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Three genes, nadA, nadB, and nadC, involved in NAD de novo biosynthesis are broadly conserved in the
genomes of numerous bacterial species. In the genome of Corynebacterium glutamicum, nadA and nadC but not
nadB are annotated. The nadA and nadC genes are located in a gene cluster containing two other genes,
designated ndnR and nadS herein. ndnR encodes a member of the Nudix-related transcriptional regulator
(NrtR) family. nadS encodes a homologue of cysteine desulfurase involved in Fe-S cluster assembly. The gene
cluster ndnR-nadA-nadC-nadS is genetically characterized herein. Mutant strains deficient in nadA, nadC, or
nadS required exogenous nicotinate for growth, and the nicotinate auxotrophy was complemented by intro-
duction of the corresponding gene in trans, indicating that each of these genes is essential for growth in the
absence of an exogenous source of NAD biosynthesis. The results of reverse transcriptase PCR analyses and
ndnR promoter-lacZ expression analyses revealed that the expression of ndnR, nadA, nadC, and nadS genes was
markedly and coordinately repressed by nicotinate. The expression of these genes was enhanced by the
disruption of ndnR, resulting in the loss of the nicotinate-responsive regulation of gene expression. These
results suggest that NdnR acts as a transcriptional repressor of NAD de novo biosynthesis genes and plays an
essential role in the regulation of the response to nicotinate.

NAD plays a crucial role in living organisms because it acts
as a cofactor for numerous redox reactions in cellular metab-
olism. The biochemistry and genetics of NAD metabolism have
been well studied in the enteric bacteria Salmonella enterica
serovar Typhimurium and Escherichia coli (1–3, 7, 16, 22, 27,
30). NAD is synthesized from L-aspartate through the inter-
mediate metabolite nicotinate mononucleotide (Fig. 1). The
NAD de novo biosynthesis pathway converting L-aspartate to
nicotinate mononucleotide proceeds via three enzymatic reac-
tions catalyzed by L-aspartate oxidase, quinolinate synthetase,
and quinolinate phosphoribosyltransferase. L-Aspartate oxi-
dase encoded by nadB catalyzes the conversion of L-aspartate
to iminoaspartate. Quinolinate synthetase encoded by nadA
catalyzes the condensation of iminoaspartate with dihydroxy-
acetone phosphate. Quinolinate phosphoribosyltransferase en-
coded by nadC catalyzes the reaction between quinolinate and
5-phosphoribosyl-1-pyrophosphate to give nicotinate mononu-
cleotide, pyrophosphate, and CO2. Nicotinate mononucleotide
is also generated from nicotinate. Extracellular nicotinate and
its derivatives, which are derived from pyridine nucleotide deg-
radation, are taken up by bacteria and utilized for NAD bio-
synthesis. Thus, the salvage pathway complements the de novo
biosynthesis of NAD, and the relevant pathways must be co-
ordinately regulated for maintaining homeostasis of the NAD
cofactor pool. While the NAD de novo biosynthesis genes are
found in the genomes of a number of bacterial species, some
microbes lack these genes and depend entirely on salvage of
NAD precursors (4).

In S. enterica serovar Typhimurium, the expression of nadB

and nadA but not nadC is regulated by the transcriptional
regulator NadR in response to the intracellular NAD level (6,
23). However, NadR-mediated regulation is limited to a com-
pact phylogenetic group of enterobacteria (5). In Bacillus sub-
tilis, a different transcriptional regulator, NiaR (YrxA), regu-
lates the expression of the nadABC operon in response to the
intracellular nicotinate level (26). NiaR homologues are
broadly found in the bacterial genomes of the Bacillus/Clos-
tridium group and in the deeply branching Fusobacteria and
Thermotogales lineages (25). A recent comparative genomics
study based on several hundred bacterial species anticipates
that members of a novel family of transcriptional regulators,
the Nudix-related transcriptional regulator (NrtR) family, are
responsible for the regulation of various aspects of NAD me-
tabolism, including the de novo biosynthesis, and that the reg-
ulatory networks are highly diverse among bacteria (24). How-
ever, the physiological role of the NrtR family regulators in
vivo remains unclear.

Corynebacterium glutamicum, a Gram-positive soil bacte-
rium, is widely used for the industrial production of amino
acids, such as glutamate and lysine (13, 15). We have devel-
oped a bioprocess for lactate, succinate, and ethanol produc-
tion using C. glutamicum (9, 10, 19–21). It is important to
understand the regulation of NAD metabolism to enable op-
timal engineering based on the genome sequence of this in-
dustrially important microorganism (8, 12, 36). In the genome
of C. glutamicum, putative nadA and nadC genes have been
annotated, but no nadB orthologue has been identified to date.
Thus, the functionality of C. glutamicum nadA and nadC is of
particular interest.

In this study, we genetically characterized the nad gene clus-
ter cgR_1153 (ndnR)-cgR_1152 (nadA)-cgR_1151 (nadC)-
cgR_1150 (nadS) in the genome of C. glutamicum (Fig. 2).
ndnR encodes an NrtR family protein. nadS encodes a homo-
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logue of cysteine desulfurase, which is believed to be required
in E. coli and B. subtilis for the maturation of NadA, an Fe-S
protein (14, 29, 31). Each of the nadA, nadC, and nadS genes
was shown to be essential for growth when C. glutamicum cells
are incubated in the absence of an exogenous source of NAD.
Disruption of ndnR enhanced the levels of nadA, nadC, and
nadS mRNAs, as well as the expression of the ndnR promoter-
lacZ reporter gene fusion. As a result, the marked repression
of these genes by nicotinate which was exhibited in the wild-
type strain was completely eliminated, indicating that the reg-
ulation of the NAD de novo biosynthesis genes is primarily
mediated by NdnR.

MATERIALS AND METHODS

Bacterial strains. C. glutamicum R (36) was used as a wild-type strain for our
experiments. The cgR_1150 (nadS)-deficient strain was obtained from a single-
gene-disruptant mutant library constructed by transposon-mediated mutagenesis
(32). In this strain, the transposon is inserted 449 bases downstream of the 5� end
of the initiation codon of the nadS gene.

Culture conditions. For genetic manipulations, E. coli and C. glutamicum
strains were grown as described previously (33).

For analytical purposes, the C. glutamicum cell starter culture was grown
aerobically in 10 ml nutrient-rich A medium (10) containing 4% glucose at 33°C
in a 100-ml test tube overnight. The cells were harvested by centrifugation at
4,000 g for 10 min at 4°C. The cell pellet was subsequently washed twice with
minimal BT medium (10). The washed cells were suspended with 100 ml BT
medium containing glucose at 40 mM and supplemented with nicotinate at the
concentrations indicated below and then aerobically cultured at 33°C in a 500-ml
flask. To assess nicotinate auxotrophy, minimal BTM medium (BT medium
supplemented with 1.0 mg liter�1 ZnSO4 � 7H2O, 0.2 mg liter�1 CuSO4 � 5H2O,
10 mg liter�1 CaCl2 � H2O, 0.02 mg liter�1 NiCl2 � 6H2O, and 20 �M protocate-
chuate) was used.

Cell growth was monitored by measuring the optical density at 610 nm using
a spectrophotometer (DU640; Beckman Coulter, CA).

DNA techniques. Chromosomal DNA and plasmid DNA were prepared from
C. glutamicum and the target DNA regions were amplified by PCR as described
previously (33).

C. glutamicum cells were transformed by electroporation as described previ-
ously (34). E. coli cells were transformed by the CaCl2 procedure (28).

DNA sequencing was performed with an ABI Prism 3100xl genetic analyzer
(Applied Biosystems, Foster City, CA). DNA sequence data were analyzed with
the Genetyx program (Software Development, Tokyo, Japan).

Construction of mutants. For gene deletion, the upstream and downstream
regions of the gene to be deleted were amplified using the sets of primers
summarized in Table 1. The resultant amplicons were fused and cloned into
pCRA725 (9), a suicide vector for markerless gene disruption. The resultant
plasmids, pCRC303, pCRC304, and pCRC305, were used for the deletion of
nadA, nadC, and ndnR, respectively. C. glutamicum was subsequently trans-
formed with the respective plasmid DNA, and screening for deletion mutants
was performed as previously described (9). Deletion of the target genes was
checked by PCR. In all cases, it was observed that each open reading frame
(ORF) was deleted except for the 30-bp 5�- and 3�-terminal regions.

Construction of ndnR promoter-lacZ fusion. A DNA fragment containing the
ndnR promoter region was amplified by PCR using the C. glutamicum chromo-
somal DNA as a template and a set of primers with appropriate restriction sites
(Table 1). The amplified DNA was digested with the appropriate restriction
enzyme and inserted into the corresponding site of pCRA741 (11) to construct
the ndnR promoter-lacZ fusion. The lacZ fusion was integrated into strain-
specific island 7 (SSI7) on the chromosome of C. glutamicum R by markerless
gene insertion methods as described previously (9).

Plasmids for gene expression. Plasmids for the expression of the nadA, nadC,
nadS, and ndnR genes were obtained as follows. The region for each of the ORFs
was amplified by PCR using the C. glutamicum chromosomal DNA as a template
and a set of primers with appropriate restriction sites (Table 1). The amplified
ORF region was digested with the restriction enzymes and was inserted into the
corresponding sites of the Escherichia coli-Corynebacterium shuttle vector
pCRB1 (18), yielding pCRC306, pCRC307, pCRC308, and pCRC309 for the
expression of nadA, nadC, nadS, and ndnR, respectively, under the control of the
lac promoter.

Quantitative RT-PCR. Total RNA was prepared from C. glutamicum cells
using an RNeasy minikit and RNAprotect bacteria reagent (Qiagen, Hilden,
Germany) and quantitative reverse transcriptase PCR (RT-PCR) was performed
using an Applied Biosystems 7500 fast real-time PCR system as described pre-
viously (33). The primers used are listed in Table 1. Specific amplification of the
targeted DNA was confirmed by electrophoresis and sequencing of the PCR
product. The relative abundance of the targeted mRNAs was quantified based on
the cycle threshold value, which is defined as the cycle number required to obtain
a fluorescence signal above the background. To standardize the results, the
relative abundance of 16S rRNA was used as the internal standard.

�-Galactosidase assay. C. glutamicum cells were harvested, washed once with
Z buffer (17), resuspended with the same buffer, and treated with toluene. The
permeabilized cells were then incubated with o-nitrophenyl-�-D-galactopyrano-
side, and activity was measured in Miller units as previously described (17).

RESULTS

A cluster of NAD de novo biosynthesis genes in the genome
of C. glutamicum. In order to examine the functionality of the
nadA and nadC genes, in-frame deletion mutants (�nadA and
�nadC) were constructed. A mutant strain deficient in nadS
(nadS::Tn) was obtained from a mutant library previously con-
structed by transposon-based insertion of a selection marker
(32). When �nadA, �nadC, and nadS::Tn were cultured on
plates containing minimal medium, a severe growth defect was
observed compared to the growth of the wild-type strain. The
growth defect was suppressed by supplementation with nicoti-

FIG. 2. The nad gene cluster of C. glutamicum strain R. cgR_1153
(ndnR) encodes an NrtR family transcriptional regulator. cgR_1152
(nadA) encodes quinolinate synthetase. cgR_1151 (nadC) encodes
quinolinate phosphoribosyltransferase. cgR_1150 (nadS) encodes a
cysteine desulfurase-like protein.

FIG. 1. The NAD de novo biosynthesis pathway. L-Aspartate is
converted to nicotinate mononucleotide through the three reactions
catalyzed by L-aspartate oxidase, encoded by nadB, quinolinate syn-
thetase, encoded by nadA, and quinolinate phosphoribosyltransferase,
encoded by nadC. Nicotinate mononucleotide, which is also generated
from nicotinate, is subsequently converted to NAD. PRPP, 5-phospho-
ribosyl-1-pyrophosphate; PPi, inorganic pyrophosphate.
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nate. A plasmid carrying the nadA, nadC, or nadS gene under
the control of a constitutive promoter was introduced into the
respective mutant strain, �nadA, �nadC, or nadS::Tn. Each of
the complemented strains was cultured in liquid minimal me-
dium, and their growth was compared to that of the mutant
strain and the wild-type strain, both of which were transformed
with a vector plasmid without the target gene. When the
�nadA cells cultured in nutrient-rich medium were transferred
to minimal medium, growth tended to slow down. When an
aliquot of the cell culture was subsequently transferred to new
minimal medium, the growth was severely defective (Fig. 3A).
In contrast, when an aliquot of the cell culture was transferred
to medium supplemented with nicotinate, the �nadA strain
grew in a manner comparable to the wild type. The nadA-
complemented strain in either the presence or absence of
nicotinate (Fig. 3B) grew as well as the wild-type strain (data
not shown). Similar effects of disruption and complementation
on nicotinate auxotrophy were observed in the case of nadC

(Fig. 3C and D) and nadS (Fig. 3E and F). These results
indicate that nadA, nadC, and nadS are each essential for
growth in the absence of an exogenous source of NAD biosyn-
thesis.

Repression of the expression of NAD de novo biosynthesis
genes in response to nicotinate. Previously, we performed
DNA microarray analyses to examine the transcriptional pro-
files of densely packed C. glutamicum cells under oxygen-de-
prived conditions in minimal medium compared to those under
normal aeration conditions in nutrient-rich medium at physi-
ological cell densities (11). Under the former conditions, ap-
plicable for a high-productivity bioprocess, 161 genes were
upregulated. Among them, the induction levels of all four
genes in the NAD de novo biosynthesis gene cluster, ndnR,
nadA, nadC, and nadS, are particularly prominent. This obser-
vation suggests that their induction is due to the absence of an
exogenous source of NAD biosynthesis. Here, we examined
the expression of these genes during aerobic growth of the C.

TABLE 1. Primers used in this study

Primer and purpose Target gene Sequence (5�–3�)a Overhanging
restriction site

Plasmid construction for gene deletion
nadA-U-Fw nadA AAACTGCAGCCAAAAAGGAAATAAAAGAC PstI
nadA-U-Rv GGGGTACCGTTGACAGATGGGGTGATTG KpnI
nadA-D-Fw GGGGTACCGTTACTCCTAGCTCCTCGAA KpnI
nadA-D-Rv CTCTGAGCTCGCAGAGGCGAGTCTTCCCAC SacI
nadC-U-Fw nadC CTCTGTCGACCTCTTTCCAACTTGCCCGCG SalI
nadC-U-Rv GGGGTACCGCCAACGATACGGTCAGTAT KpnI
nadC-D-Fw GGGGTACCGCACTTGACCTAGGACTCGA KpnI
nadC-D-Rv CTCTGAGCTCCTGATCCTCCTCAAACCCCAA SacI
ndnR-U-Fw ndnR CTCTGTCGACGGCTGGCCAACATCATGCCC SalI
ndnR-U-Rv TCCCCCGGGGGCCATCTGGATTTCAGGTG SmaI
ndnR-D-Fw TCCCCCGGGCGCCCACCCAAACTGTTCAG SmaI
ndnR-D-Rv CTCTGAGCTCGGGATTCAGGGTGCACGATG SacI

Plasmid construction for gene expression
nadA-Fw nadA CTCTGAGCTCTAGAAGAAAAGACCCCAATC SacI
nadA-Rv GGGGTACCTTACGCATCCTTCGAGGAGC KpnI
nadC-Fw nadC GGAATTCCCTCGAAGGATGCGTAATTT EcoRI
nadC-Rv CTCTGAGCTCTGCATTATCAAGGTAGAGCA SacI
nadS-Fw nadS CTCTGAGCTCCTAGGACTCGATATTTTCTA SacI
nadS-Rv GGGGTACCGCGTAAACCTCTGACTAGCG KpnI
ndnR-Fw ndnR GGAATTCCTTGCCCGCTTCACCTGAAAT EcoRI
ndnR-Rv GGGGTACCTTATCTTTGGAATCTGAACA KpnI

Plasmid construction for chromosomal
integration of lacZ fusion

PndnR-Fw ndnR promoter CTCTTTTAAATCCACGTTGCAACCAGGAGT DraI
PndnR-Rv CTCTTTTAAATGAAGCGGGCAAGAAACCAC DraI

For RT-PCR analyses
16S-F 16S rRNA TCGATGCAACGCGAAGAAC
16S-R GAACCGACCACAAGGGAAAAC
nadA-F nadA TCACCTCAATTTATGGCGATGACAC
nadA-R GCGTTCAAACGCCCACTCA
nadC-F nadC TGGTGACAGCTTTGAGAC
nadC-R CTCTGAATGAAGTTGAGAG
nadS-F nadS GTGCGCCTAAAGGGATTGGAGT
nadS-R AGGCAGTGGCAAAGGCGATAG
ndnR-F ndnR AGCTATCTAGAACAGCTCTACACT
ndnR-R CGGACAAGTGCCCAATACAC
1149-F cgR_1149 CTCATTCCAGCGTCACGA
1149-R GCATGTCGTAATCAAATGTTCCTAA

a The restriction site overhangs used in the cloning procedure are underlined.
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glutamicum wild-type strain cultured in minimal medium and
in nutrient-rich medium (Fig. 4A). Total RNA was prepared
from cells cultured for 2 h, 4 h, and 6 h and was subjected to
quantitative RT-PCR analyses. The level of ndnR mRNA was
markedly upregulated during growth in minimal medium rel-
ative to the level in nutrient-rich medium (Fig. 4B). The ex-
pression pattern of nadS under these conditions was the same
as that of ndnR (Fig. 4C).

In order to examine the expression of the NAD de novo
biosynthesis genes in response to nicotinate, C. glutamicum
wild-type cells were cultured in minimal medium without nico-
tinate for 4 h and then were supplemented with nicotinate to a
final concentration of 41 �M. Quantitative RT-PCR analyses
revealed that ndnR, nadA, nadC, and nadS mRNAs rapidly
decreased to extremely low levels within 12 min of nicotinate
supplementation (Fig. 5A). The ndnR-nadA and nadA-nadC
intergenic regions are 48 bp and 3 bp long, respectively. nadC

and nadS overlap by 1 bp. Therefore, it is likely that the
ndnR-nadA-nadC-nadS genes are transcribed as an operon.
The downregulation of the downstream genes in the cluster in
response to nicotinate was relatively slow (Fig. 5A). This may
be a reflection of a 5� to 3� direction of the mRNA degradation
process. As a control, the expression of cgR_1149, encoding a
major facilitator superfamily protein of unknown function,
which is located immediately downstream of nadS in the op-
posite direction, was also analyzed in these experiments. In
contrast to the ndnR-nadA-nadC-nadS genes, the level of
cgR_1149 mRNA was little affected by nicotinate supplemen-
tation (Fig. 5A).

The ndnR promoter-lacZ reporter gene (PndnR-lacZ) fusion
was integrated into the genome of the C. glutamicum wild-type
strain. The resultant strain was cultured in minimal medium
supplemented with nicotinate at 0, 0.041, 0.41, 4.1, 41, and 410
�M. Cell growth in the presence of these various concentra-

FIG. 3. Effect of disruption of nadA, nadC, or nadS on growth of C. glutamicum cells. Strains deficient in nadA, nadC, or nadS containing either
a control vector plasmid pCRB1 (A, C, and E, respectively) or a plasmid carrying nadA, nadC, and nadS under the control of a constitutive
promoter (B, D, and F, respectively) were grown in minimal BTM medium with (circles) or without (squares) nicotinate supplementation. The
optical density at 610 nm (OD610) was monitored. Similar results were obtained from two independent cultivations, and representative results are
shown.
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tions of nicotinate was mostly similar (data not shown). On the
other hand, the �-galactosidase activity of exponentially grow-
ing cells was markedly enhanced as the concentration of nic-
otinate in the medium decreased, with nicotinate levels greater
than 4.1 �M resulting in marked repression of the expression
of PndnR-lacZ (Fig. 5B).

Involvement of NdnR in control of NAD de novo biosynthesis
genes. In order to examine the involvement of NdnR, an NrtR
family transcriptional regulator, in the expression of ndnR,
nadA, nadC, and nadS, its in-frame deletion mutant was con-
structed. The growth of the resultant �ndnR strain was com-
parable to that of the wild-type strain in minimal medium in
either the presence or absence of nicotinate (data not shown).
Analyses of the levels of nadA mRNA in exponentially growing

cells by quantitative RT-PCR revealed that, in the wild-type
strain, nadA expression was severely repressed in the presence
of nicotinate (Fig. 6). In contrast, in the �ndnR strain, the level
of nadA mRNA was markedly high in either the presence or
absence of nicotinate. The nadA expression in the �ndnR
strain even in the absence of nicotinate was 3 times higher than
the induced level in the wild-type strain, and the response to
nicotinate was minimal in the �ndnR strain. The effects of the
disruption of ndnR on nadA, nadC, and nadS mRNAs were
almost the same (Fig. 6).

Moreover, an in-frame deletion mutant of ndnR was con-
structed from a strain chromosomally integrated with PndnR-
lacZ, and its �-galactosidase activity was compared to that of
the parental strain. These strains grew to similar extents in
minimal medium in either the presence or absence of nicotin-
ate (data not shown). In the wild-type background, PndnR-lacZ
expression in exponentially growing cells was markedly re-
pressed in the presence of nicotinate relative to that in its

FIG. 4. Expression of the ndnR and nadS genes during growth in
nutrient-rich medium or in minimal medium. The C. glutamicum wild-
type strain was cultured in nutrient-rich A medium (black rectangles)
or in minimal BT medium (white circles). The optical density at 610
nm (OD610) was monitored (A). The levels of ndnR (B) and nadS
(C) mRNAs in the cells were determined by quantitative RT-PCR.
The mRNA levels are presented relative to the value from the 2-h
culture in minimal medium. The values represent the mean results
from three independent cultivations, with standard errors.

FIG. 5. Expression of the ndnR, nadA, nadC, nadS, and cgR_1149
genes in response to nicotinate. (A) The C. glutamicum wild-type strain
was cultured in minimal BT medium for 4 h, and then the culture was
supplemented with nicotinate to the final concentration of 41 �M. The
levels of ndnR (white rectangles), nadA (white circles), nadC (white
triangles), nadS (white diamonds), and cgR_1149 (black rectangles)
mRNAs in the cells 0, 3, 6, 9, and 12 min after the nicotinate supple-
mentation were determined by quantitative RT-PCR. The mRNA
levels are presented relative to the value attained using cells immedi-
ately before nicotinate supplementation (0 min). The values represent
the means from three independent cultivations with standard errors.
(B) C. glutamicum wild-type strain carrying the ndnR promoter-lacZ
(PndnR-lacZ) fusion in the chromosome was cultured in minimal BT
medium supplemented with nicotinate at 0, 0.041, 0.41, 4.1, 41, and 410
�M. The �-galactosidase activity in the exponentially growing cells was
measured in Miller units (MU). The values represent the mean results
from three independent cultivations, with standard errors.
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absence, whereas in the ndnR-deficient mutant background,
PndnR-lacZ expression was relatively high in either the pres-
ence or absence of nicotinate (Fig. 7A). Disruption of ndnR
eliminated the response of PndnR-lacZ expression to nicotin-
ate. The effects of disruption of ndnR on PndnR-lacZ expres-
sion were consistent with those on the levels of nadA, nadC,
and nadS mRNAs, shown in Fig. 6, suggesting that these genes
are probably cotranscribed as an operon under the control of
the same promoter. A plasmid carrying the ndnR gene under
the control of a constitutive promoter was introduced into the
ndnR-deficient mutant strain containing PndnR-lacZ in the
chromosome. The growth of the ndnR-complemented strain in
the medium tested was comparable to that of the parental
strain carrying a vector plasmid without ndnR (data not
shown). In the ndnR-complemented strain, the nicotinate-re-
pressible expression of PndnR-lacZ was restored (Fig. 7B).

DISCUSSION

In this study, we showed that, in C. glutamicum, either nadA
or nadC is essential for growth in the absence of an exogenous
source of NAD, indicating that these genes are functional for
NAD de novo biosynthesis in vivo. Although nadA and nadC,
along with nadB, which are involved in the NAD biosynthesis
pathway from L-aspartate, are broadly conserved in numerous
bacterial species, nadB is not found in C. glutamicum (25). In
the genome of C. glutamicum, nadC and nadA are located
adjacent to each other in the same cluster that also includes
two other genes, ndnR and nadS (Fig. 2). It is noted that, in the
genomes of the related species belonging to Actinobacteria,
such as Kineococcus radiotolerans and Leifsonia xyli, nadB oc-
curs between nadA and nadC in the same cluster as in C.
glutamicum. Among Corynebacterium species, the gene cluster
in C. efficiens is the same as that in C. glutamicum, while in C.
diphtheriae, nadB occurs between nadA and nadC but a cys-
teine desulfurase gene (an nadS homologue) does not exist in
the cluster. Additionally, in the genome of C. diphtheriae, a
gene encoding an NrtR family protein (an ndnR homologue) is

located immediately upstream of nadA but in the opposite
direction. Interestingly, the same nad gene cluster as in C.
diphtheriae is observed in other species of Actinobacteria, such
as Mycobacterium species and Nocardia farcinica. In many bac-
teria, it is likely that L-aspartate oxidase encoded by nadB
catalyzes the conversion from L-aspartate to iminoaspartate
(Fig. 1). However, the conversion seems to be replaced by a
reaction catalyzed by a different type of enzyme, L-aspartate
dehydrogenase, the gene of which is located in a gene cluster
along with nadA and nadC in the thermophilic bacterium Ther-
motoga maritima (35). It is possible that the first reaction of
NAD de novo biosynthesis in C. glutamicum is catalyzed by an
unidentified enzyme. These findings imply that NAD de novo
biosynthesis in bacteria is more diverse than previously thought
with respect to not only regulation, as described below, but also
the structural gene(s).

Our results in this study suggest that nadS is also involved in

FIG. 6. Effects of disruption of ndnR on the expression of the
nadA, nadC, and nadS genes. The C. glutamicum wild-type strain (WT)
and the ndnR-deficient mutant strain (�ndnR) were grown in minimal
BT medium with (NA) or without nicotinate supplementation at 41
�M. The levels of ndnR, nadA, nadC, and nadS mRNAs in the expo-
nentially growing cells were determined by quantitative RT-PCR. The
mRNA levels are presented relative to the value for the wild-type
strain grown in the absence of nicotinate. The values represent the
mean results from three independent experiments, with standard er-
rors.

FIG. 7. Effect of disruption of ndnR on the expression of the ndnR
promoter-lacZ (PndnR-lacZ) fusion. (A) The C. glutamicum wild-type
strain (WT) and the ndnR-deficient mutant strain (�ndnR), both of
which carry the PndnR-lacZ gene fusion in the chromosome, were
cultured in minimal BT medium with (�NA) or without (-NA) nico-
tinate supplementation at 41 �M. The �-galactosidase activity in the
exponentially growing cells was measured in Miller units (MU). The
values represent the mean results from three independent cultivations,
with standard errors. (B) The ndnR-deficient mutant strain (�ndnR)
with the PndnR-lacZ gene fusion containing a control vector plasmid
(pCRB1) or a plasmid carrying the constitutive promoter-ndnR (ndnR-
pCRB1) was grown in minimal BT medium with (�NA) or without
(-NA) nicotinate supplementation at 41 �M. The �-galactosidase ac-
tivity in the exponentially growing cells was measured. The values
represent the mean results from three independent cultivations, with
standard errors.
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NAD de novo biosynthesis in C. glutamicum. NadS exhibits
35% amino acid sequence identity to E. coli IscS, which exhib-
its cysteine desulfurase activity and facilitates Fe-S cluster as-
sembly (14, 29). Disruption of iscS leads to a decrease in the
activity of a number of Fe-S proteins and results in generally
poor growth. One of the growth traits of the iscS mutant is
auxotrophy for nicotinate, suggesting that IscS is required for
the maturation of NadA, an Fe-S protein (14, 22, 29). It is
suggested that IscS functions primarily in de novo synthesis of
Fe-S clusters rather than in the repair of oxidatively damaged
clusters (29). In contrast to the E. coli iscS-deficient mutant
strain, the C. glutamicum nadS-deficient mutant strain grew as
well as the wild-type strain in nicotinate-supplemented mini-
mal medium, suggesting that NadS is specifically involved in
the de novo Fe-S cluster synthesis on the nascent NadA apoen-
zyme. Similar results are observed in the case of a B. subtilis
mutant strain deficient in a cysteine desulfurase gene homo-
logue, although the gene product has not yet been functionally
characterized in detail (31). At present, whether or not the
cysteine desulfurases specific for NAD de novo biosynthesis are
additionally involved in Fe-S cluster repair under oxidative
stress conditions remains to be determined.

We also showed that the expression of nadA and nadC,
along with that of ndnR and nadS, is markedly repressed in
cells cultured in the presence of nicotinate. The expression
levels decrease rapidly after nicotinate supplementation and
remain extremely low during growth in the presence of micro-
molar levels of nicotinate. These results suggest that C. glu-
tamicum efficiently utilizes the exogenous precursor of NAD
and strictly regulates NAD de novo biosynthesis in response to
environmental conditions, resulting in the maintenance of
NAD homeostasis. In this context, it is noted that mutant
strains deficient in NAD biosynthesis genes grow to some ex-
tent in nicotinate-depleted medium, but this is perhaps due to
carry over of minimal residual NAD precursors after the wash-
ing of cells cultured in nutrient-rich medium (Fig. 3). Disrup-
tion of ndnR, a gene that encodes a member of the NrtR family
of transcriptional regulators, enhances the expression of the
ndnR-nadA-nadC-nadS genes, suggesting that its product,
NdnR, acts as a transcriptional repressor of the NAD de novo
biosynthesis genes. The autoregulation of ndnR may contribute
to the fine control of its downstream genes. It should be noted
that disruption of ndnR completely eliminates the nicotinate
response of the expression of the NAD de novo biosynthesis
genes, indicating that the nicotinate-responsive regulation is
primarily mediated by NdnR. NdnR is not homologous to
either S. enterica serovar Typhimurium NadR or B. subtilis
NiaR, which are transcriptional regulators of NAD de novo
biosynthesis genes. Comparative genomics analyses suggest
that target genes of the NrtR family members are diverse
among bacterial species, since the regulators are predicted to
be involved in not only various aspects of NAD metabolism but
also sugar pentose utilization and phosphoribosyl pyrophos-
phate biogenesis (24). The NrtR family regulators are com-
posed of an N-terminal domain homologous to the Nudix
(nucleoside diphosphate with large variation of residues) hy-
drolase family and a C-terminal helix-turn-helix (HTH)-like
domain. It is predicted that the Nudix and HTH domains bind
to an NAD metabolite as an effector molecule and the pro-
moter regions of the target genes, respectively. Further studies

of the NdnR-mediated regulation mechanism in C. glutamicum
will provide new aspects of the diverse regulation of NAD
metabolism in bacteria.
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