
P E R S P E C T I V E

Protein folding and unfolding: proline cis-trans isomerization at
the c subunits of F1FO-ATPase might open a high conductance
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Abstract

The c subunits, which constitute the c-ring apparatus of the F1FO-ATPase, could be

the main components of the mitochondrial permeability transition pore (mPTP). The

well-known modulator of the mPTP formation and opening is the cyclophilin D

(CyPD), a peptidyl-prolyl cis-trans isomerase. On the loop, which connects the two

hairpin α-helix of c subunit, is present the unique proline residue (Pro40) that could be

a biological target of CyPD. Indeed, the proline cis-trans isomerization might provide

the switch that interconverts the open/closed states of the pore by pulling out the c-

ring lipid plug.

K E YWORD S

cis-trans isomerization, c-ring, F1FO-ATPase, mitochondria, permeability transition pore

1 | THE C SUBUNITS ARCHITECTURE OF
THE F1FO-ATPASE

The c-subunits of F1FO-ATPase are multifunctional proteins whose

energy transduction features cover the transmembrane H+ transloca-

tion, whereas stoichiometry determines the species-specific bioener-

getic cost of ATP [1]. The helical hairpin structure of the c subunit has

the N- and C-terminal faced on the cytoplasm side of the inner mito-

chondrial membrane (IMM), whereas the amino acids that form the

loop region (c-loop) and connect the two transmembrane α-helix are

faced on the matrix side of IMM. Moreover, the loops of each

c subunit are joined to the foot of the hydrophilic F1 portion of the

enzyme. The annular arrangement of c subunits oligomer, which con-

stitutes the so-called c-ring, has two concentric circles. The inner cir-

cle is composed of the N-terminal helix, whereas the outer circle is of

the C-terminal helix of c subunits (Figure 1). These packed hairpins

form a sort of hourglass seen laterally from the membrane side. In the

middle of the membrane, the concavity of the c-ring hosts on the C-

terminal helix the H+ binding site that is represented with a conserved

Glu58 residue in the mitochondrial F1FO-ATPase [2]. In addition to this,

to ensure the rotation of the rotor driven by protonmotive force (Δp)

in the ATP synthesis mode or the opposite function of the ATP hydro-

lysis with the Δp dissipation, the carboxylate side chains of Glu58

switch from deprotonated to protonate conformation during the ion

translocation. Indeed, the H+ binding site exposed to a hydrophilic

environment within the half-channels of a subunit is oriented in an

outward-facing open conformation (the carboxylic group adopts the

unlooked conformation). On the contrary, in the hydrophobic environ-

ment of the IMM the carboxyl group re-orients towards an inward-

faced closed conformation (H+ locked conformation) during the rotor

rotation with a favoured energy state to enter in the IMM [3].

Importantly, the c-ring is filled with two different phospholipids at

the two opposite sides of its cavity (Figure 1). At the matrix side, a

phosphatidylserine (PS) is anchored by electrostatic coordination to

the positive charge of Arg38 of c subunits, whereas on the cytoplasm

side of IMM, a lyso-phosphatidylserine (L-PS) is bound to Lys71 of

e subunit by ionic interaction [4]. The anionic phospholipids used,

depending on the IMM leaflet, could envisage the hypothesis of lipid-

phase-continuity H+ transfer for aerobic ATP synthesis [5]. The posi-

tive charge residue of the Arg38 side chain of each c subunit by facing
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the cavity of the c-ring coordinates the negatively charged PS. The

Arg38 residues of c subunits are placed at the end of the C-terminal

helix and form, together with Asn39 residues, the positive collar of the

c-loop at the boundary of the PS polar heads. The PS, inserted in the

hole of the c-ring with the two acyl chains, fills all the space. More-

over, the tight fit of the double-chained matrix-side lipid into the c-

ring establishes also hydrophobic interaction with a glycine zipper

(G20xG22xG24xG26) and this suggests that the PS rotate with the c-

ring. The Gly26 ! Glu26 mutation within the glycine-rich region of

c subunits is responsible for the mitochondrial permeability transition

pore (mPTP)-mediated hypoxia/reoxygenation cell death in

cardiomyocytes [6] by missing the interactions of the acyl chains with

the c subunits. Indeed, by the addition of negatively charged residue

in the helix structure, it could favour the instability of phos-

phatidylserine in the c-ring and its expulsion counted in the possible

mechanism of the mPTP phenomenon [7].

2 | THE PORE FORMS FROM THE C-RING

Apart from being the main producer of ATP in mitochondria, the

F1FO-ATPase has other crucial roles in energy-related homeostases,

such as assisting mitochondrial cristae curvature and the cell death

regulation via the mPTP [8]. Switching the energy transduction system

from the energy-saving to the energy-dissipating mode is the newly

discovered feature of the F1FO-ATPase [9,10]. The c subunits, which

constitute the c-ring, are considered the main components of the

mPTP [4,11,12]. According to the new “bent-pull” model [13], the

Ca2+-activated F1FO-ATP(hydrol)ase activity generates a force trans-

mitted from the F1 catalytic subunit to the membrane-embedded sub-

unit of the FO domain. On the cytoplasm side of IMM, the lipid plug of

L-PS is pulled out of the c-ring by the movement of the e subunit. On

the other side of the c-ring cavity, the PS coordinated with the

c subunit fills the hole and blocks the pore. The water molecules com-

ing into the c-ring exert a thrust force on the PS [4]. The conforma-

tional change of the structure with the enlargement of the c-ring

could loosen the lipid interaction with the c subunits. The consequent

modification of the c-ring can also alter the interaction with the foot

of the central stalk by favouring the detachment of the F1 from the

FO and the PS is pushed out creating a pore through the c-ring [4,10]

(Figure 2).

3 | THE HYPOTHESIZED EFFECT OF CyPD
ON THE (UN)FOLDING OF THE C SUBUNIT

Cyclophilin D (CyPD) is a mitochondrial chaperone protein identi-

fied as a peptidyl-prolyl, cis-trans isomerase (PPIase), which might

be involved in mitochondrial protein folding, but there are no

results on the presence of this activity [14]. Moreover, CyPD is a

modulator of the mPTP formation and opening [15]. CyPD can bind

the F1FO-ATPase and has been suggested that the OSCP subunit of

the peripheral stalk of the F1FO-ATPase is its direct interactor in

the enzyme complex [16]. The interdomain hinge of the OSCP sub-

unit facilitates flexible coupling of the rotation to conformational

changes of the catalytic subunits and makes this subunit an appo-

site point for the regulation of ATP synthesis [17]. The hinge flexi-

bility of the N-terminal OSCP domain linked to the F1 sector

relative to the C-terminal OSCP domain joined to the peripheral

F IGURE 1 The c-ring structure of F1FO-ATPase is obtained from
modified PDB ID code: 6TT7. On the right, the structure of
mammalian F1FO-ATPase with the c-ring highlighted in purple. On the
left, the spatial arrangement of the c subunits in cartoons mode. In the

middle, the c-ring structure is viewed laterally. The red box highlights
the region of the glycine zipper present on the N-terminal helix. On
the top, the c-ring is viewed from the matrix. In the hole of the c-ring,
the phosphatidylserine (as a ball-and-stick model) is specifically
coordinated with the Arg38 residues drawn as a stick on the N-
terminal helix of each c subunit. The Pro40 is illustrated as a space-
filling model on the c-loop. The c-ring is viewed from the cytoplasm
side of the IMM (lower panel). The lyso-phosphatidylserine (L-PS) as a
ball-and-stick model is depicted in the middle of the c-ring
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stalk is blocked by CyPD binding (Figure 3). This molecular event

reduces the elastic movement of F1 with respect to the rotor per-

mitting the signal transmission to the membrane-embedded FO sec-

tor where the pore opens [18,19].

On the c-loop that connects the two hairpin α-helix of the

c subunit is present the unique proline residue (Pro40) conserved

between the F- and V-type ATPase of different species, which could

be a biological target of CyPD in the hydrophilic space placed between

F IGURE 2 The dual-mode of the F1FO-ATPase. The structure of the mammalian mitochondrial F1FO-ATPase (from modified PDB ID code:
6TT7) in the absence of Ca2+ cation (on the left). The suggested model of the PTP opening with the F1FO-ATPase activated by Ca2+ (on the
right). The enzyme forms the pore in the c-ring when the lipid plugs are pushed/pulled away by (ir)reversible conformational changes.
Phosphatidylserine (PS) and lyso-phosphatidylserine (L-PS) as a ball-and-stick model are indicated by arrows

F IGURE 3 The CyPD binding sites of F1FO-ATPase. On the left the hydrophilic portion of F1FO-ATPase is obtained from modified PDB ID
code: 6TT7. The interdomain hinge of the OSCP subunit is coloured red. On the right the rotor (the foot of central stalk: γ, δ, and ε subunit) and
the c-ring obtained from modified PDB ID code: 6TT7. The Pro40 and the phosphatidylserine (PS) are illustrated as a ball-and-stick model. The
discs highlight the sites of CYPD (PDB ID code: 3QYU) interactions
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the c-ring and the foot of the central stalk (Figure 3). Indeed, in cells

overexpressing the c subunit, the mPTP is inhibited by cyclosporin A

(CsA), the inhibitor of CyPD [12]. The CsA can inhibit the mPTP opening

at an early stage but not at later ones. The c subunits could also form an

ion channel by assembling into oligomers in a β-sheet conformation with

a similar mechanism to some other amyloidogenic peptides that form a

β-sheet oligomeric pore [20]. Recently, it has been suggested that CyPD-

c subunit interaction helps the formation of higher-order oligomers, but

is not required for pore activity by highlighting the folding activity in the

mPTP formation [21].

The cis-trans isomerization of the Pro might provide the switch

that interconverts the pore open/closed states by pulling out the c-

ring lipid plug. The Pro is the only amino acid with cis- trans-

isomerization in the peptide bond involving its imino nitrogen

(Figure 4). Peptide bonds between amino acid residues are preferen-

tially in the trans configuration, whereas the cis configuration occurs

at β turns involving the Pro isomer. However, the Pro forms cis peptide

bonds at a frequency higher than any other naturally occurring amino

acid. The switch from trans to cis is a biological structural mechanism

exploited in the channel opening [22–24]. A Pro located at the apex of

the loop between two transmembrane helices can act as a hinge

through a cis-trans isomerization of the protein backbone. The

hypothesis is that the natural trans configuration of the Pro40 allows

the closed state of the pore. Conversely, if the N-terminal helix of the

c subunit works as a rigid body converting the Pro40 to the cis confor-

mation the c-ring enlarges the hole (Figure 4). The environment

hydrated by incoming water molecules pulls the lipid plug out and

obtains the open structure of the mPTP. Therefore, the trans–cis

isomerization at Pro40 could function as a hinge for the movement of

α-helix during gating and explain the reported results that the

c subunit alone without other parts of F1FO-ATPase is sufficient to

induce the mPTP formation [12].

4 | CONCLUSION

The mitochondrial protein folding could be affected through the

CyPD, but it might also achieve a scaffolding function, as it binds to

several proteins in the mitochondrial matrix and the IMM [14]. The

rotamase activity of PPIases increases the proline isomerization by up

to 260 fold with an intramolecular hydrogen bond to the prolyl amide

nitrogen [25]. If the CyPD has conserved structural features that facil-

itate cis-trans isomerization, it is a kinetically viable candidate for the

gating switch. On balance, this configurational stereoisomerism at a

crucial pivot point on the c-loop reorients the transmembrane helices

of c-subunits forming the pore. The cis-trans isomerization of this sin-

gle Pro40 could provide the switch that interconverts the open and

closed states of the mPTP in a CyPD-dependent manner through the

c-ring.

For instance, experiments with modified Pro analogues, which

favour either the cis or the trans conformations, can provide fur-

ther evidence on the role of Pro isomerization in F1FO-ATPase, as

done for the 5HT3A receptor [26]. Moreover, the recent develop-

ment of photoswitchable amino acids [27] could provide an alter-

native way of testing the role of Pro isomerization in channel

opening at the c-ring. Completing such experiments, molecular

dynamics simulations could give further insight into the mechanism

of Pro isomerization in the c-ring, as done for the 5HT3A recep-

tor [28].
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reversible trans and cis isomers. Two
opposite c subunits (c’ and c”) of the c-
ring with the Pro40 in trans conformation
(on the left) and cis conformation (on the
right) show the difference of the hole

(dotted shapes)

2004 NESCI



PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/prot.26383.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID

Salvatore Nesci https://orcid.org/0000-0001-8569-7158

REFERENCES

1. Nesci S, Pagliarani A, Algieri C, Trombetti F. Mitochondrial F‐type
ATP synthase: multiple enzyme functions revealed by the membrane‐
embedded FO structure. Crit Rev Biochem Mol Biol. 2020;55:309‐321.
doi:10.1080/10409238.2020.1784084

2. Nesci S, Trombetti F, Ventrella V, Pagliarani A. The c‐ring of the

F1FO‐ATP synthase: facts and perspectives. J Membr Biol. 2016;249:

11‐21. doi:10.1007/s00232‐015‐9860‐3
3. Pogoryelov D, Yildiz O, Faraldo‐Gómez JD, Meier T. High‐resolution

structure of the rotor ring of a proton‐dependent ATP synthase. Nat

Struct Mol Biol. 2009;16:1068‐1073. doi:10.1038/nsmb.1678

4. Pinke G, Zhou L, Sazanov LA. Cryo‐EM structure of the entire mam-

malian F‐type ATP synthase. Nat Struct Mol Biol. 2020;27:1077‐1085.
doi:10.1038/s41594‐020‐0503‐8

5. Morelli AM, Ravera S, Calzia D, Panfoli I. Hypothesis of lipid‐phase‐
continuity proton transfer for aerobic ATP synthesis. J Cereb Blood

Flow Metab. 2013;33:1838‐1842. doi:10.1038/jcbfm.2013.175

6. Morciano G, Pedriali G, Bonora M, et al. A naturally occurring muta-

tion in ATP synthase subunit c is associated with increased damage

following hypoxia/reoxygenation in STEMI patients. Cell Rep. 2021;

35:108983. doi:10.1016/j.celrep.2021.108983

7. Nesci S, Rubattu S. The ATP synthase glycine zipper of the c subunits:

from the structural to the functional role in mitochondrial biology of

cardiovascular diseases. Biochim Biophys Acta Mol Cell Res. 2021;

1868:119075. doi:10.1016/j.bbamcr.2021.119075

8. Vercellino I, Sazanov LA. The assembly, regulation and function of the

mitochondrial respiratory chain. Nat Rev Mol Cell Biol. 2021;23:141‐
161. doi:10.1038/s41580‐021‐00415‐0

9. Bonora M, Giorgi C, Pinton P. Molecular mechanisms and conse-

quences of mitochondrial permeability transition. Nat Rev Mol Cell

Biol. 2021;23:266‐285. doi:10.1038/s41580‐021‐00433‐y
10. Nesci S, Pagliarani A. Incoming news on the F‐type ATPase structure

and functions in mammalian mitochondria. BBA Advances. 2021;1:

100001. doi:10.1016/j.bbadva.2020.100001

11. Alavian KN, Beutner G, Lazrove E, et al. An uncoupling channel within

the c‐subunit ring of the F1FO ATP synthase is the mitochondrial

permeability transition pore. Proc Natl Acad Sci USA. 2014;111:

10580‐10585. doi:10.1073/pnas.1401591111
12. Bonora M, Bononi A, De Marchi E, et al. Role of the c subunit of the

FO ATP synthase in mitochondrial permeability transition. Cell Cycle.

2013;12:674‐683. doi:10.4161/cc.23599
13. Mnatsakanyan N, Jonas EA. ATP synthase c‐subunit ring as the chan-

nel of mitochondrial permeability transition: regulator of metabolism

in development and degeneration. J Mol Cell Cardiol. 2020;144:109‐
118. doi:10.1016/j.yjmcc.2020.05.013

14. Porter GA, Beutner G, Cyclophilin D. Somehow a master regulator of

mitochondrial function. Biomolecules. 2018;8:E176. doi:10.3390/

biom8040176

15. Nakagawa T, Shimizu S, Watanabe T, et al. Cyclophilin D‐dependent
mitochondrial permeability transition regulates some necrotic but not

apoptotic cell death. Nature. 2005;434:652‐658. doi:10.1038/

nature03317

16. Giorgio V, Bisetto E, Soriano ME, et al. Cyclophilin D modulates mito-

chondrial F0F1‐ATP synthase by interacting with the lateral stalk of

the complex. J Biol Chem. 2009;284:33982‐33988. doi:10.1074/jbc.
M109.020115

17. Murphy BJ, Klusch N, Langer J, Mills DJ, Yildiz Ö, Kühlbrandt W.

Rotary substates of mitochondrial ATP synthase reveal the basis of

flexible F1‐Fo coupling. Science. 2019;364:1‐10. doi:10.1126/

science.aaw9128

18. Nesci S, Trombetti F, Ventrella V, Pagliarani A. From the Ca2+−acti-

vated F1FO‐ATPase to the mitochondrial permeability transition

pore: an overview. Biochimie. 2018;152:85‐93. doi:10.1016/j.biochi.
2018.06.022

19. Giorgio V, Burchell V, Schiavone M, et al. Ca(2+) binding to F‐ATP
synthase β subunit triggers the mitochondrial permeability transi-

tion. EMBO Rep. 2017;18:1065‐1076. doi:10.15252/embr.

201643354

20. Amodeo GF, Lee BY, Krilyuk N, et al. C subunit of the ATP synthase

is an amyloidogenic calcium dependent channel‐forming peptide with

possible implications in mitochondrial permeability transition. Sci Rep.

2021;11:8744. doi:10.1038/s41598‐021‐88157‐z
21. Amodeo GF, Krilyuk N, Pavlov EV. Formation of high‐conductive C

subunit channels upon interaction with Cyclophilin D. Int J Mol Sci.

2021;22:11022. doi:10.3390/ijms222011022

22. Lummis SCR, Beene DL, Lee LW, Lester HA, Broadhurst RW,

Dougherty DA. Cis‐trans isomerization at a proline opens the pore of

a neurotransmitter‐gated ion channel. Nature. 2005;438:248‐252.
doi:10.1038/nature04130

23. Maschio MC, Fregoni J, Molteni C, Corni S. Proline isomerization

effects in the amyloidogenic protein β2‐microglobulin. Phys Chem

Chem Phys. 2021;23:356‐367. doi:10.1039/d0cp04780e
24. Schmidpeter PAM, Rheinberger J, Nimigean CM. Prolyl isomeriza-

tion controls activation kinetics of a cyclic nucleotide‐gated ion

channel. Nat Commun. 2020;11:6401. doi:10.1038/s41467‐020‐
20104‐4

25. Cox C, Lectka T. Intramolecular catalysis of amide isomerization:

kinetic consequences of the 5‐NH‐ ‐Na hydrogen bond in prolyl pep-

tides. J Am Chem Soc. 1998;120:10660‐10668. doi:10.1021/

ja9815071

26. Melis C, Bussi G, Lummis SCR, Molteni C. Trans‐cis switching mecha-

nisms in proline analogues and their relevance for the gating of the 5‐
HT3 receptor. J Phys Chem B. 2009;113:12148‐12153. doi:10.1021/
jp9046962

27. Klippenstein V, Mony L, Paoletti P. Probing Ion Channel structure and

function using light‐sensitive amino acids. Trends Biochem Sci. 2018;

43:436‐451. doi:10.1016/j.tibs.2018.02.012
28. Crnjar A, Comitani F, Hester W, Molteni C. Trans‐ cis proline switches

in a Pentameric ligand‐gated Ion Channel: how they are affected by

and how they affect the biomolecular environment. J Phys Chem Lett.

2019;10:694‐700. doi:10.1021/acs.jpclett.8b03431

How to cite this article: Nesci S. Protein folding and

unfolding: proline cis-trans isomerization at the c subunits of

F1FO-ATPase might open a high conductance ion channel.

Proteins. 2022;90(11):2001‐2005. doi:10.1002/prot.26383

NESCI 2005

https://publons.com/publon/10.1002/prot.26383
https://publons.com/publon/10.1002/prot.26383
https://orcid.org/0000-0001-8569-7158
https://orcid.org/0000-0001-8569-7158
info:doi/10.1080/10409238.2020.1784084
info:doi/10.1007/s00232-015-9860-3
info:doi/10.1038/nsmb.1678
info:doi/10.1038/s41594-020-0503-8
info:doi/10.1038/jcbfm.2013.175
info:doi/10.1016/j.celrep.2021.108983
info:doi/10.1016/j.bbamcr.2021.119075
info:doi/10.1038/s41580-021-00415-0
info:doi/10.1038/s41580-021-00433-y
info:doi/10.1016/j.bbadva.2020.100001
info:doi/10.1073/pnas.1401591111
info:doi/10.4161/cc.23599
info:doi/10.1016/j.yjmcc.2020.05.013
info:doi/10.3390/biom8040176
info:doi/10.3390/biom8040176
info:doi/10.1038/nature03317
info:doi/10.1038/nature03317
info:doi/10.1074/jbc.M109.020115
info:doi/10.1074/jbc.M109.020115
info:doi/10.1126/science.aaw9128
info:doi/10.1126/science.aaw9128
info:doi/10.1016/j.biochi.2018.06.022
info:doi/10.1016/j.biochi.2018.06.022
info:doi/10.15252/embr.201643354
info:doi/10.15252/embr.201643354
info:doi/10.1038/s41598-021-88157-z
info:doi/10.3390/ijms222011022
info:doi/10.1038/nature04130
info:doi/10.1039/d0cp04780e
info:doi/10.1038/s41467-020-20104-4
info:doi/10.1038/s41467-020-20104-4
info:doi/10.1021/ja9815071
info:doi/10.1021/ja9815071
info:doi/10.1021/jp9046962
info:doi/10.1021/jp9046962
info:doi/10.1016/j.tibs.2018.02.012
info:doi/10.1021/acs.jpclett.8b03431
info:doi/10.1002/prot.26383

	Protein folding and unfolding: proline cis-trans isomerization at the c subunits of F1FO-ATPase might open a high conductan...
	1  THE c SUBUNITS ARCHITECTURE OF THE F1FO-ATPASE
	2  THE PORE FORMS FROM THE c-RING
	3  THE HYPOTHESIZED EFFECT OF CyPD ON THE (UN)FOLDING OF THE c SUBUNIT
	4  CONCLUSION
	ACKNOWLEDGMENT
	CONFLICT OF INTERESTS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


