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Abstract

Background—Opening of the Mitochondrial Permeability Transition pore is the underlying 

cause of cellular dysfunction during diverse pathological situations. Although this bioenergetic 

entity has been studied extensively, its molecular componentry is constantly debated. Cyclophilin 

D is the only universally accepted modulator of this channel and its selective ligands have been 

proposed as therapeutic agents with the potential to regulate pore opening during disease.

Scope of review—This review aims to recapitulate known molecular determinants necessary 

for Cyclophilin D activity regulation and binding to proposed pore constituents therefore 

regulating the mitochondrial permeability transition pore.

Major conclusions—While the main target of Cyclophilin D is still a matter of further research, 

permeability transition is finely regulated by post-translational modifications of this isomerase and 

its catalytic activity facilitates pore opening.

General significance—Complete elucidation of the molecular determinants required for 

Cyclophilin D-mediated control of the mitochondrial permeability transition pore will allow the 

rational design of therapies aiming to control disease phenotypes associated with the occurrence of 

this unselective channel.
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1. Introduction

Ever since the first protocols for isolating intact mitochondria were published, the conditions 

required to maximize the yield and functionality of these isolated organelles have been 

subject of extensive empirical improvements. Among these conditions, perhaps the addition 

of Ca2+-sequestrating agents has been the most recurrent feature of many buffers used to 

isolate mitochondria from cell homogenates [1]. The re-addition of Ca2+ to Ca2+-depleted 

isolated beef heart mitochondria initially led Hunter and Haworth to propose the presence of 

‘a nonspecific increase in the permeability of the inner membrane that resulted in ATP 

hydrolysis, uncoupling of oxidative phosphorylation and the consequent loss of respiratory 

control [2]. Subsequent work by the same scientists evidenced the presence of a Ca2+-

induced proteinaceous pore today known as the Mitochondrial Permeability Transition 

(MPT) Pore [3-5]. The MPT pore wreaks havoc on mitochondria by depleting ion gradients 

across the inner mitochondrial membrane. If the ability of the mitochondrion to replenish 

these gradients is surpassed by the MPT pore uncoupling activity, the cell will develop a 

pro-necrotic phenotype (for a review see [1,6]).

The molecular structure of the MPT pore is still an enigma, however its modulation is a 

topic that has been extensively addressed [2,7]. Although the MPT pore can be either 

activated or blocked by many chemicals with disparate identities, perhaps its most notable 

modulator has been Cyclosporin A (CsA) [3-5,8]. Initially used to inhibit the immune 

response following organ transplantations [9], CsA has remained the choice “control drug” 

to determine the putative involvement of the MPT pore in a given treatment or condition 

(see [10] ).

It was Fournier et al. who first described the enhanced capacity of CsA-treated mitochondria 

to accumulate substantially higher loads of Ca2+ [11]. However, Martin Crompton 

determined that CsA was actually inhibiting the Ca2+-induced MPT pore [8]. Further work 

from Halestrap’s group determined that CsA efficiently inhibited mitochondrial peptidyl 

proline cistrans-isomerase activity from pure mitochondrial extracts with a ki closely 

matching the ki for MPT pore closure. Further studies using covalent labeling with 

photoactive CsA determined that the immunosuppressant potently interacted with human 

mitochondrial Cyclophilin D [12]. As a historical fact, this protein was first termed 

“Cyclophilin D” and later on, it had to be annotated as Cyclophilin F (gene name Ppif) given 

that the original Cyclophilin-D gene Ppid encodes for a cytoplasmic cyclophilin, 

cyclophilin-40. We believe this term ambiguity can represent a potential source of confusion 

between cytosolic (Ppid) and mitochondrial (Ppif) cyclophilins. For coherence with previous 

and current studies on mitochondrial cyclophilins and the MPT pore, we refer here to 

mitochondrial cyclophilin as Cyclophilin D (CypD).

Pharmacological evidence strongly suggested CsA was inhibiting the MPT pore by binding 

to CypD [13]. In addition, initial working models suggested CypD would bind the Adenine 

Nucleotide Translocator (ANT) and possibly the Voltage Dependent Anion Channel 

(VDAC) to form the MPT pore [14]. These hypotheses were challenged later on as mice 

deficient in either ANT or VDAC still displayed an MPT response [15,16]. It is noteworthy 

to mention however, that the pore detected in ANT-less animals was remarkably resistant to 
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Ca2+ and oxidative stress [15]. A subsequent hypothesis proposed CypD was rather binding 

the mitochondrial phosphate carrier (PiC) instead of ANT [17,18]. This hypothesis was also 

challenged as cell lines and mice with altered levels of PiC displayed normal MPT pore 

readings with a minimally modified response to Ca2+ only upon PiC deletion [19-21].

In 2005, four different groups published studies on mice lacking CypD [22-25]. In all cases, 

MPT pore opening was desensitized to Ca2+ and reactive oxygen species (ROS) but not to 

other inducers such as diamide or phenylarsine oxide. These results suggested a regulatory 

role of CypD in a mechanism likely involving its enzymatic activity. Given the unknown 

identity of the MPT pore, it is not an easy task to determine how CypD exactly interacts 

with the pore. Recent models suggest that CypD binds to ATP synthase subunit OSCP to 

modulate the MPT pore [26]: potentially formed by dynamic relaxation of ATP synthase c 

subunit oligomers [27]. However, this hypothesis still awaits further confirmation and 

mechanistic validation since little is known about the molecular mechanisms by which 

CypD can activate MPT pore opening. Therefore, it is the purpose of this article to review 

the current state-of-the-art structural and mechanistic insight into CypD-induced opening of 

the MPT pore.

2. Structure-Function Relationships of Mitochondrial Cyclophilin D

Human CypD is a cytoplasm-translated globular protein of 206 residues and ~22 kDa. Upon 

its transport to the mitochondria, its mitochondrial targeting sequence is cleaved thus 

resulting in a mature protein with a theoretical MW of 18.9 kDa. According to the available 

PDB model 3QYU, CypD consists of 8 antiparallel β sheets and 2 well defined α-helices 

enclosing the sheets (Fig. 1A). CypD also presents a conserved short α-helical turn 

containing a tryptophan (W121) required for CsA sensitivity as well as for catalysis. This 

peculiarity is also true for CypA [28]. Previous studies suggest the active site of most 

cyclophilins consists of a highly conserved patch of aminoacids encompassing 150 Å2 in the 

so-called CsA-binding domain (CsABD). Structural insight into the PPIase family of 

proteins reveals the presence of a remarkably conserved pair of pockets that can contribute 

to substrate selectivity and turnover of the enzymes [28]. The proline interaction surface 

pocket (S1) constitutes the docking interface for the target proline to be isomerized (Fig. 1B) 

and the substrate interaction surface (S2) provides a relatively deep scaffold binding 

structure where ligands with disparate chemical moieties can be accommodated. 

Nonetheless, a cluster of “gatekeeper” aminoacids, whose sidechains provide sterical access 

to potential substrates, restricts substrate binding to S2 [28]. Less is known about the 

opposite side of the CsABD also known as the “backface” of CypD. Previous studies 

suggest that this portion of most cyclophilins mediates protein:protein interactions [29,30], 

and CypD can bind to target proteins through its backface [20]. This can explain why 

conservation between CypD and CypA is less evident at the backface of CypD (Fig. 1B).

The molecular mechanism of CypD-mediated peptidyl-proline isomerization has remained 

relatively unstudied. However, given its striking identity with cytosolic CypA (78%), which 

reaches almost 100% in the catalytic site (Fig. 1B) it is possible to infer a working model for 

CypD-mediated proline isomerization based on the published catalytic mechanism of CypA. 

This working model may also be extrapolated to other mitochondrial cyclophilins given its 
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remarkable conservation (Fig. 1B). In such model, the proline residue to be isomerized 

remains immovable relative to the catalytic site of CypA located close to the highly 

conserved R55. Next, the oxygen of the adjacent N-terminal residue rotates 180° clockwise 

from cis to trans. Apparently, formation of a hydrogen bond between Arg55 and the proline 

to be isomerized enables the formation of a pyramidal sp3 state for the proline’s nitrogen 

atom and this deconjugates the resonance of the prolyl amide bond [31,32] which facilitates 

the isomerization step. Rat CypD catalytic arginine is located at the conserved residue 96 

[33]. In mutant CypD R96G, substrates are still able to bind to CypD but are not isomerized 

(loss-of-function mutation). The H167Q mutation on the CsA-binding domain of rat CypD 

provides a steric hindrance for substrates and therefore proline isomerization does not take 

place. These results support a potential catalytic mechanism where substrates bind to CypD 

active site and the guanidinium group of R96 facilitates isomerization by anchoring the 

substrate proline oxygen. This would finally result in the hybridization of the proline 

nitrogen atom in sp3 during the cistrans transition state.

The high affinity of CypD for CsA (KD=13.4 nM) has allowed the determination of the 

crystal structure of CypD in the presence of this undecapeptide [34]. A close look at the 

binding geometry between both molecules shows that the interaction involves both 

hydrophobic contacts and hydrogen bonding. For hydrophobic contacts, F60, M61, A101, 

A103, L122, Q111, F113 and H126 play a major role in the tight interaction. Hydrogen 

bonding involves residues W121, R55, Q63, 102, and G72 (Fig. 2A). On the side of CsA, 

binding occurs at residues Bmt1, Aba2 and Mle9-Mva11. Importantly, hydrogen bonding 

occurs only at CsA main-chain N and O atoms (Fig. 2B). Many other CsA derivatives have 

been shown to specifically bind to CypD such as NMe-Ala-6- cyclosporine A and N-Me-

Val-4-cyclosporin A 3 [35-37]. Sangliferin A, another immunosuppressant drug which is 

chemically unrelated to CsA, does inhibit CypD and MPT pore opening while preserving 

isomerase activity and binding to the pore regulator ANT [38].

2.1 Cyclophilin D Post Translational Modifications

Although the preceding section suggests a working model for CypD-mediated isomerization 

of proline residues, little is known about the physiological activation of CypD. On this, 

Linard et al. proposed that CypD enzymatic activity could be modulated under conditions of 

oxidative stress [39]. This group further proposed that PPIase activity of CypD is not 

dependent on the presence of C203 but is decreased in the C82S, C104S and C157S CypD 

mutants. Of all these residues, C82 and C104 are contiguous to the CsABD and 

consequently a mutation to serine could affect putative redox-dependent isomerization 

activity. According to this model, C203 and C157 could form an intramolecular disulfide 

bridge whereas in the absence of such adduct, CypD was slightly more active [39].

A possible physiological switch by which these cysteines are protected by signaling ROS 

during non-stress conditions is by posttranslational modifications (PTMs) such as S-

nitrosylation. Indeed, Kohr and colleagues detected S-nitrosylation on Cysteines 103, 156 

and 203 of CypD [40]. The relevance of these PTMs is beginning to be understood. For 

instance, Nguyen et al. demonstrated that cysteine 203 is required for redox-induced 

activation of the MPT pore [41]. Mutation of the S-nitrosylation site on C203 for S203 still 
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resulted in opening of the MPT pore but with enhanced resistance to H2O2 and Ca2+. In 

addition, the C203S mutation rendered Mouse Embryo Fibroblasts resistant to reactive 

oxygen species-induced cell death. When analyzing human CypD, it is possible to locate the 

relative C203 on the “backface” of the protein (Fig. 3B). It is consequently reasonable to 

assume that the protection elicited in the C203S mutant CypD does not involve PPIase 

activity given the CsABD is sterically unaffected. This assumption is also supported by the 

fact that CypD S-nitrosylation with GSNO does not affect PPIase activity of recombinant 

CypD [41]. Overall these results strongly suggest that the C203 of CypD is rather required 

for adequate binding to its target or for the interaction with another modulatory factor(s). 

Indeed, previous studies have proposed that the backface of cyclophilins mediate 

protein:protein interactions [29,30]. Two proposed signaling factors include GSK3-β and 

p53.

Based on a previous work by Juhaszova et al. showing that GSK3-β mediates regulatory 

signaling of the MPT pore [42], Rasola and collaborators proposed that CypD is 

phosphorylated by GSK3-β as a final step in a complex signaling cascade starting in the 

cytosol with ERK [43]. In this model, the authors provide evidence suggesting that in the 

unphosphorylated (active) state, ~1% of the GSK3-β pool is translocated to the 

mitochondrial matrix and is able to bind and phosphorylate human CypD potentially at S38, 

S39 or S123. Then, phospho-CypD would activate MPT pore resulting in tumor cell death. 

Regarding the putative phosphorylation of CypD, a sequence alignment between human and 

mouse CypD reveals that S38 and S39 are absent in mouse CypD, whereas S123 (S122 in 

mouse) is located in a remarkably conserved cluster of aminoacids in the periphery of the 

CsABD (Fig 3A). If current models suggesting MPT pore opening requires PPIase activity, 

then it makes sense that CypD phosphorylation (possibly at S122) increases enzyme activity. 

However, CypD presents 8 serines and 8 threonines, being all in the periphery of the enzyme 

(Fig. 3). Whether any of these residues is preferentially phosphorylated and CypD activity is 

consequently modified is still unknown.

According to Moll’s group, another possible regulatory factor where CypD can dock and 

potentially unleash pore opening is p53 [44]. Studies from this group support the notion that 

p53 translocates to the mitochondria upon oxidative insults to orchestrate MPT pore opening 

and activate necrosis. Accordingly, a robust p53-CypD complex could be detected following 

brain ischemia/reperfusion injury. The residues of p53 required for interaction were 

determined to encompass aminoacids 80-220. Binding was completely suppressed in the 

presence of CsA, implying that the CsABD docks to p53 on these aminoacids. However, this 

complex has been proposed to be irrelevant for Ca2+-induced MPT pore opening, thus 

narrowing down the potential situations under which p53 may induce cellular demise by 

interacting with CypD [45].

The last PTM reported for CypD is acetylation [46]. The balance between glycolysis and 

oxidative phosphorylation involves complex signaling and the acetylation-deacetylation 

pattern of many mitochondrial proteins is though to be a cornerstone of this regulation 

[47,48]. Changes in the acetylation profile of many mitochondrial proteins are evident 

following changes from glycolytic to aerobic metabolism [49]. These protein acetylation 

patterns are mainly regulated by deacetylases known as sirtuins. For instance, acetyl-CoA 
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synthetase 2 is a target of mitochondrial sirtuin-3, and is activated once deacetylated 

(Hallows, 2006). CypD is not exempt from this regulation as previous studies demonstrate 

the binding and deacetylation enforced by sirtuin-3 as an adaptation mechanism following 

changes from a glycolytic to a respiratory environment [48]. Studies by Pastorino’s group 

suggest that CypD deacetylation mediated by sirtuin-3 occurs at lysine 145 (K166 in the 

unprocessed mouse CypD protein). A closer glance into the human CypD structure shown in 

Fig.3 reveals that K166 (K167 in human CypD) is located close to the catalytic W121 in the 

conserved short α-helical turn encompassing the CsABD [28]. Once deacetylated, the 

PPIase activity of CypD activity drops, potentially explaining why CypD deacetylation 

suppresses age-induced cardiac hypertrophy [46]. The results by Shulga et al. were validated 

using two CypD point mutants. In one case, a mutation that mimicked constitutive 

acetylation of CypD (K166Q) resulted in a sensitized MPT pore. The mutation K166R on 

the other hand, which mimics constitutive deacetylation of CypD, resulted in MPT pore 

inhibition [48,50]. Shulga and collaborators proposed that the main pathway involved in 

MPT pore desensitization -mediated by CypD deacetylation relied on the detachment of the 

protein from a putative binding site on the MPT regulator ANT.

3. How and where is CypD binding to modulate MPT pore opening?

To address this question, some groups have adopted bait-prey approaches. In early studies, 

Crompton’s group detected binding between the fusion protein GST-CypD and ~32-kDa 

proteins from heart mitochondrial membranes extracted with the zwitterionic detergent 

CHAPS [14]. These proteins reacted with antibodies against VDAC and ANT, which led to 

suggest that the MPT pore would form from the interaction between VDAC and ANT in a 

CypD-regulated way. Purified VDAC, ANT and GST-CypD reconstituted in fluorescein-

loaded proteoliposomes were permeabilized by Ca2+ plus phosphate in a CsA-sensitive 

process. On the same year, Halestrap’s group performed similar “pulldown” experiments 

using GST-CypD and Triton-X100-solubilized inner mitochondrial membranes from liver 

[51]. After resolving the bound complexes, ANT was detected but not VDAC. Previously, 

Brustovetsky and Klingenberg demonstrated the reconstitution of a MPT pore-like activity, 

using ANT reconstituted in proteoliposomes [52]. These studies, plus the fact that selective 

ligands of ANT potently modulate the MPT pore led to the prevailing notion that the ANT 

plays a central role in the formation of the MPT pore [53]. Indeed, genetic elimination of 

ANT results in the desensitization of the MPT pore to Ca2+ (~3-fold Vs. ~2-fold upon CypD 

deletion) and traditional pore inducers such as diamide and t-butyl hydroperoxide [15]. This 

has led to a proposition that ANT probably affects the MPT pore through the modulation of 

the inner mitochondrial membrane surface potential (which is different from ΔΨ) [1,54].

Halestrap’s group recently proposed the possibility that ANT might be interacting closely 

with other components of the MPT pore [55]. One such component could be the 

mitochondrial phosphate carrier (PiC). Initial studies assessing the potential participation of 

this protein showed a nice correlation between PiC activity and MPT pore onset in addition 

to a CsA-sensitive CypD binding to this mitochondrial carrier [17,18]. Indeed, recent studies 

by our group have confirmed such binding and detected the requirement of residues 70-110 

of CypD to bind PiC [20]. These residues form a subdomain encompassing the CsABD and 

the backface of the protein, which would explain why binding of CypD to the PiC is still 
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detected (albeit decreased) in the presence of CsA. However, experiments where PiC was 

silenced in HeLa cells resulted in the detection of a canonical MPT pore activity [19]. 

Studies in cardiac-specific transgenic mice overexpressing or downregulating PiC resulted 

in no modulation of MPT pore readings as a function of PiC expression levels [20]. 

Nonetheless, cardiac-specific genetic deletion in mice results in a mild protection against 

Ca2+-induced MPT and reperfusion injury [21].

Previous evidence from Richelli’s group showed that CypD was able to bind to the lateral 

stalk of F1F0-ATP synthase and activate MPT pore opening [56]. By using a similar 

approach, Bernardi’s group recently showed that CypD binds the Oligomycin Sensitivity 

Conferring Protein (OSCP) subunit of ATP synthase potentially though electrostatic 

interactions [26]. General models of ATP synthases position OSCP in the F1 sector of the 

enzyme, closely interacting with α and β subunits from its docking site in the lateral stalk of 

the complex [57]. Giorgio et al. showed that dimeric (but not monomeric) F0F1-ATP 

synthase was able to form a multiple conductance channel (MCC) that closely resembled the 

electrophysiological behavior of the MPT pore [26]. However, divergences from a canonical 

MCC were found in terms of the lack of sensitivity of those preparations to CsA and Phenyl 

Arsine Oxide (PAO). In addition, the mechanism by which CypD triggers the (inner 

membrane) MPT pore through interaction with OSCP (in the matrix) remained unaddressed. 

Quite strikingly, siRNA-mediated depletion of OSCP (the alleged CypD target) resulted in a 

sensitized MPT pore to Ca2+. If OSCP were the actual CypD binding protein, it would be 

logical to assume that depletion of either CypD or OSCP would render the same phenotype 

(i.e. enhanced Ca2+-retention capacity), which apparently is not the case [26]. While this 

study did not ascribe the MCC-like activity to a single protein in the dimeric complex V, the 

authors suggested that the MPT pore could form at the membrane interphase between both 

dimers. This could explain the effect of chemically unrelated MPT pore effectors, 

potentially affecting the membrane such as low concentrations of mastoparan [58], fatty 

acids [59] and phospholipase A2 inhibitors [60].

Another line of evidence suggested a role of ATP synthase c-subunit as a critical component 

of the MPT pore [61]. Indeed, Bonora et al. showed that siRNA-mediated c subunit 

depletion protected HeLa cells from calcium overload and oxidative stress. While appealing, 

it is important to mention that disturbances in the membrane sector of ATP synthase can 

distort the tightly regulated morphology of the cristae membrane [62] and this can 

potentially affect MPT pore readings indirectly (For an editorial see [63]). Recent 

commentaries also pointed out that the antibody used by Bonora and colleagues detected a 

protein of ~15 kDa, whereas mature c-subunit migrates at 7 kDa, thus adding complexity to 

their results [55,64].

In line with a potential role of ATP synthase c-subunit as a core component of the MPT 

pore, recent evidence by Jonas group suggests that purified ATP-synthase c subunit presents 

MCC-like activity per se when reconstituted in liposomes with peak conductances up to 

~1.5-2 nS [27]. Similar to the MPT pore, the channel formed by c-subunit presents negative 

rectification. This group reported that ATP (a potent MPT pore inhibitor) decreased channel 

conductance, albeit at much higher concentrations. Channel inhibition was also effectively 

accomplished following addition of an anti-c-subunit antibody. Strikingly, MCC activity 
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was activated by Ca2+ and strongly attenuated with such anti-c-subunit antibody in sub 

mitochondrial vesicles strongly supporting the possibility that the c-subunit forms the actual 

channel of the MPT. Channel activity correlated with spatial clustering between c subunits 

in a CsA-dependent manner. With this evidence, Jonas’ group proposed a mechanism 

whereby the F0 sector “relaxation” and F1 sector partial “release” constitutes the 

fundamental structure of the MPT pore. Although this postulate is very provocative and 

would put an end to long lasting efforts to identify the identity of the MPT pore, there are 

still unaddressed questions concerning the possibility that the c-ring forms the MPT pore 

(see [55,64]). For instance, the authors successfully detected a c-subunit-dependent, Ca2+ 

and CypD-induced channel activity, being reversed by ATP synthase β subunit. However, 

there is still no evidence for a direct interaction between the c and β subunits [57].

Based on the available studies addressing potential mechanisms for CypD-dependent MPT 

pore, it is possible to infer an updated working model whereby CypD binds to PiC, ANT or 

ATP synthase to regulate pore opening (Fig. 4). In this model, Ca2+ and oxidative stress may 

activate MPT by inducing c-subunit loosening and increasing channel conductance, being 

facilitated by ANT in the “c” conformation. Conversely, blockade of the MPT pore by 

adenine nucleotides could target both ATP synthase and ANT to close the pore. This effect 

can also be recapitulated in the presence of bongkrekic acid, which blocks ANT in the “m” 

conformation.

4. Concluding Remarks

Cyclophilin D is a matrix proline isomerase originally thought to exclusively facilitate 

nascent mitochondrial protein folding. However, its importance in the regulation of 

mitochondrial bioenergetics under normal and stress conditions is beginning to be 

understood. Posttranslational modifications or the addition of selective inhibitors can tune 

CypD’s PPIase activity and/or alter its binding properties, consequently affecting 

downstream targets such as ATP synthase, ANT or even PiC. This in turn would affect the 

probability of MPT pore opening. Given the disparate identity of MPT pore modulators, we 

do not discard the possibility that the MPT pore can form through the association of 

proposed regulatory factors. Studies aimed to unveil more molecular determinants, 

inhibitors and protein partners of CypD will allow more definite mechanistic insights into 

how this isomerase orchestrates MPT pore opening.
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Abbreviations

ANT adenine nucleotide translocase

CsA cyclosporin A

CsABD cyclosporin A binding domain
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CypA cyclophilin A

CypD cyclophilin D

GST glutathione S-transferase

GSNO S-Nitrosoglutathione

MCC multiple conductance channel

MPT mitochondrial permeability transition

OSCP oligomycin sensitivity conferral protein

PAO phenyl arsine oxide

PDB protein data bank

PiC mitochondrial phosphate carrier

PTM posttranslational modification

VDAC voltage dependent anion channel
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Figure 1. Structural elements of Cyclophilin D
(A) Secondary structure-surface representation denotes a canonical cyclophilin family 

structure with 8 antiparallel β sheets and 2 well defined α-helices enclosing the sheets. (B) 

CypD homology rendering comparison between human CypA and CypD using ProtSkin 

shows high conservation (in orange). Homology is remarkably high in the CsABD, which 

also encompasses S1 and S2 pockets. Models were retrieved from the Protein Data Bank 

(PDB ID: 3QYU ) and rendered using Pymol [65].

Gutiérrez-Aguilar and Baines Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Structural elements of the CsABD of human Cyclophilin D
(A) Residues involved in the interaction with CsA have hydrophobic (yellow) and polar 

(green) interactions with CsA. (B) High affinity binding of CsA (orange) completely 

occludes S1 and S2 pockets and effectively hampers PPIase activity. Models were retrieved 

from the Protein Data Bank (PDB ID: 3QYU ) and rendered using Pymol [65].
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Figure 3. Cartoon sequences showing sequential rotations of human CypD
All serines (green) and threonines (yellow) are represented in sphere projection. Residues 

C203 (magenta) and K175 (white) are located in the backface of CypD, whereas conserved 

S123 (purple) is located in the CsABD. Previously proposed residues of CypD involving 

PTMs are pointed with an arrow. Models were retrieved from the Protein Data Bank (PDB 

ID: 3QYU ) and rendered using Pymol [65].
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Figure 4. Current proposed protein complexes influencing the MPT pore
In this figure, ATP synthase (blue) is represented in the dimeric form and interacts with 

CypD (yellow) at the level of OSCP. CypD can also interact with ANT (red) or PiC 

(orange). Models were retrieved from the Protein Data Bank (except for the PiC, which was 

modeled previously [20]) and rendered using Pymol [65].
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