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INHIBITION OF PHOSPHORYLATION OF THE
MITOCHONDRIAL 34 kDa PROTEIN

A UNIQUE EFFECT OF VANADIUM IONS?
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Abstract—We have shown previously that vanadate stimulates overall endogenous phosphorylation of
proteins in subcellular particulate fractions. In brain mitochondria there is a single peptide band of M,
(approx.) 34 kDa, phosphorylation of which is inhibited rather than stimulated by both vanadate
and vanadyl ions. Here, further characterization of this unique effect of vanadium ions is reported.
Phosphorylation of the 34 kDa protein proceeds in the Triton X-100 extracts of mitochondria. The P-
labeled 34 kDa band was recovered from TCA sediments of endogenously phosphorylated mitochondria.
Acid lability of the phosphate linkage suggests a bond of P-N type. Phosphorylation of the 34 kDa
protein is highly sensitive to Mg?*, while Mn?* is a less potent activator. The results provide further
evidence for existence of a protein occurring exclusively in mitochondria, the phosphorylation of which
is selectively modified by both vanadate anion and vanadyl cation in a way differing from those hitherto

described.

Vanadium ions, particularly pentavalent anion-van-
adate, (VO3*~, H,VO*") and tetravalent cation-van-
adyl (VO?*) produce a wide range of biochemical
effects [1,2]. Their possible involvement in regu-
lation of protein phosphorylation was suggested by
demonstration that vanadate and, in several cases
also, vanadyl, stimulate cAMP-dependent protein
kinase [3-5], numerous tyrosine kinases {6-9] and
inhibit many types of tyrosine phosphatases [7-10].
Vanadate has been shown to stimulate endogenous
phosphorylation of the phospho-tyrosine proteins
like the 95 kDa subunit of the insulin receptor [6-18],
the 55 kDa and 61 kDa proteins from Raji human
lymphoblastoma cells membrane [9], the 170 kDa
protein of A-341 cell membrane [10] and the 32 kDa
protein of Rous sarcoma virus-transformed chicken
embryo fibroblasts [7]. Also, enhancement of
endogenous phosphorylation of various brain pro-
teins has been demonstrated [5, 19, 20]. Thus only
the stimulatory effect of vanadate has been reported
up to now. It may proceed by stimulation of appro-
priate kinases or by inhibition of corresponding phos-
phatases. However, recently we have been able to
demonstrate in brain a peptide band, occurring in
mitochondria, the phosphorylation of which was
inhibited by both vanadate and vanadyl [20]. The
aim of the present communication is to further char-
acterize this protein and its phosphorylation.

MATERIALS AND METHODS

Animals. The cerebral cortex of male hooded rats
(Long—Evans strain) weighing about 200 g were the
source of mitochondria.

Chemicals. Vanadate was either from Fisher Co.,
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(Minchen, F.R.G.). Vanadyl sulfate was supplied
by Jansen Chimica (Beerse, Belgium). [y-*?P]JATP
(s.a. 111 TBq per mmol) was obtained from Radio-
chemical Centre (Amersham, U.K.), [y-**P]JATP
(s.a. about 8.5 TBq per mmol) was prepared by Dr
M. Havranek from The Institute of Nuclear Biology
and Radiochemistry, Czechoslovak Academy of
Sciences. All reagents for polyacrylamide gel elec-
trophoresis were from Serva (Heidelberg, F.R.G.).
Triton X-100 and 2-mercaptoethanol were from
Sigma Chemical Co. (St Louis, MO).

Preparation of mitochondria. A flotation-density
gradient centrifugation of the lysed mitochondria
[21] was used for preparation of perikaryal + synap-
tosomal mitochondria from the cerebral cortex. The
resulting pellet was washed with 4 mM imidazol
buffer, pH 7.4 and stored at —20° in a mixture of
imidazol buffer—glycerol 1:1 (v/v).

Endogenous phosphorylation assay. The incu-
bation medium of a total volume 50 ul consisted of
(in mM) Tris-HC1 buffer, 3pH 7.4 (50); MgCl,, (10);
EGTA, (2); DTT, (1); [y->*P]ATP, (0.02; 2000 cpm
per pmol) or [y-3P]ATP, (0.02; 4000 cpm per pmol);
about 100 ug mitochondrial proteins. After 60 sec
preincubation with labeled ATP, phosphorylation
was started by adding mitochondrial suspension fol-
lowed by 15 sec incubation at 30°. The reaction was
stopped by adding 50 ul of Laemmli’s [22] stop solu-
tion and boiling for 3min or as indicated in the
legends to the figures or in text.

One-dimensional polyacrylamide gel electropho-
resis. Slab gel electrophoresis of Laemmli [22] was
used without modification. In the most cases 4 and
10% acrylamide gels were used for stacking and
separation gels respectively. Usually, 60 ug of mito-
chondrial proteins were loaded on to the gel. After
staining, destaining [23] and drying the gels were
exposed to FOMA Medic Rapid X-Ray film.

Quantification of the radioactivity of the individual
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Fig. 1. Effect of vanadate (V, 10~* M) on endogenous phosphorylation of proteins from subcellular

particles of the rat cerebral cortex. (A) Autoradiograms of the phosphorylated protein bands separated

in 10% polyacrylamide gels: synaptosomes (S); microsomes (m); cytosol (C); mitochondria (M). (B)

Autoradiograms of the phosphorylated protein bands separated in 12% gels: perikaryal mitochondria

(Mp); heavy (SM,) and light (SM,) synaptosomal mitochondria, and nuclei (N). See [20] for more detail
in part (B). Subcellular particles in part (A) were obtained by standard procedure [37].

bands was achieved by dissection of the appropriate
band from the stained electrophoreograms. The
bands were transferred into the scintillation cocktail
based on toluene and radioactivity was determined
by means of liquid scintillation. For the blank deter-
mination the sections of gels revealing no detectable
radioactivity on autoradiogram (R; approx. 0.76)
were counted. In some cases, densitometry scanning
of the autoradiograms by Shimadzu Double-beam
TLC scanner was performed.

Solubilization of mitochondrial proteins. Mito-
chondria suspended in a buffer solution consisting of
6mM Tris~HCl, pH8.1 and 0.1mM DTT were
mixed with the same volume of 1% Triton X-100 in
the same buffer. After vigorous shaking the mixture
was kept on ice under intermittent mixing [24]. After
spinning for 30min at 10,000g both the mito-
chondrial pellet resuspended in Tris-HC! buffer,
pH 7.4 and a portion of the supernatant fluid (after
dialysis) were subjected to endogenous phosphoryl-
ation assay as described above.

Testing the acid-lability of the phosphate bond in
the 34 kDa protein. Endogenous phosphorylation of
the mitochondrial suspension was stopped by “acidic
stop solution” [25] consisting of 10.5% sodium do-
decyl sulfate, 10.5% 2-mercaptoethanol, 1M HCI,
3.5 mM EDTA and 17.5% glycerol. The mixture was
kept at room temperature for 30 min and neutralized
with Tris using Bromphenol Red as an indicator.
Samples were then analyzed by polyacrylamide gel
electrophoresis and autoradiography.

RESULTS

Figure 1 demonstrates the effect of vanadate on
endogenous phosphorylation of proteins from synap-
tosomes, microsomes, cytosol, mitochondrial and
nuclear fractions of the cerebral cortex of the rat.

Phosphorylation of overall proteins is stimulated by
vanadate. It has been shown that this stimulation is
not due exclusively to inhibition by vanadate of
ATPase activity [5, 20]. However, there is a single
band of M, approx. 34 kDa occurring only in mito-
chondria (total, light and heavy synaptosomal mito-
chondria) phosphorylation of which is markedly
inhibited by vanadate. The presence of synaptosomal
mitochondria explains availability of 34 kDa protein
and inhibition of its phosphorylation by vanadate in
the synaptosomal fraction. No 34 kDa phosphoryl-
ation and its inhibition by vanadate is observable in
synaptic membranes {20], microsomes, cytosol or
nuclei (Fig. 1). The same effect has been observed
in mitochondria from rat liver and brown adipose
tissue from golden hamster as well as from bovine
heart muscle (not shown).

Vanadyl cation has qualitatively the same effect,
but its potency is by about one order of magnitude
lower than that of vanadate. This is shown in Fig. 2,
summarizing the concentration dependence of the
inhibitory action of both vanadate and vanadyl ions
which was described earlier in more detail [20].

Characterization of the phosphate bond in the 34 kDa
protein :

The fact that the 34 kDa could be recovered from
the TCA sediments suggests a macromolecular
nature of the phosphorylated substance (not shown).
Phosphorylation of the mitochondrial 34 kDa protein
proceeds in the Triton X-100 extracts but not in
Triton X-100 sediments. It seems likely, therefore,
that the system controlling phosphorylation of the
34 kDa protein, as well as the 34 kDa protein itself,
are loosely bound to some of the mitochondrial
membranes (see Fig. 3).

The amino acid in the 34 kDa protein to which
phosphate is bound has not yet been established.
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Fig. 2. Effect of vanadate (@ — @) and vanadyl (X — X)

on endogenous phosphorylation of the 34 kDa protein of

cerebral cortex mitochondria. Effect of vanadyl was tested

in the presence of 1 mM dithiothreitol to protect vanadyl

from oxidation, Quantitation was performed by scanning

the autoradiograms. The values represent means of at least
three measurements.
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Fig. 3. Endogenous phosphorylation of the cerebral cortex

mitochondria pretreated with 0.5% (v/v) Triton X-100.

(E), phosphorylation in the fraction of mitochondria

extracted by Triton. (S), phosphorylation in the Triton

sediments. V, 107> M vanadate. For details see Materials
and Methods.
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Fig. 4. Phosphate labelling of the mitochondrial proteins
after quenching of the endogenous phosphorylation with
the Laemmli’s stop solution (N) or with stop solution con-
taining 1 M HCI (A). V, 10°*M vanadate. See Materials
and Methods.

However, the nature of the phosphate bond can be
estimated from the following data. First, the pres-
ence of tyrosine phosphate was excluded [20].
Second, resistance of P label in the 34 kDa protein
to hydroxylamine treatment eliminates also an acyl-
phosphate bond (not shown). Finally, removal of
the phosphate label from the 34 kDa protein by
quenching endogenous protein phosphorylation
reaction by an “acidic stop solution” (Fig. 4) suggests
the acid-labile nature of the P bond. It is most likely,
therefore, that this is a P-N bond which is susceptible
to vanadium. Thus, probable candidates for the criti-
cal amino acid could be limited to lysine, arginine
and histidine.

Characterization of the 34 kDa phosphorylation

It has been shown previously that phosphorylation
of the 34 kDa protein is influenced by neither of the
following treatments: addition of cAMP, Ca®*, Ca—
calmodulin complex, Ca + phosphatidyl serine +
protein kinase C, shift of pH from 6.6 to 8.1 [20].
Here we show that phosphorylation of this protein
is highly sensitive to Mg®*. A decrease of Mg con-
centration by an order of magnitude (from 10 mM
to 1 mM) had almost no effect (30% control) on the
extent of the 34 kDa labeling. Even in media devoid
of added Mg?*, phosphorylation of the 34kDa
declined to 57% of control. Mn?* is less effective
than Mg?* (Fig. 5). According to our unpublished
results the inhibition by vanadium ions might at least
partially be due to stimulation of a tentative 34 kDa
protein phosphatase.

DISCUSSION

All hitherto published results show that vanadate
induces enhancement of protein phosphorylation.
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Fig. 5. Effect of Mn’>* (@ — @) on endogenous phos-
phorylation of the 34kDa protein of cerebral cortex mito-
chondria as compared to that of Mg?* (O— Q).
Quantitative evaluation was performed by liquid scin-
tillation measurement of radioactivity of the bands dis-
sected out of the dried electrophoreograms. The values
represent means + SE of four measurements.

The present study characterizes in more detail inhi-
bition of phosphorylation of a single protein occur-
ring exclusively in mitochondria of mammals.

The unexpected results might be due to some
artifact but the following observations make it
unlikely. The 34 kDa protein is recovered from the
TCA sediments of mitochondrial suspensions, sug-
gesting its macromolecular nature. It is also
recovered from the Triton X-100 treated mito-
chondria. It occurs exclusively in mitochondria
regardless of their origin and method of preparation.
On the other hand, non-mitochondrial particles
obtained from the same tissue by the same general
procedure and subjected to the same storage,
endogenous phosphorylation, as well as protein sep-
aration schedules, did not contain any peptide band,
phosphorylation of which is inhibited by vanadium
ions.

The exact nature of the 34 kDa protein has not
yet been elucidated and the type of bond linking
phosphate to the amino acid(s) is not known. Our
experiments provide some indirect evidence that this
is an acid-labile P-N type bond by which phosphate
is bound to some basic amino acid (lysine, arginine,
histidine) of the 34 kDa protein. This characteristic
reminds one of the alfa-subunit of succinic thiokinase
(succinyl-CoA synthetase). In our preliminary
experiments vanadate appeared to inhibit phos-
phorylation of the alfa-subunit of a commercial suc-
cinic thiokinase.

The possible mode of action of vanadium ions
on protein phosphorylation is not fully understood.
Only the mechanisms of their effect on tyrosine—
protein phosphorylation has been hypothesized
(26, 27].

It has been suggested that tetravalent vanadium
cation (vanadyl) is the physiologically active form of
this element [28]. In a variety of systems, including
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that used in the present study, vanadyl has been
shown to be less effective than vanadate [29-33].
This quantitative variability may reflect differences
in electrical charge and redox state, as well as in
accessibility to the site of their action [31].

No unambiguous evidence has been provided as
yet for the regulatory role of vanadium ions in living
organisms. The only exception is a special type of
azotobacter nitrogenase [34,35] and perhaps bro-
moperoxidase from marine alga Ascophyllum nodo-
sum [36] in which vanadium forms a part of their
prostetic groups.

REFERENCES

1. Nechay BR, Nanninga LB, Nechay PSE, Post RL,
Macura LG, Kubena LF, Philips TD and Nielsen FH,
Role of vanadium in biology. Fed Proc 45: 112-132,
1986.

2. Gresser MJ, Tracey AS and Stankiewicz PJ, The inter-
action of vanadate with tyrosine kinases and phos-
phatases. Adv Prot Phosphatases 4: 35-37, 1987.

3. Catalan RE, Martinez AM and Aragones MD, Effect
of vanadate on the cyclic AMP-protein kinase system
in rat liver. Biochem Biophys Res Commun 96: 672—
677, 1980.

4. Catalan RE, Martinez AM, Aragones MD, Godoy JE
and Miguel BG, Effect of vanadate on heart protein
kinase. Biochem Med 28: 353-357, 1982.

5. Krivanek J, Effect of vanadate on brain protein phos-
phorylation. Neurochem Res 9: 1625-1637, 1984.

6. Tamura S, Brown TA, Wipple JH, Fujita-Yamaguchi
Y, Dubler RE, Cheng K and Larner J, A novel mech-
anism for the insulin-like effect of vanadate on glycogen
synthase in rat adipocytes. J Biol Chem 259: 66506658,
1984.

7. Brown DJ and Gordon JA, The stimulation of pp60*
s’ kinase activity by vanadate in intact cells accompanies
a new phosphorylation state of the enzyme. J Biol
Chem 259: 9580-9586, 1984.

8. Collet MS, Belzer SK and Kamp LE, Enzymatic charac-
teristics of pp60*** isolated from vanadium treated
transformed cells. J Cell Biochem 26: 96-106, 1984.

9. Earp HS, Rubin RA, Austin KS and Dy RC, Vanadate
stimulates tyrosine phosphorylation of two proteins in
Raji human lymphoblastoid cell membranes. FEBS
Lerr 161: 180-184, 1984.

10. Swarup G, Cohen S and Garbers DL, Inhibition of
membrane phosphotyrosyl-protein phosphatase by
vanadate. Biochem Biophys Res Commun 107: 1104~
1109, 1982.

11. Swarup G, Speeg KV, Jr, Cohen S and Garbers DL,
Phosphotyrosyl-protein phosphatase of TRCR-2 cells.
J Biol Chem 257: 72987301, 1982.

12. Leis JF and Kaplan NO, An acid phosphatase in the
plasma membranes of human astrocytoma showing
marked specificity toward phosphotyrosine protein.
Proc Natl Acad Sci USA 79: 6507-6511, 1982.

13. Leis J, Knowles AF and Kaplan NO, Demonstration
of separate phosphotyrosyl- and phosphoseryl-histone
phosphatase activities in the plasma membrane of a
human astrocytoma. Arch Biochem Biophys 239: 320-
326, 1985.

14. Chernof J and Li HC, A major phosphotyrosyl-protein
phosphatase from bovine heart is associated with a
low molecular weight acid phosphatase. Arch Biochem
Biophys 240: 135-145, 1985.

15. Brunati A and Pinna LA, Isolation and partial char-
acterization of distinct species of phosphotyrosyl-pro-
tein phosphatases from rat spleen. Biochem Biophys
Res Commun 133: 929-936, 1985.



16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Inhibition of mitochondrial protein phosphorylation by vanadium ions

Okada M, Owada K and Nakagawa H, [Phospho-
tyrosine] protein phosphate in rat brain. A major
[phosphotyrosine] protein phosphatase is a 23 KD, pro-
tein distinct from acid phosphatase. Biochem J 239:
155-162, 1986.

Reid TW, Gentleman §, Martensen T and Kon H,
Vanadate and insulin synergism in stimulation of DNA
synthesis and tyrosine phosphorylation. Fed Proc 45:
1550, 1986.

Machicao F, Urumow T and Wieland OH, Evidence
for phosphorylation of actin by the insulin receptor-
associated protein kinase. FEBS Lert 163: 76-80, 1983.
Rauch N and Roskoski R, Jr, Characterization of cyclic
AMP dependent phosphorylation of neuronal mem-
brane proteins. J Neurochem 43: 755-762, 1984.
Krivanek J, Do vanadium ions exert any specific effect
on brain protein phosphorylation. Neurochem Res 13:
395401, 1988.

Jones DH and Matus AL, Isolation of synaptic plasma
membranes from brain by combined flotation sed-
imentation-density gradient centrifugation. Biochim
Biophys Acta 356: 276287, 1974.

Laemmli UK, Cleavage of structural proteins during
assembly of the head of bacteriophage T4. Nature
(Lond) 227: 680-685, 1970.

Fairbanks G, Steck TL and Wallach DFM, Elec-
trophoretic analysis of the major polypeptides of the
human erythrocyte membrane. Biochemistry 10: 2606
2617, 1971.

Zwiers H, Schotman P and Gispen WH, Purification
and some characteristics of an ACTH-sensitive protein
kinase and its substrate protein in rat brain membranes.
J Neurochem 34: 1689-1699, 1980.

Steiner AW and Smith RA, Endogenous protein phos-
phorylation in rat brain mitochondria: occurrence of a
novel ATP-dependent form of the autophosphorylated
enzyme succinyl-CoA synthetase. J Neurochem 37:
582-593, 1981.

Tracey AS and Gresser MJ, Interaction of vanadate
with phenol and tyrosine: implication for the effect of
vanadate on systems regulated by tyrosine phos-
phorylation. Proc Natl Acad Sci USA 83: 609-613,

27

28.

29.

30.

31

32.

33.

34.

3s.

36.

7.

2717

1986.

Stankiewicz PJ and Gresser MJ, Selective inhibition of
phosphatase and sulfatase by transition state analogs.
Fed Proc 46: 2227, 1987.

Cantley LC and Aisen J, The fate of cytoplasmic
vanadium. Implication on {(NA,K)-ATPase inhibition.
J Biol Chem 254: 1781-1784, 1979,

Schmitz A, Scholz H, Erdman E, Krawietz W and
Werdan K, Effect of vanadium in the +5, +4 and
+3 oxidation states on cardiac force of contraction,
adenylate cyclase and (Na,K)-ATPase activity. Bio-
chem Pharmacol 31: 3853-3860, 1982.

Lichtstein D, Mullikin-Kipatric D and Blume AJ,
Modification of neuroblastoma x glioma hybrid
NG108-15 adenylate cyclase by vanadium ions. Bio-
chem Biophys Res Commun 105: 1157-1165, 1982.
Krivanek J and Novakova L, Does vanadyl affect
adenylate cyclase? Physiol Bohemoslov 37: 289-298,
1988.

Grontham JJ and Glynn IM, Renal NaK-ATPase:
determinants of inhibitions by vanadium. Am J Physiol
236: F530-F353, 1979.

Vyskocil F, Teisinger J and Dlouha H, The disparity
between effects of vanadate (V) and vanadyl ions on
(Na-K)-ATPase and K-phosphatase in skeletal muscle.
Biochem Biophys Res Commun 100: 982-984, 1981.
Robson RL, Eady RR, Richardson TH, Miller RW,
Hawkins M and Postgate JR, The alternative nitro-
genase of Azotobacter chroococcum is a vanadium
enzyme. Nature (Lond) 322: 388-390, 1986.

Hales BJ, Case EE, Morningstar JE, Dzeda MF and
Mauterer LA, Isolation of a new vanadium-containing
nitrogenase from Azotobacter vinelandii. Biochemistry
25: 7251-7255, 1986.

de Boer E, van Kooyk Y, Tromp MGM, Plat H and
Wewer R, Bromoperoxidase from Ascophylum dono-
sum: a novel class of enzymes containing vanadium as
a prostetic group? Biochim Biophys Acta 869: 48-53,
1986.

Gray EG and Whittaker VP, The isolation of nerve
endings from brain: an electron microscopic study of
cell fragments derived by homogenization and cen-
trifugation. J Anat 96: 79-87, 1962.



