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Abstract

 

A gene encoding the 

 

L

 

-aspartate oxidase homo-
logue was identified via genome sequencing in the anaero-
bic hyperthermophilic archaeon

 

 Pyrococcus horikoshii

 

OT-3. We succeeded in expressing the encoding gene in

 

Escherichia coli

 

 and purified the product to homogeneity.
Characterization of the protein revealed that it is the most
thermostable 

 

L

 

-aspartate oxidase detected so far. In addi-
tion to the oxidase activity, the enzyme catalyzed 

 

L

 

-
aspartate dehydrogenation in the presence of an artificial
electron acceptor such as phenazine methosulfate, 2,6-
dichlorophenol-indophenol, and ferricyanide. 

 

L

 

-Aspartate
oxidase is known to function as the first enzyme in the de
novo NAD biosynthetic pathway in prokaryotes. By a sim-
ilarity search in public databases, the genes that encode the
homologue of all other enzymes involved in the pathway
were identified in the

 

 P. horikoshii

 

 OT-3 genome. This
suggests that

 

 P. horikoshii

 

 OT-3 may use the de novo NAD
biosynthetic pathway under anaerobic conditions.
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Introduction

 

In prokaryotes, the de novo biosynthesis of NAD generally
proceeds  through  the  condensation  reaction  between

 

L

 

-aspartate and dihydroxyacetone phosphate, and the reac-
tion is catalyzed by the quinolinate synthase system, a com-
plex composed of two enzymes, 

 

L

 

-aspartate oxidase and
quinolinate synthase (Nasu et al. 1982). 

 

L

 

-Aspartate oxidase
catalyzes the oxidation of 

 

L

 

-aspartate to iminoaspartate,
using oxygen as an electron acceptor and producing
hydrogen peroxide. The imino acid is then condensed with
dihydroxyacetone phosphate to produce quinolinate by
quinolinate synthase. Quinolinate is subsequently con-
verted to NAD via a metabolic sequence common to all
organisms (Magni et al. 1999). In spite of the physiological
importance of the process, information about the character-
istics of the 

 

L

 

-aspartate oxidase that catalyzes the first reac-
tion of the process is limited. The gene encoding 

 

L

 

-aspartate
oxidase has been cloned and sequenced from at least three
prokaryotic organisms:

 

 Escherichia coli

 

,

 

 Bacillus subtilis

 

,
and

 

 Pseudomonas aeruginosa

 

 (Flachmann et al. 1988; Sun
and Setlow 1993; DeVries et al. 1995). However, only the

 

 E.
coli

 

 gene has been expressed and its product characterized
(Seifert et al. 1990; Mortarino et al. 1996; Tedeschi et al.
1996; Mattevi et al. 1999).

As yet, no 

 

L

 

-aspartate oxidase has been reported either
in the Archaea, the third domain of life (Woese et al. 1990),
or in obligate anaerobic organisms. We now present the first
report of the biochemical characterization of an 

 

L

 

-aspartate
oxidase from

 

 Pyrococcus horikoshii

 

 OT-3, an anaerobic
hyperthermophilic archaeon that grows optimally at 98

 

°

 

C
(Gonzalez et al.  1998). In addition, we propose a role for
the enzyme in de novo NAD biosynthesis on the basis of
genome sequencing of

 

 P. horikoshii

 

 OT-3.

 

Materials and methods

 

Materials

The

 

 E. coli

 

 strain BL21-CodonPlus-RIL was obtained from
Stratagene (La Jolla, CA, USA). Horseradish peroxidase
was obtained from Toyobo (Osaka, Japan).

 

 N

 

-ethyl-

 

N

 

-(2-
hydroxy-3-sulfopropyl)-

 

m

 

-toluidine was purchased from
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Sigma (St. Louis, MO, USA). 4-Aminoantipyrine, 

 

β

 

-
NADH, and 2,6-dichlorophenolindophenol (DCIP) were
purchased from Wako (Osaka, Japan). Malate dehydroge-
nase from yeast and lactate dehydrogenase from pig heart
were obtained from Oriental Yeast (Tokyo, Japan). All
other chemicals were of reagent grade.

Assay for 

 

L

 

-aspartate oxidase activity

The standard assay for 

 

L

 

-aspartate oxidase activity was car-
ried out using the horseradish peroxidase-coupled method
as previously described (Mortarino et al. 1996). The reac-
tion system contained 50 mM Tris/HCl, pH 8.6, 0.66 mM

 

N

 

-ethyl-

 

N

 

-(2-hydroxy-3-sulfopropyl)-

 

m

 

-toluidine, 80 mM

 

L

 

-aspartate, 4.8 U/ml horseradish peroxidase, 0.48 mM 4-
aminoantipyrine, 0.03

 

µ

 

M FAD, and enzyme in a total vol-
ume of 1.0 ml. The reaction was started by the addition of

 

L

 

-aspartate at 37

 

°

 

C and was monitored by using a Shimadzu
UV-160A recording spectrophotometer (Kyoto, Japan) to
follow the appearance of the quinoneimine dye at 550 nm.
A unit of enzyme activity was defined as the amount of
enzyme that catalyzes the formation of one micromole of
hydrogen peroxide (half a micromole of quinoneimine dye)
per minute at 37

 

°

 

C. The protein concentration was deter-
mined by the Bradford method (Bradford 1976).

Assay for 

 

L

 

-aspartate/fumarate oxidoreductase activity

Iminoaspartate formed from 

 

L

 

-aspartate by the reaction of
the enzyme spontaneously hydrolyzes to yield oxaloacetate.
Oxaloacetate was quantified by a malate dehydrogenase-
coupled assay as previously described (Tedeschi et al.
1996). The reaction mixture contained 50 mM Tris/HCl,
pH 8.6, 10 mM fumarate, 80 mM 

 

L

 

-aspartate, 10 U/ml
malate dehydrogenase, 10 U/ml lactate dehydrogenase,
0.03

 

µ

 

M FAD, 0.13 mM NADH, 20% glycerol, and enzyme
in  a  total  volume  of  1.0 ml.  The  reaction  was  carried  out
at 37

 

°

 

C under anaerobic conditions. Anaerobiosis was
achieved in a rubber-capped quartz cuvette by bubbling
nitrogen  gas  for  3 min  into  the  reaction  mixture  without

 

L

 

-aspartate, and the reaction was started by the addition of

 

L

 

-aspartate that had been kept under anaerobiosis by
bubbling nitrogen gas. The activity was determined by
following the decrease in the absorbance at 340 nm due to
the oxidation of NADH.

Assay for dye-linked 

 

L

 

-aspartate dehydrogenase activity

The standard reaction mixture was composed of 50 mM
Tris/HCl, pH 8.6, 80 mM 

 

L

 

-aspartate, 0.1 mM DCIP,
0.03 mM FAD, and enzyme in a total volume of 1.0 ml. The
reaction was carried out at 37

 

°

 

C under anaerobic conditions
in a cuvette with a 0.4-cm light path. Anaerobiosis was
achieved by a method similar to that already described. The
reaction was started by the addition of 

 

L

 

-aspartate and fol-
lowed by measuring the initial decrease in absorbance at
600 nm accompanying the reduction of DCIP. An 

 

ε

 

mM

 

 of

21.5 mM

 

–1

 

cm

 

–1

 

 was used for the DCIP. The reduction of
ferricyanide and

 

 p

 

-iodonitrotetrazolium violet (INT)/
phenazine methosulfate (PMS) was assayed at 405 nm
(

 

ε

 

mM

 

=1.04 mM

 

–1

 

cm

 

–1

 

) and 490 nm (

 

ε

 

mM

 

=15.0), respectively.

Cloning of the gene

The complete sequence of the genome of

 

 P. horikoshii

 

 OT-
3 has been reported by Kawarabayasi et al. (1998). The
gene, which is homologous to that of the

 

 E. coli

 

 

 

L

 

-aspartate
oxidase, was found by a BLAST search (Altschul et al.
1990). The plasmid DNA (p2496: position 12,152–14,467 on
the entire genome of

 

 P. horikoshii

 

 OT-3, which was
inserted  into  the

 

 Hin

 

cII  site  of  pUC118)  containing
an  open reading frame of the gene (ORF ID: PH0015,
position 12,928–14,323 on the entire genome) was
prepared from the fosmid clone as previously described
(Kawarabayasi et al. 1998).

Overexpression and purification of the 
recombinant protein

The

 

 E. coli

 

 strain BL21-CodonPlus-RIL was transformed
with p2496. The transformants were cultivated at 37

 

°

 

C in 7 l
of the medium containing bacto tryptone (12 g/l), yeast
extract (24 g/l), glycerol (5 ml/l), K

 

2

 

HPO

 

4

 

 (12.5 g/l), KH

 

2

 

PO

 

4

 

(3.8 g/l), and ampicillin (50

 

µ

 

g/ml) until the optical density
at 600 nm reached 0.6. The induction was carried out by the
addition of 0.4 mM isopropyl-

 

β

 

-

 

D

 

-thiogalactopyranoside to
the medium, and cultivation was continued for 3 h. Cells
were harvested by centrifugation and suspended in 50 mM
potassium phosphate buffer (pH 7.5). After incubation at
37

 

°

 

C for 30 min with stirring in the presence of lysozyme
(1 mg/ml) and DNase (0.1 mg/ml), the cells were disrupted
by ultrasonication. After centrifugation (15,000

 

g

 

 for
10 min), the soluble fraction of the extract was heated at
80

 

°

 

C for 30 min. The denatured protein was then removed
by centrifugation (15,000

 

g

 

 for 10 min). The supernatant
solution was brought up to 30% saturation of (NH

 

4

 

)

 

2

 

SO

 

4

 

and left at 4

 

°

 

C for 16 h with stirring. The precipitate was
removed by centrifugation at 15,000

 

g

 

 for 30 min and dis-
carded. (NH

 

4

 

)

 

2

 

SO

 

4

 

 was added to the supernatant solution
to 60% saturation, and the solution was left at 4

 

°

 

C for 6 h.
The resulting precipitate was collected by centrifugation at
15,000

 

g

 

 for 30 min and dissolved in 50 mM potassium phos-
phate buffer (pH 7.5). The enzyme solution was desalted by
dialysis against the same buffer. The enzyme solution was
loaded on a Q-Sepharose fast-flow column (2.6 

 

×

 

 10 cm;
Pharmacia, Tokyo, Japan) equilibrated with 50 mM potas-
sium phosphate buffer (pH 7.5). After washing with 200 ml
of the same buffer, protein was eluted with a 600-ml linear
gradient of 0–1.0 M NaCl in the same buffer. The active
fractions  were  pooled,  concentrated  by  ultrafiltration,
and dialyzed against 20 mM potassium phosphate buffer
(pH 7.5), and then applied to a column (2 

 

×

 

 10 cm) of
hydroxyapatite (GIGAPITE K-100S, Seikagaku Kogyo,
Tokyo, Japan) equilibrated with the same buffer. After
washing with 300 ml of the same buffer, the enzyme was



 

277

 

eluted with a 300-ml linear gradient of 20–500 mM potas-
sium phosphate buffer, pH 7.5. The active fractions were
pooled, dialyzed against 50 mM potassium phosphate buffer
(pH 7.5), and used as the purified enzyme preparation.

Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE; 7.5% acryla-
mide gel) was carried out according to the method of Davis
(1975), and SDS-PAGE (12% acrylamide slab gel, 1 mm
thick) was performed using the procedure of Laemmli
(1970).

Molecular mass determinations

The molecular mass of the native enzyme was measured
using high performance liquid chromatography (HPLC)
(Tosoh CCPE, Tokyo, Japan) with a gel filtration column
(TSK gel column G3000SWXL, 7.8 mm 

 

×

 

 30 cm, Tosoh).
The following marker proteins (Bio-Rad, Hercules, CA,
USA) were used to create a calibration curve: bovine thy-
roglobulin (molecular mass, 670 kDa), bovine 

 

β

 

-globulin
(158 kDa), chicken ovalbumin (44 kDa), horse myoglobin
(17 kDa), and vitamin B

 

12

 

 (1.35 kDa). The subunit molecu-
lar mass of the enzyme was determined by SDS-PAGE.

N-terminal amino acid sequencing

Approximately 2.5

 

µ

 

g of purified 

 

L

 

-aspartate oxidase was
subjected to SDS-PAGE as already described, 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
automated Edman degradation using the Shimadzu Model
PPSQ-10 protein sequencer.

Temperature and pH optima, thermal stability, 
and kinetic parameters

The optimal temperature was determined by assaying the
dye-linked 

 

L

 

-aspartate dehydrogenase with ferricyanide as
an  electron  acceptor  at  temperatures  from  37

 

°

 

 to  100

 

°

 

C.
The optimal pH of the enzyme was determined by running
the standard assay for 

 

L

 

-aspartate oxidase activity at 37

 

°

 

C
using sodium acetate buffer (50 mM), potassium phosphate
buffer (50 mM), Tris/HCl buffer (50 mM), and glycine/
NaOH buffer (50 mM) for the pH ranges of 4–6, 6–8, 7.5–
8.8, and 8.5–10.0, respectively. The thermostability was
determined using the diluted enzyme (2.2 mg/ml pure
enzyme was diluted 10 times with 50 mM potassium phos-
phate buffer, pH 7.5). The Michaelis constants were deter-
mined from Lineweaver-Burk plots (Cleland 1997) of data
obtained from the initial rate of 

 

L

 

-aspartate oxidation at
37

 

°

 

C.

Extraction and determination of flavin

The flavin compound from the enzyme was extracted with
1% (w/v) ice-cold perchloric acid. After removing the pre-
cipitate formed by centrifugation, the supernatant was used
to identify the flavin compound by HPLC. An aliquot of the
sample was subjected to a column (6.0 mm 

 

×

 

 15 cm) of TSK
gel ODS-80Ts (Tosoh) equilibrated with 10 mM potassium
phosphate buffer, pH 6.0, containing 20% (v/v) methanol.
The column was eluted with a 15-ml linear gradient of 20%–
100% methanol in the same solution at a flow rate of 1.0 ml/
min. The effluent from the column was monitored by a UV
detector at the wavelength of 260 nm.

Results

Expression of the gene and purification of 
the recombinant enzyme

In the genome sequenced from P. horikoshii, we found a
gene consisting of 1,395 base pairs of nucleotides, whose
predicted amino acid sequence showed 35.1% identity with
the E. coli L-aspartate oxidase [Fig. 1, National Center for
Biotechnology Information (NCBI) Accession No. P10902]
(Flachmann et al. 1988). E. coli JM109 transformed with
p2496 exhibited hyperthermostable L-aspartate oxidase
activity, which was not lost by incubation at 80°C for 60 min.
Therefore, this protein was determined to be the L-aspartate
oxidase from the P. horikoshii. The enzyme (hereafter
referred to as the P. horikoshii L-aspartate oxidase) was
purified to homogeneity from the extract of E. coli cells as
described in the Materials and methods section. About
50 mg of the purified enzyme was obtained from 7 l of the E.
coli culture. When the enzyme activity was measured with
the standard assay for L-aspartate oxidase activity, a lack of
linearity between the initial rate of the reaction and the
amount of enzyme was observed (linearity was obtained
only by using less than 0.6 µg of the enzyme in the reaction
mixture). A similar phenomenon has also been observed for
the E. coli L-aspartate oxidase (Nasu et al. 1982; Mortarino
et al. 1996). It has been suggested that the decrease in activ-
ity observed at high enzyme concentrations is due to prod-
uct inhibition by iminoaspartate because iminoaspartate
forms a dead-end complex with L-aspartate oxidase
(Mortarino et al. 1996). The specific activity of the purified
P. horikoshii L-aspartate oxidase was estimated to be about
3.2 unit/mg at 37°C at an enzyme concentration below
0.6 µg in the reaction mixture.

SDS-PAGE of the purified enzyme gave only one band;
the subunit molecular mass was determined to be about
51 kDa, and was consistent with the molecular weight
(51,925) calculated from the amino acid sequence. The
native molecular mass of the enzyme determined by HPLC
was about 151 kDa (not shown). These results indicate that
the P. horikoshii L-aspartate oxidase likely has a trimer
structure. The N-terminal amino acid sequence of the puri-
fied enzyme was determined to be MMEMRVGIVGGGL
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AGLTAAIALAEKGF, which was identical to the pre-
dicted sequence deduced from the open reading frame.

Characterization of the P. horikoshii L-aspartate oxidase

We were able to detect dye-linked L-aspartate dehydroge-
nase activity at temperatures from 37° to 100°C using ferri-
cyanide as an electron acceptor (see below), and the
optimum temperature was about 90°C (Fig. 2A). The opti-
mum pH of the enzyme was 8.6 (data not shown). The
enzyme also showed high thermostability; upon heating at
80°C for 60 min, the enzyme retained its full activity, but it
lost 20% of its activity at 100°C after a 60-min incubation
(Fig. 2B). Complete inactivation was observed upon incu-
bation at 115°C for 10 min. The enzyme could be kept at a
low temperature of around 4°C without any loss of activity
for at least 2 months. As described for the E. coli L-aspartate
oxidase (Nasu et al. 1982), the P. horikoshii enzyme also
showed no classical Michaelis-Menten type kinetics for L-
aspartate: linear double-reciprocal plots were obtained only
at L-aspartate concentrations above 2 mM. The apparent

Km value at L-aspartate concentrations between 2 and
20 mM was calculated to be 8.2 mM at 37°C.

Absorption spectra and prosthetic group

The purified enzyme did not lose its activity by dialysis
against 10 mM potassium phosphate buffer (pH 7.0). The
addition of 50 µM FAD or FMN to the dialyzed enzyme had
no effect on the activity. The enzyme showed two pro-
nounced absorption peaks at around 370 nm and 450 nm in
addition to that at 280 nm (data not shown). This spectrum
shows that the enzyme is a typical flavoprotein. The flavin
compound in the purified enzyme was analyzed by HPLC as
described in the Materials and methods section. The flavin
compound was identified to be FAD and not FMN (data not
shown). The cofactor of E. coli L-aspartate oxidase could be
completely removed by dialysis against 1 M KBr for 1 day
(Seifert et al. 1990). When the P. horikoshii enzyme was dia-
lyzed against 3 M KBr and 0.5% charcoal for 3 days, about
58% of FAD still remained with the protein. Upon dena-
turation with 1% perchloric acid, almost all (98%) of the

1Fig. 1. Alignment of the 
amino acid sequence of 
L-aspartate oxidases from 
Pyrococcus horikoshii and 
Escherichia coli. Asterisks 
represent conserved 
residues among the two 
enzymes. The residues that 
are proposed to take part in 
the binding of the isoallox-
azine portion of FAD in 
the E. coli enzyme are 
underlined
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absorbance of the enzyme at 450 nm was released into solu-
tion. These results indicate that FAD binds to the enzyme
tightly but noncovalently.

Substrate and electron acceptor specificity

The ability of the P. horikoshii L-aspartate oxidase to cata-
lyze the oxidation of various amino acids was examined
using  the  standard  assay  for  L-aspartate  oxidase  activity.
The enzyme acted exclusively on L-aspartate. The following
substrates  were  inert:  L-alanine,  L-arginine,  L-asparagine,
L-cysteine,  L-glutamine,  L-glutamate,  glycine,  L-histidine,
L-isoleucine,  L-leucine,  L-lysine,  L-methionine,  L-
phenylalanine,  L-proline,  L-serine,  L-threonine,  L-
tryptophan, L-tyrosine, L-valine, D-aspartate, D-asparagine,
and D-glutamate. The electron acceptor specificity of the
enzyme was examined using the assay system for dye-linked
L-aspartate dehydrogenase and L-aspartate: fumarate

oxidoreductase. The reaction rate was determined for a
range of enzyme concentrations in which the linearity
between the initial rate of the reaction and the amount of
enzyme was maintained. As shown in Table 1, ferricyanide
(1.5 mM), DCIP (0.1 mM), and PMS (0.1 mM, final electron
acceptor: 0.1 mM INT) exhibited electron acceptor activity.
Ferricyanide was the most preferred electron acceptor of
the enzyme. Similar to the E. coli enzyme, the P. horikoshii
L-aspartate oxidase could utilize fumarate as an electron
acceptor at a rate comparable to oxygen (Tedeschi et al.
1996) (Table 1).

Discussion

The  predicted  amino  acid  sequence  of  the  P.  horikoshii
L-aspartate oxidase showed high sequence homology with
the E. coli fumarate reductase (FRD-A, 28.5%) (GenBank
Accession No. AAA23437) and succinate dehydrogenase
(SDH-A, 28.9%) (GenBank Accession No. P10444) (data
not shown). These are complex, membrane-bound multi-
subunit systems, the flavoproteins of which can catalyze
fumarate reduction and succinate dehydrogenation coupled
with electron transfer to or from other enzyme redox cen-
ters (Hägerhäll 1997). In an alignment of the sequences of
the E. coli L-aspartate oxidase, FRD-A, and SDH-A, a con-
siderable degree of identity (approximately 30%) and the
presence of several conserved residues have been observed
(Seifert et al. 1990). These observations indicate that the P.
horikoshii and E. coli L-aspartate oxidases, FRD-A, and
SDH-A might be evolutionarily related. In general, FRD-A
and SDH-A are known to be able to utilize a variety of elec-

2A,BFig. 2A,B. Characterization of P. horikoshii L-aspartate oxidase. A
Temperature profile of dye-linked L-aspartate dehydrogenase activity
of P. horikoshii L-aspartate oxidase. Ferricyanide was used as an elec-
tron acceptor. Activity at 100°C was defined as 100%. B Thermosta-
bility of P. horikoshii L-aspartate oxidase at 80°C (triangles), 90°C

(squares), and 100°C (circles). Samples incubated at each temperature
were taken at specific time intervals, and the residual activity was
determined by the standard assay for L-aspartate oxidase activity at
37°C. Activity prior to heat treatment was defined as 100%

Table 1. Electron acceptor specificity of P. horikoshii L-aspartate
oxidase

DCIP, 2,6-dichlorophenol-indophenol; PMS, phenazine methosulfate;
INT, p-iodonitrotetrazolium violet
aSpecific activity of oxygen was defined as 100%

Electron acceptor Relative activity (%)

Oxygen 100a

DCIP 237
PMS/INT 96
Ferricyanide 247
Fumarate 113
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tron acceptors, including DCIP and PMS (Hägerhäll 1997).
On the other hand, the E. coli L-aspartate oxidase has been
described to show very low selectivity for the electron
acceptor (Tedeschi et al. 1997). Besides oxygen and fuma-
rate, only naphtho- or benzoquinones can be reduced at a
comparable rate by the E. coli enzyme (Tedeschi et al.
1997). We showed that the P. horikoshii enzyme catalyzes L-
aspartate dehydrogenation in the presence of an artificial
electron acceptor such as PMS, DCIP, or ferricyanide.
Therefore, it will be interesting to determine the structural
difference in the electron acceptor binding site between the
E. coli L-aspartate oxidase and the P. horikoshii enzyme.

Recently, Tedeschi et al. (1996) proposed that the E. coli
L-aspartate oxidase can be considered as a particularly sol-
uble fumarate reductase, and fumarate can act as the elec-
tron acceptor of the enzyme in the absence of oxygen. This
feature is physiologically reasonable as it allows L-aspartate
oxidase to be functional under both aerobic and anaerobic
conditions. In facultative aerobic organisms such as E. coli,
the de novo biosynthesis of NAD can take place both under
aerobic and anaerobic conditions. We have now shown that
L-aspartate oxidase is present in the obligate anaerobe P.
horikoshii. The P. horikoshii enzyme utilized fumarate as
the preferred electron acceptor in the absence of oxygen.
Although the physiological significance of the oxidase activ-
ity of the enzyme is still not clear, it is possible to speculate
that fumarate may act as the natural electron acceptor of
the enzyme in P. horikoshii.

It has been reported that the binding of FAD to the E.
coli L-aspartate oxidase is relatively weak (Seifert et al.
1990; Mortarino et al. 1996). The cofactor of the E. coli
enzyme could be completely removed by exhaustive dialysis
against 1 M KBr (Seifert et al. 1990). However, in the case
of the P. horikoshii enzyme, about 58% of the cofactor still
remained with the protein even after dialysis against 3 M
KBr for 3 days. This shows that the binding of FAD to the P.
horikoshii L-aspartate oxidase is extremely tight. Recently,
the 3-D structure of the E. coli L-aspartate oxidase was
determined (Mattevi et al. 1999). The X-ray analysis of the
E. coli L-aspartate oxidase was performed using the FAD-
free apoform of the enzyme, because crystals of the holoen-
zyme were not obtained even when an excess of FAD was
added to the crystallization medium (Mattevi et al. 1999).
This dissociation of FAD from the E. coli crystalline protein
also indicates weak FAD-protein interactions. The FAD-
binding  site  in  the  E.  coli  enzyme  has  been  proposed
from comparison with other flavoproteins that display the
FAD-binding motif in a highly conserved manner (Mattevi
et al. 1999) and from the results of mutagenesis studies
(Mortarino et al. 1996). In the E. coli L-aspartate oxidase,
Glu43, Gly44, Ser45, Phe47, and Tyr48 are proposed to take part
in the binding of the isoalloxazine portion of FAD
(Mortarino et al. 1996; Mattevi et al. 1999). Site-directed
mutagenesis of these residues reduced the affinity for the
coenzyme (Mortarino et al. 1996). In the P. horikoshii
enzyme, these residues are replaced by Asp, Ser, Asn, Tyr,
and Leu, respectively (Fig. 1). The structural difference
associated with these substitutions may be related to the
large difference in the dissociation properties of FAD in
these enzymes.

In the de novo NAD biosynthetic pathway of prokary-
otes (Fig. 3A), L-aspartate oxidase catalyzes the oxidation
of L-aspartate to iminoaspartate, which is subsequently con-
densed with dihydroxyacetone phosphate by quinolinate
synthase to form quinolinate. Quinolinate is then converted
to the nicotinic acid mononucleotide by quinolinate
phosphoribosyltransferase. Nicotinic acid mononucleotide
reacts with ATP in a reaction catalyzed by nicotinamide
mononucleotide adenylyltransferase to give nicotinic acid
adenine dinucleotide, which is then amidated by NAD syn-
thase to form NAD. On the basis of a similarity search of
public databases, all the genes encoding the homologue of
these enzymes were identified in the P. horikoshii genome.
The deduced amino acid sequence from the nucleotide
sequence of the open reading frames PH0013, PH0011,
PH0464, and PH0182, which is assigned in the P. horikoshii
OT-3 genome (Kawarabayasi et al. 1998), showed 35%,
34%, 59%, and 32% identity with the E. coli quinolinate
synthase (NCBI Accession No. P11458) (Flachmann et al.

3A,BFig. 3. A De novo nicotinamide adenine dinucleotide (NAD) biosyn-
thetic pathway of prokaryotes. The circled numbers correspond to the
following enzymes: 1, L-aspartate oxidase; 2, quinolinate synthase; 3,
quinolinate phosphoribosyltransferase; 4, nicotinamide mononucle-
otide adenylyltransferase; 5, NAD synthase. DHAP, dihydroxyacetone
phosphate; PRPP, 5-phospho-D-ribosyl-1-pyrophosphate. B Genetic
organization  of  the  L-aspartate  oxidase  gene  (PH0015) region in the
P. horikoshii genome. The locations and orientations of the genes are
indicated by arrows
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1988), the E. coli quinolinate phosphoribosyltransferase
(NCBI Accession No. AAC36922) (Bhatia and Calvo 1996),
the Methanococcus jannaschii nicotinamide mononucle-
otide adenylyltransferase (NCBI Accession No. Q57961)
(Raffaelli et al. 1997), and the E. coli NAD synthase (NCBI
Accession No. BAA15529) (Allibert et al. 1987), respec-
tively. The L-aspartate oxidase gene (PH0015) formed a
cluster with a putative quinolinate synthase gene (PH0011)
and  a  putative  quinolinate  phosphoribosyltransferase
gene (PH0013) together with three other unknown genes
(PH0012, PH0014, and PH0016) (Fig. 3B). Although the
functional analysis of those genes has not yet been done, our
observations strongly suggest that P. horikoshii may use the
de novo NAD biosynthetic pathway under anaerobic con-
ditions, and the L-aspartate oxidase may function in
catalyzing the first reaction of NAD biosynthesis in this
organism. To elucidate the entire aspect of the de novo
NAD biosynthetic pathway in P. horikoshii, the expression
of the other four genes, PH0013, PH0011, PH0464, and
PH0182, in E. coli and a functional analysis of their products
are currently in progress.

Acknowledgments This study was supported in part by a Grant-in-Aid
for Scientific Research (C) from the Japan Society for the Promotion of
Science and the New Energy and Industrial Technology Development
Organization (NEDO) project promoted by the Ministry of Interna-
tional Trade and Industry of Japan.

References

Allibert P, Willison JC, Vignais PM (1987) Complementation of
nitrogen-regulatory (ntr-like) mutations in Rhodobacter capsula-
tus by an Escherichia coli gene: cloning and sequencing of the gene
and characterization of the gene product. J Bacteriol 169:260–271

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J Mol Biol 215:403–410

Bhatia R, Calvo KC (1996) The sequencing expression, purification,
and steady-state kinetic analysis of quinolinate phosphoribosyl
transferase from Escherichia coli. Arch Biochem Biophys 325:270–
278

Bradford MM (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal Biochem 72:248–254

Cleland WW (1997) Statistical analysis of enzyme kinetic data.
Methods Enzymol 63:103–138

Davis BJ (1975) Disc electrophoresis. 2. Method and application to
human serum proteins. Ann NY Acad Sci 121:404–427

DeVries CA, Hassett DJ, Flynn JL, Ohman DE (1995) Genetic linkage
in Pseudomonas aeruginosa of algT and nadB: mutation in nadB

does not affect NAD biosynthesis or alginate production. Gene
156:63–67

Flachmann R, Kunz N, Seifert J, Gutlich M, Wientjes FJ, Laufer A,
Gassen HG (1988) Molecular biology of pyridine nucleotide biosyn-
thesis in Escherichia coli. Cloning and characterization of quinoli-
nate synthesis genes nadA and nadB. Eur J Biochem 175:221–228

Gonzalez JM, Masuchi Y, Robb FT, Ammerman JW, Maeder DL,
Yanagibayashi M, Tamaoka J, Kato C (1998) Pyrococcus horikoshii
sp. nov., a hyperthermophilic archaeon isolated from a hydrothermal
vent at the Okinawa Trough. Extremophiles 2:123–130

Hägerhäll C (1997) Succinate: quinone oxidoreductases. Variations on
a conserved theme. Biochim Biophys Acta 1320:107–141

Kawarabayasi Y, Sawada M, Horikawa H, Haikawa Y, Hino Y,
Yamamoto S, Sekine M, Baba S, Kosugi H, Hosoyama A, Nagai Y,
Sakai  M,  Ogura  K, Otsuka R,  Nakazawa  H,  Takamiya  M,  Ohfuku
Y, Funahashi T, Tanaka T, Kudoh Y, Yamazaki J, Kushida N, Oguchi
A, Aoki K, Kikuchi H (1998) Complete sequence and gene organi-
zation of the genome of a hyper-thermophilic archaebacterium,
Pyrococcus horikoshii OT3. DNA Res 5:55–76

Laemmli UK (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 227:680–685

Magni G, Amici A, Emanuelli M, Raffaelli N, Ruggieri S (1999) Enzy-
mology of NAD+ synthesis. In: Purich DL (ed) Advances in enzy-
mology and related areas of molecular biology, vol. 73, Mechanisms
of enzyme action, part A. Wiley, New York, pp 135–182

Mattevi A, Tedeschi G, Bacchella L, Coda A, Negri A, Ronchi S (1999)
Structure of L-aspartate oxidase: implications for the succinate dehy-
drogenase/fumarate reductase oxidoreductase family. Struct Fold
Des 7:745–756

Mortarino M, Negri A, Tedeschi G, Simonic T, Duga S, Gassen HG,
Ronchi S (1996) L-aspartate oxidase from Escherichia coli. I.
Characterization of coenzyme binding and product inhibition. Eur J
Biochem 239:418–426

Nasu S, Wicks FD, Gholson RK (1982) L-Aspartate oxidase, a newly
discovered enzyme of Escherichia coli, is the B protein of quinoli-
nate synthetase. J Biol Chem 257:626–632

Raffaelli N, Pisani FM, Lorenzi T, Emanuelli M, Amici A, Ruggieri S,
Magni G (1997) Characterization of nicotinamide mononucleotide
adenylyltransferase from thermophilic archaea. J Bacteriol 179:
7718–7723

Seifert J, Kunz N, Flachmann R, Laufer A, Jany KD, Gassen HG
(1990) Expression of the E. coli nadB gene and characterization of
the gene product L-aspartate oxidase. Biol Chem Hoppe-Seyler
371:239–248

Sun D, Setlow P (1993) Cloning, nucleotide sequence, and regulation
of the Bacillus subtilis nadB gene and a nifS-like gene, both of
which are essential for NAD biosynthesis. J Bacteriol 175:1423–
1432

Tedeschi G, Negri A, Mortarino M, Ceciliani F, Simonic T, Faotto L,
Ronchi S (1996) L-aspartate oxidase from Escherichia coli. II. Inter-
action with C4 dicarboxylic acids and identification of a novel L-
aspartate: fumarate oxidoreductase activity. Eur J Biochem 239:427–
433

Tedeschi G, Zetta L, Negri A, Mortarino M, Ceciliani F, Ronchi S
(1997) Redox potentials and quinone reductase activity of L-
aspartate oxidase from Escherichia coli. Biochemistry 36:16221–
16230

Woese CR, Kandler O, Wheelis ML (1990) Towards a natural system
of organisms: proposal for the domains Archaea, Bacteria, and
Eucarya. Proc Natl Acad Sci U S A 87:4576–4579


