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Nucleoside diphosphate kinase (NdK) is a ubiquitous
enzyme in both prokaryotes and eukaryotes and is pri-
marily involved in the maintenance of cellular nucleo-
tide pools. We have cloned ndk from Mycobacterium tu-
berculosis strain H37Ra and expressed it in Escherichia
coli as a fusion protein with glutathione S-transferase.
The purified protein, following thrombin cleavage and
gel permeation chromatography, was found to be hex-
americ with a monomeric unit molecular mass of �16.5
kDa. The protein exhibited nucleotide binding, divalent
cation-dependent autophosphorylation, and phosphate
transfer ability from nucleoside triphosphate to nucleo-
side diphosphate. Although UDP inhibited the catalytic
activity of the recombinant protein, the classic inhibi-
tors, like cromoglycate, 5�-adenosine 3�-phosphate, and
adenosine 3�-phosphate 5�-phosphosulfate, had no effect
on the activity. Among three histidine residues in the
protein, His-117 was found to be essential for autophos-
phorylation. However, in subsequent phosphate trans-
fer, we observed that His-53 had a significant contribu-
tion. Consistent with this observation, substitution of
His-53 with either Ala or Gln affected the ability of the
recombinant protein to complement NdK function in
Pseudomonas aeruginosa. Furthermore, mutational
analysis established critical roles for Tyr-50 and Arg-86
of the M. tuberculosis protein in maintaining phospho-
transfer ability.

Nucleoside triphosphates or their deoxy derivatives (NTP/
dNTP) are of fundamental importance for the survival of any
living organism, because they act as precursors for synthesis of
macromolecules like nucleic acids. Nucleoside diphosphate ki-
nase (NdK)1 plays a pivotal role in the maintenance of intra-
cellular ratios of NTPs and dNTPs. This enzyme has very little
specificity for the base or the sugar and catalyzes phospho-
transfer reaction from a NTP/dNTP to a NDP through a ping-

pong mechanism involving a high energy phosphorylated in-
termediate (1). NdK has been characterized from several
prokaryotes and eukaryotes (2–6). Despite high homology in
the amino acid sequence, the functional enzymes are tet-
rameric in several prokaryotes, whereas in eukaryotes they
exist in hexameric form. The crystal structures of many NdKs
with or without substrates have been determined, and they are
highly conserved from Escherichia coli to human (43% identity)
with polypeptides having a molecular size of �15 to 18 kDa (7).
Besides their role in maintaining NTP pools, NdKs have also
been reported to participate in regulating a variety of cellular
functions. Studies in bacteria have revealed that NdK is essen-
tial for cell growth and differentiation (2, 5). In E. coli, NdK has
been shown to act as a protein kinase to phosphorylate histi-
dine kinases like EnvZ and CheA, thereby suggesting its in-
volvement in cross-talk with two component signal transduc-
tion systems (8). Its role in sequence-dependent DNA binding
as well as transcription (9) and site-specific DNA cleavage (10,
11) has also been demonstrated. Interestingly, the DNase ac-
tivity exhibited by both human and E. coli NdKs has been
implicated in base excision repair (12). In Drosophila melano-
gaster, NdK was involved in development of wing disc cells (13).
Several NdKs have been reported in humans. Although NdKA
(NM23-H1) suppressed tumor metastasis in melanoma cells
(14), NdKB (NM23-H2) has been shown to bind the promoter of
c-myc oncogene to activate its transcription (15).

NdK has been found to be present in membranous, cytosolic,
and secretory forms (16, 17). Interestingly, in Pseudomonas
aeruginosa, interaction of NdK with different proteins has been
shown to modulate the synthesis of GTP (17). Although the
membrane-associated form of NdK in this bacteria could com-
plex with the Ras-like protein Pra and/or pyruvate kinase, the
cytosolic form interacted with elongation factor TU (Ref. 18 and
references therein). Extracellular secretion of this enzyme has
been reported in Mycobacterium bovis bacillus Calmette-
Guérin (19), P. aeruginosa (20), Trichenella spiralis (21), and
Vibrio cholerae (22). Because a large number of secretory pro-
teins are usually produced by pathogens to adhere to or infect
host cells, they have often been considered as target molecules
for designing new vaccines as well as novel drug intervention
strategies (23, 24). Therefore, being a secretory molecule in
pathogens, NdK may be an important enzyme to study. In this
context, we have focused on tuberculosis, a disease caused by
Mycobacterium tuberculosis that is responsible for considerable
human morbidity and mortality worldwide due to the rapid
resurgence of drug resistant strains in recent years (25).

Analysis of the genome sequence of M. tuberculosis H37Rv
(26) has revealed the presence of single ndk gene (Rv2445c). It
has been reported that mycobacterial NdKs were secretory in
nature and might be involved in virulence by the sequestration
of ATP from macrophage surface-associated P2Z receptors (19).
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Furthermore, it has also been reported to be cytotoxic in mouse
macrophage cell lines (27). Although a 2.6-Å x-ray structure of
NdK from M. tuberculosis (mNdK) has been solved (28), its
detailed biochemical characterization is not available as yet.
Therefore, we concentrated on the mNdK and studied the au-
tophosphorylation as well as phosphotransfer activities of this
recombinant protein through structure-function analysis. Our
results argued that different amino acid residues are required
for autophosphorylation and phosphotransfer activities in
mNdK. Although the His-117 was essential for autophospho-
rylation of the protein, it was not involved in subsequent trans-
fer of phosphate to NDPs. On the other hand, His-53, Tyr-50,
and Arg-86 were critical for its phosphotransfer activity.

EXPERIMENTAL PROCEDURES

Materials—Restriction/modifying enzymes were obtained from
New England Biolabs. All other fine chemicals, including ABTS,
different nucleotides, proteinase K, thrombin, PAP, PAPS, FSBA,
cromoglycate, and 4-aminoantipyrine were procured from Sigma
Chemical Co. Oligonucleotides used in this study were custom syn-
thesized (Biobasic Inc. or IDT). [�-32P]ATP and [�-32P]dCTP were
purchased from Jonaki Laboratories, the Board of Radiation and
Isotope Technology, Hyderabad, India

PCR Amplification, Construction of Recombinant Plasmids, and
Generation of Site-directed Mutants of mNdK—Genomic DNA was iso-
lated from M. tuberculosis strain H37Ra as described previously (29)
and used for PCR amplification of ndk. Primers (CT3: 5�-CATATGAC-
CGAACGGACTCTGG 3� and CT4: 5�-CTAGGCGCCGGGAAACCAG-
3�) used for this purpose were designed based on the published ndkA
(Rv2445c) sequence of M. tuberculosis (26). However, for expression of
the protein in E. coli or P. aeruginosa, the start codon was changed to
ATG instead of GTG and, accordingly, an NdeI site was incorporated in
the primer CT3. The ndk gene (�411 bp) was PCR-amplified using the
GC Rich PCR system (Roche Applied Science) following the manufac-
turer’s recommended protocol. The gene was initially cloned in pT-Adv
vector (pTAdv-NdK), and its nucleic acid sequence was determined
using an automated sequencer (Applied Biosystems). This construct
was subsequently used for subcloning the M. tuberculosis ndk gene in
different vectors for its expression in heterologous hosts, like E. coli and
P. aeruginosa. pTAdv-NdK was digested with NdeI and treated with
DNA polymerase I (Klenow) to obtain a blunt-ended fragment. This
fragment was subsequently digested with either HindIII or KpnI for
subcloning into different vectors. Similarly, following XhoI digestion of
pGEX-KG (30) or pSFFLAG-MAC (31), the fragments were treated with
Klenow. The blunt-ended vectors were then digested with either Hin-
dIII (pGEX) or KpnI (pSFFLAG). Finally, the M. tuberculosis ndk gene
was ligated to the appropriate vectors to yield pGEX-NdK or pSFFLAG-
NdK and transformed in E. coli strain DH5�. Clones containing the
gene of interest were confirmed by restriction analysis while junction
sequencing was carried out to authenticate in-frame fusions.

Genomic DNA from P. aeruginosa type strain MTCC 1934 was ex-
tracted following procedures described elsewhere (32) and used for PCR
amplification of a fragment of �1.5 kb (nucleotide position 4,265,949–
4,267,400 of the genome) containing 431 bp of ndk (nucleotide position
4,266,469–4,266,900; coding sequence at �1 frame). Primers, CT34
(5�-CAACTAGTCTAGACGACATTGGTGATGGCG-3�; XbaI site incor-
porated) and CT35 (5�-CAAAACGAGCTCCCATCAACCAGGTGTC-3�;
SacI site introduced) used for this purpose were designed from the
published P. aeruginosa genome sequence (33). The PCR-amplified
fragment was cloned in pUC19 (pPN1). Subsequently, a kanamycin
cassette of �1.3 kb (34) was introduced at the unique NruI site of pPN1
to obtain pPNK1. Thus this plasmid had the kanamycin cassette in-
serted in the ndk open reading frame and was used for gene disruption
in P. aeruginosa.

Site-directed mutants of M. tuberculosis ndk (K10A, K29A, H49A,
H49Q, Y50F, H53A, H53Q, R86A, R104A, H117A, H117Q, and S119A)
were generated using pGEX-NdK as template following the overlap
extension PCR method (35, 36). CT31 (in addition to nucleotides in CT3,
an XhoI site was incorporated at the 5�-end) and CT32 (HindIII site was
added in CT4) were used as external primers. The different internal
primers used in generating mutants will be provided upon request.
Different mutants (H49A, H49Q, H53A, H53Q, H117A, H117Q, and
Y50F) were initially digested with HindIII, treated with Klenow, and
finally excised by XhoI digestion. These constructs were then cloned
into the XhoI/SmaI sites of pSFFLAG-MAC and used to assess the

ability of different mutants to complement NdK function in P. aerugi-
nosa (please see below).

Expression and Purification of Recombinant Protein—The pGEX-
NdK or different mutants were transformed into E. coli strain
BL21(DE3) for overexpression and subsequent purification of proteins.
Overnight cultures of these clones (�15 h at 37 °C in LB broth contain-
ing 100 �g/ml ampicillin) were re-inoculated and grown to an A600 of
�0.6. Cells were then induced with 0.2 mM IPTG, harvested after 3 h,
and suspended in lysis buffer (50 mM Tris, pH 8, containing 5 mM

EDTA, 50 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 1 �g/ml of
pepstatin, and 1 �g/ml leupeptin). Following lysozyme treatment (30
min at 4 °C), cells were sonicated and the supernatant fraction was
collected after centrifugation (17,600 � g for 15 min at 4 °C). This
fraction was loaded onto a glutathione-agarose affinity column and
cleaved with thrombin (55.5 units/5 ml of bed volume) following the
manufacturer’s recommended protocol. The protein (mNdK or different
mutants following removal of GST tag) obtained in this way was sub-
jected to gel permeation chromatography on a fast-protein liquid chro-
matography unit using a Superdex 200 column. Finally, the purified
protein was eluted with elution buffer (50 mM Tris, pH 8, containing 1
mM EDTA), and its concentration was estimated following Bradford’s
method (37).

Gene Disruption and Complementation—The ndk gene of P. aerugi-
nosa type strain was disrupted using the pPNK1 gene disruption cas-
sette following the method described elsewhere (38). Twenty-five trans-
formants were selected in LB plates supplemented with kanamycin
(200 �g/ml). They were further confirmed by Southern analysis using
[�-32P]dCTP-labeled probes (kanamycin-resistant gene and DNA frag-
ment containing P. aeruginosa ndk) following the standard protocol
(39). As expected, SacI digestion of genomic DNA from ndk-disrupted
transformants yielded a fragment of �10.8 kb compared with that of
�9.5 kb in wild type cells. One of these transformants was randomly
chosen to carry out experiments and was designated as WTd. For
complementation studies, ndk (both M. tuberculosis and P. aeruginosa)
or other mutants were transformed in WTd, and the expression was
confirmed by Western blotting.

Autophosphorylation and Phosphotransfer Assays—Autophosphoryl-
ating abilities of mNdK or different mutants were assessed by incubat-
ing purified proteins in 1� kinase buffer (50 mM Tris-Cl, pH 7.5, 50 mM

NaCl, 300 �M MgCl2) in the presence of 2 �Ci of [�-32P]ATP at 24 °C for
1 min. SDS sample buffer (30 mM Tris-Cl, pH 6.8, 5% glycerol, 2.5%
�-mercaptoethanol, 1% SDS, and 0.01% bromphenol blue) was added to
terminate the reaction. Samples were boiled for 5 min and resolved on
12% SDS-PAGE gels. Gels were analyzed in a phosphorimaging device
(Bio-Rad) using Quantity One software and exposed to Kodak
X-Omat/AR film for autoradiography (29). To monitor the effect of
different divalent cations on the autophosphorylating abilities of
mNdK, they (Ca�2/Co�2/Cu�2/Mn�2/Zn�2) were added in the kinase
buffer instead of MgCl2.

Phosphotransfer activities of mNdK or different mutants were mon-
itored in a colorimetric assay performed in microtiter plates (40).
Briefly, in a 50-�l reaction volume mNdK protein (1–10 ng) was mixed
with several ingredients (50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 75 mM

KCl, 1.5 mM 4-aminoantipyrene, 1 mM glycerol, 1.5 mM 3,5-dichlorophe-
nolsulfonic acid, 0.5 mg/ml bovine serum albumin, 1 unit/ml glyceroki-
nase, 2.5 units/ml glycerol-3-phosphate oxidase, 2.5 units/ml peroxi-
dase) along with dGTP (1 mM) as the phosphate donor nucleotide and
ADP (5–250 �M) as the substrate. This was followed by incubation (0–8
min) at 24 °C and subsequent monitoring of enzyme activity at 490 nm
in an enzyme-linked immunosorbent assay plate reader. The values
obtained were corrected by subtracting the blank readings (no signifi-
cant difference was noticed when assays were carried out with all
ingredients except either substrate or mNdK or dGTP). Standard
curves were prepared with known amounts (5–200 �M) of ATP (omitting
dGTP, ADP, and mNdK in reaction mixtures), and the kinase activity of
mNdK was expressed as micromoles of ATP produced/min/mg of pro-
tein. A preincubation step (20 min or 3 h at 24 °C) with the protein was
included in the assays to monitor the influence of varied concentrations
of inhibitors (AMP, cyclic AMP, cromoglycate, PAP, PAPS, and UDP).

Western Blotting—Polyclonal antibody against mNdK was raised in
rabbit following the method described earlier (36) and used for moni-
toring the expression of mNdK or mutant proteins by Western blotting.
The antisera also showed cross-reactivity to NdK of P. aeruginosa.
Samples (100 ng to 10 �g of protein/slot) were resolved on SDS-PAGE
gels and transferred to nitrocellulose membranes. Blots were probed
with primary (anti-mNdK or anti-GST) and secondary (horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG) antibodies and
processed with the ECL detection system (Amersham Biosciences). The
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ATP-binding ability of the recombinant mNdK was monitored by label-
ing the protein with a nonhydrolyzable ATP analogue, FSBA, followed
by detection through Western blotting using anti-FSBA antibody
(Roche Applied Science).

Structural Analysis—Analysis of all available NdK structures, in-
cluding that of mNdK (Protein DataBank accession number 1K44 and
Ref. 28), were done using either ‘O’ program (41) or ICM (www.molsoft.
com) on an SGI O2 graphics system.

RESULTS

Overexpression of mNdK—The ndk gene from M. tuberculo-
sis strain H37Ra was amplified by PCR and cloned in the
pT-Adv vector. Sequencing of this fragment indicated 100%
identity at the nucleotide level with the published ndkA se-
quence of the pathogenic strain, H37Rv, of M. tuberculosis. To
monitor expression of mNdK as a fusion protein with GST,
pGEX-NdK was transformed into E. coli strain DH5� or
BL21(DE3). Several colonies harboring the expression plasmid
were obtained in both hosts. On SDS-PAGE gels, however, cell
lysates prepared from E. coli strain DH5� exhibited two IPTG-
induced bands (�41 and �43 kDa). On the other hand, the
expected �43 kDa fusion protein was observed in cell lysates of
E. coli strain BL21(DE3) and therefore was used in subsequent
studies (Fig. 1A). Approximately 20% of the expressed protein
was found to be in the soluble fraction (Fig. 1A, lane 3). The
fusion protein was purified by glutathione-agarose affinity
chromatography (Fig. 1A, lane 5) and checked by Western

blotting using anti-GST antibody (data not shown). GST-
mNdK protein was treated with thrombin, further purified
through a glutathione-agarose affinity column, and subjected
to gel permeation chromatography. The purified mNdK protein
containing 16 amino acids from the GST tag was eluted as a
single peak in a Superdex 200 column and exhibited a molec-
ular mass of 107 � 2.56 kDa (mean � S.D., n � 9). The same
sample revealed a molecular mass of 16.5 � 0.45 kDa (mean �
S.D., n � 12) on SDS-PAGE (Fig. 1A, lane 6). Western blotting
with anti-mNdK antibody also recognized the purified protein
(Fig. 1B). Considering the presence of 16 amino acids from GST
tag in the mNdK, the molecular weight determined by SDS-
PAGE analysis was found to be the same as has been predicted
from the sequence. Thus our data support a possible hexameric
conformation of the active form of mNdK, which is consistent
with the value obtained following crystal structure analysis of
the protein from M. tuberculosis pathogenic strain H37Rv (28).

mNdK Is a Nucleotide-binding Protein—The nucleotide bind-
ing ability of different NdKs has already been established (1,
42). To gain insight on this aspect, we utilized a nonhydrolyz-
able ATP analogue, FSBA, which binds to the nucleotide-bind-
ing site of proteins through covalent attachment (43). Follow-
ing the labeling of protein (purified in borate buffer) with FSBA
(1 or 3 mM) or treating with Me2SO (solvent control), samples
were subjected to SDS-PAGE and immunoblotting using anti-
FSBA antibody. As shown in Fig. 1B, anti-FSBA antibody
recognized only those samples that were incubated with FSBA
(lanes 2 and 3). On the other hand, anti-mNdK antibody rec-
ognized all samples of this blot after being stripped (Fig. 1B).
Although nonspecific binding of FSBA to mNdK could not be
ruled out in our experimental set-up, the evidence we pre-
sented strongly suggested that this recombinant protein does
bind nucleotides. Therefore, our results corroborated a recent
study where the nucleotide binding ability of NdK from
M. tuberculosis strain H37Rv was established using a different
approach (27).

mNdK Exhibits Autophosphorylation and Phosphotransfer
Ability—The autophosphorylating ability of mNdK was moni-
tored by incubating it with [�-32P]ATP in the presence of Mg�2

followed by separation of the reaction products by SDS-PAGE
and identification of the labeled proteins in a phosphorimaging
device as well as by autoradiography of the dried gels. In vitro
assays revealed that mNdK was capable of phosphorylating
itself in a concentration-dependent manner (Fig. 2A, lanes 2–7),
whereas heat-inactivated (100 °C for 5 min) protein did not
show any activity (Fig. 2A, lane 1). The protein was able to
autophosphorylate over a broad pH range of 3–12 (data not
shown). As shown in Fig. 2B, divalent cations were essential for
the autophosphorylation of mNdK (compare lane 1 with lanes
2–7). Interestingly, autophosphorylation of this protein was
detectable in the presence of all divalent cations (Ca�2, Co�2,
Cu�2, Mg�2, Mn�2, and Zn�2) tested (Fig. 2B). Among the
different inhibitors tested (AMP, cyclic AMP, and UDP), only
UDP affected the autophosphorylation of mNdK. Surprisingly,
cromoglycate, which is a known inhibitor of histidine phospho-
rylation (44), had no significant effect (Fig. 2C, lanes 8 and 9).

We further investigated the phosphotransfer activity of mNdK
employing an enzyme-coupled assay using dGTP and ADP as
donor and acceptor nucleotides, respectively. To determine the
kinetic parameters, purified enzyme was incubated (up to 8 min
at 24 °C) with increasing concentrations of ADP, and the activity
was measured at every minute (Fig. 3, inset A shows a represent-
ative plot). The rate of reaction (amount of ATP generated/min)
was calculated from the standard curve (see “Experimental Pro-
cedures”) and plotted as a function of substrate concentration.
This yielded a typical Michaelis-Menten curve (Fig. 3). The Km

FIG. 1. Purification of mNdK expressed in E. coli (A) and de-
tection of its ATP-binding ability (B). Overnight cultures of
BL21(DE3) cells transformed with pGEX-NdK were processed for pu-
rification as described under “Experimental Procedures.” A, protein
samples at various stages of purification were subjected to 12% SDS-
PAGE followed by Coomassie Brilliant Blue staining. Lane 1, crude
extract of cells harboring plasmid pGEX-NdK without IPTG induction;
lane 2, crude extract of cells harboring plasmid pGEX-NdK induced
with IPTG; lane 3, low speed supernatant fraction; lane 4, pellet frac-
tion obtained after low speed centrifugation; lane 5, glutathione-agar-
ose resin purified fusion protein; and lane 6, purified mNdK obtained
after thrombin cleavage followed by gel permeation chromatography.
The arrow indicates position of purified mNdK containing 16 amino
acids (PGISGGGGGILDSMGR) from GST tag. Numbers denote the
position of molecular weight standards. B, purified mNdK following
incubation with FSBA was subjected to SDS-PAGE and immunoblot-
ting using anti-FSBA (aFSBA) or anti-mNdK (aNdK) antibodies. Lane
1, mNdK with no FSBA; lane 2, mNdK with 1 mM FSBA; lane 3, mNdK
with 3 mM FSBA.
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and Vmax values obtained from a Lineweaver-Burk plot were �24
�M and �171 �mol/min/mg of protein, respectively (see Table II).
Furthermore, there was a linear increase (r � 0.989) in the
enzyme activity with increasing concentrations of protein (Fig. 3,
inset B). AMP, cyclic AMP, and UDP inhibited the enzyme activ-
ity considerably (Table I). As reflected in the IC50 (the concentra-
tion of inhibitor resulting in 50% inhibition) values, AMP and
UDP were potent inhibitors compared with cyclic AMP. However,
unlike other NdKs (44, 45), the phosphotransfer activity of
mNdK (Table I) was not affected by either cromoglycate or 3�-
phosphate nucleotides (PAP or PAPS). Thus our results high-
lighted the distinction in the behavior of mNdK compared with
other bacterial homologues.

Role of Histidine Residues in Functionality of mNdK—Pri-
mary sequence analysis of mNdK revealed the presence of
three histidine residues at amino acid positions 49, 53, and 117.
Because mNdK is a histidine kinase, we examined the role of
histidine residues in autophosphorylation as well as in phos-
photransfer activities. Six different mutants were generated
for this purpose by replacing each histidine with either alanine
or glutamine (H49A, H49Q, H53A, H53Q, H117A, and H117Q).
Expression of all the mutants was authenticated by the West-
ern blot analysis using anti-mNdK antibody (Fig. 4A). As
shown in Fig. 4B, the autophosphorylating ability was unaf-
fected in each of the H49A, H49Q, H53A, and H53Q mutants.
On the other hand, mutations at His-117 (H117A or H117Q)
completely abolished the autophosphorylating ability. We
therefore examined the effect of these mutations on the phos-
photransfer activities of mNdK. Like autophosphorylation, the
H49A or H49Q mutant proteins exhibited phosphotransfer ac-
tivity at par with the wild type enzyme as reflected in the Km,
Vmax, and kcat/Km values (Table II). Surprisingly, although
H53A and H53Q showed Km values similar to that of the wild
type protein, the turnover rates were significantly reduced in
these mutants (Table II). Thus our results argued for a role of
the His-53 residue in the phosphotransfer activity of mNdK. As
expected, neither of the H117A and H117Q mutants exhibited
any detectable phosphotransfer activity. This appears to be
contradictory to the results obtained with NdK from M. tuber-
culosis pathogenic strain H37Rv despite its absolute sequence
identity at the nucleotide level with the nonpathogenic H37Ra
strain (27). To resolve such a discrepancy, we therefore inves-
tigated the effect of these mutations on mNdK function.

It has been shown that in ndk-inactivated mutants of
P. aeruginosa, pyruvate kinase maintains NTP pools. Interest-
ingly, this mutant exhibited slow growth in the presence of
Tween 20, a pyruvate kinase inhibitor (5). We therefore con-
structed a ndk-disrupted strain of P. aeruginosa (WTd) by in-
activating the gene via homologous recombination with pPNK1
(see “Experimental Procedures”). Crude lysates prepared from

FIG. 2. Autophosphorylation of mNdK. Autophosphorylation of
the mNdK was monitored by incubating purified protein with
[�-32P]ATP followed by separation of the reaction products by SDS-
PAGE. The labeled proteins were localized in a phosphorimaging device
or by autoradiography of the dried gel (see “Experimental Procedures”).
A, autophosphorylation with 12.5 (lane 2), 25 (lane 3), 50 (lane 4), 100
(lane 5), 250 (lane 6), and 500 (lane 7) ng of purified mNdK along with
500 ng of heat-inactivated protein (lane 1) in the presence of 300 �M of
Mg�2. B, the effect of divalent cations. Autophosphorylation of mNdK
(250 ng of protein/reaction) was carried out in the absence (lane 1) or
presence of 300 �M of Mg�2 (lane 2), Mn�2 (lane 3), Ca�2 (lane 4), Zn�2

(lane 5), Co�2 (lane 6), and Cu�2 (lane 7). C, the effect of different
inhibitors. Lane 1, no inhibitor; lane 2, 2.5 mM AMP; lane 3, 5 mM AMP;
lane 4, 2.5 mM UDP; lane 5, 5 mM UDP; lane 6, 20 mM cyclic AMP; lane
7, 40 mM cyclic AMP; lane 8, 50 mM cromoglycate; and lane 9, 100 mM

cromoglycate.

FIG. 3. Phosphotransfer activity of mNdK. Kinetics of ATP for-
mation by purified mNdK (5 ng of protein/reaction) was determined
using dGTP and ADP as donor and acceptor nucleotides, respectively.
Purified enzyme was incubated with increasing concentrations of sub-
strate (ADP) for 8 min (inset: A, shows a representative experiment).
The amount of ATP generated per minute was then calculated from a
standard curve as described under “Experimental Procedures” and
plotted as a function of substrate concentrations. The enzyme activity
with increasing amounts of protein (0–10 ng) was also monitored using
50 �M ADP (inset: B). The reproducibility was checked in six independ-
ent experiments.

TABLE I
Effect of inhibitors on phosphotransfer activity of mNdK

mNdK was preincubated with different inhibitors, and phosphotrans-
fer activity was assessed as described under “Experimental Proce-
dures.” AMP, cyclic AMP, UDP, and cromoglycate were used in the
range of 1–100 mM, whereas PAP and PAPS were used in the range of
1 �M to 1 mM. IC50 values were calculated, and results are expressed as
mean � S.D.

Inhibitor IC50 Number of experiments

mM

AMP 1.90 � 0.26 3
Cyclic AMP 26.70 � 2.88 3
UDP 1.57 � 0.06 3
PAP NDa 4
PAPS ND 3
Cromoglycate 90.00 � 13.22 3

a ND, not detectable.
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WTd cells did not show any NdK-specific bands after Western
blotting with anti-mNdK antibody (see below Fig. 5C, lane 2).
This observation, therefore, emphasized that gene disruption
affected the expression of NdK in WTd at the protein level. As
expected, WTd showed slow growth compared with wild type
cells in LB medium supplemented with 0.1% Tween 20 (Fig.
5A, left panel). However, WTd harboring pSFFLAG-NdK exhib-
ited a growth curve quite comparable to that of the wild type
P. aeruginosa in the presence of Tween 20 (Fig. 5A, right
panel). We further studied the ability of different histidine
mutants of mNdK to compliment the growth defect of WTd in
the presence of Tween 20. Both H49A and H49Q behaved like
the wild type mNdK (Fig. 5B, left panel). H117A or H117Q,
however, showed a growth pattern identical to that of the WTd,
thereby suggesting an inability of these mutants to comple-
ment NdK function (Fig. 5B, right panel). Surprisingly, as
shown in Fig. 5B (middle panel), the H53Q and H53A mutants
showed either partial or no complementation of NdK function
in WTd. As evidenced by Western analysis, this discrepancy did
not arise out of any differences in expression of these mutants at
the protein level (Fig. 5C). Thus we concluded that, in addition to
His-117, His-53 is a critical residue in the mNdK protein for
phosphotransfer activity as well as in complementing its function

in WTd.
Contributions of the Active Site Residues in mNdK Activi-

ty—A detailed visual comparison of the structures of mNdK
and its human counterpart, Nm23-H1, was made using molec-
ular modeling software. This analysis revealed that the resi-
dues involved in nucleotide binding and enzyme activities are
essentially unchanged between the two enzymes. Therefore,
several point mutants (K10A, K29A, Y50F, R86A, R104A, and
S119A) were generated (please see Fig. 6A) to evaluate the role
of various conserved residues on the autophosphorylation as
well as phosphotransfer activities of mNdK. One of these res-
idues (Lys-29) would appear to be important for maintaining
the hexameric conformation of the protein as a dimer of two
trimers. Therefore, mutation of this lysine residue to alanine
was expected to affect both its quaternary structure and activ-
ity, because the subunit interface(s) of the protein overlaps
with its active site. As anticipated, the K29A mutant showed no
autophosphorylation or phosphotransfer activities (Fig. 6, B
and C). We had envisaged that two positively charged residues
at the active site (Arg-86 and -104) could play a structural role
in maintaining the geometry of the active site while also being
involved in interactions with the �- and �-phosphates of NDP.
Thus, mutations in these residues would be likely to affect both
the autophosphorylation as well as phosphotransfer activities
of mNdK. Although both mutants (R86A and R104A) lacked
phosphotransfer activities, they exhibited remarkable differ-
ences in autophosphorylating abilities (Fig. 6C). Although the
R104A did not show any autophosphorylating ability, the R86A
retained it. This observation, therefore, indicated a differential
role of Arg-86 residue of mNdK in autophosphorylation and
phosphotransfer. Mutants K10A and Y50F showed no phospho-
transfer activity (Fig. 6C), presumably due to destabilization of
the network of hydrogen bonds made by the amino group of
lysine and the phenyl hydroxyl of tyrosine (46). The relative
autophosphorylating abilities of K10A and Y50F mutants, as
determined by scanning the band intensities with 250 ng of
protein in a phosphorimaging device, were �10 and �20%,
respectively, of that obtained with the wild type enzyme (Fig.
6B). Surprisingly, a 10-fold excess of Y50F mutant protein in
these assays restored the autophosphorylation activity to a
level comparable to the wild type (inset, Fig. 6B). This obser-
vation was further confirmed by varying either protein concen-
tration or reaction time in autophosphorylation assays with
Y50F mutant (data not shown). The phosphotransfer activity of
the Y50F mutant, on the other hand, could not be detected even
when using a 50-fold excess of Y50F protein (inset, Fig. 6C).
The identical mutation at the homologous tyrosine residue of
Dictyostelium discoideum NdK retained negligible (�2% of
wild type) phosphotransfer activity (47). Furthermore, the
Y50F mutant was unable to complement NdK function in
P. aeruginosa, thus suggesting the importance of this tyrosine
residue in mNdK activity (data not shown). The S119A mutant
was not affected in either autophosphorylation or phospho-
transfer activities (Fig. 6, B and C). Structural analysis sug-
gested that the only role of this serine residue is to stabilize the
charge of His-117 upon phosphorylation. Therefore, the ab-
sence of any effect of this mutation on activity is not surprising.
The migration of the wild type mNdK on SDS-PAGE gels was
indistinguishable from that of the various mutants (Fig. 6D).
However, in conformity of the expectation that certain mutants
would affect the quaternary structure of the protein, R104A,
K10A, and K29A exhibited differences in migration on native
PAGE gels (Fig. 6E, lanes 4, 5, and 7). Thus, in summary, our
results confirm the significant contributions of residues like
Arg-86 and Tyr-50 in maintaining the phosphotransfer activity
of mNdK.

FIG. 4. Role of histidine residues on autophosphorylating abil-
ity of mNdK. Mutants of mNdK (H49A, H49Q, H53A, H53Q, H117A,
and H117Q) were generated. They were expressed and purified as
outlined under “Experimental Procedures.” A, Western blot analysis of
the mutant proteins using anti-mNdK antibody. Lane 1, wild type; lane
2, H49A; lane 3, H49Q; lane 4, H53A; lane 5, H53Q; lane 6, H117A; and
lane 7, H117Q. B, autophosphorylating ability of various mutants was
assessed using different amounts of protein (250 ng for wild type,
H49A/H49Q, and H53A/H53Q and 250 ng or 2.5 �g for H117A/H117Q)
in the assay. Lane 1, wild type; lane 2, H49A; lane 3, H49Q; lane 4,
H53A; lane 5, H53Q; lane 6, 250 ng of H117A; lane 7, 2.5 �g of H117A;
lane 8, 250 ng of H117Q; lane 9, 2.5 �g of H117Q.

TABLE II
Kinetics of kinase activity exhibited by mNdK mutants

Phosphotransfer assays were carried out as described under “Exper-
imental Procedures” following the incubation of purified protein (5
ng/reaction) with different concentrations (5–250 �M) of ADP. Km and
Vmax values were calculated from Lineweaver-Burk plots, and the re-
sults are expressed as mean � S.D. For calculating kcat values, the
molecular mass of recombinant mNdK was considered as 16.5 kDa. The
reproducibility was checked in at least three independent experiments
carried out in a set.

Km Vmax kcat/Km

�M �mol/min/mg �M
�1 min�1

WT 23.70 � 1.40 170.86 � 30.00 12.14 � 2.60
H49A 23.56 � 1.05 198.93 � 2.57 13.93 � 0.61
H49Q 23.50 � 1.93 154.10 � 24.01 10.78 � 0.90
H53A 23.21 � 0.35 36.59 � 1.05 2.59 � 0.09
H53Q 23.62 � 3.56 96.32 � 11.90 6.75 � 0.23
H117A NDa ND ND
H117Q ND ND ND

a ND, not detectable.
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DISCUSSION

NdK is a ubiquitous enzyme, which is in keeping with its
role of maintaining cellular NTP pools and has been reported
to be involved in several regulatory processes in both pro-
karyotes and eukaryotes (1, 13–15). Recent studies further
indicated that this enzyme, which has largely been shown to
be cytoplasmic, could be secreted in pathogenic bacteria like
M. tuberculosis, P. aeruginosa, and V. cholerae (20, 22, 27).
Although the physiological relevance for the secretory nature
of NdK is not clear, the importance of this enzyme in host-
pathogen interaction has already been postulated (19). This
has led to renewed interest in bacterial NdKs in recent years.
In this context, we have focused on NdK from M. tuberculosis.
Despite the availability of the recombinant NdK protein and
its 2.6-Å x-ray structure, a detailed biochemical character-
ization of this enzyme has not yet been conducted. In this
study we therefore carried out structure-function analyses of
mNdK, with particular attention to its autophosphorylation
and phosphotransfer activities.

The mNdK was expressed as a fusion protein with GST
utilizing an E. coli-based expression system (Fig. 1A). After
thrombin cleavage, the purified protein retained 16 amino ac-
ids from the GST tag at the amino-terminal end. This �16.5-
kDa (calculated molecular mass 16.04 kDa) recombinant NdK
protein was used in our studies. Sequence analysis of NdKs
from different sources, including M. tuberculosis, do not exhibit
typical nucleotide binding motifs (GXXGK or DXXG) even

though they bind NTP/dNTP (1, 27). As expected, we also
observed nucleotide binding with this recombinant protein, as
evidenced by the results with FSBA (Fig. 1B). Because NdKs
have been shown to transfer the terminal phosphate of N1TP to
N2DP to form N2TP via an autophosphorylated intermediate,
we utilized [�-32P]ATP for monitoring the autophosphorylation
of this recombinant protein. The phosphotransfer activity of
mNdK, on the other hand, was assessed using dGTP and ADP
as phosphate donor and acceptor, respectively. As has been
observed with other bacterial NdKs (1), the recombinant pro-
tein exhibited both autophosphorylation (Fig. 2) and phospho-
transfer (Fig. 3) activities. However, the enzymatic activity of
mNdK was found to be resistant to known inhibitors such as
cromoglycate, PAP, and PAPS (Fig. 2 and Table I). Further-
more, unlike E. coli NdK (8), mNdK protein was unable to
participate in signal transduction processes as a protein phos-
photransferase (data not shown). Thus, although the M. tuber-
culosis protein shares many of the characteristics of various
bacterial NdKs, subtle differences do exist in its behavior,
which makes mNdK distinct from the others.

Analysis of the crystal structure revealed that mNdK is a
hexamer with D3 symmetry despite a sequence divergence in
the Kpn loop and a shorter carboxyl terminus (28). Because the
NdK proteins from different sources exhibit high homology
(and �40% amino acid sequence identity) at the active site,
residues at this region were expected to be highly conserved
and structurally quite similar to the eukaryotic homologues

FIG. 5. Functional complementa-
tion of mNdK mutants in P. aerugi-
nosa. WTd, the ndk-disrupted strain of
P. aeruginosa, was constructed as de-
scribed in the text. Wild type or different
mutants (H49A/H49Q, H53A/H53Q, and
H117A/H117Q) of M. tuberculosis ndk
were cloned into pSFFLAG-MAC. Follow-
ing transformation in WTd, complementa-
tion of NdK function by recombinant pro-
teins, wild type (A), or mutants (B) was
assessed by monitoring the growth pat-
tern (OD600) in LB medium supplemented
with or without 0.1% Tween 20 for 12 h.
In A: left panel, growth profiles of P.
aeruginosa strain MTCC 1934 (WT) and
WTd were monitored in the presence (�)
or absence (�) of 0.1% Tween 20 (T).
Right panel, the growth of WTd harboring
M. tuberculosis ndk or pSFFLAG-MAC
(vector) in the presence of 0.1% Tween 20.
B, growth profile of WTd harboring H49A/
H49Q (left panel) or H53A/H53Q (middle
panel) or H117A/H117Q (right panel) in
the presence of 0.1% Tween 20. C, expres-
sion of NdK in P. aeruginosa strain MTCC
1934 and WTd harboring either vector or
M. tuberculosis ndk or different mutants
of mNdK. Lysates of the cells were pre-
pared, and Western blotting using anti-
mNdK antibody was carried out to moni-
tor the expression of wild type and
mutant proteins. Lane 1, P. aeruginosa
and lanes 2–9, WTd transformed with ei-
ther pSFFLAG-MAC (lane 2), mNdK
(lane 3), H49A (lane 4), H49Q (lane 5),
H53A (lane 6), H53Q (lane 7), H117A
(lane 8), or H117Q (lane 9).
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(46–51). Three histidine residues (positions 49, 53, and 117)
were observed at the active site of mNdK (Fig. 6A and Ref. 28).
Because mNdK is a histidine kinase, we investigated the con-
tributions of these histidine residues in the autophosphoryla-
tion and phosphotransfer activities of the protein. Each of the
histidine residues was mutated to either alanine (a polar to
hydrophobic substitution) or glutamine (a polar to polar sub-
stitution). All the mutants, except for H117A/H117Q incorpo-
rated �-32P from ATP as well as the wild type control (Fig. 4B).
Thus we conclude that His-117 of the mNdK is the residue at
the active site of the protein that is essential for autophospho-
rylation (Fig. 4B). On the other hand, except for H49A/H49Q,
the phosphotransfer activities of the other mutants (H53A/
H53Q and H117A/H117Q) were seriously affected, which was

evident from the significant decrease in Vmax and kcat/Km val-
ues despite an unaltered Km (Table II). In fact, H117A/H117Q
showed so little phosphotransfer activity that the kinetic pa-
rameters could not be determined (Table II). Thus our results
contrast with the report that mutation of the histidine residues
of NdK from M. tuberculosis strain H37Rv did not affect phos-
photransfer activity (27).

We further examined the contribution of these histidine res-
idues toward the functionality of mNdK through a genetic
approach. It has been shown that, in the absence of NdK,
pyruvate kinase is involved in maintaining NTP pools in
P. aeruginosa (5). As a consequence, ndk-negative P. aerugi-
nosa exhibited slow growth in the presence of a pyruvate ki-
nase inhibitor, Tween 20 (5). We therefore constructed a ndk-

FIG. 6. Effect of mutations at the active site of the mNdK on its autophosphorylation and phosphotransfer activities. Mutations at
different active site residues of mNdK were generated as described under “Experimental Procedures.” Autophosphorylation and phosphotransfer
activities of these mutants were compared with those of the wild type enzyme. A, position of different amino acid residues at the active site of the
mNdK. B, autophosphorylation of wild type (WT) or different mutants were monitored (250 ng or 2.5 �g of protein per reaction) as described in the
text. Signal intensity of different bands obtained with wild type or mutants was measured in a phosphorimaging device. Results (mean � S.D., n �
3) presented here are band intensities of different mutants as percentage of wild type control using 250 ng of protein per reaction. Inset:
autophosphorylation of R86A and Y50F mutants (2.5 �g of protein per reaction) as percentage of wild type control. C, phosphotransfer activities
of different mutants were assayed as described under “Experimental Procedures ” using 5, 50, and 250 ng of proteins per reaction. The results
(mean � S.D., n � 3) presented here are the phosphotransfer activities of different mutants expressed as the percentage of wild type control using
5 ng of protein per reaction. Inset: phosphotransfer activities of R86A and Y50F mutants compared with the wild type using 250 ng of protein in
assays. D, Western blot analysis of mutant proteins using anti-mNdK antibody. Lane 1, wild type NdK; lane 2, S119A; lane 3, R86A; lane 4, R104A;
lane 5, K10A; lane 6, Y50F; lane 7, K29A. E, native-PAGE analysis of mutant proteins. Samples (wild type and mutant proteins) were resolved in
a 9% native PAGE and stained with Coomassie Brilliant Blue. Lane 1, wild type NdK; lane 2, S119A; lane 3, R86A; lane 4, R104A; lane 5, K10A;
lane 6, Y50F; lane 7, K29A. Positions of molecular weight standards are indicated.
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disrupted strain, WTd, and as expected, it exhibited slow
growth compared with the wild type P. aeruginosa in the pres-
ence of Tween 20 (Fig. 5A, left panel). We further assessed the
ability of mNdK and different mutants (H49A/H49Q, H53A/
H53Q, and H117A/H117Q) to complement the growth defect of
WTd in the presence of Tween 20. Interestingly, the growth
pattern of WTd harboring the M. tuberculosis ndk gene was
comparable to that of the wild type P. aeruginosa (Fig. 5A, both
left and right panels). Among the different mutants, although
H49A/H49Q behaved like mNdK (Fig. 5B, left panel), H117A/
H117Q were unable to complement the biological function of
the mutant gene (Fig. 5B, right panel). The results with H53A/
H53Q indicated that these mutants were not functionally as
efficient as mNdK (Fig. 5B, middle panel). Thus, the biological
activities of all of these mutants correlated well with the phos-
photransfer activities (Fig. 5B and Table II) and unambigu-
ously established the contributions of both His-53 and His-117
to the cellular functions of mNdK. Furthermore, His-117 is
essential for autophosphorylation of mNdK (Fig. 3). The obser-
vation that a phosphorylated His-117 in mNdK was unable to
carry out subsequent transfer of phosphate to NDPs argues
that His-53 plays an important role in regulating this process.

NdK-catalyzed reactions are an excellent example of enzy-
matic phosphate transfers where P–N and P–O bonds are being
formed or broken depending on the steps considered (48). In
this regard, the R86A and Y50F mutants of mNdK exhibited
interesting behaviors. Both mutants retained a native-like pro-
tein conformation, as judged by native PAGE gel analysis (Fig.
6E). Although the R86A mutant retained autophosphorylating
ability, its phosphotransfer activity was seriously affected (Fig.
6, B and C). The identical mutation in D. discoideum and
D. melanogaster NdKs exhibited negligible phosphotransfer
activities (48, 49). On the other hand, the autophosphorylating
ability of the Y50F mutant was restored to the level of the wild
type enzyme at high protein concentrations (inset of Fig. 6B).
Because mNdK was predominantly autophosphorylated at the
His-117 residue (Fig. 4B), our results with the Y50F mutant
argued the contribution of Tyr-50 in P–N bond (�-P of NTP
covalently bound to N� of His-117) formation is to stabilize the
incoming NTP molecule in the transition state. It has already
been postulated that the phenyl hydroxyl group of Tyr-50 in
NdK interacts with the putative intermediates by lowering the
activation barrier (47). In this scenario, the activation energy
for autophosphorylation of His-117 in the Y50F mutant would
likely be higher than that of the wild type mNdK. Therefore,
increasing the amount of mutant protein may compensate for
the yield of phosphorylated intermediate in the autophospho-
rylation reaction (inset of Fig. 6B). However, this mutant did
not show any phosphotransfer activity (Fig. 6C), presumably
due to destabilization of the network of hydrogen bonds be-
tween the phosphohistidine moiety and the phenyl hydroxyl
group of the tyrosine residue (47, 48). In fact, the reduced
activity resulting from the substitution of tyrosine with pheny-
lalanine could not be overcome by using an excess of protein in
the phosphotransfer assays (inset of Fig. 6C). Thus our results
are the first to demonstrate the important contribution of the
Tyr-50 residue in the autophosphorylation of mNdK, which
may have broad implications in view of the conserved active
site residues in different NdKs (46–51).

Identical sequences at the nucleotide level of ndk between
pathogenic (H37Rv) and nonpathogenic (H37Ra) strains of
M. tuberculosis presumably indicated similarity in the nature
of the proteins. This is not unusual considering the “housekeep-
ing” function of mNdK, such as maintaining cellular NTP pools.
However, it is intriguing that purified NdK from a pathogenic
mycobacteria (M. tuberculosis strain H37Rv) facilitated ATP-

dependent P2Z receptor-mediated mouse macrophage cell
death (27), whereas that from a nonpathogenic strain (M. bovis
bacillus Calmette-Guérin) prevented it (19). Therefore, further
work is necessary to understand the role of mNdK in apoptotic
death of macrophages during infection. Finally, our study ex-
amined some structure/activity relationships of mNdK and un-
equivocally established that several amino acid residues are
required either for autophosphorylation or phosphotransfer but
not both activities of the protein.
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