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It had been well accepted that NAD kinase utilizes
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An enzyme with both inorganic polyphosphate
poly(P)]- and ATP-dependent NAD kinase activities
as isolated from Micrococcus flavus. The enzyme was
dimer consisting of 34 kDa subunits, and was named
oly(P)/ATP-NAD kinase. Internal amino acid se-
uences of the enzyme showed homologies with some
unction-unknown proteins released on the GenBank
atabase. Among such proteins, hypothetical Rv1695
rotein (Accession No. Z98268-16), which was encoded
y a gene named “Rv1695” on genomic DNA of Myco-
acterium tuberculosis H37Rv, was proposed to be
oly(P)-dependent NAD kinase. By cloning and ex-
ression in Escherichia coli, Rv1695 was shown to en-
ode poly(P)/ATP-NAD kinase and named ppnk. The
pnk product, recombinant-poly(P)/ATP-NAD kinase
Ppnk) was purified and characterized. The enzyme
as a tetramaer consisting of 35 kDa subunits when

xpressed in E. coli. Poly(P)/ATP-NAD kinases of M.
avus and Ppnk of M. tuberculosis H37Rv specifically
nd completely phosphorylated NAD by utilizing com-
ercially available poly(P)s and nucleoside triphos-

hates as phosphoryl donors. © 2000 Academic Press

NAD kinase (ATP:NAD phosphotransferase, EC
.7.1.23) catalyzes the only (known) biochemical reac-
ion leading to the formation of NADP from NAD by
he use of ATP, playing a crucial role in the regulation
f NAD/NADP level in organism (1). Completely puri-
ed NAD kinases have been obtained, only from pigeon

iver (2), pigeon heart (3), Saccharomyces cerevisiae (4),
nd Candida utilis (5), while the gene encoding the
nzyme has not been cloned from any organisms.

The results in this article were reported in a meeting of the Japan
ociety for Bioscience, Biotechnology, and Agrochemistry (Kansai
ranch) held in Kyoto, Japan on May 20, 2000.

1 To whom correspondence should be addressed. Fax: 181-774-38-
767. E-mail: kawai@food2.food.kyoto-u.ac.jp.
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TP or other nucleoside triphosphates as a sole source
or phosphorus, until our report was presented describ-
ng the occurrence of poly(P)-dependent NAD kinase
ctivities in some bacteria, especially in genera of Mi-
rococcus and Brevibacterium (6). Poly(P) is a polymer
f inorganic orthophosphate residues linked by high-
nergy phosphoanhydride bond, which is approxi-
ately equivalent to that of ATP (7), and is now re-

arded as present in nearly all classes of living things,
rom bacteria to mammals (8). Poly(P) has been con-
idered to function as an ATP substitute and poly(P)-
etabolizing enzymes in some organisms are well out-

ined in reviews (7, 9). These enzymes include poly(P)
inase, poly(P) glucokinase, poly(P):AMP phospho-
ransferase, poly(P):1, 3-diphosphoglycerate phospho-
ransferase, and polyphosphatase.

However, an enzyme responsible for poly(P)-
ependent NAD kinase activity, as well as a gene cod-
ng for the enzyme, have never been isolated hitherto.
o elucidate the properties of the enzyme and to obtain
he gene coding for the enzyme, we purified NAD ki-
ase from Micrococcus flavus, and found that the ki-
ase, which we designated poly(P)/ATP-NAD kinase,
ould utilize both poly(P) and ATP as phosphoryl do-
ors as the poly(P)/ATP-glucokinases do (10, 11). Fur-
hermore, on the basis of amino acid sequence infor-
ation of the kinase, we succeeded in identifying a

ene coding for poly(P)/ATP-NAD kinase of Mycobac-
erium tuberculosis H37Rv. This is the first reports on
solation of poly(P)/ATP-NAD kinase and of a gene
ncoding the enzyme.

ATERIALS AND METHODS

Strains. Cultivation conditions of M. flavus (IFO 3242) and the
erivative strains of E. coli BL21(DE3) pLysS (Novagen, Darmstadt,
ermany) were described in the text. M. tuberculosis H37Rv was
rown as previously described (12). Escherichia coli DH5a (Toyobo,
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



Osaka, Japan) was routinely cultured at 37°C in Luria-Bertani (LB)
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edium (13) with ampicillin (100 mg/ml).

Assays. Poly(P)- and ATP-dependent NAD kinases were incu-
ated in a reaction mixture (1.0 ml) consisting of 5.0 mM NAD, 5.0
M MgCl2, 100 mM Tris–HCl (pH 7.0), phosphoryl donor [5.0 mM
TP or poly(P)], and NADP formed was enzymatically determined
ith isocitrate dehydrogenase (14). Metaphosphate (Wako Pure
hemical Industries, Osaka, Japan) was routinely used at 1.0 mg/ml
s poly(P), unless otherwise stated. Phosphoryl acceptor specificity of
he enzyme was determined by replacing NAD with other candidates
nd the products were analyzed with thin-layer chromatography,
xcept for NADPH, which was enzymatically determined after con-
ersion to NADP in acid. One unit of enzyme activity was defined as
.0 mmol of NADP produced in 1 h at 37°C, and specific activity was
xpressed in unit/mg protein. Protein concentration was determined
y the method of Bradford (15) with bovine serum albumin as a
tandard. Phosphatase activity of the enzyme was assayed by mea-
uring orthophosphate released with molybdate method (16) in an
bove-described reaction mixture without NAD.

Amino acid sequence analysis. For internal amino acid sequence
f poly(P)/ATP-NAD kinase, purified enzyme from M. flavus was
igested with trypsin (Nacalai Tesque, Kyoto, Japan), loaded on
SKgel ODS-80Ts QA column (0.2 3 25 cm) (Tosoh, Tokyo, Japan)
quipped with Waters 600E HPLC system (Millipore, Bedford, MA),
nd eluted with a linear gradient of acetonitrile in 0.1% trifluoroace-
ic acid (0–90%, 20 ml) into 200 ml portions every 1 min. The frac-
ions containing peptides were collected and analyzed with
HIMAZU/PSQ-1 system (Shimazu, Kyoto, Japan). For N-terminal
mino acid sequence, the enzyme was directly analyzed with Procise
92 protein sequence system (Applied Biosystems Division of Perkin-
lmer, Foster City, CA). N-terminal amino acid sequence of the
rotein in polyacrylamide gel was analyzed with Procise 492 protein
equence system, after electroblotting the protein to PVDF mem-
rane (Millipore).

DNA sequence analysis. DNA sequences were determined using
n automated DNA sequencer (Model 377; Applied Biosystems Di-
ision of Perkin-Elmer, Foster City, CA).

Other analytical methods. Sodium dodecyl sulfate-polyacryl-
mide gel electrophoresis (SDS–PAGE) was performed as described
17). Native–PAGE was done as described (17) without SDS. Native-
radient PAGE was performed using Multigel 2/15 (Daiichi Pure
hemicals, Tokyo, Japan) as recommended by manufacturer. Pro-

eins in the gel were visualized by Coomassie Brilliant Blue R-250.
olecular mass of the enzyme was estimated by gel filtration chro-
atography on Sephacryl S-200 HR column (2.7 3 54 cm) with Gel
iltration Calibration Kit (Amersham Pharmacia Biotech, Tokyo,
apan) as recommended by manufacturer. For activity staining of
AD kinase, purified enzyme was electrophoresed on polyacryl-
mide gel (17) without SDS or native-gradient PAGE gel (Multigel
/15), and the gel was immersed in a reaction mixture for assay of
AD kinase activity as described above. The protein with NAD
inase activity was stained with phenazine ethosulfate/3-(4,5-
imethyl-2-thiazoyl)-2, 5-diphenyltetrazolium bromide/glucose-6-
hosphate/glucose-6-phosphate dehydrogenase system (18). Thin-
ayer chromatography (TLC) for the analysis of phosphorylated
ucleosides was performed on silica gel with the following solvent
ystems: I, isobutyrate-0.5 M NH4OH (5:3 v/v); II, 95% ethanol-1.0 M
H3COONa (7:3 v/v); III, saturated (NH4)2SO4-0.1 M CH3COONa-

sopropanol (40:10:1 v/v). Phosphorylated compounds were detected
y exposing the silica gel to UV light. Fasta (19) on worldwide web
ite of DNA Databank of Japan (http:// www.ddbj.nig.ac.jp/Welcome-
.html) were used for homology search and alignment. Molecular

ass of polypeptide sequence was calculated with GENETYX pro-
ram (Software Development, Tokyo, Japan).

Purification of poly(P)/ATP-NAD kinase from M. flavus. Centrif-
gation was carried out at 20,000g, 4°C, for 20 min and dialysis was
58
.0), 0.1 mM NAD, and 0.5 mM dithiothreitol). The cells of M. flavus
ere pre-grown aerobically at 30°C for 24 h in 650 ml of LB medium.
he whole culture was used to inoculate a 65 liter liquid medium (pH
.2) consisting of 0.1% (NH4)2SO4, 0.05% MgSO47H2O, 0.1%
H2PO4, 0.4% Na2HPO4, 0.5% yeast extract, and 0.5% glucose, and

he cells were grown aerobically at 30°C for 24 h. The cells (440 g wet
eight) were collected, suspended in 400 ml of KND, and treated
ith 0.2 mg/ml lysozyme at 37°C for 20 min. After addition of 0.4 ml
f 1 M phenylmethylsulfonyl fluoride, the cells were disrupted by
onifire (Branson, Danbury, CT) and the resultant cell extract was

ractionated with ammonium sulfate (20–40%). The precipitate with
oth poly(P)- and ATP-dependent NAD kinase activities was dis-
olved in 250 ml of KND, dialyzed, and then the solution was applied
nto a DEAE-Toyopearl 650 M column (4.2 3 48 cm) (Tosoh) equil-
brated with KND. The kinases were eluted with a linear gradient of
aCl in KND (0–700 mM, 2,000 ml). The fractions with the two
ctivities, which were eluted with 450–500 mM NaCl, were com-
ined, saturated with ammonium sulfate (15%), and then directly
pplied onto a Butyl-Toyopearl 650 M column (2.6 3 9.2 cm) (Tosoh)
quilibrated with KND containing ammonium sulfate (15%). The
inases were eluted with a linear gradient of ammonium sulfate in
ND (15–0%, 600 ml). The fractions with the two activities, which
ere eluted with 9–6% ammonium sulfate, were combined, dialyzed,
nd after supplementation with 10 mM MgCl2, the dialysate was
oaded onto an AF-Blue Toyopearl 650 ML column (0.8 3 20 cm)
Tosoh) equilibrated with KNDMg (KND containing 10 mM MgCl2).
he kinases were eluted stepwise with 30 ml of KNDMg containing
.0 M NaCl, 30 ml of KNDMg containing 2.0 M NaCl, and then with
0 ml of KNDMg containing 3.0 M NaCl. The fractions with the two
ctivities, which were eluted with 1.0–3.0 M NaCl, were combined,
oncentrated to about 3 ml by ultrafiltration with an Amicon model
200 (Amicon, Beverly, Mass), and then loaded onto a Sephacryl
-200 HR column (2.7 3 54 cm) (Amersham Pharmacia Biotech)
quilibrated with KND containing 0.15 M NaCl. The enzymes were
luted with KND containing 0.15 M NaCl into 3.0 ml fractions every
.4 min, and the fractions containing two NAD kinase activities
fraction nos. 64–66) were combined, dialyzed against 10 mM Tris–
Cl buffer (pH 7.0) and used as the purified enzyme in this study.

Cloning of Rv1695 from M. tuberculosis H37Rv genomic DNA.
enomic DNA of M. tuberculosis H37Rv was isolated as previously
escribed (12). Rv1695 was amplified from the DNA with PCR
Takara Biomedicals, Kyoto, Japan). PCR was performed in a reac-
ion mixture (100 ml) containing 2.5 U KOD polymerase (Toyobo),
.25 mg M. tuberculosis H37Rv genomic DNA, 40 pmol NdeI primer
9CCCATATGACCGCTCATCGCAGTGTTCTG39, 40 pmol BamHI
rimer 59CGGATCCCTACTTTCCGCGCCAACCGGTC39, 20 nmol
NTPs, 100 nmol MgCl2, and the reaction buffer supplied with KOD
olymerase. NdeI and BamHI primers had NdeI and BamHI sites,
espectively. Cycle condition of PCR was as follows: 98°C 15 s, 67°C
s, 74°C, 30 s, 25 cycles. PCR products were separated on a 0.8%

garose gel electrophoresis and 0.93 kb PCR product was isolated
ith gene clean kit (Bio 101, Vista, CA). The nucleotide sequence of
.93 kb PCR product was determined and identified to be Rv1695.
he 0.93 kb PCR product was digested with NdeI and BamHI and

igated into pET-3a (Novagen) digested with NdeI and BamHI, yield-
ng pSK27. Derivative strains, SK27 and SK35 (control), were ob-
ained by transforming E. coli BL21(DE3)pLysS with pSK27 and
ET-3a, respectively.

Expression of Rv1695 in E. coli. SK27 was inoculated into 400 ml
B medium (100 mg/ml ampicilin, 34 mg/ml chroramphenicol) and
ultured overnight at 37°C aerobically until A 600 was 1.5. This cul-
ure was transferred into 15 liter of the same medium with same
ntibiotics and cultivation was continued at 37°C aerobically for 2 h
ntil the A 600 reached 0.7; then isopropyl-b-D-thiogalactopyranoside
as added to a final concentration of 0.4 mM, and the cultivation was

ontinued again at 18°C aerobically for 3 days. SK37 was treated
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ith the same manner in 10 ml medium. Cell extracts were prepared
s above and used for the expression study of Rv1695.

Purification of recombinant-poly(P)/ATP-NAD kinase of M. tuber-
ulosis H37Rv expressed in E. coli. Cell extract of SK27 obtained as
bove was fractionated with ammonium sulfate (20–40%). The pre-
ipitate was dissolved in 50 ml of KND, dialyzed, and then the
olution was applied onto a DEAE-Toyopearl 650M column (5 3 27
m) equilibrated with KND. The enzyme was eluted with a linear
radient of NaCl in KND (0–0.7 M, 1,600 ml). The fractions showing
oly(P)/ATP-NAD kinase activities, which were eluted with 0.35–
.45 M NaCl, were combined, saturated with ammonium sulfate
30%), and then directly applied onto a Butyl-Toyopearl 650M col-
mn (2.7 3 10 cm). The enzyme was eluted with a linear gradient of
mmonium sulfate in KND (30–0%, 150 ml). The fractions with the
nzyme activities, which were eluted with 20–15% ammonium sul-
ate, were combined, dialyzed and, after supplementation with 10
M MgCl2, the dialysate was loaded onto an AF-Blue Toyopearl 650
L column (0.8 3 20 cm). The enzyme was eluted with a linear

radient of NaCl in KND containing 10 mM MgCl2 (0–3.0 M, 400 ml).
he fractions with the activities, which were eluted with 0.7–1.0 M
aCl, were combined, dialyzed against 10 mM Tris–HCl (pH 7.0)
nd used as the purified recombinant enzyme (Ppnk) in this study.

ESULTS

Purification of poly(P)/ATP-NAD kinase from M. fla-
us. Both poly(P)- and ATP-dependent NAD ki-
ases were purified approximately 4,000 –5,000 fold

rom cell extract of M. flavus with 6 – 8% of activity
ield (Table 1). The purified enzyme migrated as a
ingle protein band on SDS–PAGE (34 kDa) (Fig. 1A)
nd native–PAGE (Fig. 1B, lane 1). By activity stain-
ng for NAD kinase, only one position, corresponding
o that of the purified enzyme, was stained in the
resence of poly(P) (Fig. 1B, lane 2) or ATP (Fig. 1B,
ane 3), but no positions were stained in the absence
f both poly(P) and ATP (Fig. 1B, lane 4). The protein
orresponding to the stained band was extracted
rom the gel, analyzed with SDS–PAGE (12.5%), and
as revealed to be 34 kDa (data not shown). Further-
ore, poly(P)- and ATP-dependent NAD kinase ac-

ivities were co-eluted in a single peak in every chro-
atography (data not shown) and always recovered

Purification of Poly(P)/AT

Step

Total
protein

(mg)

Poly(P)-dependent acti

Total
activity
(unit)

Yield
(%)

Specific
activity

(a)
(unit/mg)

ell extract 23,562 1,389 100 0.059
Sa (20–40%) 17,000 1,360 98 0.080
EAE-Toyopearl 270 960 69 3.56
utyl-Toyopearl 20.3 577 42 28.4
F-Blue Toyopearl 3.00 296 21 98.7
ephacryl S-200 0.35 111 8.0 317.1

a Ammonium sulfate.
59
ith an approximately constant activity ratio (Table
). On the gel filtration chromatography on
ephacryl S-200 HR column, the two activities were
luted in a single peak as a 68 kDa protein. On the
asis of these results described above, we concluded
hat the single enzyme, a 68 kDa protein consisting
f two identical 34 kDa subunits, was responsible for
oth poly(P)- and ATP-dependent NAD kinase activ-
ties and we designated the 68 kDa protein poly(P)/
TP-NAD kinase. N-terminal amino acid sequence
f the purified enzyme was determined to be

1PYTPGRRILVLTHTGREDAIS AALQATR28. Inter-
al amino acid sequences of the enzyme were
lso determined to be 1FRLPTDGWRGPVTAQE16,

1ALFTRPLVVGPR12, 1GYNVPLLAVNLGHVGFLAES
R22, 1MALDVVVH VE10, 1TVQAIASESYVVIER15, and

1TWALNEASVEK11.
Identification of poly(P)/ATP-NAD kinase gene. As
result of homology search with fasta, N-terminal and

nternal amino acid sequences of poly(P)/ATP-NAD ki-
ase of M. flavus showed homologies with some amino
cid sequences of function-unknown proteins released
n GenBank. Among these proteins, we proposed that
ypothetical Rv1695 protein of M. tuberculosis H37Rv
Accession No. Z98268-16) (Fig. 2) is poly(P)-dependent
AD kinase on the two bases: (i) M. tuberculosis
37Rv possessed poly(P)/ATP-glucokinase (20), (ii) our
revious studies suggested that microorganisms exhib-
ting poly(P)-dependent glucokinase activities also
how poly(P)-dependent NAD kinase ones (6). The
v1695 protein is a polypeptide of 307 amino acids
ith a calculated molecular mass of 32,873 Da and is

oded on a gene named Rv1695 which was sequenced
t the Sanger Center, Cambridge, United Kingdom
21). Rv1695 consists of 924 nucleotides, has start
odon which is preceded by probable ribosome binding
ite (GAGG), and stop codon followed hairpin loop
tructure, implying Rv1695 is expressed in M. tuber-
ulosis H37Rv as a functional gene. To confirm our

AD Kinase of M. flavus

ATP-dependent activity

Ratio
(b/a)

rification
(fold)

Total
activity
(unit)

Yield
(%)

Specific
activity

(b)
(unit/mg)

Purification
(fold)

1.0 1,574 100 0.067 1.0 1.1
1.4 1,360 86 0.080 1.2 1.0

60.3 990 63 3.67 54.8 1.0
481 616 39 30.3 452 1.1

1,673 314 20 104.7 1,563 1.1
5,375 104 6.6 297.1 4,434 0.9
P-N

vity
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roposition that Rv1695 encodes poly(P)-dependent
AD kinase, Rv1695 was cloned from M. tuberculosis
37Rv genomic DNA with PCR method and was ex-
ressed in E. coli as described under Materials and
ethods. Cell extract of SK27 showed 31.0 unit/mg

nd 42.0 unit/mg of poly(P)- and ATP-dependent NAD
inase activities, respectively (Table 2), while that of
ontrol strain, SK35 exhibited 0.25 unit/mg ATP-
ependent NAD kinase activity and no detectable
oly(P)-dependent one. Furthermore, in cell extract of
K27, a major band of 35 kDa was found by SDS–
AGE analysis (Fig. 1C, lane 3). Likewise, a major
and was also recognized by native-gradient PAGE
nalysis (Fig. 1D, lane 2). The major bands were

FIG. 1. PAGE of poly(P)/ATP-NAD kinase and Ppnk. (A) SDS–
AGE (12.5%) of purified poly(P)/ATP-NAD kinase of M. flavus. Lane
: Protein markers (Novagen). Lane 2: Purified enzyme (3.0 mg). (B)
ctivity staining for purified poly(P)/ATP-NAD kinase (5.0 mg) of M.
avus in the presence of poly(P) (lane 2), ATP (lane 3), and in the
bsence of both poly(P) and ATP (lane 4). Before activity staining,
urified enzyme was electrophoresed on native–PAGE gel (lane 1).
C) SDS–PAGE (15.0%) of cell extract of SK35, SK27, and purified
pnk of M. tuberculosis H37Rv. Lane 1: Protein markers (Bio-Rad,
ercules, CA). Lane 2: Cell extract of SK35 (control strain, 5.0 mg).
ane 3: Cell extract of SK27 (5.0 mg). Lane 4: Purified enzyme (5.0
g). (D) Native-gradient PAGE of cell extract of SK35, SK27, and
urified Ppnk of M. tuberculosis H37Rv. Lane 1: Cell extract of SK35
control strain, 5.0 mg). Lane 2: Cell extract of SK27 (5.0 mg). Lane 3:
urified enzyme (5.0 mg). Arrows indicate positions of poly(P)/ATP-
AD kinase (A, B) and Ppnk (C, D).
60
o such bands were observed in cell extract of control
train, SK35 (Fig. 1C, lane 2 and Fig. 1D, lane 1). The
esults of SDS–PAGE indicate that the subunit molec-
lar mass of the expressed protein was 35 kDa which
as comparable with calculated molecular mass of hy-
othetical Rv1695 protein (32,873 Da). From the ex-
ression studies described above, we concluded that
v1695 encodes poly(P)/ATP-NAD kinase and named

he gene ppnk.

Purification of recombinant-poly(P)/ATP-NAD ki-
ase (Ppnk) of M. tuberculosis H37Rv expressed in E.
oli. To characterize ppnk product, recombinant-
oly(P)/ATP-NAD kinase (Ppnk) of M. tuberculosis
37Rv, we purified the Ppnk from cell extract of SK27

Table 2). Contrary to the case of SDS–PAGE analysis
f cell extract of SK27 (Fig. 1C, lane 3), the purified
pnk migrated as 28 kDa and 4.6 kDa proteins on
DS–PAGE (Fig. 1C, lane 4). However, on native-
radient PAGE, the purified Ppnk migrated as a single
rotein band (Fig. 1D, lane 3) with the same mobility
s that of the Ppnk in cell extract of SK27 (Fig. 1D,
anes 2). The positions corresponding to the Ppnk on
ative-gradient PAGE gel were stained by activity
taining only in the presence of phosphoryl donors
ATP or poly(P)] (data not shown). On the gel filtration
hromatography on Sephacryl S-200 HR column, the
urified Ppnk was eluted as a 158 kDa protein, indi-
ating that the Ppnk forms a tetramer consisting of 35
Da subunits when expressed in E. coli, although the
5 kDa subunit was cleaved to 28 kDa and 4.6 kDa
ubunits during purification procedures.
N-terminal amino acid sequences of the purified Ppnk

nd the Ppnk in native-gradient PAGE gel showed that
he purified Ppnk consists of two kinds of polypeptides, of
hich N-terminal amino acid sequences are 1TAHRSV-
LVV10 and 1GVEIEVVDAD10 (Fig. 2). Furthermore, 28
Da protein in SDS–PAGE gel exhibited N-terminal
mino acid sequence of 1GVEIEVVDAD10 (Fig. 2). These
AGE and N-terminal amino acid sequence analyses re-
ealed that, during purification procedures, the 35 kDa
ubunit of Ppnk was excised at a peptide bond between

59Met and 60Gly residues (Fig. 2), yielding 28 kDa and 4.6
Da subunits.

Properties of poly(P)/ATP-NAD kinase of M. flavus
nd Ppnk of M. tuberculosis H37Rv. Poly(P)/ATP-
AD kinases of M. flavus and Ppnk of M. tuberculosis
37Rv specifically and completely phosphorylated
AD to NADP utilizing poly(P) or ATP (data not

hown). Other compounds (adenosine, AMP, ADP,
TP, NADH, and ADP-ribose) were not phosphory-

ated in the presence of poly(P) or ATP by both en-
ymes, although the TLC results for the recognition of
hosphorylated compounds are not presented. Nucleo-
ide triphosphates were utilized by both enzymes (Ta-
le 3). ATP and dATP were utilized more effectively
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han other nucleoside triphosphates (Tables 3 and 4).
ommercially available poly(P)s were utilized by both
nzymes, except for trimetaphosphate [cyclic form of
ripolyphosphate] (Table 3). Furthermore, the Ppnk of
. tuberculosis H37Rv utilized ATP and poly(P) [tet-

apolyphosphate, poly(P)4] with similar efficiencies,
hile the enzyme of M. flavus preferred ATP to poly(P)

poly(P)4] (Table 4). p-Nitrophenylphosphate was not
tilized by the enzymes, indicating that NAD phos-
horylation was not due to the reverse (phosphatase)
eaction of the enzyme (14) (Table 3). The enzymes did
ot show glucose-6-phosphate-dependent NAD kinase
ctivity, although such activity has been found in some
oryneform bacteria isolated from sewage sludge (22)
Table 3). In the absence of NAD, both poly(P)/ATP-
AD kinase of M. flavus and Ppnk of M. tuberculosis
37Rv showed no phosphatase activities for ATP and
oly(P)4.

FIG. 2. Polypeptide sequence of hypothetical Rv1695 protein
ypothetical Rv1695 protein are numbered from deduced N-termin
roduct, Ppnk, determined in this study are underlined. 60Gly is
oly(P)/ATP-NAD kinase of M. flavus are aligned under Rv1695 pr
haded.

TAB

Purification of Ppnk o

Step

Total
protein

(mg)

Poly(P)-dependent activi

Total
activity
(unit)

Yield
(%)

Specific
activity

(a)
(unit/mg)

ell extract 8,100 251,100 100 31
Sa (20–40%) 2,300 177,100 70.5 77
EAE-Toyopearl 1,260 112,140 44.7 89
utyl-Toyopearl 100 18,500 7.4 185
F-Blue Toyopearl 33 3,470 1.4 94

a Ammonium sulfate.
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Both enzymes required bivalent metal ions such as
g21 and Mn21 for their poly(P)/ATP-NAD kinase ac-

ivities. Mn21 was more effective activator for both
nzymes. Relative activities of poly(P)/ATP-NAD ki-
ase of M. flavus in the presence of 1.0 mM metal ions
ere: [poly(P)-dependent activity/ATP-dependent ac-

ivity] Mg21, 100/100; Mn21, 143/136; Ca21, 65/61; Co21,
1/28; Cu21, 33/48; Zn21, 30/51; and Al31, 0/0; and those
f Ppnk of M. tuberculosis H37Rv were: Mg21, 100/100;
n21, 268/246; Ca21, 34/39; Co21, 55/29; Cu21, 8/25;

n21, 30/51, and Al31, 0/0; respectively. 1.0 mM
-chloromercuribenzoate completely inhibited poly(P)/
TP-NAD kinase activities of both enzymes. Optimum
H and temperature of poly(P)/ATP-NAD kinase of M.
avus were pH 7.0 in Tris–HCl and 55°C, respectively,

rrespective of phosphoryl donors. Those of Ppnk of M.
uberculosis H37Rv were pH 6.5 in sodium-acetate and
0°C [for poly(P)-dependent activity], pH 8.0 in Tris–

M. tuberculosis H37Rv. Amino acids of polypeptide sequence of
amino acid (V). N-terminal amino acid sequences of purified ppnk
wn in boldface. N-terminal and internal amino acid sequences of
in sequence. Identical amino acids obtained by the alignment are

2

. tuberculosis H37Rv

ATP-dependent activity

Ratio
(b/a)

ification
(fold)

Total
activity
(unit)

Yield
(%)

Specific
activity

(b)
(unit/mg)

Purification
(fold)

1.0 340,200 100 42 1.0 1.4
2.5 133,400 39.2 58 1.4 0.8
2.9 107,100 31.5 85 2.0 1.0
6.0 18,100 5.3 181 4.3 1.0
3.6 3,710 1.1 116 2.8 1.2
of
al
sho
ote
f M
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Pur



H
t
d
t
r
t

D

a
t
p
a
t
g
l
o

A
p
t
t
D
c
a
g

k
c
m
p
c
o
k
k
a
3
t
s
c
N
o

r
(
b
f
fl
a
m
a
t
s
i
b

TABLE 3

p
w
g

A
d
P
N
N

p
e

Vol. 276, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Cl and 50°C [for ATP-dependent activity], respec-
ively. 0.05 mM NADPH decreased poly(P)- and ATP-
ependent NAD kinase activities of M. flavus enzyme
o 61 and 62%, and those of Ppnk to 71 and 92%,
espectively (activities in the absence of NADPH were
aken as 100%).

ISCUSSION

Due to the lack in detailed properties of NAD kinase
nd a gene for the enzyme, it was currently impossible
o investigate the regulation of NADP biosynthetic
athway and the influence of NADP synthesis on the
ctivity of other metabolic pathways that require par-
icipation of NADP or NADPH as a co-factor. To begin
aining insight into the regulation of NAD phosphory-
ation in microorganisms, we first purified NAD kinase
f M. flavus and found that the enzyme was a poly(P)/

Phosphoryl Donor Specificities of Poly(P)/ATP-NAD K

Phosphoryl donor Relative activity (%)

ATP 100 (100)
dATP 91 (96)
AMP NDa (ND)
ADP ND (ND)
GTP 88 (47)
CTP 73 (16)
dTTP 74 (33)
UTP 87 (88)
Glucose-6-phosphate ND (ND)
p-Nitrophenylphosphate ND (ND)

Note. Activities of poly(P)/ATP-NAD kinase and Ppnk for 5.0 mM
arentheses. Metaphosphate, hexametaphosphate, and polyphospha
ere from Sigma-Aldrich Japan (Tokyo, Japan) and used at 5.0 mM. A
lass (type 35) are estimated to be 32 and 3,292, respectively.

a ND, not detected.

TABLE 4

Kinetic Parameters of Poly(P)/ATP-NAD Kinase
of M. flavus and Ppnk of M. tuberculosis H37Rv

Km

(mM)
Vmax

(mmol/unit/h)
Efficiency
(Vmax/Km)

Relative
efficiency

(%)

TP 0.13 (1.80) 1.09 (1.40) 8.39 (0.78) 100 (100)
ATP 0.16 (3.80) 1.27 (1.70) 7.94 (0.45) 95 (58)
oly(P)4 1.04 (1.60) 1.58 (1.60) 1.52 (0.94) 18 (121)
AD (1ATP)a 0.83 (0.90) 1.76 (1.20) 1.76 (1.33) 20 (171)
AD (1poly(P)4)b 0.58 (2.90) 2.55 (1.80) 2.55 (0.62) 30 (79)

Note. Kinetic parameters were calculated with Lineweaver-Burk
lot. 1.0 unit (determined in the presence of 5.0 mM ATP) of the
nzyme was used. Kinetic parameters of Ppnk are in parentheses.

a Kinetic parameters for NAD in the presence of 5.0 mM ATP.
b Kinetic parameters for NAD in the presence of 5.0 mM poly(P)4.
62
TP-NAD kinase utilizing ATP or poly(P) as a phos-
horyl donor. To make the finding more definitive one,
he gene for poly(P)/ATP-NAD kinase was sought in M.
uberculosis H37Rv. As a result, the Rv1695 in genomic
NA sequences of M. tuberculosis H37Rv was also

onfirmed to be a gene for poly(P)/ATP-NAD kinase
nd was named ppnk after ppgk for poly(P)/ATP-
lucokinase (20).
Among the characteristics of the poly(P)/ATP-NAD

inase of M. flavus and Ppnk of M. tuberculosis H37Rv,
omparison of molecular structures (subunit molecular
ass) of NAD kinase is of great interest. NAD kinases

urified so far from pigeon liver (2), pigeon heart (3), S.
erevisiae (4), and C. utilis (5) have been reported to be
ctamer (34 kDa), monomer (45 kDa), tetramer (31
Da), and octamer (32 kDa), respectively. The NAD
inases of M. flavus and M. tuberculosis H37Rv were
lso revealed to be a dimer and a tetramer consisting of
4 kDa and 35 kDa subunits, respectively (although
he 35 kDa subunit of M. tuberculosis H37Rv Ppnk was
plit into two nonidentical polypeptides during purifi-
ation procedures). These observations indicate that
AD kinases in any organisms are built as multimers

f the subunit with a molecular mass of 31–40 kDa.
Other than poly(P)/ATP-NAD kinase, we have al-

eady purified poly(P)/ATP-glucokinase from M. flavus
23). The ppgk (poly(P)/ATP-glucokinase gene) has
een cloned from M. tuberculosis H37Rv (20). There-
ore, the isolations of poly(P)/ATP-NAD kinase from M.
avus and ppnk from M. tuberculosis H37Rv give an
dditional evidence to our previous observation that
icroorganisms having poly(P)-dependent NAD kinase

ctivity also exhibit poly(P)-dependent glucokinase ac-
ivity (6). This fact may imply some physiological con-
equence concerning metabolic activity of microorgan-
sms. Briefly, for example, phosphogluconate pathway
eginning with an intermediate glucose-6-phosphate is

ase of M. flavus and Ppnk of M. tuberculosis H37Rv

Phosphoryl donor Relative activity (%)

Orthophosphate ND (ND)
Pyrophosphate ND (ND)
Trimetaphosphate ND (ND)
Tripolyphosphate 40 (38)
Poly(P)4 151 (163)
Phosphate glass (type 35) 49 (13)
Polyphosphate 138 (151)
Hexametaphosphate 88 (118)
Metaphosphate 88 (178)

P were relatively taken as 100%. Relative activities of Ppnk are in
(Wako Pure Chemical Industries) were used at 1.0 mg/ml. Others
mber of phosphoryl residues and molecular weight of the phosphate
in

AT
te
nu



known as a main route for generation of reductant
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ADPH required for the biosynthesis of long-chain
atty acids and steroids (24). Therefore, it is likely that
he abilities to utilize poly(P) for phosphorylation of
AD and glucose give much energetical advantages to
roduce NADP and glucose-6-phosphate, and thus, to
upply NADPH physiologically via phosphogluconate
athway.

EFERENCES

1. McGuinnes, E. T., and Butler, J. R. (1985) Int. J. Biochem. 17,
1–11.

2. Apps, D. K. (1975) Eur. J. Biochem. 55, 475–483.
3. Bulygina, E. R., and Telepneva, V. I. (1980) Biokhimiia 45,

2019–2027.
4. Tseng, Y. M., Harris, B. G., and Jacobson, M. K. (1979) Biochim.

Biophys. Acta 568, 205–214.
5. Bulter, J. R., and McGuinness, E. T. Int. J. Biochem. 14, 839–

844.
6. Murata, K., Uchida, T., Tani, K., Kato, J., and Chibata, I. (1980)

Agric. Biol. Chem. 44, 61–68.
7. Wood, H. G., and Clark, J. E. (1988) Ann. Rev. Biochem. 57,

235–260.
8. Kulaev, I. S. (1979) in The biochemistry of inorganic polyphos-

phates, Wiley, New York.
9. Kornberg, A. (1995) J. Bacteriol. 177, 491–496.
0. Hsieh, P. C., Shenoy, B. C., Jentoft, J. E., and Phillips, N. F. B.

(1993) Protein Expression Purif. 4, 76–84.
1. Phillip, N. F. B., Horn, P. J., and Wood, H. G. (1993) Arch.

Biochem. Biophys. 300, 309–319.
63
(1987) J. Bacteriol. 169, 839–843.
3. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) in Molecu-

lar cloning: A laboratory manual, 2nd ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York.

4. Kuwahara, M., Tachiki, T., Tochikura, T., and Ogata, K. (1972)
Agric. Biol. Chem. 36, 745–754.

5. Bradford, M. (1976) Anal. Biochem. 72, 248–254.
6. Chifflet, S., Torriglia, A., Chiesa, R., and Tolosa, S. (1988) Anal.

Biochem. 168, 1–4.
7. Laemmli, U. K. (1970) Nature (London) 227, 680–685.
8. Jalouzot, R., Pou, M. A., Aubry, C., and Laval-Martin, D. (1994)

Arch. Biochem. Biophys. 309, 281–287.
9. Pearson, W. R., and Lipman, D. J. (1988) Proc. Natl. Acad. Sci.

USA 85, 2444–2448.
0. Hsieh, P.-C., Shenoy, B. C., Samols, D., and Phillips, N. F. B.

(1996) J. Biol. Chem. 271, 4909–4915.
1. Cole, S. T., Brosch, R., Parkhill, J., Garnier, T., Churcher, C.,

Harris, D., Gordon, S. V., Eiglmeier, K., Gas, S., Barry, C. E. III,
Tekaia, F., Badcock, K., Basham, D., Brown, D., Chillingworth,
T., Connor, R., Davies, R., Devlin, K., Feltwell, T., Gentles, S.,
Hamlin, N., Holroyd, S., Hornsby, T., Jagels, K., Krogh, A.,
McLean, J., Moule, S., Murphy, L., Oliver, K., Osborne, J., Quail,
M. A., Rajandream, M.-A., Rogers, J., Rutter, S., Seeger, K.,
Skelton, J., Squares, S., Squares, R., Sulston, J. E., Taylor, K.,
Whitehead, S., and Barrell, B. G. (1998) Nature 393, 537–544.

2. Bark, K., Kampfer, P., Sponner, A., and Dott, W. (1993) FEMS
Microbiol. Lett. 107, 133–138.

3. Kawai, S., Mori, S., Mukai, T., Suzuki, S., Hashimoto, W., and
Murata, K., unpublished data.

4. Conn, E. E., Stumpf, P. K., Bruening, G., and Doi, R. H. (1987) in
Outlines of Biochemistry, 5th ed., pp. 323–341, Wiley, New York.


	MATERIALS AND METHODS
	TABLE 1

	RESULTS
	FIG. 1
	FIG. 2
	TABLE 2
	TABLE 3

	DISCUSSION
	TABLE 4

	REFERENCES

