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Abstract—Phosphorylation of some membrane-bound proteins in the mitochondria of rat liver and brain is

regulated by Ca2t and cAMP acting as secondary messengers. These proteins are the main myelin compo-
nents: 46 kDa 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP) and two isoforms of the myelin basic pro-
tein (MBP) with molecular weights of 17 and 21.5 kDa, which we have identified previously and found outside
myelin in rat brain mitochondria. The phosphorylation level of CNP and both MBP isoforms increases when
the mitochondrial permeability transition pore (mPTP) is opened. It is known that protein kinases A and C
in heart mitochondria are directly bound to mPTP regulator proteins and are able to modulate the pore func-
tion. It is shown in this study that the inhibitors of protein kinases A (H-89) and C (staurosporin, Go 6976,
and GF 109203 X) decrease the phosphorylation level of CNP and two M BP isoforms allowing us to assume
that they are the targets of the signaling protein kinases A and C.
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INTRODUCTION

Brain ischemia and other neurodegenerative disor-
ders initiate abnormal metabolic stress leading to an
increase in the cytosolic calcium concentration, which
activates the enzymes of degradation (proteases,
endonucleases, and phospholipases) and the disinte-
gration of membranes. A key event in the intracellular
signaling, responsible for regulation of various enzyme
systems and for many cellular functions, is a phos-
phorylation cascade of membrane receptors, ion
channels, and other factors. The degree of protein
phosphorylation depends on the activity of specific
protein kinases and phosphatases. In the central ner-
vous system, protein kinases A (PKA) and C (PKC)
are expressed at a high level; they are translocated
from the cytosol to the plasma membranes, nuclei, the
periphery of cell, and mitochondria. There they con-
trol a number of functions, including gene transcrip-
tion, translation of proteins, membrane transport, and
signal transduction in the cell. It is now established
that mitochondria play a crucial role in the survival of
brain cells; a high percentage of damaged mitochon-
dria is detected in neurodegeneration [1, 2]. In the
mitochondria of eukaryotes, PKA and PKC, which
may phosphorylate a number of membrane-bound
proteins in the mitochondrial matrix, have been dis-
covered and identified. Recently, we have established
that the degree of phosphorylation of certain rat brain
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mitochondrial proteins is changed upon opening of
the Ca?>"-dependent and CsA-sensitive permeability
transition pore, mPTP, in the inner membrane [3, 4]. It
is known that the mPTP opening occurs in response to
Ca?* overload, i.e., achieving Ca2?* concentrations
exceeding the threshold level, or to oxidative stress [5];
the mPTP opening is characterized by a drop in mem-
brane potential, swelling of mitochondria, and release
from the mitochondrial matrix to cytosol of proapop-
totic factors, such as cytochrome ¢, apoptosis-induc-
ing factor, endonuclease G, and others [5]. It is
believed that mPTP participates in the initial stage of
cell death (apoptosis or necrosis). Mitochondria play
an important role in intracellular signaling through the
formation of reactive oxygen species and regulation of
intracellular calcium signaling. The data have been
obtained indicating that the mPTP components can
interact with PKCe during ischemia/reperfusion in
heart mitochondria, and this interaction can serve as a
signaling mechanism to modulate the pore function-
ing [6]. 2',3'-cyclic-nucleotide 3'-phosphodiesterase
(CNP, 46 kDa [7]) and two isoforms of the myelin
basic protein (MBP, 17 and 21.5 kDa) have been iden-
tified in the rat brain mitochondria [8], the phosphor-
ylation status of which depended on the pore state.
These proteins have the ability to bind firmly to mito-
chondria. Upon addition of the brain myelin fraction
containing CNP and MBP to liver mitochondria,
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where these proteins are absent, mitochondrial resis-
tance to the initiation of the mPTP opening has been
observed [9]. Since the signal protein kinases PKA and
PKC are expressed at a high level in CNS, we hypoth-
esize that they are involved in the CNP and MBP
phosphorylation. The aim of this study was to investi-
gate the involvement of PKA and PKC in phosphory-
lation of 2',3'-cyclic-nucleotide-3'-phosphodiesterase
and two isoforms of myelin basic protein using specific
inhibitors of these protein kinases.

MATERIALS AND METHODS

Isolation of mitochondria from the brain. Rat brain
mitochondria were isolated by the method of Sims
[10] modified in our laboratory. Isolated brain was
shredded, separated from the blood vessels and
homogenized in a tenfold volume of medium containing
320 mM sucrose, 10 mM Tris-HCI (pH 7.4), 0.5 mM
K*-EDTA, 0.5 mM EGTA, and 0.2% bovine serum
albumin (BSA) (all reagents from Sigma, USA) using
a glass homogenizer. The homogenate was centrifuged
at 2000 g for 3 min, the pellet was removed, and the
supernatant was again centrifuged for complete
removal of nuclei and damaged cells. The sediment of
mitochondria obtained by centrifugation at 12500 g for
10 min was washed at 11500 g for 10 min in the isola-
tion medium containing EGTA, EDTA, and BSA and
resuspended in the same medium. All procedures were
carried out at 4°C.

Phosphorylation of the brain mitochondrial proteins.
Phosphorylation of the mitochondrial proteins was
performed by the method developed earlier in our lab-
oratory [3]. A mixture of “cold” ATP and [y-3P] ATP
was used in the reaction. The total ATP concentration in
a sample was 0.5—1 uM; the sample contained 5—7 uCi
of [y-*P]ATP. In the study of protein phosphorylation
upon mPTP opening, an aliquot was taken from the
mitochondrial suspension sample under the control
conditions and under the conditions of the mPTP
opening induced by the Ca2?* addition at a threshold
concentration. The aliquot (20 uL) was mixed with
5 uL of the labeled and “cold” ATP mixture for pro-
tein phosphorylation. The F_F,-ATP-ase inhibitor
oligomycin (1.5 uM) was added to the sample to pre-
vent the ATP hydrolysis. The standard phosphoryla-
tion time was 3 min; the reaction was interrupted by
the addition of 20 uL of the solubilizing solution con-
taining 350 mM Tris-HCI (pH 7.8), 10% glycerol, 15%
Na dodecyl sulfate (SDS), and 25% [-mercaptoetha-
nol. The samples were kept in a boiling bath for 3 min.

Electrophoresis in 15% PAAG. Electrophoresis
under denaturing conditions was performed in a mini-
chamber (Hoefer, Germany) according to the method of
Laemmli [11]. A 10-ug sample of protein was applied to
each lane of the gel. The Farmacia Biotech (USA) sets
containing high-molecular weight (14.4—97 kDa) and
low-molecular weight (3.46—16.9 kDa) marker pro-
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teins were used as markers. After electrophoresis, the
gels were fixed, stained with Coomassie R-250, and
air-dried between sheets of cellophane. The radioau-
tograms of the gels were obtained by exposing on a
Kodak X-Omat AR-5 X-ray film (Sigma, USA). The
optical density of the X-ray films in the area of local-
ization of the proteins labeled with [y->’P]ATP was
determined using the program Quantity One and a
BioRad scanning densitometer (USA).

RESULTS AND DISCUSSION

First of all the spectrum of phosphoproteins was
determined in the isolated brain mitochondria. For
phosphorylation of proteins, the mitochondrial suspen-
sion was preincubated with [y->*P]ATP and separated by
electrophoresis in polyacrylamide gel (PAAG) under
denaturing conditions. After the electrophoresis, the
gels containing the phosphorylated polypeptides were
fixed, stained, dried, and exposed on the Kodak film
to obtain radioautograms. Figure 1a shows the distri-
bution of phosphorylated proteins after their separa-
tion in PAAG. Mitochondria were preincubated with
[Y-32P]ATP for 3 min. As a result, *’P-containing pro-
teins with molecular weights of 67, 46, 21.5, 17, and
3.5 kDa and different levels of 2P incorporation were
detected. Figure 1b shows the relative levels of 2P
incorporation into the phosphorylated proteins. The
32P content in the peptide with a molecular weight of
3.5 kDa was approximately 33%, in the peptide with a
weight of 67 kDa it was 27% of the total assimilated
radioactive phosphate; the relative 3*P incorporation
into polypeptides with molecular weights of 17, 21.5,
and 46 kDa was 9, 7, and 15%, respectively.

These phosphoproteins we identified as 2',3'-cyclic-
nucleotide 3'-phosphodiesterase, CNPase (46 kDa) [7],
two MBP isoforms (17 and 21.5 kDa) [8] and subunit
c of the membrane sector of the ATPase with molecu-
lar weight of 3.5 kDa [3].

Because the relationship between the mPTP
induction and the phosphorylation/dephosphoryla-
tion of the studied proteins was discovered earlier [4],
we tested the involvement of PKA and PKC in the
phosphorylation of mitochondrial proteins upon
mPTP induction. Figure 2 shows the radioautogram
of the phosphoproteins after separation by electropho-
resis in 15% PAAG upon mPTP induction in the pres-
ence of H-89, a specific PKA inhibitor. It follows from
Fig. 2 that H-89 (100 nM) causes a noticeable reduc-
tion of phosphorylation of the 17, 21.5, and 46 kDa
phosphoproteins, i.e., MBP and CNP.

It is known that the heart mitochondrial inner
membrane contains 42 and 29 kDa phosphoproteins,
phosphorylation of which is regulated by cAMP-
dependent PKA [12]. The TSPO (18 kDa) and VDAC
(32 kDa) proteins located in the outer membrane are
phosphorylated by PKA, too [13]. The obtained data
indicate the involvement of this kinase in the phos-
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Fig. 1. Distribution of the brain mitochondrial

phosphoproteins in 15% PAAG under denaturing condi-
tions. (a) The radioautogram of phosphorylated proteins.
On the left, the localization of protein markers is shown.
(b) The diagram showing relative phosphorylation levels of
the [y->>P]ATP labeled proteins.

phorylation of the MBP (17, 21.5 kDa) isoforms and
CNP (46 kDa) as well. It should be noted that the
transfer of signals in the cell requires controlled
dynamic molecular interactions. A signal received by a
receptor on the outer mitochondrial membrane sur-
face is transmitted to a complex generated on a signal-
ing platform. This complex, called signalosome, is
formed by the anchor proteins for PKA (AKAP). In
addition to AKAP, in mitochondria there are the reg-
ulatory PKA subunit and phosphatase/phosphoester-
ases, which regulate the degree of protein phosphory-
lation and form signaling pathways [14].
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Fig. 2. The effect of the protein kinase A inhibitor H-89 on
the phosphorylation of the brain mitochondrial proteins
upon mPTP induction. (a) The radioautogram of phos-
phorylated proteins, when the pore is open without addi-
tions (/) and in the presence of 100 nM H-89 (2). (b) The
diagram showing the relative levels of phosphorylation of
the 46, 21.5, and 17 kDa proteins. 100% level of protein
phosphorylation was taken when mPTP was open.
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Ca?*- and phospholipid-dependent protein kinase
PKC carries out phosphorylation of the mitochondrial
membrane proteins, too [15]. These proteins include
o, B, v, and & subunits of the F F,-ATP synthase,
which are phosphorylated by PKCa. Substrates of
PKSe in mitochondria are also identified: they are the
respiratory chain components and cytochrome oxi-
dase. Analysis of the PKCe subcellular distribution in
the mice, in the heart of which the specifically acti-
vated PKCe is expressed, has shown that activated
PKCe forms signaling complexes with mitochondrial
proteins VDAC and ANT (mPTP regulators) [16].

We used the broad-spectrum inhibitor staurospo-
rine (St) (Fig. 3) and specific PKC inhibitors, such as
Go 6976 and GF 109203 X (Fig. 4), to determine the
involvement of Ca?"-dependent PKC in the phosphory-
lation of mitochondrial proteins upon the mPTP induc-
tion. For this purpose, a suspension of mitochondria was
incubated in the presence of [y->*P]ATP, then separated
in SDS-PAAG and exposed on the X-Ray film.

Figure 3 shows the change in the phosphorylation
of polypeptides in the presence of 1 uM staurosporine
upon the mPTP induction. In the presence of this
inhibitor, there is a noticeable decrease in the radioac-
tive phosphate incorporation into the phosphopeptide
with a molecular weight of 46 kDa and a very strong
decrease of incorporation into the 17 and 21.5 kDa
phosphopeptides. These results show that MBP and
CNP are potential targets of PKC.

To determine the type of PKC involved in the
phosphorylation of the studied proteins, we tested the
effect of specific PKC inhibitors Go 6976 (inhibitor of
Ca?*-dependent PKC) and GF 109203 X (inhibitor of
the mixed type PKC) at the same concentration. Figure 4
shows the radioautogram of labeled proteins after sep-
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Fig. 3. The effect of protein kinase C inhibitor staurospo-
rine. (a) The radioautogram of phosphorylated proteins,
when the pore is open without additions (/) and in the
presence of 1 uM staurosporine (2). (b) The diagram
showing the relative levels of phosphorylation of the 46,
21.5, and 17 kDa proteins in the presence of 1 uM stauros-
porine, when the pore was open. The level of protein phos-
phorylation under open mPTP was taken as 100%.
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Fig. 4. The effect of protein kinase C inhibitors Go 6976
and GF 109203 X. (a) The radioautogram of phosphory-
lated proteins, when the pore is open without additions (/)
and in the presence of 1 uM Go 6976 (2) or 1 uM GF
109203 X (3). (b) The diagram showing the relative phos-
phorylation levels of the 46, 21.5, and 17 kDa proteins in the
presence of 1 uM Go 6976 (1) or 1 uM 109203X GF (2). The
level of protein phosphorylation under open mPTP was
taken as 100%.

aration in PAAG upon the mPTP induction (/) and in
the presence of specific inhibitors of PKC (2, Go 6976;
3, GF 109203 X). The effect similar to that of stauros-
porine can be seen in Fig. 4. The data suggest that
Ca’"-dependent PKC is involved in the phosphoryla-
tion of MBP (17 and 21.5 kDa) and CNP (46 kDa). As
it was mentioned already, PKCe forms signaling com-
plexes with VDAC and ANT in heart mitochondria [6,
16]. Interestingly, in the brain mitochondria, CNP
coprecipitated with VDAC and ANT [18]. Direct
interaction of the signaling kinase PKCe with mPTP
regulators indicates its ability to modulate the mPTP
activity. We have demonstrated previously that the
association of myelin proteins with mitochondria
depends on the functional state of the pore [9]. Since
MBP and CNP are the substrates of PKA and PKCe,
it can be assumed that the association of CNP and
MBP with mitochondria and their ability to prevent
the mPTP opening is regulated by these two kinases.
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