
Under physiological conditions, nucleoside diphos�

phate kinase (EC 2.7.4.6, NDPK) catalyzes the reactions

of nucleoside triphosphate (NTP) synthesis from ATP

and the respective nucleoside diphosphates. These nucle�

oside triphosphates are involved in the main anabolic

processes [1]. Ten genes encoding the ten types of homol�

ogous subunits used for construction of NDPK isoen�

zymes were found in human tissues. NDPK shows pro�

tein kinase and 3′�5′�exonuclease activities and interacts

with many proteins, thereby participating in the regula�

tion of cell mobility, growth and development, malignant

growth, and apoptosis. The catalytic and regulatory func�

tions can be realized independently from each other. The

abundance and different intracellular localizations of

NDPK isoforms suggest that each of them has a specific

function in a cell, and its intracellular localization is cru�

cially important for performance of this function (see,

e.g. the reviews [2�5]).

In liver cells, NDPK is localized in the cytoplasm

and bound to membranes [6, 7]. In mitochondria, this

enzyme was found in the outer compartment and in the

matrix [8, 9]. We have shown that all NDPK activity of

the outer compartment in rat liver mitochondria is local�

ized at the external surface of the outer membrane

(omNDPK) [10, 11]. Specific functions of NDPK from

the outer compartment have not been studied to date.

We have shown that the omNDPK of liver mito�

chondria is involved in functional coupling with the

oxidative phosphorylation system; hence, some part of

ADP formed during the NDPK reaction is directly trans�

ferred into the mitochondrial matrix, bypassing the stage

of mixing with ADP of the medium [12].

We have shown for the first time that functional cou�

pling involves only a small fraction of the omNDPK mole�

cules, which are most tightly bound to mitochondria and

are responsible for 22�24% of the total enzyme activity [11].
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Hexokinase and glycerol kinase are also capable of

functional coupling with the oxidative phosphorylation

system [13�17]. Both enzymes were shown to bind to the

same region of porin [18, 19]. To date, it is unknown

whether there is an antagonist partner of omNDPK at the

outer membrane of mitochondria.

In this work we continued the study of the properties

of omNDPK. Previously, it was shown that omNDPK

activity is only ~13% of the total enzyme activity in the

outer mitochondrial compartment and in the soluble

fraction [10]. Such highly excessive activity of cytosol

NDPK compared to the mitochondria�bound enzyme

suggests that the enzyme binding to the mitochondria is

limited by the number of specific binding regions at the

external surface of the outer membrane. On the other

hand, there are several NDPK isoforms in the cytoplasm

of liver cells [6]; the enzyme easily forms complexes with

other proteins [3] and relatively low�molecular�weight

compounds, e.g. monosaccharides [20]. Therefore, it is

likely that only a small proportion of total NDPK activi�

ty present in the cytoplasm of liver cells can bind to the

external surface of the outer mitochondrial membrane.

The goal of this work was to determine whether the

cytoplasm of liver cells contains a specific fraction of

NDPK molecules that are capable of binding to the outer

mitochondrial membrane; to identify the NDPK isoform

associated with the outer membrane; and to compare the

effects of substances influencing the association of hexo�

kinase and glycerol kinase with mitochondrial mem�

branes to their effects on omNDPK association with the

membranes.

MATERIALS AND METHODS

Materials. The following materials were used: ATP,

ADP, CTP, CDP, GTP, GDP, p1p5�di(adenosine) pen�

taphosphate (AP5A), and BSA (defatted) (Sigma, USA),

UDP (Reanal, Hungary), leupeptin (MP Biomedicals,

Inc, USA), L�trans�epoxysuccinyl�leucylamido(4�guani�

dino)�butane (E�64) (BIOMOL Research Labs, Inc,

USA), and primary mouse monoclonal antibodies against

NME2 (ab60602) (Abcam, USA). The secondary rabbit

polyclonal antibodies against mouse IgG conjugated with

horseradish peroxidase were kindly provided by Prof. A.

G. Katrukha, Department of Biochemistry of the

Biological Faculty of Moscow State University.

Binding of NDPK from the cytosol with mitochondri�
al membranes. Isolation of mitochondria and solubilization

of omNDPK. Mitochondria were isolated from the liver of

white rats (180�220 g) mainly as described in work [12].

The isolation medium (IM) contained 0.28 M mannitol

and 2.1 mM Hepes, pH 7.4. The 10% homogenate was

centrifuged for 15 min in a J2�21 centrifuge (Beckman,

Austria) at 2000 rpm in a JA�20 rotor. The supernatant

was centrifuged for 10 min at 8000 rpm, the volume of

resulting supernatant (S) was measured, and 10�15 ml of

the supernatant was taken, followed by leupeptin addition

up to final concentration of 50 µM, and centrifuged for

1 h in a L�90K centrifuge (Beckman) at 30,000 rpm in a

SW 55Ti bucket rotor. The resulting supernatant contain�

ing all soluble proteins of the cytoplasm including NDPK

will be hereinafter called “cytosol”. Mitochondrial pre�

cipitate after centrifugation at 8000 rpm (precipitate 1)

was suspended in the IM with leupeptin (2.7 ml per 1 g

tissue). The suspension of precipitate 1 was stirred on a

magnetic stirrer at 2°C for 2 h and centrifuged for 10 min

in the JA�20 rotor at 10,300 rpm. The mitochondrial pre�

cipitate (precipitate 2) devoid of most of the omNDPK

activity was suspended in the IM with leupeptin to final

concentration of about 60 mg/ml. The total volume of

suspension (V1) was measured, and the total volume of

precipitate 2 (V2) was calculated by the difference

between the total volume and the volume of the added IM

with leupeptin. The results were used for further calcula�

tions, and the suspension was immediately used in the

Mitochondria
washing medium

IM with MgCl2 (4)

With high ionic 
strength (4) 

IM (3)

IM

RCR

4.0 ± 0.2

4.8 ± 0.5

4.8 ± 0.4

6.1 ± 0.6 (4)

Table 1. Some characteristics of mitochondrial preparations stored in different washing media

VCDP/VADP, 
%

85 ± 5.0

79 ± 13

54 ± 12

13 ± 0.3 (3)

NDPK activity,
nmol CDP/min 
per mg protein

287 ± 35

264 ± 18

169 ± 38

64 ± 10 (3)

Oxidative phosphorylation
rate, nmol ADP/min

per mg protein

335 ± 30

345 ± 58

315 ± 22

482 ± 75 (4)

Preincubation
of mitochondria

no

no

no

yes

Note: In experiments with pre�incubation, the suspension of mitochondrial precipitate 1 was stirred in the cold for 2 h. RCR is respiratory control

ratio. The number of experiments is given in parentheses. Other details are described in “Materials and Methods”. Explanations are given in

the text.
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experiments on the cytosol NDPK binding to mitochon�

drial membranes.

In some experiments presented in Table 1, mito�

chondrial precipitate 1 was suspended in IM or in one of

the following wash media: 3.33 mM MgCl2, 0.27 M man�

nitol, 2.1 mM Hepes, pH 7.4 (the medium with Mg2+) or

0.14 M KCl, 2.1 mM Hepes, pH 7.4 (the medium with

high ionic strength). Mitochondrial precipitate 2 was sus�

pended in the respective wash medium to a concentration

of about 60 mg of mitochondrial protein in 1 ml. The sus�

pensions were stored on ice and used in polarographic

experiments.

Experiments on cytosol NDPK binding to mitochondri�

al membranes. A number of test tubes contained the cal�

culated volume of IM with leupeptin, 1.15 ml cytosol,

and MgCl2 to the final concentration of 3.33 mM. The

reaction was started by adding 40�400 µl of the suspension

of precipitate 2 containing 2.5 to 25 mg protein. Control

samples (for residual omNDPK activity in precipitate 2)

contained 100�400 µl of the suspension of precipitate 2

and did not contain the cytosol; some samples with the

cytosol contained no MgCl2. The total volume of each

sample was 1.9 ml.

All samples were simultaneously shaken for 5 min at

2°C in a Thermomixer Comfort (Eppendorf) and cen�

trifuged for 1 min at 14,500 rpm in a MiniSpin plus cen�

trifuge (Eppendorf). The supernatant was discharged and

preserved; mitochondrial precipitates (precipitates 3)

were rinsed by 0.5 ml of IM with leupeptin and MgCl2;

then the test tube walls were thoroughly dried and the

precipitates were suspended in IM (35 µl per each 30 µl of

the taken suspension of precipitate 2). NDPK activity was

determined by the polarographic method.

Mitochondrial respiration. The rate of oxygen con�

sumption by mitochondria at 22°С was measured with a

closed Clark�type oxygen electrode and a LP 7e polaro�

graph (Laboratorni Pristroje Praha, Czechoslovakia).

The basic 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. Additional components are

indicated in the text. Dissolved oxygen concentration in

the basic incubation medium at 22°C was considered to

be equal to 290 µM [21].

Determination of omNDPK activity by the polaro�

graphic method. The basic incubation medium additional�

ly contained 1 mM ATP. The suspension of one of the

mitochondrial precipitates (20 µl) was placed in a 0.93�ml

polarographic cell. In 1.5�2 min ADP was added at final

concentration of 170 µM and then, after respiration

entered into state 4 according to Chance [22], 600 µM

CDP was added (Fig. 1).

The initial NDPK activity in the cytosol and residual

activity in the supernatants after obtaining precipitates 3

were measured in the incubation medium additionally

containing 20 µM AP5A (the inhibitor of adenylate

kinase). The suspension of precipitate 2 (18�20 µl) and

the cytosol or the respective supernatant (0�12 µl) were

introduced into the polarographic cell. Then ADP and

CDP were successively added as described above.

Phosphorylating respiration rate after addition of

ADP (VADP) was determined as a difference in respiration

rates immediately after ADP addition and after phospho�

rylation of all ADP (Fig. 1). The phosphorylating respira�

tion rate after subsequent addition of CDP (VCDP) was

found as a difference of respiration rates before and after

CDP addition (Fig. 1). For calculation of oxidative phos�

phorylation rate and NDPK activity, the respective values

of phosphorylating respiration rates (in ng�atom O/min

per mg of protein) were multiplied by the ADP/O ratio,

being equal to 2 during succinate oxidation. The ADP/O

ratio was considered invariable in the frame of a single

polarographic test; therefore, VCDP/VADP is a ratio

between omNDPK activity and ADP oxidative phospho�

rylation rate in this test.

Calculation of NDPK activity in fractions. The results

of polarographic analysis were used for calculation of the

total NDPK activity present in the suspensions of precip�

itates 3. The volume of the suspensions of precipitate 3

was calculated taking into account not only the volume of

Fig. 1. Polarographic method for measuring omNDPK activity.

The reaction was started by adding 20 µl of mitochondrial (M)

suspension containing 0.64 mg of protein. ADP (170 µM) and

CDP (600 µM) were added to the samples where indicated.

Respiration rates (in parentheses) are expressed in nmol O2/min

per mg protein. Other details are described in “Materials and

Methods”. Explanations are given in the text.
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IM added to each precipitate 3, but also the volume of the

precipitate itself. This volume was considered to be

directly proportional to the volume of the respective sus�

pension of precipitate 2 that yielded precipitate 3. The

volume of each precipitate 3 was found by the formula:

V3 = C·V1/V2 (ml), where C was the volume of suspension

of precipitate 2 that yielded the respective precipitate 3.

NDPK activity bound to the mitochondrial membranes

from the cytosol was found as a difference between the

total NDPK activity in the suspensions of precipitate 3

obtained after the incubation of precipitate 2 with the

cytosol and the control samples incubated without the

cytosol.

The initial activities of NDPK from the cytosol and

NDPK not bound to mitochondria were determined with

preliminary plotting of the diagrams of enzyme activity

dependence on the cytosol volume added into the polaro�

graphic cell. The linear sections of the diagrams were used

for calculations. The volume of the fraction of NDPK

activity from the cytosol not bound to the mitochondria

was determined by subtracting the volume taken by the

mitochondria proper in precipitate 3 from the total vol�

ume of the fraction (1.9 ml). It was considered to be 40%

of the total volume of the precipitate [10].

Creating Scatchard plots. The equation used was

analogous to the modified Scatchard equation: Kbind =

Abound/Afree·(mP – Abound), where Kbind was the equilibrium

constant of NDPK binding to mitochondrial membranes:

Abound was the total mitochondria�bound NDPK activity

in each precipitate 3 or NDPK activity bound to the given

mitochondrial suspension from the cytosol (nmol

CDP/min); Afree was NDPK activity not bound to the

given precipitate 3 (nmol CDP/min); m was the maxi�

mum specific NDPK activity in the given preparation of

mitochondria (nmol CDP/min per mg of protein); P was

mitochondrial protein (mg). Thus, the product of m·P

(nmol CDP/min) reflects the maximum NDPK activity

(total or from the cytosol), which in principle the given

precipitate 3 can bind. The following dependence curves

were plotted: Abound/Afree·mg (1/mg) of Abound/mg (nmol

CDP/min per mg protein).

Western blotting. Mitochondrial precipitate 1 after

centrifugation at 8000 rpm was suspended in the IM with

leupeptin (2.7 ml per gram tissue) and centrifuged for

10 min at 10,300 rpm. Mitochondrial precipitate 2 was

suspended in the same medium to a concentration of

about 60 mg mitochondrial protein in 1 ml. Portions of

suspension (500 µl) were poured into test tubes and shak�

en in a thermomixer at 2°C. After 4 h, the suspension was

centrifuged at 14,500 rpm in a MiniSpin plus centrifuge

for 10 min. The precipitate was removed, and the super�

natants were centrifuged two more times under the same

conditions to remove mitochondrial residuals.

The supernatants were combined, followed by addi�

tion of a denaturing buffer containing: 0.25 M Tris�HCl,

pH 6.8, 8% SDS, 40% sucrose, 20% β�mercaptoethanol,

0.0165% bromophenol blue (3 : 1) and heated on a water

thermostat at 95°C for 10 min. For separating large parti�

cles, the samples were filtered through an Ultracel YM�

100 membrane (Microcon Centrifugal Filter Device;

Millipore, USA) for 40 min at 13.9g in a MiniSpin plus

centrifuge at 4°С. Filtrate proteins were separated in

12.5% SDS�polyacrylamide gel in the Laemmli buffer

system [23]. (The cell for electrophoresis was a Mini�

Protean 3; Bio�Rad, USA). The treated extract was

applied at 30 µl to each gel lane.

After electrophoresis, the gel was washed free from

SDS for 15 min in electrotransfer buffer containing

25 mM Tris, 192 mM glycine, and 20% ethanol.

Electrotransfer of proteins to the nitrocellulose mem�

brane (Bio�Rad) was performed in a Mini Trans�Blot

(Bio�Rad) for 1 h at 100 V and 4°С on a magnetic stirrer.

After the electrotransfer was completed, the membrane

was placed for 15 min into 5% BSA solution in TBST

buffer (50 mM Tris�HCl, pH 7.4, 200 mM NaCl, 0.1%

Tween�20) with shaking in Sky Line S�4 (ELMI, Latvia).

The membrane was washed free from BSA by a single

rinsing in TBST and incubated for 1 h at room tempera�

ture in a solution of the primary mouse monoclonal anti�

bodies against NME2 in TBST (dilution 1 : 278). Before

60�min incubation with the rabbit anti�mouse antibodies

against IgG conjugated with horseradish peroxidase

(dilution 1 : 1000), the membrane was washed two times

for 4.5 min in TBST. After subsequent washing of the

membrane in TBST (3 times for 5 min), the proteins were

stained in a solution containing 50 mM Tris�HCl, pH 7.6,

0.3% 3,3′�diaminobenzidine, and 0.03% H2O2. The con�

trol samples for nonspecific protein staining were incu�

bated only with the secondary antibodies.

Study of effects of metabolites on omNDPK binding to
mitochondrial membranes. The supernatant after centrifu�

gation of liver homogenate at 2000 rpm was divided into

8�10 equal portions and centrifuged with cooling for

10 min at 9700 rpm in a desktop centrifuge model 310

(Metronex, Poland). Mitochondrial precipitates 1 were

suspended in 1.3�2 ml of media containing the metabo�

lites under study (medium compositions are given in the

text); the suspensions were incubated under periodic

shaking in a thermomixer for 1�2 h at 2°C and centrifuged

for 10 min in the Metronex centrifuge at 12,000 rpm. The

resulting precipitates were suspended in a small volume of

IM, followed by the measurement of residual omNDPK

activity and calculation of VNDPK/VADP as described above.

To study the effects of NDPK substrates, mitochon�

dria were shaken for 1 h in medium containing, in addi�

tion to the substrates, 2.1 mM Hepes, pH 7.4, 50 µM leu�

peptin, and 1 mM EDTA; ionic strength was brought to

0.08 by adding KCl, and osmotic concentration was

brought to 0.28 OsM by adding mannitol. In the polaro�

graphic tests of these experiments, the basic incubation

medium additionally contained 300 µM ATP, 170 µM

ADP, and 360 µM UDP.
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Ionic strength of the media was determined by the

equation I = 1/2 (ΣCi·Zi2), where Ci was the concentra�

tion of each ion and Zi was the charge of this ion. When

calculating the ionic strength of the buffers, the concen�

trations of ionic forms were determined using the

Henderson–Hasselbach equation.

Study of the effect of N,N′′�dicyclohexylcarbodiimide
(DCCD) on NDPK binding to mitochondrial membranes.
Mitochondrial precipitate 1 after centrifugation at

8000 rpm was suspended in 10 ml of IM containing

50 µM leupeptin and 25 µM E�64 (IM with cathepsin

inhibitors); the suspension was incubated for 1 h with stir�

ring at 2°C and centrifuged for 10 min at 10,300 rpm in

the JA�20 rotor. The resulting supernatant 2 containing

solubilized omNDPK was stored in ice until the begin�

ning of the experiment on repeated binding of omNDPK

with the mitochondrial membrane. Mitochondrial pre�

cipitate 2 was suspended in 3 ml of IM with the inhibitors.

During the incubation of mitochondria with

DCCD, the 500�µl samples contained 375 µl of IM with

the inhibitors and 5 µl of DCCD solution in ethanol up

to a final concentration of 0.02 or 0.1 mM. Control sam�

ples contained 5 µl of ethanol. The reaction was started

by adding 120 µl of the suspension of precipitate 2

(1.9 mg protein). The samples were shaken for 15 min at

22°C in the thermomixer; then each was layered onto

11 ml of IM with the inhibitors containing 1 mg/ml of

defatted BSA in 15�ml test tubes of the JA�20.1 rotor of

an Avanti J�E centrifuge (Beckman) and centrifuged

under cooling for 15 min at 30,000g. Mitochondrial pre�

cipitates 3 were rinsed with 1 ml of IM with the

inhibitors; then the liquid was thoroughly removed and

the precipitates were suspended in 1.2 ml of the same

medium. For the repeated binding of omNDPK solubi�

lized from mitochondria, the suspensions of mitochon�

drial precipitates 3 were quantitatively transferred into

2�ml test tubes, with addition of 0.6 ml of supernatant 2

and a concentrated MgCl2 solution to the final concen�

tration of 3.3 mM. The samples were shaken in the ther�

momixer for 1 h at 2°C and centrifuged for 10 min at

14,500 rpm in the MiniSpin plus centrifuge. The result�

ing supernatants 4 and residuals of supernatant 2 were

stored at –18°C until determination of omNDPK activi�

ty by spectrophotometry.

Spectrophotometric detection of NDPK activity. The

samples with total volume of 1 ml contained 3.3 mM glu�

cose, 10 mM MgCl2, 150 mM Hepes, pH 7.4, 0.6 mM

EDTA, 0.125 mM ADP, 0.3 mM NADP, 0.1 unit of glu�

cose�6�phosphate dehydrogenase, 0.7 unit of hexokinase,

20 µM AP5A, and 0�200 µl of one of supernatants 2 or 4.

The reaction was started by adding 3 mM CTP, and the

rate of absorption increase was measured at 340 nm.

Residual NDPK activity in the supernatants was deter�

mined as a difference between the absorptions of super�

natant�containing samples and the sample without the

supernatants. The bound NDPK activity was determined

as a difference between the added activity from super�

natant 2 and the activity remaining in supernatants 4.

Investigation of effect of palmitic acid on omNDPK
binding to mitochondrial membranes. Mitochondrial pre�

cipitate 1 after centrifugation at 8000 rpm was suspended

in 20 ml of the medium containing 0.26 M mannitol,

10 mM KCl, and 2.1 mM Hepes, pH 7.4. The suspension

was divided into six equal portions and centrifuged for

10 min at 12,300 rpm in the Metronex centrifuge.

One milliliter of the above medium containing 0�100 µM

of palmitic acid was added to mitochondrial precipitates

2. Palmitic acid solutions in ethanol (5 µl) were added to

the suspension media immediately before their use.

Suspensions containing 13 mg mitochondrial protein

each were incubated at 2°C for 30 min, followed by the

addition of 7 ml of the medium without palmitic acid,

and centrifuged again. Mitochondrial precipitates 3 were

suspended in a small volume of IM containing 5% defat�

ted BSA, and their residual NDPK activity was measured

by the polarographic method. The medium of the polaro�

graphic experiment additionally contained 1% BSA,

300 µM ATP, 170 µM ADP, and 360 µM UDP.

Statistical evaluation of the results is shown as

mean ± SEM for the number of measurements indicated

in the legends to figures and tables.

Mitochondrial protein was assayed by the method of

Gornall et al. [24] with BSA as a standard.

RESULTS

In most of our experiments, NDPK activity was

measured by the polarographic method (Fig. 1). The

advantages of this method have been described previous�

ly [11, 12, 25].

In the experiments with DCCD, which influences

the functional characteristics of mitochondria, NDPK

activity was measured by spectrophotometry.

Mitochondrial respiration is stimulated as a result of

NDPK functioning, irrespective of whether the enzyme is

bound to mitochondrial membranes or is in solution. Our

previous studies have shown that the total activity of

bound and solubilized omNDPK did not depend on the

degree of enzyme solubilization at saturating substrate

concentrations (1 mM ATP and 600 µM CDP or 300 µM

ATP and 360 µM UDP) [25].

Binding of NDPK from cytosol to mitochondrial
membranes. To determine whether the binding of NDPK

from the cytoplasm of liver cells with the outer mitochon�

drial membrane is limited by the number of specific bind�

ing sites or by the number of specific NDPK molecules, a

fixed volume of rat liver cytosol was incubated with

increasing quantity of mitochondria. The cytosol volume

added to the samples was equal to the volume of super�

natant S per ~2 mg of the protein from precipitate 1. In

our experiments, the content of mitochondria in experi�
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mental samples varied 10�fold (from 2.5 to 25 mg).

According to the calculations, the added NDPK activity

exceeded 3.0�3.5�fold the expected activity of the bound

NDPK in the sample with the maximum content of

organelles; hence, we supposed that if the activity was

limited only by the number of binding sites of the

enzyme, upon increase in the quantity of mitochondria

we would observe linear dependence of the bound enzyme

activity on the content of mitochondria in a sample. If

only some portion of NDPK activity from the cytosol can

specifically bind to the outer membrane, the increase in

the quantity of mitochondrial protein will give a satura�

tion curve. Mitochondria contain different NDPK activ�

ities depending on isolation conditions (Table 1). We have

used mitochondria with most of the omNDPK solubi�

lized (Table 1). The conditions necessary for repeated

NDPK binding to mitochondrial membranes were select�

ed previously [25].

Experimental results are shown in Fig. 2. It can be

seen that, while the activity of omNDPK remaining in

mitochondria linearly increased along with the increase

in mitochondrial protein (curve 1), the activity of NDPK

bound from the cytosol reached a certain limit (curve 2),

though this activity was less than 9% of NDPK activity in

the cytosol added to the suspensions of precipitate 2

(23,323 ± 478 nmol CDP/min). Verification has shown

that all NDPK activity from the cytosol not bound to

mitochondria is found in the supernatants of precipitates

3 (data not shown). In the absence of Mg2+, the maxi�

mum binding of NDPK from the cytosol with mitochon�

dria was 2.5 times less than in its presence (data not

shown). In one of the experiments, a protease and phos�

phatase inhibitor cocktail (50 µM leupeptin, 10 µM E�64,

0.25 mM phenylmethylsulfonyl fluoride, 1 mM EGTA,

1 mM dithiothreitol) was used instead of 50 µM leu�

peptin; however, it did not result in enhanced binding of

NDPK from the cytosol (data not shown).

The binding of NDPK to mitochondrial membranes

was quantitatively characterized by an equation analo�

gous to the Scatchard equation. The calculations were

made using the average results of experiments presented

in Fig. 2. The Abound values were obtained on the basis of

curves 3 or 2. The Afree values are a difference between the

maximum bound NDPK activity from the cytosol

(2000 nmol CDP/min (Fig. 2, curve 2)) and NDPK

activity from the cytosol bound to one of precipitates 3

(Fig. 2, curve 2).

If the free and bound NDPK are in the state of equi�

librium, then the dependence plots for Abound/Afree per mg

of the protein (1/mg) on Abound/mg (nmol CDP/min per

mg of protein) must be in the form of straight lines, which

cross the abscissa axis giving value m; intersection of the

ordinate axis gives a Kbind·m product, from where the Kbind

value can be found.

When using the total bound NDPK activity in the

calculations, i.e. the NDPK activity remaining in precip�

itates 2 plus the activity bound from the cytosol (accord�

ing to the data of curve 3, Fig. 2), we obtained curve 1 in

Fig. 3, where all points fell on a straight line. We arrived

at the conclusion that NDPK from the cytosol was bound

to regions at the outer mitochondrial membrane previ�

ously occupied with omNDPK and with the same affini�

ty. This conclusion was confirmed by plotting curve 2,

where only NDPK activity bound from the cytosol was

taken into consideration. The calculations were based on

the data of the ascending part of curve 2, Fig. 2. Figure 3

shows that curve 2 is parallel to curve 1. The total maxi�

mum specific activity of NDPK m in the used mitochon�

drial preparations was 238 nmol CDP/min per mg pro�

tein on average (Fig. 3, curve 1), while the specific activ�

ity of NDPK bound from the cytosol was 160 nmol

CDP/min per mg protein (Fig. 3, curve 2). The difference

between these values (78 nmol CDP/min per mg protein)

is omNDPK activity not solubilized from mitochondria

in the course of obtaining precipitates 2 and 3. According

to the data of Fig. 2 (curve 1), this value was 73 ± 24 nmol

CDP/min per mg protein on average. The constants of

NDPK binding with mitochondrial membranes were the

same for both curves: 0.0096 min/nmol CDP.

We concluded that only a small part (<9%) of free

NDPK present in the cytoplasm of rat liver cells can be

bound to the outer mitochondrial membrane, and it is in

a state of equilibrium with the bound enzyme.

Identification of NDPK isoform bound to outer mito�
chondrial membrane. The two main NDPK isoforms

identified in rat liver, α and β, are homologous to human

Fig. 2. Binding of NDPK from cytosol to mitochondrial mem�

branes: 1) omNDPK activity in control samples incubated with�

out cytosol; 2) mitochondria�bound NDPK activity from cytosol;

3) total bound NDPK activity. Results are averages of three exper�

iments. NDPK activity in the added cytosol is 23,323 ± 478 nmol

CDP/min. Other details are described in “Materials and

Methods”.
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NDPK�B and �A by 98 and 95%, respectively [6]. While

NDPK�A was found in the cytoplasm only, NDPK�B and

NDPK α were found both in the cytoplasm and in the

membrane fraction [7, 26].

The results of analysis of the extract from the mito�

chondrial outer membrane surface for the presence of

NDPK α are shown in Fig. 4. Monoclonal antibodies

against the recombinant fragment of NDPK�B corre�

sponding to amino acid residues 51�153 and containing

the maximum number of amino acid substitutions com�

pared to NDPK�A was used in this work. Figure 4 shows

that NDPK α is actually present in the extract from the

surface of liver mitochondria. The mean molecular mass

of the NDPK α isozyme was 19.7 ± 0.2 kDa (three exper�

iments).

Effects of metabolites on omNDPK binding to mito�
chondrial membranes. In search of the omNDPK partners

(omNDPK antagonists) at the mitochondrial surface, the

effects of substances influencing upon the binding of

hexokinase and glycerol kinase with the outer mitochon�

drial membrane were investigated. Previously we have

shown that the increased ionic strength of the storage

medium for mitochondria makes the association between

omNDPK and the membranes tighter [11]. The maxi�

mum and half�maximum effects were observed at an ionic

strength of ≥0.03 and ~0.01, respectively [11]. At an ionic

strength of 0.01 (Table 2, experiments 1 and 2), it was

possible to observe both association�intensifying and sol�

ubilizing effects of glucose and glucose�6�phosphate

(supposing they took place). Because of the difficulties

with exact calculation of the ionic strength of salt solu�

tions under study, we increased the ionic strength of the

medium in experiment 3 (Table 2) so that the final result

was not influenced by possible ambiguity in the calcula�

tions of ionic strength. The results in Table 2 show that

the tested substances had no effect on the association of

omNDPK with the membranes of liver mitochondria.

The effects of sodium salts of ATP, CTP, GTP, ADP,

CDP, GDP, IDP, and UDP at a final concentration of

1 mM were investigated. None of these substances had

any effect on the association of omNDPK with the mem�

branes (data not shown). It is known that the true NDPK

substrates are not free nucleotides but their complexes

with bivalent metals. In our experiments, Mg�complexes

of these substances increased the binding of omNDPK to

the membranes, but their effects were comparable with

the effect of free Mg2+ (data not shown).

Effects of DCCD and palmitic acid on omNDPK
binding to mitochondrial membranes. There are two types

of hexokinase binding sites on the outer mitochondrial

membrane: A and B. These sites are located in domains of

different phospholipid composition [27]. Glucose�6�

phosphate, DCCD, and palmitic acid inhibit hexokinase

binding to the A regions [27�30]. Only solubilization from

the A regions is reversible [28]. In one of our three exper�

iments with DCCD, which gave analogous results, the

activity of newly bound NDPK in the control sample

(with two repeats) was 17.3 ± 5.2 nmol CTP/min per

mg protein, at a DCCD concentration of 0.02 mM

(5.3 nmol/mg protein), 19.0 ± 0.0 and 14.7 ± 2.6 at a

DCCD concentration of 0.10 mM (26 nmol/mg protein).

Fig. 3. Scatchard plots based on data of Fig. 2. Details are

described in “Materials and Methods”. Explanations are given in

the text.
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The specific activity of added omNDPK was 36.2 nmol

CTP/min per mg protein. In one of the three similar

experiments with palmitic acid, VUDP/VADP was 54% in

the control and remained at the same level on variation of

the concentration of the acid from 0.01 to 100 µM.

The presented results show that neither substance

had an effect on the association between omNDPK and

mitochondrial membranes.

DISCUSSION

Comparison of the data from Table 1 and Fig. 3

shows that the maximum specific NDPK activity

obtained by extrapolation of curve 1 (Fig. 3) (238 nmol

CDP/min per mg protein) exceeds the value obtained for

the mitochondria isolated in IM (169 ± 38) and unreli�

ably differs from the activity found in mitochondria iso�

lated in the medium of high ionic strength or in the pres�

ence of MgCl2 (264 ± 18 and 287 ± 35 nmol CDP/min

per mg protein, respectively). Consequently, the mito�

chondria isolated in IM lose some part of omNDPK

activity during isolation, while specific omNDPK activi�

ty in the mitochondria isolated in the two other media

reflects the initial content of this enzyme in the mito�

chondria of liver cells. Table 1 shows that omNDPK can

provide 80�90% of the maximum oxidative phosphoryla�

tion rate at a saturating CDP concentration.

On curve 1, Fig. 3, all points fell on a straight line,

though the ratio of the omNDPK activity remaining in

mitochondria to the bound activity was not constant and

varied from 0.29 when using 2.5 mg mitochondrial pro�

tein to 0.89 when using 25 mg. We have come to the con�

clusion that NDPK from the cytosol was bound to the

regions on the outer mitochondrial membrane previously

occupied by omNDPK, and with the same affinity. The

shape of curves 1 and 2 on the Scatchard plots (Fig. 3)

suggests that only one NDPK isozyme was bound to the

outer mitochondrial membrane in our experiments.

Enzyme immunoassay showed it to be NDPK α. The

results correlate with the literature data that only NDPK

α is found in the membrane fraction [7]. The found

molecular mass of NDPK α subunit coincides with the

value for NDPK�B from human erythrocytes [31].

We have ascertained that <9% of NDPK activity

present in the cytoplasm of liver cells can be bound to the

outer mitochondrial membrane. At the same time, it is

known that NDPK α is the most expressed form in the

cytoplasm of liver cells [6]. It seems that NDPK α bound

to the outer mitochondrial membrane possesses some

specific properties that distinguish it from other mole�

cules of this isoenzyme in the cytoplasm. To date we know

nothing about the nature of these differences.

Previously we have shown that omNDPK of mito�

chondria isolated in IM is incapable of the functional

coupling with oxidative phosphorylation [11]. Thus, all

omNDPK molecules in the mitochondria isolated and

stored in IM show identical properties both under repeat�

ed binding with the mitochondrial membranes and during

the study of functional coupling. At the same time, in the

mitochondria isolated in the medium of high ionic

strength or in the presence of Mg2+, 22�24% of omNDPK

activity is capable of functional coupling [11], i.e. under

these conditions the enzyme shows heterogeneity of its

properties. It may be supposed that in these media, where

omNDPK is more tightly bound to the outer membrane

(Table 1), heterogeneity of the enzyme properties could

be caused by the differences in its surroundings on the

membrane that do not manifest themselves under shal�

lower binding of the enzyme.

One more assumption, namely that a part of the

bound omNDPK could be replaced by some other frac�

tion of NDPK α from the cytosol, capable of functional

coupling, during isolation of mitochondria in the medi�

um of high ionic strength or in the presence of Mg2+,

seems to be unlikely, because the first mitochondrial pre�

cipitate in all cases was obtained in IM, and different

media were used only for washing this precipitate, i.e.

after removal of the cytosol fraction. In addition, Mg2+

was present in the experiments on the binding of NDPK

from the cytosol to the mitochondrial membrane; there�

Experi�
ment No.

1

2

3

Ionic
strength

0.01

0.01

0.033

VCDP/VADP, 
%

49.5 ± 10.2 (4)

44.1 ± 8.7 (4)

37.8 ± 3.1 (3)

37.6 ± 0.3 (2)

77 ± 2.0 (2)

73.5 ± 2.5 (2)

78.5 ± 2.5 (2)

82.5 ± 0.5 (2)

77.5 ± 3.5 (2)

79.0 ± 4.0 (2)

Metabolite

KCl 

glucose, 20 mM

KCl

gl�6�P, 1 mM

KCl

glucose, 20 mM

gl�6�P, 1 mM

gl�6�P, 10 mM

α�glyc�P, 1 mM

α�glyc�P, 10 mM

Table 2. Effects of some metabolites on omNDPK asso�

ciation with membranes of liver mitochondria

Note: In addition to the specified substances, the washing media for

mitochondria contained Hepes, pH 7.4, at a concentration of

2.1 mM (Experiments No. 1, 3) or 10 mM (Experiment No. 2).

Total ionic strength of the media was brought to the above values

by adding KCl and osmotic concentration was brought to 0.28

OsM by adding mannitol. The samples were shaken in the ther�

momixer for 2 h (Experiments No. 1, 2) or 1 h (Experiment No.

3). The medium for the polarographic experiment additionally

contained 1 mM ATP, 170 µM ADP, and 600 µM CDP. Gl�6�P

is glucose�6�phospate; α�glyc�P is α�glycerol phosphate. The

number of measurements is given in parentheses. Other details

are described in “Materials and Methods”; explanations are

given in the text.
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fore, if the cytosol contained two fractions of NDPK α
capable of binding to the outer membrane, the Scatchard

plots would show a twist on the curves.

Hexokinase and glycerol kinase are also capable of

functional coupling with oxidative phosphorylation in

liver mitochondria [13�17]. Model experiments on the

binding of hexokinase isolated from rat brain to liver

mitochondria showed that the functional coupling pro�

vided by this bound hexokinase [17, 32], in terms of per�

centage of the maximum oxidative phosphorylation rate,

was very close to the values obtained in our experiments

with omNDPK [12]. These data suggest that hexokinase

and NDPK are bound in the same regions at the surface

of the outer mitochondrial membrane, especially as in the

experiments of Laterveer et al. [32] mitochondria were

isolated in medium resulting in omNDPK removal from

many binding sites [11].

This assumption seemed even more likely, because

evidence was obtained that hexokinase and glycerol

kinase are bound to the same regions on the porin. It was

shown that reaction products solubilized their own

enzyme and increased the binding of the other enzyme

[19, 33]. In rat liver mitochondria, omNDPK activity is

incomparably higher than hexokinase and glycerol kinase

activities [12]; therefore, the presence of the binding site

in common with omNDPK on the outer mitochondrial

membrane could be of great importance for regulation of

activities of these enzymes.

We have studied the influence of the substrates and

products of these reactions, as well as the inhibitors of

hexokinase binding (DCCD and palmitic acid), on the

association of omNDPK with the outer mitochondrial

membrane and demonstrated that none of the tested sub�

stances had any effect on the association between

omNDPK and the membranes. In our experiments, free

nucleoside di� and triphosphates had no effect on the

association of omNDPK with mitochondrial membranes,

whereas free nucleoside triphosphates solubilized hexo�

kinase [34].

There are other differences as well. It is known that

hexokinase is bound to porin mainly via electrostatic

interactions, and high ionic strength solubilizes the

enzyme [35]. DCCD and palmitic acid are inhibitors of

hexokinase binding with the membranes, disturbing their

electrostatic interactions with the binding sites [29, 30]. At

the same time, high ionic strength tightens the association

between omNDPK and the membranes, i.e. the enzyme is

bound to the membranes mainly via hydrophobic inter�

actions [11]. The association of hexokinase and omNDPK

with the mitochondrial membranes becomes tighter at

acid [35] and alkaline [25] pH values, respectively. Finally,

it was shown that dextran increased the functional cou�

pling of hexokinase with oxidative phosphorylation [32]

but had no effect on the functional coupling of omNDPK

[11] though, as had been described earlier [32], increased

the functional coupling of adenylate kinase [11].

The results lead to the conclusion that omNDPK

binding sites on the outer mitochondrial membrane are

not identical to hexokinase and glycerol kinase binding

sites.
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