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ModE is the molybdate-sensing transcription regulator that controls the expression of genes related to molybdate homeostasis
in Escherichia coli. ModE is activated by binding molybdate and acts as both an activator and a repressor. By genomic systematic
evolution of ligands by exponential enrichment (SELEX) screening and promoter reporter assays, we have identified a total of
nine operons, including the hitherto identified modA, moaA, dmsA, and napF operons, of which six were activated by ModE and
three were repressed. In addition, two promoters were newly identified and direct transcription of novel genes, referred to as
morA and morB, located on antisense strands of yghW and torY, respectively. The morA gene encodes a short peptide, MorA,
with an unusual initiation codon. Surprisingly, overexpression of the morA 5= untranslated region exhibited an inhibitory influ-
ence on colony formation of E. coli K-12.

The transition metal molybdenum is essential for life. In nature,
molybdenum is present in various oxidation states and trans-

ported into organisms in the form of the tetraoxyanion molyb-
date. In the case of Escherichia coli, molybdate is transported
through an ABC-type transport system encoded by the modABC
operon (1). The expression of the modABC operon is repressed by
the molybdate-bound ModE transcription factor (2). The ModE
protein functions as a homodimer and consists of two domains,
the N-terminal DNA-binding domain containing a winged helix-
turn-helix motif and the C-terminal molybdate-binding domain
(3). Binding of molybdate to the C-terminal domain induces a
conformational change of ModE so that it recognizes a palin-
dromic sequence of its target promoters (4). In addition to repres-
sion of the molybdate transporter operon, the ModE-molybdate
complex is involved in induction of three operons encoding mo-
lybdate-containing enzymes, dimethyl sulfoxide (DMSO) reduc-
tase (dmsABC), nitrate reductase (napFDAGHBC), and molybde-
num cofactor synthase (moaABCDE) (5–7). The three known
ModE-inducing targets are all involved in molybdenum metabo-
lism and utilization. Since bacteria contain more than 50 species of
the molybdate-containing enzyme, the repertoire of regulation
targets of ModE could include more than the already-character-
ized operons.

In this study, attempts were made to identify the set of regula-
tion targets of the E. coli ModE transcription factor. For this pur-
pose, we employed the genetic systematic evolution of ligands by
exponential enrichment (SELEX) screening system, which was de-
veloped for identification of the set of regulation targets recog-
nized by DNA-binding transcription factors and was successfully
used for the search of regulation targets by AscG (8), AllR (9), CitB
(10), Cra (11, 12), cyclic AMP receptor protein (CRP) (13), Dan
(14), LeuO (15), NemA (16), PdhR (17), RcdA (18), PgrR (19),
RstA (20), RutR (21), and TyrR (22). After the genomic SELEX
screening, we identified at least 10 binding sites of the ModE-
molybdate complex. Transcription in vivo of the predicted pro-
moters located next to these ModE-binding sites was analyzed
using reporter assays in the presence and absence of ModE. Re-
sults indicated that ModE activates six promoters (dmsAp, napFp,

moaAp, ybhKp, ynfEp, and ecop) and repressed the modA pro-
moter. In addition, we identified two novel promoters that di-
rected the transcription of an antisense sequence of yghX and cutC
and hereby name them morA and morB, respectively. The morA
gene encodes a small peptide, MorA, carrying an unusual N ter-
minus of Pro, the most probable translation initiation amino acid.
Interestingly, overexpression of the morA 5= untranslated region
(UTR) interfered with E. coli colony formation.

MATERIALS AND METHODS
E. coli strains and growth conditions. Escherichia coli K-12 strains
BW25113 (parent strain) and JW0744 (BW25113 with modE::Km) were
previously constructed by Baba et al. (23). WJ0101 (W3110 type A with
modE::Km) was isolated by P1 transduction with W3110 type A (24) using
the P1 lysate prepared from JW0744. These E. coli cells were grown at 37°C
in Luria broth (LB) medium.

Purification of ModE. To construct a pModE plasmid for overpro-
duction of His-tagged ModE, the DNA fragments were prepared by PCR
using E. coli W3110 genome DNA as the template and a set of primer pairs,
modEF and modER (for sequences, see Table S1 in the supplemental
material). After digestion of the PCR-amplified fragments with NdeI and
NotI, the PCR-amplified fragments were inserted into the pET21a(�)
vector (Novagen) between the same restriction sites as those used for the
preparation of insert DNA. The plasmids thus constructed were con-
firmed by DNA sequencing. pModE was transformed into E. coli
BL21(DE3), and His-tagged ModE was overexpressed and purified as de-
scribed by Yamamoto et al. (25). In brief, E. coli BL21(DE3) transformant
was grown in 200 ml of LB medium at an optical density of 600 nm
(OD600) of 0.6, and isopropyl-�-D-thiogalactopyranoside (IPTG) was
added at the final concentration of 1 mM. After 3 h of incubation, cells
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were harvested by centrifugation, washed with a lysis buffer (50 mM Tris-
HCl [pH 8.0, at 4°C] and 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 (PMSF). Cells
were treated with lysozyme and then subjected to sonication for cell dis-
ruption. After centrifugation at 15,000 rpm for 20 min at 4°C, the result-
ing supernatant was mixed with 2 ml of 50% (wt/vol) Ni-nitrilotriacetic
acid (NTA) 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] and 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 peak fractions of transcription factors 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 [DTT],
and 50% [vol/vol] glycerol) and stored at �80°C until use. Protein con-
centration was measured by the Bradford method, and purity was checked
on an SDS-PAGE gel.

Genomic SELEX. The genomic SELEX method was carried out as
previously described (10, 11). In brief, the genomic DNA fragments of E.
coli K-12 W3110 type A (24) were regenerated by PCR by using the
genomic library into pBR322 as the template, a pair of primers hybridized
onto plasmid vector, and Ex Taq DNA polymerase (TaKaRa Bio). The
mixture of DNA fragments (5 pmol) and His-tagged ModE (10 pmol)
were mixed in a binding buffer containing sodium molybdate (1 mM) and
incubated for 30 min at 37°C. The ModE-DNA mixture was applied to an
Ni-NTA column, and after unbound DNA was washed out with the bind-
ing buffer containing 10 mM imidazole, the ModE-DNA complexes were
eluted with 200 mM imidazole. DNA fragments recovered from the com-
plexes were amplified by PCR. The concentrated PCR products were pu-
rified and labeled with Cy3. The fluorescent-labeled DNAs were hybrid-
ized to a DNA microarray consisting of 43,450 probes of a 60-base-long
DNA, which were designed to cover the entire E. coli genome at 105-bp
intervals (Oxford Gene Technology, Oxford, United Kingdom). The flu-
orescent intensity at each probe was measured by the array scanner and
was indicated as the ratio to sum of the fluorescent intensity of each spot
on a slide.

Construction of the lacZ reporter on plasmid. To construct the lacZ
fusion gene, pRS551 and pRS552 plasmids were used as vectors (26). The
DNA fragment was amplified by PCR using the genome of the E. coli
W3110 type A strain (24) as a template and a pair of primers, as follows:
SC1_A_S and SC1_A_T for pSch1-anti-ybhK, SC1_B_S and SC1_B_T for
pSch1-modA, SC2_A_S and SC2_A_T for pSch2-ybhK, SC2_B_S and
SC2_B_T for pSch2-moaA, SC3_A_S-2 and SC3_A_T-2 for pSch3-anti-
serS, SC3_B_S-2 and SC3_B_T-2 for pSch3-dmsA, C5_A_S and
SC5_A_T for pSch5-anti-ynfD, SC5_B_S and SC5_B_T for pSch5-ynfE,
SC6_A_S and SC6_A_T for pSch6-torY, SC6_B_S and SC6_B_T for
pSch6-anti-cutC, SC7_A_S and SC7_A_T for pSch7-napF, SC7_B_S and
SC7_B_T for pSch7-eco, SC9_A_S and SC9_A_T for pSch9-yghW,
SC9_B_S and SC9_B_T for pSch9-anti-yghX, SC9_B_S and SC9_B_T-E1
for pSch9-anti-yghX fusion-1, SC9_B_S and SC9_B_T-E2 for pSch9-anti-
yghX fusion-2, SC9_B_S and SC9_B_T-O1R65 for pORF1-R65, SC9_B_S
and SC9_B_T-O2I2 for pORF2-I2, SC9_B_S and SC9_B_T-O2I10 for
pORF2-I10, SC9_B_S and SC9_B_T-O2E11 for pORF2-E11, SC9_B_S
and SC9_B_T-O2P12 for pORF2-P12, SC9_B_S and SC9_B_T-O2F13 for
pORF2-F13, SC9_B_S and SC9_B_T-O2Q14 for pORF2-Q14, SC9_B_S
and SC9_B_T-O2C15 for pORF2-C15, SC9_B_S and SC9_B_T-O2L17
for pORF2-L17, SC9_B_S and SC9_B_T-O2G22 for pORF2-G22,
SC9_B_S and SC9_B_T-O2R30 for pORF2-R30, SC9_B_S and SC9_B_T-
O2M34 for pORF2-M34, SC9_B_S and SC9_B_T-O2V37 for pORF2-
V37, SC9_A_S and SC9_A_T-D6 for pmorA-19, SC9_A_S and
SC9_A_T-D5 for pmorA�35, SC9_A_S and SC9_A_T-D4 for
pmorA�78, SC9_A_S and SC9_A_T-D3 for pmorA�95, SC9_A_S and
SC9_A_T-D2 for pmorA�118, SC9_A_S and SC9_A_T-D1 for
pmorA�127, SC9_A_S and SC9_A_T-E1 for pmorA�444 (see Tables S1

and S2 in the supplemental material). The PCR product was digested with
BamHI and EcoRI and then ligated into pRS551 or pRS552 at the corre-
sponding sites. The DNA sequence of insertion on plasmids was con-
firmed by DNA sequencing using the lac30R primer complementary to
lacZ in a vector (for sequences, see Table S1).

Measurement of �-galactosidase activity in E. coli. E. coli cells grown
in LB medium until an OD600 of 0.3 to 0.4 were subjected to measuring
�-galactosidase activity with O-nitrophenyl-D-galactopyranoside as de-
scribed by Miller (27).

Primer extension analysis. The promoter-lacZ fusion plasmid was
transformed into E. coli. Total RNA from transformants was extracted by
the hot phenol method as described previously (28, 29). In brief, E. coli
was grown in LB medium at 37°C until mid-log phase (OD600 � 0.3 to
0.4), cells were harvested, and total RNAs were prepared with the hot
phenol method. After digestion with RNase-free DNase I (TaKaRa Bio),
total RNA was reextracted with phenol, precipitated with ethanol, and
dissolved with RNase-free water. The concentration of total RNA was
determined by measuring the absorbance at 260 nm. The purity of total
RNA was checked by agarose gel electrophoresis. Primer extension anal-
ysis was performed using fluorescent-labeled probes as described previ-
ously (30). In brief, total RNA (20 �g) and the 5=-fluorescein isothiocya-
nate (FITC)-labeled FITC-lac primer (for sequences, see Table S1 in the
supplemental material) were mixed and the primer extension reaction
was initiated by the addition of reverse transcriptase XL (Life Science).
After incubation for 1 h at 50°C, DNA was extracted with phenol, precip-
itated with ethanol, and subjected to electrophoresis on a 6% polyacryl-
amide sequencing gel containing 8 M urea using DSQ-500L (Shimadzu).

DNase I footprinting analysis. Probe was amplified by PCR using a
pair of primers, 5=-FITC-labeled FITC-lac and SC9_A_T (for sequences,
see Table S1 in the supplemental material), pSch9-yghW plasmid as the
template, and Ex Taq DNA polymerase. DNase I footprinting assay was
carried out under the standard reaction conditions (30). In brief, 1.0 pmol
each of FITC-labeled probes was incubated at 37°C for 30 min with puri-
fied ModE (0.75 to 6 pmol) in 25 �l of binding buffer (10 mM Tris-HCl
[pH 7.8], 150 mM NaCl, 3 mM magnesium acetate, 5 mM CaCl2, and 25
�g/ml bovine serum albumin [BSA]) containing 1 �M Na2MO4. After
incubation for 30 min, DNA was digested by DNase I (TaKaRa Bio) for
30 s at 25°C, and then the reaction was terminated by the addition of
phenol. DNA was precipitated by ethanol, dissolved in formamide dye
solution, and analyzed by electrophoresis on a DNA analyzer DSQ-500L
(Shimadu).

Western blotting. To detect MorA-LacZ fusion protein, Western
blotting was performed as previously described (31). In brief, E. coli cells
grown in LB medium were harvested, washed, and resuspended in lysis
buffer (50 mM Tris-HCl [pH 8.0, at 4°C] and 100 mM NaCl) containing
100 mM PMSF. After sonication, supernatant was recovered by centrifu-
gation, subjected to 10% SDS-PAGE, and blotted onto polyvinylidene
difluoride (PVDF) membranes using an iBlot semidry transfer apparatus
(Invitrogen). Membranes were first immunodetected with anti-�-galac-
tosidase (Promega) and anti-�-subunit of RNA polymerase (NeoClone)
antibodies, followed by immunodetection with a horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (Nacalai Tesque) antibody and then
development with a chemiluminescence kit (Nacalai Tesque). The image
was analyzed with an LAS-4000 IR multicolor scanner (Fuji Film).

Affinity chromatography with APTG agarose. APTG (4-aminophe-
nyl-�-D-thiogalactopyranoside) agarose 4B (Sigma) was used as a resin
for purification of the LacZ fusion protein (32). E. coli transformant
JW0744/pORF2-M34 was grown in 400 ml of LB medium and at an
OD600 of 1.0, and then cells were harvested by centrifugation, suspended
in 12 ml of loading buffer (20 mM Tris-HCl [pH 7.4, at 4°C], 10 mM
MgCl2, 10 mM DTT, and 1.6 M NaCl) containing 100 mM PMSF. Cells
were treated with lysozyme and then subjected to sonication for cell dis-
ruption. After centrifugation at 15,000 rpm for 20 min at 4°C, the result-
ing supernatant was loaded onto a column filled with 0.5 ml of APTG
agarose 4B. After being washed with 30 ml of loading buffer, proteins were
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eluted with 1 ml of an elution buffer (1 M borate and 10 mM DTT [pH
10.0, at 4°C]) four times. Elution fractions were neutralized by the addi-
tion of 1 ml of neutralization buffer (1 M Tris-HCl [pH 7.0, at 4°C]).
Protein concentration was measured by the Bradford method, and purity
was checked by SDS-PAGE.

Identification of proteins with a mass spectrometer. Proteins in so-
lution were digested with 2 ng/�l proteomic-grade trypsin (Roche) in
aqueous 0.8 M urea buffer at 37°C overnight. Following digestion, tryptic
peptides were then analyzed using a liquid chromatography-tandem mass
spectrometry (LC-MS/MS) mass spectrometer (amaZon; Bruker). Data
from mass spectrometry were analyzed using the MASCOT software (Ma-
trix Science).

RESULTS
Search for ModE-binding sites on the E. coli K-12 genome. To
identify the set of regulation targets of E. coli ModE, we performed
the genomic SELEX screening. For this purpose, a mixture of E.
coli genome DNA fragments of 200 to 300 bp in length was incu-
bated with the purified His-tagged ModE protein in the presence
of sodium molybdate. The ModE-DNA complexes formed were
isolated by affinity chromatography using Ni-NTA agarose. When
the genomic SELEX was carried out in the absence of molybdate,
specific SELEX DNA fragments were not recovered as judged by
PAGE (the DNA formed a smear on the gel, as did the original
DNA mixture). After two cycles of the genomic SELEX in the
presence of molybdate, however, specific DNA fragments were
recovered, which formed visible bands on the PAGE gel. The DNA
fragments thus isolated were cloned into pT7Blue (Novagen) for
sequencing, and the resulting sequences were mapped in the E. coli
genome by using both SELEX-clos and SELEX-chip procedures
(see Materials and Methods).

For identification of the set of the binding sites by ModE, we
next performed SELEX-chip analysis. The same collection of
genomic SELEX fragments as used for SELEX-clos was subjected,
after fluorescent labeling, to hybridization with a DNA tilling mi-
croarray (Oxford Gene Technology, Oxford, United Kingdom)
(11–14). The fluorescence intensity on each spot was represented
as the ratio to sum of the fluorescent intensity of each spot on an
array and plotted on the corresponding position on the E. coli
genome. Since the 60-bp-long probes are aligned along the E. coli
genome at 105-bp intervals, approximately 300-bp-long SELEX
fragments should bind to two or more consecutive probes, and we
employed this criterion for identification of positive peaks with a
significant intensity (Fig. 1A). A total of 10 positive peaks, SELEX-
chip 1 (Sch1) to Sch10, were identified (Fig. 1A and B). Seven
ModE-binding sites, Sch1, Sch2, Sch3, Sch5, Sch6, Sch7, and Sch9,
were all located within intergenic spacer regions between two neigh-
boring genes. Since the four hitherto identified ModE-binding sites
were included in this list, i.e., modABC on Sch1, moaABCDE on Sch2,
dmsABC on Sch3, and napFDAGHBC on Sch7, we predicted that the
remaining three ModE-binding sites, Sch5, Sch6, and Sch9, are in-
volved in regulation of neighboring genes (Fig. 1B). The rest of three
ModE-binding sites were located within coding regions, Sch4 on
ydeU, Sch8 on gshA, and Sch10 on panF (Fig. 1B). In this study, we
focused detailed analysis on the ModE targets located within
spacer regions.

Identification of the ModE-binding consensus sequence.
Within the ModE-molybdate complex-binding sequence on the
modABC promoter, an inverted repeat of pentanucleotides,
TATAT, with a spacer of 7 nucleotides (nt), was identified by the
DNase I protection assay (33). Since we identified the ModE-mo-

lybdate binding sequences for six additional targets, we reexam-
ined the ModE box sequence using the W-AlignACE program
(34), which was successfully employed for identification of the
MntR box sequence (35). After analysis of a set of 200-bp DNA
sequences centered on each ModE-molybdate binding peak for six
ModE target sequences (Sch1, Sch2, Sch3, Sch5, Sch6, and Sch9),
we identified a conserved sequence of 24 bp in length (Fig. 1C).
This revised ModE box is composed of an inverted repeat of 9
nucleotides, CGNTATATA, with a spacer of 6 nucleotides. This
ModE box sequence includes the previously proposed consensus
sequence of ModE binding (33). In the case of Sch7, the length of
the spacer was a total of 7 nucleotides with the extent of one ad-
ditional nucleotide (Fig. 1C).

Regulation of the newly identified promoters by ModE. To
examine the regulation of seven ModE targets, including three
newly identified promoters, we next carried out the reporter assay
in vivo in the presence and absence of ModE. For this purpose, we
constructed a set of 14 promoter-lacZ transcription fusions. DNA
fragments (400 to 700 bp in length) containing each ModE-bind-
ing region were amplified by PCR and then ligated into the
pRS551 vector (26) in front of the lacZ open reading frame (ORF)
in both directions (Fig. 1B; see also Table S2 in the supplemental
material). A total of 14 promoter-lacZ fusion plasmids were con-
structed (see Fig. 1B), each carrying the spacer region of one of the
seven ModE targets in both directions. All these plasmids could be
successfully transformed into both BW25113 and modE-deficient
mutant JW0744 except for pSch1-anti-ybhT and pSch9-yghW,
which we failed to transform into the modE mutant (for details,
see below). All these transformants were subjected to LacZ assay.
�-Galactosidase activity was detected for transformants harboring
pSch1-modA, pSch2-ybhK, pSch2-moaA, pSch3-dmsA, pSch5-
ynfE, pSch7-napF, and pSch7-eco.

The activity of three known promoters, moaA (pSch2-moaA),
dmsA (pSch3-dmsA), and napF (pSch7-napF), decreased in the
modE-deficient mutant (Fig. 2A), indicating that ModE activates
these promoters. This finding agrees with previous observations
(5–7). Three newly identified ModE-regulated promoters, ybhK
(pSch2-ybhK), ynfE (pSch5-ynfE), and eco (pSch7-eco), also
showed decreased activity in the modE mutant (Fig. 2A), indicat-
ing that these promoters are also activated by ModE. To confirm
regulation of the newly identified promoters by ModE, we next
performed primer extension analysis. The transcription initiation
site was identified for each promoter (Fig. 2B). cDNA signals of
the primer extension were detected for all three promoters, ybhK,
ynfE, and eco in BW25113, but the signals were weak in the modE
mutant (data not shown), implying a positive role of ModE for
these promoters.

Identification of ModE-regulated promoters on the anti-
sense strand of cutC and yghX. Among 14 promoter assay vectors,
five constructs (pSch1-anti-ybhT, pSch3-anti-serS, pSch5-anti-
ynfD, pSch6-anti-cutC, and pSch9-anti-yghX) carried the ModE-
binding sequences that are located downstream of the respective
ORF. Nevertheless, the promoter activity was detected for three
constructs (pSch5-anti-ynfD, pSch6-anti-cutC, and pSch9-anti-
yghX) (Fig. 2A, right), implying that these promoters transcribe
the antisense sequence of the respective genes. In the case of
pSch9-anti-yghX (see Fig. 1B), the ModE-binding sequence lo-
cated downstream of yghX directed expression of LacZ, indicating
the presence of a promoter on the antisense strand of yghX. This
putative promoter directs transcription toward the opposite di-
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FIG 1 Identification of ModE-binding sites on the E. coli genome. (A) SELEX-chip analysis for ModE was performed as described in Materials and
Methods. SELEX fragments were mapped on the E. coli genome by using a DNA tilling microarray. The high intensity is indicated on the E. coli genome
as an Sch number, indicating a ModE-binding site detected by SELEX-chip. (B) SELEX-chip detailed profiles on each ModE-binding position are shown
with the organization of genes. At the center of each ModE-binding site, DNA fragments transcriptionally fused to the promoterless lacZ gene in both
directions. The size of each insert is as follows: 498 bp for Sch1, 401 bp for Sch2, 613 bp for Sch3, 471 bp for Sch5, 502 bp for Sch6, 680 bp for Sch7, and
401 bp for Sch9 (see Table S2 in the supplemental material). (C) Using the set of six ModE-binding sequences identified after genomic SELEX screening,
the consensus sequences reevaluated by using logo analysis (http://weblogo.berkeley.edu/) are shown. In the case of Sch7, an additional base was observed
in the spacer of the consensus sequence.
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rection of that of yghX. The �-galactosidase activity directed by
this unexpected promoter increased in the modE mutant, imply-
ing that this promoter is repressed by the ModE-molybdate com-
plex. Sequence analysis of the antisense strand of yghX indicated
the presence of two overlapping ORFs of 63 codons (ORF1) and
74 codons (ORF2) (Fig. 3A). Thus, we tentatively designated this
putative gene as morA (ModE-regulated gene A). The presence of
morA promoters was confirmed by measuring transcripts by
primer extension analysis (Fig. 4A). The typical RpoD promoter
�10 and �35 elements were identified. Electrophoretic mobility
shift analysis indicated that dissociation constant (Kd) values
for ModE-binding to the morA promoter were 65 nM and 186
nM with and without 1 �M molybdate, respectively (data not

shown). By DNase I footprinting, a single ModE-binding site
was identified between �23 and �5 of the morA promoter (Fig.
4), which overlapped with the binding site of the RNA poly-
merase (Fig. 2B).

The ModE-binding site within pSch6-anti-cutC is located
downstream of cutC (see Fig. 1B) but was found to be functional as
detected by expression of reporter LacZ (Fig. 2A, right). Even
though a long reading frame was not detected in the antisense
strand of cutC, we predicted that this promoter directs a yet-to-
be-identified gene, tentatively designated here as morB. The �-ga-
lactosidase activity directed by this morB promoter also increased
in the modE mutant, suggesting the negative regulation of the
morB promoter by ModE.
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Organization of the ModE-regulated morA gene. To identify
the transcription unit of the newly identified morA gene, we ex-
amined the length of transcript directed by the morA promoter.
For this purpose, we constructed two types of the morA-lacZ
transcription fusion plasmids, pSch9-anti-yghX fusion-1 (lacZ
gene fused at �444 from the morA transcription start site) and
pSch9-anti-yghX fusion-2 (lacZ gene fused at �744) (see Table
S2 in the supplemental material). The �-galactosidase activity
from pSch9-anti-yghX fusion-1 increased in the modE mutant,
as in the case of original pSch9-anti-yghX (Fig. 4B). In contrast,
the LacZ activity was not detected for pSch9-anti-yghX fu-
sion-2 in both BW25113 and the modE mutant (Fig. 4B). Tak-
ing all this together, we predicted that morA transcription is
terminated between �444 and �744. In this region, we found

the Rut site, rutA and rutB, for the Rho-dependent termination
signal at �tR1 (36) between �634 and �660 from the start site
of morA transcription (Fig. 3A and 4B). In the case of �tR1,
transcription is terminated downstream, less than 100 bp from
the Rut site (36). The size of the morA transcript was thus
predicted to be �744 nt in length.

Characterization of ORFs encoded by the morA gene. Next,
we examined whether two open reading frames, ORF1 and ORF2,
within the morA gene are expressed in vivo. For this purpose, we
constructed a series of morA-lacZ protein fusion plasmids, each
containing portions of the morA gene (Fig. 3A and Fig. 4B; see also
Table S2 in the supplemental material). Since the �-galactosidase
activity directed by plasmids carrying morA(ORF1)-lacZ fusions
was not detected, we concluded that ORF1 was not expressed. In
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contract, morA(ORF2)-lacZ fusions directed LacZ expression in
the modE mutant (Fig. 5), indicating that morA(ORF2) is ex-
pressed in the absence of repression by ModE.

To identify the initiation site of ORF2 expression, a series of
morA(ORF2)-lacZ fusions were constructed, each including a
junction segment between the Sch9 spacer and 3=-terminal se-
quence of morA. To our surprise, LacZ expression was not detect-
able in both BW25113 and the modE mutant for the morA(ORF2)-
lacZ fusions with junction at the 2nd Ile, 10th Ile, and 11th Gln of
ORF2 (Fig. 3A and 5A). Upstream from the 11th Gln of ORF2, the
typical initiation codons do not exist. These results suggested that
translation of ORF2 initiated at the 12th Pro, an unusual amino
acid residue for translation initiation. Western blotting indicated
that MorA(ORF2)-LacZ from pORF2-M32 and pORF2-P12 in-
creased in the modE-deficient mutant (Fig. 5Ba). The migration of
MorA(ORF2)-LacZ proteins was slightly slower than that of LacZ
from the morA-lacZ transcription fusion gene on pSch9-anti-
yghX (Fig. 5Ba).

For identification of the N-terminal residue of ORF2, we affin-
ity purified MorA(ORF2)-LacZ and identified its N-terminal se-
quence. MorA(ORF2)-LacZ was expressed from pORF2-M34 (see
Fig. 3A and 5B) in the modE mutant, subjected to APTG agarose,
and then eluted with an alkaline buffer. A high level of
MorA(ORF2)-LacZ and glycerol kinase (GlpK) was detected in
the eluate (Fig. 5Bb). Purified MorA(ORF2)-LacZ formed a single
band on a PAGE gel (Fig. 5Bb). The purified MorA(ORF2)-LacZ
was digested with trypsin and subjected to LC-MS mass spectrom-
etry. Based on the LC-MS analysis, the N-terminal proximal tryp-
tic segment was found to carry the 20th Lys of ORF2 (Fig. 5Bb).
These results indicate that MorA(ORF2) seem to be translated at
the 12th Pro.

Inhibition of cell growth by overexpression of the morA 5=
UTR. As noted above, we failed to transform the pSch9-yghW
plasmid containing the spacer between yghW and yghX, including
a portion of the morA gene into the modE-deficient mutant,
JW0744. One possible explanation is that the expression of morA
in the absence of repressor ModE is toxic for cell growth as mea-
sured by colony formation. Transcription of morA by pSch9-
yghW should terminate at the rrnB terminator within the vector,
leading to production of a 144-nucleotide-long RNA (Fig. 3B).
The inhibitory effect of cell growth by pSch9-yghW transforma-
tion might be due to the expression of this truncated morA tran-
script in the absence of ModE. To examine this possibility, we
constructed a series of plasmids, each carrying different lengths of
the morA transcript (Fig. 3B). We failed to transform pmorA�444
harboring a 444-bp sequence from the morA transcription initia-
tion site, whereas pmorA-19 lacking the morA promoter and se-
quence could be transformed in the modE mutant. To determine
the minimum region of morA transcript for transformation inhi-
bition, a series of constructs, pmorA�127 (127 nt of morA),
pmorA�118 (118 nt of morA), pmorA�95 (95 nt of morA),
pmorA�78 (78 nt of morA), and pmorA�35 (35 nt of morA), was
tested for transformation into the modE mutant (Fig. 3B). Trans-
formants of the modE mutant were obtained for plasmids
pmorA�78 and pmorA�35, producing short transcripts, but not
with plasmids pmorA�127, pmorA�118, and pmorA�95, pro-
ducing transcripts more than 95 nt long. The inhibition of trans-
formation by a series of plasmids was also observed using WJ0101
(	modE), the derivative of W3110 (see Table S1 in the supplemen-
tal material). These results indicate that a 95-nt sequence of morA
transcript is inhibitory for the growth of E. coli. The mechanism of
cell growth by morA RNA remains to be examined.
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DISCUSSION
Regulon. The essential transition metal molybdenum is present in
various oxidation states in nature and transported into organisms
in the form of the tetraoxyanion molybdate. The transcription
factor ModE of E. coli is a dual regulator. In the presence of
molybdate, ModE repressed transcription of the modABC operon
encoding the transporter of molybdate (2) and activates the syn-
thesis of molybdoenzymes and proteins for Mo metabolism,
including dmsABC encoding dimethyl sulfoxide reductase,
napFDAGHBC encoding nitrate reductase, and moaABCDE cod-
ing for molybdenum cofactor synthase (5–7) (see Fig. 2). Since
bacteria contain more than 50 species of the molybdate-contain-
ing enzyme, the repertoire of regulation targets by ModE should
include more than the hitherto characterized operons. In fact,
after genomic SELEX screening, we identified three novel targets
(ybhK, ynfEFGHI, and eco) in addition to four known targets
(modABC, dmsABC, napFDAGHBC, and moaABCDE). The
ynfEFGHI operon encodes the paralogue of the dimethyl sulfoxide
reductase DmsABC, a molybdenum-dependent enzyme, and sup-
ports anaerobic growth in the presence of DMSO in a dmsABC
deletion mutant (37). Another newly identified ModE target,

ybhK, encodes a homologue of YvcK, which is required for a nor-
mal cell shape and is involved in carbon metabolism in Bacillus
subtilis, and restores the growth of the B. subtilis yvcK mutant (38).
eco encodes a periplasmic protein of 142 amino acids that is a
potent inhibitor of serine protease (39). The ynfEFGHI operon is
induced under anaerobic conditions in a fumarate nitrate reduc-
tion regulator (FNR)-dependent manner (40). It is noteworthy
that the ModE-activated promoters are always associated with
FNR-binding sites within a distance of less than 100 bp (see Fig. 2),
suggesting a cooperative function between ModE and FNR for
induction of promoters by ModE.

ModE has been reported to activate hyc encoding a formate
hydrogenlyase, narXL encoding a two-component regulatory sys-
tem, and deoCABD operons encoding the deoxyribose utilization
enzyme by transcriptome analysis of an modE and moeA double
mutant (1, 41). Under the genomic SELEX screening conditions
employed in this study, we failed to detect these promoters as
ModE-binding sites, suggesting that the ModE-binding affinity to
these promoters might be too low to detect in vitro.

By promoter assay, we detected two ModE-repressing promot-
ers that direct transcription of antisense strands. The newly iden-
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blotting with antibody of both �-galactosidase and the �-subunit of E. coli RNA polymerase. Arrows indicate the detected proteins. (Bb) The cell lysate of E. coli
transformant JW0744/pORF2-M34 was prepared. The resulting supernatant (lane 2 is whole extracts) was subjected to affinity chromatography with an APTG
agarose 4B column. Samples were analyzed by SDS-PAGE (lane 3 is the flowthrough, lane 4 is the first elution, lane 5 is the second elution, lane 6 is the third
elution, lane 7 is the fourth elution). Lane 1 represents marker proteins (Nacalai Tesque), 117 kDa, 88 kDa, 47.2 kDa, 37 kDa, 28.3 kDa, and 22.2 kDa. Arrows
indicate the proteins identified by mass spectrometry. The N-terminal sequence of MorA(ORF2), predicted by analysis with LC-MS/MS, is shown.

ModE Regulon of E. coli

October 2013 Volume 195 Number 19 jb.asm.org 4503

http://jb.asm.org


tified morA gene is located on the antisense strand of the yghX gene
and is transcribed toward the opposite direction of yghX (see Fig.
3). Likewise, the morB gene is located downstream of cutC and
directs transcription of the antisense strand of cutC toward the
opposite direction of cutC. These two promoters, morA and morB,
were found to be repressed by ModE, as in the case of the modA
promoter. In concert with the repression mode, the ModE-bind-
ing site in the modA promoter overlaps with the binding site of
RNA polymerase, suggesting competitive binding of ModE with
RNA polymerase. We constructed a single-knockout mutant of
both morA and morB. Growth in these strains, however, were af-
fected neither by growth in the presence nor absence of molybdate
(data not shown). Also, the intracellular level of molybdenum in
both mutants did not change in comparison to that of a parent
strain (data not shown).

Nature of the newly identified morA. Within the morA tran-
script of more than 700 nucleotides in length, there are two ORFs,
morA(ORF1) and morA(ORF2), of which ORF2 was found to be
expressed as detected by LacZ fusion assay and Western blotting
(see Fig. 3 and 5). No homologous peptide of sequence similarity
with MorA(ORF1) and MorA(ORF2) was detected by BLAST
search. The morA(ORF2) lacks the typical organization for trans-
lation initiation. Nevertheless, the morA(ORF2)-lacZ fusion was
found to be expressed (see Fig. 3 and 5). LC-MS/MS analysis of
tryptic digests of MorA(ORF2) indicated the presence of a peptide
with the 20th Lys at its N terminus. Translation of LacZ fusion
proteins was detected when lacZ was fused downstream of the
12th Pro within a total of 74 codons of morA(ORF2). The canon-
ical translation initiation region of E. coli consists of the initiation
codon, a Shine-Dalgarno (SD) sequence, and an adequate spacer
between them (42). Translation initiation in E. coli occurs on the
three canonical codons, AUG (Met codon), GUG (Val codon), or
UUG (Leu codon). The complete E. coli genomic sequence indi-
cates that AUG, GUG, and UUG are, respectively, used for 3,542,
612, and 130 genes (43). Genes starting with noncanonical codons
are rare in E. coli, but there are some exceptions starting with
noncanonical codons, such as AUC (Ile codon) (44), AUA (Ile
codon) (45), AUU (Ile codon) (46), GCG (Val codon), and UUC
(Phe codon) (47). Translation initiation factor IF3 is involved in
the discrimination against initiation on noncanonical codons, but
this discrimination is neutralized by generating mutations within
the initiator tRNAs so as to disrupt the complementary between
codon-anticodon pairs (48). Up to the present time, however,
translation initiation from Pro or Lys codons has not been re-
ported. Translation from the 12th Pro codon experimentally de-
tected may also be mediated through continuation (or trans-
translation) of a nascent polypeptide initiated at another gene,
leading to the formation of a chimeric protein. Actually, we failed
to complete the translation of MorA(ORF2) in vitro using the
reconstitution system of E. coli translation, PURESYSTEM classic
II (BioComber) (data not shown), suggesting that other factors
are required for the complete translation of MorA(ORF2).

The high-level expression of morA was found to inhibit E. coli
cell growth as measured by colony formation. Deletion analysis of
morA showed that the 95-nucleotide-long transcript of morA is
enough for expression of the inhibition activity of modE-deficient
colony formation. DNA random mutagenesis showed that a C-
to-T substitution at �47 suppressed the inhibitory activity of cell
growth (data not shown). Noncoding RNAs (ncRNAs) are known
to play critical regulatory roles in bacteria. Most ncRNAs act as

regulators of gene expression by base pairing with mRNA of target
genes (49). However, we failed to find the complementary se-
quences of the 95-nucleotide-long transcript of morA on the E. coli
genome. For the expression of inhibitory function of some ncRNA
species, the RNA chaperone protein Hfq is needed (49). We tried
to isolate modE and hfq double mutants by P1 transduction but
failed, implying that small amounts of transcripts under the con-
trol of ModE might be stable in the absence of Hfq. The E. coli
transformant with the arabinose-inducible morA plasmid showed
normal growth in LB liquid medium with and without arabinose
(data not shown). It is possible that overexpression of morA could
inhibit colony formation on solid medium but not E. coli growth
in a liquid medium. It is not clear, however, how morA RNA
affects E. coli colony formation.
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