
Nucleoside diphosphate kinase (ATP:nucleoside

diphosphate phosphotransferase, NDPK, NDP kinase;

EC 2.7.4.6) transfers an γ-phosphate residue from nucle-

oside triphosphates, mainly ATP, to nucleoside-5′-

diphosphates, thereby playing a key role in the mainte-

nance of physiological concentrations of both ribo- and

deoxyribonucleoside triphosphates. The phosphotransfer

reaction is preceded by autophosphorylation of the

enzyme, namely the formation of a high-energy phosph-

amide linkage between the phosphate residue and the

nitrogen of the imidazole ring of histidine located in the

catalytic center of the enzyme:

N1TP + E ↔ E∼P + N1DP,

E∼P + N2DP → E + N2TP.

Initially, the role of NDP kinases was only bound to

the metabolism of di- and trinucleotide phosphates.

However, further studies, especially those demonstrating

the evidence for transfer of phosphate residues from

phosphohistidine to serine and threonine residues located

within the enzyme itself or in other proteins, supported a

more complex role of NDPK in plants [1]. Moreover,

some NDP kinases exhibit other than transphosphorylase

activity. The studies on eight human isoforms encoded by

the NM23 genes [2, 3] as well as on NDP kinases from

Drosophila melanogaster, Neurospora crassa, and

Saccharomyces cerevisiae demonstrated that some of the

isoforms act as 3′→5′ DNA exonucleases, whereas others

function as transcriptional factors and DNA repair nucle-

ases or bind and stabilize G-quadruplex DNA [4-6].

Primarily, investigations of plant NDP kinases initiat-

ed in the 1990s were directed to identification of individ-

ual NDPK isoforms localized in different cellular com-

partments, and subsequently to cloning the NDPK-

encoding genes in spinach, pea, tomato, Arabidopsis, and

rice [6-8]. On the basis of studies performed so far, a belief

became prevalent that in plants four types of NDP kinas-

es are present, namely NDPK1 localized in the cytoplasm

[9], NDPK2 present in plastids and chloroplasts [10, 11],
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NDPK3 localized in mitochondria [8, 12-16], and a novel

NDPK type present in the endoplasmic reticulum (ER)

[17]. The roles of these NDP kinases are also diverse, since

some of the isoforms are involved in stress-activated signal-

ing pathways, mostly accompanied by the production of

active forms of oxygen. Low and high temperature, changes

in salinity, pathogen attacks, wounding, as well as hydrogen

peroxide activate the expression of at least two NDPK genes

(NDPK2 and NDPK1) in Arabidopsis and rice [18-23]. On

the other hand, overexpression of NDPK confers increased

stress tolerance in Arabidopsis [24, 25], potato [26], and

alfalfa plants [27]. NDPK2 was found to interact with ele-

ments of signal transduction pathways activated by stress,

such as MAP kinase (AtMPK3 and AtMPK6) [19, 22] and

SOS2 protein kinase [21], whereas Arabidopsis NDPK1

binds to three isoforms of AtCAT catalase [18]. Interplay

was also identified between mitochondrial NDPK3 [13, 14]

and adenine nucleotide translocase [15], adenylate kinase

(AK) [28], and an 86-kDa protein synthesized under ther-

mal stress conditions [29]. The interaction between

NDPK3 and AK affects the activity of both kinases, leading

to the activation of NDPK3 and the inhibition of adenylate

kinase [28]. Moreover, recombinant pea NDPK3 was

shown to possess nuclease activity both towards plasmid

DNA and tRNA, as well as 3′-UTR mRNA [16].

In the 1990s for the first time, the link between

NDPK activity and responses of plants to red, blue, and

UV light was observed [30-32]. Red light stimulates

NDPK-catalyzed phosphorylation in etiolated pea and

rice seedlings [33-36]. Several independent studies con-

firmed a physical interaction between NDPK2 and phy-

tochromes A and B, followed by a marked increase of

NDPK2 catalytic activity [37-40].

Our previous studies resulted in the purification of

two well-separated NDPK isoforms from etiolated oat

seedlings where only one of them (designated as NDPK-

In) was strongly activated by red light in the presence of

phytochrome A (phy A) isolated from oats [41]. This

study investigated the phosphotransferase activities of

both phytochrome A and NDPK-In in etiolated oat

seedlings due to mutual interactions of the proteins.

MATERIALS AND METHODS

Plant material. The NDPK-In isoenzyme was purified

from nuclei isolated from 5-day-old etiolated oat seedlings

of the Chwat variety grown at 25°C according to the method

described by Hetmann and Kowalczyk [41]. Phytochrome

A was purified from etiolated oat seedlings according to the

method described previously [42] with small modifications

introduced by Hetmann and Kowalczyk [41].

Autophosphorylation of NDPK-In and phytochrome A.

The reaction mixture in a final volume of 150 µl contained

60 mM Hepes-KOH, pH 7.5, 8 mM KCl, 2 mM MgCl2,

and 0.08 mM ATP plus 0.8 µCi [γ32P]ATP or 0.16 mM ATP

plus 0.8 µCi [γ32P]ATP. The reaction was initiated by adding

50 µl of NDPK-In purified from nuclei or 100 µl of purified

phy A to the final concentration of 60.0 and 50.5 µg/ml,

respectively. Phytochrome A was illuminated with red

(660 nm) or far-red (730 nm) light prior to its addition to

the reaction mixture. The autophosphorylation activity of

phy A was performed under dim green light. The samples

were mixed, and then 5 or 10 µl of a solution was spotted at

fixed time intervals on Whatman 3MM discs (15 mm in

diameter). The discs were immediately placed on the sur-

face of 10% trichloroacetic acid (TCA) solution containing

1% tetrasodium diphosphate cooled to 4°C. The TCA solu-

tion was changed 5 times every 30 min to completely remove

substances of a low molecular weight including [γ32P]ATP.

After that, the discs with denatured proteins immobilized on

filter paper were dried in 96% ethanol and subsequently

placed in scintillation vials with 2 ml of scintillation fluid

(EcoliteTM(+)). Radioactivity was measured with a WAL-

LAC 1409 scintillation counter. The Pr form of phy A refers

to the biologically inactive form of phy A, which upon irra-

diation converts to the biologically active Pfr form.

Phosphorylation of substrate proteins by NDPK-In,

by phy A, and by interacting phy A and NDPK-In. The

above reaction mixture contained additionally 10 µg of

one of the protein substrates for protein kinases: dephos-

phorylated casein, histone III-SS (H III-SS), or myelin

basic protein (MBP). The reaction was initiated by the

addition of purified NDPK-In or phy A illuminated for

5 min with red or far-red light or both kinases (phy A and

NDPK-In) depending on the type of analyzed interac-

tions. The final concentrations of NDPK-In and phy A

were 22.5 and 50.5 µg/ml, respectively. The samples were

subsequently processed as described above.

SDS-PAGE, immunoblotting, and immunochemical

identification of phosphorylated amino acids. The reaction

mixture in a final volume of 80 µl contained: 50 mM

Hepes-KOH, pH 7.5, 25 mM KCl, 6.25 mM MgCl2,

2 mM ATP, 1 µg of histone III-SS or 2 µg of myelin basic

protein or 4 µg of dephosphorylated casein, and 4.5 µg of

NDPK-In isolated from oat seedlings. Control samples

(without ATP) were prepared by mixing all components

and adding to each of them 40 µl of solution for denatu-

ration (IVC) containing 2.5% SDS, 50% glycerol and

1.43 M β-mercaptoethanol in 75 mM Tris-HCl, pH 6.82.

The analyzed samples were prepared by mixing all com-

ponents except for ATP. The reaction was initiated by

adding ATP. All samples were incubated for 15 min at

room temperature. The phosphorylation reaction was ter-

minated by adding 40 µl of IVC solution to the samples.

The samples were denatured for 30 min at 37°C and sub-

sequently separated by SDS-PAGE. SDS-PAGE was per-

formed according to the method of Ogita and Markert

[43] in a Mini Protean II electrophoresis cell (Bio-Rad,

USA) using a 10 or 16% (w/v) resolving gel. The molec-

ular mass standard was the 10 kDa Protein Ladder

(Gibco, USA). The separated proteins were transferred
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electrophoretically to a nitrocellulose membrane in

buffer containing 50 mM Tris, 380 mM glycine, 0.1%

(w/w) SDS, and 20% (v/v) methanol. Positions of the

protein markers were visualized by staining with Ponceau

S. The blot was incubated with biotinylated anti-phos-

phoserine (Clone PSR-45; Sigma, USA), anti-phospho-

threonine (Clone PTR-8; Sigma), or anti-phosphotyro-

sine (Clone PT-66; Sigma) monoclonal antibodies or

with primary antibodies against phy A. The positions of

phosphorylated amino acids were detected using goat

anti-biotin-IgG antibodies (Sigma) conjugated to alka-

line phosphatase or using anti-rabbit IgG conjugated to

alkaline phosphatase [44].

Immunoprecipitation of phy A from oat seedling

homogenate. Five grams of 5-day-old etiolated seedlings

was homogenized and portions of the homogenate were

exposed to red or far-red light for 15 min. A 50 µl aliquot

of polyclonal antibodies raised in rabbits against phy A

was added to 1 ml of homogenate to the final concentra-

tion of 2 µg/ml. After 30 min incubation on ice, protein A

immobilized on 250 µm acrylic beads (Sigma) was used

for immunoprecipitation. The pellet obtained after cen-

trifugation was suspended in 100 mM glycine-HCl buffer,

pH 2.5. Acrylic beads were centrifuged, and the resulting

supernatant was analyzed by SDS-PAGE and

immunoblotting as described above.

RESULTS

Autophosphorylation of NDPK-In and transfer of the

phosphate residue to some substrate proteins. In the first

stage of the investigations, the autophosphorylation

and/or transphosphorylation reaction of the purified

NDPK-In isoform was analyzed. We subsequently

checked whether NDPK-In transfers a phosphate residue

from ATP to some substrate proteins, including phy A.

Finally, the interaction between phy A and NDPK-In was

analyzed in reactions of phosphorylation of potential sub-

strate proteins regulated by red and far-red light. The

results presented in Fig. 1 indicate that the purified

NDPK-In undergoes autophosphorylation. The increase

in radioactivity during the 30 min incubation proves that

a phosphate residue is transferred from the histidine imi-

dazole ring to hydroxyl residues of amino acids, as only

phosphoester bonds are stable in an acidic mixture (10%

TCA solution). The possibility of transferring a phosphate

residue from phosphohistidine to hydroxyl residues of

serine, threonine, or tyrosine (autophosphorylation or

transphosphorylation) also suggests the possible transfer

of a phosphate residue from phosphohistidine to hydrox-

yl residues in other substrate proteins. To test this possi-

bility, the reaction mixture used to follow NDPK-In

autophosphorylation contained additionally one of four

proteins as potential acceptors of phosphate residues:

dephosphorylated casein, histone III-SS (H III-SS),

myelin basic protein (MBP), sucrose synthase (SuSy).

Changes in the level of γ32P in the analyzed proteins are

shown in Fig. 2 (depicted as a difference between total

radioactivity and radioactivity derived from NDPK-In

autophosphorylation). Though all four proteins can be

phosphorylated by NDPK-In, histone III-SS is definitely

the best acceptor of phosphate residues.

In the next stage of the experiments, an attempt was

made to immunochemically identify amino acids in sub-

strate proteins phosphorylated by NDPK-In. Figure 3a

PHYTOCHROME A AND NUCLEOSIDE DIPHOSPHATE KINASE: PROTEIN TRANSPHOSPHORYLATION

Fig. 1. Autophosphorylation of the NDPK-In isoform. The reac-

tion was initiated by adding 50 µl of NDPK-In purified from

nuclei to 150 µl of the reaction mixture containing 60 mM

Hepes-KOH, pH 7.5, 8 mM KCl, 2 mM MgCl2, 0.08 mM ATP,

and 0.8 µCi [γ32P]ATP. The final concentration of NDPK-In was

60 µg/ml.
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tone III-SS (H III-SS), myelin basic protein (MBP), or sucrose

synthase (SuSy). The reaction was initiated by addition of the

NDPK-In isoform to the final concentration of 22.5 µg/ml.
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shows changes in the phosphoserine levels in dephosphory-

lated casein. The difference in the intensity of two bands

with molecular weights of approximately 21 and 23 kDa

(Fig. 3a) clearly indicates that the phosphate residue is

transferred from NDPK-In to a serine residue in casein.

Similar results were obtained for histone III-SS (data not

shown). In histone III-SS, threonine residues are also

phosphorylated (Fig. 3b) similarly as in dephosphorylated

casein (data not shown). Tracking the transfer of phosphate

residues to serine and threonine in MBP is practically

impossible because of the high level of phosphorylation of

the commercially available proteins (Fig. 3c). Similarly, a

high level of phosphotyrosine in MBP and histone III-SS

precludes following the possible transfer of phosphate to

tyrosine in these proteins (Fig. 3, e and f). Obviously, tyro-

sine phosphorylation was not detected in dephosphorylat-

ed casein (Fig. 3d). It is worth noting that monoclonal

antibodies do not identify NDPK-In on any of the blots

(Fig. 3). The lack of bands at the 17-kDa level is due to the

very small amount of NDPK-In in the analyzed samples

and possibly the large excess of substrate proteins.

The results depicted in Fig. 4 indicate that the puri-

fied phy A preparation does not contain phosphoserine

and phosphothreonine. Bands with low intensity are visi-

ble in samples containing only phy A and ATP (Fig. 4,

lanes 2 and 5), constituting evidence for phy A autophos-

phorylation/transphosphorylation both on its serine and

threonine residues. The most intense bands of phy-

tochrome containing phosphoserine and phosphothreo-

nine are visible in samples incubated with ATP + NDPK-

In (Fig. 4, lanes 1 and 4).

The molecular weight of polypeptides separated using

SDS-PAGE indicates that purified phy A (126 kDa in size)

undergoes partial degradation giving two distinct phospho-

rylated bands with molecular weights of 118 and 100 kDa.

Autophosphorylation of phy A in the Pfr and Pr forms.

The changes in the level of protein-bound 32P remaining

on the disc are shown in Fig. 5. The radioactivity of the

phytochrome increases within 5 min regardless of the

length of the illumination. However, after a dozen min-

utes distinct differences in the level of labeling are visible.

The radioactivity level of phy A in the Pfr form increases

up to about 10 min and then remains at an almost

unchanged level for 30 min. Phytochrome A in the Pr

form attains maximal labeling within 5 min, after which

the radioactivity level declines slowly. The disappearance

of the signal of the labeled phytochrome may be due to its

dephosphorylation or degradation followed by elution of

products from the filter paper disc by the TCA solution.

Autophosphorylation of phy A was also analyzed by

immunochemical methods. One half of the homogenate

from etiolated oat coleoptiles was left in the dark, and the

second half was illuminated for 15 min with red light.

After that, the phy A was immunoprecipitated by antibod-

ies against phy A. Proteins of the immunological complex

were separated in 10% SDS-polyacrylamide gel followed

by transfer to a nitrocellulose membrane. Phosphorylated

serine residues in the separated polypeptides were detect-

Fig. 3. Immunochemical identification of phosphoserine, phosphothreonine, and phosphotyrosine in substrate proteins phosphorylated by the

NDPK-In isoform. a) Serine phosphorylation in dephosphorylated casein. Lanes: 1) medium with ATP; 2) medium without ATP. b)

Threonine phosphorylation in histone III-SS. Lanes: 1) medium with ATP; 2) medium without ATP. c) Threonine phosphorylation in myelin

basic protein. Lanes: 1) medium without ATP; 2) medium with ATP; 3) medium without NDPK-In. d) Tyrosine phosphorylation in dephos-

phorylated casein. Lanes: 1) medium without ATP; 2) medium with ATP. e) Tyrosine phosphorylation in histone III-SS. Lanes: 3) medium

with ATP; 4) medium without ATP. f) Tyrosine phosphorylation in myelin basic protein. Lanes: 1) medium without ATP; 2) medium with

ATP; 3) medium without NDPK-In; M) molecular weight standards. Histone III-SS and dephosphorylated casein are marked by one arrow,

whereas myelin basic protein is marked by an asterisk.

a                b                c               d            e                 f
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ed using monoclonal antibodies (Fig. 6, lanes 3 and 4). In

parallel, proteins derived from the immunological com-

plex (Fig. 6, lanes 2 and 5) and also purified phy A (not

subjected to immunoprecipitation) (Fig. 6, lanes 1 and 6)

were localized using antibodies against phy A. The inten-

sity of the phytochrome band visualized by anti-phospho-

serine antibodies is clearly higher in the sample obtained

from the homogenate illuminated with red light (Fig. 6,

lane 3) in comparison with the sample derived from the

unilluminated homogenate (Fig. 6, lane 4). The presence

of two polypeptides localized using antibodies against phy

A shows that during the immunoprecipitation procedure,

phy A is partially degraded (visible bands with molecular

weights of 90 to 120 kDa) (Fig. 6, lanes 2 and 5). A single

phy A band localized by antibodies is only visible in sam-

ples not subjected to immunoprecipitation (Fig. 6, lanes 1

and 6). The results of these experiments unequivocally

indicate that red light stimulates autophosphorylation/

transphosphorylation of phy A.

Interaction of phy A and NDPK-In during phosphory-

lation of selected substrate proteins. The phy A-catalyzed

transfer of γ-phosphate of ATP was studied on three sub-

strate proteins: dephosphorylated casein, histone III-SS,

and MBP. The results presented in Fig. 7 reveal that the

level of autophosphorylation/transphosphorylation of

phytochrome in the Pr and Pfr forms differs slightly.

However, almost five times more 32P remains on the disc

in samples that besides phy A also contain dephosphory-

lated casein (Fig. 7), but only a slightly higher radioactiv-

ity was detected in samples containing histone III-SS and

MBP. It is worth noting that no distinct differences were

observed in the level of radioactivity between samples

illuminated with red and far-red light.

A similar procedure was used in experiments check-

ing the possibility of the transfer of a phosphate residue to

substrate proteins under conditions allowing the physical

interaction of purified phy A with purified NDPK-In.

Changes in the level of labeling of denatured proteins

remaining on the discs are presented in Fig. 8. The

radioactivity of samples containing histone III-SS (sam-

ple 3), dephosphorylated casein (sample 4), and MBP

(sample 5) illuminated with red light was found to be dis-

PHYTOCHROME A AND NUCLEOSIDE DIPHOSPHATE KINASE: PROTEIN TRANSPHOSPHORYLATION

Fig. 4. Immunochemical identification of phosphoserine and phosphothreonine in phy A. Lanes: 1-3) polypeptides containing phosphoser-

ine; 4-6) polypeptides containing phosphothreonine; M) molecular weight standard. Arrows indicate phy A polypeptides identified by anti-

bodies against phosphoserine or phosphothreonine.

Fig. 5. Autophosphorylation of phy A illuminated with (1) red

and (2) far-red light. The reaction was initiated by adding 100 µl

of purified phy A illuminated with red (660 nm) or far-red

(730 nm) light to 150 µl of the reaction mixture containing

60 mM Hepes-KOH, pH 7.5, 8 mM KCl, 2 mM MgCl2,

0.16 mM ATP, and 0.8 µCi [γ32P]ATP. The final concentration of

phy A was 50.5 µg/ml.
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tinctly higher in comparison with samples containing

only phy A or NDPK-In (sample 1 and 2). The results are

different for samples illuminated with far-red light, where

the level of protein labeling in samples 3, 4, and 5 is close

to the total radioactivity of samples 1 and 2. Thus, these

results show that phy A in the Pfr form not only stimulates

the catalytic activity of NDPK-In determined as the

velocity of transfer of a phosphate residue from ATP to

dCDP [41], but also increases the velocity of NDPK-In-

catalyzed transfer of the phosphate residue from ATP to a

substrate protein. Moreover, the results shown in Fig. 7

demonstrate that the phy A form (Pfr or Pr) does not

exert a significant effect on the activity of phy A as a pro-

tein kinase, though it cannot be excluded that phy A

phosphorylation by NDPK-In (Figs. 4 and 5) may affect

the kinase activity of the photoreceptor. The answer to

this question will be the aim of future studies.

DISCUSSION

Ion-exchange chromatography of the protein extract

from the nuclear fraction indicated the presence of two

well-separated NDPK isoenzymes of which only one

(NDPK-In) is activated by purified phy A [41]. The prop-

erties of purified NDPK-In suggest that it is a homolog of

the Arabidopsis NDPK2 isoform strongly activated by phy

A and B in the Pfr form [37-39]. Previous studies have

demonstrated the participation of AtNDPK2 in the phy-

tochrome-signaling pathway and suggested the localiza-

tion of this NDPK isoform in the plasma membrane, the

cytoplasm, or the nucleus [45-47]. In the context of these

findings, it is worth mentioning that the results of our ear-

lier experiments suggest that NDPK-In also occurs in the

cytoplasm and is probably transported to the nucleus

together with phytochromes [41]. The cytoplasmic local-

ization of AtNDPK2 is also supported by the results of

studies linking the role of this isoform with plant respons-

es to various stress conditions, particularly the participa-

tion of NDPK2 in the functioning of the MAP kinase

cascade, the SOS2 kinase, or the interaction of NDPK2

with small G proteins of the ROP family [19, 21, 22, 48].

Hydrogen peroxide was found to strongly activate the

expression of the AtNDPK2 gene and to induce the phos-

phorylation of two kinases of the MAP kinase family,

namely AtMPK3 and AtMPK6, which finally resulted in

the phosphorylation of myelin basic protein [19]. In

tomato, NDPK2/TAB2 interacts with LeMKK2/

tMEK2, a kinase phosphorylating LeMPK3 [22]. Plants

with AtNDPK2 overexpression demonstrate clearly higher

tolerance for stress conditions such as cold, elevated

salinity, or increased reduction of reactive oxygen species

[19]. In this context, the results of experiments demon-

strating the interaction of NDPK2 with protein kinase

SOS2, a known member of signal pathways activated by

various stress factors [21], are noteworthy, thus SOS2

kinase binds also catalases CAT2 and CAT3. Interest-

Fig. 7. Phosphorylation of selected proteins by phy A purified

from oat coleoptiles. The reaction was initiated by adding 100 µl

of phy A to a mixture of 150 µl containing 10 µg of one of the sub-

strate proteins, 0.08 mM ATP, and 0.8 µCi [γ32P]ATP. The final

concentration of phy A was 50.5 µg/ml. The sample was illumi-

nated with (   ) red or ( ) far-red light during the whole incuba-

tion period.
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asterisk marks the heavy IgG chain from rabbit.
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ingly, the direct interaction between NDPK and CAT iso-

forms from pea and Arabidopsis has recently been report-

ed [18, 23].

The studies mentioned above prompted us to test the

hypothesis concerning the function of oat NDPK-In as a

protein kinase regulated by phytochromes. The results

confirmed that NDPK-In undergoes autophosphoryla-

tion or intermolecular transphosphorylation, leading to

the formation of phosphoester bonds, which are stable in

an acid environment. Our results are in agreement with

observations made many years ago on pea in which

NDPK was shown to be an 18-kDa protein phosphorylat-

ed in the presence of red light [31, 34-36]. These results

are of a great importance as several years ago it was

reported that AtNDPK2 undergoes autophosphorylation

only on a histidine residue and the autophosphoryla-

tion/transphosphorylation found previously on a serine

residue is an artifact linked to protein denaturation [49].

At this point, it is worth considering that other NDPK

isoforms also undergo autophosphorylation on serine

residues. Heat shock was found to cause a strong labeling

of the NDPK1 isoform with 32P in sugar beet cell cultures

[50, 51]. Cytosolic NDPK1 of Solanum chacoense under-

goes autophosphorylation on the serine-117 residue [9],

and mitochondrial NDPK3 autophosphorylation leads to

the formation of a phosphoester bond on at least the ser-

ine-119 residue [52].

Interesting experiments performed on various

Salmonella typhimurium NDPK mutants indicated that

serine phosphorylation is not due to autophosphorylation

but rather to intermolecular phosphorylation [53]. In the

light of these results, it was justified to check whether the

phosphate residue can be transferred from histidine in

NDPK to nitrogen in the histidine imidazole ring or to a

serine, threonine, or tyrosine residue of another protein.

The results of our experiments have confirmed that all

four analyzed proteins can be phosphorylated by NDPK-

In, though histone III-SS turned out to be the best accep-

tor of phosphate residues. Phosphate is transferred to ser-

ine and threonine residues, while tyrosine residues prob-

ably are not acceptors of phosphate residues from

NDPK-In. It is worth emphasizing that NDPK-In also

phosphorylates purified phy A. The intensity of the bands

of intact phy A and also polypeptides formed due to its

partial degradation is very clear in the case of phospho-

serine identification and slightly weaker in the case of

phosphothreonine. Moreover, our results clearly indicate

that phy A also undergoes autophosphorylation/

transphosphorylation. In experiments performed by other

authors, at least three serine residues were found to be

phosphorylated in phy A. Serine residues at positions 7

and 598 are phosphorylated in vivo, whereas serine

residues at positions 17 and 598 may be phosphorylated in

vitro. The serine residue at position 7 is phosphorylated in

both forms of phy A, while the phosphorylation of the

Ser598 residue occurs only in the Pfr form [54].

It should be pointed out that NDPK activity ana-

lyzed as the activity of a protein kinase had been observed

earlier in respect to such substrate proteins as histone or

MBP [36, 50]. The presumed natural plant substrate pro-

tein phosphorylated by NDPK3 in Brassica campestris is

protein kinase SRK participating in self-incompatibility

[55]. In investigations performed on animal material, it

was demonstrated that a phosphate residue from phos-

phohistidine in NDPK can be transferred to a histidine

residue in citrate lyase [56] and to nitrogen of the imida-

zole ring in protein beta of heterotrimeric G proteins,

which is particularly interesting [57]. However, most

reports concern transfer of a phosphate residue to a serine

residue [1, 2].

The possibility of transferring phosphate residues

from NDPK-In to phy A demonstrated in the above

experiments turned our attention to the possible interac-

tion of the two proteins during phosphorylation of specif-

ic substrate proteins. It should be emphasized here that

already in the 1990s some animal protein kinases activat-

ed by cAMP and a protein kinase activated by Ca2+ and

phospholipids [58-61] were found to be able to phospho-

rylate phy A [54], and in more recent investigations phy A

itself was shown to be a serine/threonine protein kinase

[62, 63]. Single reports have also appeared suggesting that

the natural substrate proteins for phytochromes are: cryp-

tochrome – a blue light receptor [64], cytoplasmic pro-

tein PKS1 [65], and AUX/IAA – a repressor protein of

the auxin pathway [66]. Nonetheless, the kinase function

of phytochromes was only confirmed in the studies on the

PHYTOCHROME A AND NUCLEOSIDE DIPHOSPHATE KINASE: PROTEIN TRANSPHOSPHORYLATION

Fig. 8. Effects of (   ) red and ( ) far-red light on the phosphory-

lation of selected substrate proteins by the phy A–NDPK-In sys-

tem. Apart from 0.08 mM ATP and 0.8 µCi [γ32P]ATP, successive

samples contained phy A and histone III-SS (sample 1), NDPK-

In isoform and histone III-SS (sample 2), phy A–NDPK-In and

histone III-SS (sample 3), phy A–NDPK-In and casein (sample

4), phy A–NDPK-In and myelin basic protein (sample 5).

Samples were incubated for 15 min illuminating with red or far-

red light.
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interactions of phytochromes with transcription factors

PIF/PIL [47]. The results of these investigations prove

that at least some PIF/PIL proteins are phosphorylated

by phytochromes in the cell nucleus, leading to their

ubiquitination and proteolytic degradation in protea-

somes [67-69]. Moreover, it was shown that the kinase

activity of phytochromes is probably linked with its N-

terminal domain since this part of the photoreceptor can

act as a native phytochrome upon dimerization followed

by transport to the cell nucleus [70]. Thus, phytochromes

would form a hitherto unknown family of protein kinases.

In our studies, phy A was shown to phosphorylate all

analyzed proteins with a clear preference for dephosphory-

lated casein. Similarly to the results obtained by other

authors, no clear correlations were found between kinase

activity and phy A [62-65]. The results of our studies con-

cerning the effect of red light and far-red light on phos-

phorylation of substrate proteins by the system of phy

A/NDPK-In provide evidence that red light activates the

phosphorylation of all three analyzed proteins. Thus, these

results indicate that phy A in the Pfr form not only stimu-

lates the catalytic activity of NDPK-In defined as the

velocity of the transfer of a phosphate residue from ATP to

dCDP [41], but also activates NDPK-In function deter-

mined as the velocity of the transfer of a phosphate residue

from ATP to a substrate protein. Figure 9 demonstrates a

possible mechanism of protein transphosphorylation

mediated by the interplay between phy A and NDPK-In.

This interesting discovery encourages further investigations

encompassing, for instance, attempts to identify other nat-

ural substrate proteins phosphorylated by the NDPK-In

upon its mutual interaction with phytochromes.
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