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N-Ethylmaleimide (NEM) has been used as a specific reagent of Cys modification in proteins and thus is toxic
for cell growth. On the Escherichia coli genome, the nemA gene coding for NEM reductase is located downstream of
the gene encoding an as-yet-uncharacterized transcription factor, YdhM. Disruption of the ydhM gene results in
reduction of nemA expression even in the induced state, indicating that the two genes form a single operon. After
in vitro genomic SELEX screening, one of the target recognition sequences for YdhM was identified within the
promoter region for this ydhM-nemA operon. Both YdhM binding in vitro to the ydhM promoter region and
transcription repression in vivo of the ydhM-nemA operon by YdhM were markedly reduced by the addition of NEM.
Taken together, we propose that YdhM is the repressor for the nemA gene, thus hereafter designated NemR. The
repressor function of NemR was inactivated by the addition of not only NEM but also other Cys modification
reagents, implying that Cys modification of NemR renders it inactive. This is an addition to the mode of controlling
activity of transcription factors by alkylation with chemical agents.

N-Ethylmaleimide (NEM) with a specific activity of Cys
modification has been widely used for the molecular dissection
of proteins. Since Cys is often located within the catalytic
domain of enzymes, NEM treatment renders this group of
enzymes inactive. For instance, NEM treatment of RNA poly-
merase (6) and the sigma subunit (13) of Escherichia coli re-
sults in inactivation of the catalytic activity of RNA polymer-
ization and the promoter recognition activity, respectively. E.
coli ribosomes are also inactivated by treatment with NEM (11,
24). Accordingly NEM is a toxic compound for cell growth.

Using the gene mapping membrane technique, Miura et al.
(10) identified a gene (nemA) that encodes NEM reductase in
E. coli. The nemA gene encodes a polypeptide of 365 amino
acids with a molecular mass of 39,514 Da. NemA is also in-
volved in reductive degradation of other toxic nitrous com-
pounds besides NEM. For instance, some E. coli laboratory
strains have multiple enzymes that degrade 2,4,6-trinitrotolu-
ene (TNT) for release of nitrite from the nitroaromatic ring,
yielding 2-hydroxylamino-6-nitrotoluene (5). In addition to
NemA, both NfsA and NfsB nitroreductases catalyze TNT
reduction, converting the nitro groups on the aromatic ring to
the corresponding hydroxylamino derivatives (1, 17, 29). All
these nitroreductases degrade toxic nitrous compounds, ulti-
mately releasing ammonium ions that can, in turn, be used as
a nitrogen source by E. coli for growth. In spite of a growing
interest in the removal and degradation of toxic nitrous com-
pounds from polluted environments, our current knowledge of
the roles and regulation of corresponding nitroreductases is
limited, and in particular, little is known of the regulation of
synthesis of these enzymes.

Upstream of the nemA gene, a putative gene encoding an
as-yet-uncharacterized transcription factor, YdhM, is located.

For a systematic search for target genes and promoters recog-
nized by approximately 300 species of DNA-binding transcrip-
tion factors in E. coli, we developed the genomic SELEX
system, in which transcription factor-associated DNA se-
quences can be isolated from mixtures of genome DNA frag-
ments (19). After sequence analysis of the transcription factor-
associated sequences, the target genes and promoters can be
identified. Using this newly developed genomic SELEX sys-
tem, screening of target genes and promoters has been per-
formed for the putative transcription factor YdhM. Taking all
results herein described, we propose that YdhM is the regula-
tor for the nemA transcription unit and should be renamed
NemR. One unique feature of NemR is that the repressor
function of NemR is inactivated after protein alkylation by
inducers. The mode of activity control by NemR repressor is
thus similar to that of Ada protein, which repairs DNA methyl
phosphotriester lesions by transferring the methyl group to its
Cys residue, thereby acting as a positive regulator for its own
synthesis as well as other DNA alkylation response genes (12).

MATERIALS AND METHODS

Bacterial strains. Escherichia coli KP7600 (W3110 lacIq lacZ�M15 galK2
galT22) and JD22799 (transposon insertion at position �130 within the nemR
coding sequence of KP7600 in opposite direction from nemR; a gift from T. Miki,
Fukuoka Dental College) were used in various experiments for analysis of the
regulatory roles of NemR, including primer extension assay, Northern blot anal-
ysis, and promoter assay. E. coli BL21(DE3) [F� ompT hsd(rB

� mB
�) dcm gal

�(DE3)] was used for expression and purification of NemR. Cells were cultured
in LB medium or M9-0.4% glucose medium at 37°C. When necessary, 100 �g/ml
ampicillin was added to the medium.

Expression and purification of His-tagged NemR protein. For construction of
plasmid pNemR for NemR expression, a DNA fragment corresponding to the
NemR coding sequence was amplified by PCR using E. coli W3110 genome DNA
as a template and a pair of primers which were designed so as to hybridize
upstream or downstream of the NemR coding sequence. After digestion with
NdeI and NotI (note that the restriction enzyme sites were included within the
primer sequences), PCR products were cloned into pET21a(�) (Novagen) be-
tween NdeI and NotI sites. The plasmid construct was confirmed by DNA
sequencing. For protein expression, pNemR plasmid was transformed into E. coli
BL21(DE3). Transformants were grown in 200 ml of LB medium, and at a cell
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density of 0.6 at 600 nm, IPTG (isopropyl-�-D-thiogalactopyranoside) was added
at a final concentration of 1 mM. After 3 h of incubation, cells were harvested by
centrifugation, washed with a lysis buffer (50 mM Tris-HCl, pH 8.0 at 4°C, 100
mM NaCl), and then stored at �80°C until use.

For protein purification, frozen cells were suspended in 3 ml of lysis buffer
containing 100 mM phenylmethylsulfonyl fluoride. Cells were treated with ly-
sozyme and then subjected to sonication for cell disruption. After centrifugation
at 15,000 rpm for 20 min at 4°C, the resulting supernatant was mixed with 2 ml
of 50% nickel-nitrilotriacetic acid agarose solution (Qiagen) and loaded onto a
column. After being washed with 10 ml of the lysis buffer, the column was washed
with 10 ml of washing buffer (50 mM Tris-HCl, pH 8.0 at 4°C, 100 mM NaCl) and
then 10 ml of washing buffer containing 10 mM imidazole. Proteins were eluted
with 2 ml of an elution buffer (lysis buffer plus 200 mM imidazole), and NemR
peak fractions were pooled and dialyzed against a storage buffer (50 mM Tris-
HCl, pH 7.6 at 4°C, 200 mM KCl, 10 mM MgCl2, 0.1 mM EDTA, 1 mM
dithiothreitol, and 50% glycerol) and stored at �80°C until use. Protein purity
was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(PAGE).

SELEX search for NemR-binding sequences. The genomic SELEX system was
used as described previously (19). Genome DNA of E. coli W3110 was sonicated
to generate fragments of 150 to 300 bp in length. The E. coli DNA library was
constructed after cloning of these 150- to 300-bp DNA fragments into plasmid
pBR322 at the EcoRV site. A collection of 150- to 300-bp DNA fragments could
be regenerated by PCR amplification using the E. coli DNA plasmid library as
the template and a set of primers, EcoRV-F (5�-CTTGGTTATGCCGGTACT
GC-3�) and EcoRV-R (5�-GCGATGCTGTCGGAATGGAC-3�), which hybrid-
ize to pBR322 vector at EcoRV junctions. PCR products thus generated were
purified by 5% PAGE. For the genomic SELEX screening of NemR-binding
sequences, 5 pmol of DNA fragments and 20 pmol of His-tagged NemR were
mixed in a binding buffer (10 mM Tris-HCl, pH 7.8 at 4°C, 3 mM magnesium
acetate, 150 mM NaCl, 1.25 �g/ml bovine serum albumin) and incubated for 30
min at 37°C. The mixture was applied onto a nickel-nitrilotriacetic acid column,
and after unbound DNA was washed with the binding buffer containing 10 mM
imidazole, DNA-NemR complexes were eluted with an elution buffer containing
200 mM imidazole. When necessary, this SELEX cycle was repeated several
times. For sequencing of NemR-bound DNA fragments, DNA was isolated from
DNA-NemR complexes by PAGE and PCR amplified. PCR products were
cloned into pT7 Blue-T vector (Novagen) using the blunt-end cloning kit
(Takara) and transformed into E. coli DH5�. Sequencing analysis was carried
out using T7 primer (5�-TAATACGACTCACTATAGGG-3�) with an ABI
3130xl DNA sequencer.

Gel mobility shift assay. The gel shift assay was performed as described
previously (14, 15). In brief, probes were generated by PCR amplification of
NemR-binding sequences in SELEX using a pair of primers, 5�-fluorescein
isothiocyanate (FITC)-labeled T7-F primer (5�-TAATACGACTACTATAGG
G-3�) and T7-R primer (5�-GGTTTTCCCAGTCACACGACG-3�); the genomic
SELEX plasmids containing the respective NemR recognition sequences as
templates; and Ex Taq DNA polymerase (Takara). PCR products with FITC at
their termini were purified by PAGE. For gel shift assays, 0.3 pmol each of the
FITC-labeled probes was incubated at 37°C for 30 min with various amounts of
NemR in 12 �l of gel shift buffer consisting of 10 mM Tris-HCl, pH 7.8 at 4°C,
150 mM NaCl, and 3 mM magnesium acetate. After addition of a DNA dye
solution, the mixture was directly subjected to 6% PAGE. Fluorescence-labeled
DNA in gels was detected using the Pharos FX Plus system (Bio-Rad).

DNase I footprinting assay. The DNase I footprinting assay was carried out
using FITC-labeled DNA fragments as described previously (15, 16). Each 0.5
pmol of FITC-labeled probes was incubated at 37°C for 30 min with various
amounts of NemR in DNase I footprinting buffer consisting of 25 �l of 10 mM
Tris-HCl (pH 7.8), 150 mM NaCl, 3 mM magnesium acetate, 5 mM CaCl2, and
25 �g/ml bovine serum albumin. After incubation for 30 min, DNA digestion was
initiated by the addition of 5 ng of DNase I (Takara). After digestion for 30 s at
25°C, the reaction was terminated by the addition of 25 �l of phenol. Digested
products were precipitated with ethanol, dissolved in formamide-dye solution,
and analyzed by electrophoresis on a 6% polyacrylamide gel containing 7 M urea.

Measurement of the promoter activity. Promoter strength was determined as
described previously (9, 22). In brief, green fluorescent protein (GFP) was
expressed under the control of a test promoter while red fluorescent protein
(RFP) was under the control of a reference promoter. The promoter assay vector
pGRP carries two types of fluorescent protein genes, one for RFP under the
control of reference promoter lacUV5 and the other for GFP under the control
of a test promoter. The sequences upstream from the initiation codons of ydhF,
ydhL, and nemR were PCR amplified using the respective primers and inserted
into pGRP vector. These primers contain the sequences for recognition by

EcoT22I, BglII, or BamHI, which can be used for promoter cloning. The PCR
products were digested with the respective restriction enzymes and then ligated
into pGRP at EcoT22I and BglII sites. The insertions in the promoter assay
plasmids thus constructed were confirmed by sequencing, and the plasmids were
named pGRPydhF, pGRPydhL, and pGRPnemR, respectively.

For the measurement of the fluorescence intensity of RFP or GFP expressed
in E. coli, transformants, each carrying one promoter assay vector, were grown in
LB medium or M9-0.4% glucose medium up to an optical density at 600 nm
(OD600) of 0.3 to 4.0, harvested by centrifugation, and resuspended in phos-
phate-buffered saline (�). The cell suspensions were diluted with phosphate-
buffered saline (�) to obtain approximately the same cell density (OD600 of 0.6)
for all samples. For the measurement of bulk fluorescence, aliquots of an 0.2-ml
cell suspension were added to 0.4-ml flat-bottomed 96-well plates, and the fluo-
rescence was measured with a Wallac 1420 ARVOsx counter (Perkin-Elmer Life
Sciences), where GFP was measured using 485-nm excitation and 535-nm emis-
sion and RFP was measured using 544-nm excitation and 590-nm emission. The
fluorescence intensity of GFP with the test promoter was normalized using the
equation (X/Y)/(A/B), in which X and Y indicate the fluorescence intensities of
GFP (test promoter) and RFP (lacUV5 promoter), respectively, while A and B
represent the fluorescence intensities of GFP (lacUV5 promoter) and RFP
(lacUV5 promoter), respectively.

Primer extension analysis. For preparation of total RNA for the primer
extension analysis, overnight cultures of E. coli wild-type KP7600 and nemR-
disrupted mutant JD22799, both carrying a promoter assay vector, pGRH045 (or
pGRPnemR), were diluted 100-fold in 15 ml of LB medium and cells were grown
to an OD600 of 3.2 (late stationary phase). RNA purification was carried out as
described previously (28). Primer extension analysis was performed using fluo-
rescence-labeled probes according to the published procedure (27). In brief, 40
�g of total RNA and 1 pmol of 5�-FITC-labeled enhanced GFP primer with the
sequence 5�-AGGGTCAGCTTGCCGTAGG-3� were mixed in 20 �l of 10 mM
Tris-HCl (pH 8.3 at 37°C); 50 mM KCl; 5 mM MgCl2; 1 mM each of dATP,
dTTP, dGTP, and dCTP; and 20 U of RNase inhibitor. The primer extension
reaction was initiated by the addition of 5 U of avian myeloblastosis virus reverse
transcriptase (Takara). After incubation for 1 h at 50°C, DNA was extracted with
phenol, precipitated with ethanol, and subjected to electrophoresis on a 6%
polyacrylamide sequencing gel containing 7 M urea. Fluorescence-labeled DNA
in gels was detected using a slab gel DNA sequencer, DSQ-500L (Shimadzu).

Northern blotting analysis. Northern blot analysis of nemR and nemA RNAs
was performed essentially as described previously (27). In brief, total RNAs were
prepared by the hot phenol method from both E. coli wild-type KP7600 and
nemR-disrupted mutant JD22799, separated by agarose gel electrophoresis in the
presence of formamide, and transferred to a positively charged nylon membrane
(Roche). The digoxigenin (DIG)-labeled probes were prepared with the PCR
DIG probe synthesis kit (Roche) using a pair of oligonucleotides, nemR-F
(5�-ATGGGGCTAAGCGAATTACTAAAAAC-3�) and nemR-R (5�-GCAAT
AATGTTTTTTACATGGGCCAG-3�) for the 5�-proximal nemR probe or
nemA-F (5�-GTACCGATCAGTACGGCGG-3�) and nemA-R (5�-TTACAAC
GTCGGTGAATCGGTATAG-3�) for the 3�-proximal nemA probe. Hybridiza-
tion was carried out at 50°C for 16 h in DIG Easy Hyb (Roche) as recommended
by the supplier (Roche). The hybridized probe on a membrane was detected by
CDP-Star, ready to use (Roche).

Quantitative immunoblot analysis. Antibodies against NemR were raised in
rabbits by injecting them with the purified NemR protein. A quantitative West-
ern blot analysis was carried out by standard methods as described previously (7).
In brief, E. coli cells grown in 10 ml of either LB or M9-0.4% glucose medium
were harvested by centrifugation and resuspended in 0.3 ml lysis buffer (50 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 5% glycerol, and 1 mM dithiothreitol), and then
lysozyme was added to a final concentration of 20 �g/ml. Total proteins were
subjected to 12% sodium dodecyl sulfate-PAGE and blotted onto polyvinylidene
difluoride membranes using a semidry transfer apparatus. Membranes were first
immunodetected with anti-NemR and then developed with an enhanced chemi-
luminescence kit (Amersham-Pharmacia Biotech). The image was analyzed with
a LAS-1000 Plus Lumino-Image Analyzer and Image Gauge (Fuji Film).

RESULTS AND DISCUSSION

NemR, formerly named YdhM, is a member of the TetR
family HTH-type DNA-binding transcription factor with a mo-
lecular mass of 22,275 Da consisting of 199 amino acid residues
(18). However, neither gene targets of regulation nor regula-
tory mechanisms remain solved. From a series of experiments
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described in this report, we found that YdhM is the repressor
for the ydhM-nemA operon, which encodes YdhM itself and
NemA for NEM reductase. Thus, we propose to rename
YdhM as NemR.

Screening of NemR-binding sequences by genomic SELEX.
For the identification of DNA sequences that are recognized
by E. coli NemR, we employed the genomic SELEX method
(19), in which a complete library of E. coli genome DNA
fragments is used instead of synthetic oligonucleotides with all
possible sequences used in the original SELEX method (4, 23,
25). Into the mixture of E. coli genomic DNA fragments of 150
to 300 bp in length, a fourfold molar excess of the purified
His-tagged NemR protein was added, and the NemR-DNA
complexes were affinity purified. In the early stage of this
genomic SELEX cycle, the NemR-bound DNA fragments gave
smear bands on PAGE, as did the original genome fragment
mixture. After two and three SELEX cycles, several discrete
bands were identified, indicating that some DNA fragments
with high affinity to NemR were enriched. These DNA frag-
ments were recovered from the gel and cloned into pT7 Blue-T
plasmid (Novagen) for sequencing.

A total of 91 clones were isolated from four regions (one
spacer region and three different coding regions) of the E. coli
genome (Table 1). Since regulatory proteins affecting tran-
scription initiation generally bind upstream of their respective
target genes, the regulation target of uncharacterized putative
transcription factor NemR may be uncharacterized ydhF-ydhL
and/or nemR-nemA (NEM reductase)-gloA (glyoxylase I),
sapABCDF (peptide uptake ABC transporter), leuE (leucine
export protein), yeaU, and pck (phosphoenolpyruvate car-
boxykinase).

Identification of NemR-binding DNA sequences. The bind-
ing of NemR protein to all four sequences identified by the
SELEX screening was examined by gel shift assay. As shown in
Fig. 1, all SELEX DNA fragments (ydhL-nemR spacer probe,
sapA coding frame probe, yeaT coding frame probe, and yhgE
coding frame probe) formed NemR complexes in a protein
dose-dependent manner. The NemR binding to the ydhL-
nemR spacer was observed at lower protein concentrations
than was that to the other three target DNAs, and the NemR
complex band with this ydhL-nemR probe was sharper than
those with the other three probes. These observations indicate
that the affinity of NemR is the highest for the ydhL-nemR
spacer sequence, because the number of SELEX clone isola-
tions correlates with the affinity of the test transcription factor
for target DNA (15, 16, 19, 20).

To identify the recognition sequence of NemR binding, we

next performed a DNase I footprinting assay using the ydhL-
nemR SELEX fragment as a probe. After formation of com-
plexes in the presence of a fixed amount of the fluorescence-
labeled DNA probe and increasing amounts of NemR, DNase
I treatment was carried out for a short period, and the partially
digested DNA products were analyzed by PAGE (Fig. 2A).
Clear protection by NemR was observed at a single region
consisting of approximately 25 bp in length, in which a palin-
dromic sequence, TAGACCnnnnGGTCTA, was included
(Fig. 2B). Protection from DNase digestion by NemR was also
observed for sapA, yeaT, and yhgE coding frame probes (data
not shown), although the protection was not as clear as in the
case of the ydhL-nemR probe.

Prediction for the NemR recognition sequence. After com-
parison of four DNase I-resistant sequences protected by
NemR, we could identify a common 16-bp-long palindromic
sequence, TAGACCnnnnGGTCTA, as the NemR recognition
sequence, hereafter referred to as the NemR box (Fig. 2D). A
total of 69 SELEX clones containing the ydhL-nemR spacer

TABLE 1. SELEX search for NemR-binding sitesa

Left gene(s) (direction) SELEX fragment
(size; coding frame) Right gene(s) (direction) No. of

fragments

ydhF-ydhL (4) S (184–316 bp) nemR-nemA-gloA (3) 69
sapF-sapD-sapC-sapB (4) S (200–257 bp; sapA) ymjA (4) 14
leuE (4) S (233–238 bp; yeaT) yeaU (3) 5
hslO (3) S (184 bp; yhgE) pck (3) 3

a The genomic SELEX search for NemR-binding sequences was performed using purified His-tagged NemR alone in the absence of effectors. A total of 91 DNA
fragments were isolated, of which 69 fragments contained sequences within spacer regions between ydhL and nemR coding frames. Three other kinds of SELEX
fragments were located on sapA, yeaT, and yhgE coding frames. The arrows indicate the direction of transcription of the neighboring genes, and the genes shown in
bold represent possible target genes under the control of NemR.

FIG. 1. Gel mobility shift assay of NemR-target DNA complex for-
mation. Fluorescence-labeled DNA probes, 1.0 pmol each, containing a
SELEX segment from the ydhL-nemR spacer (A), sapA coding frame (B),
yeaT coding frame (C), and yhgE coding frame (D), were incubated at
37°C for 30 min in the absence (lanes 1) or presence of increasing con-
centrations of NemR (lanes 2, 0.25 pmol; lanes 3, 0.5 pmol; lanes 4, 1.0
pmol; lanes 5, 2.0 pmol). The reaction mixtures were directly subjected to
PAGE. The gene organization and the location of probes along the E. coli
genome are shown below the gel patterns. The functions of known genes
are as follows: nemA, NEM reductase; sapA/sapB, antimicrobial peptide
transporter subunits; leuE, neutral amino acid efflux system; hslO, heat
shock protein Hsp33; pck, phosphoenolpyruvate carboxykinase.
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sequences included eight different fragments, ranging from 184
to 316 bp in length (Table 1). After alignment of all these eight
different sequences, it turned out that a 22-bp overlapping
sequence always existed in which the predicated 16-bp NemR
box sequence was included (Fig. 2C). These findings altogether
supported the prediction of a consensus 6 � 4 � 6 sequence
consisting of TAGACCnnnnGGTCTA as the NemR box.

With use of this NemR box sequence, we searched for the
location of the NemR box along the entire E. coli genome. The
ydhL-ydhM spacer herein isolated was the only sequence that
showed a complete match with the predicted NemR box (Table
1 and Fig. 2). Two sequences which contain one mismatch with
the NemR box were identified, one on the yeaT coding frame
(Table 1) and another on the acrA coding frame. A total of 32
sequences which contain two mismatches were identified. As
discussed in the case of the RutR box, some of the sequences
recognized by a test transcription factor may be lost after
repeated SELEX cycles (20, 21).

Competition between NemR and RutR in binding to the
NemR box. Interestingly the NemR box sequence TAGACC
nnnnGGTCTA is close to the sequence recognized by RutR
(RutR box), TTGACCAnnTGGTCAA. RutR is the uracil-
and thymine-sensing master regulator of a set of genes for
degradation and reutilization of pyrimidines (20). We then
tested possible competition between RutR and NemR in bind-
ing to the nemR promoter. Even though the nemR promoter
sequence was not included in the previous genomic SELEX by
RutR (20), it turned out that in vitro screening was not satu-
rated after chromatin immunoprecipitation chip analysis in

vivo (21). As shown in Fig. 3, RutR indeed bound to the nemR
promoter in a dose-dependent manner (Fig. 3, lanes 5 to 7).
When increasing amounts of NemR were added in the pres-
ence of a high concentration of RutR that fully converted the
fluorescence-labeled probe DNA forming RutR complexes,
the probe was completely transferred from RutR complexes
into NemR complexes (Fig. 3, lanes 8 to 10). On the other
hand, increasing amounts of RutR were unable to replace the
NemR-DNA complexes (Fig. 4, lanes 11 to 13). Taken to-
gether we concluded that the affinity of NemR for the nemR
promoter, the common target between NemR and RutR, is
higher than that of RutR. This finding suggests that the re-
pression of the nemR promoter by RutR takes place only in the
absence of NemR binding (or in a derepressed state).

Influence of NemR on in vivo promoter activity. The possible
influence of NemR on transcription initiation from the nemR
promoter within the ydhL-nemR spacer region was then examined
using the two-fluorescent-protein promoter assay system. For this
purpose, we first determined the location of the promoter within
the SELEX fragment. Sequences of 488 bp, 483 bp, and 486 bp

FIG. 2. Identification of the NemR box sequence. (A) DNase I
footprinting of the NemR-binding site and the recognition sequences
of NemR. The fluorescence-labeled SELEX segment (1.0 pmol) of the
ydhL-nemR spacer region was incubated in the absence (lane 1) or
presence of increasing concentrations of purified NemR (lane 2, 1.25
pmol; lane 3, 2.5 pmol; lane 4, 5.0 pmol; lane 5, 10 pmol) and then
subjected to DNase I footprinting assays. Lanes A, T, G, and C rep-
resent the respective sequence ladders. (B) From the DNase I foot-
printing assay, a 22-bp-long sequence was found to be protected by
NemR. (C) A total of 69 independent SELEX clones containing parts
of the ydhL-nemR spacer sequence were aligned along the E. coli
genome. The 22-bp sequence was present among all these 69 clones.
The number of each SELEX clone is given in parentheses. (D) After
alignment of four SELEX fragments, the consensus recognition se-
quence by NemR, designated the NemR box as shown on top of panel
B, was predicted to be a palindromic sequence consisting of TAGAC
CnnnnGGTCTA.

FIG. 3. Competition in DNA binding between NemR and RutR.
Fluorescence-labeled ydhL-nemR spacer DNA probe (0.5 pmol; Fig. 2)
was incubated at 37°C for 30 min in the absence (lane 1) or presence
of increasing concentrations of NemR (lane 2, 0.5 pmol; lane 3, 1.0
pmol; lane 4, 2.0 pmol) or RutR (lane 5, 1.0 pmol: lane 6, 2.0 pmol;
lane 7, 3.0 pmol). In the reactions shown in lanes 8 to 13, the increasing
amounts of NemR (lane 8, 0.5 pmol; lane 9, 1.0 pmol; lane 10, 2.0
pmol) were added in the presence of a fixed amount of RutR (2.0
pmol) or the increasing amounts of RutR (lane 11, 1.0 pmol; lane 12,
2.0 pmol; lane 13, 3.0 pmol) were added in the presence of a fixed
amount of NemR (2.0 pmol). The reaction mixtures were directly
subjected to PAGE.

FIG. 4. Assay of the nemRA promoter in wild-type and nemR mu-
tant E. coli. The nemRA operon promoter fragment was inserted into
the two-fluorescent-protein promoter assay vector pGRP, and the re-
sulting promoter plasmid was transformed into the KP7600 wild-type
strain and its nemR-disrupted mutant JD22799. The promoter activity
was determined by measuring the GFP/RFP ratio. The nemRA pro-
moter activity was low in the wild type, but promoter activity was
detected in the nemR mutant and increased after prolonged culture.
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upstream from the initiation codons of ydhF, ydhL, and nemR
genes (Fig. 1 shows the gene organization) were inserted
into pGRP vector to construct the promoter assay vectors
pGRH043 (pGRPydhF), pGRH044 (pGRPydhL), and pGRH
045 (pGRPnemR), respectively. The expression of GFP is under
the control of each test promoter, while RFP expression is di-
rected by the reference promoter lacUV5 on the same vector (see
Materials and Methods). There should be a promoter for tran-
scription toward ydhLF, but the expression of GFP was barely
detected for the transformants with pGRH043 (ydhF) and
pGRH044 (ydhL) vectors, implying that the promoters are very
weak (in the case of ydhL) or absent (in the case of ydhF).

In contrast, the promoter activity was detected for the trans-
formant with pGRH045 containing the nemR promoter se-
quence only when the transformant was grown in the nemR
disruptant (Fig. 4). This finding suggests that NemR represses
nemA expression under ordinary culture conditions. The nemR
promoter-driven expression of GFP was detected not only in
rich LB medium (Fig. 4) but also in poor M9-glucose medium
even though the promoter activity was higher for cells grown in
LB (data not shown). The nemR promoter activity increased
after cells stopped growing, implying that the nemR promoter
is one of the stationary-phase-specific promoters (9). Results
of the promoter assay indicated that the nemR promoter is
under the negative control of NemR for autogenous repres-
sion. Thus, we concluded that the NemR box is the operator
for the NemR repressor.

Regulation in vivo of the nemR promoter by NemR. To
confirm the above hypothesis, we directly determined the level
of nemR mRNA in the presence and absence of NemR. To
increase the sensitivity of detection, we isolated total RNAs
from pGRH045 (pGRPnemR) transformants of both wild-type
KP7600 and nemR-disrupted JD22799 and subjected them to
primer extension analysis using the fluorescence (FITC)-la-
beled primer for detection of the 5�-proximal region of nemR
mRNA (note that pGRH045 carries the nemR promoter se-
quence upstream from its initiation codon). As shown in Fig.
5A, a single initiation site of nemR transcription was identified
at 88 bp upstream of the initiation codon for NemR synthesis.

Since nemR mRNA was detected only in the nemR-disrupted
mutant, we concluded that NemR is the repressor for tran-
scription of its own gene. The NemR operator (NemR box) is
located between �10 and �35 signals of the nemR promoter
(Fig. 5B), implying that RNA polymerase binding to the nemR
promoter interferes with NemR repressor.

Identification of nemRA transcription unit and effect of
NEM on nemRA transcription. Since the promoter activity was
not detected for the nemR-nemA spacer sequence (data not
shown), we predicted that the nemA gene encoding NEM re-
ductase forms a single operon with nemR and is cotranscribed
from the nemR promoter. To examine this prediction, North-
ern blot analysis was performed using two different probes, the
5�-proximal sequence of nemR and the 3�-proximal sequence
of nemA. A single RNA band of the expected size (approxi-
mately 1.8 kb) was detected using both probes at the same
position (Fig. 6), indicating that nemR and nemA are indeed
cotranscribed into one and the same transcription unit.

To identify the inducer(s) that inactivates NemR repressor
for induction of the nemRA operon, growth was compared
between the wild type and the nemR disruptant on the pheno-
type microarray (Biolog), but we failed to find compounds that
affected growth differences between the two strains (data not
shown). Since nemR forms a single operon with nemA encod-
ing NEM reductase, we then examined the possible influence
of NEM on the NemR activity. By addition of NEM to the
wild-type culture, nemRA transcript significantly increased
(Fig. 6, compare lanes 1 and 3), indicating that NEM is the
inducer for derepression of the nemRA operon.

For disruption of the nemR gene in the mutant JD22799, a
transposon was inserted into the nemR gene in opposite ori-
entation from the NemR coding frame, thereby inhibiting
nemR expression. In the mutant, transcription of the down-
stream nemA gene was also inhibited (Fig. 6, compare lanes 3
and 4), supporting the prediction that nemR and nemA form a
single transcription unit and are cotranscribed into a single
transcription unit.

RutR, the global regulator of the genes for synthesis and

FIG. 5. (A) Primer extension analysis of nemRA mRNA. E. coli
KP7600 (lane W) and nemR mutant JD22799 (lane M) were grown in
LB medium. Total RNAs were prepared at late stationary phase and
subjected to primer extension assays as described in Materials and
Methods. The arrowhead indicates the transcription start site. (B) The
transcription start site, shown by an arrow, is located 88 bp upstream
from the initiation codon of the nemR gene. The NemR box is located
between �13 and �28 from the nemR transcription initiation site.

FIG. 6. Northern blot analysis of nemRA operon RNA. Overnight
cultures of E. coli wild-type KP7600 (W) and its nemR-disrupted mu-
tant JD22799 (M) in LB medium were transferred into fresh LB
medium in the absence (lanes 1 and 2) or presence of 0.01 mM NEM
(lanes 3 and 4), 0.1 mM uracil (lanes 5 and 6), or both NEM and uracil
(lanes 7 and 8). Total RNA was isolated from each culture and frac-
tionated by PAGE in the presence of urea. After RNA was blotted
onto filters, nemRA RNA was detected with fluorescence-labeled
nemR 5� or nemA 3� probe (upper panels) while rRNA was detected by
ethidium bromide staining (lower panel).
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degradation of pyrimidines (19), binds to the same region as
NemR does (Fig. 3). The possible influence of uracil on
nemRA transcription was then examined by Northern blot
analysis. No significant effect on the nemRA mRNA level was
observed (Fig. 6, lanes 5 and 6). In the presence of both NEM
and uracil, the induction of nemRA transcription was as high as
that with NEM alone (Fig. 6, compare lanes 3 and 7). The
induction of nemRA was not detected for the nemR-disrupted
mutant (Fig. 6, compare lanes 1 and 2, lanes 3 and 4, lanes 5
and 6, and lanes 7 and 8). These results altogether further
indicated that NEM is the inducer for derepression of nemRA
transcription. Even though RutR binds to the NemR box (Fig.
3), RutR may not play an important role in regulation of
nemRA expression in vivo.

Identification of NEM as an effector controlling NemR ac-
tivity. The effect of NEM on the operator DNA-binding activ-
ity of NemR was then analyzed by gel shift assay. The binding
in vitro of NemR to the nemR operator was completely dis-
rupted by the addition of NEM (data not shown). To confirm
this finding, we next performed a mixed gel shift assay, in which
the binding of NemR and RutR to the same target, i.e., the
nemR operator, was examined in the presence and absence of
NEM. When both NemR and RutR were present, the NemR-
nemR operator complex was preferentially formed, but after
addition of NEM, the NemR-nemR operator complex disap-
peared and instead the RutR-nemR complex was formed (Fig.
7). These observations indicate that transcription of nemA
must usually be repressed by NemR but is induced by the
addition of NEM for degradation of NEM. Taking all these
observations together, we predicted that the NemRA system
plays an important role in E. coli survival in the presence of
toxic NEM.

Inhibitory effect of NEM on cell growth and protective role
of NemA expression. NEM is a specific reagent of Cys modi-
fication in proteins and a toxic compound for cell growth. The
effect of NEM on E. coli growth was examined by following cell
growth in the continuous presence of various concentrations of

NEM. Above 0.01 mM NEM, the entry into exponential
growth phase was significantly delayed, and the length of the
lag period correlated with the NEM concentration (Fig. 8A).
At 0.1 mM NEM, the entry into exponential growth phase was
delayed for 8 h (Fig. 8B). This finding indicates that cell growth
is initiated after expression of NEM reductase for effective
degradation of toxic NEM. Accordingly, the higher level of
NEM reductase may be needed for growth at higher concen-
trations of NEM.

Growth of this nemR-disrupted mutant was also examined in
the presence of various concentrations of NEM. As expected
from the nemRA single operon prediction (see above), the lag
time was slightly elongated and, moreover, the rate of mutant
cell growth after entry into growth phase was significantly
lower than that of the wild-type parent (Fig. 8B). Thus, we
concluded that NemA is essential for cell growth in the pres-
ence of NEM.

Activity control of NemR transcription factor by protein
alkylation. NEM is a potent and specific reagent of Cys mod-
ification. The NemR protein contains five Cys residues in a
total of 199 residues. If the binding of NEM to one or more
Cys residues renders NemR inactive, Cys modification re-
agents other than NEM might induce nemRA transcription.
Showdomycin, 3-�-D-ribofuranosyl-1H-pyrrole-2,5-dione, is an
antineoplastic and bactericidal antibiotic isolated from Strep-
tomyces showdoensis (3, 13). At the molecular level, showdo-
mycin is a potent inhibitor of enzymes such as UMP kinase
(PyrH) and uridine phosphorylase (Udp) involved in pyrimi-
dine synthesis and is a potent sulfhydryl reagent (26). The
addition of showdomycin indeed inactivated NemR as mea-
sured by gel shift assay (Fig. 9A, lane 4). Likewise iodoacetate
(IA), a weak alkylating agent which acts on Cys residues in
proteins and is often used to modify SH groups to prevent
reformation of disulfide bonds after reduction of Cys residues,
also rendered NemR inactive, albeit at a lower level, with
respect to its binding to target DNA (Fig. 9A, lane 7) (note
that unbound probe was detected in the case of IA). A slight
reduction of NemR-operator DNA complexes was also ob-
served with methylglyoxal (Fig. 9A, lane 8), which reacts with
proteins, mainly at Lys and Arg residues, to form glycation
products. However, other agents with protein modification did

FIG. 7. Effect of NEM on DNA-binding activity of NemR. Fluo-
rescence-labeled ydhL-nemR spacer DNA probe (0.2 pmol; Fig. 2 and
6) was incubated at 37°C for 30 min in the absence (lane 1) or presence
of either NemR (lane 3, 1.0 pmol) or RutR (lane 2, 1.0 pmol). In the
reaction shown in lane 4, fixed amounts of both NemR and RutR were
added. In addition, increasing concentrations of NEM were added
(lane 5, 0.1 nmol; lane 6, 1.0 nmol; lane 7, 10 nmol). The reaction
mixtures were directly subjected to PAGE.

FIG. 8. Effect of NEM on cell growth. Overnight cultures of E. coli
wild-type KP7600 (W) and its nemR-disrupted mutant JD22799 (M) in
LB medium were transferred to fresh LB medium with or without 0.01,
0.05, and 0.10 mM NEM, and cell growth was monitored by measuring
the turbidity at 600 nm. (A) Lag time before the entry into growth
phase was plotted against NEM concentrations. (B) Growth curves of
wild type (W) and mutant (M) in the absence (solid line) or presence
(dashed line) of 0.10 mM NEM.
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not affect the DNA-binding activity of NemR, including suc-
cinimide, which forms covalent bonds with proteins (data not
shown). Substrates for pyrimidine synthesis such as uracil (Fig.
9A, lane 5) and uridine (Fig. 9A, lane 6) did not affect NemR
activity even though uracil is a potent inducer of RutR repres-
sor for genes in the pathways for the synthesis and degradation
of pyrimidine (20).

To examine the in vivo role of Cys modification agents other
than NEM, Northern blot analysis was performed for RNA
samples from wild-type E. coli cells in the presence of IA. In
the presence of IA in LB culture medium, the growth of the
nemR mutant was slightly retarded even though the effect was
much weaker than that of NEM (data not shown). In the case
of NEM, the induction of nemRA transcription was observed at
concentrations as low as 3 �M (Fig. 9B, lane 3). In contrast, the
induction of nemRA mRNA was observed in the presence of
more than 30 �M IA (Fig. 9B).

Taking all the in vitro and in vivo observations together, we
propose that the activity of NemR regulator is controlled by
alkylation of one or more of its Cys residues. NemR contains
five Cys residues at positions 70, 78, 88, 121, and 125 in a total
of 199 residues. The critical Cys residue(s) involved in NemR
activity control remains to be identified.

Intracellular level of NemR. A systematic measurement of
the intracellular levels of a total of 150 transcription factors
indicates that NemR is one of the more abundant transcription
factors in E. coli W3110 (A. Ishihama, unpublished data), from
which wild-type strain KP7600 originates. The intracellular
concentration of NemR stays rather constant at a level close to
that of RNA polymerase � subunit (about 5,000 molecules per
genome equivalent of DNA) throughout growth phases from
early log to stationary phase and at various temperatures from

22 to 42°C as determined by quantitative immunoblot analysis
(Fig. 10). Thus, the level of functional NemR must be con-
trolled by interconversion between effector-bound inactive and
DNA-bound active forms. In the absence of inducers such as
NEM, NemR must stay as an active repressor at least against
the nemRA operon. Since NemR repressor is one of the more
abundant transcription factors in E. coli, it may regulate target
genes and promoters other than the nemRA operon. The pos-
sible involvement of NemR in regulation of other targets in-
cluding sapA, yeaT, and yhgE (and genes located in their flank-
ing sequences) remains to be examined. Upon exposure to
external chemicals with protein alkylation activity, however, a
set of target genes should be expressed. Taken together, we
propose a novel mode of the activity control of NemR tran-
scription factor by protein alkylation with external agents in
the environment. It is noteworthy that the activity of transcrip-
tion factors involved in regulation of the genes for detoxifica-
tion of toxic environmental compounds is controlled by a set of
chemicals present in nature.

Along this line, it is worthwhile to note that the gloA gene
located downstream of the nemA gene is also involved in deg-
radation of toxic compounds in the environment. The gloA
gene encodes glyoxalase I (GlxI), the first enzyme in the ubiq-
uitous glyoxalase system for conversion of toxic alpha-ketoal-
dehydes into their corresponding nontoxic 2-hydroxycarboxylic
acids, utilizing glutathione as a cofactor (2, 8). GloA is also
involved in potassium efflux through the KefB and KefC sys-
tem because the product of glyoxalase I activity, S-lactoylglu-
tathione, is the activator of KefBC (8). Glx enzymes are gen-
erally zinc-containing metalloenzymes, but E. coli GloA
glyoxalase I contains nickel as a cofactor (2). Thus, both nemA
and gloA are involved in degradation of toxic compounds for
detoxification and reuse as nitrogen sources. At present, how-

FIG. 9. Effect of Cys modification agents on NemR activity. (A) Ef-
fect on the in vitro DNA-binding activity of NemR. Fluorescence-
labeled ydhL-nemR spacer DNA probe (Fig. 2, 6, and 7) was incubated
at 37°C for 30 min with (lanes 2 to 8) or without (lane 1) NemR in the
presence of 10 nmol each of NEM (lane 3), showdomycin (lane 4,
SHM), uracil (lane 5, Ura), uridine (lane 6, Urd), IA (lane 7), or
methylglyoxal (lane 8, MG). The reaction mixtures were directly sub-
jected to PAGE. (B) Effect on the in vivo repressor activity of NemR.
NEM or IA was added for 20 min to overnight LB culture of E. coli
KP7600. RNA was prepared and subjected to Northern blot analysis
using two types of DIG-labeled probe, nemR 5� probe and nemA 3�
probe. The concentrations of NEM were 0, 1, 3, and 10 �M in lanes 1
to 4, respectively, while those of IA were 0, 1, 3, 10, 30, and 100 �M in
lanes 1 to 6, respectively.

FIG. 10. Western blot analysis of whole-cell lysates with anti-
NemR antiserum. Wild-type E. coli KP7600 was grown in LB and
M9-0.4% glucose media at various temperatures from 20 to 42°C and
for various times. At various growth phases (lanes 1 to 4, OD600s of 0.3,
0.6, 0.9, and 1.5, respectively), whole-cell lysates were prepared and
subjected to quantitative Western blot analysis against anti-NemR
(A) and anti-RpoA (B) antibodies. The intensity of immunoblot bands
was measured with a LAS-1000 Plus Lumino image analyzer and
Image Gauge (Fuji Film).
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ever, it is not known yet whether these two genes are organized
into a single operon.
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