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Free radicals of X-ray-induced water radiolysis, either directly or

indirectly via their reaction products, reduce the activity of both

dimeric cytoplasmic muscle-type creatine kinase (MM-CK) and

octameric mitochondrial creatine kinase (Mi-CK) to virtually

zero. Similarly values of the characteristic D
$(

-dose of enzyme

inactivation (dose required to reduce enzyme activity to 37%)

were found for the two isoenzymes of CK under identical

conditions. Octamer stability was not significantly affected within

the dose range considered. However, both the dissociation of

octamers into dimers by a transition-state analogue complex

(TSAC), and the reassociation of the dimers into octamers,

showed dose-dependent reduction. Binding of the TSAC to the

active centre was found to protect the enzyme against inactivation

INTRODUCTION

Creatine kinase (CK, EC 2.7.3.2) catalyses the reversible transfer

of the high-energy N-phosphoryl group from phosphocreatine to

ADP. Three cytosolic and two mitochondrial isoforms (ubiqui-

tous Mi
a
-CK and sarcomeric Mi

b
-CK) of CK are known (for

reviews see [1] and [2]). Part of the cytosolic isoenzyme activity

associates with ATPases at subcellular compartments such as the

sarcoplasmic reticulum or the myofibrillar M-band, where CK is

functionally coupled to the Ca#+ pump [3,4] and the acto-myosin

ATPase [5,6], respectively. The mitochondrial isoenzymes (Mi-

CK) are located in the mitochondrial intermembrane space [7]

and are associated with the outer side of the inner membrane

[8,9]. A functional interplay between mitochondrial and cytosolic

isoforms of CK is thought to be important for the regulation of

cellular energy homoeostasis. The cytosolic enzymes re-phos-

phorylate the locally produced free ADP and increase creatine

globally. The mitochondrial enzyme catalyses the reaction of

creatine to phosphocreatine at the expense of mitochondrial

ATP [1,2,10–12].

Mi-CK differs from its cytosolic counterparts by the ability to

form a highly ordered octamer from four dimers as the stable

building blocks [13], whereas the cytosolic enzymes have a

strictly dimeric structure. The Mi-CK octamers display a cube-

like structure with identical top and bottom faces that appear

appropriate to interact with the two mitochondrial boundary

membranes [14]. This structural consideration is supported by a

series of experimental findings. Rojo et al. [15] and Stachowiak

et al. [16] demonstrated in �itro that the octameric form of Mi-

CK was able to connect two artificial membranes. Kottke et al.

[17] observed that mainly the octameric form of the enzyme was

Abbreviations used: CK, creatine kinase ; MM-CK, cytosolic muscle creatine kinase ; Mib-CK, sarcomeric mitochondrial creatine kinase ; 2-ME, 2-
mercaptoethanol ; ROS, reactive oxygen species ; D37, dose required to reduce the enzyme activity to 37%; TSAC, transition-state analogue complex.
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by free radicals. No protection was observed for the radiation-

induced decrease of the endogenous tryptophan fluorescence.

The experimental results are in line with the following in-

terpretation: (i) the reduction of Mi
b
-CK dimer association is

due to free radical-induced modification of Trp-264, situated at

the dimer}dimer interface ; (ii) the active-site Trp-223 is not a

prime target for free radicals and is not involved in the in-

activation of the enzyme; (iii) the inhibition of TSAC-induced

dissociation of Mi
b
-CK, like enzyme inactivation, is primarily

due to a modification of the active-site Cys-278.

Key words: creatine kinase, free radical, tryptophan, transition-

state analogue complex.

present in isolated contact site fractions of brain mitochondria.

In electron microscopical studies, the enzyme was found between

adhering outer membrane vesicles and the inner envelope mem-

brane as well as between the cristae membranes [18]. Recently,

complexes of CK with other mitochondrial constituents, the

adenylate translocator from the inner mitochondrial membrane

and porin from the outer membrane, could be isolated from

washed kidney and brain membrane fractions by mild detergent

extraction [19,20]. Formation of these complexes of approx.

400 kDa might be an important function of the octameric

structure [21,22].

Since the specific activity of octamers and dimers is very

similar [23], the function of the dimer}octamer transition seems

to involve structural aspects of mitochondrial energy metabolism.

Destabilization of the Mi-CK octamer was found to impair Mi-

CK functions in stimulation of oxidative phosphorylation, as

demonstrated recently [24]. The octameric state of Mi-CK is also

essential for its protective effect on the opening of the mito-

chondrial permeability transition pore [22]. This effect of Mi-CK

disappears if octamers are dissociated by the components of the

transition-state analogue complex, TSAC [25]. Summarizing, the

Mi-CK octamer–dimer transition could play a crucial role in the

regulation of mitochondrial energy metabolism as well as in

cellular apoptosis, although this role has not been established in

�i�o so far.

The present study aims at a clarification of the oxidative

damage of CK isoenzymes. These enzymes have been considered

as sensitive targets of reactive species such as H
#
O

#
, and

peroxynitrite [26–29]. Mi
b
-CK may contribute to the damage of

mitochondrial energy metabolism generated by reactive oxygen

species (ROS) during phases of ischaemia and reperfusion.
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Oxidative damage is also produced by free radicals of water

radiolysis, the method applied throughout our study, which

concentrates on the comparison between the cytosolic and the

mitochondrial isoenzymes as well as on Mi
b
-CK octamer dis-

sociation and Mi
b
-CK dimer reassociation.

EXPERIMENTAL

Materials

Chicken sarcomeric mitochondrial creatine kinase (Mi
b
-CK) was

prepared as described elsewhere [28] and was stored at ®70 °C
(or up to 14 days at 4 °C) at a concentration of 3 mg}ml in a

buffer containing about 150 mM NaCl, 25 mM sodium phos-

phate, 0±2 mM EDTA and 2 mM 2-mercaptoethanol (2-ME)

(pH 7±2). Cytosolic muscle CK (MM-CK) (from rabbit muscle),

nucleotides and pyruvate kinase}lactate dehydrogenase were

obtained from Boehringer Mannheim. Salts were from Riedel de

Hae$ n (Seelze). All other reagents were obtained from Sigma.

Methods

Free radicals of water radiolysis were generated by placing

polycarbonate vessels (containing solution volumes of 100 µl)

below an X-ray-tube (Philips-Mu$ ller RT 100, Philips, Hamburg,

Germany). The tube was mounted in a Faraday cage with lead

shielding and was operated at 80 kV. X-rays were filtered by

0±3 mm Al. The applied dose rate was 98 Gy}min in most cases

(measured via Fricke dosimetry and via ionization chamber

PTW DL 4, Physikalisch-Technische Werksta$ tten Dr. Pychlau,

Freiburg, Germany).

Irradiation of oxygen containing aqueous solutions primarily

generates the radical species OHd and O
#
d−}HO

#
d. The latter form

a conjugated acid-base pair and originate from reactions of the

primary radicals Hd and e
aq

d− with molecular oxygen. The primary

radicals are converted into different secondary radicals which

depend on the composition of the aqueous solution [30,31]. In

the presence of Cl− in water, OHd radicals generate Cl
#
d−.

The latter radical species is of lower chemical reactivity and

shows an increased selectivity of reactions compared with the

rather non-selective OHd radical. The same is true for the nitrogen

dioxide radical NO
#
d, which is formed by reaction of e

aq
d− with

NO
$

− (at the expense of the formation of O
#
d−) [32].

The standard irradiation medium (PBS) was 150 mM NaCl

and 25 mM sodium phosphate buffer, pH 7±0. Irradiation was

performed at room temperature (20³2 °C). Gel permeation

chromatography was performed using a Biosil (SEC 400-5)

300 mm¬7±8 mm gel permeation column operated with a flow

rate of 1 ml}min. The running buffer consisted of standard

irradiation medium plus 1 mM 2-ME and 2 mM NaN
$
. Peak

areas were integrated using the D-6000 HPLC-Manager software

by Merck-Hitachi.

Dissociation of octamer Mi
b
-CK was induced by incubation in

a TSAC mixture [33]. Removal of the TSAC to achieve re-

octamerization was performed by dialysis in a high-speed tube

(Spectra}Por Biotech Membranes, 15000 Da cut-off) 1:1000

against TSAC-free medium for 3 h at room temperature and

additionally 1:1000 overnight in the same medium at 4 °C.

Measurement of the enzyme activity was performed via the

pyruvate kinase}lactate dehydrogenase assay ([34], see [35] for

details). TSAC is known to inhibit the enzyme activity [36].

Inhibition can, however, be neglected under the conditions chosen

for activity measurements, since, after dilution of the enzyme, the

remaining ADP was allowed to react with the ingredients of the

pyruvate kinase}lactate dehydrogenase assay. Thus the for-

mation of the TSAC with Mi
b
-cK was avoided before the start of

the enzyme test.

RESULTS AND DISCUSSION

Mitochondrial (Mi
b
-CK) and cytosolic (MM-CK) isoforms of

creatine kinase in many respects show similar modifications in

the presence of radiation-induced free radicals. This holds for the

D
$(

-dose of enzyme inactivation, for the repair of the enzyme

activity by 2-ME and for the decay of the tryptophan fluorescence

(Figure 1). There is an exponential decay of the enzyme activity

which is characterized by the dose, D
$(

, necessary to reduce

the activity to 1}e (e¯Euler’s number), i.e. to about 37%

of the initial activity.

A similar behaviour of the two isoenzymes was also observed

throughout the investigation of enzyme protection by a TSAC.

TSAC is formed by the binding of creatine, NO
$

−, ADP, and

Mg#+ to the active centre of the enzyme. The D
$(

-dose was

increased by factors of about 3 (MM-CK) and 10 (Mi
b
-CK) in

the presence of the TSAC (Figure 2). As a control, ADP was

exchanged against AMP. Alternatively, MgCl
#
was omitted. This

is known to prevent TSAC formation, since the Mg-nucleotide is

needed for proper binding of this substrate [36]. Protection by

TSAC-binding is believed to reflect the shielding of sensitive sites

towards free radical attack. This may occur by direct (steric)

limitation by the TSAC of the access of free radicals to the sites

considered. Alternatively, protection may occur indirectly, via a

conformational change of the protein resulting in a reduced

accessibility of sensitive target site(s) different from the binding

site of the TSAC.

Under the experimental conditions of Figure 2 (i.e. in the

presence of NO
$

−), Cys-282 of MM-CK modified by NO
#
d

radicals has been found to be responsible for enzyme inactivation

Figure 1 Comparison of Mib-CK and MM-CK activities before and after
reactivation by 2-ME and tryptophan fluorescence as a function of the
relative radiation dose, r

r is defined as the ratio of the dose D and the characteristic D37 dose. The values of the latter

refer to the activity immediately after irradiation (*). Irradiation was performed in PBS

containing additionally 1 mM 2-ME (and in the case of Mib-CK 0±2 mM EDTA) at a protein

concentration of 250 µg/ml. The characteristic dose values obtained are D37 (Mib-CK)¯
388 Gy, D37(MM-CK)¯ 395 Gy. Reactivation (indicated by arrows) of the enzyme activity was

induced by incubation after irradiation for at least 1 h with 10 mM 2-ME (D). Endogenous

Trp-fluorescence measurements (^) were performed at an excitation and an emission

wavelength of 295 nm and of 330 nm, respectively.
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Figure 2 Protection of the enzyme activity by TSAC

Aqueous solutions of either 50 µg/ml Mib-CK or MM-CK were exposed to 80 kV X-rays. The

solutions in addition contained standard irradiation medium plus the ingredients for TSAC

formation (50 mM KNO3, 20 mM creatine, 5 mM MgCl2, 4 mM ADP). In the case of Mib-CK,

16 µM 2-ME and 3 µM EDTA were present. In the Figure, inactivation curves in the presence

of TSAC (*) are compared with those in the absence (^). In the latter case 4 mM ADP was

exchanged against 4 mM AMP. The following D37-values were obtained : Mib-CK 50±8 Gy and

5 Gy ; MM-CK 10±4 Gy and 3±2 Gy.

(P. Koufen and G. Stark, unpublished work; see also [35]). The

same should be valid for Cys-278 in the case of Mi
b
-CK. Since

Cys-278 is not directly involved in TSAC binding [37], indirect

protection via conformational changes has to be considered.

This idea is supported by the observation of structural changes

of CK upon binding of Mg-nucleotide (or TSAC) [38]. The data

shown in Figure 2 are in line with previous reports about the

protection of the active-site cysteine by TSAC against iodo-

acetamide-induced modification [36].

Protection of the enzyme activity was also observed in the

absence of NO
#
d radicals. In this case, enzyme inactivation

proceeds by means of a different mechanism, since blockage of

cysteine has no effect on the D
$(

-dose (P. Koufen and G. Stark,

unpublished work). The experiments shown in Figure 3 were

performed in the presence of a modified TSAC. In order to

excludeNO
#
d formation, KNO

$
was omitted.A dead end complex

(with Cl− instead of NO
$

−) is formed in this case [36]. The targets

modified under the applied conditions are unknown so far. Trp-

223 is an important aromatic amino acid residue of the active

centre which is crucial for the catalytic efficiency of the enzyme

[39]. In view of the well-known reactivity of aromatic amino acid

residues towards free radicals, Trp-223 might be a good candidate

to explain enzyme inactivation. Indeed a decay of tryptophan

fluorescence was observed with increasing dose, which is most

pronounced in standard irradiation medium (i.e. the absence of

nitrate, compare Figures 1 and 3). The decay of the tryptophan

fluorescence was, however, identical in the absence and the

presence of the dead end complex (in spite of its protecting action

on the enzyme activity). This is thought to indicate that Trp-223,

although strongly contributing to the total fluorescence of the

enzyme [39], is not involved in the decrease of the enzyme

activity. Otherwise, in view of the importance of Trp-223 for the

TSAC binding [40], a direct protection effect of TSAC would be

expected. As a consequence, the decay of the fluorescence must

be due to modification of tryptophan residues of the enzyme

other than Trp-223.

The binding of the TSAC has been found to destabilize Mi
b
-

CK octamers finally leading to dissociation into dimers [33]. We

have been using this method in order to study the dissociation of

Figure 3 Comparison of TSAC effect on fluorescence and enzyme activity

An aqueous solution of 250 µg/ml MM-CK was exposed to 80 kV X-rays. In addition, the

solution contained standard irradiation medium plus ingredients for TSAC formation (20 mM

creatine, 5 mM MgCl2, 4 mM ADP), however, in the absence of KNO3. In the Figure, inactivation

curves of the enzyme activity (*, +) are compared with the Trp-fluorescence decay (D, E)

in the presence (solid symbols) and absence (open symbols) of TSAC. To prevent TSAC

formation, MgCl2 was omitted. The following D37 values (mean values of three different

experiments) were obtained : 106 Gy (without MgCl2), 210 Gy (presence of MgCl2).

octamers and the reassociation of dimers in the presence of free

radicals. In the absence of the TSAC, the stability of Mi
b
-CK

octamers was found to be virtually unaffected by a radiation dose

sufficient to inactivate 99% of the enzyme activity (Figure 4). In

the native state, octamers readily dissociate into dimers after

TSAC binding to the catalytic sites of the enzyme. If TSAC

was added after irradiation of the enzyme, a dose-dependent

Figure 4 Stability of the octameric state of Mib-CK during free radical-
induced enzyme inactivation

A solution of 250 µg/ml Mib-CK in standard medium additionally containing 1 mM 2-ME and

0±2 mM EDTA was exposed to a dose of 1960 Gy, leading to an inactivation of the enzyme with

a residual activity of 1%. Subsequently, gel permeation chromatography was performed (see the

Experimental section). The Figure shows gel filtration profiles, followed via the absorbance at

280 nm, of the native enzyme (1) and of the inactivated enzyme (2).
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Figure 5 Effect of irradiation on the efficiency of TSAC to destabilize
octameric Mib-CK

A solution of 250 µg/ml Mib-CK in standard medium additionally containing 1 mM 2-ME and

0±2 mM EDTA was exposed to irradiation. Subsequently, the ingredients for TSAC formation

(50 mM KNO3, 20 mM creatine, 5 mM MgCl2, 4 mM ADP) in standard medium containing in

addition 2 mM 2-ME were added. After incubation over night at 4 °C, gel permeation

chromatography was performed (see the Experimental section). The Figure shows the enzyme

activity after TSAC incubation (E), and the resulting dimer peak areas of the corresponding

gel permeation profiles (*).

Figure 6 Gel filtration profiles of Mib-CK irradiated in the presence of TSAC

A solution of 250 µg/ml octameric Mib-CK was incubated for 2 h at room temperature in

standard medium additionally containing 1 mM 2-ME, 0±2 mM EDTA plus the ingredients for

TSAC formation (50 mM KNO3, 20 mM creatine, 5 mM MgCl2, 4 mM ADP). Traces 1 and 2

show the profiles, followed via the absorbance at 280 nm, obtained before (1) and after (2)

irradiation with 2940 Gy. Subsequently, TSAC was removed by dialysis in order to study the

reoctamerization of the dissociated Mib-CK. Traces 3 and 4 refer to the doses 0 Gy and

2940 Gy, respectively.

reduction of the dimer peak area was found (Figure 5). The

radiation effect occurred in the same dose range, where

inactivation of the enzyme activity was observed under the

conditions applied (i.e. in the presence of TSAC and at high

concentrations of 2-ME). This is an indication that the reduction

of octamer dissociation is due to modified catalytic sites of

the enzyme preventing correct binding of TSAC. A reduced

Figure 7 Quantitative analysis of the profiles of Figure 6

Percentage of dimer peak areas before TSAC-removal (*), after TSAC-removal (+) and

residual enzyme activity (D) as a function of radiation dose.

dissociation effect of TSAC was also found upon peroxynitrite-

induced modification of the enzyme [28].

TSAC-induced dissociation of octamers and the subsequent

reassociation of the dimers (after TSAC removal by dialysis) is

shown by quantitative analysis of gel filtration profiles of Mi
b
-

CK (Figures 6 and 7). Traces 1 and 3 of Figure 6 show the

normal behaviour of the enzyme with a high percentage of

dissociation (induced by the TSAC) and a high percentage of the

subsequent reoctamerization (after TSAC removal). This is in

line with previous studies [33]. Irradiation of the enzyme in the

presence of TSAC (traces 2 and 4) gave rise to a small reduction

of the amount of octamers dissociated and to a substantial

reduction of the percentage of dimers capable of reassociation

(i.e. to an increase of the dimer peak of trace 4 as compared with

that of trace 3). Figure 7 shows the dose dependence of the

phenomena, which is compared with that of the residual enzyme

activity. No evidence for crosslinking of dimers was obtained.

Incubation for 3±5 h of irradiated octamers or dimers (in the

presence of TSAC) with 4±8 M guanidine hydrochloride yielded

100% dimers in a subsequent HPLC analysis (results not shown).

The data may be explained as follows: Mi
b
-CK octamers are

fairly resistant structures in the presence of free radicals of water

radiolysis (see Figure 4), as they are towards a number of

proteolytic enzymes [41]. Upon dissociation of octamers into

dimers, however, a series of amino acid residues, normally buried

inside the protein, become accessible to free radical attack. Their

modification hinders the reassociation of the dimers. Trp-264

should be mentioned in this context, since it was shown to

stabilize (as a part of a hydrophobic patch) dimer–dimer inter-

actions of Mi
b
-CK [39]. The decay of the dimer peak area

observed before TSAC removal (open squares in Figure 7) may

be understood as a result of two opposing effects on the dynamic

octamer}dimer equilibrium: a reduced mean rate of TSAC-

induced dissociation (by modification of the catalytic site of Mi
b
-

CK), and a reduced mean rate of the back reaction via weakened

dimer–dimer interactions (presumably induced by Trp-264 modi-

fication). At zero dose, removal of the TSAC shifts the equi-

librium between octamers and dimers to the side of octamers. At

large doses, however, there is hardly an effect of TSAC removal

on the association}dissociation equilibrium of Mi
b
-CK dimers.

This is indicated by the roughly identical dimer peak areas

observed in the presence of the TSAC and after its removal at

large radiation doses (Figure 7).
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Summarizing, the experiments support the conclusion that

both, the active-site residue Trp-223 as well as Trp-264 do not

represent sensitive targets for free radical attack in the octameric

state of the enzyme. However, as may be concluded from the X-

ray structure [14], Trp-264 becomes readily accessible to free

radicals after dissociation of Mi
b
-CK octamers into dimers, since

the dimer}dimer interface is fully exposed to the environment.

The sensitivity of intact octamer Mi
b
-CK against the attack of

free radicals seems to be governed by modifications of the active

centre and its environment including cysteine 278. This is similar

to cytosolic MM-CK, where cysteine 282 (the analogue of Cys-

278 of Mi
b
-CK) has been found to represent the most important

and exquisitely sensitive target of the enzyme (P. Koufen and G.

Stark, unpublished work; see also [35]).

ROS are generated especially during phases of ischaemia and

reperfusion in mitochondria due to the activity of mitochondrial

nitric oxide synthase [42] and oxygen reduction in the respiratory

chain. NO and other ROS were shown to irreversibly inactivate

cytosolic MM-CK [27,29,35] and to decrease cardiac work [43]

and contractile reserve [44]. Recently, exercise intolerance in

patients with chronic heart failure was correlated with an

increased expression of inducible nitric oxide synthase and a

decrease in Mi-CK content [45]. Our results suggest that these

cardiac defects in addition to MM-CK could result from free-

radical-dependent inactivation of Mi-CK and from an inhibition

of octamer formation by dimer association. In support of this

assumption is the observation of a significant decrease of the

octamer}dimer relation in rat hearts after ischaemia and reper-

fusion in infarcted areas [46]. The octamer decrease would

certainly alter cardiac work, as octamers of Mi
b
-CK are thought

to be important for efficient energy channelling [21,24] as well as

for stabilization of mitochondrial contacts [22].
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