by KCl colored as above.
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and Ser5 showed increased signal intensity. In particular, residue Lys3 also
showed significant chemical shift perturbation, indicating salt-induced
conformational variations as described above. Contribution ofNTT and S2/
gatekeeper region influencing CyPD binding to OSCP in the presence of
KCl appears likely.

Truncation of NTT occurs in vivo and is impaired by Calpain
inhibition
Wenoticed that two forms of CyPD differing at the N-termini were originally
isolated frommurine livermitochondria41, whilemost but not allWestern blot
analyses reported in the literature showed only one prominent band immu-
noreactive with anti-CyPD antibodies14,44,45. Prompted by these observations,
weperformedWesternblot analyses todetectCyPD indifferent tissues and cell
types (Fig. 6a, b). In several murine tissue lysates, two distinct bands immu-
noreactive with anti-CyPD antibodies were clearly visible when an in-house
made 15% SDS-PAGE gel was used (Fig. 6a) while commercial gradient gels
were unable to resolve the two bands (Supplementary Fig. 8), thus suggesting a
possible explanation for the rare detection of the truncated form in the litera-
ture. One band was detected at the expected molecular mass of about 19 kDa
corresponding to FL-CyPD, and a second band was found at about 18 kDa,
suggesting the presence of two forms of CyPD within different tissues. Intri-
guingly, the ratio between the lower and upper bands appeared to be tissue-
specific, being consistently higher in liver and spleen than in other tissues
(Supplementary Fig. 9). The presence of twodistinct bandswas also confirmed
in total lysates and crude mitochondria from human skin-derived fibroblasts
(Fig. 6b). Protein identification was performed bymass spectrometry (Fig. 6c).
In both human andmurine samples, the upper and lower bands corresponded
to FL-CyPD and ΔN-CyPD, respectively. Indeed, the upper band N-terminal
tryptic fragment was R |GANSSGNPLVYLDVGADGQPLGR and K |
GSGDPSSSSSSGNPLVYLDVDANGK for the murine and human protein,
respectively. Both the semitryptic fragments CSDGGAR (murine) and CSK
(human) are not detected for technical limitations, therefore we can assume
that the tryptic ones detected are diagnostic of the N-terminal sequence of the
full-length form of CyPD. On the other hand, the N-terminal fragment of the
lower band was semi-tryptic (SSSGNPLVYLDVGADGQPLGR and
SGNPLVYLDVDANGK for the murine and human protein, respectively)
indicating that it corresponds to the actual N-terminus of a protein lacking the
first 10 and 13 residues, respectively. Overall, these experiments demonstrate
the presence of a previously unreported, N-terminal cleaved form of mature
CyPD inmammalianmitochondria, which appears to result from the cleavage
of FL-CyPD.

Given thatmass spectrometry analysis revealed the cleavage site both in
human (S-S) and mouse (N-S), we used them as queries in the MEROPS
database (Fig. 6d). The search gave 470 hits (56 unique) when the murine
cleavage site was used as query and 520 hits (63 unique) when the human
one was adopted. We then manually inspected the results, searching for
mitochondrial mammalian proteases. Ultimately, proteases of the calpain
family were identified as the most interesting hits. The GPS-CCD 1.0
software46, which predicts the putative calpain cleavage sites on a given
aminoacidic sequence, indicated that both human and murine FL-CyPD
could be cleaved at the site we experimentally determinedwith a good score
(0.927 and 0.709, respectively) (Fig. 6e). To validate the in silico results, we
performedan incubation of commercial recombinant human calpain 1with
our recombinant FL-CyPD orΔN-CyPD at a 1:5 ratio for 15minutes. SDS-
PAGE analysis revealed that already after 5minutes of incubation a band
with the same electrophoretic mobility of ΔN-CyPD appeared (Fig. 6f).
Protein identity was confirmed bymass spectrometry (Fig. 6f) andWestern
blot analysis (Supplementary Fig. 10). Consistentwith cleavage of FL-CyPD
by calpain 1 in situ, treatment of HEK293 with calpain inhibitor markedly
reduced the presence of ΔN-CyPD in total lysates (Fig. 6g).

Discussion
In this work, we have identified theN-terminus ofmammalian FL-CyPD as
a negative regulator of its binding to OSCP subunit of F-ATP synthase in a
KCl-based buffer, which best resembles the physiological environment of

the mitochondrial matrix, and demonstrated that cleavage of the
N-terminus occurs in vivo. Inspection of mammalian CyPD structures in
theProteinDataBankderived fromX-ray crystallography revealed that they
all lack the NTT, suggesting NTT as a highly disordered region that likely
hinders protein crystallization6. Therefore, our solution NMR study reports
the first structural characterization of human FL-CyPD. Here we find that
the NTT does not affect the overall structure and function of the protein, as
FL-CyPD and ΔN-CyPD presented highly similar structural features and
the same PPIase activity. Remarkably, we observed a difference from the
crystallographic structure in the last β-strand, which is interrupted at
positions 172and173.Considering that thenearbyCys174 (Cys203with the
MTS) is a site of multiple post-translational modifications45, the disruption
of the ordered secondary structure suggests a local flexibility that could not
be inferred from crystallographic data.

The NTT presents peculiar features compared to the globular region,
with disorder-like characteristics, as it forms an unstructured and high
flexible random coil, as evidenced by very low or even negative hetNOEs. In
addition, other observations revealed that both proteins have a certain
degree of conformational heterogeneity and flexibility. In particular, the
double resonance of Gly87 and Gly88 (loop S7-S8), located in the S2/
gatekeeper region, indicates that these residues can adopt two different
conformations. The estimated half-life for each conformation is longer than
1.8ms, presenting a conformational heterogeneity which was also captured
in the crystal structure of CyPD in complex with CsA (PDB ID: 2Z6W)4,
where Gly87, Gly88 and Lys89 are present in both conformations. Our
findings, together with previous NMR relaxation data reporting micro-
second exchange dynamics for Gly87 in CyPA47, indicate that the con-
formational dynamics of CyPD is not restricted to the catalytic residues,
consistent with the plasticity required for catalysis.

FL-CyPD does not bind F-ATP synthase unless millimolar con-
centrations of Pi are present16, and it is easily removed by incubation of
SMPs in isotonic KClmedia48. Here, we showed that truncation of the NTT
increases the affinity betweenCyPDandOSCP,making thebindingpossible
at 125mM KCl, an ionic strength closer to the physiological one at which
FL-CyPD does not bind OSCP. Our NMR based observations highlighted
that KCl has an effect on the structure and dynamics of CyPD. Specifically,
KCl induces significant CSP (i.e., conformational variations) in the S2/
gatekeeper region (residuesLys89, Ser90,Gly93,Arg95, Phe96)onbothΔN-
CyPD and FL-CyPD. Furthermore, the dynamics of the two proteins is
affected to the same residues in the S1/active site (Lys161, Ser162), as
revealed by lineshape analysis. The observed common variations are con-
sistent with the observed common impairment of the PPIase activity under
150mM KCl (Supplementary Fig. 7). Lineshape analysis showed that the
dynamics of FL-CyPD is specifically affected at residues residing in/sur-
rounding the S2/gatekeeper region (Thr81, Arg95 and Gly88B), in addition
to residues in the NTT (Gly4, Ser5, Lys3). Considering that the interaction
between CyPD and OSCP is CsA-sensitive, and given the role of the S2/
gatekeeper region in dictating the substrate specificity of different CyPs5, the
contribution of the S2/gatekeeper region to OSCP binding appears likely.
The observed decrease in signal intensity in KCl could indicate a slower
motion of this regionunder physiological conditions for FL-CyPD,which in
turn might contribute to minimize the interactions with OSCP. Indeed, it
was recently shown in silico that phosphorylation of Ser162 (Ser191 con-
sidering the MTS), which is located near the S1/active site and is known to
favour CyPD binding to OSCP29, increases protein dynamics in the S2/
gatekeeper region49. Therefore, the dynamics of the S2/gatekeeper region
appears a key factor in the interaction between CyPD and OSCP, and we
have shown to be sensitive to theNTT truncation. The contribution ofNTT
itself in the FL-CyPD/OSCP interaction cannot be excluded. The increased
dynamics of NTT in KCl may generate an overall unfavourable environ-
ment for the FL-CyPD/OSCP interaction. Removal of the NTTwould then
also release these constraints and increases the affinity of the interaction
allowing binding of ΔN-CyPD in saline media in the absence of Pi.

The mechanistic description of how the long-range allosteric com-
munication between theNTT and S2/gatekeeper region takes place requires
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Fig. 6 | Detection of a truncated form of CyPD in cells and role of calpain-1 in
CyPD cleavage. aWestern blot analysis of CyPD and F-ATP synthase α-subunit in
lysates from different murine tissues. For each well, 30 μg of proteins were loaded.
bWestern blot analysis of CyPD and F-ATP synthase α-subunit in total lysates
(Lysate, 10 μg and 20 μg in the first and second lane, respectively) or crude mito-
chondrial preparations (Mito, 5 μg and 10 μg in the third and fourth lane, respec-
tively) from primary human skin fibroblasts. The cytosolic marker glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was almost undetectable in the mitochon-
drial fraction. cMass spectrometry analysis of the upper band at ~19 kDa and of the
lower band at ~18 kDa frommurine heart lysates detected by anti-CyPD antibodies
(left panel) or human skin fibroblasts (right panel). Peptides were sequenced and
matched against murine (left panel) or human (right panel) mature CyPD sequence.
The univocally sequenced and matched peptides are shown in red, while residues in
black represent non-detected ones (representative experiment out of five). For
murine samples, sequence coverages were 51% ± 9% for the 19-kDa band and
37% ± 21% for the 18-kDa band. For human samples, sequence coverages were
39% ± 16% for the 19-kDa band and 30% ± 15% for the 18-kDa band. d Workflow

for the interrogation of theMEROPS database and its analysis. Themurine (NS) and
human (SS) cleavage sites were used as a query in the search for proteases. Then,
among the different hits revealed by the database, a manual inspection was per-
formed. Proteins of the calpain family were found as the most interesting hits.
e Results for the GPS-CCD 1.0 analysis for mouse and human mature CyPD
sequence. Each table shows the most probable target sites for calpain 1, assigning to
each putative cleavage site a score. Letters in bold-red show the actual cleavage sites.
f SDS-PAGE/Coomassie staining following the incubation of FL-CyPD or ΔN-
CyPDwith Calpain 1 (CPN1) at different times (0 min, 5 min, 15 min). On the right,
a magnification of the enzymatic products of FL-CyPD+CPN1 after 15 minutes is
shown. The two bands were manually excised for mass spectrometry analysis. The
N-terminal peptide detected in each band is shown. gWestern blot analysis of CyPD
in total lysates from HEK293 cells treated for 30 min with 50 μM of the broad-
spectrum calpain inhibitor PD150606 or with the DMSO concentration as vehicle
control. The ratio between the lower and the higher band was quantified by densi-
tometry and is reported asmean ± S.D. of three independent experiments. Data were
analysed according to the one-sample t-test (*p = 0.044).
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further studies. However, other previously published evidence showed that
the human CyPD contains a Ser residue at position 2 of the NTT and a
stretchof Ser residues at positions 10-14 that arepotentially phosphorylated,
both negatively affecting propensity to cell death29,50. Phosphorylation of
Ser2 by mitochondrial Akt2 in patient-derived tumor organotypic cultures
treated with inhibitors of phosphatidylinositol-3 kinase opposes tumor cell
death, conferring resistance to PI3K therapy50. In human cell linesmutation
of the Ser stretch into Ala led to an increase of the Ser phosphorylation level
of CyPD at Ser162 and increased PTP opening, suggesting that phosphor-
ylation of the Ser stretch may act as a negative regulator of the PTP by
inhibiting the further phosphorylation of the regulatory sites of CyPD29.
These otherwise puzzling pieces of evidence can be explained in terms of
allosteric communication between the (dynamics of the) NTT and the
(dynamics of the) S1/S2 sites of CyPD. Taken together, these findings
suggest that the S2/gatekeeper region is involved in the interactions between
CyPD and OSCP and that its dynamics is sensitive to NTT truncation. We
think that the N-terminal truncation of CyPD should not perturb the basic
effects of theprotein onPTP formation51, given that bothFL-CyPDandΔN-
CyPD bindOSCP in a CsA-sensitivemanner, although the affinity between
FL-CyPD and OSCP is much lower in physiological-like conditions.

Importantly, in this studywe have identified a truncated formof CyPD
in a variety of mouse tissues and in human cells, indicating that the protein
undergoes cleavage in situ.Wehave also shown that calpain 1 can cleave FL-
CyPD in vitro and that HEK293 cells pre-treated with calpain inhibitor
displayed adecrease inΔN-CyPD levels. Basedon thesefindingswepropose
a mechanism where calpain 1 is responsible for the proteolytic cleavage of
FL-CyPD within the mitochondrial matrix. It is remarkable that the loca-
lization of calpain 1 and 2 within mitochondria has been well documented
and their contribution to PTP formation has been demonstrated under
various conditions52,53 including (i) cancer cells, where Ca2+-dependent
mitochondrial depolarization and cell death triggered by hexokinase II
displacement at mitochondria-endoplasmic reticulum contact sites was
prevented by calpain inhibition54; (ii) mouse cardiomyocytes, where
increased mitochondria-targeted calpain 1 increased the PTP propensity to
open55; and (iii) rat hearts subjected to ischemia-reperfusion injury56.

The present data represent a necessary first step in the identification of
the N-terminus of CyPD as an essential regulatory element of its binding to
OSCP and potentially of the transition of F-ATP synthase from an energy-
conserving to an energy-dissipating device. From an evolutionary per-
spective, this region, which is poorly conserved among CyPD orthologues,
has been an active part of the Ppif gene, as it is shorter or absent in lower
species such as yeast, where CyPD is not involved in PTP regulation57. Our
findings suggest that CyPD has undergone a gain-of-function through
acquisition of the NTT, which may determine how a highly conserved
protein regulates the PTP in a species-specific manner. It is certainly worth
noting that the NTT has evolved only in higher eukaryotes, and that it must
serve function(s) that are independent of the PPIase activity, which is
identical in FL- and ΔN-CyPD. Thus, cleavage of NTT is a novel post-
translational modification of CyPD and a previously unrecognized event in
F-ATP synthase regulation. Considering the existence of these two CyPD
forms, future research must re-evaluate previous conclusions, recognizing
the distinct functions and regulatorymechanisms imparted by the presence
or absence of the NTT.

Methods
CyPD numbering
CyPD residues numbering can be quite confusing, and indeed the literature
has not been consistent so far. This is due to the fact that humanCyPDhas a
29-residue mitochondrial targeting sequence absent in the mature form,
which therefore affects the numbering of the latter (the first residue of the
mature form can be numbered as “30”). Moreover, given that all the
deposited structures ofCyPDare truncated at theN-terminus, an additional
numbering system considers as the first residue of mature CyPD what is
actually the fifteenth. Here, we will consider the actual numbering of the
mature form of CyPD (first residue will be “1”), reporting in brackets the

corresponding numbering which considers the mitochondrial targeting
sequence (MTS) (first residue will be “30”) whenever needed.

Cell and tissue sample preparation
Human dermal fibroblasts obtained from juvenile foreskin (purchased by
PromoCell, Germany) were grown in Dulbecco’s modified Eagle’s medium
(Gibco - ThermoFisher Scientific) supplementedwith 10% heat-inactivated
fetal bovine serum (Gibco - ThermoFisher Scientific) at 37 °C and with 5%
CO2. Total lysate extract and crude mitochondria were prepared as
described58 with minor modifications. Briefly, 2 × 107 cells/ml were sus-
pended in grinding solution (250mM sucrose, 1mg/ml BSA, 2mMEDTA
pH 7.4) plus 1:50 v/v protease inhibitors cocktail P8340 (Sigma-Aldrich),
and sonicated 3 times every 5 sec,with 30 sec intervals on ice.Analiquotwas
kept as total lysate extract. The remaining homogenate was used to isolate a
crude mitochondrial fraction. Wild-type C57BL/6 adult male mice were
purchased by the University of Padua’s Animal Care and Use Committee
(authorization number: 43/2021, D2784.N.WUE). Brown adipose, brain,
heart, liver, pancreas, and spleen tissues were harvested and immediately
snap-frozen in liquid nitrogen. To prepare the total lysate extract frozen
tissue samples were cut into small pieces and added with RIPA Lysis and
Extraction Buffer (Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with protease inhibitors, as above. After incubation for 30min on
ice, the lysates were cleared by centrifugation at 10,000× g for 10min at 4°C.
We have complied with all relevant ethical regulations for animal use.

Bioinformatics
Sequence Alignment was performed by retrieving sequences from the
Uniprot database using Ppif as a query and filtering according to the Tax-
onomy. With the exception of E. coli, only mitochondrial proteins were
considered. The sequences corresponding to H. sapiens, M. musculus, R.
norvegicus, B. taurus and S. cerevisiaeCyPD had already information about
their localization and MTS within the Uniprot database. The sequences
corresponding toP. troglodytes,O. aries,G. gallus,X. laevis,C. elegans andD.
melanogaster CyPD were first predicted to be mitochondrial with the
Deeploc 2.0 server59 and then analysedwithTargetP 2.060 andMitoFates61 to
identify the MTS. The alignment was performed with the online server
CLUSTAW62 and visualized with Jalview v. 2.11.2.763.

To identify the protease responsible for the N-terminal cleavage of FL-
CyPD, the MEROPS database was first used (https://www.ebi.ac.uk/
merops/). The known cleavage sites in humans (S-S) and mice (N-S)
were used as queries and a manual search focusing on mitochondrial
mammalian proteases was then adopted. Subsequently, the GPS-CCD
1.0 software (http://ccd.biocuckoo.org/)46, designed to predict calpain 1
cleavage sites, was usedwith the strictest threshold to determine if FL-CyPD
could be a potential target for calpain 1.

Expression and purification of recombinant FL-CyPD and
ΔN-CyPD
The recombinant human full-length CyPD (FL-CyPD) and the N-terminal
truncated formmissing thefirst 13 residues (ΔN-CyPD)were expressed and
purified following the same procedure. The nucleotide sequence encoding
for the human FL-CyPD or the ΔN-CyPD protein was joined with that
encoding the yeast SUMO protein tag bearing 6 histidine residues at their
N-terminus64 into the pRSETA plasmid (purchased from Invitrogen)
(Supplementary Fig. 1) and used to transform E. coli strain BL21(DE3)
pLysS (purchased from Sigma-Aldrich). Briefly, the SUMO nucleotide
sequence was obtained from yeast genomic DNA of Saccharomyces cere-
visiae by PCR, using the primers 5’-ACAGCTAGCATGTCGGACTCA
GAAGTCAATCAA-3’ (Sumo-NheI) and 5’-GCAGGATCCACCAAT
CTG TTC TCT GTG AGC CTC AAT AAT-3’ (Sumo-BamHI). The
amplified sequences were cloned into the pRSETA plasmid between NheI
and BamHI restriction sites in order to obtain the pSUMOB plasmid. The
nucleotide sequence of FL-CyPD and ΔN-CyPD was obtained from a
human cDNAplacenta library (Clontech) by PCRwith the primers 5’-GCA
AAGCTTAGCTCAACTGGCCACAGTCTGTGAT-3’ (CID5) and5’-
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GGT GGA TTC TGC AGC AAG GGC TCC GGC GAC CCG TCC-3’
(CID6) for FL-CyPD and 5’-GGT GGA TCC GGG AAC CCG CTC GTG
TAC 3’ for the ΔN-CyPD, respectively. The amplified sequences were
separately cloned into pSUMOB plasmids between the restriction sites
BamHI and HindIII. Their correct sequences were confirmed by sequen-
cing. The resulting vectors were used to transform E. coli strain BL21(DE3)
pLysS, below indicated as E. coli cells. Bacteria were grown at 37°C in Luria-
Bertani (LB) brothor itsmodified version65, which contained 0.3%KH2PO4,
0.05% NH4Cl, 0.024% MgSO4, or in modified LB containing 15N labelled
nitrogen source and/or 13C labelled carbon source. Growth medium was
always added with 100mg/L of ampicillin. When 500ml of transformed E.
coli cells reached an O.D. of 0.6–0.8 at 600 nm, SUMO-FL-CyPD and
SUMO-ΔN-CyPD expression was induced by adding 100mg/L isopropyl
thiogalactopyranoside (IPTG) for 6–7 hours at 25°C. Cells were then har-
vested via centrifugation at 2000 xg for 30min at 4°C and stored at−20°C.
The bacterial pellet containing SUMO-FL-CyPDor SUMO-ΔN-CyPDwas
resuspended in 40ml of lysis solution (200mMNaCl, 50mMTris/HCl pH
8.0, 1mMDTE, 0.5% Triton, 1 tablet of Protease Inhibitor Cocktail EDTA-
free cOmplete™) and sonicated on ice 20 times for 45 sec with 1min
intervals, 2min every 5 cycles, using a SonopulsUW2070 (Bandelin) at 80%
power. After centrifugation at 20,000 xg for 30min at 4°C, the supernatants
were incubated with 3ml of the nickel-containing resin His-Trap FF®
(Cytivia) andpacked into a column.Boundproteinswere elutedwith6mlof
200mM NaCl, 50mM Tris/HCl pH 8.0, 1 mM DTE, 500mM imidazole.
Buffer exchange was performed by dialysis using Pur-A-Lyzer™ tubes
(Sigma-Aldrich) with a 10-kDa cut-off and the external solution consisting
of 200mM NaCl, 20mM NaPi pH 7.0, 1mM DTE at room temperature
(RT) overnight. The enzyme ULP1 (Sigma-Aldrich) was then added at a
ratio of 1 U/mg protein and allowed to incubate for 24 h at RT. The enzy-
matic products were then incubated with the nickel-containing resin His-
Trap FF® (Cytivia), as above. The flow-through, containing FL-CyPD or
ΔN-CyPD freed of the SUMO moiety, was collected, diluted 8–10 times
with FPLC buffer A (20mMNaPi pH 7.0, 2mMDTE) to reduce the NaCl
concentration and loaded into a primed 1ml HiTRAP SP-HP column
(Cytivia) connected to anFPLCsystem (ÄKTA-Start, Cytivia).After sample
loading, the columnwaswashedwith 5ml of FPLCbufferA and elutedwith
a 0–20% gradient of FPLC buffer B (2MNaCl, 20mMNaPi pH 7.0, 2mM
DTE) in 1 ml-fractions. The CyPD-containing fractions were dialysed 6
times for 30min against 500ml of milliQ water and then against 1 L of
0.1mMDTE overnight at RT. Then, protein was aliquoted and lyophilized
in Lio 5 P (5 Pascal). Up to 10mg of recombinant CyPDs could be obtained
from 500ml of bacterial culture.

Preparation of submitochondrial particles and incubation with
FL-CyPD and ΔN-CyPD
Pig heart mitochondria were isolated in a buffer containing 250mM
sucrose, 10mM Tris, 0.1mM EGTA, pH 7.4 by standard differential
centrifugation16. Submitochondrial particles (SMP) were prepared by
exposure of heart mitochondria to ultrasonic energy in the presence of
15mMMgCl2 and 1mMATP followed by a first centrifugation for 20min
at 18,000 x g and a second centrifugation of the supernatant for 30min at
100,000 x g, as in ref. 16.Thepellet containingSMPwaswashedonce inKCl-
based buffer (125mM KCl, 10mM Tris/HCl, 20 μM EGTA, pH 7.4) to
minimize the amount of endogenous CyPD. The final pellet was suspended
in a small volume of KCl-based buffer or sucrose-based buffer (250mM
sucrose, 10mMTris/HCl, 20 μMEGTA, pH7.4) at 1mg/ml and SMPwere
incubated with 0.05 - 2 nmol/mg SMP of either recombinant FL-CyPD or
ΔN-CyPD. When needed, 2 μM cyclosporin A (CsA) and/or 10mM
KH2PO4 (Pi) was added. Afterwards, SMP were subjected to immunopre-
cipitation to isolate the OSCP subunit of F-ATP synthase or were used to
determine the ATP hydrolysis rate. To immunoprecipitate OSCP, 250 μg
SMP were centrifuged 20min at 100,000 x g to release unbound CyPD.
Then, SMP were suspended in IP buffer (150mM NaCl, 50mM Tris/HCl
pH 8.0, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate) and
incubated at 4°C overnightwith 20 μlmagnetic beads previously conjugated

with 1 μg of mouse monoclonal anti-OSCP antibody (ab110276, Abcam).
After two washings and protein elution frommagnetic beads,Western blot
analysis was employed to assess CyPD binding to OSCP.

Incubation of FL-CyPD and ΔN-CyPD with calpain 1
Recombinant FL-CyPDorΔN-CyPDwere incubatedwith human calpain 1
(ab91019, Abcam) at a 1:5 ratio for up to 15minutes at 32°C in 50mMTris/
HCl, 30mM KCl, 1 mM DTE, 500 µM CaCl2 and then analysed by SDS-
PAGE stained by Coomassie orWestern blot. The two bands at 19 kDa and
18 kDa were manually excised from SDS-PAGE for mass spectrometry
analysis.

Western blots
Cell and mouse tissue extracts and SMP were solubilized in Laemmli gel
sample buffer containing 1% β-mercaptoethanol and separated on 15%
SDS–PAGE gels. Separated proteins were transferred electrophoretically to
PVDF membranes, which were probed in TBS (150mM NaCl, 100mM
Tris pH 7.6 containing 2.5% Bovine Serum Albumin (BSA) and 0.1%
Tween-20with the following antibodies: rabbitCitrate Synthase (CS) 1:5000
(3H8L26, Invitrogen), mouse OSCP 1:2000 (ab110276, Abcam), mouse
Cyclophilin D (CyPD) 1:2000 (ab110324, Abcam), mouse subunit α
(ATP5A1) 1:500 (ab14748, Abcam). Immunoreactive bands were detected
by enhanced chemiluminescence (Pierce) and analyzed with Quantity One
software (Biorad). Alternatively, the signals were detected with an Odyssey
CLx scanner (Li-Cor Biosciences) and quantified using ImageStudio soft-
ware (Li-Cor Biosciences). Normalizationwas performed usingRevert™ 700
Total Protein Stain (LI-CORBiosciences). All original images of Coomassie
stained gels and immunoblots are shown in Supplementary Fig. 11.

Mass spectroscopy
Cell, mouse tissue extracts and recombinant proteins were analysed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Protein identification via MS was based on the following steps: (i) protein
trypsin digestion, which specifically cleaves at the carboxyl side of arginine
and lysine residues; (ii) LC-MS/MS separation and sequencing; (iii) Mascot
software analysis for the protein identification via alignment of sequenced
peptides against a database of known protein sequences. After SDS-PAGE
separation and staining by colloidal Coomassie, the gel was incubated with
milliQ water overnight under constant shaking at room temperature. The
bands of interest were excised, destained by 3min incubation with acet-
onitrile for three times and then left to dry on air. Protein bandswere treated
with 10mM dithiothreitol (DTT) in 50mM NH4HCO3 (AMBIC) pH 8.0,
for 20min at 37°C to reduce cysteine residues, then with 55mM iodoace-
tamide (IAM) for the alkylation reaction. This latter was carried out in the
dark at 37°C for 20minutes. Excess reagent was finally removed by adding
and discarding acetonitrile (ACN)/50mMAMBIC sequentially for 3 times,
and one more time with ACN only. The dehydrated gel bands were treated
with 100 ng trypsin solution in 50mM AMBIC. Finally, 50mM AMBIC
was added to cover the gel bands and samples were placed overnight at 37°C
in a Thermoshaker. At the end of hydrolysis, peptide mixtures were col-
lected in fresh tubes. The remaining gel pieces were treated with acetonitrile
twice, in order to extract any peptides still present in the gel. The obtained
mixtures were dried by a Speed-Vac system. Each peptide mixture was
resuspended in 0.1% TFA in water and analyzed on a Thermo Scientific™
Q-Exactive PlusOrbitrapmass spectrometer connected to anUltimate 3000
nanoLC system. Data were processed by Mascot software (Matrix Science,
London, UK) using Swiss-Prot database.

NMR spectroscopy
NMRspectrawere recordedat 700MHzonaBrukerAVANCENEOandat
500MHz on a Bruker Advance, processed on Topspin v. 4.0.8 (Bruker) and
analysed on NMRFAM-Sparky66 and/or with home-made scripts in R
Statistical Software (v.3.4.4, R Core Team 2021). NMR Protein samples of
about 350 or 550 μM 15N-13C FL-CyPD or 15N-13C ΔN-CyPD, respectively,
were suspended in 20mM NaPi pH 7.0 10% D2O, except were otherwise
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specified. TSP 50 μMwas added as reference67. Protein backbone chemical
shift assignment was performed with a set of 3D [1H, 13C, 15N] NMR
experiments, i.e., HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB.
All spectra were collected at 298 K except for additional 2D [1H, 15N]HSQC
and 3D [1H, 13C, 15N] HNCA experiment acquired at 283 K and 310 K. The
backbone resonance assignments togetherwithCβ chemical shiftswere then
used to predict the secondary structure elements of FL-CyPD and ΔN-
CyPD employing the software TALOS-N39. Temperature coefficients of FL-
CyPD and ΔN-CyPD have been derived by collecting 2D [1H, 15N] HSQC
spectra in a temperature ramp from 283 K to 316 K with 3 K steps. 3D [1H,
13C, 15N] HNCA spectra were collected at 298 K, 283 K and 310 K to con-
fidently assign peaks overlapping across the temperature ramp. To quantify
dynamics in the ps-ns timescale, steady-state 15N {1H} NOE experiments
were conducted for both FL-CyPD andΔN-CyPD. The heteronuclearNOE
of each residue was calculated as the ratio between the signal intensity of
“NOE” (saturated) and the “noNOE” (non-saturated) spectra. The error on

the hetNOE was computed as ε ¼ hetNOE
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SNR�2
NOE þ SNR�2

noNOE

p

, were
SNR is the signal-to-noise ratio, as described in ref. 68. CsA binding to FL-
CyPD and ΔN-CyPD was determined by chemical shift perturbation.
15N-13C FL-CyPDor 15N-13CΔN-CyPDwere suspended in 20mMNaPi pH
7.0 10% D2O, 150mM KCl, with 50 μM TSP added as a reference, in the
presence or absence of CsA 1:1. 2D [1H, 15N] HSQC and 3D [1H, 13C, 15N]
HNCA spectra were recorded. Chemical shift perturbation Δδ, was calcu-
lated for each residue as follows69:

Δδ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δapo
HN � δoloHN

� �2
þ δapo

NH � δoloNH

6:5

 !2
v

u

u

t

where δX is the resonance of nucleus, while “apo” and “olo” refer to the
chemical shift of nucleus X in the absence and presence of CsA, respectively.
The criterium adopted to identify themost perturbed residues is to consider
only those with4δ >4δ þ 3σ, where4δ and σ indicate the mean and the
standard deviation, respectively. Specifically,4δ is computed iteratively by
excluding at each iteration the outliers, i.e., the most affected residues. The
effect of the ionic strength on FL-CyPD and ΔN-CyPD was studied by
collecting 2D [1H, 15N]HSQC spectra at 290 Kof either 15N-13C FL-CyPDor
15N-13C ΔN-CyPD, respectively, suspended in 20mM NaPi pH 7.0 10%
D2O, 0–150mMKCl, with 50 μMTSP added as a reference. Chemical shift
perturbation between 0mM and 150mM KCl spectra was calculated as
described above.

Surface plasmon resonance (SPR)
Mature human OSCP was fused with Myc-tagged SUMO at N -term and
with β10 GFP at the C-term. The chimeric protein was produced in E. coli
and purified as described28. SPR analyses were performed on a Biacore
X-100 dual flow-cell instrument fromGEHealthcare (Chicago, IL, USA) in
10mM Tris-HCl, pH 7.4, containing 125mM KCl and 10mM potassium
phosphate. Anti-Myc antibody was covalently immobilized via amine-
coupling reactiononaCM5sensor chip.Capture reactionwas carriedoutby
injecting a solution ofOSCP (12 μM)onto the sensor chip for 180 s at aflow
rate of 30 μl/min. Saturation of the antibody-derivatised sensor with OSCP
chip was established by a marked increase of the SPR signal, expressed as
response units (RU), which remained constant in the time-scale of SPR
analysis. Binding of CypD to “captured”OSCPwas determined in the single
cycle mode, by injecting increasing CyPD concentrations (0-20 μM) in the
mobile phase, with a contact time of 120 s at a flow rate of 30 μl/min,
followedbypassive dissociationofCyPDfor 180 s. The datawere subtracted
for the corresponding base-line curves, obtained in a blank experiment on
the reference flow cell and accounting for nonspecific binding, i.e. typically
less than 2% of RUmax. After each set of SPR measurements, antibody-
immobilized sensor chip was regenerated by injecting a 0.5% (w/v) solution
of SDS for 30 s, to wash away OSCP-CyPD complex, and then loaded with
OSCP for the capture reaction. The kinetic data were analyzed using the

BIAevaluation software, using a single-site bindingmodel to extract kon, koff
and Kd values.

Biochemical assays
Protein concentration was determined with the Lowry70 or Bradford71

method for the particulate or soluble enzymes, respectively. Protein
concentration of RIPA extracts was determined using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The
absorbance at 280 nm was used to quantify purified CyPD. ATP
hydrolysis was followed spectrophotometrically by adding 50 μg SMP to
the cuvette and recording NADH oxidation at 340 nm in the presence of
2 mM ATP and an ATP-regenerating system as described72. PPIase
activity was determined according to the unfolding/refolding of RNase
T173. Specifically, 50 μM RNase T1 (ThermoFisher) was unfolded in
20 mM Tris/HCl pH 8.0 and 8M urea for 2 h at room temperature.
Unfolded RNase T1 at a final concentration of 1.25 μM was then incu-
bated with 25 nM FL-CyPD or ΔN-CyPD in 20 mM Tris/HCl pH 8.0 to
start the refolding of RNase T1, or in 20 mMTris/HCl pH 8.0 tomonitor
the non-enzymatic refolding. CsA sensitivity was assessed after pre-
incubation of CyPD with 10-fold molar excess of CsA on ice. RNase T1
refolding was followed by the intrinsic fluorescence of tryptophan
(excitation wavelength of 268 nm, slit 10 nm; emission wavelength of
325 nm, slit 5 nm) using a Cary Eclipse Fluorescence Spectrometer
(Agilent). Temperature was kept at 10°C. PPIase activity was expressed
as a ΔF/min from the linear part of the obtained curves.

Statistics and reproducibility
Data are presented as mean ± standard deviation (SD). Data groups were
analysed with a two-way analysis of variance (ANOVA) followed by Tukey
post hoc test orKruskal-Wallis test followed byDunnpost hoc analysis. The
decision on which test to use was made after checking the normality and
homogeneity of variance of the samples. One sample t-test was performed
when comparing the mean of a single sample to a known value or control.
Results with a p value lower than 0.05 were considered significant. Each
experiment was repeated at least three times. Analyseswere performedwith
either R statistical software v.3.4.4 or GraphPad v.8.0.2.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the SupplementaryMaterials. The source data underlying all
graphs and charts present in the manuscript are provided in Supplemen-
tary Data 2. Chemical shift assignments of FL-CyPD and ΔN-CyPD have
been deposited in the Biological Magnetic Resonance Bank (BMRB,
https://bmrb.io/) with accession codes 52665 and 52661, respectively. The
raw mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD057203. All data are also available upon request.
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