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A phosphorylated polypeptide (ScIRP) from the inner membrane of rat liver mitochondria with an
apparent molecular mass of 3.5 kDa was found to be immunoreactive with specific antibodies against
subunitc of F0F1-ATPase/ATP synthase (Azarashvily, T. S., Tyynel¨a, J., Baumann, M., Evtodienko,
Yu. V., and Saris, N.-E. L. (2000).Biochem. Biophys. Res. Commun.270, 741–744. In the present
paper we show that the dephosphorylation of ScIRP was promoted by the Ca2+-induced mitochondrial
permeability transition (MPT) and prevented by cyclosporin A. Preincubation of ScIRP isolated in its
dephosphorylated form with the mitochondrial suspension decreased the membrane potential (19M)
and the Ca2+-uptake capacity by promoting MPT. Incorporation of ScIRP into black-lipid membranes
increased the membrane conductivity by inducing channel formation that was also suppressed by
antibodies to subunitc. These data indicate that the phosphorylation level of ScIRP is influenced
by the MPT pore state, presumably by stimulation of calcineurin phosphatase by the Ca2+ used to
induce MPT. The possibility of ScIRP being part of the MPT pore assembly is discussed in view of
its capability to induced channel activity.

KEY WORDS: Ca2+; calcineurin; F0F1-ATPase; mitochondria; permeability transition; phosphorylation; protein
phosphatase; subunitc.

Key to abbreviations:19M, mitochondrial transmembrane potential;
CCCP,m-chlorocarbonylcyanide phenylhydrazone; CsA, cyclosporin
A; DCCD, dicyclohexylcarbodiimide; HEPES,N-(2-hydroxyethyl)-
piperazine-N′-(2-ethanesulfonic acid); MPT, the mitochondrial perme-
ability transition; NET, 150 mM NaCl, 1 mM EDTA, 10 mM Tris–Cl,
pH 8.0; PVDF, polyvinylidene difluoride; SDS-PAGE, sodium dode-
cylsulfate polyacrylamide electrophoresis; ScIRP, F0F1-ATPase/ATP
synthase subunitc-immunoreactive polypeptide, 3.5 kDa peptide; TLC,
thin-layer chromatography.
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INTRODUCTION

Phosphorylation and dephosphorylation of target
proteins is common in the regulation of intracellular
metabolism by signal transduction pathways. In mitochon-
dria, the regulation by phosphorylation and dephospho-
rylation of the activities of pyruvate dehydrogenase and
branched-chainα-oxoacid dehydrogenase is well known
(Bradford and Yedman, 1986; Sarrouille and Boudry,
1996). Various cAMP-dependent and independent pro-
tein kinases have been found in the inner membrane and
in the intermembrane space of mitochondria (Henrikson
and Gergil, 1979; Kitagawa and Racker, 1982; Schwoch
et al., 1990; Technikova-Dobrovaet al., 2001; Verdanis,
1977), and phosphorylation of several membrane-bound
proteins, 6.5, 18, 29 kDa, has been shown (Papaet al.,
1999; Sardanelliet al., 1996; Technikova-Dobrovaet al.,
2001). The 18-kDa species has been identified as the
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AQDQ subunit of complex I of the respiratory chain
(Sardanelliet al., 1995). Recently we reported that a low-
molecular mass peptide (apparentMR 3.5 kD) in the inner
membrane of rat liver mitochondria (RLM)1 was phos-
phorylated, presumably by the cAMP-dependent protein
kinase (PKA) (Azarashvilyet al., 1999). The peptide was
found to react with a specific antiserum to subunitc of
F0F1-ATPase (Azarashvilyet al., 2000), which confirmed
a similar study where another antiserum against subunit
c was used (Hagopian, 1999). This authors considered
the low kDa in view of the molecular mass of subunitc,
7602, which is close to the 6.5 kDa found for the phos-
phorylated protein reported by the Papa group, see above,
and for subunitc (DCCD-binding proteolipid) by another
group (Glaseret al., 1981) . The variation in apparent kDa
may be due to variations in the electrophoretic technique
and its calibration, or it may reflect a property of sub-
unit c or otherwise be related to it. Phosphorylation and
dephosphorylation of this subunitc-immunoreactive pep-
tide (ScIRP) is modulated by physiological concentrations
of Ca2+, and correlates with ATPase activity (Evtodienko
et al., 2000).

It is widely accepted that subunitc of mitochondrial
or bacterial F0F1-ATPase is subjected to proton-motive
force-driven rotation in the inner mitochondrial mem-
brane, and takes part in H+ transport through the mem-
brane (Fillingameet al., 2000). The role of protonation and
deprotonation of Glu58 or Asp61 in the H+-transporting
pathway has been discussed (Kluge and Dimroth, 1993).
Direct involvement of subunitc of F0F1-ATPase in trans-
membrane ion transport has not been shown yet.

It is known that subunitc homologs are present in
the plasma and intracellular membranes and perform mul-
tiple functions. The subunitsc of the vacuolar, V type
H+-ATPases are able to form a H+-conducting path-
way (Finbow and Harrison, 1997; Stevens, 1997) and
another subunitc-like protein in gap-junction structures
may form large channels permeable for small molecules
(Dunlopet al., 1995; Levy, 1996). Recently it was shown
that subunitc homologs in neuronal plasma membrane
(McGeoch and Guiotti, 1997) are able to form transmem-
brane ion channels, and in artificial membranes subunit
c and the channel-forming activity was strongly modi-
fied by Ca2+, cGMP, and dicyclocarbodiimide (DCCD)
(McGeochet al., 2000).

In the mitochondrial permeability transition (MPT)
the permeability is dramatically increased by the open-
ing of a large pore (Bernardi, 1992; Bernardiet al., 1994).
The relation between MPT and subunitc of mitochondrial
F0F1-ATPase and its phosphorylation has not been stud-
ied. The data presented in this study demonstrate a strong
decrease in the phosphorylation level of ScIRP during

Ca2+-induced pore opening, which was prevented by CsA,
the inhibitor of MPT. An increase in the conductivity of
BLM and mitochondrial inner membrane modified by de-
phosphorylated ScIRP was also demonstrated.

MATERIAL AND METHODS

Liver mitochondria were isolated from male Wistar
rats (150–200 g) by an established procedure (Johnson and
Lardy, 1967) using a buffer containing 210 mM mannitol,
20 mM sucrose, 5 mM EGTA, and 5 mM HEPES (pH 7.5).
The mitochondria were washed and resuspended in the
same buffer without EGTA. Samples of ScIRP were pu-
rified as described earlier (Azarashvilyet al., 2000) from
mitochondria that had undergone Ca2+-induced MPT
using chloroform/methanol extraction and preparative
electrophoresis.

Changes in the mitochondrial membrane potential
(19M) were followed with the aid of a tetraphenylphos-
phonium (TPP+)-sensitive electrode (Kamoet al., 1979).
The medium contained 100 mM KCl, 50 mM sucrose,
5 mM succinate, 5 mM HEPES, pH 7.5, rotenone
(2µg/mL) and oligomycin (4µg/mL). The mitochondrial
protein concentration was 3 mg/mL. The same conditions
were used for the phosphorylation of mitochondrial pro-
teins with addition ofγ [32P]-ATP, MgCl2, and cold ATP
to aliquots of the mitochondrial suspension to give a fi-
nal concentration equal to 1 mM Mg and 300µM ATP,
containing 5–7µCiγ [32P]-ATP in the samples. Mitochon-
dria were incubated in the presence ofγ [2P]-ATP for 3 min
and the protein phosphorylation was terminated by adding
Laemmli buffer and boiling for 3 min.

SDS-PAGE was performed according to Laemmli
(1970) using 15% gels for preparative electrophoresis
and 17% gels for analytical study and blotting. Proteins
on gels were visualized by Coomassie Brilliant Blue or
Silver staining, and protein phosphorylation was detected
by autoradiography using Kodak X-omat AR-5 film.
Absorbance of theγ [32P]-labeled bands was measured
using the densitometer SD-1M (SCB-Pushchino). For im-
munoblotting, the proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes and stained for sub-
unit c detection using a polyclonal antiserum (a kind gift
of Dr. D. N. Palmer, Lincoln University, New Zealand
(Palmer et al., 1995), peroxidase-conjugated species-
specific secondary antibodies, and chemiluminescence.

Black-lipid membranes (BLM) were formed in a cir-
cular hole in a teflon cylinder placed in a rectangular glass
cuvette (25 mL). A mixture (1:3) ofL-phosphatidylcholine
(PC 32:0) andL-phosphatidylserine (PS 32:0) (20 mg/mL)
dissolved in heptane was used for formation of unmodified
BLM. The BLM was modified by ScIRP, corresponding
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to 20–30µg of mitochondrial protein, first dried under
nitrogen and then dissolved in heptane. The electrolyte
solutions surrounded BLM were prepared according to
McGeoch and Guiotti, 1997. The membrane voltage ap-
plied was 50 mV. The area of BLM was estimated from
the heights of the capacitive current spikes generated by
applying to BLM voltage of 20 mV. The voltage-clamp
method was used for measurement of membrane current
as described by Mikkolaet al., 1999.

RESULTS

Dephosphorylation of ScIRP and MPT
Pore Opening

In order to study the effect of a threshold Ca2+

overload—that induces MPT—on19M, RLM were
incubated under different conditions and19M constantly
monitored (Fig. 1, panel A). Aliquots of the mitochondrial
suspension at the points marked in Fig. 1(A) were taken for
further incubation in the presence ofγ [32P]-ATP in order
to assess the phosphorylation level of ScIRP. As shown in
Fig. 1 (panel A), at the threshold Ca2+ load, a dissipation
of 19M took place and CsA—a potent inhibitor of MPT
pore opening—was able to prevent Ca2+-induced loss of
19M. Samples were taken before and after the addition of
the threshold Ca2+ load (points 1 and 2), before and after
the same Ca2+ load in the presence of CsA, when there was
no MPT pore opening (points 3 and 4), and finally after the
19 drop induced by addition of the uncoupling agentm-
chlorocarbonylcyanide phenylhydrazone (CCCP) (point
5). Figure 1 (panel B) shows typical autoradiograms of
labeled ScIRP and Fig. 1 (panel C), the mean data, char-
acterizing the level of32P incorporation into ScIRP in the
samples 1–5. These data show that after the Ca2+-induced
MPT pore opening,32P-labeling of ScIRP was strongly
decreased (compare samples 1 and 2). On the contrary,
after the same Ca2+ load in the presence of CsA the
labeling of ScIRP was increased (compare samples 3 and
4). Very low 32P incorporation into ScIRP was observed
after CCCP-induced collapse of19M (sample 5).

Effect of ScIRP on Permeability of BLM
and Mitochondrial Membranes

The possible effect of ScIRP on the permeability of
mitochondrial membranes was studied using ScIRP ob-
tained from RLM by preparative electrophoresis. The pu-
rity of the used ScIRP was checked by Western blotting
(Fig. 2, panel C), and samples of pure subunitc (panel A)
and RLM (panel B) were used as controls.

Fig. 1. The level of ScIRP phosphorylation during MPT pore
opening/closing in mitochondria. Mitochondria (3 mg protein/mL) were
preincubated for 2 min in incubation medium and threshold amounts of
Ca2+ was added to mitochondria suspension to induce mPTP opening.
19M was measured using TPP+ electrode (see Material and Meth-
ods). Aliquots of the mitochondrial suspension was taken (before and
after Ca2+-induced MPT pore opening, and also in the presence CsA
or CCCP) at the points 1–5, mixed withγ [32P]ATP containing ATP
and incubated for 3 min for protein phosphorylation (samples 1–5). The
reaction was terminated by addition of Laemmli sample buffer. Panel
A, changes in the19M under Ca2+ load or after CCCP addition. Ca2+
(200µM), CsA (1µM), and CCCP (0.5 nM) were added to mitochondria
at points indicated by arrows. Panel B, autoradiogram of phosphorylated
ScIRP in samples 1–5; Panel C, average levels of ScIRP phosphorylation
in samples 1–5.

Mitochondria were preincubated in the absence and
in the presence of ScIRP or antibodies to subunitc for
1.5 h at 4◦C. The mitochondria were then transferred to
the incubation medium and19M was measured under
conditions of addition of Ca2+ load. Mitochondrial sam-
ples were taken at the points shown (points 1–6; Fig. 3,
panel A) and levels of ScIRP phosphorylation were ex-
amined (Fig. 3, panel B) as described in Materials and
Methods. As shown in Fig. 3, panel A,19M dissipa-
tion was observed after the second Ca2+ pulse that lead
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Fig. 2. Immunoblot stained for subunitc of F0F1-ATPase/ATP synthase
of RLM. Lane A, subunitc (control); Lane B, RLM proteins; Lane C,
ScIRP purified from RLM. Experimental conditions, see Material and
Methods.

to ScIRP dephosphorylation (compare samples 1 and 2).
Preincubation of ScIRP with the mitochondrial suspension
induced an irreversible drop in19M after the first Ca2+

addition, indicating enhanced MPT pore opening, which
was again associated with strong decrease in ScIRP phos-
phorylation (compare samples 3 and 4, panel B). In the

Fig. 3. Effect of ScIRP and antibodies against subunitc on the MPT
pore opening/closing. RLM were preincubated for 1.5 h at+4◦C in
the absence of added ScIRP (control mitochondria), in the presence of
added ScIRP (ScIRP-treated mitochondria) and in the presence of sub-
unitc antiserum (Ab-treated mitochondria). The amount of added ScIRP
corresponded to 80 mg mitochondrial protein, and antiserum was used
in 1:500 dilution. Then the mitochondria were incubated at+25◦C and
19M and ScIRP phosphorylation were measured as in Fig. 1. Mitochon-
drial samples for analyzing ScIRP phosphorylation were taken at points
1–6. Panel A, changes in19M under threshold Ca2+ load; Panel B,
average levels of ScIRP phosphorylation in samples 1–6.

presence of subunitc antibodies, some resistance of MPT
pore opening under Ca2+ load was seen and the level of
ScIRP phosphorylation was increased (samples 5 and 6,
panel B). In these experiments ScIRP was present mainly
in the dephosphorylated form. The effect of the phospho-
rylated form of ScIRP on MPT was smaller. However,
this effect was poorly reproducible, perhaps as a result of
variation in the phosphorylation level

The channel-forming properties of ScIRP were tested
using the BLM technique. Phospholipids were mixed with
ScIRP and BLM were formed. Single channel opening and
closing was observed (Fig. 4). Single channel conductance
was in the range of 0.4–0.5 nS. The specific conductivity
of unmodified BLM was about 10 nS/cm2 and no channels
were seen in BLM. With a 20× increased amount of ScIRP
incorporated in BLM, the conductivity was increased up
to 0.5–1µS/cm2. When subunitc antibodies were added
to the electrolyte solution, the conductivity was reduced
by 70–80%.

DISCUSSION

As shown in the present study, the level of phospho-
rylation of ScIRP was strongly decreased during MPT
pore opening induced by a Ca2+ overload, and CsA was
able to prevent this. The rates of both phosphorylation and
dephosphorylation are at a minimum at [Ca2+] of 1 µM
and slightly below (Evtodienkoet al., 2000). The observed
drop in ScIRP phosphorylation level associated with MPT
pore opening is likely to be mainly due to increased rate
of dephosphorylation at the higher [Ca2+]. MPT may also
influence these processes indirectly by changing the con-
formation of inner membrane components and inducing
mitochondrial swelling. The higher level of phosphoryla-
tion when MPT is blocked by CsA (Fig. 1) is in favor of
such a mechanism.

The nature of the protein phosphatase catalyzing the
dephosphorylation of ScIRP is not known with certainty.
In mitochondria there is a serine/threonine specific phos-
phatase of the PP2C type has been identified in dephos-
phorylation of the 18 kDa protein (Signorileet al., 2002).
It is however inhibited by Ca2+. For the subunitc dephos-
phorylation one should look for a Ca2+-activated phos-
phatase. A likely candidate is a type PP2B phosphatase, the
calcineurin phosphatase activated by a complex between
cytosolic cyclophilin, calmodulin and Ca2+ (Rusnak and
Mertz, 2000). Under certain conditions, calcineurin has
been shown to be tightly bound with mitochondrial mem-
branes in the presence of Bcl-2 protein family members
(Catellet al., 1971; Hemenway and Heitman, 1999). In ad-
dition, the presence of several other calmodulin-binding
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Fig. 4. Channel-forming ability of ScIRP in BLM. Experimental conditions, see Material and Methods.

proteins in highly purified mitochondria has been reported
(Gazottiet al., 1984). CsA blocks MPT pore opening by
binding to mitochondrial cyclophilin whereby it is re-
moved from the pore assembly (Bernardiet al., 1994;
Halestrapet al., 1998; Nicolli et al., 1996). CsA also
binds to the cytosolic cyclophilin D, creating a compos-
ite surface able to make high affinity contacts with cal-
cineurin and specifically inhibit its phosphatase activity
(Papageorgiuet al., 1994). Cyclophilin D also binds to
the mitochondrial MPT pore complex under certain condi-
tions (Halestrapet al., 1998). Our data indicate that Ca2+-
induced and CsA-sensitive dephosphorylation of ScIRP
takes place during MPT pore opening, and these reactions
are supposed to be connected with cyclophilin and possi-
bly regulated by calcineurin.

Incorporation of ScIRP into BLM increased the per-
meability by forming single channels (Fig. 4). The prop-
erties of these channels were similar to those of the
channels composed of subunitc isolated from neuronal
plasma membranes (McGeochet al., 2000). Subunitc of
the F0F1-ATPase belongs to a highly conserved family
of polypeptides localized in various biomembranes and
implicated in diverse transport processes (Dunlopet al.,
1995; Holzenburget al., 1993; Levy, 1996). One is a 16-
kDa proteolipid, the ductin or subunit c of the vacuolar
V type H+-ATPase, involved in H+ transport (Finbow
and Harrison, 1997; Harvey and Nelson, 1992); another is
the mediatophore-phospholipid complex in synaptosomes
that participate in neuromediator transport (Birmanet al.,
1990); and finally, there is the 16-kDa polypeptide of
gap-junction like structures that form channels for small
molecules (Finbow and Harrison, 1997). The channel-

forming capability of these proteins is dependent on their
topological orientation in the membrane (Dunlopet al.,
1995; Levy, 1996), on interaction with other proteins in
multiprotein structures (Harrisonet al., 1994), and can be
regulated by Ca2+ (Israelet al., 1986; McGeochet al.,
2000; Peterset al., 2001).

As shown in Fig. 3, addition of ScIRP promoted
MPT pore opening, which was prevented by antibodies
against subunitc. Several mechanisms for the interaction
between ScIRP and the MPT pore could be thought of.
Binding of the hydrophobic ScIRP to the pore assem-
bly could change its conformation, inducing pore open-
ing. An interesting model is formation of CsA-sensitive
pores by aggregated mis-folded integral proteins, which
thus could become part of the pore assembly. Added ScIRP
could well act in this way. The channel activity (Fig. 4)
could be involved, making possible an access of ions to
pore components that promote pore opening. The channel
activity would also affect the19M, a lowering of which
promotes pore opening (Bernardi, 1992). The correlation
between the MPT pore state and the ScIRP phosphory-
lation further supports a close connection between the
pore assembly and ScIRP. The dephosphorylated form of
ScIRP may thus be involved in the MPT pore formation
or it may independently increase membrane permeability
during MPT.

It was early shown that Mg2+ counteracts the Ca2+-
induced Ca2+ release in mitochondria (Saris, 1963) that
we now know is due to MPT. Increase in [Mg2+] was re-
cently shown to increase ScIRP phosphorylation (Saris
et al., 2001). The effect of CsA in preventing the de-
phosphorylation of ScIRP and MPT opening indicates a
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284 Azarashvili, Tyynelä, Odinokova, Grigorjev, Baumann, Evtodienko, and Saris

possible involvement of cyclophilin and calcineurin in the
regulation of the extent of ScIRP phosphorylation. Further
studies are in progress on this question and on the effect
of phosphorylation/dephosphorylation on the function of
ScRP.
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