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The putative functions of NDP (nucleoside diaphosphate) kinases from various organisms focus-
ing to fungi and plants are described. The biochemical reactions catalyzed by NDP kinase are as
follows. (i) Phosphotransferring activity from mainly ATP to cognate NDPs generating nucleoside
triphosphates (NTPs). (ii) Autophosphorylation activity from ATP and GTP. (iii) Protein kinase (phos-
photransferring) activity phosphorylating such as myelin basic protein. NDP kinase could function
to provide NTPs as a housekeeping enzyme. However, recent works proved possible functions of the
NDP kinases in the processes of signal transduction in various organisms, as described below.

1) By use of the extracts of the mycelia of a filamentous fungusNeurospora crassablue-light
irradiation could increase the phosphorylation of a 15-kDa protein, which was purified and
identified to be NDP kinase (NDK-1). By use of the etiolated seedlings ofPisum sativumcv
Alaska andOryza sativared-light irradiation of intact plants increased the phosphorylation of
NDP kinase. However, successive irradiation by red–far-red reversed the reaction, indicating
that phytochrome-mediated light signals are transduced to the phosphorylation of NDP kinase.

2) NDP kinase localizing in mitochondria is encoded by nuclear genome and different from
those localized in cytoplasm. NDP kinase in mitochondria formed a complex with succinyl
CoA synthetase.

3) In Spinicia oleraceaetwo different NDP kinases were detected in the chloroplast, and in
Pisum sativumtwo forms of NDP kinase originated from single species of mRNA could be
detected in the choloroplast. However, the function of NDP kinases in the choloroplast is not
yet known.

4) In Neurospora crassaa Pro72His mutation in NDP kinase (ndk-1Pro72His) deficient in the
autophosphorylation and protein kinase activity resulted in lacking the light-induced polarity
of perithecia. In wild-type directional light irradiation parallel to the solid medium resulted in
the formation of the perithecial beak at the top of perithecia, which was designated as “light-
induced polarity of perithecia.” In wild-type in darkness the beak was formed at random places
on perithecia, and inndkPro72His mutant the perithecial beak was formed at random places
even under directional light illumination. The introduction of genomic DNA and cDNA for
ndk-1demonstrated that the wild-type DNAs suppressed the mutant phenotype.

With all these results except for the demonstration inNeurospora, most of the phenomena are elusive
and should be solved in the molecular levels concerning with NDP kinases.
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transduction; phytochrome; protein phosphorylation.
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INTRODUCTION

NDP kinase (EC.2.7.4.6, ATP: nucleoside diphos-
phate phosphotransferase; nucleoside diphosphate kinase)
has been detected independently by Berg and Joklick
(1953) and Krebs and Hems (1953). NDP kinase has been
considered to be a regulator of nucleotide pools catalyzing
following reactions.

N1TP+ E→ N1DP+ E∼ P

E∼ P+ N2DP→ N2TP+ E

N1TP+ N2DP→ N1DP+ N2TP

Growing evidences have been accumulated that NDP
kinases are not only housekeeping enzymes, but also en-
zymes functioning in the central part of signal transduc-
tion in bacteria, fungi, plants, invertebrate, and vertebrate.
The major putative functions in the signal transduction are
summarized as follows.

1) By the reaction catalyzing ATP+GDP→
ADP+GTP, NDP kinases elevated the con-
centration of GTP in the vicinity of GTP-
binding proteins, and thus activated GTP-binding
proteins.

2) NDP kinase includes histidine kinase as an active
center and autophosphorylated at Ser residues.

3) NDP kinases localized in the vicinity of cy-
toskeleton, and could function coupled with small
GTP-binding proteins rho/rac, localized in mito-
chondria and also in chloroplast.

4) NDP kinase could function as a transcription
factor for the activation of c-mycgene.

5) NDP kinases have protein kinase activity tranfer-
ring theγ -phosphate to proteins, such as myelin
basic protein (MBP), which is the substrate of
MAP (mitogen-activated protein) kinase.

These basic reactions observed in a wide range of living
organisms was suggested to be functioning. However, the
precise and strict demonstration of the function remained
to be analyzed.

THE FUNCTION OF NDP KINASES IN FUNGI

Dictyosterium discoideum

In Dictyostelium discoideumtwo cDNAs encoding
for Gip 17 and Guk 7.2 proteins were isolated. The pro-
tein Gip 17 was purified from the amoebae and from
the extract ofEscherichia coliexpressed with the cDNA,
and identified to be NDP kinase. Gip 17 is 77% homol-
ogous to human Nm23-H1 protein and 75% homologous

to Drosophila melanogasterAwd protein. The mRNAs
detected by these cDNAs revealed rapid reduction in the
abundancy during the focus formation of amoebae caused
by nutritional deprivation (Lacombeet al., 1990; Wallet
et al., 1990). However, overexpression ofGip 17in amoe-
bae did not cause any effect on the differentiation of it.
The overexpression of mutant cDNA with His 122 Cys
resulted in the normal differentiation of the amoebae. Pro
105 Gly mutation caused alteration in the stability of the
protein, and the overexpression of the cDNA in the amoe-
bae resulted in the increase in the overall activity of the
NDP kinase.

In Drosophila melanogasterAwdk-pn mutation was
identified to be a mutation Pro 97 Ser and resulted in
the instability of the NDP kinase. Similar examination
was performed by use of Gip 17 cDNA. Pro 100 Ser and
Pro 100 Gly mutations caused alteration in the process of
homohexamer formation and of the folding of each protein
molecule. In in vivo homohexamer may be functioning
and alteration in the molecule by Pro 97 Ser mutation in
Awdk-pn may cause difficulty in the process of homohex-
amer formation explaining the mutation to be dominant
(Lascuet al., 1993).

The analysis of the active center of NDP kinase
has been performed by the replacements of amino acids,
Lys16, Tyr 56, Arg 92, Thr 98, Arg 109, Asn 119, Ser 124,
and Glu 133. These amino acids are conserved in NDP ki-
nases cloned in the cDNAs from several organisms. All
of these mutations resulted in the reduction of the specific
activity of the enzyme. Lys 16, Arg 109, and Asn 119 were
important in the intermolecular association of the enzyme
molecules. Lys 16 and Asn 119 were functioning in the in-
termolecular association of the enzyme molecules, and in
the catalytic function of the enzyme. Arg 109 interacted
with the phosphate group of the substrate. All of these
amino acids tested were found to be a functional part of
the enzyme forming catalytic domains and forming do-
mains necessary to assume homohexamer (Tepperet al.,
1994).

On the purified NDP kinase (Gip 17) X-ray analy-
sis of the homohexamer has revealed a large loop at the
mutated region of Pro 92 Ser of Awdk-pn. This region func-
tions for the formation of homotrimer. Fourα-helixes in-
terlocated with fourβ-sheets constituted the NDP kinase
and a large loop containingk-pnmutation in betweenα3
andβ4 (Dumaset al., 1992).

The nuclear geneGip 17 encodes an NDP kinase
locating in the cytosol, andGuk 7.2encodes the other
NDP kinase to be localized in mitochondria. The leader
sequence to mitochondria at the N terminus of nascent
Guk 7.2 included 57 amino acids, which are removed af-
ter the translocation into mitochondria. The mitochondrial
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NDP kinase (Guk 7.2) shears 3% of total amount of NDP
kinase. The function of NDP kinase in mitochondria and
also in the cytosol is not yet known (Trollet al., 1993).

In Dictyostelium discoideuma receptor for cAMP is
well characterized. Upon reception of cAMP by the re-
ceptor GTP-binding protein is activated with subsequent
activation of phospholipase C. The membrane fraction
prepared from amoebae was mixed with [γ -32P]ATP and
cAMP, and the results identified two proteins of 20 and
36 kDa phosphorylated specifically in the presence of
cAMP. The 20-kDa protein is shown to be NDP kinase
by immunoprecipitation by use of the specific antibody.
The 36-kDa protein was identified to be succinyl CoA
synthetase. The membrane fraction mixed with 50µM
GDP and [γ -32P]ATP in the presence of cAMP showed
twofold increase in the formation of GTP compared with
that in the absence of cAMP. The result indicated that
the receptor for cAMP may be activated by the presence
of cAMP and NDP kinase may be activated catalyzing
ATP+GDP→ ADP+GTP. However, NDP kinase is
known to bind cAMP. Further analysis is needed to clarify
this (Bominaaret al., 1993).

The transition state of histidine phosphorylation in
the crystal structure of NDP kinase with MgADP was an-
alyzed by use of either AlF3, AlF4−, or BeF3−. AlF3 was
found to be suitable to analyze the transition state of phos-
phoryl transfer to active center histidine to discriminate
from the ground state by X-ray crystallographic analysis
(Xu et al., 1997a).

The phosphorylation from ATP to nucleoside diphos-
phates catalyzed by NDP kinase was analyzed by
Asn119Ala mutant ofDictyosteliumNDP kinase by use of
AZT (3′-azido-3′deoxythymidine) as substrate, by X-ray
crystallographic analysis. The analog AZT binds to the
same position as the normal substrate thymidine diphos-
phate. However, the azido group that replaces the 3′OH
of the deoxyribose in AZT caused the displacemant of the
lysine side chain working in catalysis. Further 3′OH and
oxygen connectingβ- andγ -phosphate form internal hy-
drogen bond, which is required to transfer theγ -phosphate
(Xu et al., 1997b).

Schizosaccharomyces pombe

cDNA for NDP kinase was cloned inSchizosaccha-
romyces pombeand the genendk1 was disrupted. The
mutant was viable and did not show apparent phenotype.
However, when cDNA for NDP kinase with the mutation
Cys 116 Tyr just in the neighbor of His 117 to be phospho-
rylated as histidine kinase was overexpressed in the mutant
strain with disruptedndk1gene, the strain showed reduc-
tion in the rate entering into the mating process and also

in the process of spore formation, possibly by the effect
of dominant negativity, since the overexpressed mutant
proteins may form complex with wild-type protein and
reduce the residual activity of NDP kinase (Izumiya and
Yamamoto, 1995). NDP kinase was suggested to activate
GTP-binding protein by supplying GTP in the vicinity of
it. In the organism mating pheromone is known to stimu-
late a homologue of Ras, and the spore formation is reg-
ulated via Ras protein and via the homologues of protein
kinases constituting MAP kinase cascade. As one of the
possible explanation, the reduction of the activity of Ras
protein because of the reduction of the activity of NDP ki-
nase may be reflected to the reduction of mating process.

Saccharomyces cerevisiae

In Saccharomyces cerevisiaeNDP kinase was puri-
fied and the biochemical characteristics were analyzed.
The geneYNKwas cloned and the gene was disrupted or
overexpressed. However, no apparent phenotype concern-
ing growth rate, spore formation, mating reaction, or mor-
phogenesis could be detected. By the disruption ofYNK
about 10% of remaining activity of NDP kinase could be
detected (Fukuchiet al., 1993).

In Saccharomyce cerevisiaeand alsoSchizosaccha-
romyces pombe, there may be the activity of mitochondrial
NDP kinase as well as inDictyostelium discoideum. Such
gene was not yet cloned in these organisms and the extent
of the contribution of the mitochondrial NDP kinase in the
other site of cell is not yet known.

Further subunit V of cytochromec oxidases in
Saccharomyces cerevisiae, Neurospora crassa, and heart
muscle of bovine were known to show high homologies
to NDP kinase (Capaldiet al., 1986; Cumskyet al., 1987;
Poweret al., 1984). Since NDP kinase is known to form
protein complex, the NDP kinase in mitochondria may
form complex with cytochromec oxidase. Such a possi-
bility remained to be clarified.

Neurospora crassa

By use of the membrane fraction of the mycelia of
Neurospora crassa band(bd) strain, anin vitro system
to explore light signal transduction was developed. Blue-
light irradiation of the extract mixed with 4× 10−8M
[γ -32P]ATP caused an increase in the phosphorylation of a
15-kDa protein (Fig. 1). Membrane fraction from nei-
ther wc-1 nor wc-2 showed an increase in the phos-
phorylation of the 15-kDa protein. However, the mix-
ing of wc-1 and wc-2 membranes recovered the ability
to stimulate the phosphorylation of the 15-kDa protein
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Fig. 1. Blue-light-induced phosphorylation of 15-kDa protein (ps 15;
phosphorylated small 15-kDa protein). Crude membrane fraction
from band mycelia was mixed with 4× 10−8M[γ -32P]ATP and with
[α-32P]ATP, and the mixture was irradiated by blue light for 1 and 5 s
after blue-light irradiation the reactions were stopped by adding SDS-
sample buffer. The proteins were separated by SDS-polyacryl amide gel
electrophoresis (PAGE). The radioactivity of proteins was detected by
X-ray film. D, dark control; L, blue light; ps 15, 15-kDa protein to be
identified as NDK, and designated NDK-1. 70 kDa, 70-kDa protien (Oda
and Hasunuma, 1994).

(Oda and Hasunuma, 1994). WC-1 and WC-2 are known
to be putative photoreceptors, and they are suggested to
function as transcription factors.

The protein purified showed characteristics of NDP
kinase and designated to be NDK-1. The purified pro-
tein showedKm values from 0.04 to 0.77 mM for CDP,
GDP, UDP, dCDP, dGDP, and dTDP by using the pyruvate
kinase-lactate dehydrogenase assay. The purified NDK-1
also showed protein kinase activity for myelin basic pro-
tein with theKm value of 0.36 mM. cDNA for the NDP
kinase,ndk-1(No. D88148), was cloned (Fig. 2) (Ogura
et al., 1999a,b). A mutantpsp(phosphorylation of small
protein) with no phosphorylation of the 15-kDa protein
was isolated, and the gene was mapped on LGVR between
al-3 and his-6. From thepsp mutant a cDNA for NDP
kinase was isolated by use of RT-PCR, which included an
amino acid replacement Pro 72 His (Oda and Hasunuma,
1997; Oguraet al., 1999a,b).

pspmutant showed blindness in the process of the
morphogenesis of perithecial beak formed for the ejec-
tion of ascospores. Wild-type strain formed the perithe-
cial beak at the random places of it in darkness, as though

the perithecia were rolling down on the solid medium.
When the culture was illuminated by a light parallel to
the solid medium, the perithecia form the beak at the top
of perithecia. The reaction was defined as “light-induced
ordering of the polarity of perithecia,” which was com-
pletely missing in thepsp mutant.psp mutant showed
temperature-dependent morphogenesis of aerial hyphae
when it was grown in a small tube with liquid medium. At
25◦C the aerial hyphae of wild type andpspgrow up to
the middle part of small tubes with liquid Fries minimal
medium. At 37◦C wild type showed enhancement in the
growth of aerial hyphae to the top of the small tube. How-
ever,pspshowed very reduced growth at the temperature.
Complementary DNAs and genomic DNAs from wild type
had the capacity to complement these two defects shown
in psp mutants (Ogura, Yoshida, Yabe, and Hasunuma,
unpublished).

His-tagged NDK-1 and NDK-1 Pro72His were ex-
pressed inE. coli and these proteins were purified by
Ni2+-chelating column. His-tagged NDK-1 showed three
activities of (i) γ -phosphate-transferring activity of
ATP+GDP→ ADP+GTP, (ii) autophosphorylation
activity, and (iii) protein kinase activity phosphorylat-
ing myeline basic protein. Immediately after the prepara-
tion of His-tagged NDK-1 Pro72His, the mutated enzyme
showed these three enzyme activities. However, after
standing for 1 day the enzyme lost rapidly the activi-
ties described in (ii) and (iii). The Km’s ofγ -phosphate
transferring activity in both enzymes were roughly unaf-
fected by the mutation. However, theVmax of protein ki-
nase activities of His-tagged NDK-1 Pro72His was one
order lower compared with His-tagged NDK-1. Wild-
type cDNA and genomic DNA transformed intopsp
mutant strain complemented the defects caused by the
inability of autophosphorylation and protein kinase ac-
tivities. These results indicate that NDK-1 not only elicit
the light signal by theγ -phosphate-transferring activity of
ADP+GDP→ ADP+GTP, but also elicit light signals
through autophosphorylation and protein kinase activities
(Hasunuma, 2000).

To thepspmutant, cDNA of genomic DNA forndk-1
was introduced and the transformants, which showed wild-
type amounts of NDK-1 as assayed by Western blotting
and also showed wild-type level of phosphorylation activ-
ity of NDK-1. These transformants showed complete re-
covery of “light-induced ordering of perithecial polarity”
as shown in Fig. 3. From this experimentpspmutation was
identified to bendk-1Pro72His. Thendk-1Pro72His showed
about 25% in the amount of NDK-1 protein compared
with that of wild type. GST-NDK-1Pro72His protein puri-
fied fromSchizosaccharomyces pombeshowed about 5%
of autophosphorylation activity and 2% ofVmax of protein
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Fig. 2. Isolation of cDNA and genomic DNA for NDK-1 inNeurospora crassa. (A) The
structure of restriction sites aroundndk-1 gene. The three exones ofndk-1 were indicated
by boxes. The direction of the transcript is indicated by an arrow. The restriction sites are
as follows: B,BamH1; E, EcoRI; H, HindIII, P, PstI; X, XhoI. (B) Comparison of amino
acid sequences between NDK-1 and NDKs in other organisms. S.c.,Saccharomyces cerevisiae
YNK (Fukuchiet al., 1993); Sc. p.,Shizosaccharomyces pombeNdk1 (Izumiya and Yamamoto,
1995); Human, human Nm23-H1 (Rosengardet al., 1989); Rat, rat NDK-α (Kimuraet al., 1990);
D.d.,Dictyostelium discoideumNDK (Lacombeet al., 1990); M.x.,Myxococcus xanthusNDK
(Muñoz-Doradoet al., 1990); and E.c.,Escherichia coliNDK (Hamaet al., 1991). Identical
amino acids are shown with periods. The identity percentage with NDK-1 is given at the end of
each sequence. The amino acids of NDK-1 which are identical to those of polypeptides from
the 15-kDa protein are indicated with lines on the top of the sequence. The amino acids with
asterisks are the NDP-binding sites. The histidine which is phosphorylated in the reaction is
shown in a bold letter. The K-pn loop is enclosed by a box.
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Fig. 3. Light-Induced perithecial polarity of wild-type (FGSC#987A),
psp (ndk-1Pro72His), and thendk-1transformants. White light was pro-
vided parallel to the solid medium from the left in the photograph.
Perithecia were observed by dissecting microscopy and photographed.
WT Dark, Wild-type perithecia formed in darkness; WT Light, Wild-type
perithecia formed under directional light;ndk-1P72H , ndk-1Pro72His

perithecia formed under directional light; PGN-2 Light,ndk-1Pro72His

transformed with wild-type genomicndk-1.

kinase activity as compared with those of wild-type GST-
NDK-1. The results are shown in Fig. 4. The results in-
dicate that there is a new signal transduction pathway via
(ii) the autophosphorylation and (iii) protein kinase ac-
tivities. The newly detected signal transduction pathway
was designated as NDK cascade (Hasunuma, 2000; Ogura
et al., 2001). The model of signal transduction of light is
presented in Fig. 5.

FUNCTIONAL ANALYSIS OF NDP
KINASES IN PLANTS

Spinacia oleracia

From leaves of spinach (Spinacia oleracia), NDP ki-
nases, I, II, and III were purified and the cDNAs for NDP
kinase I and II were isolated. The purified protein of NDP
kinase I, II, and III showed the molecular masses of 16, 18,
and 17 kDa, respectively, and constituted homohexamers
with molecular masses of 92, 110, and 102 kDa for NDP
kinase I, II, and III, respectively. NDP kinase I localized at
cytosol and II and III localized in the chloroplast. From the
cDNA analysis NDP kinase II included a signal peptide di-

Fig. 4. Characteristics of protein phosphorylation activities of recombi-
nant proteins. (A) By use of various concentration of MBP (1.35, 2.7,
5.4, 8.1, and 10.8µM), 10 ng of GST-NDK-1 or GST-NDK-1Pro72His

was incubated for 1 min at 25. The reaction mixtures were separated
by SDS-PAGE, and the gel dried after staining with CBB R-250 was
exposed to X-ray film. (B) The autophosphorylation of GST-NDK-1 and
GST-NDK-1Pro72His was performed as above described, except that
100 ng of purified enzymes was used. Western blotting with anti-NDK-1
antiserum (upper panel), and autophosphorylation activity by autoradio-
graphy on X-ray film (lower panel) are shown.

recting either to chloroplast or to mitochondria. From the
chloroplast NDP kinase III was purified, and the amino
acid sequence was determined. TheKm values for ATP,
GTP, CTP, UTP, and dTTP were determined in each NDP
kinase (Nomuraet al., 1991, 1992; Zhanget al., 1995).

Avena sativa

From etiolated seedlings ofAvena sativaL. (cvGarry
oats) NDP kinase was purified. The protein showed 18 kDa
by SDS gel electrophoresis, and as a native protein it con-
stituted 100-kDa protein, suggesting that the protein form
homohexamer. The amino acid sequence of N-terminal
23 amino acids was 87% homologous to human NDP
kinase, Nm23-H1 (Sommer and Song, 1994).

The research group of Belarus (Minsk) isolated
plasma membrane from etiolated seedling ofAvena sativa.
Red-light irradiation of the preparation stimulated phos-
phorylation of 14–18-kDa protein, which is presumed to
be NDP kinase.
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Fig. 5. A model for light signal perception. Putative photoreceptor of
WC1/WC2 protein complex perceive light and may activate NDK-1
enabling it to exhibit the activities of (i) NDK activity of ATP+GDP→
ADP+GTP, (ii) autophosphorylation activity, and (iii) protein kinase
(phosphate transferring) activity to phosphorylate proteins constituting
NDK cascade.

Oryza sativa

From Oryza sativacDNA for NDP kinase was iso-
lated. The deduced amino acid sequence revealed 69.8%
homologous to that of spinach NDP kinase I, and 73.6%
homologous to that ofArabidopsis thaliana. The cDNA
does not include leader sequence to choloroplast or mi-
tochondria as observed in the NDP kinase II of spinach.
The cDNA fused with GST (glutathione S-transferase)
was expressed inE. coli.The purified protein showed the
activity of NDP kinase, and the antibody specific to the en-
zyme was produced. In the germinating seeds, the amount
of the NDP kinase in the embryo could be observed. How-
ever, in albumen the amount was reduced. In the root the
amount of NDP kinase was constant during 7 days after
germination. However, in the stem the NDP kinase showed
rapid reduction in the amount (Yanoet al., 1993, 1995).
By use of dark grown seedlings of rice, the increase in the
phosphorylation of NDP kinase by the red-light irradia-
tion of the intact seedlings was detected (Hamadaet al.,
1999).

Saccharum officinarum L.

In Saccharum officinarumNDP kinase was puri-
fied from the cultured cells of the plant. The protein
is autophosphorylated at Ser residue and phosphorylates
histone H1. The NDP kinase increased the activity by four-

fold by the heat shock treatment of the cultured cells for
30 min at 36◦C (Moisyadiet al., 1994).

Lycopersicon esculentum Mill

cDNA for NDP kinase was cloned inLycopersicon
esculentum. By the wounding of the surface of the fruit, the
increase in the abundance of mRNA for the NDP kinase
was detected (Harriset al., 1994).

Pisum sativum

NDP kinase was purified from the seeds ofPisum
sativum. cDNA for the NDP kinase,NDK-P1, was cloned.
The cDNA was expressed inE. coliand the purified protein
showed the activity of NDP kinase (Finanet al., 1994).
From chloroplast ofPisum sativumL. cv. Golf, NDP ki-
nase was purified, and the cDNA was also cloned. There
are two protein species of 17.4 and 18.5 kDa, both of
which are considered to be originated from single mRNA,
and the protein may be processed by different proteolysis.
The cDNA included leader sequence to direct the protein
to chloroplast or to mitochondria. The leader sequence
seemed to be hydrolyzed by a protease in the storoma
(Lubeck and Soll, 1995).

In Pisum sativumcv. Alaska cDNA for NDK kinase
was isolated. The cDNA,PNDK1(No. D86052), differed
in the base sequences fromNDK-P1 at 13 bases. One
of which caused amino acid replacement, Glu 140 Gln.
PNDK1 had deduced amino acid of Gln 140. From the
hypocotyls of dark grown seedlings, NDP kinase was
purified, and the protein with pI 6.0 was hydrolyzed
with trypsin and the polypeptides fractionated by HPLC
were sequenced. The partial amino acid sequences of the
polypeptides were completely matched with the amino
acid sequence deduced form cDNA,PNDK1. The puri-
fied preparation of NDP kinase showed (i)γ -phosphate-
transferring activity, (ii) autophosphorylation activity, and
(iii) protein kinase activity phosphorylating MBP, which is
the substrate of MAP kinase. The amino acid sequences of
NDP kinases in plants were summarized in Fig. 6 (Tanaka
et al., 1998).

By use of the third internodes of the etiolated
seedlings ofP. sativum cv. Alaska, light signal transduc-
tion through phytochrome was analyzed. After irradiation
of the third internodes by red light or sequential irradiation
by red and far-red light, the tissues were homogenized. To
the crude extract 4× 10−8M[γ -32P]ATP was added and
after 15 s at 0◦C the reaction was stopped. The phos-
phorylated proteins were separated by two-dimensional
electrophoresis. The phosphorylated 18-kDa proteins with
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pI 5.2 and pI 5.4 showed clear increase in the phosphory-
lation of the protein by red-light irradiation of the third in-
ternodes. However, the sequential irradiation of the tissue
by red and far-red light rather suppressed the phosphory-
lation of these two proteins (Hamadaet al., 1996; Hamada
and Hasunuma, 1994). The proteins phosphorylated were
separated by two-dimensional electrophoresis, excised
from the gel, and analyzed for their phosphorylated amino
acids. The pI 5.2 and 5.4 phosphorylated proteins included
P-Ser. The protein pI 6.0 was autophosphorylated and sep-
arated by two-dimensional electrophoresis. The phospho-
rylated and pI 5.4 protein appeared (Tanakaet al., 1998).
Blue light also increased the phosphorylation of the NDP
kinase (Itoet al., 1995). By the cutting of the third intern-
odes rapid increase in the amount of mRNA for PNDK1 for
1 h at 25◦C could be detected (Hasunuma, unpublished).
Intact dark grown seedlings ofP. sativumAlaska were also
irradiated with red light. The crude extract prepared from
the third internodes of irradiated plant was used for the
in vitro analysis of the phosphorylation of proteins. With
this procedure the phosphorylation of NDP kinase was
also stimulated by the red-light irradiation of the intact
plant (Oguraet al., 1999a,b).

Etiolated seedlings of intact pea plant were irradiated
by red light, and the third internodes were cut off into liq-
uid nitrogen. The crude extract was labeled by [γ -32P]ATP
at 0◦C for 15 s. The increase in the phosphorylation of
18-kDa protein (NDP kinase) could be detected. The red-
light irradiation followed by far-red light diminished the
increase in the phosphorylation of 18-kDa protein. The
18-kDa protein identified as NDP kinase formed different
protein complexes in the membrane fraction, and also in
the soluble fraction.

Arabidopsis thaliana

In Arabidopsis thalianacDNAs and genomic DNAs
for NDP kinases were cloned. The four different clones of
genomic DNAs and corresponding cDNA were isolated
by several groups including our group (Yabe, unpub-
lished). They are designated asAtNDK1 (NDPK1), At-
NDK2 (NDPK2), AtNDK3 (NDPK3), AtNDK4 (NDPK4).
NDPK1awas reported to be the same with that ofNDPK2.
NDPK3 was reported to localize in the intermembrane
space of mitochondria (Sweetloveet al., 2001).

The research group of P. S. Song reported that car-
boxy terminal part of NDPK2 inArabidopsis thaliana
formed complex with phytochrome A and also phy-
tochrome B by use of two hybrid method in Yeast,Sac-
charomyces cerevisiae. However, NDPK1 or NDKPK3
did not show to form complex with in method. Active
form of phytochrome A Pfr fromAvena sativastimulated

the NDP kinase activity of ATP+GDP→ ADP+GTP
by NDPK2, but not by NDPK1 or by NDPK3 (Choiet al.,
1999).

From our research results major part of red-light-
induced increase in the phosphorylation of NDP kinase in
Pisum sativumwas PNDK1, which is closest homologue
of NDPK1 in Arabidopsis thaliana, and therefore there
may be fundamental discrepancy between their results and
our results. A more precise and detailed experiment seems
to be needed to settle these problems.

Triticum aestivum

To analyze molecular component of light signal
transduction putative GTP-binding proteins, arrestin and
NDP kinase in the tissue culture of embryonic cells of
Triticum aestivumwere analyzed by use of the antibodies
of these proteins. An NDP kinase with 16 kDa could be
detected in the soluble fraction of embryogenic cells and
also nonembryogenic cells (Natoet al., 1997).

CONCLUDING REMARKS

1. NDP kinases contribute to the regulation of
ATP, GTP, CTP and UTP pools by the
γ -phosphate-transferring activity of N1TP+
N2DP→ N1DP+ N2TP.

2. NDP kinase was strongly suggested to provide
GTP in the vicinity of GTP-binding protein by
the activity descrived previously.

3. NDP kinase has the autophosphorylation and pro-
tein kinase activities phosphorylating myelin ba-
sic protein. The mutation ofndk-1in Neurospora
crassa, of ndk-1Pro72His lacked these activities.
Sincendk-1Pro72His mutant shows deficiencies in
the light-induced polarity of perithecia, there is a
new signal transduction pathway, which is desig-
nated as NDK cascade.

4. Upon reception of light signal by phytochrome
and/or putative photoreceptor, WC-1/WC-2, NDP
kinase may be activated by unknown means. The
activated NDP kinase may elicit the signal either
by activating GTP-binding protein or by activating
NDK cascade or both. Thus immediately after the
reception of light signal the signal was suggested
to bifurcate to the above two pathways.
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Lübeck, J., and Soll, J. (1995).Planta196: 668–673.
Moisyadi, S., Dharmasiri, S., Harrington, H. M., and Lukas, T. J. (1994).

Plant Physiol.104, 1401–1409.
Nato, A., Mirshahi, A., Tichtinsky, G., Mirshahi, M., Faure, J. P.,

Lavergne, D., De Buyser, J., Ducreux, G., and Henry, Y. (1997).
Plant Physiol.113, 801–807.

Nomura, T., Fukui, T., and Ichikawa, A. (1991).Biochim. Biophys. Acta
1077, 47–55.

Nomura, T., Yatsunami, K., Honda, A., Sugimoto, Y., Fukui, T., Zhang,
J., Yamamoto, J., and Ichikawa, A. (1992).Arch. Biochem. Biophys.
297, 42–45.

Oda, K., and Hasunuma, K. (1994).FEBS Lett.345, 162–166.
Oda, K., and Hasunuma, K. (1997).Mol. Gen Genet.256, 593–

601.
Ogura, T., Tanaka, N., Yabe, N., Komatsu, S., and Hasunuma, K. (1999a).

Photochem. Photobiol.69: 397–403.
Ogura, Y., Yoshida, Y., Ichimura, K., Aoyagi, C., Yabe, N., and

Hasunuma, K. (1999b).Eur. J. Biochem.266, 709–714.
Ogura, Y., Yoshida, Y., Yabe, N., and Hasunuma, K. (2001).J. Biol.

Chem.276, 21228–21234.
Power, S. D., Lochrie, M. A., and Poyton, R. O. (1984).J. Biol. Chem.

259, 6575–6578.
Sellam, O., Veron, M., and Hildebrandt, M. (1995).Mol. Microbiol. 6,

79–85.
Sommer, D., and Song, P. S. (1994).Biochim. Biophys. Acta1222, 464–

470.
Sweetlove, L. J., Mowday, B., Hebestreit, H. F., Leaver, C. J., and Millar,

A. H. (2001).FEBS Lett.508, 272–276.
Tanaka, N., Ogura, T., Noguchi, T., Hirano, H., Yabe, N., and Hasunuma,

K. (1998).J. Photochem. Photobiol. B45, 113–121.
Tepper, A. D., Dammann, H., Bominaa, A. A., and V´eron, M. (1994).

J. Biol. Chem.269, 32175–32180.
Troll, H., Winckler, T., Lascu, I., M¨uller, N., Saurin, W., V´eron, M., and

Mutzel, R. (1993).J. Biol. Chem.268, 25469–25475.
Wallet, V., Mutzel, R., Troll, H., Barzu, O., Wurster, B., V´eron, M., and

Lacombe, M. L. (1990).J. Natl. Cancer Inst.82, 1199–1202.
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