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Quorum sensing has been implicated as an important global
regulatory system controlling the expression of numerous viru-
lence factors in bacterial pathogens. In the present study, DNA
targets of SmcR, a Vibrio vulnificus LuxR homologue, were
selected from a random pool of DNA fragments by using a cycle
selection procedure consisting of in vitro DNA-SmcR interac-
tion, purification of SmcR-DNA complexes, and PCR amplifica-
tion of SmcR-bound DNA. The amplified DNA fragments were
cloned and analyzed separately by electrophoreticmobility shift
assay to verify the specific binding of SmcR to the DNA. The
DNA sequences bound by SmcR were determined by DNase I
footprinting, and alignment of the resulting 29 sequences
revealed a 22-bp consensus SmcR-binding sequence, 5�-TTAT-
TGATWWRWTWNTNAATAA-3� (where W represents A or
T, R is G or A, and N is any nucleotide), with an 8-bp (TTATT-
GAT) inverted repeat. The consensus sequence revealed greater
efficiency for the binding of SmcR than the SmcR-binding
sequence previously identifiedwithin PvvpE.Mutational analysis
demonstrated that the 9th and 10th bases from the center are
the most essential for SmcR binding. A genome-wide search
using the consensus sequence predicted that at least 121 genes
are under the control of SmcR, and 10 of these newly identified
SmcR regulon members were verified as being regulated by
SmcR inV. vulnificus aswell as in vitro. The consensus sequence
and newly identified genes should be of use for elucidating the
regulatorymechanism of SmcR and provide further insight into
the role of the quorum sensing in V. vulnificus pathogenesis.

Bacterial pathogenicity is multifactorial and a complex phe-
nomenon that involves the products ofmany genes, collectively

called virulence factors (1). Expression of many of these viru-
lence factors is coordinately controlled by a common global
regulatory system in response to environmental signals. This
coordinate regulation facilitates cooperation of the virulence
factors and is crucial for the overall success of the infectious
microorganisms during pathogenesis (2). Many bacteria mon-
itor their cell population densities through the exchange of dif-
fusible signal molecules (autoinducer (AI)4) that accumulate
extracellularly (for recent reviews, see Refs. 3 and 4). This type
of communication, termed quorum sensing, has been recog-
nized as a global regulatory systemcontrolling the expression of
numerous virulence factors in bacterial pathogens (for recent
reviews, see Refs. 5 and 6). When the concentration of the var-
ious AIs increases to critical levels, a signal transduction cas-
cade triggered through cognate receptors alters the expression
of over 50 genes or operons (7).
The cell density-dependent regulation of bioluminescence in

Vibrio harveyi is frequently used as a model for quorum sens-
ing.V. harveyi LuxR is the transcriptional activator of the lumi-
nescence operon, and its synthesis is controlled by the levels of
three autoinducers, AI-1, AI-2, and CAI-1 (4). To date, homo-
logues of LuxR, which are postulated to regulate virulence
genes, have been identified in various pathogenic Vibrio spp.
(8–14). SmcR has been identified from V. vulnificus, a food-
borne pathogenic bacterium, and proposed as a LuxR homo-
logue (8). Moreover, analysis of the completed V. vulnificus
genome sequence reveals that V. vulnificus possesses homo-
logues of the genes required for sensing and responding to
autoinducers, such as LuxO and LuxT (15). Given the similari-
ties between the components of quorum-sensing systems in V.
vulnificus and in V. harveyi, it seemed logical to consider that
SmcR is a quorum-sensing regulator of V. vulnificus. Recent
work demonstrated that SmcR regulates virulence genes and
adaptive phenotypes (16–19).
Considering the important role of quorum sensing in patho-

genesis of Vibrio spp., a major problem to be addressed is that
binding sequences of LuxR homologues have not been pre-
dicted and that genome-wide identification of target genes is
still limited. Until now, only a few studies on the direct binding
of LuxR homologues to DNA in vitro have been reported (16,
20, 21); thus, consensus sequences for binding have not yet been
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identified. This lack of informationmakes it difficult to identify
what genes are controlled by the proteins as well as to under-
stand how the promoters of the target genes are modulated by
the proteins. Transcriptome analyses have been used to identify
genes regulated by LuxR homologues and the quorum-sensing
system (7, 12, 13, 22). However, these approaches search for genes
regulated under defined in vitro conditions and thereforemay not
identify genes expressedonly in specific environmental conditions
that pathogenic bacteria may encounter within a host.
Accordingly, here we extend our efforts to determine a con-

sensus sequence for binding of SmcR, a LuxRhomologuewhose
function is the best characterized in vitro. For this purpose,
DNA targets that contain SmcR binding sites were selected
from a pool of V. vulnificus genomic DNA fragments, and the
binding sites were sequenced. Alignment of the sequences
revealed a 22-bp consensus sequence with an 8-bp inverted
repeat, and site-directed mutational analyses demonstrated
that the 9th and 10th bases from the center of the repeats are
themost important. In addition, we attempted to identify genes
that are regulated by direct interaction of SmcR at the pro-
moter. A hidden Markov model (HMM), a prediction algo-
rithm based on a sequence profile, was used to screen the V.
vulnificus genome, and the search resulted in the identification
of at least 121 genes as members of the SmcR regulon. SmcR
binding to the newly identified genes and their regulation by
SmcR were experimentally examined by chromatin immuno-
precipitation experiments and quantitative real time PCR (RT-
PCR) analyses.

EXPERIMENTAL PROCEDURES

Selection of DNA Fragments Bound by SmcR—The DNA
fragment library was prepared by partially digesting genomic
DNA of V. vulnificus ATCC 29307 with Sau3AI and by recov-
ering the 200–500-bp DNA fragments from a preparative aga-
rose gel. The DNA fragments containing SmcR-binding motifs
were selected from the library by using a cycle selection process,
as described byOchsner andVasil (23) (Fig. 1A). Briefly, a linker
carrying the Sau3AI protruding end (GATC) was developed by
annealing and phosphorylation of a pair of complementary oli-
gonucleotides, Sau3AI Linker-1 and Sau3AI Linker-2 (Table 1),
and ligated to the Sau3AI-digested DNA. For binding of SmcR
to DNA, 2 �g of the resulting DNA fragments were mixed with
200 nM His-SmcR purified as described previously (16) and
incubated for 30min at 37 °C. TheDNA-SmcR complexes were
isolated by using Ni2�-nitrilotriacetic acid-agarose, and the
DNAs were released from SmcR using a DNA purification kit
(Qiagen, Valencia, CA) (Fig. 1A). The released DNA were
amplified using the linker-specific primer, Sau3AI linker-2, by
PCR and used for the next cycle. The DNAs obtained after two
cycles of selection for SmcR binding were cloned into pGEM-T
easy vector (Promega, Madison, WI).
Electrophoretic Mobility Shift Assay (EMSA) and DNase I

Footprinting—Inserted DNA of the individual clones was
amplified by a PCR using 32P-labeled T7 and unlabeled SP6 as
the primers (Table 1) and used as a probe DNA for EMSA. The
binding of SmcR to the labeled DNA and electrophoretic anal-

TABLE 1
Oligonucleotides used in this study

Oligonucleotide Oligonucleotide sequence, 5�–3�a Locationb Use(s)
Linker and PCR oligonucleotides
Sau3AI Linker-1 GATCGAGTGACTCTTGACCTCGACTAGTGC Linker construction; amplification

of SmcR-target DNA
Sau3AI Linker-2 GCACTAGTCGAGGTCAAGAGTCACTC Linker construction; amplification

of SmcR target DNA
PCR oligonucleotides
T7 GAATTGTAATACGACTCACTATAGG pGEM-T easy vector DNase I footprinting or EMSA
SP6 CATACGATTTAGGTGACACTATAG pGEM-T easy vector DNase I footprinting or EMSA
VVPE021 AGAATGGCGATTTTCATAG �300 to �282 EMSA
VVPE022 GAATCCATCTCACTGCGA �118 to �101 EMSA
VVPE501 GTACTGCAGGTTTGGCTAATGAGTTTTAAG �510 to �490 Amplification of vvpE upstream
VVPE502 TATGGATCCGACGTTGATTGAGTTTCATTATCG �69 to �92 Amplification of vvpE upstream

Mutagenic oligonucleotides An and Bn
c

AWC CAAATTTATCAATAAGAAAAATGGG �217 to �193 Construction of WCd

BWC TATTGATAAATTTGTGAATAAAATAAAAAGC �206 to �176 WC
AIR-L ATGAGGTACCTGGAAAAATGGGACAGTCATC �226 to �196 WCIR-L
BIR-L TCCAGGTACCTCATTTGTGAATAAAATAAAA �209 to �179 WCIR-L
AIR-R TTGAGGTACCTGATTTATCAATAAGAAAAATG �215 to �184 WCIR-R
BIR-R ATCAGGTACCTCAATAAAAAGCACAATTTTA �197 to �167 WCIR-R
APAL AAATTGTGCTTTTTATTTTATTGATAAATTT �199 to �169 WCPAL
BPAL AAATTTATCAATAAAATAAAAAGCACAATTT �199 to �169 WCPAL
A�11 CACAAATTTATCAATAGGAAAAATGGG �217 to �191 WC�11
A�10 CACAAATTTATCAATGAGAAAAATGGG �217 to �191 WC�10
A�9 CACAAATTTATCAAGAAGAAAAATGGG �217 to �191 WC�9
A�8 CACAAATTTATCAGTAAGAAAAATGGG �217 to �191 WC�8
A�7 GCTTTTTATTTTATTCACAAATTTATCGAT �191 to �162 WC�7
A�6 CAAATTTATGAATAAGAAAAATGGGAC �219 to �193 WC�6
A�5 CACAAATTTAGCAATAAGAAAAATGGG �217 to �191 WC�5
A�4 AAATTTGTCAATAAGAAAAATGGGACA �220 to �194 WC�4
B�11 � �7;�5 TAAATTTGTGAATAAAATAAAAAGCACA �200 to �173 WC�11 � �7; �5
B�6 GTCCCATTTTTCTTATTCATAAATTTG �219 to �193 WC�6
B�4 CTGTCCCATTTTTCTTATTGACAAATT �221 to �195 WC�4

a Regions of oligonucleotide(s) not complementary to corresponding templates are underlined.
b Shown are the oligonucleotide positions, where �1 is the transcription start site of vvpE.
c Numbers in An and Bn primers represent the positions of point mutation from the center of the working consensus sequence. Base substitutions to mutate the working
consensus sequence are underlined.

d Sequences of the constructs are listed in Fig. 3B.
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ysis of the DNA-SmcR complexes have already been described
(16, 24) (Fig. 1B). TheDNA that was confirmed as a target DNA
of SmcR by EMSA was subsequently subjected to a DNase I
footprinting assay according to the procedures previously
described by Jeong et al. (16). After precipitation with ethanol,
the digested DNA products were resolved on a sequencing gel
alongside sequencing ladders of individual clones generated
using SP6 or T7 as the primer. The gels were visualized and
quantified using a phosphor image analyzer (BAS1500; Fuji
Photo Film Co. Ltd., Tokyo, Japan) and the Image Gauge (ver-
sion 3.12) program. The SmcR-binding sequences identified by
the DNase I footprinting were used to determine a consensus
sequence.
Development and Site-directed Mutagenesis of the Working

Consensus Sequence—A working consensus sequence was
developed by substituting bases of the 22-bp PvvpE SmcR-bind-
ing sequence with the bases conserved in corresponding posi-
tions of the consensus SmcR-binding sequence using the linker
scanningmutationmethod (Fig. 3) (25, 26). For this, the 5�-am-
plicon, a 329-bpDNA fragment corresponding to the upstream
region of PvvpEwas generated using two primers, VVPE501 and
AWC (Table 1). AWC, an antisense primer, contained the work-
ing consensus sequence (Table 1). Similarly, a 301-bp 3� ampli-
con was amplified using primers BWC and VVPE502. BWC, a
sense primer, contained a sequence complementary to theAWC
primer. Second stage PCR was performed using VVPE501 and
VVPE502 as a pair of primers and amixture of two amplicons as
the template to result in the 602-bp PvvpE upstream region
with the 22-bp working consensus sequence (UP-vvpEWC)
(Fig. 3A).
Theworking consensus sequencewas subsequentlymutatedby

a similar experimental procedure, except using the UP-vvpEWC
as a template DNA and a pair of A and B primers: APAL and BPAL
(for development of dyad symmetric sequence), AIR-L and BIR-L
(for replacement of the left repeat sequence), AIR-R and BIR-R (for
replacement of the right repeat sequence), or An and Bn (for point
mutations at a positionn) (seeTable 1). The 602-bpPCRproducts
were inserted into pGEM-T easy vector, thereby creating 11
constructs with different SmcR-binding sequences, as con-
firmed by DNA sequencing (Fig. 3B). The 200-bp DNA (from
�301 to �101 relative to the vvpE transcription start site) con-
taining either theworking consensus or themutant SmcRbind-
ing sequenceswas generated byPCRamplification of the result-
ing constructs with a combination of the 32P-labeled and
unlabeled primers VVPE021 and VVPE022 (Table 1) and then
used as a probe DNA for EMSA.
Bioinformatic Prediction of the SmcR Regulon—To discover

SmcR-binding sites across the V. vulnificus CMCP6 genome,
which was retrieved fromGenBankTM (AE016795; AE016796),
the HMM approach was applied. Among experimentally
obtained SmcR-binding sites, the sequences completely
annealed to the genome were extracted under a BLASTn
search. Using HMMER, version 2.3.2 (available on the World
Wide Web), an HMM profile representing the extracted
sequences was constructed and subsequently was searched
against the forward and reverse complementary sequences of
the genome. The level of E value cut-off was determined from
the E values of the extracted sequences. Among total genomic

hits, the sequences with E values less than the cut-off were
chosen as the candidates of SmcR-binding sites. If the first posi-
tion of a candidate on the genome is located within the regula-
tory region spanning from the translational start site to
upstreamof 500 bp of any gene on the genome,we extracted the
locus tag of the gene. Using the data base BioCyc (27), genes or
operons corresponding to each locus tag were predicted as
potential members of the SmcR regulon.
Chromatin Immunoprecipitation and Quantitative RT-PCR—

The chromatin immunoprecipitation experiments were per-
formed using formaldehyde cross-linking as described by Rhee
et al. (28). Briefly, the cross-linked chromatin in the wild type
and smcR mutant HS031 cells (16) was fragmented by sonica-
tion to result in sheared chromatins with an average length of
500 bp. One-half of the clarified supernatant was saved as the
total input sheared chromatin (positive control) prior to the
reactionwith the anti-SmcR antibody (16), whereas the sheared
chromatin (100 �l) from the other half of the supernatant was
reacted with 10 �l of the anti-SmcR antibody overnight at 4 °C,
and the resulting chromatin-antibody complex was specifically
precipitated by adding 45 �l of 50% protein A-Sepharose
(Amersham Biosciences). The precipitates were washed, and
the sheared chromatins were eluted using the methods men-
tioned elsewhere (28). The cross-linkings were reversed by
incubating the sheared chromatins with 1% SDS and 0.1 M
NaHCO3 at 65 °C for 6 h, andDNAswere purified and analyzed
by a PCR using a pair of the primers specific to the promoter
region of the SmcR regulons, as listed in supplemental Table 2.
For quantitative RT-PCR, cDNA was synthesized with the

iScriptTM cDNA synthesis kit (Bio-Rad) according to the man-
ufacturer’s procedures. Real time PCR amplification of the
cDNA was performed with a pair of primers (supplemental
Table 2) using the Chromo 4 real time PCR detection system
(Bio-Rad), as described previously (29, 30). Relative expression
levels of the SmcR regulons were calculated by using the 16 S
rRNA expression level as the internal reference for normaliza-
tion (29, 30).

RESULTS

Selection of DNA with SmcR-binding Sequences—DNA frag-
ments carrying a motif for SmcR binding were isolated from a
random population of V. vulnificus genomic fragments by a
cycle selection process (Fig. 1A). A repeat of consecutive cycles
of DNA-SmcR complex formation, isolation of the complexes,
release of the DNA, and PCR amplification of the DNA
enriched the DNA fragments with affinity to SmcR. Since the
diversity of the DNA fragment population was also decreased
by increasing repeats of the selection cycles (data not shown),
the number of cycles of enrichment was limited to two. The
enriched DNA fragments were cloned, and 66 DNA fragments
were selected after confirming binding of SmcR to each frag-
ment by EMSA. The nucleotide sequencing of these selected
DNA fragments revealed that some fragments contained iden-
tical sequences, and finally 35 different DNA fragments were
identified as DNA that contains SmcR-binding sites. EMSAs
were performed in the presence of 0.1 �g of poly(dI-dC) as a
nonspecific competitor, to determine if the binding of SmcR to
the target DNA was specific (Fig. 1B and supplemental Fig. 1).
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Identification of SmcR-binding Sites Using DNase I
Footprinting—To determine the sequences for SmcR binding,
DNase I footprinting experiments were performed using indi-
vidual DNA fragments that were gel-shifted by SmcR (Fig. 1B).

Of the 35 DNA fragments, only 29 resulted in a DNase I foot-
print (see supplemental Fig. 1). TheDNase I footprints revealed
clear protection patterns by SmcR, which are similar to the
protection pattern previously observed in DNase I protection
analyses of SmcR in the upstream region of vvpE (16). DNA
sequences of the 29 protected regions were determined (Fig.
2A) and analyzed using a sequence logo generator, WebLogo
(31) (Fig. 2B). Alignment of the sequences for SmcR binding
revealed the frequency of distribution of nucleotides at posi-
tions and demonstrated a 22-bp consensus sequence, TTATT-
GATWWRWTWNTNAATAA (whereW represents A or T, R
is A or G, and N is any nucleotide) (Fig. 2C). A residue at a
position represents when it is present in more than 50% of
the population, and two residues when together represent
more than 70% of the population. The most conserved resi-
dues in the 22-bp consensus sequence were in positions �10
(T), �9 (A), and �7 (T) from the center of the sequence (Fig.
2C). The consensus sequence consists of an 8-bp inverted
repeat (IR), and the left half (IR-L) of the repeats is better
conserved than the right half (IR-R), resulting in an imper-
fect dyad symmetry (Fig. 2C).
The Consensus SmcR-binding Sequence Increases Binding

Affinity to SmcR—The sequence centered at �196.5 upstream
of the transcription start site of PvvpE was the only SmcR bind-
ing site identified until this study (Fig. 3B) (16). The binding
affinity of the SmcR consensus sequence we identified was
compared with that of the PvvpE SmcR-binding site using
EMSA. For this comparison, a working consensus sequence
(WC; Fig. 3B), substituting 4 bases in positions 2, 5, 7, and 9

FIGURE 1. Procedures for identification of the SmcR binding sequences.
A, the DNA fragments obtained by partial digestion of genomic V. vulnificus
DNA with Sau3AI were ligated with linkers at both ends (shown as black tails).
Putative SmcR target DNA was enriched in two consecutive cycles of DNA-
SmcR interaction, purification of the complexes on Ni2�-nitrilotriacetic acid-
agarose, and PCR amplification. B, each DNA released from the DNA-SmcR
complexes was cloned, subsequently radiolabeled, and then used for EMSA.
The sequences for binding of SmcR to individual DNA were also identified by
DNase I footprinting. B, bound DNA; F, free DNA.

FIGURE 2. A consensus SmcR-binding sequence. A, a total of 29 SmcR-binding DNA sequences were aligned, and the occurrences of certain residues (Gly, Ala,
Thr, and Cys) in each position were counted. B, the occurrence of each nucleotide in that position is represented as a percentage of the indicated base in the
selected population (top) and as a letter proportional in size to its frequency (bottom). C, the 22-bp consensus SmcR-binding sequence is shown, and its inverted
repeat and conserved bases are indicated by arrows and boxes, respectively. The numbers represent positions apart from the center of the sequence. W, A, or
T, R, G, or A; N, any base.

A Consensus Sequence for LuxR Homologues

AUGUST 29, 2008 • VOLUME 283 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 23613

http://www.jbc.org/cgi/content/full/M801480200/DC1


from the center of the 22-bpPvvpE SmcR-binding sequencewith
the bases conserved in corresponding positions of the consen-
sus sequence, was developed and introduced into the region
�207 to �186 from the transcription start site of the PvvpE.
Thereby, the working consensus sequence still carries the bases
found in the PvvpE SmcR-binding sequence unless they are con-
served in the consensus sequence.
In an EMSA, the addition of SmcR at a concentration of 20

nM resulted in a shift of the 200-bp DNA fragment (from �300
to�101, upstream of vvpE) containing the PvvpE SmcR-binding
sequence to a single bandwith a slowermobility (Fig. 4A). Based

on the concentration of SmcR that was required to retard 50%
of the labeled probe, it was estimated that the dissociation bind-
ing constant (Kd) for SmcR was �80 nM (Fig. 4D). In a second
EMSA, SmcRwas added to the same 200-bpDNA fragment but
containing the working consensus sequence (Fig. 3B) rather
than the PvvpE SmcR-binding sequence. SmcR also displayed
specific binding to the DNA with the working consensus
sequence (Fig. 4B), and it was estimated that the Kd for SmcR
was �15 nM, which represents a 5-fold increase in binding
affinity compared with that of PvvpE (Fig. 4B). SmcR binding
efficiency to the dyad symmetric sequence (WCPAL; Fig. 3B)

that was generated by replacing less
conserved IR-R sequence with the
sequence of IR-Lwas also compared
by EMSA (Fig. 4C). The Kd for the
dyad symmetric sequence was
slightly lower than the Kd for the
working consensus sequence, indi-
cating that SmcR binds to the dyad
symmetric sequence with higher
affinity. The affinity of SmcR to the
DNA therefore increases as the
binding sequences contain more
bases conserved in the consensus
sequence.
Mutational Analysis of the Con-

sensus SmcR-binding Sequence—To
evaluate the significance of the indi-
vidual bases in the consensus SmcR-
binding sequence, the working con-
sensus sequence was altered two
ways. In one, 10 bp including each
half of the inverted repeat (TTATT-
GATAA or TTGTGAATAA) were
replaced with 10 bp including a
KpnI site (CAGGTACCTC). In the
other, conserved bases in each posi-
tion were individually substituted
with bases that appeared in the cor-
responding position with the least

FIGURE 3. Construction of a working consensus sequence and its mutant sequences. A, a working consen-
sus sequence was generated by replacing residues of the PvvpE SmcR-binding sequence with those conserved
in the consensus SmcR-binding sequence by the PCR-mediated linker scanning method (25, 26). Construction
of 11 mutant sequences was carried out in a similar way, except that the PvvpE upstream region with the
working consensus sequence was used as a template DNA for PCR. For details, see “Experimental Procedures.”
Solid lines, PvvpE upstream DNA; shaded boxes, SmcR-binding sequences; bent arrow, transcription start site of
PvvpE; hatched lines, PCR products used for EMSA; open arrows, locations of the oligonucleotide primers. B, a
working consensus sequence and its mutant sequences. PvvpE, PvvpE SmcR-binding sequence; WC, working
consensus sequence; WCPAL, sequences with dyad symmetry; WCIR-L, with mutations in the left repeat; WCIR-R,
with mutations in the right repeat; WCn, with point mutations at position n.

FIGURE 4. SmcR binds to the consensus sequence with higher affinity. A 200-bp DNA fragment of the upstream region of vvpE either with the PvvpE
SmcR-binding sequence (A), with the working consensus sequence (B), or with the dyad symmetric sequence (C) were radioactively labeled and then used as
a probe DNA. The labeled fragments were mixed with increasing amounts of SmcR (0, 20, 40, 60, 80, and 100 nM for A; 0, 5, 10, 15, 20, and 25 nM for B and C in
the first through sixth lanes) and then resolved on a 4% polyacrylamide gel. B, bound DNA; F, free DNA. D, the relative affinities of SmcR with the PvvpE, the
working consensus, and the dyad symmetric sequence were compared using the data from A, B, or C, respectively. The concentration of bound DNA was
calculated and plotted against the concentration of the protein added. Each arrow points to the position of half-maximal binding corresponding to the Kd. �,
PvvpE SmcR-binding sequence; F, working consensus sequence; E, dyad symmetric sequence.
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frequency (Fig. 3B). The relative affinities of SmcR to the
mutant sequences were determined by EMSA using the labeled
200-bp DNA of the vvpE upstream region containing either the
working consensus sequence as a positive control or themutant
sequences (Fig. 5). Based on the intensity of the shifted band,
the binding affinities of SmcR to the mutant sequences con-
structed by altering half of the inverted repeats (WCIR-L or

WCIR-R; Fig. 3B) were decreased; the levels were less than 10%
of that with the working consensus sequence (Fig. 5). This indi-
cates that both halves of the inverted repeats are necessary for
SmcR to bind with complete efficiency. Mutations in any bases
conserved in the left half of the inverted repeat decreased the
binding affinity to levels below 80% of that to the working con-
sensus sequence. However, mutations of individual bases posi-
tioned at�9 and�10 from the center of the sequence were the
most detrimental (Fig. 5). The effects of mutations in the bases
conserved in the right half were also similar to those observed
with mutations in the left half (data not shown). Overall, these
results indicated that although all bases in the inverted repeats
are important, the 9th and 10th bases from the center of the
consensus sequence are the most important for SmcR binding.
Prediction of the SmcR Regulon Using the Consensus SmcR-

binding Sequence—Among 29 experimentally obtained SmcR-
binding sequences, only 18 sequences existed in V. vulnificus
CMCP6 genome. When the HMM profile summarizing 18
sequences was searched against the genome, 181 potential
sequences were discovered. Among them, only 82 sequences
were determined as the candidates of SmcR-binding sites,
because the first positions of their sequences were located
within the regulatory regions of genes on the genome. The
searches of the candidates against the BioCyc data base (avail-
able on the World Wide Web) revealed that the 82 promoters
matched well with the HMM profile were positioned in the
upstream region of 65 monocistronic genes and 17 polycis-
tronic operons comprising 56 genes. The predicted 82 genes
and operons (a total of 121 genes) are distributed throughout
the two chromosomes ofV. vulnificus. A complete list of names
or locus tags of the 121 genes is shown in Table 2. Although the
majority of predicted genes are of putative or unknown func-

FIGURE 5. Mutational analysis of the working consensus sequence. A
200-bp DNA fragment of the upstream region of vvpE with either the working
consensus sequence or its mutant sequences listed in Fig. 3B was radioac-
tively labeled and then used as a probe DNA. In each panel of EMSA, no SmcR
(�) or 50 nM SmcR (�) was added to the probe. After reaction, samples were
resolved on a 4% polyacrylamide gel (bottom). The relative amounts of bound
DNA, calculated by using the amount of bound DNA in the EMSA performed
with the working consensus sequence as 100, were presented at the top of
each panel. B, bound DNA; F, free DNA.

TABLE 2
Genes of the V. vulnificus SmcR regulon identified using the consensus SmcR-binding sequence
Functional categories, gene names, and locus tag numbers are based on the database of the V. vulnificus CMCP6 genome. Genes and locus tags likely in an operon are
indicated in boldface type.

Functional category Gene or locus taga

Amino acid transport and metabolism VV1_1370,b VV1_1371 VV1_1372 VV1_1373 VV1_1374
Carbohydrate transport and metabolism VV2_1326
Cell motility VV1_1950b VV1_1951 VV1_1952
Cell wall/membrane biogenesis VV1_1103, VV2_0929 VV2_0928
Coenzyme transport and metabolism VV1_2257
Defense mechanisms VV2_1089b
Function unknown VV1_1265, VV1_1471, VV1_1702, VV2_0057 VV2_0058, VV2_0279, VV2_0517, VV2_1111,

VV2_1541 VV2_1542 VV2_1543 VV2_1544
General function prediction only VV1_0300, VV1_0840 VV1_0839 VV1_0838 VV1_0837, VV1_1085, VV1_1456 VV1_1455

VV1_1454 VV1_1453maf VV1_1451 VV1_1450, VV1_2358, VV1_2976b VV1_2975 VV1_2974
VV1_2973 VV1_2972, VV2_0856, VV2_0970, VV2_1270, VV2_1527

Inorganic ion transport and metabolism VV1_0842b VV1_0843 VV1_0844 VV1_0845, VV1_2805, VV2_1106
Intracellular trafficking and secretion VV1_3112
Nucleotide transport and metabolism VV1_0302, VV1_1635 VV1_1636
Posttranslational modification, protein turnover,
chaperones

VV1_0453, VV2_0020,b VV2_1650

Replication, recombination and repair VV2_1406,b VV2_1643
Signal transduction mechanisms VV1_1489, VV1_1931, VV1_2096,b VV1_2211, VV1_2868 VV1_2867 VV1_2866, VV1_2911,

VV2_0528, VV2_0823, VV2_0825
Transcription slmA VV1_0830, greA, VV2_0446, VV2_0981, VV2_1391b
Translation VV1_1270 VV1_1271, VV1_2397, VV1_3016
Not in COGsc VV1_0464, VV1_0522, VV1_0644, VV1_1215 VV1_1216, VV1_1401, VV1_1472 VV1_1473,

VV1_1720, VV1_2362, VV1_2380, VV1_2430, VV1_2726, VV1_2957 VV1_2958, VV2_0067,
VV2_0133, VV2_0250,b VV2_0364 VV2_0363 VV2_0362 VV2_0361 VV2_0360 VV2_0359,
VV2_0400, VV2_0414, VV2_0429, VV2_0658, VV2_1035, VV2_1046, VV2_1147, VV2_1179,
VV2_1201, VV2_1281, VV2_1371, VV2_1398

a See supplemental Table 1 for the annotation of product of each gene.
b Binding of SmcR to the upstream region was experimentally verified by EMSA.
c Clusters of orthologous group.
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tion, some belonged to functional classes. Among them, nine
categories, such as amino acid transport and metabolism, cell
motility, cell wall/membrane biogenesis, inorganic ion trans-
port and metabolism, nucleotide transport and metabolism,
post-translational modification, signal transduction, transcrip-

tion, and translation, contain at least three genes, respectively
(Table 2 and supplemental Table 1).
Verification of the SmcR Regulation of the Predicted Genes in

Vivo—Many of the genes we predicted were not previously
reported to be SmcR-regulated. Therefore, SmcR regulation of
the newly predicted genes was experimentally verified. Ten
genes were randomly chosen from the pool of the 82 predicted
SmcR-regulated genes (operons), and binding of SmcR to their
upstream region was examined in vitro. EMSA revealed that
SmcR binds to the upstream region of all of the genes that were
tested (Fig. 6), suggesting that the genes are under direct con-
trol of SmcR.
To determine whether SmcR binds to the 10 promoters in

vivo, the cross-linked chromatin from the wild type and smcR
mutant HS031 cells was immunoprecipitated using the anti-
SmcR antibody. As positive controls, the input chromatin from
both the wild type and HS031 appeared to carry the promoter
DNAs (Fig. 7A). After reversing the cross-links, the promoter
fragments were detected in the chromatin precipitate from the
wild type, induced with the anti-SmcR antibody, based on a
PCRusing the primers listed in supplemental Table 2. The pres-
ence of the promoter DNAs in the precipitated chromatin was
caused by the specific binding of the SmcR protein to the DNA,
since none of the promoter DNAs was detected in the precipi-
tate induced in the absence of the anti-SmcR antibody. Consist-
ent with this, no detectable level of the promoter fragments was
observed in the anti-SmcR immunoprecipitate of the smcR
mutant HS031 (Fig. 7A), indicating that the SmcR protein
directly binds to all of the promoters tested in V. vulnificus.

Regulation of the 10 genes by SmcR was reexamined using a
quantitative RT-PCR. Quantitative
RT-PCR revealed that SmcR regu-
lates transcription of all of the genes
examined, of which VV2_1391 was
1.4-fold up-regulated and VV1_1950
was 73-fold down-regulated by
SmcR (Fig. 7B), suggesting that
most of the SmcR regulons pre-
dicted by HMM profile on the basis
of the 22-bp SmcR consensus
sequence are indeed regulated by
SmcR in V. vulnificus. These results
indicated that the consensus SmcR-
binding sequence is valid and useful
for genome-wide prediction of
SmcR-binding sites and identifica-
tion of genes potentially regulated
by the SmcR quorum-sensing
system.

DISCUSSION

LuxR homologues, such as V.
choleraeHapR,V. parahemeolyticus
OpaR,V. anguillarumVanT, andV.
vulnificus SmcR, are global regula-
tors controlling numerous genes
contributing to pathogenesis as well
as survival of the pathogenic Vibrio

FIGURE 6. Verification of SmcR binding to the regulatory region of newly
identified genes as SmcR regulon. Ten genes were randomly chosen from
the pool of the newly predicted SmcR regulon members, and binding of SmcR
to their upstream region was examined by EMSA. Each of the DNA fragments
was radiolabeled, mixed with 200 nM SmcR, and then resolved on a 4% poly-
acrylamide gel. EMSAs were performed in the presence of 0.1 �g of poly(dI-
dC) as a nonspecific competitor. For details, see “Experimental Procedures.”
�, without SmcR; �, with SmcR. The same locus tag numbers that appear in
Table 2 and supplemental Table 1 are at the top of each panel. B, bound DNA;
F, free DNA.

FIGURE 7. SmcR binding to the newly identified genes and their regulation by SmcR in vivo. Ten genes
were randomly selected from the pool of the SmcR regulon members predicted by HMM profile. SmcR binding
to their promoters and regulation of their transcription by SmcR were confirmed by chromatin immunopre-
cipitation experiments and quantitative RT-PCR. A, the cells were cross-linked, washed, then sonicated to
produce sheared chromatin, as described elsewhere (28). The DNA was purified from the sheared chromatins
before precipitated (input, positive control) and after precipitation with the protein A-Sepharose in the pres-
ence (�) or absence (�) of the anti-SmcR antibody. The DNA was then amplified by a PCR using primers specific
to the promoters as listed in supplemental Table 2. WT, wild type; smcR, smcR mutant HS031. B, for the quan-
titative RT-PCR analysis, the expression level of the 10 genes was normalized to 16 S rRNA expression level.
Averages and S.E. were calculated from at least three independent experiments. Details for preparation of total
cellular RNA, chromatin immunoprecipitation analyses, and RT-PCR are given under “Experimental Proce-
dures.” Locus tags are based on the data base of the V. vulnificus CMCP6 genome, which was retrieved from
GenBankTM (AE016795; AE016796), and the products of the 10 genes are presented on the right.
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spp. (9–11, 16–19); however, there have only been a few studies
on the molecular mechanism by which the proteins modulate
the expression of the target genes (16, 20, 21). To date, the
promoter(s) of the limited number of genes regulated by LuxR
homologues has been reported, and few definitive analyses of
the sequences upstream of the promoters have been previously
performed (16, 20, 21). Therefore, the question of whether the
LuxR homologues bind to any definite specific binding
sequences for regulation of the promoters has not yet been
addressed.
This study has identified that SmcR binds to a 22-bp consen-

sus sequence with an inverted repeat (Fig. 2C). This inverted
repeat indicated that the protein binds to the sequence as a
dimer or tetramer, and we have obtained several lines of evi-
dence indicating that SmcR is present as a dimeric form in vitro
and in vivo.5 Consistent with this, the crystal structure of V.
choleraeHapR has been determined and reveals a dimeric pro-
tein with an N-terminal DNA binding domain (32). The amino
acid sequences of HapR and SmcR are nearly identical (72%;
146 of 203 amino acids), and their identity is spread evenly
throughout the whole proteins (data not shown). Mutational
analysis of the consensus sequence indicated that the 9th and
10th nucleotides from the center are the most important for
SmcR binding (Fig. 5). It is noted that the 9th and 10th nucleo-
tides are also well conserved in inverted repeats of the
sequences for binding of other LuxR homologues (Figs. 2C and
8). Although information about the co-crystal structure of
SmcR (even HapR) bound to the consensus sequence DNA is
not yet available, the high level of identity observed in amino
acid sequences of SmcR and HapR suggests that the 9th and
10th nucleotides would be essential for interaction with the
N-terminal DNA binding domain of SmcR.
SmcR andLuxRhomologues ofVibrio spp. exhibit high levels

of identity (72–92% in amino acid sequences) (8), indicating
that binding sequences of the LuxR homologues could be sim-
ilar to that of SmcR. The sequences that were previously known
for binding of LuxR homologues were aligned, and their
sequences revealed substantial levels of match (over 16 of 22
residues) with the consensus SmcR-binding sequence (Fig. 8).
However, it is noteworthy that the aligned sequences are also
less conserved in the right half of the repeat. These less con-
served bases in the right half of the sequences would permit less

tight binding. The known binding sites of SmcR and LuxR are
unusually distant from the promoter (16, 21). The SmcR bind-
ing site is centered at 196.5 bp upstream of the PvvpE (16), and
LuxR bindings at region A (centered at �251.5) and at region B
(centered at �115.5) for activation of the luxCDABEGH
operon in V. harveyi are also exceptionally distant (21). Gener-
ally, activators binding this far upstream of the promoter are
not able to activate RNAP directly and rather cooperate and
interact with additional transcriptional regulator(s) on the pro-
moter DNA. As such, the additional regulatory proteins convey
the activator’s signal to RNAPand/or induce structural changes
of the DNA (forming a DNA loop) to bring the activators to
RNAP (33, 34). We previously demonstrated that SmcR also
activates PvvpE at a distance through cooperating and interact-
ing with other regulatory proteins, such as IHF and CRP (16).6
One possible hypothesis is that SmcR on PvvpE could be more
flexible when it binds less tightly to the vvpE SmcR-binding site
and that the flexibility could permit higher activity of PvvpE by
supporting the protein to cooperate and interact with other
regulatory proteins on the promoter DNA asmentioned above.
To examine this hypothesis, activities PvvpE were measured in
vivo using PvvpE::lacZ transcriptional fusion reporters. The
activity of PvvpE with the PvvpE SmcR-binding sequence, which
has less conserved bases in the right half, was higher than that of
PvvpE with the working consensus SmcR-binding sequence.6
However, it is our great limitation that PvvpE is the only pro-
moter where the SmcR-promoter interaction is analyzed at a
molecular level, and additional studies on the interaction
between SmcR and other promoters are needed to confirm the
hypothesis.
Previously, Waters and Bassler (7) failed to identify any con-

sistent motif by alignment of sequences of the DNA region
regulated directly by LuxR in vivo, and rather promiscuous
DNA-binding capabilities for the LuxR(HapR)-type proteins
were suggested. One possible explanation for the inability of
identification of LuxR-binding consensus motifs is that LuxR
also interacts and cooperates with other proteins on the pro-
moters. Thus, the sequences for LuxR binding varied depend-
ing on the type of interactions (cooperations) and consequently
appeared less conserved. Therefore, we used a cycle selection
procedure consisting of in vitro DNA-SmcR (alone) binding,
rather than in vivo binding, to identify the SmcR-binding
sequences. Together with our observation, the results of
Waters and Bassler (7) reflect that the interaction and cooper-
ation with multiple regulatory proteins may be a common fea-
ture inherited in the regulation of genes by these LuxR-type
proteins.
To date, comparison of protein or transcription profiles of

wild type and quorum-sensing mutants has been used to iden-
tify genes regulated by LuxR homologues and the quorum-
sensing system (7, 12, 13, 22). However, the genes identified by
these approaches may be regulated indirectly as well as directly
by LuxR homologues. Furthermore, procedures such as pro-
teomics and microarray analysis are dependent on the tran-
scription and expression levels of the genes. The procedures
identify genes expressed to substantial levels on the conditions

5 S. H. Choi, unpublished data. 6 S. H. Choi, unpublished data.

FIGURE 8. Comparison of the consensus SmcR-binding sequence and
known LuxR (homologue)-binding sequences. The consensus SmcR-bind-
ing sequence determined in the present study is shown on the top.
Sequences from the two LuxR binding sites of the V. harveyi lux promoter (Plux)
(21), from the HapR binding site of V. cholerae aphA promoter (PaphA) (20), and
from the SmcR-binding site of V. vulnificus PvvpE (16) are aligned below. Indi-
vidual bases identical to those conserved in the consensus SmcR-binding
sequence are highlighted. Numbers of bases that match with those of the
consensus SmcR-binding sequence are indicated on the right.
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used in the study andmay not identify genes that are expressed
only in certain conditions. Therefore, the use of bioinformatics
and the consensus LuxR-binding sequence in a genome-wide
search for target genes would have advantages that are comple-
mentary to the comparison of expression profiles. The HMM
approach for the prediction of SmcR binding sites within the
whole genome of V. vulnificus enabled us to assign 121 genes
that are possibly regulated by the direct interaction of SmcR at
the promoter (Table 2 and supplemental Table 1). Although
several of these genes involved in cellular processes essential for
bacterial pathogenesis, such as motility and envelope biogenesis,
were earlier expected tobeSmcR-regulated (18, 19),manyof these
genes are identified for the first time to be regulated by SmcR.
Functional characterization of these newly identified genes would
lead to further insight into the role of the quorum-sensing regula-
tory system in various aspects ofV. vulnificus pathogenesis.
In summary, alignment of SmcR-binding sequences of the

DNA fragments enriched by direct binding of SmcR revealed a
22 bp consensus SmcR-binding sequence with an 8 bp inverted
repeat, indicating that SmcR binds to the DNA as a dimeric
form. Using the HMM approach, we identified 121 genes that
are potentially under the direct control of SmcR, and chromatin
immunoprecipitation experiments and quantitative RT-PCR
suggested that most of the newly identified SmcR regulons are
indeed regulated by SmcR in V. vulnificus. This type of identi-
fication of genes regulated by other LuxR homologues, if exper-
imentally verified, would facilitate the definitive analysis of the
role of the proteins in the quorum-sensing regulatory cascade
in various pathogenic bacteria.
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