
Under physiological conditions nucleoside diphos�

phate kinase (NDPK; EC 2.7.4.6) catalyzes reactions of

synthesis of various nucleoside triphosphates (NTPs)

from ATP and corresponding nucleoside diphosphates

(NDPs). The resultant NTPs are involved in the main

anabolic processes [1].

In hepatocytes, NDPK is localized within the cyto�

plasm; it is also associated with membranes [2, 3]. In

mitochondria, this enzyme was found in the outer com�

partment and also in the matrix [4, 5]. Recently we have

demonstrated that in rat liver mitochondria all NDPK

activity of the outer mitochondrial compartment is asso�

ciated with the outer surface of the outer mitochondrial

membrane [6]. In mitochondria NDPK of the outer

mitochondrial compartment catalyzes the following reac�

tion: ATP + NDP → ADP + NTP.

ADP formed in this reaction is further consumed

during oxidative phosphorylation, and this is accompa�

nied by the stimulation of respiration [5�7]. Although

mitochondrial NDPK represents only 13% of NDPK

present in soluble fraction of hepatic homogenate [6], its

activity may account for nearly the maximal rate of oxida�

tive phosphorylation [5�7].

The functions of matrix NDPK are well understood

[4, 5, 8], whereas a physiological role of NDPK in the

outer mitochondrial compartment remains unknown.
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Abstract—In rat liver mitochondria all nucleoside diphosphate kinase of the outer compartment is associated with the outer

surface of the outer membrane (Lipskaya, T. Yu., and Plakida, K. N. (2003) Biochemistry (Moscow), 68, 1136�1144). In the

present study, three systems operating as ADP donors for oxidative phosphorylation have been investigated. The outer mem�

brane bound nucleoside diphosphate kinase was the first system tested. Two others employed yeast hexokinase and yeast

nucleoside diphosphate kinase. The two enzymes exhibited the same activity but could not bind to mitochondrial mem�

branes. In all three systems, muscle creatine phosphokinase was the external agent competing with the oxidative phospho�

rylation system for ADP. Determination of mitochondrial respiration rate in the presence of increasing quantities of crea�

tine phosphokinase revealed that at large excess of creatine phosphokinase activity over other kinase activities (of the three

systems tested) and oxidative phosphorylation the creatine phosphokinase reaction reached a quasi�equilibrium state.

Under these conditions equilibrium concentrations of all creatine phosphokinase substrates were determined and Keq
app of

this reaction was calculated for the system with yeast hexokinase. In samples containing active mitochondrial nucleoside

diphosphate kinase the concentrations of ATP, creatine, and phosphocreatine were determined and the quasi�equilibrium

concentration of ADP was calculated using the Keq
app value. At balance of quasi�equilibrium concentrations of ADP and

ATP/ADP ratio the mitochondrial respiration rate in the system containing nucleoside diphosphate kinase was 21% of the

respiration rate assayed in the absence of creatine phosphokinase; in the system containing yeast hexokinase this parameter

was only 7% of the respiration rate assayed in the absence of creatine phosphokinase. Substitution of mitochondrial nucle�

oside diphosphate kinase with yeast nucleoside diphosphate kinase abolished this difference. It is concluded that oxidative

phosphorylation is accompanied by appearance of functional coupling between mitochondrial nucleoside diphosphate

kinase and the oxidative phosphorylation system. Possible mechanisms of this coupling are discussed.
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Studies of other kinases localized on the external surface

of the outer mitochondrial membrane, hexokinase (HK)

and glycerol kinase, revealed the existence of functional

coupling between these kinases and oxidative phosphory�

lation. The most numerous data have been obtained for

isozyme I of HK.

Bessman et al. demonstrated that oxidative phospho�

rylation is accompanied by a decrease in apparent Km of

mitochondrial HK for ATP synthesized in mitochondria

compared with external medium ATP [9, 10]. Later the

decrease in HK Km for ATP and the increase in catalytic

efficacy of HK during oxidative phosphorylation have

also been observed by other researchers [11�13]. Similar

results have also been obtained for glycerol kinase [14,

15]. It was suggested that functional coupling between

HK (or glycerol kinase) and the oxidative phosphoryla�

tion system might involve formation of a kinase micro�

compartment limiting adenine nucleotide diffusion dur�

ing oxidative phosphorylation. This results in generation

of higher local concentration of ATP in this micro�com�

partment than in the external environment because ATP

formed during oxidative phosphorylation is more avail�

able to kinases than ATP of external medium [10, 12, 16�

20]. The adenine nucleotide pool of this micro�compart�

ment is not totally autonomous and prolonged incubation

of mitochondria results in convergence of Km values of

HK for external ATP and ATP generated by mitochon�

dria [9, 10]. The degree of ATP compartmentation in the

active site of HK also decreased with the increase in ATP

concentration in the external solution [17].

There is convincing evidence that mitochondrial

contact sites containing these kinases, porin, and adenine

nucleotide translocase (ANT) represent the structural

basis of the functional compartment of these kinases [21,

22]. In vitro experiments directly demonstrated interac�

tion of HK and glycerol kinase with porin [20, 23] and

porin interaction with ANT [24]. This implies formation

of a kinase–porin–ANT multienzyme complex [24].

Formation of the multienzyme complex is accompanied

by conformational changes in each individual component

[13, 18, 25, 26].

In model experiments employing rat liver mitochon�

dria with brain mitochondrial HK isoenzyme I, Laterveer

et al. demonstrated [27, 28] that during oxidative phos�

phorylation some proportion of ADP formed in the hexo�

kinase reaction was inaccessible to exogenously added

pyruvate kinase system though its activity significantly

exceeded the rate of oxidative phosphorylation. These

authors concluded that the outer mitochondrial mem�

brane represents a permeability barrier for ADP and dur�

ing catalysis by mitochondrial HK some proportion of

ADP is directly tunneled into the mitochondrial matrix

without mixing with external ADP [27, 28]. It is suggest�

ed that kinetic advantages of membrane bound HK are

not significant at physiological concentrations of ATP

and mainly ADP tunneling into the matrix has the only

physiological importance [27]. It is also suggested that

mitochondrial kinases may be crucial for maintenance of

intramitochondrial ADP level and ATP/ADP ratio favor�

able for oxidative phosphorylation without generation of

high ADP concentration in cytoplasm [28].

We have suggested that liver NDPK localized on the

outer surface of the outer mitochondrial membrane

(mNDPK) may exhibit the same properties because in

liver mitochondria at least part of the mNDPK activity is

localized within the contact site region [18]. There is one

difficulty of experiments with mNDPK. This is that pyru�

vate kinase usually employed as the external ADP�con�

suming system in polarographic experiments and also for

determination of ADP concentration in the experimental

samples (when the reaction is stopped) is not specific with

respect to ADP and may also use other NDPs, the NDPK

substrates present in the medium. These problems could

be excluded by using the creatine phosphokinase system

as an ADP�consuming system. Since liver mitochondria

(in contrast to cardiac or skeletal muscle mitochondria)

lack this enzyme [29], use of muscle creatine phosphoki�

nase (CPK) is methodologically correct. The other rea�

son for use of CPK is the reversibility of the creatine

phosphokinase reaction (the pyruvate kinase reaction is

practically irreversible).

We have analyzed three systems shown in Fig. 1. In

the first system (Fig. 1a), mNDPK bound to the outer

surface of the outer mitochondrial membrane acted as the

ADP donor. In the second system (Fig. 1b), membrane�

unbound yeast HK (yHK) was the ADP donor, whereas

in the third system membrane�unbound yeast NDPK

(yNDPK) served as the ADP donor. In all three systems,

CPK was the external agent competing with the oxidative

phosphorylation system for ADP.

In all these systems, we have determined mitochon�

drial respiration rate in the presence of increasing quanti�

ties of CPK. In the presence of a large excess of CPK over

activity of mNDPK, yHK, and oxidative phosphorylation

system, the creatine phosphokinase reaction is in a quasi�

equilibrium state. So in the samples incubated in the

presence of yHK we determined equilibrium concentra�

tions of all components of the creatine phosphokinase

reaction and calculated Keq
app of this reaction under our

experimental conditions. In samples containing active

mNDPK we also determined concentrations of ATP, cre�

atine, and phosphocreatine, and using the value of Keq
app

we calculated the quasi�equilibrium concentration of

ADP.

We found that in the presence of a large excess of

CPK activity quasi�equilibrium concentrations of ADP

and also ATP/ADP ratios in the systems with yHK and

mNDPK were the same, but the rate of mitochondrial

respiration with mNDPK was higher than the correspon�

ding value determined in the system with yHK. This dif�

ference disappeared when mNDPK was replaced by

yNDPK.
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MATERIALS AND METHODS

Materials. ATP, ADP, AP5A, phosphocreatine, carb�

oxyatractyloside, and yNDPK were purchased from

Sigma (USA), creatine was from Eastman Kodak Co

(USA), yHK was from Fluka (Switzerland), and CPK was

produced by Reanal (Hungary).

Isolation of mitochondria. Mitochondria were isolat�

ed from livers of albino rats (180�200 g) starved for 16 h

with free access to water. All operations were carried out

at 2�4°C. Livers were quickly removed, washed free from

blood in 0.25 M sucrose, weighed, and squashed through

a tissue press (pore diameter of 1 mm). The squashed liver

was then homogenized in 40 ml of an isolation medium

containing 0.28 M mannitol, 2.1 mM Hepes, pH 7.4, for

1 min in a glass homogenizer using a Teflon pestle. After

homogenization, we added the isolation medium to

obtain 10% homogenate. The resultant 10% homogenate

was initially centrifuged at 2000 rpm for 15 min in a

Beckman J2�21 centrifuge (Austria) to remove cell debris

and nuclei. The supernatant (S1) was filtered through a

nylon filter and centrifuged at 8000 rpm for 10 min. After

careful removal of the supernatant, the mitochondrial

pellet (P1) was suspended in 16 ml of washing medium

containing 3.33 mM MgCl2, 0.27 M mannitol, 2.1 mM

Hepes, pH 7.4. The suspension of pellet P1 was cen�

trifuged at 12,000 rpm for 10 min. The supernatant was

carefully removed and the mitochondrial pellet (P2) was

suspended in the washing medium (protein concentration

∼60 mg/ml). The resultant mitochondrial suspension was

used in polarographic experiments.

For preparation of mitochondria with low activity of

mNDPK the mitochondrial pellet P1 was suspended in

16 ml of the isolation medium; the suspension was incu�

bated in the cold for 8 h under constant stirring and after

the incubation it was centrifuged at 12,000 rpm for

10 min. The mitochondrial pellet P2 was suspended in an

isolation medium as described above. During preparation

of mitochondria with high and low mNDPK content

using the same rat liver the supernatant S1 was subdivided

into two parts and two identical P1 pellets were obtained.

Each pellet was suspended in a half volume of washing or

isolation medium and treated as above.

Polarographic assay of mitochondrial respiration. The

rate of mitochondrial oxygen consumption was deter�

mined at 22°C using a covered Clark type platinum elec�

trode and LP 7e polarograph (Czechoslovakia). The main

incubation medium contained 85 mM KCl, 110 mM

mannitol, 0.1 mM EGTA, 20 mM Tris�HCl, pH 7.4,

5 mM potassium phosphate, 3 mM MgCl2, and 5 mM

potassium succinate. Other additions are given in the text

or corresponding legends to the figures and tables.

Oxygen concentration in the incubation medium was

assumed to be 290 µM at 22°C [30].

Polarographic experiments in the presence of increas�
ing concentrations of CPK. Increasing concentrations of

freshly prepared solution of rabbit muscle CPK (0�

34.1 U/ml) were added to the main incubation medium

containing the following additions: 1 mM ATP, 6 mM

phosphocreatine, and 0.02 mM adenylate kinase

inhibitor AP5A (incubation medium�1), and also 5 mM

glucose (incubation medium�2). The reaction was initiat�

ed by adding mitochondrial suspension P2. Using incuba�

tion medium�1, we added 600 µM CDP 1.5 min after

addition of the mitochondrial suspension, whereas in the

case of incubation medium�2 we added the predeter�

mined amount of yHK that caused the same stimulation

of mitochondria respiration in the absence of CPK as

600 µM CDP did.

To exclude a possible influence of mitochondrial

storage on the data obtained, samples prepared in incuba�

tion media�1 and �2 and containing different amounts of

CPK were used in a random succession.

Subsequent treatment of samples. One minute after

the last addition, the reaction was stopped by placing the

samples into concentrated solution of HClO4 containing

Fig. 1. Three experimental models used in this study. OM and IM are the outer and the inner mitochondrial membranes, respectively; G

and G�6�P are glucose and glucose�6�phosphate, respectively. Other comments are given in the text.

a b c

mNDPK

CPK CPK CPK

yNDPK

PC

PC PC

Cr Cr Cr

IM IM IM

OM OM OM

G

G�6�P

yHK
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bromothymol blue (final concentration of HClO4 was

0.6 M). Samples were incubated on ice for 1 h. Pilot

experiments revealed that such incubation period caused

total inactivation of CPK even in samples where CPK

concentration was especially high. The samples were cen�

trifuged at 13,400 rpm for 5 min using a MiniSpin plus

centrifuge (Eppendorf, Germany). The supernatant was

neutralized with sufficient amount of 5 M K2CO3 until

the indicator color changed (from yellow to violet) and

after 30 min it was centrifuged at 5000 rpm for 5 min

using a Metronex bench centrifuge (Poland). The result�

ant supernatant was stored at –18°C before determina�

tion of concentration of creatine phosphokinase reaction

components and also glucose�6�phosphate and CTP.

For evaluation of the contribution of matrix ADP to

the total pool of ADP, the mitochondrial suspension P2

was added to the main incubation medium, and after

1 min the enzymes were inactivated by adding HClO4.

This approach employed the finding described in the liter�

ature that ADP content in mitochondrial matrix remained

basically unchanged during mitochondria transition from

a resting state to active oxidative phosphorylation [31, 32].

We found that storage of samples treated with 0.6 M

HClO4 for 1 h on ice was accompanied by negligible

hydrolysis of ATP and phosphocreatine. However, because

of ADP concentration below 10 µM in samples with high

CPK activity we had to take into consideration of contri�

bution of ADP derived from ATP hydrolysis. For this pur�

pose, three parallel samples containing incubation medi�

um�2 were incubated with HClO4 for 60 min and then

treated as above. For determination of initial contamina�

tions of ADP in the ATP preparation, the other samples

were initially treated with K2CO3 and then with HClO4.

Concentrations of ADP, glucose�6�phosphate, ATP,

CTP, and phosphocreatine were determined spectropho�

tometrically using well�known coupling enzyme systems

using a Hitachi 200�20 recording spectrophotometer

(Japan) at 340 nm. ADP concentration in the samples

was determined as described in [33].

The reaction mixture for assay of glucose�6�phos�

phate (final volume 1 ml) contained 20 µl of an experi�

mental sample, 20 mM Hepes, pH 7.4, 0.4 mM EDTA,

10 mM MgCl2, 3 mM glucose, and 0.3 mM NADP+. The

reaction initiated by adding 0.8 U glucose�6�phosphate

dehydrogenase was monitored by the increase in

absorbance at 340 nm. After termination of this reaction,

ATP concentration in the same sample was determined

by adding 0.75 U yHK. A special set of experiments

revealed that under our experimental conditions the yHK

did not use CTP as a substrate. For determination of CTP

concentration, we added 0.3 mM ADP to the same sam�

ple and after stabilization of the absorbance 2.5 U

yNDPK was added.

Phosphocreatine concentration was determined in

10 µl of samples, which was added to the same medium

used for CTP determination (but lacking yNDPK); the

reaction was initiated by adding 12 U CPK. Molar

absorbance coefficient for NADH and NAD(P)H was

assumed to be 6.22·103 M–1·cm–1 at 340 nm [34].

Creatine concentration was determined using diacetyl

and α�naphthol [35]. The results were corrected for con�

tribution of sample components to the development of

color.

Creatine phosphokinase activity assay using CDP as
substrate. After addition of 34.1 U/ml CPK to incubation

medium�2, the samples were incubated at 22°C for

1.5 min with periodic shaking using a Thermomixer com�

fort (Eppendorf) and then 600 µM CDP and the amount

of yHK equivalent to that used in polarographic experi�

ments were simultaneously added to the reaction mixture.

The reaction was stopped 1 min after by adding HClO4,

and glucose�6�phosphate and CTP were assayed. These

experiments imitated ADP and CDP concentrations that

were present in polarographic experiments with mNDPK

and CPK; these experiments allowed the maximal

amount of CDP utilized by CPK to be determined.

Under these experimental conditions, the maximal

amount of CDP utilization was 10�12% of the initial con�

centration of this compound. Such decrease in CDP con�

centration did not influence mNDPK activity.

Study of mNDPK solubilization during mitochondria
storage. The concentrated suspension of P2 sediment was

stored on ice in the washing medium; after certain time

intervals aliquots of 30 µl (∼2 mg of protein) were taken

and added to 1970 µl of the same medium, mixed, and

immediately centrifuged in the cold at 14,500 rpm for

1 min in the MiniSpin plus centrifuge. For evaluation of

possible additional solubilization of mNDPK from mito�

chondria during a polarographic experiment the aliquots

of 30 µl of P2 suspension were added to incubation medi�

um�1 and incubated at 22°C with periodical shaking in

the Thermomixer comfort for 1.5 min; after that 600 µM

CDP was added. Total volume of samples was 2 ml. After

the incubation for 1 min, samples were centrifuged as

above. Supernatants were carefully removed, and the pel�

lets were suspended in 35 µl of the washing medium and

used for the polarographic determination of remaining

mNDPK activity using the main incubation medium

containing 1 mM ATP. The proportion of remaining

mNDPK was characterized by the ratio of the phospho�

rylating respiration after CDP addition to the rate of

phosphorylating respiration determined earlier in the

same polarographic sample after addition of 170 µM

ADP. The rate of phosphorylating respiration after ADP

addition (VADP) was determined as the difference between

the respiration rate registered immediately after ADP

addition and the rate after its exhaustion. The rate of

phosphorylating respiration after subsequent CDP addi�

tion (VCDP) was determined as the difference in the respi�

ration rate after and before CDP addition. The ratio

VCDP/VADP in the initial P2 suspension was determined in

a similar way.
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In the presence of CPK, the rate of phosphorylating

respiration during catalytic activity of NDPK or yHK was

determined by deducing the respiration rate after mito�

chondria addition from the respiration rate after addition

of CDP or yHK, respectively.

Mitochondrial protein content was determined by the

method of Gornall et al. [36].

RESULTS

Earlier we demonstrated that mNDPK is readily sol�

ubilized during storage of mitochondria [6]. The goals of

the present study required tight enzyme binding to mito�

chondrial membranes for at least 8 h of storage on ice.

After testing several washing media, we selected medium

containing 3.33 mM MgCl2, 0.27 M mannitol, 2.1 mM

Hepes, pH 7.4 (the washing medium). Figure 2 shows

results of a typical experiment.

Figure 2 shows that mNDPK was basically bound to

mitochondria during 8 h and enzyme solubilization did

not occur (curves 1 and 2). In incubation medium�1,

there was insignificant solubilization of mNDPK (curve

3), but about 80% of the catalytic activity was still associ�

ated with the mitochondria.

Functional characteristics of mitochondrial prepara�

tions used in this study are summarized in Table 1. The

table shows that under our experimental conditions for

isolation and storage the resultant mitochondrial prepa�

rations were well coupled and their functional character�

istics remained almost unchanged over the whole experi�

ment; there was a small decrease in respiratory control

ratio due to a small increase in the respiration rate

observed after ADP exhaustion. This may be attributed to

some stimulation of mitochondrial ATPase activity.

Figure 3 shows the effect of increasing concentra�

tions of CPK on the rate of mitochondrial respiration

studied in two systems: with mNDPK and in the presence

of yHK (Figs. 1a and 1b). It is seen that in the absence of

added CDP and yHK (Fig. 3, curves 3 and 4, respective�

ly) the respiration rates were identical in both systems

irrespective of the amount of CPK added. In the absence

of CPK addition of yHK caused the same stimulation of

mitochondrial respiration as the addition of 600 µM CDP,

i.e., activities of yHK and mNDPK in our experimental

systems were equal. During operation of these systems

State 3 respiration represented about 90% of the respira�

tion rate assayed in the presence of 170 µM ADP (Table

1). Equality of yHK and mNDPK activities was demon�

strated by spectrophotometric measurements of the reac�

tion products; the activity of yHK was 293 ± 4 nmol glu�

cose�6�phosphate/min per mg mitochondrial protein,

and the activity of mNDPK was 292 ± 2 nmol CTP/min

per mg protein (n = 3). However, during the increase in

CPK concentration added the respiration rate decreased

more slowly in the case of mNDPK activity compared

with the samples with yHK (Fig. 3, curves 1 and 2).

Figure 3 shows, that in the presence of 20.5 U

CPK/ml the mitochondrial respiration rates reached the

minimal values in both systems and did not change fur�

ther. Under these conditions the CPK activity exceeded

the rate of oxidative phosphorylation by 60�100 times.

Fig. 2. Solubilization of mNDPK during mitochondria storage in

the washing medium: 1) initial P2 suspension; 2) after re�sedi�

mentation of the mitochondria in the washing medium; 3) after

incubation of the mitochondria in incubation medium�1 and re�

sedimentation.
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Figure 4 shows the dependence of the mass action

ratio of the components of the creatine phosphokinase

reaction (Γ = [ADP]·[PC]/[ATP]·[Cr]) in the samples

with yHK on the activity of CPK added. Figure 4 shows

that at CPK concentration equal to or exceeding 20.5 U/

ml, the Γ values became constant. This means that in

these samples the reaction reached the quasi�equilibrium

state, i.e., Γ = Keq
app. The mean of the calculated Keq

app value

was 0.0259 ± 0.002 (Table 2).

As we said above the activities of mNDPK and yHK

were equal in these experiments. Consequently, in sam�

ples with active mNDPK the creatine phosphokinase

reaction had to reach the quasi�equilibrium state at the

CPK concentration of 20.5 U/ml and above. Using the

value of Keq
app found in the experiments with yHK we cal�

culated the quasi�equilibrium ADP concentration in

samples containing active mNDPK for these CPK con�

centrations. Table 2 summarizes the results of these cal�

culations. It is known that in the presence of excess sub�

strate and P1 the submaximal rate of mitochondrial respi�

ration is determined by the ratio of concentrations of

ATP and ADP in the incubation medium [37]. The cal�

culated values of the ATP/ADP ratios are also given in

Table 2.

Table 2 shows that the quasi�equilibrium concentra�

tions of ADP, ATP/ADP ratios, and initial rates of mito�

chondrial respiration in the absence of CPK did not dif�

fer in these two systems. However, under conditions of

quasi�equilibrium of the creatine phosphokinase reaction

the rate of phosphorylating respiration in the system with

yHK was significantly lower than with active mNDPK.

The proportion of phosphorylating respiration remaining

Fig. 4. Dependence of the mass action ratio (Γ) of the creatine

phosphokinase reaction components on CPK activity of samples

containing yHK. The concentrations of ATP, ADP, creatine, and

phosphocreatine were determined as described in the “Materials

and Methods” section.
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in the presence of excess of CPK activity was 21% in the

system with mNDPK, whereas in the system with yHK

this parameter was only 7%.

Completely different results were obtained when

yNDPK was added to liver mitochondria that had

mNDPK removed (Table 3). Table 3 shows that mito�

chondria in suspensions 1 and 2 did not differ in the res�

piratory control ratio; this means that both preparations

were well coupled. The mitochondrial preparations

sharply differed in mNDPK activity (VCDP/VADP = 91

and 7%, respectively). However, the rates of phosphory�

lating respiration differed insignificantly after yNDPK

addition to suspension 2 (112 and 120 nmol O2/min

per mg protein). This table also shows that in the pres�

ence of the added yNDPK the excess of CPK activity

almost removed the stimulation of respiration after CDP

addition (remaining activity was 3% of initial). In mito�

chondria with high mNDPK content mitochondria

retained about 23% of the initial phosphorylating respi�

ration in the presence of the same CPK activity.

Addition of 10 µM carboxyatractyloside after CDP

reduced the respiration rate in both systems to the same

level, which was lower than before CDP addition (not

shown in Table 3).

DISCUSSION

In the present study, we have demonstrated that in

the presence of an excess of an external ADP�consuming

system NDPK bound to mitochondrial membrane pro�

vides higher mitochondrial respiration rate than yNDPK

and yHK not bound to mitochondria. Under our experi�

mental conditions, the substrate (succinate) and Pi were

in excess; under these conditions, the mitochondrial res�

piration rate depended on concentrations of ADP and

ATP in the medium [37]. In the presence of soluble

enzymes, the rate of mitochondrial respiration provided

by quasi�equilibrium ADP concentration in the medium

was 3�7% of the mitochondrial respiration rate deter�

mined in the absence of CPK (Tables 2 and 3). During

mNDPK functioning the remaining mitochondrial respi�

ration rate was 21�23% of the initial rate (Tables 2 and 3),

though external concentration of ADP and ATP/ADP

ratio insignificantly differed in these systems (Table 2).

This difference in the mitochondrial respiration rates dis�

appeared after addition of carboxyatractyloside, the ade�

nine nucleotide translocase inhibitor; this means that this

difference was determined by differences in oxidative

phosphorylation rates.

The data suggest appearance of functional coupling

between mNDPK and the oxidative phosphorylation sys�

tem during their active functioning. We have not found

such data for mNDPK in the literature, and so these

observations on the mitochondrial enzyme have been

obtained for the first time. Earlier functional coupling

was demonstrated for HK isoenzyme type I [9�13] and

glycerol kinase [14, 15] bound to the outer surface of the

outer mitochondrial membrane. The value of mitochon�

drial respiration insensitive to inhibition by excess of

CPK (21�23% of the mitochondrial respiration rate in

the absence of CPK) found in the present study is com�

parable to the value (19%) obtained by Laterveer et al.

[27] in medium without dextran and in the presence of

excess pyruvate kinase and using liver mitochondria

bound HK isoenzyme type I from brain mitochondria.

Thus, functional coupling with the oxidative phosphory�

lation system appears to be a common feature of kinases

bound to the outer mitochondrial membrane. However, it

should be noted that in rat liver mitochondria HK and

glycerol kinase activities are very low compared with

mNDPK activity. According to literature data in rat liver

mitochondria HK activity is ~2.5 nmol/min per mg pro�

tein [21] whereas glycerol kinase activity varies from 0.08

Suspension
number

1

2

%

23

3

Table 3. Effect of excess of CPK activity on the rate of mitochondrial respiration during catalytic activity of mNDPK

and yNDPK

nmol O2/min
per mg protein

25.5 ± 1.6 (3)

3.4 ± 1.5 (2)

nmol O2/min
per mg protein

112

120

RCR

4.8

4.9

Active
enzyme

mNDPK

yNDPK

Note: Mitochondria with high and low mNDPK content (suspensions 1 and 2, respectively) were isolated from the same liver as described in the

“Materials and Methods” section. Polarographic assay was started after suspension 2 was prepared. Mitochondrial protein content was

1.4 mg/ml. In the case of suspension 2, yNDPK was added in amounts sufficient to maintain equal phosphorylating respiration after CDP

addition in the absence of CPK in both systems. Where indicated 20.5, 24.0, and 27.4 units of CPK/ml were added to suspension 1. In the

case of liver mitochondria in the presence of yNDPK, 20.5 and 27.3 units of CPK/ml were added. The results represent mean ± SEM, the

number of observations being given in parentheses.

V CDP/V ADP,
% (mNDPK)

91.0

7.0

%

100

100

Phosphorylating respiration rate

+CPK–CPK
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to 0.2 nmol/min per mg protein [38]; nevertheless, mito�

chondria contain many potential binding sites for these

enzymes [21, 27, 28, 38]. Under our experimental condi�

tions mNDPK catalyzed conversion of ~290 nmol

CDP/min per mg protein (assuming that ADP/O = 2,

see Table 2). This corresponds to ~80% of the maximal

rate of oxidative phosphorylation. This comparison

shows that in rat liver mitochondria mNDPK molecules

obviously make a major contribution to the functional

coupling between these kinases and oxidative phosphory�

lation.

What are the possible mechanisms underlying the

functional coupling between mNDPK and the oxidative

phosphorylation system? We may suggest that all (or at

least some proportion of) mNDPK molecules of the

outer mitochondrial compartment are localized near

porin pores. The membrane surfaces are characterized

by the existence of an unstirred water layer. At close posi�

tioning of active site of mNDPK and the porin pore some

proportion of ADP molecules formed in the nucleo�

side diphosphate kinase reaction may reach the pore

before leaving the layer of unstirred water, which is cru�

cial for ADP availability to CPK. The existence of the

unstirred aqueous layer on the surface of the outer mito�

chondrial membrane may create a microcompartment

for ADP where ADP concentration is higher than in the

external medium. This would result in the increase in

ADP concentration in the intermembrane space and the

increase in mitochondrial respiration rate. Another pos�

sibility is the formation of a multienzyme complex

mNDPK–porin–ANT at the contact sites between outer

and inner mitochondrial membranes during oxidative

phosphorylation; the formation of such a complex has

already been demonstrated for HK–porin–ANT [24].

Appearance of the multienzyme complex may cause

conformational changes in the ANT molecule accompa�

nied by changes in its kinetic properties with respect to

ADP and ATP, which result in increased affinity to ADP.

In the presence of CPK excess and at the same low

steady state ADP concentration and equal ATP/ADP

ratios the mitochondrial respiration rate will be higher in

the case of active functioning mNDPK than yHK and

yNDPK. Complex formation might also alter permeabil�

ity of the porin pores for adenine nucleotides. It is possi�

ble that the effects observed in the present study can be

attributed to a combination of these possible mecha�

nisms.

Earlier we have shown that 2�3 fractions of mNDPK

are associated with the outer mitochondrial membrane;

these fractions exhibit different tightness of association

with the outer mitochondrial membrane [6]. It is possible

that only one of these fractions accounts for the mNDPK

effects described here. Further studies are required to elu�

cidate which possibility is actually the case in functional

coupling between mNDPK and oxidative phosphoryla�

tion.

This work was partially supported by ALSAM
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