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Abstract The cDNA encoding bovine retinal isoforms of
nucleoside diphosphate kinase (NDP-kinase, EC 2.7.4.6) has
been cloned and sequenced. Based on the partial amino acid
sequence of the enzyme determined after trypsin digestion of
purified NDP-kinase, primers were synthesized and used to
isolate two different cDNA clones encoding the full length of two
NDP-kinase isoforms. The nucleotide sequences of these clones
contained open reading frames encoding 152-residue polypeptides
with calculated molecular masses of 17.262 and 17.299 kDa,
similar to that determined for the subunits of purified enzyme
(17.5 and 18.5 kDa). The deduced NDP-kinase sequences
showed high similarity with the known NDP-kinase sequences
from other sources.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Retinal rod outer segments embody several GTP-controlled
pathways. In these cells, fast activation of the heterotrimeric
G-protein by photoexcited rhodopsin and GTP accounts for
two crucial features of light response: ampli¢cation and
speed. It is widely accepted that the switch between GDP-
bound (inactive) and GTP-bound (active) forms of G-protein
is regulated by GDP-GTP exchange and GTP hydrolysis by
the GTPase activity intrinsic to G-proteins. Activated G-pro-
tein stimulates the activity of the cyclic GMP phosphodiester-
ase (PDE) by removing its inhibitory Q-subunit, resulting in
cGMP hydrolysis. The reduction in cGMP concentration
causes the closure of plasma membrane sodium channels
gated by cGMP and subsequent cell hyperpolarization [1].
Recovery of cytoplasmic cGMP levels and plasma membrane
depolarization is believed to be regulated by a feedback mech-
anism controlled by calcium dependent guanylate cyclase
[2,3].

The ¢rst step in the recovery of cGMP concentration is
phosphorylation of GMP to GDP by guanylate kinase.
GDP is further phosphorylated to GTP by nucleoside diphos-
phate kinase (NDP-kinase; ATP:NDP phosphotransferase,
EC 2.7.4.6). These two consecutive phosphotransferase reac-
tions regulate the supply of guanine nucleotides to signal
transduction and other pathways [4].

NDP-kinase catalyzes the transfer of the terminal phos-
phate from nucleoside triphosphates to nucleoside diphos-
phates and exhibits broad speci¢city for the base [5]. Transfer
of the terminal phosphate occurs by a ping-pong mechanism

that involves the formation of the transient high energy phos-
phoprotein intermediate form of the enzyme due to phospho-
rylation of a histidine residue, followed by the transfer of this
phosphate to an available substrate [5,6]. The interest in
NDP-kinase, being long considered as a `housekeeping' en-
zyme, has increased dramatically since the demonstration of
its involvement in developmental processes, signal transduc-
tion, oncogenic transformation and tumor metastasis (for re-
views see [7^9]).

Previously, we characterized bovine retinal NDP-kinase
[10,11]. In this work we report on the isolation and character-
ization of cDNA species encoding two isoforms of bovine
retinal NDP-kinase, designated as NBR-A and NBR-B.

2. Materials and methods

2.1. Protein puri¢cation and sequencing of peptides
NDP-kinase from bovine retina was puri¢ed as described [11]. Na-

tive enzyme and protein subunits separated by SDS-PAGE were re-
sistant to Edman degradation. Protein subunits were therefore sepa-
rated by SDS-PAGE and electrotransferred onto an Immobilon-P
membrane (Millipore). The membrane was stained with Ponceau S
(Sigma), NDP-kinase bands were excised, destained by 1% acetic
acid and washed thoroughly with deionized water. Membrane strips
were incubated in 3 ml of 0.5% polyvinylpyrrolidone-40/0.1 M acetic
acid for 30 min at 37³C, whereupon they were cut into 1U1 mm
pieces. Trypsin solution (enzyme:substrate = 1:20, 100 Wl) in 0.05%
acetonitrile/0.1 M Tris-HCl, pH 8.5, was added to the membrane
pieces and incubated at 37³C for 8 h. The digest was applied to a
reversed phase HPLC Zorbax C18 column after the addition of tri-
£uoroacetic acid to a ¢nal concentration of 0.1%, and the peptides
were eluted with a linear gradient of 0^70% acetonitrile containing
0.1% tri£uoroacetic acid. Sequencing of peptides was performed by
Edman degradation using a liquid-phase sequenator (Applied Biosys-
tems, model 475 A).

2.2. Screening of the cDNA library
Taking into consideration the codon usage of known retinal pro-

teins two degenerate oligonucleotides based on the sequences of the
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Fig. 1. NDP-kinase tryptic peptids. NDP-kinase subunits were sepa-
rated by SDS-PAGE, transferred onto Immobilon-P membrane,
cleaved by trypsin and puri¢ed by HPLC followed by sequencing
by Edman degradation.
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tryptic peptides, as well as two additional probes corresponding to the
most conservative sequences of NDP-kinases from di¡erent sources,
were synthesized by an automatic DNA synthesizer (Applied Biosys-
tems, model 381 A). Radiolabeled oligonucleotide probes were gen-
erated by T4 polynucleotide kinase with [Q-32P]ATP [12]. Screening of
the cDNA library of bovine retina in bacteriophage V-ZAP kindly

provided by Dr. M. Applebury (Department of Ophthalmology, Uni-
versity of Chicago) was performed using standard protocols [12]. Iso-
lation of phage DNA and subcloning of cDNA inserts in the pBlue-
script M13 plasmid vectors (Stratagene) were conducted as described
[13]. The plasmids were ampli¢ed in Escherichia coli XL1-Blue and
plasmid DNA was prepared using Qiagen plasmid mini kit (100)
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Fig. 2. The nucleotide sequences and deduced amino acid sequences of NBR-A (A) and NBR-B (B). A: The peptides from bovine retinal
NDP-kinase, amino acid sequences which were determined by Edman degradation, are underlined. B: The codons of NBR-B di¡erent from
those of NBR-A are indicated by circles.
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according to the recommendation of the manufacturer. The inserts
cDNA was sequenced completely in both directions by the Sanger
chain termination method [14] using Sequenase 2.0 sequencing kit
(USB). EMBL accession numbers: NBR A-X92956, NBR B-X92957.

3. Results and discussion

3.1. Isolation of peptide fragments and construction of
oligonucleotide probes

Native NDP-kinase was resistant to Edman degradation,
indicating that the N-terminus of protein was blocked. The
nature of this blocking group was not determined. NDP-
kinase subunits were therefore separated by SDS-PAGE and
cleaved with trypsin. Sequencing the peptides separated by
HPLC on Zorbax C18 column resulted in obtaining about
27% of the polypeptide chain sequence (see Fig. 1). From
the peptide sequences and the codon usage of several known
rod outer segments proteins, two oligonucleotides were
synthesized to screen the retinal cDNA library: 5P-ACCTTC-
ATCGCCATCAAGCCCGACGG-3P and 5P-TC(G/T)(C/G)-
(T/A)(T/G)CCGTG(T/G)AT(T/G)ATGTT-3P. The third and
fourth probes were prepared on the basis of the most con-
served amino acid sequences of known nucleoside NDP-
kinases and used as `control' probes: 5P-ATGGCCAAC-
(A/T)G(C/T)GAGCGTACCTTCAT-3P and 5P-CTGGCCT-
GGTGAA(A/G)TACATGCACTCAGG-3P.

3.2. Isolation and sequencing of NDP-kinase cDNA clones
Screening the cDNA library of bovine retina with the oli-

gonucleotide probes yielded several positive clones and among
them, one containing the whole sequence of NDP-kinase.
NDP-kinases from other mammalian organisms (rat liver
[15,16], bovine brain [17] and human erythrocytes [18]) con-
tain at least two isoforms, therefore a search for further clones
was attempted. The cDNA containing whole sequence of
NDP-kinase was sequenced and four unique probes based
on the nucleotide sequence of this clone were synthesized
(probes not shown). The cDNA library was screened again
using these probes. This yielded ten positive clones from
2U106 recombinants screened. 7 and 2 represent the whole
sequences for the NBR-A and NBR-B, respectively. The sizes
of the cDNA inserts in the plasmids were determined after
digestion with EcoRI to be 696 and 863 bp for the clones
encoding NBR-A and NBR-B, respectively (Fig. 2). The ami-
no acid sequences used to synthesize oligonucleotide probes
for the ¢rst screening were found in the open reading frames
of both inserts. The open reading frames contained all the
peptide sequences determined, including those from N- and

C-terminal regions. We concluded that these clones contained
the entire coding sequences of NDP-kinase with the reading
frame starting from ATG (nucleotides 55^57) and ending at
TGA (nucleotides 511^513) for NBR-A and starting from
ATG (nucleotides 209^211) and ending at TGA (nucleotides
665^667) for NBR-B. The nucleotide sequence of 3P-untrans-
lated region including the polyadenylation site was 201 bp
long for NBR-B. The 3P-untranslated region of NBR-A in-
cluded 186 bp. The cDNA clones di¡ered from each other in
four codons shown in Fig. 2B in circles. Two nucleotide sub-
stitutions are responsible for the di¡erences in the isoforms:
Ile-21 and Arg-135 in NBR-A are replaced by Met and His
residues in NBR-B, respectively. Two other di¡erences in nu-
cleotide content do not result in the amino acid substitutions.
The deduced amino acid sequence of NDP-kinase consists of
152 amino acid residues. The molecular masses calculated
from the amino acid sequences were 17.262 kDa for NBR-A
and 17.299 kDa for NBR-B.

Bovine retinal NDP-kinase exhibited a doublet of protein
polypeptides on SDS-PAGE with the apparent molecular
masses of 17.5 kDa and 18.5 kDa, and we found two clones
encoding di¡erent gene isoforms. But in this case the corre-
spondence between the separated NDP-kinase polypeptides
and the products of the gene isoforms could not be established
exactly because of the absence of tryptic peptides which spe-
ci¢cally belong to NBR-A or NBR-B, close molecular masses
of the gene products and high similarity between NBR-A and
NBR-B. It is possible that a third form of NDP-kinase exists
in bovine retina.

The results of a comparison between bovine retinal NDP-
kinase and NDP-kinases from other sources are given in Ta-
ble 1. Both NBR-A and NBR-B sequences can be well aligned
with those of the human Nm23-H1 protein (90.1% and 89.5%
identity, respectively) and rat L-isoform of NDP-kinase
(88.9% identity for both isoforms). Almost all sequences are
similar to the sequence of bovine retinal NDP-kinase without
any internal gaps. The exceptions are the proteins from Dic-
tyostelium discoideum and Myxococcus xanthus.
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Table 1
Amino acid sequence identity between NDP-kinases from various sources
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