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The first genetic, in vivo, and in vitro evidences that YrxA is the regulator of NAD de novo biosynthesis in
Bacillus subtilis are hereby reported. The protein is essential to the transcription repression of the divergent
operons nadBCA and nifS-yrxA in the presence of nicotinic acid and binds to their shared operator-promoter

region.

In eubacteria, NAD, the primary biological cofactor for ox-
idation-reduction reactions, is produced by a de novo pathway
or recycled from exogenous or preformed nicotinic acid (NA)
(2, 4, 22, 35). In the de novo biosynthetic pathway, NAD is
synthesized from aspartic acid, which is converted to quinolinic
acid (QA) by the concerted action of NadB, L-aspartate oxi-
dase, and NadA, quinolinate synthetase (3, 6, 10, 18, 19, 31,
34); QA is then converted to nicotinic acid mononucleotide
(NaMN) by NadC, QA phosphoribosyltransferase (14), and
subsequently adenylated and amidated to NAD by NadD,
NaMN adenylyltransferase, and NadE, deamido-NAD-ammo-
nia ligase (NAD synthetase) (13, 20, 22, 30, 35). Finally, NADP
is synthesized by phosphorylation of NAD catalyzed by the
kinase NadF (8).

In the salvage or recycling pathway, NA, deriving from NAD
dissociation or of exogenous origin, is reconverted to NaMN by a
NA phosphoribosyltransferase (PncB in Escherichia coli; previ-
ously YueK in Bacillus subtilis) and reinserted in the enzymatic
chain downstream of the reaction catalyzed by NadC (22).

In a comparative study in 1968, Saxton et al. revealed that
the enzymatic activities of NadB, NadA, and PncB of E. coli
are subject to inhibition by NA, while the inhibited enzymes for
B. subtilis are NadB, NadA, and NadC but not PncB (29).

In E. coli and Salmonella species, the regulation of NAD
biosynthesis is exerted by the trifunctional protein NadR,
which transcriptionally represses the nadB, nadA (de novo
pathway), and pncB (salvage pathway) genes and increases the
uptake of nicotinamide-ribose and its conversion to nicotin-
amide mononucleotide and subsequently to NAD when the
NAD concentration is low (7, 11, 12, 23, 25, 38).

A protein homologous to NadR is not present in Bacillus
subtilis, in which, presumably, a different mechanism of NAD
biosynthesis regulation is active. In the gram-positive bacte-
rium, the nadB, nadA, and nadC genes are organized in an
operon whose operator-promoter region is overlapping the
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operator-promoter region of the divergent dicistronic operon
nifS-yrxA (17, 32) (http://genolist.pasteur.fr/SubtiList/).

NifS is a homologue of IscS cystein desulfurases and is
supposed to be involved in the in vivo maturation of Fe-S
clusters, possibly necessary to assemble an active form of the
QA synthetase complex formed by NadB and NadA (21, 32).
YrxA was classified as a potential transcriptional regulator (1),
but the protein has no homologues in gram-negative bacteria,
while genes for similar proteins are present in all the se-
quenced genomes of bacilli and other pathogenic gram-posi-
tive bacteria (genera Listeria, Streptococcus, and Enterococcus).

In 1993, Sun and Setlow (32) showed that in the presence of
NA, the transcription of the nadB and nifS genes is abolished.
The pncB gene (besides nadD, nadE, and nadF) was classified
as essential for Bacillus subtilis by Kobayashi et al. (16): the
authors speculated that the accumulation of NA, when pncB is
inactivated, might repress NAD de novo synthesis and cause
the bacterium’s death.

We hypothesized that YrxA, due to its similarity with other
transcriptional regulators able to bind small molecules as ef-
fectors (1), is, in the presence of NA, the repressor of nadBCA
and nifS-yrxA transcription, allowing the recycling of the pyri-
dinic ring from NA present in the medium and the availability
of aspartic acid for protein synthesis.

Our genetic analysis shows that the pncB gene is essential
only when B. subtilis is grown in the presence of NA and that
the inactivation of yrxA4 bypasses its requirement. We show that
YrxA represses the transcription of the two operons nadBCA
and nifS-yrxA in vivo and that it binds in vitro to their over-
lapping promoters in the site of the putative operator se-
quence, using NA as a cofactor.

Construction of a pncB mutant. pncB, the gene previously
named yuekK, coding for NA phosphoribosyltransferase of the
recycling pathway, was classified as essential in B. subtilis (16).
We constructed a conditional-lethal mutant by transforming
wild-type (wt) PB168 (#7pC2) competent cells with the integra-
tive plasmid pMUTIN4/pncB’, obtained by cloning into
pMUTIN4 (37) the 410-bp sequence coding for the N terminus
of PncB (from 3259589¢ to 3259999c, SubtiList coordinates
[http://genolist.pasteur.fr/SubtiList/]).

Transformants were selected on tryptose blood agar base
(TBAB) medium (Difco) with erythromycin (Ery) (0.3 pg/ml) in
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FIG. 1. Selection of Ery" (0.3 wg/ml erythromycin) colonies using
DNA of PB1934 (QpncB’::)pMUTIN4) to transform PB168 (wt) com-
petent cells on MM (5) in the presence or absence of IPTG (1 mM)
and NA (50 pg/ml). Only sporadic spontaneous Ery" mutants can be
observed on the bottom left in MM with NA. Very small colonies can
be observed in the absence of NA (top left) after 48 h of incubation at
37°C. When IPTG is added to the medium, the colonies observed in
the presence of NA are smaller (bottom right) than the ones observed
in absence of NA (top right).

the presence of 1 mM isopropyl-B-p-thiogalactoside (IPTG); the
clones where Ery" was brought from the vector were screened on
100 pg/ml Ery. One of the clones, verified by PCR, was named
PB1934 (trpC2 Q pncB':pMUTIN4, Ery"). When PB168 compe-
tent cells were transformed with chromosomal DNA of PB1934,
Ery" colonies grew only on medium supplemented with 1 mM
IPTG. This result confirmed that pncB is essential when B. subtilis
is grown on rich medium (16). To investigate whether NA plays a
role in causing pncB to be essential (as hypothesized in references
16 and 29), we selected Ery" transformants on minimal medium
(MM) (5) with or without NA (50 pg/ml). No colonies were
visible in presence of NA (Fig. 1, bottom left), while very small
colonies appeared on MM plates without NA after 48 h at 37°C
(Fig. 1, top left) with roughly the same frequency observed in the
plates where IPTG was added (Fig. 1, top right).

Interestingly, the colonies observed in the presence of IPTG
and NA (Fig. 1, bottom right) were smaller than the ones
observed without NA but significantly larger than the ones
grown on MM without supplements. Both 50 and 0.5 pg/ml of
NA inhibited the growth of PB1934 (Table 1), but when pncB
expression was induced with IPTG, the growth was comparable
to that of the Ery" control strain BFS2652 (QynaB’:pMUTIN4
trpC2 [16]). These in vivo experiments showed that pncB is
essential only when NA is present, and this gene/metabolite
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combination suppresses de novo NAD biosynthesis and causes
the bacterium’s death. NAD cannot be synthesized due to the
unavailability of NaMN, the end product of the de novo
(nadBCA-dependent) or recycling (pncB-dependent) path-
ways. In particular, NA could act as a cofactor for a transcrip-
tional regulator that represses nadBCA transcription.

Analysis of the YrxA primary sequence and of the genome
map context of its gene. yrxA is the second gene of the dicis-
tronic operon nifS-yrxA, located 150 bp away from the nadBCA
operon and transcribed in the opposite direction (17). This
gene, coding for a putative transcriptional regulator, is also
present in Bacillus anthracis (26, 27), Bacillus cereus (15),
B. halodurans (36), B. licheniformis (28), and Listeria monocy-
togenes and Listeria innocua (9). In these organisms, where
YrxA shows a high degree of similarity (identity score, >50%;
similarity score, >76%), the genomic organization of the two
divergent nadBCA and nifS-yrxA operons is conserved. None of
the YrxA-like proteins have been functionally characterized yet;
database searches (InterPro [http:/swww.ebi.ac.uk/interpro/] and
Pfam [http://www.sanger.ac.uk/Software/Pfam/index.shtml]) re-
vealed that the protein’s primary sequence can be divided into
two functional domains. The first 80 amino acids are charac-
terized by a strong similarity with DNA-binding proteins
(winged-helix DNA binding domain), while the second do-
main, from residue 90 to the carboxy terminus, has been clas-
sified as a potential three-histidine binding site for small effec-
tor molecules (1). The similarity data, the localization and
organization of the nifS-yrxA operon, and the fact that there’s
no homologue in E. coli make YrxA a good candidate to be the
regulator that represses nadBCA and nifS transcription in the
presence of NA.

In a AyrxA context, the pncB gene is no longer essential.
To verify the possible role of YrxA in the regulation of NAD
biosynthesis, a Ayrx4 mutant was constructed by substituting the
central region of the gene with the cat (chloramphenicol acetyl-
transferase) cassette by a PCR-based technique. The cat gene
was amplified from plasmid pJM105A (24) using the oligonu-
cleotides 5'-cat (5'-TCTTCAACTAAAGCACCCATT-3") and
3'-cat (3'-ACAGTCGGCATTATCTCATATT-3"). A 473-bp
fragment from nucleotide (nt) 368 of the coding sequence (CDS)
of yrxA to nt 607 of the CDS of the downstream gene pheA was
amplified using the oligonucleotides yrxA-5'cat (5'-ATGGGTG
CTTTAGTTGAAGAAGGCACCCGGAAAGAAGTT-3'; un-
derlined linker sequence homologous to the 5’ region of cat)
and 3'-pheA (5'-TTAATGGTCATGATGGTCCCGCA-3'),
while a 585-bp fragment from nt 707 of the nifS CDS to nt 127
of the yrx4 CDS was amplified with the oligonucleotides 5'-iscS
(5'-TAAATGTTCCCGGGATCGGTG-3") and yrxA-3'cat
(5'-TATGAGATAATGCCGACTGTAACCTGTCTTGAGA

TABLE 1. Growth of single and double mutants on MM with or without NA and 1 mM IPTG*

Growth of strain on:

Strain
MM MM + NA MM + IPTG MM + NA + IPTG
PB1934 (QpncB::pMUTIN4) +- - ++ +
PB1935 (QpncB::pMUTIN4, AyrxA) ++ ++ ++ ++
BFS2652 (ynaB:pMUTIN4) 4+ + ND ND

“ The same results were obtained using 50 or 0.5 wg/ml of NA. ++, colonies appear after 24 h at 37°C; +, colonies appear after 48 h at 37°C; +—, very small colonies

appear after 48 h; ND, not determined.
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FIG. 2. Selection of Ery" transformants (0.3 wg/ml erythromycin)
on TBAB medium with or without IPTG (1 mM): in the top part of the
figure, transformation of PB168 (wt) competent cells with chromo-
somal DNA of PB1934 (QpncB'::pMUTIN4), colonies are visible only
on plates containing IPTG. When the same DNA was used to trans-
form PB1932 (AyrxA) competent cells, the same number of colonies
grew on TBAB plates with or without IPTG (lower part of the figure).

CGTTCGCT-3’; underlined linker sequence homologous to
the 3’ region of cat). The three PCR products were denatured
together for three minutes at 94°C and slowly renatured by
decreasing the temperature (6°C/min) to the annealing tem-
perature of the 3'-pheA and 5'-iscS primers, used to amplify
the mutagenic fragment. Five hundred nanograms of the
pheA::cat:iscS mutagenic fragment were used to transform
0.5 ml of B. subtilis PB168 competent cells. Cm" clones were
obtained with a frequency of 1 X 10% per pg of DNA on
nutrient broth (Difco) plates with 5 pg/ml chloramphenicol.
One deletion-insertion AyrxA::cat mutant candidate, obtained
by double crossover, was verified by PCR and named PB1932
(trpC2 AyrxA::cat, Cm"). To demonstrate that yrxA inactivation
suppresses pncB essentiality and abolishes the repression role
of NA, a double mutant was then created by transforming
PB1932 competent cells with chromosomal DNA of PB1934.
As expected, Ery" clones grew on TBAB with erythromycin
(0.3 pg/ml) with or without IPTG (Fig. 2). One of the Ery" Cm"
clones obtained, verified by PCR, was named PB1935 (trpC2
QpncB'::pMUTIN4 AyrxA::cat). The double mutant PB1935
also grew on MM with NA without IPTG: the addition of 0.5
or 50 pg/ml of NA did not impair the strain growth, since
colonies were visible after 24 h (Table 1). PB1935 grew faster
than the control strain BFS2652, suggesting that in a PncB™
strain, NA repression of de novo synthesis reduces the total
NAD availability. These in vivo experiments support the hy-
pothesis that yrxA4, probably in cooperation with NA, is the
repressor of NAD de novo synthesis. Constitutive expression
of the nadBCA operon supports NAD synthesis even in the
absence of the recycling pathway (QpncB’:pMUTIN4).

YrxA and NA cooperate in nadBCA transcriptional repres-
sion. Since we hypothesized that the YrxA and NA repression
action was performed at the transcriptional level, we analyzed
the transcription of the nadB and nifS operons by reverse
transcription (RT)-PCR under different conditions. PB168
(wt) and PB1932 (AyrxA) cells were grown at 37°C in PY broth
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FIG. 3. RT-PCR experiments on the transcripts of the nifS/iscS and
nadB genes in the PB1932 (AyrxA::cat) mutant and PB168 (wt) strains,
grown in MM medium with or without NA (50 pg/ml). S, Mass Ruler
DNA ladder (low range; Fermentas). Ayrx4, RT-PCR on RNA ex-
tracted from PB1932 cells; WT, RT-PCR on RNA extracted from
PB168 cells. A product of 297 bp indicates the presence of nadBCA
operon transcripts, and a product of 480 bp indicates the presence of
nifS/iscS transcripts.

(Penassay antibiotic medium 3; Difco), 0.5% glucose, to an
optical density at 600 nm of 0.3; they were then washed and
incubated for a further two hours at 37°C in MM with or
without NA (50 pg/ml). RNA was extracted from cells by using
the High Pure RNA isolation kit (Roche), and 1 pg of total
RNA for each sample was retrotranscribed with the oligo-
nucleotides NadBa2 (5'-CTCGTTCATTGCGGTCGAATG
GAAATCC-3") for the nadB transcripts and 3'-iscS (5'-TGA
AGACAGGTGTTGAATGG-3") for the nifS transcripts.
cDNAs were then reamplified with primers NadBa2 and
3'NadB (5'-ATTGCAGTCATCGGTTCAGG-3') for nadB,
giving a 297-bp fragment, and with primers 3'-iscS and 5’-iscS
(5’-TTATTTAGATTATGCAGCGACAACG-3') for nifS, pro-
ducing a 480-bp fragment. The nadB and nifS genes were not
transcribed when the wt strain was grown in the presence of
NA, while in strain PB1932 (AyrxA4), both genes were tran-
scribed even in the presence of NA (Fig. 3). This experiment
confirms that YrxA is, in the presence of NA, the repressor of
nadBCA and nifS-yrxA operons transcription. According to our
results, the persistence of nad transcription regulation in the
AnifS::erm mutant created by Sun and Setlow (32) could be
explained by the absence of a polar effect on the downstream
yrxA gene: the expression and the regulatory function of YrxA
were evidently maintained. On the other hand, the authors
did not specify if the disruption on #nifS they performed intro-
duced a strong transcription terminator: read-through from
the nif promoter or from the ermC promoter itself cannot be
ruled out.

YrxA binds to the overlapping promoter region of nadB and
nifS. nadB and nifS are separated by a 150-bp region including
a region of imperfect dyad symmetry encompassing the —35
and —10 sequences of both genes (32) that could act as an
operator for the binding of the YrxA regulatory protein re-
pressing nadB and nifS transcription. An 87-bp DNA fragment
including the putative operator and the divergent promoter
region common to nadB and nifS (OP) (SubtiList coordinates
2848699 to 2848786) was amplified from PB168 chromosomal
DNA with primers BSS1 (5'-CCTCCTGTTGTTTACACCTG
TCT-3") and BSS2 (5'-CTTCCATCCGTTCTCCATAAAA-3")
by incorporating [a-**P]CTP (3,000 Ci/mMol) in the PCR and
used as a probe in an electrophoresis mobility shift assay (EMSA)
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FIG. 4. Electrophoresis mobility shift assays. Panel A: band shift induced by YrxA. Increasing concentrations of the protein (0.003, 0.034, 0.34,
0.77, and 3.4 pM) induce an increasing retardation of the **P OP DNA-labeled fragment (1.7 nM) migration in the gel. Panel B: competition in
EMSA between *?P-labeled 87-bp OP fragment and cold specific SC; DNA (a 170-bp fragment spanning from just upstream to just downstream
OP, including the 87-bp fragment) or nonspecific DNA (AC,, a 318-bp fragment covering a region in nadB outside OP; and AC,, a 330-bp fragment
in nifS). The YrxA concentration was 50 nM, NA was 150 wM, and the increasing concentrations of competitors were, respectively, 2, 5, and
10 ngin 20 pl. Panel C: band shift and “supershift” in the presence of NA and analogues, intermediates, or end products of NAD synthesis (added
at a concentration of 300 wM). Lanes: 1, no cofactors, no YrxA; 2, only YrxA; 3, 150 M NA; 4, 300 uM NA; 5, nicotinamide; 6, quinolinic acid;
7, isoniazide; 8, nicotinic acid hydrazide; 9: pyrazynamide; 10, nicotinamide mononucleotide; 11, NAD; 12, NADH. A plus sign indicates the

presence of 3.4 uM YrxA.

to test if YrxA binds to the promoter region. YrxA, glutathione
S-transferase (GST) tagged at the N terminus, was overexpressed
into BL21(DE3) E. coli cells after the cloning into the pGEX-
6pl expression vector (Amersham Biosciences) of the yrxA
CDS, amplified from genomic wt DNA with primers 5'ByrxA-
GEX1 (5'-CGGGATCCTTGACCGAAGAATTAAAGCTA-3")
and 3'yrxA-GEX (5'-CGGAATTCTTATTAATTAAAAATG
CCGGCTTCT-3'), including the first of the two Met residues
(Met-1 and Met-8) identified as a putative YrxA start codon (32).
The YrxA-GST fusion protein was isolated by chromatography
on glutathione Sepharose 4B columns (Amersham Biosciences),
and after treatment with Prescission protease (Amersham Bio-
sciences) and elution, a 90% pure YrxA protein was recovered.
This 20.1-kDa YrxA protein (including five additional amino ac-
ids at the N-terminal end) was used in EMSA assays. All attempts
made in expressing the untagged form of the protein failed, prob-
ably due to the instability of the protein in its native form.

The 87-bp OP labeled fragment, purified with a PCR puri-
fication kit (QIAGEN), was incubated (37°C for 20 min) at a
concentration of 1.7 nM with increasing concentrations of the
YrxA protein in a 20-pl reaction volume in binding buffer
(20 mM Tris HCI [pH 8], 5 mM MgCl,, 100 mM KCl, 0.5 mM
dithiothreitol, 0.05 mg/ml bovine serum albumin, 0.05% NP-
40, 10% [vol/vol] glycerol). The reactions were loaded on a 6%
polyacrylamide non denaturing gel in 0.5X Tris-Borate EDTA.
Electrophoresis was performed at 70 V for 90 min.

As shown in Fig. 4A, the mobility of the 87-bp OP fragment
was shifted as a function of the YrxA concentration, increasing
from 3 nM to 3.4 pM. The binding was specific, since the
addition to the YrxA-probe reaction of increasing concentra-
tions (5, 10, and 20 ng) of the specific cold competitor SC
(a 150-bp fragment, including the 87-bp OP region, amplified

with primers BSnadB 5'-CCCCTGAACCGATGACTGCA-3'
and BSnifS 5'-GGCGTTGTCGCTGCATAATC-3"), progres-
sively eliminated the shift of labeled OP. The addition of the
nonspecific cold competitors AC, (a 318-bp fragment internal
to the nadB coding region, amplified with primers NadBa2, the
same used for RT-PCR, and 5'nadB 5'-CACCAATGTCTA
AAAAGACGATTG-3") and AC,, (330-bp fragment included in
the nifS CDS, amplified with primers IscSex [5'-GGTTAACCA
TATGATTTATTTAGATTATGCAG-3'] and Nif2 [5'-AAA
GCAGCGCAATTATGAAT-3']) had no effect on fragment mo-
bility (Fig. 4B). Finally, to identify which molecule could act as an
effector in the repression action of YrxA, NA, NA analogues,
intermediates, or end products of NAD biosynthesis, were added
to the reaction at a concentration of 300 wM. When 300 p.M NA
was added to the YrxA/DNA reaction mixture, the mobility of the
labeled OP fragment had a supershift (Fig. 4C), while the addi-
tion of the other compounds did not alter OP mobility. Both a
higher concentration of YrxA (6.8 wM) alone and the addition to
the reaction of NA (>150 nM) in the presence of 3.4 uM YrxA
caused a “supershift” in EMSA (data not shown), while addition
of NAD up to a concentration of 1.3 mM had no effect. The way
in which NA favors YrxA binding to the operator-promoter re-
gion suggests a multimeric cooperative interaction, which is to be
investigated further.

In conclusion, we identified YrxA as the de novo NAD
biosynthesis regulator in B. subtilis, and we propose to name it
NadR. In the presence of NA, the protein represses transcrip-
tion of the divergent operons nadBCA (for de novo biosynthe-
sis) and nifS-yrxA (coding for the cystein desulfurase IscS, and
YrxA itself) by binding to their common operator-promoter
region. NA enhances the binding, as evidenced by the “super-
shift” shown in Fig. 4C.
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This work first ascribes a biological function to the previ-
ously unknown yrx4 gene and opens an interesting working
hypothesis for developing new therapeutic and antimicrobial
strategies for the gram-positive pathogenic bacteria (33) in
which homologues of YrxA, and probably similar NAD regu-
lation strategies, have been recognized in silico.
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Ricerca, COFIN 2002).
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