
Until recently, it was accepted that the only function

of nucleoside diphosphate kinase (NDP kinase, EC

2.7.4.6) is the transfer of γ�phosphate from nucleoside

triphosphates to nucleoside diphosphates [1]. However,

during the last decade, NDP kinase has been identified as

a tumor metastasis suppressor (nm23), a morphological

regulator (Awd), a transcription factor (PuF), and a dif�

ferentiation inhibitor (I�factor) (for review, see [2]).

These results and some other data (for review, see [2�10])

led to the notion that NDP kinases are most likely multi�

functional proteins and may be involved in different cel�

lular regulatory pathways.

NDP kinases are typically hexamers of small sub�

units with a molecular mass of about 17 kD. In contrast to

the enzymes of lower organisms, the NDP kinase hexa�

mers of mammals contain two sorts of randomly associat�

ed subunits of 152 residues each and, thus, exist as a set of

NDP kinase isoforms [11, 12]. The subunits are encoded

by two independent genes but show remarkable similarity

(90%) in their primary structure, all differences being due

to the variable regions V1 (residues 37�50, seven substitu�

tions) and V2 (residues 131�150, six substitutions).

Moreover, the mammalian NDP kinase isoforms are

remarkably similar in their catalytic properties, mode of

hexamer organization, nucleoside binding site composi�
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Abstract—To elucidate the physicochemical basis of differences between the isoforms of mammalian multifunctional nucleo�

side diphosphate kinase (NDP), we investigated the recombinant rat homohexameric NDP kinases α and β, consisting of high�

ly homologous α or β subunits of 152 residues each and differing only in variable regions V1 and V2, and their chimerical forms

(NDP kinase α1�130β131�152 and NDP kinase β1�130α131�152) and tagged derivatives (NDP kinase HA�α1�130β131�152, NDP kinase HA�

β1�130α131�152, and NDP kinase HA�β). The thermal stability of these proteins and the ability of some of them to interact with the

rhodopsin–transducin (R*Gt) complex have been studied. It was found that NDP kinase α, NDP kinase α1�130β131�152, and NDP

kinase HA�α1�130β131�152 were similar in their thermal stability (T1/2 = 61�63°C). NDP kinase β, NDP kinase β1�130α131�152, NDP

kinase HA�β1�130α131�152, and NDP kinase HA�β were inactivated at a lower temperature (T1/2 = 51�54°C). NDP kinase HA�

α1�130β131�152 interacted with the R*Gt complex in the same manner as NDP kinase α, whereas the interaction of NDP kinase

HA�β1�130α131�152 and NDP kinase β with the photoreceptor membranes under the same conditions was very weak. It is suggest�

ed that the variability of the region V1 is a structural basis for the multifunctionality of NDP kinase hexamers in the cell.

DOI: 10.1134/S0006297907080044

Key words: nucleoside diphosphate kinase, G protein transducin, thermal stability of proteins



836 ORLOV et al.

BIOCHEMISTRY  (Moscow)   Vol.  72   No.  8   2007

tion, and three�dimensional structures (for review, see

[13]). The physiological significance of existence in the

mammalian cells of NDP kinase isoforms with similar

catalytic and structural properties is as yet not complete�

ly understood in spite of the efforts of many laboratories.

To explain the physiological meaning of the exis�

tence of NDP kinases as isoforms in mammalian cells as

well as the multifunctional role of these enzymes, it has

been suggested [3�7, 14, 15] that targets for the regulato�

ry action of NDP kinases might be different GTP�bind�

ing proteins including heterotrimeric GTP�binding pro�

teins (G proteins), which mediate the information flow in

signal transduction systems [16, 17]. In accord with this

suggestion, experiments carried out in the past 15 years

using different methods and approaches showed that: 1)

β�subunits of the vertebrate photoreceptor G protein

transducin (Gt) and of G proteins of different membranes

are phosphorylated on one of their histidine residues

(His266 of Gt β�subunit) [18�26] by an endogenous

enzyme whose role is played by NDP kinase, which works

here as histidine kinase [21, 25, 26]; 2) βγ�subunits of Gt

and human NDP kinase B form a complex [24]; 3) there

is indication that phosphate is transferred from the phos�

phorylated β�subunit to GDP in the active site of the G

protein α�subunit [20, 27�31]; 4) human recombinant

NDP kinase NM23�H1 interacts with small GTPases

(Ras, Ral, Gem) and phosphorylates GDP covalently

attached to their active sites by UV�induced cross�linking

[32].

We examined the suggestion about a possible cou�

pling between NDP kinase and G protein using vertebrate

retinal rod outer segments (ROS) [14, 33]. ROS are very

suitable for such kind of investigation. In fact, this highly

specialized part of the retinal rod contains the membrane

light receptor rhodopsin (R, 37 kD) and the G�protein

transducin (80 kD) at extremely high concentrations

(~5 and ~0.5 mM, respectively). These two components

of the phototransduction system constitute most ROS

protein (~80%). Moreover, R�containing photoreceptor

membranes may be used as a sorbent that interacts specif�

ically with some components of the phototransduction

system (Gt, arrestin, rhodopsin kinase, etc.) [34].

Specifically, photoactivated rhodopsin (R*) forms a func�

tional membrane complex with Gt (R*Gt complex),

which in the presence of micromolar concentrations of

GTP and relative compounds, dissociates under certain

conditions into R* localized in membranes and soluble

Gt [34]. These properties allows one to easily obtain

highly purified Gt, to regulate the concentration of R*Gt

complexes in photoreceptor membranes, and are widely

used in studying molecular mechanisms of phototrans�

duction. Also, ROS contain NDP kinase [35], whose

concentration is relatively high (~10 µM) [14]. An essen�

tial function of NDP kinase in ROS is phosphorylation of

GDP to GTP, which is crucial for providing the function�

al cycle of transducin independently of its activation

mechanism, and for the synthesis of the mediator cGMP

by ROS guanylate cyclase [36]. The donor in this reaction

is ATP that is produced in the retinal rod inner segment

by mitochondria.

The use of bovine retinal ROS preparations showed

[14] that water�soluble endogenous NDP kinase does not

bind to Gt until the functional membrane R*Gt complex

is formed, and it is released when this complex dissociates

in the presence of GTP or its analogs. Transducin is an

obligatory participant of the interaction process: removal

of Gt from photoreceptor membranes blocks the binding,

whereas addition of Gt restores it [14]. The interaction is

highly specific—the Kd value for the interaction between

NDP kinase and the R*Gt complex was estimated to be

about 5 nM [14]. Thus, our results support the suggestion

that there is a functionally important interaction between

NDP kinase and Gt within the R*Gt complex.

In our further work, we used bovine ROS photore�

ceptor membranes free of endogenous NDP kinase to

study the interaction between the R*Gt complex and

recombinant homohexameric rat NDP kinases α and β
(NDP kinases α and β), each containing only one sort of

subunits (α or β). It was shown that these α� and β�iso�

forms are quite different in their interaction with the

R*Gt complex [33]: the interaction of NDP kinase α with

the R*Gt complex was as high as that of the endogenous

ROS NDP kinase (Kd ~ 5 nM), whereas the affinity of

NDP kinase β for the R*Gt complex was about 100 times

lower. In our parallel investigations carried out by using

intrinsic protein fluorescence, it was shown too that iso�

lated NDP kinases α and β even though they had the

same fluorophore positions (Trp78, �133, and �149,

Tyr52, �67, �147, and �151), were quite different in intrin�

sic protein fluorescence characteristics (quantum yield, q;

spectral maximum position, λmax; shape and multicom�

ponent character of spectrum, and availability of fluo�

rophores for quenchers) in the solution at pH 8.0 [37].

Moreover, NDP kinases α and β were shown to be very

different in their conformational mobility: unlike NDP

kinase β, NDP kinase α exists in solution in two different

structural states, the equilibrium between these states

being under the control of several factors, pH in particu�

lar [37, 38]. Also, it was shown that one of these states has

a high affinity (Kd ~ 5 nM) for the R*Gt complex [33, 38].

Thus, our studies helped us to find experimental

approaches to reveal differences not known earlier in the

behavior of NDP kinase isoforms.

The approaches described above were used to investi�

gate the physicochemical basis of differences between

NDP kinase isoforms. The detailed studies of the chimeri�

cal forms of recombinant rat NDP kinases (NDP kinase

α1�130β131�152 and NDP kinase β1�130α131�152) and their tag�

derivatives containing hemagglutinin (HA) epitope (YPY�

DVPDYA) between Ala2 and Asp3 (NDP kinase HA�

α1�130β131�152 and NDP kinase HA�β1�130α131�152) by intrin�

sic protein fluorescence allowed us to suggest that the dif�
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ferences in the fluorescence properties and structural

mobility of NDP kinases α and β in solution may be due

to differences in their variable region V1 [39].

For further analysis of the physicochemical basis of

the differences between the isoforms, we studied in this

work the thermal stability of recombinant rat NDP kinas�

es α and β, the chimerical enzymes NDP kinase

α1�130β131�152 and NDP kinase β1�130α131�152, and the tagged

enzymes NDP kinase HA�β, NDP kinase HA�α1�130β131�152,

and NDP kinase HA�β1�130α131�152 obtained as described

earlier [40]. The interaction of NDP kinase HA�

α1�130β131�152 and NDP kinase HA�β1�130α131�152 with the

R*Gt complex in the bovine retinal ROS photoreceptor

membranes was also investigated. The binding properties

of NDP kinase HA�α1�130β131�152 were shown to be similar

to those described for NDP kinase α, whereas the inter�

action of NDP kinase HA�β1–130α131–152 with the R*Gt

complex under the same conditions (pH 5.5, low ionic

strength) was very weak, as previously observed for NDP

kinase β [33]. It was found that NDP kinase α, NDP

kinase α1–130β131–152, and NDP kinase HA�α1–130β131–152

were similar in their thermal stability. Half�inactivation of

these enzymes was observed at 61�63°C. NDP kinase β,
NDP kinase β1–130α131–152, NDP kinase HA�β1–130α131–152,

and NDP kinase HA�β were inactivated at lower temper�

atures (51�54°C). The results point to different roles of

the variable regions V1 and V2 of NDP kinase in the

interaction with the R*Gt complex and in the mainte�

nance of thermal stability, and, in general, support the

suggestion about the principal importance of the region

V1 for realization of the multifunctional role of this

enzyme in the cell.

Preliminary reports of this study were presented at the

5th International Congress of the Genetics, Biochemistry

and Physiology of NDP Kinase/NM23/AWD (Lexington,

KY, USA, October 13�16, 2003), at the Symposium

“Biological Motility” dedicated to the memory of acade�

mician G. M. Frank (1904�1976) (Pushchino, May 23�

June 1, 2004), and at the III Congress of Biophysicists of

Russia (Voronezh, June 24�29, 2004).

MATERIALS AND METHODS

Preparation and purification of recombinant rat NDP
kinases αα and ββ and their derivatives. Recombinant rat

NDP kinases α and β and their chimerical and tagged

forms were expressed in E. coli BL21(D3) pLysS compe�

tent cells as previously described [40]. The recombinant

NDP kinases were recovered from a high�speed super�

natant fraction obtained after lysis of transfected cells

[21] and purified by one�step affinity chromatography

using an ATP�Sepharose (Sigma, USA) column [40, 41].

All proteins were stored at –80°C in concentrations of 1�

2 mg/ml. All preparations were almost homogeneous,

which was confirmed by SDS�PAGE [42].

Estimation of NDP kinase activity and content. NDP

kinase activity was measured photometrically at 30°C by

the coupling enzyme method via estimation of the rate of

ADP formation from ATP in the phosphorylation of TDP

by NDP kinase [33] and expressed as the amount of

formed ADP per minute. Buffers and salts used did not

interfere with the NDP kinase activity measurements.

Assays were done in duplicate and agreed within 4%.

NDP kinase protein content was determined by

SDS�PAGE [42] and Western blotting with affinity�puri�

fied polyclonal anti�rat�NDP�kinase antibodies NK2,

which reacted with bovine enzyme as well [12, 33]. Since

NDP kinase activity and NDP kinase protein amount

were shown to parallel each other, the enzyme activity

was monitored in most experiments.

Preparations of Gt�containing, NDP kinase�depleted
bovine retinal ROS photoreceptor membranes (N�mem�
branes). N�Membranes were prepared by repeated wash�

ing of partially bleached (R*/R = 0.2�0.3) bovine retinal

ROS preparations [43] in neutral buffer N (10 mM Tris�

HCl, pH 7.5, 0.25 mM MgCl2) as described earlier [33].

SDS�PAGE revealed that 75�80% of the protein in the

N�membranes was constituted by rhodopsin. The content

of NDP kinase (about two copies of NDP kinase per

10,000 molecules of R) and its specific enzyme activity

(0.1�0.15 µmol ADP/min per mg of total protein) were 7�

10% of the values shown for the ROS preparations [14,

33]. The preparations contained six�seven Gt copies per

100 molecules of R (ca. 80�90% of those in ROS prepara�

tions [34]), as determined by SDS�PAGE followed by

Western blotting with an antibody against G�protein α�

subunits (DuPont/NEN, USA). The membranes ([R] ≈
5 mg/ml) were stored in the dark in neutral buffer N at

–80°C. The membranes were totally bleached with

orange light for 10 min at 0°C before use.

Binding of recombinant derivatives of rat NDP kinas�
es with N�membranes. The binding of recombinant rat

NDP kinases with the R*Gt complex of bovine retinal

ROS was carried out as described earlier [33], using high

speed centrifugation for separation of free and bound

forms of the enzyme. Most experiments were carried out

at a standard low photoreceptor membrane concentration

([R*] ≈ 1 µM). Briefly, N�membranes were mixed with

NDP kinase HA�α1–130β131–152 or NDP kinase HA�

β1–130α131–152 (final enzyme concentrations were 15�

20 nM) at pH 5.5�8.0 in appropriate buffers (5 mM

Hepes�NaOH or Mes�NaOH, 0.25 mM MgCl2) and

incubated for 5 min at 0°C. In some experiments, the

samples contained 1�300 mM of salts (NaCl, KCl,

MgCl2, or CaCl2) or 0.01�5 µM GTPγS (guanosine 5′�O�

(3�thio)triphosphate). The samples were centrifuged at

100,000g for 10 min (TL�100 ultracentrifuge; Beckman,

USA) at 2°C and the supernatants and pellets obtained

were used for measurements of the activity of free and

bound NDP kinase, respectively. In some special experi�

ments, the membrane concentration was varied over a
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wide range ([R*] ≈ 0.005�10 µM); in these cases, the

enzymes were added at a concentration of about 2 nM.

Since the sum of activities of free and bound forms of the

enzyme was shown to be equal to the activity of the NDP

kinase added to the membranes, only the activity of

supernatants was usually measured. In accordance with

our previous data [33], the distribution of the NDP kinase

activity between supernatants and pellets paralleled that

for NDP kinase protein.

NDP kinase HA�α1–130β131–152 and NDP kinase HA�

β1–130α131–152 alone neither sedimented on centrifugation

at 100,000g for 30 min, nor irreversibly changed its activ�

ity in the presence of any buffer and salt used. The NDP

kinase activity of N�membranes was as low as 0.2�0.3% of

the activity of recombinant rat NDP kinases added to the

suspensions.

Measurements of thermal stability of recombinant
NDP kinases αα and ββ and their derivatives. The thermal

stability of rat recombinant NDP kinases was determined,

as previously described [43], by measuring the remaining

enzyme activity of samples after their incubation at given

temperatures for 15 min. The measurements were carried

out at an enzyme concentration of about 5 µg/ml in

5 mM HEPES�NaOH, pH 8.1, containing 0.5 mM

MgCl2 and 1 mg/ml BSA. The samples (20�50 µl) were

incubated in glass tubes (total volume 0.1 ml) placed in a

liquid thermostat. The desired temperature was reached

in about 15 sec. The accuracy of maintenance of temper�

ature was not worse than 0.3°C. Immediately after incu�

bation, the samples were cooled for 15 sec at 0°C and used

for enzyme activity measurements. The enzyme activity

was constant during at least 1�2 h after the end of incuba�

tion.

Other methods. The pH values were measured with

pH meters pH�340 (USSR), pHM�82 (Radiometer,

Denmark), or Centron 2001 (Centron, The

Netherlands). Rhodopsin and protein concentrations

were determined as described earlier [33, 43]. Absorption

spectra were recorded with Specord UV�VIS (Karl Zeiss,

Germany) or Beckman DU 650 (Beckman, USA) spec�

trophotometers.

The NDP kinase binding data obtained at different

pH values were analyzed by using a modified Hill equa�

tion [37, 38]:

A = Amax /{1+ [((10 (−рKa))/(10 (−−pH)))h ]},         (1)

where Amax and A are the NDP kinase activities of super�

natants obtained at pH 8.0 and pH < 8.0, respectively;

pKa is the pH values at which the half�maximal NDP

kinase binding occurred; and h is the Hill coefficient.

The NDP kinase binding data obtained in the pres�

ence of salts and GTPγS were analyzed using the equa�

tion:

A = A0 + Amax /[1+ (K1/2/L)h], (2)

where A, A0, and Amax are the NDP kinase activities of

supernatants obtained for the ligand concentration L, in

the absence of ligands, and at the saturation concentra�

tion of ligand, respectively; K1/2 is the half�saturation

concentration of ligand; and h is the Hill coefficient.

The NDP kinase binding data obtained for the dif�

ferent concentrations of N�membranes were analyzed

using the equation:

A = Amax – Amax /[1+ (R1/2/R)],                 (3)

where Amax and A are the NDP kinase activities of super�

natants obtained in the absence of the N�membranes and

at the N�membrane concentration R, respectively; R1/2 is

the half�saturation concentration of N�membranes.

Thermal inactivation data were analyzed using the

equation:

A = Amax /[1+ (T1/2/t)h], (4)

where Amax and A are the NDP kinase activities of super�

natants obtained in the temperature ranges 20�25 and 25�

80°C, respectively; t is the temperature of preincubation;

T1/2 is the temperature at which the half�maximal NDP

kinase inactivation occurred; and h is the Hill coefficient

for the thermal inactivation process. The fitting accuracy

was not worse than 10%. Each of the experiments

described was repeated at least three times with very sim�

ilar results.

RESULTS

Binding of NDP kinase HA�αα1–130ββ131–152 and NDP
kinase HA�ββ1–130αα131–152 to the R∗∗Gt complex in bovine
ROS photoreceptor membranes. We showed earlier [33]

that at a low ionic strength and pH 8.0 the recombinant

rat NDP kinase α did not interact with bovine ROS pho�

toreceptor membranes, whereas at pH 5.5 the enzyme

was totally bound to the R*Gt complex in the mem�

branes. Unlike NDP kinase α, the recombinant rat NDP

kinase β did not interact with the R*Gt complex under

acidic conditions.

In the present work, the binding of chimeric proteins

NDP kinase HA�α1–130β131–152 and NDP kinase HA�

β1–130α131–152 with the R*Gt complex in N�membrane

preparations was studied. The chimeric NDP kinase HA�

α1–130β131–152 had its V1 region which was similar to that of

NDP kinase α, but in contrast to NDP kinase α, it con�

tained the C�terminal V2 site of NDP kinase β and an

additional HA�sequence in the N�terminal part of the

molecule. The chimeric NDP kinase HA�β1–130α131–152

contained the V1 region of NDP kinase β, the V2 region

of NDP kinase α, and the N�terminal HA�peptide. The

results demonstrated (Fig. 1a) that under typical condi�

tions (low ionic strength, [R*] ≈ 1 µM) and at pH 8.0, the
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NDP kinase HA�α1–130β131–152, like NDP kinase α, did

not bind to the membranes and was present in the super�

natant, whereas at pH 5.5 the most part of the enzyme

sedimented with the membranes and addition of GTPγS

released the bound enzyme. NDP kinase HA�

β1–130α131–152, much like NDP kinase β itself, existed in

the free state at pH 8.0 and showed only weak binding at

pH 5.5 (Fig. 1b).

The characteristics of binding of NDP kinase HA�

α1–130β131–152 and NDP kinase HA�β1–130α131–152 with N�

membranes were studied in more detail. The pH depend�

ence of binding of NDP kinase HA�α1–130β131–152 with N�

membranes in the pH range 5.5�8.0 was shown to be half�

maximal at pH 6.1 (Fig. 1c). Essentially the same value

(pH 6.2�6.3) was obtained previously for NDP kinase α
[33]. In this pH range, the binding of NDP kinase HA�

β1–130α131–152, like the binding of NDP kinase β [33], was

negligible (Fig. 1c).

Recently it has been shown that the binding of

bovine ROS NDP kinase and recombinant rat NDP

kinase α to N�membranes depends on membrane con�

centration [14, 33]. The binding was half�maximal at very

low membrane concentrations ([R*] ≈ 50 nM). Under

such conditions the concentration of R*Gt complexes

which play the role of binding sites for NDP kinases was

4�5 nM (the molar ratio R/Gt in ROS membranes was

Fig. 1. Characteristics of interaction of NDP kinase HA�α1–130β131–152 and NDP kinase HA�β1–130α131–152 with bovine retinal ROS pho�

toreceptor membranes. a, b) Interaction of NDP kinase HA�α1–130β131–152 (a) and NDP kinase HA�β1–130α131–152 (b) with N�membranes.

Effects of pH and GTPγS. N�Membranes ([R*] ≈ 1 µM) were mixed with the enzymes under conditions mentioned below and centrifuged,

and supernatant activity was measured. 1) NDP kinase activity of the suspension at pH 8.0 before centrifugation (100%); 2, 3) NDP kinase

activity of supernatants obtained at pH 8.0 and pH 5.5, respectively; 4) NDP kinase activity of the supernatants obtained at pH 5.5 in the

presence of 5 µM GTPγS. Values obtained are the averages of three independent experiments. c) The pH dependence of binding of NDP

kinase HA�α1–130β131–152 (1, 2) (the results of two independent experiments) and NDP kinase HA�β1–130α131–152 (3) with N�membranes. N�

Membranes ([R*] ≈ 1 µM) were mixed with the enzymes at different pH values, centrifuged, and supernatant activity was measured. The

solid line is the theoretical curve computed according to a modified Hill equation (1). d) Binding of NDP kinase HA�α1–130β131–152 (1) and

NDP kinase HA�β1–130α131�152 (2) with N�membranes. Dependence on membrane concentration. N�Membranes at different concentra�

tions were incubated at pH 5.5 with the enzymes (final enzyme concentration was about 2 nM), centrifuged, and supernatant activity was

measured. The solid lines are theoretical curves computed according to the modified Hill equation (3). e) Binding of NDP kinase HA�

α1–130β131–152 with N�membranes. Dependence on GTPγS concentration. N�Membranes ([R*] ≈ 1 µM) were mixed with NDP kinase HA�

α1–130β131–152 at pH 5.5 and different GTPγS concentrations, centrifuged, and supernatant activity was measured. The solid line is the the�

oretical curve computed according to the modified Hill equation (2).
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estimated to be about 10�12 [34]). This means that the Kd

value for the interaction between bovine ROS NDP

kinase or recombinant rat NDP kinase α is about 4�5 nM.

In the present work, the binding of NDP kinase HA�

α1–130β131–152 to N�membranes was half�maximal at R*

concentrations of about 50�60 nM (Fig. 1d). Thus, NDP

kinase HA�α1–130β131–152 and NDP kinase α have the same

affinity for the R*Gt complex.

Previously it was shown that the affinity of NDP

kinase β for photoreceptor membranes was only 1/100 of

that for NDP kinase α: the half�maximal binding of NDP

kinase β was observed at a very high ROS membrane con�

centration ([R*] ≈ 10 µM) [33]. The same value was

obtained in this work in the experiments carried out using

NDP kinase HA�β1–130α131–152 (Fig. 1d).

Thus, the experimental approaches used showed that

the binding properties of NDP kinase HA�α1–130β131–152

and NDP kinase HA�β1–130α131–152 are very similar to the

properties of NDP kinases α and β, respectively. These

findings confirm the assumption that the interaction of

NDP kinase isoforms with the rhodopsin–transducin

complex in photoreceptor membranes seems to be deter�

mined by the variable region V1 and does not depend on

the V2 variable region and the presence of the additional

N�terminal HA�peptide.

Further experiments were carried out to study the

influence of GTPγS and salts on the interaction of NDP

kinase HA�α1–130β131–152 with photoreceptor membranes.

The half�maximal elution of bound NDP kinase HA�

α1–130β131–152 was found at 200 nM GTPγS (Fig. 1e). The

Fig. 2. Thermal inactivation of NDP kinase α (a), NDP kinase α1–130β131–152 (b), NDP kinase HA�α1–130β131–152 (c), NDP kinase β (d),

NDP kinase β1–130α131–152 (e), NDP kinase HA�β1–130α131–152 (f), and NDP kinase HA�β (g). The solid lines are theoretical curves comput�

ed according to the modified Hill equation (4).
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same GTPγS concentration was needed for the half�max�

imal elution of bound NDP kinase α [33]. This means that

the binding sites in ROS photoreceptor membranes for

NDP kinase HA�α1–130β131–152 as well as for NDP kinase α
are R*Gt complexes [14, 33]. It was shown previously that

salts (NaCl, KCl, MgCl2, and CaCl2) interacted with NDP

kinase α itself and shifted the equilibrium between the

bound and free forms of the enzyme towards the free form

[39]. In accord with those results, in the present work it was

shown that the acid�induced binding of NDP kinase HA�

α1–130β131–152 was prevented by addition of NaCl or KCl.

Moreover, the dependences of the binding of this enzyme

on salt concentration were similar to those obtained earli�

er for NDP kinase α [38]: for both enzymes the half�max�

imal elution was observed at 35 mM NaCl or KCl with the

Hill coefficient of about 3 (data not shown). Thus, in the

experiments described the behavior of NDP kinase HA�

α1–130β131–152 did not differ from that for NDP kinase α.

Thermal inactivation of recombinant rat NDP kinases
αα and ββ and their derivatives. Recombinant rat NDP

kinases α and β were half inactivated at different temper�

atures: 61.5 and 50°C, respectively (Fig. 2 and table).

These values are very close to the half�inactivation tem�

peratures of recombinant human NDP kinases B and A,

respectively [44, 45]. It is well known that rat NDP kinas�

es α and β are highly homologous (98�99%) to the human

NDP kinases B and A, respectively [46].

The half�inactivation temperature for NDP kinase

α1–130β131–152 that contained the V2 region of NDP kinase

β instead of the V2 variable region of NDP kinase α, was

similar to that for NDP kinase α, whereas the cooperativ�

ity of thermal inactivation process for NDP kinase

α1–130β131–152 was markedly higher than that for NDP

kinase α (Fig. 2 and table). Insertion of the HA�sequence

into the N�terminal part of NDP kinase α1–130β131–152

(NDP kinase HA�α1–130β131–152) resulted in a small

increase in half�inactivation temperature and further

increase in cooperativity (Fig. 2 and table). A similar ten�

dency was revealed in the study of thermal inactivation

processes of NDP kinase β and its derivatives (Fig. 2 and

table). The thermal inactivation parameters for NDP

kinase β1–130α131–152 were very similar to those for the orig�

inal NDP kinase β. Insertion of the HA�sequence into

both proteins (NDP kinase HA�β and NDP kinase HA�

β1–130α131–152) slightly increased the thermal stability and

cooperativity of the inactivation process (Fig. 2 and table).

DISCUSSION

Our previous study of recombinant rat NDP kinases

α and β, each containing only one sort of subunits (α or

β), revealed that they are quite different in their acid�

induced GTP� and salt�dependent interaction with the

R*Gt complex in bovine ROS photoreceptor membranes

[33]. Moreover, it was shown that an artificial peptide α1

simulating the V1 region of NDP kinase α was able to

inhibit the interaction of the enzyme with the R*Gt com�

plex, whereas the peptide β1 derived from the V1 region

of NDP kinase β as well as all other model peptides for

the V2 region of NDP kinases α and β had no marked

effects on the binding [33]. These results imply that it is

the V1 region of NDP kinase α that is involved in the

interaction of the enzyme with the R*Gt complex.

In the present work, it was shown that the chimerical

form of NDP kinase α (NDP kinase HA�α1–130β131–152) in

which the V1 region of NDP kinase α and the V2 region

of the β isoform was included was very similar to NDP

kinase α in its interaction with the R*Gt complex. In

contrast, the chimerical form of NDP kinase β (NDP

kinase HA�β1–130α131–152) that contained the V1 region of

NDP kinase β and the V2 region of the α isoform did not

interact, like NDP kinase β itself, with the R*Gt com�

plex. These results are in agreement with the conclusion

about the importance of the V1 region of NDP kinase α
for the binding of the isoform α with the R*Gt complex.

The investigation of thermal inactivation of NDP

kinases α and β and their derivatives clearly demonstrat�

ed that the difference in thermal stability of recombinant

rat NDP kinases α and β is almost entirely due to their

differences in the variable V1 regions, whereas the contri�

bution of the C�terminal variable region V2 and/or the

HA�sequence to the thermal inactivation processes of the

enzymes seems to be negligible.

Our previous investigations of NDP kinases α and β
and their derivatives by intrinsic protein fluorescence [37�

39] showed that the unusual fluorescence properties of

NDP kinase α and its ability to exist in two different con�
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formational states, in one of which it is able to strongly

interact with the R*Gt complex, are determined by the V1

variable region. Taken together with the results of the pres�

ent work, this means that the differences in the V1 variable

regions in NDP kinases α and β seems to serve as the main

physicochemical basis of their differences in structural

lability, fluorescence properties, interaction with the R*Gt

complex, thermal stability and, as a consequence, is the

main source of the diversity in the physiological roles of

hexameric isoforms of NDP kinase in the cell.
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