
S. E. Severin offered me the opportunity to engage in

the study of mtCK in the middle of the 1970s. This was

only ten years after the discovery of mtCK [1]. Even the

first studies indicated that the enzyme activity was suffi�

cient to provide a high rate of oxidative phosphorylation

in mitochondria of skeletal muscles and of heart [2�4].

Mitochondria were concluded to be the main place of CP

synthesis in the tissues that had the creatine kinase sys�

tem. Concurrently an idea appeared on the existence of

intracellular metabolic, or functional, compartments [5]

that had no detectable physical boundaries but main�

tained complete or partial kinetic isolation [6]. Based on

these concepts and on data of kinetics, Saks et al. [7] sup�

posed that the structural interaction of mtCK and TAN in

mitochondria provided a direct translocation of ATP

from the active site of TAN into the active site of mtCK

and the ADP translocation backward. As a result, the

ATP concentration increases and the concentration of

ADP decreases in the active site of mtCK compared to

the environment, and this provides a high rate of unidi�

rectional synthesis of CP in mitochondria.

Obviously, the results of these first studies and

hypotheses were very impressive. The virtual absence of

data on the properties of mtCK and on its functional

pathways opened a wide field for research. We chose as

the object mitochondria of bovine heart and of pigeon

pectoral muscle. This choice was reasoned by our wish to

have sources of large amounts of mitochondria and of the

enzyme. Moreover, the comparison of mtCK properties

from heart and from skeletal muscles was promising for

assessment of the universality of one or another mtCK

property found.

STUDIES ON FORCES RESPONSIBLE 

FOR BINDING OF mtCK 

TO MITOCHONDRIAL MEMBRANES

When we started our work, no general viewpoint

existed on the character of the interaction forces between

mtCK and membranes. Some data suggested a weak

binding of mtCK to membranes by electrostatic interac�

tions and its easy solubility [4, 8]; other data suggested

that mtCK should be partially [9] or even completely [10]

firmly bound to membranes. A third set of data suggested

that mtCK should be an integral protein of the inner

membrane [11]. Since mtCK is located on the external

surface of the mitochondrial inner membrane [3, 4], we

suggested that these discrepancies in the literature data

were caused by different degrees of destruction of the

outer mitochondrial membrane in the works of different

authors.

We degraded the mitochondrial outer membrane by

hypotonic treatment with water. Figure 1 shows that the

solubilizing effect of the substances studied (except ade�

nine nucleotides) occurs at their different molar concen�

trations (Fig. 1a) but at similar values of ionic strength

(Fig. 1b); with increase in the ionic strength, the effects of
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various substances converge [12]. At the physiological

ionic strength of 0.2 only 8�13% of the mtCK activity

remains bound to mitochondrial membranes. These

experiments suggested that mtCK binds to membranes by

forces of electrostatic interaction [12]. Figure 1 also

shows that the solubilizing effect of adenine nucleotides is

more pronounced, thus, their effect is likely to involve

some more specific mechanisms than a simple saline

effect. KCl solutions of different ionic strength were sim�

ilarly effective in solubilization of mtCK from membranes

of heart mitochondria and of skeletal muscles [13]. Our

conclusion on the electrostatic binding between mtCK

and mitochondrial membranes [12] was confirmed by

more recent studies on mitochondria from other sources

[14�16]. Saks et al. [17] found that not the ionic strength

but the ionic composition of the medium was important

for solubilization of mtCK. However, Brooks and Suelter

[16] and our own further work [18] failed to reproduce

these results. Thus, at present it seems that electrostatic

binding of mtCK to mitochondrial membranes is a uni�

versal property of the enzyme.

We supposed that in the intact mitochondria under

conditions of physiological ionic strength and substrate

concentrations mtCK could be only partially solubilized

into the intermembrane space because the volume acces�

sible for mtCK was at least 100 times less than the volume

admissible for mtCK in the experiment [12].

STUDIES ON THE CHEMICAL NATURE 

OF MITOCHONDRIAL MEMBRANE 

COMPONENTS WHICH BIND mtCK

The hypothesis of an interaction of mtCK with TAN

in membranes was checked using isotopes, and the

hypothesis was supported by some findings [19] and con�

tradicted by others [20]. Therefore, our first experiments

were also concerned with the problem of structural cou�

pling of the two proteins. We found that a voluminous

inhibitor of TAN, carboxyatractylozide, had no effect on

the solubilization of mtCK from mitochondrial mem�

branes [12]. Other authors obtained similar results [16,

21]. In our experiments with isotopes [22], the incubation

medium contained unlabeled ATP and Cr and labeled Pi.

During oxidative phosphorylation the γ�phosphate�

labeled ATP was from the labeled phosphate. Our find�

ings (Fig. 2) suggested that the labeled ATP was mixed

with ATP of the medium before its entrance to the active

site of mtCK, i.e., there was no structural coupling

between mtCK and TAN. Later we returned to this prob�

lem in work performed in the laboratory of S. P. Bessman

with a phosphate analyzer providing automated determi�

nation of phosphate and radioactivity in each fraction

eluting from an ion�exchange column. The result was

confirmed with rat heart mitochondria—at ATP concen�

tration in the medium of ~500 µM the ATP which came

immediately from TAN during oxidative phosphorylation

contributed no more than 10�12% to the synthesis of CP

[23].

To get additional evidence of the absence of structur�

al coupling between mtCK and TAN, the binding of

mtCK to membranes of heart and liver mitochondria was

studied [12]. In the experiments, a mtCK�containing

extract from heart mitochondria was used with the ionic

strength decreased by dialysis. Gel�filtration data showed

that the mtCK in the extract was a dimer [12]. Figure 3

shows that the amount of mtCK bound to heart mitoplas�

ts previously deprived of this enzyme is comparable to the

enzyme amount bound to liver mitoplasts, although the

initial liver mitochondria contained no mtCK and the

content of TAN was fourfold lower than in the heart

Fig. 1. Effects of various substances on the mtCK fraction

bound to membranes of bovine heart mitochondria. After

hypotonic pretreatment, 9 mg mitochondrial protein was incu�

bated at 0°C for 20 min in 2 ml of one of the below�mentioned

media and precipitated by centrifugation. The precipitates

were washed with water and finally suspended in 0.25 M

sucrose. The mtCK activity was determined in the precipitates

and in the supernatants. During the extraction of mtCK with

ATP and MgATP solutions, the samples contained 170 µg of

oligomycin [12]. 1) Cr; 2) sucrose; 3) imidazole (pH 6.6); 4)

Tris�HCl (pH 8.3); 5) KCl; 6) NaCl; 7) potassium phosphate

(pH 6.9); 8) CP (pH 7.9); 9) MgCl2; 10) ADP (pH 7.0); 11)

MgATP (1 : 1) (pH 7.9); 12) ATP (pH 6.9).
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mitochondria [24]. Considering similar phospholipid

composition of heart and liver mitochondrial membranes

[25, 26], we suggested that mtCK should be bound to

membrane phospholipids of the heart mitochondria by

electrostatic forces. Similar results were concurrently

obtained in the other work [27], but the authors present�

ed no hypotheses on the chemical nature of forces bind�

ing  mtCK to membranes. In our experiments excess of

cytochrome c which could bind non�specifically to mito�

chondrial membrane phospholipids suppressed binding

of mtCK to heart mitochondria membranes [12].

To check the hypothesis of the interaction of mtCK

with phospholipids, we studied the binding of mtCK to

liposomes prepared from the mixture of phospholipids

extracted from heart mitochondria. The binding of mtCK

to the liposomes was characterized by a curve with satura�

tion, and the maximum binding was about 10 nmol mtCK

dimer per µmol phospholipid phosphorus [28].

Considering the electrostatic interactions of mtCK

with mitochondrial membranes and the alkaline charac�

ter of the enzyme [29], we suggested that positively

charged groups on the surface of the mtCK molecule

(amino groups of lysine or arginine residues) should

interact with negatively charged phosphate groups of

mitochondrial membrane phospholipids [12, 28]. To

check this hypothesis and to assess the character of

functional groups involved in the mtCK binding to

mitochondrial membranes, we studied the effect of pH

on the binding of mtCK from heart mitochondria to

membranes and also the pH stability of this enzyme in

solution. It was found that if the ionic strength of buffers

was insufficient for solubilization of mtCK (10�20 mM

acetate buffer, imidazole, and Tris�HCl buffers), the

enzyme binding to mitochondrial membranes was

resistant within the pH range from 5 to 9.5 [12], which

was comparable to the range of pH stability of mtCK in

solution (60 min at 30°C) [28]. These findings indicate

that functional groups of mtCK with pK close to neutral

pH values (imidazole ring of histidine residue,

sulfhydryl group of cysteine residue) are not involved in

the mtCK binding to mitochondrial membranes. Thus,

these findings do not contradict the concept of the bind�

ing of mtCK to phospholipids because they show that

the binding occurs with the involvement of functional

groups with 10 < pK < 5. Consequently, the acid group

might well be phosphate of phospholipid (pK = 1�2

[30]). Similar data on stability to pH changes were

obtained for mtCK from human heart [31]. Results

inconsistent with our data were obtained in the work of

Vial et al. [32]: they found the solubilizing effect of

20 mM phosphate to depend on pH within the range

from 6 to 8. However, our special experiments have

shown that in this case changes in the mtCK solubiliza�

tion were produced not by changes in pH but by changes

in the ionic strength of phosphate solutions at different

pH values [12]. Based on data on mtCK solubilization

Fig. 2. Changes in the specific radioactivity of ATP and CP

during CP synthesis coupled with oxidative phosphorylation in

bovine heart mitochondria. The samples of 2 ml volume con�

tained 0.25 M sucrose, 10 mM Tris�HCl (pH 7.4), 1 mg/ml

BSA, 5 mM potassium phosphate, 17 µCi 32Pi, 5 mM potassi�

um glutamate, 2 mM potassium malate, 0.5 mM ATP, 10 mM

Cr, 0.3 mM DTT, and 3.3 mM MgCl2. The reaction was initi�

ated by addition of 1 mg mitochondrial protein. The tempera�

ture was 30°C. Adenine nucleotides, Cr, and Pi were separated

by two�dimensional thin�layer chromatography on Silufol

plates; ATP and CP concentrations were determined at 340 nm

using the coupled enzyme system. 1) Pi; 2) ATP; 3) CP [22].
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NaCl, the mitoplasts were suspended in 0.1 M sucrose with DTT
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the mitoplasts, 1�7 ml of the dialyzed extract was added, and the

mixture was incubated for 20 min at 0°C and centrifuged. The

precipitates were washed with water, and the mtCK radioactivi�

ty was determined in them and in the supernatants. Mitoplasts

from rat liver were obtained similarly to mitoplasts from bovine

heart. The dotted line shows the mtCK content in the initial

heart mitochondria. By the findings of work [12].
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by organic compounds of mercury, Font et al. [14] con�

cluded that SH groups of mtCK were involved in the

binding of the enzyme to mitochondrial membranes.

The inaccuracy of this conclusion was shown in more

recent studies [15, 21].

To obtain additional evidence for the binding of

mtCK in mitochondria with membrane phospholipids,

we studied the effect of binding of mtCK to mitochondr�

ial and liposomal membranes on the creatine kinase reac�

tion kinetics [28, 33�36]. Figure 4a shows that the kinet�

ics of mtCK in mitochondrial extract is described by the

Michaelis−Menten equation: K m
MgATP = 0.08 mM, K m

Cr =

7.0 mM, Vf = 0.742 µg�eq H+/min per mg protein of the

initial mitochondria [28, 35]. However, two kinetic forms

were found for mtCK bound to membranes of mitochon�

dria (Fig. 4b) and of liposomes (Fig. 4c), with similar

parameters for both types of membranes. For mtCK in

mitochondria: (Km)1
MgATP = 0.034, (Km)2

MgATP = 0.315 mM;

(Km)1,2
Cr = 7.0 mM, (Vf)1 = 0.410, and (Vf)2 = 0.381 µg�eq

H+/min per mg protein [28, 35]; for mtCK in liposomes:

(Km)1
MgATP = 0.048, (Km)2

MgATP = 0.561 mM; (Vf)1 = 0.387,

and (Vf)2 = 0.363 µg�eq H+/min per mg protein of the ini�

tial mitochondria [33, 36] (the results were processed as

described in [37]). Thus, the membrane�bound forms

differ from mtCK in solution in Michaelis constants for

MgATP; the maximum rates of both forms are approxi�

mately the same, each of them being half of the maxi�

mum rate in the extract. The cause of these differences

will be discussed later, but it is important to note here

that the binding to the phospholipid membrane of lipo�

somes resulted in the same changes in kinetic character�

istics of mtCK in the forward reaction as the binding to

the protein−phospholipid membrane of mitochondria.

The conclusion on the binding of mtCK to phospho�

lipids was more recently supported in several laborato�

ries: mtCK was shown to interact with the acidic phos�

pholipid cardiolipin [21, 38, 39]. Involvement in mtCK

binding to membranes was also shown for lysine and

arginine but not for histidine and cysteine residues of the

enzyme [40].

STUDIES ON PHYSICOCHEMICAL PROPERTIES

OF OLIGOMERIC FORMS OF mtCK FROM

HEART AND FROM SKELETAL MUSCLE

Our previous studies suggested that under physiolog�

ical conditions mtCK should be only partially bound to

membranes; therefore, in the next stage of our work we

studied mtCK properties in solution. The enzyme was

known to exist in solution as a mixture of at least two

oligomeric forms [29, 41]. Our purpose was to elucidate

what multiple forms of mtCK can exist in solution and

what factors can influence mutual transitions of the

forms. Bovine heart mitochondria were isolated by a con�

ventional procedure [42], and we selected conditions for

isolation of large amounts of mitochondria from pigeon

pectoral muscle [13]. For isolation and purification of

mtCK from mitochondria of skeletal muscles and heart a

unified procedure was elaborated [13, 43] that allowed us

to prepare mtCK with specific activity of about 300 units/

mg protein.

Oligomeric composition and quaternary structure of
mtCK. The properties of mtCK from skeletal muscles and

from heart were compared [13, 43] and were found to be

very similar, with merely quantitative differences (Table

1). Table 1 shows that both enzymes in solution have two

Fig. 4. Primary double�reciprocal plots for the forward creatine

kinase reaction at the following fixed concentrations of Cr

(mM): 1) 5; 2) 10; 3) 25. The samples of 4�4.5 ml volume con�

tained 0.25 M sucrose, 1�2.5 mM Tris�HCl (pH 7.4), 10 mM

KCl, 3.3 mM MgCl2, 0.25 mM DTT, ATP, and Cr. The tem�

perature was 30°C. During the activity determination in the

mitochondria suspensions, the samples also contained

oligomycin (2.5�4 µg/ml) and rotenone (10–6 M). In experi�

ments with liposomes, the reaction mixture was supplemented

with excess liposomes and the extract from mitochondria was

dialyzed against 0.1 M sucrose with 0.25 mM DTT; the mixtures

were kept for 5 min, and the reaction was initiated by addition

of MgATP. a) Extract from mitochondria [28, 35]; b) mito�

chondria [28, 35]; c) liposomes [36].
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oligomeric forms: dimer and octamer. We did not find

intermediate forms either by gel filtration or by ultracen�

trifugation in sucrose density gradient, though the resolu�

tion of the latter was sufficient for detection of intermedi�

ate forms. Other authors later arrived at the same conclu�

sion [44, 45].

For a long time there was no general opinion in the

literature about the number of subunits in the high�

molecular�weight mtCK oligomer from bovine heart. It

was reported to be an octamer [46], a hexamer [47, 48],

and also to concurrently exist as both octamer and hexa�

mer [49]. Based on our earlier findings [12] by gel filtra�

tion on Sephadex G�200, we believed this oligomer to be

a hexamer, but gel filtration on Sephacryl S�300 and

ultracentrifugation in a sucrose density gradient (Table 1)

suggested that it should be an octamer. To more precisely

determine the number of subunits in this high�molecular�

weight mtCK oligomer from bovine heart, we cross�

linked the subunits in the enzyme molecule with DMSI

and then performed electrophoresis in the presence of

SDS. The conditions were chosen to provide a sufficient

depth of cross�linking. In this case the number of protein

bands on electrophoresis corresponded to the number of

subunits in the oligomer. In our experiments there were

eight protein bands, and an increase in the time of cross�

linking resulted in the disappearance of low�molecular�

weight bands and in the accumulation of protein in the

seventh and eighth lanes [50]. It was shown that all eight

lanes were produced due to cross�linking only of intra�

oligomeric contacts [50]. The high�molecular�weight

mtCK oligomer from other sources was also shown to be

an octamer [44, 45]. It was also found that mtCK from

chicken brain, which exists in solution as a mixture of

dimer and octamer, was different from mtCK from heart

and skeletal muscle in some physicochemical properties

and was a separate isozyme [51]. Thus, the octameric

structure is a specific feature of mtCK.

To elucidate the spatial location of the subunits in

the mtCK octamer from bovine heart, we used cross�link�

ing with bifunctional reagents [50]. For the cross�linking

bifunctional reagents of a homologous series were used as

follows: DMSI, DMPI, DMAI. These experiments lead

to the conclusion that the mtCK octamer has a quasi�

spherical configuration. This conclusion was supported

by data of electron microscopy [50]. The electron

microscopy of mtCK from bovine heart was analyzed by

Belousova et al. [52] and of mtCK from chicken heart and

brain by Schlegel et al. [51] and also by Schnyder et al.

[45]. The octamer from every source has a central cavity

and forms bilayer structures built from four dimers pro�

viding the involvement of each dimer in the formation of

both the upper and lower layer. In the octamer from

bovine heart the layers are turned relative to each other

[50, 52], whereas the mtCK octamer from chicken is

cube�like in shape [45, 51], and this is the main differ�

ence. X�Ray analysis provided new details about the

mtCK structure [53�55]. Thus, it seems that the octamer�

ic structure of mtCK from different sources can be some�

what different.

To determine what forces are responsible for the

binding of dimers in the octamer, we studied the effect of

ionic strength on the distribution of molecular forms. For

this, mtCK samples from bovine heart mitochondria and

from pigeon pectoral muscles were dialyzed against medi�

um with ionic strength ~0.025, then separate portions of

the dialyzed enzymes were supplemented with KCl to

provide the required ionic strength; some hours later the

samples were ultracentrifuged in a sucrose density gradi�

ent. Figure 5 shows that decreasing ionic strength caused

a reversible dissociation of the mtCK octamer from pec�

toral muscles (Fig. 5b) [13] and had no effect on the dis�

sociation of the mtCK octamer from heart (Fig. 5a) [43].

However, mtCK from bovine heart also dissociated at

lower concentrations of the protein (~50 µg/ml) and at

lower ionic strength of the solution [56]. Elevating the

temperature from 5 to 20°C insignificantly displaced the

equilibrium towards the octamer [43]. These findings

suggested that electrostatic interactions should not play

an important role in the association of dimers into

octamers because in the case of electrostatic interactions
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the binding between the subunits should be weakened

with an increase in ionic strength and not with a decrease

in it [13, 43]. Later, hydrophobic interaction of dimers in

the octamer was also established for mtCK from other

sources [57].

Factors determining the distribution of oligomeric
forms. The effects of probably physiologically important

factors such as ionic composition of the medium, pH,

substrates, and some metabolites were studied.

Ultracentrifugation in sucrose density gradient

showed that the character of univalent anions (Cl–, NO3
–,

acetate) and cations (K+ or Na+) failed to affect the dis�

tribution of oligomeric forms of mtCK from two sources

[13, 43]. However, an increase in pH enhanced the disso�

ciation of octamers. Figure 6 shows that at physiological

pH values the enzyme from pigeon pectoral muscles (Fig.

6B) was in solution as the mixture of dimer and octamer,

whereas mtCK from bovine heart (Fig. 6A) was present

mainly as the octamer. At pH 9.6 mtCK from pectoral

muscles completely dissociated to dimers [13], whereas in

mtCK from heart muscle at pH values within the range

9.0�9.6 a form appeared with the sedimentation constant

of 3.0�3.5 S, which seemed to be a monomer [43]. The

decrease in the activity of mtCK from bovine heart at pH

values higher than 9.5 observed in studies of the enzyme’s

stability is suggested to be due to dissociation of the

enzyme dimers to monomers.

At pH 8.1 the octamer constitutes about 50% of all

mtCK forms from bovine heart [43] and at pH 7.3 of

mtCK from pectoral muscles [13]. The comparison of

pH�dependence of the octamer dissociation to the find�

ing of nonionic interactions of dimers in the mtCK

octamer suggests that SH�groups should play an impor�

tant role in the region of dimer contacts. Actually, at

acidic pH values SH�groups are protonated and do not

carry a charge; therefore, nothing prevents the associa�

tion of dimers into octamers. With increase in pH the dis�

sociation degree of SH�groups increases, and in the

region of dimer contacts the negative mercaptide ions

appear; this results in the dissociation of octamers. All

Fig. 5. Effect of ionic strength on dissociation of the mtCK

octamer from bovine heart (a) and from pigeon pectoral mus�

cles (b) [13]. The sucrose gradients (2�10%) contained 25 mM

Mes (pH 7.0), 0.25 mM DTT, and KCl in the amount suffi�

cient for the ionic strength values shown on the abscissa. The

concentration of the mtCK protein after dialysis (µg/ml): 480

(a), 450 (b). The octamer content in the preparation before the

dialysis was taken as 100%. Other details are in the text.
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other functional groups of the protein (carboxy, amino,

imidazole groups) that can dissociate within the pH range

studied are charged at acidic values of pH; therefore, their

involvement in the dimer contacts seems unlikely. A sig�

nificant effect of the cysteine SH�group on the stability of

the interdimer contacts was shown in experiments when

the replacement of Trp264 (which is suggested to be a part

of the hydrophobic interdimer contact region) by cysteine

dramatically increased the dissociation of octamers in the

presence of TSAC and the sensitivity of octamers to the

presence of salts (cited after [53]). However, the pH�

dependence of the dissociation of octamers could reflect

conformational changes in the whole octamer molecule

under the influence of pH, which would also affect the

stability of interdimer contacts.

Substrates of the creatine kinase reaction taken sep�

arately had no effect on the distribution of oligomeric

forms of the enzyme from bovine heart and from pigeon

pectoral muscles, whereas an equilibrium mixture of the

substrates caused the dissociation of octamers [13, 43]

(Fig. 7). The substrate effects were associated with con�

formational changes in the active site of mtCK during

catalysis: the octamers did not dissociate when the medi�

um was deprived of Mg2+, which is a required cofactor of

the creatine kinase reaction; however, the dissociation

occurred during the generation of TSAC [58] that imitat�

ed the transition state of the reaction. TSAC was pro�

duced in the presence of Mg2+, of a non�interacting pair

of substrates (ADP and Cr), and of certain anions, Cl– or

nitrate but not of acetate [13, 43]. At physiological con�

centrations of adenine nucleotides the octamer dissocia�

tion degree depended on the ratio of Cr and CP concen�

trations and decreased with an increase in the CP con�

centration (Fig. 8) [43].

The substrate effects on the dissociation of octamers

depended on pH. At pH 6.0 (compared to pH 7.0) the

octamer fraction was increased at any ratio of Cr and CP

concentrations [43]. In the case of mtCK from pigeon

pectoral muscle the effect was less pronounced than in

the case of mtCK from bovine heart and required the

presence of Cl– [13]. Pi suppressed the dissociation of

octamers in the presence of ATP and of high concentra�

tions of Cr, but this suppression was less pronounced than

the suppression by CP [13, 43]. Other regulators of ener�

gy metabolism studied by us (AMP, NAD+, NADH, and

citrate) at physiological concentrations had no effect on

the distribution of oligomeric forms [59]. Soon after our

study, works of other laboratories on mtCK from other

sources were published [44, 60] that supported our data

on pH and substrate effects on the distribution of the

oligomeric forms of the enzyme. It seems that the sensi�

tivity of the octamer ↔ dimer transition to pH and to the

presence of substrates is a general property of all mtCK.

Kinetic properties of oligomeric forms. When we

approached this problem, the kinetic properties of mtCK

from various sources in solution were already described by

some authors [31, 48, 61�63] and also by us [28, 33�36].

However, the relationship between the kinetic parameters

and the oligomeric composition of mtCK remained

unclear. To determine kinetic parameters of the octamer

and dimer, it was necessary, first, to obtain them in the

individual states, and, second, to be sure that even a par�

tial dissociation of the octamer to dimers did not occur

during the study of kinetics. For the octamer preparation

Fig. 7. Effect of substrate mixture on the distribution of

oligomeric forms of mtCK from pigeon pectoral muscles [13].

Sucrose gradients (7�20%) contained (a and b): 0.12 M KCl,

20 mM Tris�HCl (pH 8.0), 4.5 mM MgCl2, and also (b):

0.1 mM ADP, 3 mM ATP, 10 mM Cr, 3 mM CP. The initial

concentration of mtCK was 320 µg/ml.
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we used freshly isolated mtCK from bovine heart that at

pH 7.4 and about 2 mg/ml protein contained 10�15%

dimer by data of ultracentrifugation in a sucrose density

gradient. To prepare the dimer, mtCK from bovine heart

was preincubated with saturating concentrations of sub�

strates (ADP and Cr in the presence of Cl–) that resulted

in the generation of TSAC. In preliminary experiments

different concentrations of mtCK were preincubated with

this substrate mixture for 18�20 h and then placed onto a

sucrose density gradient without the substrates or subject�

ed to gel filtration in an FPLC system with substrate�free

buffer as the eluent. The Kdis value was calculated from

results of each experiment. The Kdis values obtained by

two methods at different concentrations of mtCK were in

a good agreement [64]. Using this Kdis value, we obtained

the equation for the dependence between the total protein

concentration in the mtCK preparation from bovine

heart and the dimer content in it. At mtCK protein con�

centration of 78 µg/ml the dimer fraction was 95%. Based

on these calculations, to obtain dimer preparations the

mtCK concentration was 75 µg/ml [64]. It was also

shown that during the kinetic experiment (~1 min) the

octamer did not dissociate under the influence of sub�

strates [64]. This conclusion was supported by data of

other authors about the rate of the dissociation of

octamer in the presence of substrates [44, 60].

Figure 9 presents kinetic curves obtained in a certain

experiment for the mtCK octamer and dimer during the

forward reaction. Similar curves were also obtained for

the reverse reaction. It should be noted that although the

concentration of mtCK protein varied in the initial solu�

tions of dimers and octamers, the incubation medium

contained the same amount of the enzyme (~1 µg per

4 ml to start the reaction) during the determination of

kinetic parameters. The overall data are presented in

Table 2. The kinetics of mtCK octamer and dimer are

described by the Michaelis−Menten equation. The cat�

alytic mechanism of the reaction of the octamer and

dimer of mtCK from bovine heart was the same as the

mechanism found for the cytoplasmic CK [65] and for

mtCK from rat heart [7]. Figure 9 (a, c) shows that the

kinetic curves intersect at one point on the abscissa. This

corresponds to a kinetic mechanism with independent

substrate binding when Ks for all substrates are equal to

corresponding Km values [7]. Preincubation of the

octamer with only ADP or Cr had no effect on the kinet�

ic parameters of the octamer. Equilibrium constants of

the creatine kinase reaction (0.016�0.017) calculated

using Haldane’s equation are in good agreement with the

value of 0.01 found in the equilibrium experiments at

pH 7.4 [66].

Isoelectric points of oligomeric forms. Studies preced�

ing our work [29] showed the isoelectric point of mtCK

from bovine heart to be within the pH range from 9.2 to

9.6; however, it was not known what oligomeric forms

were responsible for these values. Isoelectric points of

oligomeric forms were determined by isoelectric focusing

in polyacrylamide gel rods. To solve this problem, we used

the pH�sensitivity of the equilibrium between dimer and

octamer and also the different dissociation degree of the

mtCK octamer from heart and skeletal muscles at the low

ionic strength characteristic for experiments with isoelec�

tric focusing. Three mixtures of ampholytes were chosen

with initial pH values of 6.0, 7.5, and 9.6. After the iso�

electric focusing, these mixtures provided pH gradients of

3.0�9.6, 3.9�10.4, and 7.6�10.9, respectively. mtCK was

introduced into the ampholyte mixtures prior to the gel

polymerization, and at pH 7.5 the dimer and the octamer

were expected to be the main oligomeric forms for mtCK

from pectoral muscles and from heart, respectively; at

pH 9.6 the dimer content was expected to increase in

mtCK from heart, and at pH 6.0 the octamer was expect�

ed to appear in the enzyme from pectoral muscles. Using

this approach, the pI values for the octamer and dimer of

mtCK from heart and skeletal muscles were obtained as

follows: 8.93, 8.91 and 9.67, 9.56, respectively [56]. Thus,

Parameter

К m
MgATP

K m
Cr

Vf

К m
MgADP

K m
CP

Vr

Kapp*

Dimer
(3)

42 ± 5 (р < 0.01)

3.4 ± 0.8 (р < 0.02)

60 ± 5

17 ± 0.6 (р < 0.05)

0.23 ± 0.04 (р < 0.01)

111 ± 10 (р = 0.05)

0.016 ± 0.0017

Table 2. Kinetic parameters of octamer and dimer of mtCK from bovine heart [64]

Octamer
(4)

82 ± 4

8.1 ± 0.9

61 ± 9

43 ± 8

0.68 ± 0.06

162 ± 16

0.017 ± 0.0015

Unit

µM

mM

µg�eq H+/min⋅mg

µM

mM

µg�eq H+/min⋅mg

Kapp = Vf ⋅K m
MgADP⋅K m

CP/Vr⋅K m
MgATP⋅K m

Cr. The results were processed using Student’s t�test. Values p ≤ 0.05 were considered statistically significant. In

parentheses, the number of experiments. All results are presented as mean ± SD. Protein was determined at 280 nm (A1%
280 = 11.7 [31]).

* 
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Fig. 9. Kinetic curves for the octamer (a, b) and dimer (c, d) of mtCK from bovine heart [64]. a, c) Primary plots of the [MgATP]/v ver�

sus [MgATP] at the following fixed concentrations of Cr (mM): a) 5 (1), 10 (2), 25 (3); c) 3 (1), 7.5 (2), 20 (3); b, d) secondary plots of

the [Cr]/V′ versus [Cr]. V′ was calculated from the ordinate intercepts of the primary plots (a) and (c), respectively.
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the isoelectric points of both oligomeric forms of mtCK

are at alkaline pH values and virtually coincide for the cor�

responding forms from the two sources. The isoelectric

points of oligomeric forms presented in the literature are

also at alkaline pH values [67, 68].

To end the section concerning properties of mtCK

oligomeric forms in solution it should be emphasized that

the effects caused by the exposures studied were

reversible. This clearly demonstrates that the dimer and

octamer in solution are in the state of dynamic equilibri�

um. Thus, the dimers generated in the medium with the

low ionic strength reassociate as the ionic strength of the

solution increases (Fig. 5). The effect of pH is also

reversible; the dissociation degree of the octamer during

the generation of TSAC and in the absence of substrates

depends on the protein concentration and is determined

by the equilibrium constant of the dissociation.

IDENTIFICATION OF OLIGOMERIC FORM 

OF mtCK BOUND TO MITOCHONDRIAL 

MEMBRANES AND DETECTION 

OF DIFFERENCES IN PROPERTIES 

OF SITES OF ENZYME LOCATION 

ON THE MEMBRANES

The isoelectric points of the dimer and octamer sug�

gested that both forms should be bound to membranes.

Nevertheless, we allowed for changes in the oligomeric

composition of mtCK because of the binding to mem�

branes. Thus, it seemed probable, for example, that the

interaction with a membrane would stabilize a certain

intermediate form of the enzyme, e.g., a tetramer, or that

several octamers on the membrane would combine into

higher�molecular�weight aggregates similar to those gen�

erated during the precipitation of mtCK [47]. It might fur�

ther be supposed that the dimer and octamer should be

forms instantly produced from mtCK during its solubiliza�

tion from the membrane. To identify the membrane�

bound oligomeric forms of mtCK, we used a “cross�link�

ing” bifunctional reagent, GA, which at neutral pH values

could irreversibly cross�link NH2�groups within seconds,

and this allowed us to record a particular state of mito�

chondrial membranes and of the enzyme [69�71].

Moreover, GA can cross�link NH2�groups located at vari�

ous distances because in the cross�linking monomers,

dimers, and trimers of GA are involved. The cross�linking

was performed in 0.25 M sucrose when all mtCK was

bound to the mitochondrial membranes. We suggested

that the cross�linking should stabilize the oligomeric

forms that were present on the membranes at that instant,

even if they were nonresistant on solubilization in the

absence of cross�linking. After the cross�linking, the mito�

chondria were washed from GA and the membranes were

broken by ultrasonication in 0.25 M KCl and then precip�

itated at 230,000g. The mtCK activities were approxi�

mately equally distributed between the precipitate and

supernatant, whereas in the absence of cross�linking 95%

of the mtCK activity was extracted from the mitochon�

dria. The supernatants were concentrated, and the

oligomeric forms in them were analyzed by ultracentrifu�

gation in sucrose density gradient. At pH 7.4 the same

oligomeric forms were found in the mitochondrial extract

after the cross�linking with GA as in the control extract

[72], with the sedimentation constants of 5 and 12 S, i.e.,

the dimer and the octamer. On placing onto a sucrose

density gradient containing the reaction substrates, the

control mtCK dissociated to dimers completely, while

after the cross�linking the enzyme dissociated only par�

tially. Preincubation at pH 5.5 resulted in a partial transi�

tion of the dimer to the octamer, and this association

occurred in both the control extract and the extract after

the cross�linking with GA without a noticeable difference.

If the dimer were present on the membranes during the

cross�linking, the cross�links on its surface would make

difficult the association of the dimer into the octamers. It

is likely that the dimer detectable by sucrose  density gra�

dient was generated from the octamer incompletely linked

by GA already after the passage of this octamer into the

solution during the ultrasonication of mitochondria and

the subsequent ultracentrifugation in the density gradient.

It might be expected that the cross�linked octamer com�

plexes should be precipitated at 230,000g. However, the

mtCK activity distribution in the precipitates after a step�

wise centrifugation of the ultrasonicated mitochondria

suspension corresponded to the distribution of the marker

enzyme of the inner membrane, cytochrome oxidase;

consequently, the part of mtCK which had been precipi�

tated was bound to mitochondria [72]. Data on kinetics

indicated that the fraction of mtCK non�extractable from

mitochondria during the ultrasonication had the same

oligomeric composition as the extractable enzyme: both

the total fraction and the non�extractable mtCK displayed

complicated kinetics (as in Fig. 4b), and the Michaelis

constants were coincident [72]. Thus, this part of our work

confirmed the presence of octamers on the mitochondrial

membranes during the cross�linking. We did not detect

any other oligomeric form.

Because in the medium with high ionic strength the

equilibrium between the mtCK octamer and dimer is

established slowly, we analyzed contents of the mtCK

oligomeric forms in the extract from bovine heart mito�

chondria (without preliminary cross�linking with GA) by

rapid HPLC gel chromatography. The freshly prepared

extract contained only the octamer of mtCK, but after

storage for 22 h a certain amount of the dimer appeared

corresponding to the equilibrium distribution of the two

forms in solution [72]. In our experiments, the extract

from mitochondria contained 80�85% of the mtCK activ�

ity; consequently, at least 80�85% of the mtCK in mito�

chondria isolated in 0.25 M sucrose should be the

octamer. The conclusion that the octamer is the main
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oligomeric form bound to mitochondrial membranes was

simultaneously arrived at by French authors [60, 73] who

used other approaches and other sources of mitochondria

(pig heart and rabbit heart). More recently, similar results

were obtained on mitochondria from chicken heart [68].

The increased content of mtCK in the precipitate of

GA�pretreated mitochondria was shown to be unrelated

with physical barriers preventing the enzyme passage into

solution but to be caused by the cross�linking of mtCK to

membranes. The cross�linking of mtCK at the same con�

centration of GA within varied time intervals and also the

cross�linking at increasing GA concentrations within a

constant time interval suggested that the maximum quan�

tity of the enzyme which could be cross�linked to the

membranes was 45�50% of the total mtCK in the mito�

chondria [74]. The incomplete cross�linking of mtCK

with membranes was not caused by different accessibility

of individual binding sites of the enzyme for the cross�

linking reagent because the hypotonic pretreatment

which cause mitochondrial swelling and the unfolding of

crista membranes failed to increase the cross�linked frac�

tion of mtCK [74]. Taking into account that under exper�

imental conditions only one oligomeric form of mtCK

(octamer) was bound to mitochondrial membranes, that

the GA�produced bonds were resistant, and that all bind�

ing sites of mtCK were accessible for the cross�linking

reagent, we concluded that the incomplete cross�linking

of the enzyme with the membranes was due to a differ�

ence in the environment of the binding sites [74]. Thus,

the binding sites of mtCK can be located in the cristae

and on the inner surface membrane [44, 76, 77], which

are different in their structure [75].

Why does the binding of octamers to mitochondrial

membranes induce subunits that are kinetically equivalent

in solution (Figs. 4a and 9a) to lose this property? We

know that the mtCK octamer consists of two tetramers.

The interaction with the inner membrane is likely to occur

through one of them, and this results in the appearance of

differences in kinetic features of the subunits bound and

not bound to the membrane. This point of view is sup�

ported by our findings of similar changes in the enzyme

kinetics also during the interactions of mtCK with liposo�

mal membranes [33, 36]. The surface charge of mem�

branes is known to affect the value of Km for the charged

substrates of enzymes bound to these membranes [78].

Thus, the octamer is the main oligomeric form of

mtCK in freshly isolated mitochondria from various

sources. Can the dimer bind to membranes? In our study

on the binding of mtCK to mitoplast membranes, we

found that both oligomeric forms could bind to the mem�

branes [12]. The number of binding sites was the same for

both forms, although the dimer was bound less firmly

than the octamer [12]. In our experiments, the dimer also

bound to liver mitochondria [12]. More recently, we

found that this also took place in the case of mtCK dimer

from pigeon pectoral muscles [79]. The literature data are

inconsistent. Thus, by data of Marcillat et al. [60], only

the octamer could bind to heart mitochondria at neutral

and alkaline pH values. Schlegel et al. [68] found that

both oligomeric forms and only the octamer could bind at

neutral pH values and at pH 8.1, respectively, whereas at

pH 8.8 mtCK did not bind to membranes at all. The last

finding contradicts data presented in [60] and our finding

on stability of the mtCK binding to membrane of bovine

heart mitochondria within the pH range from 5.0 to 9.5

[12]. This corresponds to the range of the pH�stability of

the enzyme in solution [28] and also to data on the

involvement of amino groups of lysine and arginine [40,

55], which have pKa higher than 10, in mtCK binding to

membranes. These discrepancies are suggested to be due

to different approaches. Thus, Marcillat et al. [60] used a

reversible inactivation of mtCK with PCMB solution that

was likely to induce changes in the quaternary structure of

the dimer. Schlegel et al. [68] obtained mitoplasts using

an alkaline phosphate solution (pH 8.8) that could desta�

bilize the inner membrane structure in the absence of the

bound enzyme. Schlegel et al. [68] found that at pH 7.0

the octamer fraction was increased in the extract from

mitoplasts to which the dimer was preliminary bound.

Thus, the overall findings described above suggests that at

physiological pH values both mtCK octamer and dimer

should bind to mitochondrial membranes and that the

equilibrium of these two forms on the membrane surface

should be strongly displaced towards the octamer. This is

responsible for the predominance of the octamer among

oligomeric forms found in mitochondria [60, 68, 72, 73].

Thus, what do we know about the conditions for the

functioning of mtCK in mitochondria? Our findings sug�

gest that mtCK should be bound to mitochondrial mem�

branes by electrostatic forces and that in vivo it should be

membrane�bound in mitochondria and in the free state in

the intermembrane space. Data on the binding of mtCK

to membranes of heart and liver mitochondria and simi�

lar changes in kinetic properties of the enzyme during its

binding to mitochondrial and liposomal membranes indi�

cate that the structural elements of membranes which

bind mtCK are phospholipids. Data on the pH�stability

of the enzyme binding to mitochondrial membranes and

also values of isoelectric points suggest that mtCK should

interact with negatively charged groups of the mem�

branes. Our experiments with isotopes indicate that direct

nucleotide exchange with TAN is not necessary for func�

tioning of mtCK.

Studies on properties of mtCK from heart and skele�

tal muscles show that in solution the enzyme exists as a

mixture of only two oligomeric forms, dimer and

octamer, and that these forms of the enzyme from the two

sources have very similar properties. The octamer has a

quasi�spherical structure and consists of two tetramers.

The equilibrium between the dimer and the octamer can

be changed under the influence of physiologically impor�

tant factors such as pH, the substrates, and Pi. Both
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oligomeric forms can bind to mitochondrial membranes;

the binding to membranes does not produce new

oligomeric forms of mtCK but displaces the equilibrium

towards the octamer. Mitochondrial membranes have two

types of mtCK�biding sites that are different in their envi�

ronment. The mtCK activity is distributed between these

locations at the ratio of 1 : 1. These locations are likely to

be on the cristae membranes and on the inner surface

membrane. The dimer and octamer are different in their

kinetic properties. According to calculations, at low con�

centrations of ADP characteristic for the rest state of

muscle tissue, the catalytic effectiveness of the dimer is

higher than that of the octamer. This difference decreases

with increasing ADP concentration. The binding to mito�

chondrial membranes changes the kinetic parameters of

the octamer, but these changes only slightly affect its cat�

alytic effectiveness. The decrease in Km for MgATP dur�

ing oxidative phosphorylation suggests that during this

process the mtCK octamer is partially released from the

membranes and/or dissociates into dimers in the inter�

membrane space. In the absence of oxidative phosphory�

lation, Vmax of mtCK in mitochondria is three times high�

er than during the oxidative phosphorylation, when both

maximal rates are equal [23]. It is known that the oxygen

uptake by rat heart at rest is less than 10% of the maxi�

mum and at moderate loads it is 25�40% of the maximum

(references in [80]). All this suggests that during oxidative

phosphorylation in vivo mtCK catalyzes the reaction

close to the equilibrium state. This is also supported by

findings on transgenic mice deprived of MM�CK [81,

82]. It seems that the existence of two oligomeric forms of

mtCK maintains the reaction close to the equilibrium

state over a wide range of physiological conditions.

Unlike the dimer, the mtCK octamer can interact with

the outer membrane of mitochondria [68, 83] and, thus,

can be involved in the formation of contact sites between

two surface membranes [53] and, possibly, in the regula�

tion of permeability of the outer membrane for metabo�

lites [84, 85]. Thus, we now have much knowledge about

the conditions under which mtCK functions in heart and

skeletal muscle mitochondria. Nevertheless, there are still

no quantitative data on the effect of functional state of

mitochondria on the equilibrium between the oligomeric

forms and on the equilibrium between the free and mem�

brane�bound enzyme.

What is the physiological role of mtCK? The physio�

logical role of the creatine kinase system as a whole and of

mtCK in particular was considered in our recent review

[80]. Based on our above�described experiments and also

on the analysis in detail of kinetic, thermodynamic, and

structural data which form the foundation for the concept

of structural−functional coupling of mtCK and TAN, we

arrived at the conclusion that no unidirectional synthesis

of CP occurs in mitochondria and that mtCK functions

under conditions close to equilibrium. Based on the liter�

ature, we concluded that 80�90% of ATP in the heart and

skeletal muscle cells should be unbound. We have also

used the literature on the limited permeability of the

outer membrane of mitochondria for charged substances

[86] and on the importance of the resulting concentration

gradient for substances which are present in the cells at

micromolar concentrations, e.g., for ADP, but not for

ATP, Cr, and CP [87]. We arrived at the conclusion that at

any instant the concentrations of ATP, Cr, and CP in the

intermembrane space of mitochondria should not differ

from their concentrations in the cytoplasm. Because the

creatine kinase reaction in the cytoplasm of skeletal mus�

cle and heart is close to the equilibrium state over a wide

range of conditions, this means that mtCK is unable to

provide in the intermembrane space ADP concentration

higher than the equilibrium concentration in the cyto�

plasm. The nearer is mtCK to the equilibrium state, the

nearer is the ADP concentration in the intermembrane

space to the ADP concentration in the cytoplasm. Thus,

we arrived at the conclusion that the specific function of

mtCK is responsibility for rapid equilibrating of the ADP

concentration, and, consequently, of the ATP/ADP ratio

in the intermembrane space with their ratio in the cyto�

plasm at this instant [80, 88]. Our scheme of mtCK func�

tions is presented in Fig. 10. Because this system is oper�

ating without amplification, the activity of mtCK furnish�

es the oxidative phosphorylation system with undistorted

information about the current value of the phosphoryl

potential in the cytoplasm. In a bioenergetic model

describing the events of the contraction−relaxation cycle

in muscle such a feedback mechanism is sufficient for

Fig. 10. Scheme presenting the role of mtCK in elimination of

the ADP concentration gradient acros the outer membrane

(OM) of mitochondria: the direct exchange of nucleotides

between mtCK and TAN is absent; the concentrations of ATP,

Cr, and CP in the intermembrane space (IMS) are the same as

in the cytoplasm (this is shown by two�directional arrows inter�

secting OM); OM has a limited permeability for ADP (dotted

arrows not intersecting OM); creatine kinase reactions in the

cytoplasm (CKc) and in mitochondria are close to the equilib�

rium state (the arrows indicate both directions of the reaction);

as a result of the mtCK activity, the ADP concentration in the

IMS is equal to its concentration in the cytoplasm. IM) inner

membrane [80].
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maintenance of energy balance [89]. However, at low

concentrations of ADP in muscle cells, the ADP of the

intermembrane space can stimulate the respiration of

mitochondria much more strongly than it would be stim�

ulated in the presence of the same ADP concentration in

the cytoplasm and in the absence of the mtCK activity

(because the K m
ADP value for TAN must be lower than the

K m
ADP value for mitochondria, which is affected by a rela�

tive impermeability of the outer membrane). Thus, the

appearance of mtCK (and also of other localized CK) is a

certain adaptation to the complicated structural organi�

zation of cell proteins that is responsible for diffusion lim�

itations inside some protein complexes, and these limita�

tions are significant for substances which are present in

the cell at low concentrations.
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