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Abstract

A gene encoding a nicotinamide mononucleotide (NMN) adenylyltransferase (NMNAT, EC 2.7.7.1) homologue was iden-
tified via genome sequencing in the anaerobic hyperthermophilic arciRaeococcus horikoshiDT-3. The gene encoded a
protein of 186 amino acids with a molecular weight of 21,391. The deduced amino acid sequence of the gene showed 59%
identities to the NMNAT fronMethanococcus jannaschiihe gene was overexpressedscherichia coliand the produced
enzyme was purified to homogeneity. Characterization of the enzyme revealed that it is an extremely thermostable NMNAT;
the activity was not lost after incubation at 8D for 30 min. The native molecular mass was estimated to be 77 kDa. The
Km values for ATP and NMN were calculated to be 0.056 and 0.061 mM, respectively. The optimum temperature of the
reaction was estimated to be around®@0 The adenylyl group donor specificity was examined by high-performance liquid
chromatography (HPLC). At 70C, ATP was a prominent donor. However, above' 80a relatively small, but significant,
NMNAT activity was detected when ATP was replaced by ADP or AMP in the reaction mixture. To date, an NMNAT that
utilizes ADP or AMP as an adenylyl group donor has not been found. The present study provides interesting information in
which a di- or mono-phosphate nucleotide can be utilized by adenylyltransferase at high temperature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction cleotide (NaMN), respectively, by transferring the
adenylyl part of ATP and concomitantly releasing py-
Nicotinamide mononucleotide adenylyltransferase rophosphate (RP(Fig. 1). Because the reaction rep-
(NMNAT, EC 2.7.7.1) catalyzes the synthesis of resents a step common to both the salvage and the de
nicotinamide adenine dinucleotide (NAD) or nico- novo synthesis of NAD, NMNAT is an indispensable
tinic acid dinucleotide (NaAD) from nicotinamide enzyme in the NAD biosynthetic pathwgy,2].

mononucleotide (NMN) or nicotinic acid mononu- NMNAT has been identified, purified, and char-
acterized from several organisms, including archaea,
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Fig. 1. NMNAT reaction scheme. NMNAT catalyzes the synthesis of nicotinamide adenine dinucleotide (NAD) from nicotinamide
mononucleotide (NMN) and nicotinic acid dinucleotide (NaAD) from nicotinic acid mononucleotide (NaMN).

limited. In 1997, the gene encoding NMNAT was
first identified in the hyperthermophilic archaeon
Methanococcus jannaschi[3,4]. Genome analy-

ses of hyperthermophilic archaeal strains, such as

Pyrococcus furiosysP. abyssi and Archaeoglobus
fulgidus have revealed the presence of putative NM-
NAT genes on their genomes (the Kyoto Encyclo-
pedia of Genes and Genomdsp://www.genome.
ad.jp/kegg). However, the functionality of those gene
products has not been recognized.

Recently, we observed the presence.afspartate
oxidase inP. horikoshii OT-3, an anaerobic hyper-
thermophilic archaeon that grows optimally at°@3
[5]. This is the first example of the occurrence of
L-aspartate oxidase either in the Archaea or in ob-
ligate anaerobic organisms-Aspartate oxidase is
known to function as the first enzyme in the de novo
NAD biosynthetic pathway in prokaryotes. By a sim-
ilarity search of the databasét{p://www.genome.
ad.jp/kegg), the genes that encode the homologue
of all other enzymes involved in the pathway were
identified in theP. horikoshiiOT-3 genome. Thus, we
proposed that the de novo NAD biosynthetic path-
way functions inP. horikoshiiOT-3 under anaerobic
conditions[5]. In the course of verifying this hypoth-
esis, we investigated the function of a key enzyme,
NMNAT, in the NAD biosynthetic pathway. We per-
formed detailed characterization of the protein prod-
uct of a gene encoding an NMNAT homologue from
P. horikoshii OT-3. As a result, we found that the

moiety of ADP or AMP to the phosphoryl group of
NMN to form NAD.

2. Materials and methods
2.1. Materials

The E. coli strain BL21(DE3)-CodonPIJ¥-RIL
was obtained from Stratagene (La Jolla, CA). The plas-
mid DNA pET-11a was obtained from Novagen Inc.
(Madison, WI). NMN, NAD, ATP, DNase I, lysozyme
and BSA were purchased from Sigma—Aldrich, Japan,
K.K. (Osaka, Japan). Alcohol dehydrogenase from
yeast was obtained from Oriental Yeast (Tokyo,
Japan). All other chemicals were of reagent grade.

2.2. Assay for NMNAT activity

The routine reaction mixture, containing 50 mM
glycylglycine/NaOH, pH 7.0, 25 mM MgG| 0.5 mM
ATP, 1.5mM NMN, and the appropriate amount of
the enzyme preparation in a final volume of 400
NAD formed was determined either spectrophotomet-
rically or by high-performance liquid chromatography
(HPLC). After incubation for an appropriate time,
the reaction was stopped with p0ice-cold HCIQ,
(30% (w/v)) and the mixture centrifuged (12,0000
for 10 min). A 400ul portion of the supernatant was
neutralized by the addition of g0 2M K,CQO3 and

produced enzyme has quite a unique adenylyl group centrifuged (12,000« g for 10 min). An aliquot of

donor specificity at high temperature. We show here
that the NMNAT fromP. horikoshii OT-3 catalyzes
a novel type of reaction, the transfer of the adenylyl

the supernatant was used for the spectrophotometric
determination of NAD using ethanol and yeast alco-
hol dehydrogenasg3]. For the HPLC-based assay,
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the supernatant was passed through a cellulose ac-the expression vector pET-11a linearized wihd

etate filter (pore size 042m, Advantec, Tokyo,

and BanH| to generate pNMNAT.E. coli strain

Japan), and the amount of NAD formed was deter- BL21(DE3)-CodonPIu8%-RIL cells were trans-

mined by HPLC with a TSK gel ODS-120 Ts col-
umn (46 mmx 150 mm, TOSOH). Buffer A (50 mM

potassium phosphate buffer, pH 6.5) and buffer B

(buffer A containing 5mM sodium 1-octanesulfonate

formed by the recombinant plasmids and plated on
Luria—Bertani medium with ampicillin (5@g/ml).

2.4. Overexpression and purification

and 25% methanol) were used as the mobile phaseof recombinant protein

as follows: (i) elution with 100% buffer A for the

first 8 min, (ii) linear gradient elution between buffer
A and B for the next 3.5min, and then (iii) elu-
tion with 100% buffer B for 5min. The flow rate

was 1.0ml/min. The effluent from the column was
monitored by a UV detector at a wavelength of
254nm. One unit of activity was defined as the
amount of enzyme catalyzing the synthesis pinol

The transformanE. coli was cultivated at 37C in
7| of medium containing bacto tryptone (12 g/l), yeast
extract (24 g/l), glycerol (5 mi/l), KHPO, (12.5g/l),
KH2PO; (3.89/l), and ampicillin (5¢ug/ml) until
the optical density at 600 nm reached 0.6. The in-
duction was carried out by the addition of 1 mM
isopropyl3-p-thiogalactopyranoside to the medium

of NAD per minute. The spectrophotometric assay and the cultivation was continued for 4 h. The cells
was routinely used throughout the experiments, and were harvested and washed twice with 0.85% NaCl

the reaction was carried out at 70, unless oth-

solution. The washed cells were suspended in 50 MM

erwise noted. The protein concentration was deter- glycylglycine/NaOH buffer (pH 7.0) containing 0.5 M

mined by the Bradford methofb] using BSA as a
standard.

2.3. Cloning and expression of gene

The complete sequence of tie horikoshii OT-3
genome has been reported by Kawarabayasi €fal.
The gene, which is homologous to that of tiiejan-
naschiiNMNAT, was found by a BLAST searc|8].
The plasmid DNA (p2219: position 423386—425422
on the entire genome &. horikoshiiOT-3 has been
inserted into theHincll site of pUC118) containing

NaCl. After incubation at 37C for 30 min with
stirring in the presence of lysozyme (1 mg/ml) and
DNase (0.1 mg/ml), the cells were disrupted by ultra-
sonication. The cell debris was removed by centrifu-
gation (15,000x g for 10 min), and the supernatant
solution was used as the crude extract. The enzyme
solution was heated at 8C for 20 min. Denatured
proteins were separated by centrifugation (15,000

for 10 min). The resulting supernatant was dialyzed
against 50 mM potassium phosphate buffer (pH 6.5).
The enzyme solution was placed on a Red-Sepharose
CL-4B column (26 cm x 10cm; Pharmacia) equili-

an open reading frame of the gene (ORF ID: PH0464, brated with 50 mM potassium phosphate buffer (pH
position 424245-424805 on the entire genome) which 6.5). After washing with 200 ml of the same buffer,

was prepared from the fosmid clone as previously protein was eluted with a 460 ml linear gradient of
described7]. For construction of the expression plas- 0-2M NaCl in the same buffer. The active fractions
mid, a 560-bp gene fragment, which consisted of the were pooled, concentrated by ultrafiltration, and dia-

structural gene of thé>. horikoshii OT-3 NMNAT
homologue, andNdd and BanHlI linkers were am-
plified by PCR with the following two primers. The

lyzed against 10 mM potassium phosphate buffer (pH
6.5). The enzyme solution was placed on a hydrox-
yapatite column (2cnx 10cm) (GIGAPITE K-100,

first was designed to contain the N-terminal region of Seikagaku Kogyo, Japan) equilibrated with the 10 mM

the NMNAT gene and theéNdd digestion sequence
(5-TCTCCATATGATAAGGGACTCTTCGT-3), and

potassium phosphate buffer (pH 6.5). After washing
with 300 ml of the same buffer, the enzyme was eluted

the second was to contain the C-terminal region and with a 600 ml linear gradient of 10-600 mM potassium

theBanH]| digestion sequence @®AGAGGATCCC-
TAATACTCGGGAACC-3). The p2219 was used as

phosphate buffer (pH 6.5). The active fractions were
pooled, dialyzed against 50 mM glycylglycine/NaOH

the template. The amplified 560-bp fragment was buffer (pH 7.0), and used as the purified enzyme

digested withNdd and BanmHI and ligated with

preparation.
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2.5. Polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis (PAGE,
12% acrylamide slab gel, 1 mm thick) was performed
by the procedure of Laemm|B]. The protein band
was stained with Coomassie brilliant blue R-250.

2.6. N-terminal amino acid sequencing

Approximately 2.5.g of the protein was subjected
to SDS-PAGE, followed by electroblotting onto a
polyvinylidene difluoride membrane. The membrane

was then stained with Ponceau S and destained. A

protein band was excised and subjected to auto-
mated Edman degradation using the Shimadzu Model
PPSQ-10 protein sequencer.

2.7. Molecular mass determinations

The molecular mass of the native enzyme was deter-
mined by gel filtration on a Sephadex G-200 column
(2.6 cmx 60 cm; Pharmacia) equilibrated with 50 mM
potassium phosphate buffer (pH 6.5) containing 0.5 M
NaCl. Gel filtration markers (Bio-Rad) were used as
the molecular mass standards. The subunit molecu-
lar mass of the purified enzyme was determined by
SDS-PAGE using eight marker proteins (New England
BioLabs).

2.8. Stability, pH optima and kinetic parameters

To determine thermostability, the enzyme (0.07 mg/
ml) in 50mM glycylglycine/NaOH buffer (pH 7.0)
was incubated at different temperatures, and the resid-
ual activity was determined by the standard assay
method. The optimal pH of the enzyme was deter-
mined by running the standard assay atf@Qusing
sodium acetate buffer (50 mM), potassium phos-
phate buffer (50 mM), glycylglycine/NaOH buffer
(50mM), and glycine/NaOH buffer (50 mM) for
pH ranges of 4-5.5, 6-8, 7-9 and 8.5-10, respec-
tively. The Michaelis constants were determined from
Lineweaver—Burk plotd10] of data obtained from
the initial rate of NAD production at 7CC.

2.9. Metal ion requirement and substrate specificity

The metal ion requirement was tested by the addi-
tion of 20 mM MgCb, CoCh, MnCl,, ZnCh, CuCb,
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or CaCp to the standard assay mixture for the spec-
trophotometric assay. Adenylyl group donor speci-
ficity was examined by HPLC. ADP, GDP, CDP, UDP,
IDP, GTP, CTP, ITP, AMP, IMP, CMP, TTP, and UTP
(each 0.5 mM) were used instead of ATP in the stan-
dard assay mixture for HPLC.

3. Results and discussion

3.1. Expression of the gene and purification of the
recombinant enzyme

In the P. horikoshii entire genome sequence, we
found a gene, PH0464 (560bp), whose predicted
amino acid sequence showed a 59% identity with the
M. jannaschiiNMNAT [3] (Fig. 2. We performed
cloning and expression of the PH0464 gen&ircoli
cells. The transformart. coli produced some extent
of the inclusion body of the enzyme. Nevertheless, a
high level of NMNAT activity still remained in the
supernatant solution after removing the cell debris
by centrifugation. The enzyme was purified from the
supernatant by three steps involving heat treatment
and two chromatographies. About 3.3 mg of the puri-
fied enzyme was obtained from the cells of the seven
L-culture medium (40g wet weight). The purified
enzyme showed a single protein band on SDS-PAGE
(data not shown). The specific activity of the pu-
rified enzyme was 14.9units/mg. The N-terminal
sequence of the purified enzyme was determined to
be M-I-R-G-L-F-V-G-R-F-Q-P-V-H-K-G-H-I-K-A.
The N-terminal amino acid sequence corresponded to
that predicted from the PH0464 gene sequence. This
shows that the PH0464 gene codes Ehénorikoshii
NMNAT.

3.2. Molecular and catalytic properties

The subunit molecular mass was determined to be
about 21 kDa and was consistent with the molecu-
lar weight (21,392) calculated from the amino acid
sequence. The native molecular mass of the enzyme
determined by gel filtration was about 77 kDa; this
indicates that the enzyme is trimeric or tetrameric.
Multiple oligomeric structures such as trimeric,
tetrameric, and hexameric forms have been observed
for NMNATs from bacteria and eukaryfl]. The
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Fig. 2. Alignment of the amino acid sequence of NMNAT frdPn horikoshiiand M. jannaschii Asterisks indicate conserved residues
between the two enzymes. The sequence determined by N-terminal sequence analysis is underlined.

enzyme from thermophilic archae®ulfolobus sol- NATs from M. jannaschiiand S. solfataricuq3], the
fataricus has been reported to form a trimeric or P. horikoshiienzyme exhibited a linear kinetic behav-
tetrameric structurg3]. The NMNAT from the hy- ior. Kmvalues for ATP and NMN were determined to

perthermophilic archaeoMethanococus jannaschii  be 0.056 and 0.061 mM, respectively.
has a hexameric structufgl]. Thus, NMNATs from

archaea may possess multiple oligomeric structures 3.3. Adenylyl donor specificity

as do the enzymes from bacteria and eukarya.

The effect of pH on activity was examined, and the  The ability of the P. horikoshii NMNAT for the
highest activity was observed around pH 6.5. We ex- transfer of the adenylyl moiety of ADP or AMP to
amined the enzyme activity at temperatures from 37 NMN was examined by HPLCFig. 3 shows the elu-
to 100°C, and the optimum temperature was about tjon patterns of the substrates and the reaction product.
90°C. The enzyme was highly thermostable: upon NMN, ATP, ADP, AMP, and NAD were separated on
heating at 80C for 30 min, the enzyme retained its  the column at retention times of about 2.4, 3.9, 4.5, 6.4,
full activity. The enzyme lost 20 and 40% of its ac- and 11.7 min, respectiveN:(g_ 3A) F|g 3B C|ear|y
tivity after 30 and 60 min incubation at 9C, respec- indicates the formation of NAD and the decrease in
tively. Complete inactivation was observed upon in- the amount of ATP and NMN after incubation of the
cubation at 100C for 100 min. The enzyme was sta-  standard assay mixture for 10 min at’f@ To our sur-
ble over a wide range of pH; on heating at”™  prise, the formation of NAD was also observed when

for 30min, the enzyme did not lose activity at pH ATP was replaced by ADP or AMREig. 3C and D
5.5-8.5. The enzyme required divalent cations for the

activity. MgChk was the most effective additive, and Table 1

it could be replaced by Cogl ZnClk, CuCh, and Divalent cation requirement

MnCl; to some extentTable ). The ability of theP. Divalent cation (10 mM) Relative activity (%)
horikoshii NMNAT for the utilization of various tri-,

di-, or mono-phosphate nucleotides was examined us- |(\:/|322++ 1?2
ing the standard assay by HPLC. Under the standard p2+ 8
assay conditions (70C for 10 min), the enzyme acted cw* 28
exclusively on ATP. The following substrates were in- Zn? 30
ert: ADP, GDP, CDP, UDP, IDP, GTP, CTP, ITP, AMP, ﬁfge %

IMP, CMP, TTP, and UTP. In contrast to the NM-
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Fig. 3. HPLC analysis of the NMNAT reaction. (A) Separation of a standard mixture of NMN, ATP, ADP, AMP, and NAD (5 nmol each). (B) Elution profilestarfidheds
assay mixture. ATP was used as an adenylyl group donor, and the reaction was carried cu& &r700 min. (C) Elution profiles of the reaction mixture in which ADP
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respectively represent elution profiles of the reaction
mixture in which ADP and AMP were used as adeny-
Iyl group donors. The reaction was carried out atG0
for 60 min. In both cases, the retention time of the re-
action product coincided with that of authentic NAD.
When these samples were injected with NAD, an en-

hancement of the peak was observed. The relative ac-

tivities for ADP and AMP were estimated to be 17.5
and 50.6%, respectively, compared with that for ATP
under the same conditions. The formation of NAD
from ADP or AMP was prominently observed at a
reaction temperature higher than“®Q These results
indicate that theP. horikoshiiNMNAT catalyzes the
transfer reaction of the adenylyl moiety of ADP or
AMP to the phosphoryl group of NMN at a high tem-
perature. An NMNAT that utilizes ADP or AMP as
an adenylyl group donor has not been reported so far.
The present study provides interesting information in
which a di- or mono-phosphate nucleotide can be uti-
lized by adenylyltransferase, and the information may
be useful for the development of novel applications of
the enzyme.
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