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Abstract. Mitochondria contain a specific Ca?" release
pathway which operates when oxidized mitochondrial
pyridine nucleotides are hydrolyzed. NAD* hydrolysis
and therefore Ca®* release is possible when some vicinal
thiols are cross-linked. Here we report that the thiol oxi-
dant peroxovanadate inhibits the specific Ca?" release
pathway. In mitochondria, peroxovanadate causes a com-
plete loss of reduced glutathione, which is not accompa-
nied by formation of glutathione disulfide, and a partial
loss of protein thiols. In model reactions, peroxovanadate
oxidizes reduced glutathione predominantly to the sul-
fonate derivative, but does not react with glutathione
disulfide. When the vicinal thiols relevant for Ca?" re-

lease are cross-linked, Ca?* release is no longer inhibited
by peroxovanadate. Conversely, pretreatment of mito-
chondria with peroxovanadate makes them insensitive to
compounds promoting the disulfide state. These results
suggest that peroxovanadate inhibits the prooxidant-in-
duced Ca?* release from mitochondria by (i) depleting
mitochondria of reduced glutathione and (ii) oxidizing
the vicinal thiols relevant for Ca?* release to a state higher
than disulfide, presumably the sulfonate state. The find-
ings provide further insight into the regulation of Ca?" re-
lease from intact mitochondria, and may be relevant for a
better understanding of the action of peroxovanadate in
cells, where the compound can be insulin mimetic.
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Cytosolic Ca*" controls key cellular events, such as mus-
cle contraction, secretion, neuronal activity, and modula-
tion of hormone action. Traditionally, mitochondria were
regarded mainly as a safety device against potentially
toxic increases of cytosolic Ca?" [reviewed in ref. 1] be-
cause their affinity for Ca?" was thought to render them
insufficient to compete with other Ca?* transport systems
located in the nucleus, the endoplasmic reticulum, and
the plasma membrane. However, there is now compelling
evidence that the mitochondrial contribution to Ca?
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buffering is physiologically relevant. It plays an impor-
tant role in shaping physiological Ca?" transients and
maintaining cellular Ca?>* homeostasis [2—4], and pro-
vides an efficient mechanism for modulating the activity
of mitochondrial enzymes upon cell stimulation [5, 6].

Mitochondria take up and release Ca?" via different path-
ways. As a consequence, Ca?" can be ‘cycled’ across their
inner membrane [7]. The mitochondrial membrane po-
tential (A¥), which is maintained either by respiration or
by ATP hydrolysis, drives Ca?* into mitochondria. Princi-
pally, Ca?" can leave mitochondria in four ways: (i) by
nonspecific leakage through the inner membrane, (ii) by
reversal of the influx carrier due to a decreased AW, and
(iii) via Na'-dependent or (iv) Na*-independent release
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pathways. Probably only the latter two are physiologically
relevant, because they operate when D Wis high. The Na*-
dependent pathway predominates in mitochondria of
heart, brain, and other excitable tissues. The Na*-inde-
pendent pathway is important in organs such as liver, kid-
ney, or lung, probably exchanges Ca?" with H', and is
linked to the redox state of mitochondrial pyridine nu-
cleotides [8, and references therein]. This pathway is
stimulated by the prooxidants H,O, or #-butylhydroperox-
ide [9, 10], and requires an intramitochondrial Ca?*-de-
pendent hydrolysis of NAD" [reviewed in ref. 11]. Hy-
drolysis is only possible when some vicinal thiols are
cross-linked, either by oxidation [12] or by reaction with
phenylarsine oxide [13], and is prevented when these thi-
ols are alkylated [14].

Oxidized vanadate compounds cause numerous modifi-
cations or responses in cells, such as protein tyrosine
phosphatase inhibition, tyrosine kinase activation, in-
creased glucose transport, elevation of intracellular Ca?",
or phospholipase activation [for review, see ref. 15]. Best
known are the insulin-mimetic properties of peroxovana-
dates [16]. Since the increase in cytosolic Ca?" induced by
vanadate involves the oxidation of thiols [17] and mito-
chondrial Ca?" release is controlled by vicinal thiols, we
analyzed the possible modification of mitochondrial Ca?*
homeostasis by peroxovanadate. We find that peroxo-
vanadate prevents the prooxidant-induced Ca?" release by
oxidizing reduced glutathione (GSH). Peroxovanadate
most likely also oxidizes other thiols to sulfonates be-
cause it partially depletes mitochondria of protein thiols
and inhibits the Ca?" release triggered by thiol oxidation
and cross-linking.

Materials and methods

Materials

a-Cyano-4-hydroxy-cinnamic acid was obtained from
Fluka (Buchs, Switzerland). Peroxynitrite was provided
by Dr. R. Kissner [18], and stored at —80°C. Its concen-
tration was determined photometrically at 302 nm in 0.1
M sodium hydroxide (g,,,= 1.67) [19] daily prior to use.
Peroxovanadate (40 mM) was synthesized by adding 1 ml
of 100 mM vanadate to 1.5 ml of 90 mM H,0,. After 15
min, the pH was adjusted to 7.0. Excess H,0O, was re-
moved with catalase (1000 units/ml). The combination of
vanadate and H,O, under physiological conditions gener-
ates several different peroxovanadium species in equilib-
rium with one another depending upon the pH of the so-
lution, and the concentration of both vanadate and H,0,
[20]. At the concentrations of vanadate and hydrogen
peroxide used here, monoperoxo-, diperoxo-, and to a
smaller extent triperoxo-vanadium forms are synthe-
sized. All other chemicals were purchased from standard
suppliers and were of the highest purity available.
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Isolation of mitochondria

The isolation of rat liver mitochondria was performed by
differential centrifugation [21]. The protein content was
determined by the Biuret method with bovine serum al-
bumin as standard.

Standard incubation procedure

Mitochondria (1 mg of protein/ml) were incubated at
25 °C with continuous stirring and oxygenation in 3 ml of
210 mM mannitol, 70 mM sucrose, 40 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (Hepes), pH 7.2.
The high concentration of Hepes was used to prevent pH
changes upon addition of the alkaline peroxynitrite solu-
tion.

Determination of Ca** uptake and release

by mitochondria

The standard incubation procedure was followed. After
addition of rotenone (5 uM) and K*-succinate (2.5 mM),
mitochondria were loaded with Ca?* (40 nmol/mg of mi-
tochondrial protein). Its movement across the inner mito-
chondrial membrane was monitored by a spectrophoto-
metric technique in the presence of 50 uM arsenazo 111 in
an Aminco DW2A spectrophotometer at 685—675 nm
[22].

Determination of mitochondrial swelling
Mitochondria were incubated according to the standard
procedure. After addition of rotenone (5 pM) and K*-suc-
cinate (2.5 mM) they were loaded with Ca?". Swelling
was followed in an Aminco DW2A spectrophotometer at
540 nm.

Determination of mitochondrial glutathione

GSH and glutathione disulfide (GSSG) were determined
by high-performance liquid chromatography according to
Fariss et al. [23] and Reed et al. [24].

Protein sulfhydryl oxidation assay

The amount of mitochondrial membrane thiol was mea-
sured using 5,5’-dithiobis (2-nitrobenzoic acid) at 412 nm
in a Kontron Uvikon model 922 spectrophotometer, as
described previously [25].

Matrix-assisted laser disorption/ionization (MALDI)

mass spectrometry

Experiments were performed on a home-built 2 m linear
time-of-flight mass spectrometer equipped with a nitro-
gen laser [26]. Samples were prepared using the two-layer
technique [27] and spectra were recorded in positive-ion
mode using a-cyano-4-hydroxy-cinnamic acid as matrix.
Relative signal intensities were referenced to internal
standard, and signal integrals were obtained using com-
mercial software.
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Measurement of H,0, production

The production of H,O, in mitochondria was measured
fluorometrically by the scopoletin method [28] in an Am-
inco-Bowman 4-8202 spectrofluorometer with excitation
at 350 nm and emission at 460 nm.

Results

Peroxovanadate inhibits Ca?* release from and
swelling of mitochondria

Mitochondria take up and release Ca?" via different
routes, which operate simultaneously and can be manip-
ulated individually. Uptake can be blocked by, e. g., ruthe-
nium red, and release from intact mitochondria can be
stimulated by prooxidants, e.g., #-butylhydroperoxides
[9]. Figure 1 illustrates this with succinate-energized mi-
tochondria. When net Ca?" uptake is completed and a
steady-state distribution of Ca?"is achieved, addition of
ruthenium red causes Ca?' release (fig. 1, trace a). Re-
lease is stimulated by t-butylhydroperoxide (fig. 1, trace
b), but in the presence of peroxovanadate this stimulation
does not take place (fig. 1, trace c). Mitochondria treated
with peroxovanadate, washed, and then tested for their
ability to release Ca?" upon t-butylhydroperoxide addi-
tion were still completely unresponsive to this compound
(not shown). When Ca?" release was triggered by phenyl-
arsine oxide, a molecule that cross-links vicinal thiols,
addition of peroxovanadate does not result in inhibition
(fig. 2). Note that when phenylarsine oxide is added after
peroxovanadate, Ca?" release is inhibited (see fig. 8a).
When intact mitochondria are stimulated to release Ca*
and take it up again (‘cycle’ Ca?"), they swell and eventu-
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Figure 1. Peroxovanadate-inhibited Ca?" release from mitochon-
dria. Mitochondria were incubated under standard conditions in the
presence of the Ca?" indicator arsenazo III. The movement of Ca?*
across the inner mitochondrial membrane was followed in an Am-
inco DW2A spectrophotometer at 685—675 nm. At the arrows, the
following additions were made: 5 uM rotenone (Rot); 2.5 mM K*-
succinate (succinate); 40 nmol Ca?* (Ca?'); ruthenium red (2
nmol/mg of protein) (RR); 100 uM #-butylhydroperoxide (Tbh); 1
uM carbonyl cyanide m-chlorophenylhydrazone (CCCP). Trace a,
without #-butylhydroperoxide; trace b, with 7-butylhydroperoxide;
trace c, as trace b but in the presence of 1 mM peroxovanadate.

Conversion of sulfhydryls to sulfonates by peroxovanadate
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Figure 2. Ca?' release from mitochondria induced by phenylarsine
oxide. Mitochondria were incubated under standard conditions in
the presence of the Ca?* indicator arsenazo III and loaded with Ca?*
(added at the first arrow) as in figure 1. At the second arrow, the vic-
inal thiol cross-linker phenylarsine oxide (40 uM) was added (trace
a), followed (third arrow) by 1 mM peroxovanadate (trace b).

ally become irreversibly damaged [21]. Swelling induced
by Ca?" in combination with #-butylhydroperoxide is
dose-dependently prevented by peroxovanadate (fig. 3).

Mechanism of peroxovanadate inhibition
t-Butylhydroperoxide stimulates Ca*" release when glu-
tathione peroxidase, glutathione reductase, and the en-
ergy-linked transhydrogenase reduce the peroxide with
NADH [9]. This enzyme cascade engages glutathione.
Since peroxovanadate inhibited the peroxide-stimulated
Ca?" release and subsequent swelling, we set out to un-
derstand the mechanism of peroxovanadate action.
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Figure 3. Peroxovanadate-induced swelling of mitochondria. Mito-
chondria were incubated under standard conditions in the presence
of 5 uM rotenone, 2.5 K*-succinate, and Ca?" (40 nmol/mg of
mitochondrial protein). To initiate swelling, 100 pM #-butyl-
hydroperoxide was added. Swelling was followed in an Aminco
DW?2A spectrophotometer at 540 nm. Traces a—f; in the presence of
0, 50, 100, 200, 500, 1000 uM peroxovanadate, respectively; trace
g, in the absence of #-butylhydroperoxide and peroxovanadate.
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Peroxovanadate oxidizes glutathione to the sulfonate
state

In mitochondria exposed for 1 min to 1 mM peroxovana-
date no GSH (0 nmol GSH vs 2.75 nmole GSH in con-
trol mitochondria), and no GSSG (0 nmol GSSG vs
0.19 nmol GSSG in control mitochondria) is detectable.
The activities of mitochondrial glutathione peroxidase
or of purchased glutathione reductase, both measured
according to Cardoso et al. [29], were not affected by
peroxovanadate (results not shown).
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Figure 4. Formation of hydrogen peroxide in mitochondria. Mito-
chondria (0.5 mg/ml) were incubated under standard conditions in
the presence of rotenone and succinate, as in figure 1. H,O, was
measured as described in Materials and methods. Trace a, mito-
chondria were treated for 1 min with 1 mM peroxovanadate, then
washed and resuspended; trace b, untreated mitochondria (control);
trace ¢, untreated mitochondria incubated in the absence of succi-
nate.
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As mentioned above, mitochondria reduce peroxides in a
glutathione-requiring enzyme cascade. In succinate-ener-
gized mitochondria exposed to peroxovanadate, much
more H,0, is detected than in control mitochondria (fig.
4), supporting the notion that peroxovanadate causes a
loss of mitochondrial GSH. In the absence of succinate,
mitochondria did not produce H,O, (fig. 4).

Since in mitochondria exposed to peroxovanadate the
loss of GSH was not accompanied by formation of
GSSG, we probed the fate of glutathione by MALDI
mass spectrometry. When we mixed 40 mM peroxovana-
date and 8 mM GSH in a test tube and analyzed 10 min
later, we found predominantly glutathione oxidized to the
sulfonate (GSO;H) and a small amount of GSSG (fig. 5).
Mass signal intensities of GSH, GSO;H, and GSSG were
integrated and referenced to internal standard (matrix, ar-
bitrarily set to 100% for normalization). The diagram
shows that the sulfonate form GSO;H contributes exten-
sively to the sample after oxidation (about one order of
magnitude), whereas signals deciphering the disulfide
form GSSG remain largely unchanged (see figure cap-
tions for calculated values). In a separate enzymatic assay
we found that peroxovanadate does not oxidize GSSG
(fig. 6). These results suggest that peroxovanadate con-
verts GSH in a significant reaction directly to GSO;H,
and in a side reaction to GSSG.

Peroxovanadate oxidizes mitochondrial protein thiols
In mitochondria exposed to peroxovanadate, the content
of membrane thiols decreases dose-dependently (fig. 7).
We have previously shown that vicinal thiols control (i)
the hydrolysis of mitochondrial NAD" and thereby (ii) the
release of Ca?": when the vicinal thiols are in the dithiol
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Figure 5. MALDI mass analysis of the reaction between reduced glutathione (GSH) and peroxovanadate. Left panel: positive-ion mode
MALDI mass spectra of GSH before (lower trace) and after (upper trace) oxidation with peroxovanadate. Analytes (asterix) have been iden-
tified by their protonated (A+H") or sodiated (A +Na®) species. Right panel: integrated signal intensities, as referenced to internal standard
(matrix signals, normalized to 100%). Relative contributions are assigned for the following species: 3.8 % sulfonate/15.2 % disulfide be-
fore oxidation (black bars); 39.5% sulfonate/23.7 % disulfide after oxidation (gray bars). Qualitatively, the amount of disulfide in the sam-
ple stays the same, whereas the amount of sulfonate increases by more than one order of magnitude.
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Figure 6. Peroxovanadate does not oxidize the disulfide form of
glutathione (GSSG). The possible oxidation of GSSG was tested in
an assay using the glutathione reductase-mediated oxidation of
NADPH by GSSG. Glutathione reductase (1 unit/ml) was sus-
pended in 50 mM phosphate buffer, pH 7, containing 1 mM EDTA,
with or without peroxovanadate. At the arrow, 100 pM NADPH
was added. Its oxidation was followed spectrophotometrically at
340 nm. Trace a, no GSSG present; trace b, | mM GSSG present;
trace c, as trace b but 1 mM peroxovanadate also present.
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Figure 7. Peroxovanadate oxidizes mitochondrial protein thiols.
Mitochondria were incubated for 5 min under standard conditions in
the presence of 500 pM EGTA with or without peroxovanadate at
the indicated concentrations. Protein thiols were measured (average
+ SD of three experiments) as described in Materials and methods.
The control protein thiol content is 52 & 3.1 (nmol/mg protein).

state or are alkylated they inhibit, and when they are
cross-linked and/or in the disulfide state they promote the
two events. Cross-linking can be achieved with phenylar-
sine oxide [13], and oxidation to the disulfide state with
gliotoxin [12] or peroxynitrite [30]. We found that peroxo-
vanadate inhibits Ca?" release induced by phenylarsine
oxide, gliotoxin, or peroxynitrite (fig. 8). The peroxo-
vanadate-induced thiol modification is stable: as with #-
butylhydroperoxide, treatment of mitochondria with per-
oxovanadate followed by washing this compound out left
mitochondria insensitive to phenylarsine oxide (result not
shown).

Peroxovanadate versus other transition metal oxides

Peroxocompounds of some other transition metals have
biological activities similar to those of peroxovanadate.
We therefore also tested peroxotungsten and peroxo-

Conversion of sulfhydryls to sulfonates by peroxovanadate
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Figure 8. Peroxovanadate inhibits Ca®* release from mitochondria.
Mitochondria were incubated under standard conditions in the pres-
ence of the Ca?" indicator arsenazo IIT and with the subsequent ad-
dition of 5 pM rotenone and 2.5 mM K*-succinate. Ca®* release was
triggered by the thiol oxidants/cross-linkers gliotoxin, phenylarsine
oxide, or peroxynitrite. The movement of Ca?" across the inner mi-
tochondrial membrane was followed as in figure 1. (A) Ca?* release
triggered by gliotoxin or phenylarsine oxide. At the arrows, the fol-
lowing additions were made: 40 nmol Ca?* (Ca?"); 8 uM phenylar-
sine oxide (Pho) or 50 uM gliotoxin; 1 uM carbonyl cyanide m-
chlorophenylhydrazone (CCCP). Trace a, without peroxovanadate;
trace b, with 1 mM peroxovanadate. (B) Ca?' release triggered by
peroxynitrite. At the arrows, the following additions were made:
40 nmol Ca*/mg of mitochondrial protein (Ca?*), ruthenium red
(2 nmol/mg of mitochondrial protein) (RR); 1 mM acetoacetate
(AcAc); 500 pM peroxynitrite (ONOO-); 1 uM carbonyl cyanide
m-chlorophenylhydrazone (CCCP). Traces a — ¢, without peroxo-
vanadate; trace d, with 1 mM peroxovanadate. Traces b — d, with
acetoacetate, and traces ¢ and d with peroxynitrite.

molybdenum. These compounds had a similar but less
potent influence on Ca?" release compared to peroxo-
vanadate. Vanadate was about half as potent as peroxo-
vanadate, which may relate to H,0, formation in mito-
chondria [31] followed by in situ formation of peroxo-
vanadate.

Discussion

The prooxidant-stimulated release of Ca?* from intact mi-
tochondria is a tightly controlled process. It takes place
when intramitochondrial pyridine nucleotides are oxi-
dized, and when NAD" is hydrolyzed to ADPribose and
nicotinamide [10]. The reduction of a hydroperoxide in
mitochondria and therefore the provision of NAD" re-
quires glutathione [32], and hydrolysis of NAD" requires
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the cross-linking and/or oxidation of critical vicinal thiols
[12, 13, 30]. We report here that peroxovanadate inhibits
the prooxidant-stimulated release of Ca?" from mitochon-
dria.

Since mitochondria produce H,O, [31], our findings with
peroxovanadate are consistent with the report [33] that
vanadate causes mitochondrial Ca?* overload in hepato-
cytes.

Peroxovanadate blocks the prooxidant-stimulated Ca?' re-
lease pathway in mitochondria at two sites (fig. 9). One is
GSH/GSSG, which are no longer present in detectable
amounts when mitochondria are exposed to peroxovana-
date. The finding that GSH and GSSG disappear from
mitochondria, and that peroxovanadate can convert GSH
largely to GSO;H makes it highly likely that in mito-
chondria also GSO;H is formed in the presence of peroxo-
vanadate. The other site of blockade comprises the vici-
nal thiols which control NAD* hydrolysis. In mitochon-
dria exposed to peroxovanadate, the number of
membrane thiols decreases. We previously reported that
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thiol alkylation by 4-hydroxynonenal causes a persistent
inhibition of the Ca?" release pathway [14]. Others have
reported that peroxovanadate converts cysteine residues
to cysteic acid (Cys[SO;H]) residues in proteins [34]. We
presume that the inactivation of the Ca?* release pathway
in the experiments that employed peroxovanadate-pre-
treated mitochondria and phenylarsine oxide, gliotoxin,
or peroxynitrite (fig. 8) is caused by persistent oxidation
of the vicinal thiols to cysteic acid residues by peroxo-
vanadate.

When peroxovanadate is added to mitochondria whose
Ca?" release-relevant vicinal thiols are already cross-
linked, release is not blocked. This suggests that, as in the
case of GSSG, the cross-linked thiols are not further oxi-
dized by peroxovanadate.

Ca?" release from mitochondria can be induced by a vari-
ety of prooxidants. These compounds initially leave the
mitochondria intact. However, excessive Ca?" cycling
(continuous release and uptake of Ca?" by mitochondria)
may lead to their damage, e.g., decrease in AY, fast Ca**
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2H,0 GSSG NADPH
NAD'
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Figure 9. How peroxovanadate inhibits Ca?* release from mitochondria. Mitochondria contain a specific Ca?* release pathway that oper-
ates with preservation of the membrane potential. This pathway is stimulated by the prooxidants H,O, or #-butylhydroperoxide, and requires
an intramitochondrial, Ca?'-dependent hydrolysis of NAD*. Hydrolysis is only possible when some vicinal thiols are cross-linked, either
by oxidation or by reaction with phenylarsine oxide, and is prevented when these thiols are alkylated. Peroxovanadate (pV) inhibits the
prooxidant-induced Ca?' release by depleting mitochondria of reduced glutathione (GSH), which it oxidizes to the sulfonate (GSO;H). Per-
oxovanadate also inhibits Ca?* release initiated by cross-linking/oxidation of vicinal thiols with gliotoxin (GT), peroxynitrite (ONOO"), or
phenylarsine oxide (Pho), presumably because it oxidizes the vicinal thiols to the sulfonate (-SO;H) state. Peroxovanadate does not oxidize
the disulfide form of glutathione (not shown), nor the cross-linked vicinal thiols to the sulfonates. ©, @, and ® are the enzyme cascade
that links a hydroperoxide to NADH and which consists of @ glutathione peroxidase, @ glutathione reductase, and ® the energy-linked
transhydrogenase; @ is the NAD* hydrolyzing system; ® is the (unidentified) Ca?* release channel. Nam, nicotinamide, @, stimulated; ©,
inhibited.
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release, and impairment of ATP synthesis. However,
when Ca?* cycling is prevented by Ca?* chelators or by in-
hibition of Ca?" uptake with ruthenium red, prooxidants
still induce Ca?* release but mitochondria stay intact [8,
21]. Formation of a nonspecific permeability transition
pore in the inner mitochondrial membrane has been sug-
gested to participate in the Ca®* release mechanisms [35,
and references therein]. However, the specific, prooxi-
dant-induced Ca?" release does not require the formation
of a pore provided Ca?" cycling is inhibited [21].

Precise modulation of the mitochondrial pyridine nu-
cleotide redox state is important for mitochondrial as well
as cytosolic Ca?" regulation, and for cellular energy de-
mand. Thus, oscillation of cytosolic Ca?* induced by IP;-
dependent hormones is effectively transmitted into oscil-
lations of mitochondrial Ca?* concentration paralleled by
changes in the mitochondrial pyridine nucleotide redox
state [36]. In rat pancreatic islets, the nutrient D-glucose
triggers the fall in the pyridine nucleotide redox state,
thus decreasing the mitochondrial NADH/NAD" ratio,
which favors the exit of Ca?* from mitochondria [37].
However, the exact mechanism of the specific Ca?" re-
lease pathway from mitochondria and its role in the mod-
ulation of cytosolic and mitochondrial Ca?>* homeostasis
in response to various stimuli still needs to be clarified.
Peroxovanadium compounds but not vanadate itself [38]
are known for their insulin-mimetic properties [for re-
view, see ref. 15]. Whether the previously reported bio-
logical actions of vanadate (see Introduction) are due to
intracellularly formed peroxovanadate [39], and whether
insulin mimesis of peroxovanadates relates to mitochon-
drial Ca?" homeostasis remains to be established.
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