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The reaction of peroxynitrite (PN) with sarcomeric
mitochondrial creatine kinase (Mib-CK; EC 2.7.3.2) was
observed at different stages of complexity (i) with puri-
fied Mi-CK, (ii) with enzyme bound on isolated mito-
plasts, and (iii) within intact respiring mitochondria.
Creatine-stimulated respiration was abolished by PN
concentrations likely to be physiological and far before
the respiratory chain itself was affected, thus demon-
strating that Mi-CK is a prime target for inactivation by
PN in intact mitochondria. The inactivation by PN of
Mi-CK was reversed by 22% with 2-mercaptoethanol.
More remarkable protective effects were noticed with
the full set of CK substrates, e.g. 30 and 50% protection
with MgATP plus creatine and MgADP plus phosphocre-
atine, respectively, but not with each substrate alone.
These data indicate an involvement of the active-site
Cys-278 residue of Mi-CK in this process. Furthermore,
changes in endogenous tryptophan fluorescence inten-
sity and spectral changes after reaction of Mi-CK with
PN suggest additional modifications of Trp and Tyr res-
idues. PN-inactivated Mi-CK can no longer be efficiently
converted into dimers by incubation with reagents in-
ducing a transition state analog complex at the active
site. Thus, obviously, upon reaction of octameric Mi-CK
with PN, the octamer-dimer equilibrium of Mi-CK is also
affected. The consequences for cellular energy homeo-
stasis and calcium handling are discussed.

Peroxynitrite (ONOO2, PN1), the product of the reaction
between nitrogen monoxide (NO) and the superoxide anion
(O

2

.), reacts with lipids, aromatic amino acids, or metallopro-
teins, e.g. complex I, II, and III of the respiratory chain and
aconitase (1,2) and is also a powerful oxidant of thiols. If the
latter are vicinal, a disulfide can be formed (3,4). Another
possible reaction is the nitration of tryptophan (5) and tyrosine
residues favored at neutral pH and involving Fe31 ions (6), the
latter of which can form potent nitrating complexes in the
presence of EDTA. A causal link between protein and enzyme

nitration by PN and several neurodegenerative diseases as well
as aging has been postulated. For example, some patients with
amyotrophic lateral sclerosis (ALS) carry mutated Cu/Zn su-
peroxide dismutase, leading to the stabilization of PN and
thereby resulting in enhanced nitration of important target
enzymes (7). Additionally, reactive oxygen species have been
implicated in a variety of myocardial diseases, especially in
ischemia/reperfusion injury, which is accompanied by free rad-
ical generation (8, 9). Nevertheless, PN also serves an impor-
tant physiological function in macrophages, where it is present
in high concentrations and helps to eliminate targets prone to
degradation (10).

Earlier it was shown that the cytosolic muscle isoform of CK
(MM-CK) is inactivated by H2O2 (11) and also that a decrease
in heart mitochondrial Mi-CK activity was due to the latter
reactive oxygen species (12). In a skinned cardiac muscle fiber
assay, myofibrillar MM-CK was recently shown to be the main
target of reactive oxygen species in the myofibrillar compart-
ment (13), indicating that a decreased cytosolic CK activity
induced by reactive oxygen species after ischemia and reperfu-
sion could be of clinical/pathological significance. This is sup-
ported by the fact that inhibition of the CK reaction by iodo-
acetamide in isolated perfused rat heart induced serious alter-
ations of cardiac function (14). The target of iodoacetamide- and
reactive oxygen species-induced reactions on CK is likely to be
the same highly reactive active-site cysteine (15, 16).

Perfusion of isolated rat heart with the NO donor S-nitroso-
acetylcysteine led to a decrease in heart contractile reserve and
inhibition of cardiac CK by 65%, which, however, was reversi-
ble in vitro after the addition of the reducing agent dithiothre-
itol, indicating that the “essential” cysteine 278 residue of CK
was the possible target for nitrosothiol modification (17). These
data indicate that CK is a target for NO or its congeners and
accords with the fact that skeletal muscle MM-CK bound to the
sarcoplasmic reticulum and also the CK-mediated Ca21 uptake
by the Ca21-ATPase are inhibited by the NO donor S-nitroso-
glutathione, suggesting that nitrogen monoxides, including
NO1, NOz, and NO2, inactivate CK, most likely by promoting
nitrosylation of the critical sulfhydryl group(s) of the enzyme
(18). The inactivation of creatine kinase in skeletal muscle was
shown to be enhanced by high amounts of Fe31 (19). In skeletal
and heart muscle as well as in brain, mitochondria are the
major source of potentially toxic oxygen-derived free radicals
(20), especially after ischemia and reflow episodes. The newly
discovered NO synthase isoform, which is indeed localized in
mitochondria as suggested (21, 53, 54), would produce NO
within the mitochondria, a notorious source of O2

.. Mitochon-
dria are therefore a major source of PN in the cell. In the
present study, we investigated whether the mitochondrial CK
isoform would be a vulnerable target of this free radical at
different levels of complexity, (i) as purified enzyme, (ii) when
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bound to isolated mitoplasts, or (iii) within respiring
mitochondria.

EXPERIMENTAL PROCEDURES

Materials

PN was synthesized according to Koppenol et al. (23) and provided by
Drs. J. S. Beckman and R. Kissner and stored at 280 °C. Its concen-
tration was determined photometrically at 302 nm in 0.1 M sodium
hydroxide (emM 5 1.67) daily before use. Buffers and salts were pur-
chased from Sigma, and nucleotide phosphates were from Boehringer
Mannheim. Chicken hearts were freshly obtained from a local poultry
slaughterhouse and transported on ice.

Methods

Overexpression and Isolation of Mi-CK—Chicken sarcomeric mito-
chondrial creatine kinase (Mib-CK) was produced by overexpression of
the pRF23 vector in the Escherichia coli strain BL21(DE3)pLysS. The
protein (specific activity 5 120 units/mg) was purified by a combination
of Blue-Sepharose affinity chromatography and cation exchange chro-
matography on a Mono S HR5/5 fast protein liquid chromatography
column (Amersham Pharmacia Biotech) as described by Furter and
colleagues (24). Concentrated Mib-CK (5 mg/ml) was stored in Mono S
elution buffer at 280 °C. CK activity was measured by the pH-stat
assay (25) determining the rate of ATP formation (reverse reaction). For
substrate protection assays, the Mi-CK forward and backward reaction
was measured using a coupled optical test as described by Wallimann et
al. (26). Protein concentration was determined using the Bio-Rad assay
(27) using bovine serum albumin as standard.

Isolation of Mitochondria—Mitochondria from chicken heart were
isolated by differential centrifugation after mechanical disruption of the
tissue in isotonic buffer (MSH: 220 mM mannitol, 70 mM sucrose, 10 mM

Hepes, pH 7.4) as described by Kottke et al. (28). Mitoplasts were
generated by swelling of isolated mitochondria in water for 5 min at
4 °C. Mitoplasts were sedimented, washed, and resuspended in the
appropriate buffer/water.

Respirometry—Respiration measurements were performed with a
Cyclobios oxygraph (A. Paar, Innsbruck, Austria) at 25 °C in 2 ml of
MSH buffer containing 5 mM MgCl2, 1 mM EGTA, 10 mM NaPi,, and 5
mM rotenone. Mitochondria with a total protein content of 150 mg were
used for each experiment. Peroxynitrite at a final concentration of 350
mM was administered to the mitochondria before succinate (final con-
centration 5 mM) was added to initiate state 4 respiration. Stimulation
of oxidative phosphorylation was achieved by administration of 25 mM

or 1 mM ATP (maximum state 3 respiration). Oxygen consumption was
measured in the presence or absence of 17 mM creatine.

Fluorescence Measurements—Fluorescence emission spectra were
obtained using a SPEX Fluorolog-2 instrument. Fluorescence intensity
was measured with a single photon counter equipped with a Peltier
cooling unit. The excitation wavelength was set to 287 nm (Mi-CK-Trp
excitation maximum), and detection wavelength was varied from 300 to
500 nm, with 1-nm increments. The protein concentration was 0.15 mM.
The excitation slit width was set to 0.7 nm, and the emission slit width
was set to 1.7 nm. All measurements were carried out at 25 °C in a
stirred 1-cm quartz cuvette put into a thermostated sample holder. The
buffer used was 10 mM TES, 50 mM NaCl.

Peroxynitrite Administration—PN was diluted in 0.1 M NaOH and
added under extensive stirring to the Mi-CK (or mitochondrial) solu-
tion. As a control, the same amounts of NaOH without PN were added.
Mi-CK inactivation experiments were carried out in phosphate-buffered
saline (150 mM NaCl, 10 mM NaPi, pH 7.2), mitochondria were sus-
pended in MSH buffer, mitoplasts in H2O (ultrapure). Whenever pos-
sible, the presence of 2-mercaptoethanol (2-ME) in the buffer was
avoided (it competes with protein SH groups for PN), except for respi-
ration measurements, where a reducing environment was necessary to
keep mitochondria active.

Octamer Dissociation—To achieve octamer dissociation, Mi-CK stock
solution (.95% octamers) was incubated in TSAC mixture (transition
state analog complex; final concentrations: 4 mM ADP; 5 mM MgCl2, 20
mM creatine, 50 mM KNO3) and the respective buffer at a protein
concentration of 0.2 mg/ml for at least 2 h at 4 °C.

In detail, a solution of octameric Mi-CK (0.2 mg/ml) was made 500 mM

in PN. After reaction for 5 min, TSAC reagents were added to one
aliquot, and the mixture was left at 4 °C for 2 h before gel permeation
chromatography. Untreated Mi-CK, Mi-CK treated with PN or TSAC
reagents only, served as controls (see Fig. 8).

Gel Permeation Chromatography—The oligomeric state of Mi-CK
was determined on a Superose 12 fast protein liquid chromatography
column (Amersham) at 4 °C in running buffer (50 mM NaPi, 150 mM

NaCl, 0.2 mM EDTA, 2 mM 2-ME). The flow rate was 0.8 ml/min. Peak
areas in the elution profile were quantified by graphical integration.

RESULTS AND DISCUSSION

The sensitivity of Mi-CK toward PN was tested at increasing
levels of complexity. Purified Mi-CK (Fig. 1) was inactivated to
more than 90% at concentrations of 200 mM PN, and the inac-
tivation plot was monophasic with an IC50 of 35 mM. Inactiva-
tion was reduced by 10 mM EDTA (Fig. 1), likely because it
competes for PN with the enzyme (EDTA can undergo oxidative
decarboxylation). Preincubation of the enzyme with 1 mM 2-ME
also significantly reduced Mi-CK inactivation (Fig. 1), indicat-
ing the involvement of sulfhydryl groups in the inactivation
reaction, a phenomenon that also has been shown for the su-
peroxide-induced inactivation of Mi-CK (12). A full protection
of Mi-CK by 2-ME could not be achieved, showing a certain
specificity of PN for target residues of the enzyme. Indeed,
there was only a partial reactivation (regain of maximally 22%
enzyme activity) of Mi-CK upon the addition of 2-ME to the
PN-inactivated enzyme (Fig. 2), which also proved the irrevers-
ibility of some modifications. A most likely candidate out of the
8 sulfhydryl groups per Mi-CK monomer is Cys-278, which is
conserved in all known CK sequences. This residue was shown
to be highly reactive and may serve as a “hinge” between both
substrate binding sites conferring synergistic substrate bind-
ing but is not directly involved in catalysis (16). However, a
striking loss in enzymatic activity was observed when replac-
ing the cysteine residue (Cys-278 is deprotonated in the active
enzyme) with uncharged residues like glycine. The missing
negative charge in the mutant enzyme can be partially re-
placed by Cl2 ions, which leads to a severalfold increase in
activity as well as the replacement of the uncharged amino acid
in the Cys-278 mutant by the corresponding negatively charged
amino acid (16).

When PN was added to mitoplasts, the inactivation of Mi-CK
was biphasic, with IC50 values of about 30 and 60 mM (Fig. 3).
In the absence of the outer mitochondrial membrane, there is
probably a partial release of tightly bound CK from the high

FIG. 1. Bolus inactivation of purified Mib-CK with peroxyni-
trite. Representative plots without protecting agent (squares) in the
presence of 2-ME (open triangles) and in the presence of EDTA (black
triangles) are shown. Mi-CK concentration was 0.4 mg/ml, and the
specific activity was 120 units/mg. Peroxynitrite was taken from a 100
mM stock solution in 0.1 M NaOH. Inactivation was performed at 25 °C
by adding up to 500 mM peroxynitrite (final concentration) to the Mi-CK
solution (in phosphate-buffered saline). After 5 min, all inactivation
mixtures were analyzed in the pH-stat for Mi-CK activity (23).
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affinity, inner membrane binding site to the low affinity, pe-
ripheral binding site (29), where the enzyme is more accessible
to PN and therefore easier to inactivate. Rebinding studies of
octameric Mi-CK to mitoplasts revealed a very tightly and a
loosely bound fraction of CK (30). Similarly, binding studies of
Mi-CK to model membranes (29) showed that in membranes
containing 16% cardiolipin, 66% of Mi-CK stays tightly bound
under nonequilibrium conditions. This is close to the amount of
Mi-CK (75%) that is more resistant to PN in mitoplasts.

In the presence of the outer mitochondrial membrane, i.e. in
intact mitochondria, Mi-CK is less sensitive to PN inactivation.
There, initiation of inactivation requires more than 40 mM PN
and is monophasic, and IC50 is 200 mM (Fig. 4). This finding
indicates that the outer membrane and its constituents effec-
tively intercept some of the added PN, and that in mitochondria
all Mi-CK may be present in just one binding state.

To further demonstrate the exquisite and specific sensitivity of
Mi-CK to PN in mitochondria, we measured oxidative phospho-

rylation under conditions where provision of ADP by Mi-CK is
the rate-limiting step in state 3 respiration (Fig. 5). The presence
of creatine strongly stimulates state 3 respiration. Preincubation
of mitochondria with 350 mM PN completely prevents this stim-
ulation but does not affect the respiration in the absence of
creatine. The latter is proven by the oxygen consumption data
measured for ATP-stimulated respiration in the presence of suc-
cinate before (Fig. 5, Control) and after PN treatment (Fig. 5,
PN), which are almost identical. In addition, the PN-treated
mitochondria still showed an atractyloside-induced decline of O2

consumption, indicating that mitochondrial respiration was still
coupled to ATP generation. Thus, oxidative phosphorylation is
not compromised by PN under conditions where Mi-CK is inac-

FIG. 5. Respiration analysis of peroxynitrite-treated mito-
chondria and untreated control mitochondria. Mitochondria were
treated with 350 mM peroxynitrite before the addition of succinate and
then measured in the Oxygraph. After peroxynitrite addition, creatine
stimulation of respiration was completely abolished, whereas the res-
piratory chain was rendered still fully functional.

FIG. 2. Reactivation of peroxynitrite-inactivated Mi-CK (0.4
mg/ml) with 2-ME after bolus addition of 500 mM peroxynitrite.
The maximum activity that could be restored on application of 2-ME
was 22% of original CK activity.

FIG. 3. Inactivation of mitoplasts with peroxynitrite. Mitoplasts
solutions containing a total amount of 0.5 mg/ml mitochondrial protein
were used for each inactivation experiment. Error bars represent S.D.

FIG. 4. Inactivation of respiring mitochondria with peroxyni-
trite. Mitochondrial solutions containing 0.4 mg/ml total protein were
inactivated by bolus addition of peroxynitrite. Each inactivation was
carried out separately; error bars represent S.D.

Peroxynitrite-induced Inactivation of Mi-CK16696
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tivated to about 70% as shown by the corresponding in vitro
inactivation studies in intact mitochondria (see also Fig. 4).
These findings bear far-reaching consequences for the energy
homeostasis of a cell, e.g. Mi-CK, which is primarily responsible
for the synthesis of PCr, is inactivated as a prime target of PN
and cannot longer serve this function. Therefore, the cell becomes
depleted of PCr, which is used to maintain high phosphorylation
potentials at sites of energy demand and embodies an important
energy and pH buffer. Regarding the Ca21 handling capabilities
of the cell, a permanent loss of PCr, which is used by sarcoplas-
mic reticulum-bound CK to fuel the sarcoplasmic reticulum
Ca21-ATPase (31), may be fatal, as PN also stimulates the re-
lease of Ca21 from mitochondria (3). Both effects may lead to a
strikingly higher Ca21 concentration in the cytosol and may
cause chronic Ca21 overload, which can lead to reduced cellular
and mitochondrial function and eventually cause apoptosis and
necrosis (32,33).

The reaction of isolated Mi-CK with PN was further inves-
tigated with biophysical techniques. We analyzed tryptophan
fluorescence, because tryptophan residues are essential for
Mi-CK activity (Trp-223; Ref. 34), and oligomeric state (Trp-
264; Ref. 34). PN treatment lowered the intensity of tryptophan
fluorescence emission by 27% (Fig. 6) without changing the
position of the emission peak, indicating that it was not solvent
exposure of internal tryptophan residues caused by unfolding
of Mi-CK that was responsible for the reduced quantum yield.
These findings support the idea that a destructive interaction
between PN and tryptophan takes place, one example being an
irreversible oxidative ring-opening of tryptophan residues
yielding N-formylkynurenine. Because mutants affecting Trp-
223 were shown to be completely inactive enzymatically (34)
but here some enzymatic activity could still be recovered after
incubation of PN-treated Mi-CK with 2-ME, presumably by
deblocking some PN-modified active-site Cys-278 residues (Fig.
2), the modification of the active-site Trp-223 was not quanti-
tative at the concentrations of PN used. Thus, the inactivation
of CK activity observed under the conditions of PN treatment
described herein is due to a combination of modifications of
Cys-278 as well as Trp-223 active-site residues. We also found

that the decrease in tryptophan emission intensity cannot be
ascribed to fluorescence quenching by nitrite, the major prod-
uct formed when PN decomposes, by constructing the appro-
priate Stern-Vollmer plots (not shown). Nitrite only contrib-
uted a few percent to the quenching, assuming the highest
possible concentration arising from the decay of PN. Another
residue likely to be modified is tyrosine, which is converted to
3-nitrotyrosine after the addition of PN (35–37). As Mi-CK
contains 11 tyrosine residues per monomer, we examined tyro-
sine nitration and calculated the percentage of modified resi-
dues (Fig. 7). The data obtained suggest that under physiolog-
ical conditions, tyrosine nitration is not the primary trigger of
Mi-CK inactivation because a cumulative amount of 2 mmol of
PN was necessary to modify on average one tyrosine residue
per Mi-CK monomer (10% tyrosine nitration). Astonishingly,
the preincubation of the enzyme in 50 mM NaHCO3

2 (a source
for the CO2 adduct of PN) did not facilitate the nitration reac-
tion at all, in contrast to tyrosine in solution (36). Nitration
yield was significantly enhanced in the presence of Fe31-EDTA
(Fig. 7), which is in good accordance with the results of Ra-
mezanian et al. (6), who demonstrated the high nitration effi-
ciency of chelated Fe31.

Besides the inhibitory effect of PN on CK activity, this rad-
ical also drastically affected the octamer/dimer equilibrium, as
shown by gel permeation chromatography (Fig. 8): Although
native Mi-CK was to 93% octameric, after PN treatment, the
octamer content was decreased to 83.7%, which could be caused
by modification of the tryptophan residue critical for the dimer/
dimer interface (Trp 264; Ref. 34). The TSAC quantitatively
dissociates native Mi-CK into dimers (38) by the induction of a
conformational change shown to take place as a consequence of
Mg-nucleotide binding (39). When adding TSAC to PN-pre-
treated Mi-CK, the action of PN on Mi-CK was most striking.
Although the control (native Mi-CK 1 TSAC) dissociated into
dimers to an extent of 96.6%, the PN-exposed Mi-CK almost
completely persisted in the octameric state (84.4% octamers),
i.e. at almost the same percentage that was determined for

FIG. 6. Corrected tryptophan emission spectra of native and
peroxynitrite-treated Mib-CK. The upper curve shows the spectrum
of 0.15 mM octameric before the addition of 500 mM peroxynitrite, the
lower curve displays the spectrum of the modified protein after PN
treatment. PN-induced loss of fluorescence (F) quantum yield was de-
termined to 27%. the temperature was set at 30 °C, and the excitation
wavelength was set at 287 nm to specifically excite tryptophan
residues.

FIG. 7. Tyrosine nitration of Mib-CK after the addition of in-
creasing amounts of peroxynitrite. 320 mg of octameric Mib-CK
were diluted 1:10 in phosphate-buffered saline and exposed to increas-
ing amounts of peroxynitrite; all additions were performed in time
intervals of 2 min. Tyrosine nitration was determined in the absence
(triangles) and presence of 20 mM FeCl3, 0.4 mM EDTA (squares) by
measuring the OD428 readings for each titration step and calculating
the percentages of tyrosines nitrated. An extinction coefficient of 4.1
l/mmol cm for 3-nitrotyrosine was assumed for all calculations (35). All
values were corrected for dilution.

Peroxynitrite-induced Inactivation of Mi-CK 16697
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PN-treated Mi-CK without TSAC. Analysis of the PN-modified
protein on an SDS gel showed that it was not due to covalent
cross-linking of Mi-CK, because its monomer band was by far
most prominent (data not shown), although a small amount of
“artificial” covalently linked Mi-CK dimers was detected. Ob-
viously, active-site residues like Trp-223 and Cys-278, which
have been shown to take part in the catalytic process, have
been modified by PN. As a result, TSAC and the native sub-

strates of CK no longer bind properly to the enzyme and thus
are no longer able to induce the structural changes required for
dimerization (39). These results clearly show that the dimer/
octamer equilibrium of Mi-CK, which is presumed to be impor-
tant for the regulation of Mi-CK-induced contact sites (40) is
severely disturbed by PN. More recent data indicate that at
higher concentrations of PN, Mi-CK octamers spontaneously
tend to dimerize and that re-octamerization of PN-modified
Mi-CK dimers is also affected.2 Such data will certainly be
relevant for cellular energetics during ischemia/reperfusion as
well as with respect of the fact that Mi-CK octamers, in the
presence of creatine or creatine analogues, seem to prevent
opening of the mitochondrial permeability transition pore (52),
an early event of apoptosis.

To assess possibilities of avoiding Mi-CK inactivation under
conditions of excessive NO production and oxidative stress, the
protective effect of substrates was examined. For this purpose,
Mi-CK was co-incubated with different substrates and combi-
nations thereof and subsequently inactivated by PN (350 mM).
The data obtained (Fig. 9) show no remarkable protection effect
for substrates and combinations that are not sufficient to keep
the enzyme working but bind to the active site (e.g. MgATP,
MgADP, PCr, Cr), whereas the full set of substrates in both
cases, forward and reverse reaction, showed a highly protective
effect. These findings can be interpreted with respect to the
“hinge” function of Cys-278 postulated by Furter et al. (16). As
long as only the binding sites for ATP/ADP or PCr/Cr are
occupied, no protection can be seen, because Cys-278 is exposed
and not participating in the processing of substrate, as no
enzymatic reaction takes place. Once the full set of substrates

2 S. Wendt and T. Wallimann, unpublished observation.

FIG. 8. Gel filtration profiles of native and PN-pretreated
Mi-CK in the presence and absence of TSAC. Octameric Mi-CK
was treated with 500 mM PM shortly before the addition of the TSAC
mixture (transition state analog complex-forming reagents: 4 mM ADP,
5 mM MgCl2, 20 mM creatine, 50 mM KNO3), which usually induces a
fast dimerization of octameric Mi-CK (see peak Nr. 4 of control sample).
50 mg each of the protein samples (1–4) were applied to a Superose 12
column after a 2-h incubation (vol 5 23 ml), calibrated according to
described procedures (38), from which the Mi-CK octamer and dimer
eluted at 11 and 13 ml, respectively. Transiently generated tetramers
running intermediary between the two peaks shown in the figure are
extremely short-lived and can hardly be detected by this method (34,
38). Note: PN treatment of octameric Mi-CK alone after 1–2 h before
loading the sample onto the gel permeation columns induced a small
but significant spontaneous decay into Mi-CK dimers (from 92.4 to
83.8% octamer content, compare peaks 1 and 2). However, TSAC-
induced dimerization via binding of the CK substrates to the active site
and thus inducing a conformational change (39), normally seen in
control Mi-CK (peak 4), is completely blocked by PN treatment before
the addition of the TSAC substrate mixture (peak 3).

FIG. 9. PN-induced inactivation of Mi-CK in the presence of
different substrates. Mi-CK was preincubated with 25 mM Mg-ADP,
Mg-ATP, Cr, PCr, Mg-ADP 1 PCr (reverse reaction, pH 7), and Mg-ATP
1 Cr (forward reaction, pH 8) in MSH buffer. Subsequently, 350 mM PN
in 0.1 M NaOH was added to achieve inactivation of Mi-CK. Mi-CK
activity was measured according to Wallimann and co-workers (24).
Values are expressed as percentage activity of the unmodified enzyme
(control). Error bars represent S.D.
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is present, Cys-278 is involved in the substrate binding sites
conferring synergistic substrate binding (16) and therefore in
contact with substrates. This leads to an enhanced protection of
Cys-278 against PN. Both directions of the CK reaction were
measured at their optimum pH and, in case of the forward
reaction (pH 8), the protective effect is lower, which can be
explained by the greater stability of PN at alkaline pH, which
gives it more time to find its sulfhydryl target before decaying
in solution. We, therefore, conclude that deenergization of mi-
tochondria, resulting in a loss of ATP, which is needed for PCr
synthesis in the intermembrane space, is detrimental to CK in
the presence of PN, as the enzyme becomes inactivated more
easily and therefore further compromises energy homeostasis
within the entire cell. Consequently, this mechanism embodies
a vicious circle for all energy-demanding processes.

The concentrations of PN used in this study are well within
the physiological range. Thus, a bolus of 250 mM PN is equiva-
lent to the constant exposure to a concentration of 1 mM PN for
only 7 min (3, 41). The production of PN by activated macro-
phages inside phagolysosomes can reach about 500 mM (42).
The present results show that Mi-CK is readily inactivated by
PN at concentrations that do not affect the activity of the
respiratory chain. We have previously reported that up to 500
mM added PN activates the specific Ca21 release from rat liver
mitochondria, which operates with maintenance of the mito-
chondrial membrane potential (4). Peroxynitrite, hitherto
mainly considered to be a toxic NO congener (43), may thus also
be of physiological relevance. This is particularly important in
view of the fact that mitochondria are a copious source of O2

.

(44, 45) and, according to most recent data, contain a highly
active nitric oxide synthase (22, 53, 54). This makes it very
likely that in vivo they are primarily challenged by PN formed
within the organelles themselves. These data deserve full at-
tention, because they may lead to a clue concerning the forma-
tion of the crystalline intramitochondrial inclusions (mainly
consisting of Mi-CK octamers) seen in the pathological state of
patients with several neuromuscular diseases and mitochon-
drial myopathies (46–48) and to a better understanding of the
factors that trigger apoptosis and/or necrosis like the ATP/ADP
ratio (48) and the energetic state of mitochondria (33). Some
important conclusions also arise for ischemia/reperfusion dam-
age occurring after organ transplantation and episodes of hy-
poxia. It has been demonstrated that oxygen-derived radicals
attacking the cytosolic CK isoforms are involved in the irre-
versible cardiac tissue damage found in many patients after
ischemia and subsequent reperfusion (13,50) and that mito-
chondrial proteins are important targets as well (51). Our data
clearly show that PN could be a potential culprit for causing
ischemia/reperfusion damage, as Mi-CK, being responsible for
the maintenance of high phosphorylation potentials in the cell
(via PCr delivery), is challenged at quite low bolus concentra-
tions of PN. Our results seem also to be relevant with respect to
the recently discovered role of Mi-CK in mitochondrial perme-
ability transition, linking this enzyme and its substrates to
early events of apoptosis (52). Thus, a search for compounds that
would protect cytosolic as well as mitochondrial CK isoforms
from inactivation by oxygen-derived free radicals and that could
be supplied with perfusion media may represent a future
achievement of possible clinical relevance.
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