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The bacterial pathogen Chromobacterium violaceum uses a LuxIR-type quorum-sensing system to detect and
respond to changes in cell population density. Cvil synthesizes the autoinducer C,,-homoserine lactone
(C,o-HSL), and CviR is a cytoplasmic DNA binding transcription factor that activates gene expression
following binding to C,,-HSL. A number of behaviors are controlled by quorum sensing in C. violaceum.
However, few genes have been shown to be directly controlled by CviR, in part because the DNA motif bound
by CviR is not well characterized. Here, we define the DNA sequence required for promoter recognition by
CviR. Using in vivo data generated from a library of point mutations in a CviR-regulated promoter, we find that
CviR binds to a palindrome with the ideal sequence CTGNCCNNNNGGNCAG. We constructed a position
weight matrix using these in vivo data and scanned the C. violaceum genome to predict CviR binding sites. We
measured direct activation of the identified promoters by CviR and found that CviR controls the expression of
the promoter for a chitinase, a type VI secretion-related gene, a transcriptional regulator gene, a guanine
deaminase gene, and cvil. Indeed, regulation of cvil expression by CviR generates a canonical quorum-sensing

positive-feedback loop.

Quorum sensing is a process of bacterial cell-cell communi-
cation in which cells produce, detect, and respond to extracel-
lular signal molecules called autoinducers. Using quorum sens-
ing, bacteria change their gene expression patterns and, in
turn, their behavior in response to changes in cell density.
Canonical Gram-negative quorum-sensing systems consist of
LuxI-type autoinducer synthases that produce specific acylated
homoserine lactone (AHL) autoinducers and cognate LuxR-
type receptors (5). At low cell density, the AHL signal concen-
tration is low and unliganded LuxR receptors are intrinsically
unstable and rapidly degraded (28). As cell density increases,
the AHL concentration likewise increases. Accumulated AHL
binds the LuxR-type receptor, leading to stabilization of the
protein-ligand complex (16, 17, 28). The LuxR:AHL complex
subsequently binds DNA at promoters driving genes regulated
by quorum sensing (26, 27).

Quorum sensing controls collective behaviors, including bio-
luminescence, biofilm formation, and DNA exchange (6, 8, 9,
21, 24). Bacterial pathogens rely heavily on quorum-sensing
systems to control the expression of genes required for viru-
lence (13, 15). One such pathogen, and the focus of the present
work, is Chromobacterium violaceum, an aquatic bacterium
that can infect humans and cause abscesses and bacteremia
(20). The C. violaceum quorum-sensing system consists of the
LuxI/LuxR homologues Cvil/CviR. The Cvil/CviR circuit con-
trols virulence, as evidenced by the fact that antagonist mole-
cules that bind in place of the natural AHL ligand and induce
a CviR conformation that prevents DNA binding protect the
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nematode Caenorhabditis elegans from C. violaceum-mediated
killing (2, 19). These findings demonstrate the importance of
quorum sensing in C. violaceum pathogenesis and suggest that
quorum-sensing inhibitors could be valuable in battling viru-
lent bacteria.

The only well-studied trait controlled by quorum sensing in
C. violaceum is production of the hallmark purple pigment
violacein (12). Violacein is synthesized from tryptophan by the
products of the vioABCD operon (1). The vioA promoter is
controlled by CviR both in C. violaceum and in recombinant
Escherichia coli, demonstrating that regulation is direct (19).
Other C. violaceum phenotypes that are known to depend on
AHL include biofilm formation and chitinase production (3).
However, whether this is through direct or indirect regulation
is not known, in part because the CviR operator DNA binding
site has not been well defined.

Here, we have engineered and screened a comprehensive
library of vioA promoter mutations, allowing us to define an
ideal CviR binding site (CTGNCCNNNNGGNCAG). This
analysis coupled with genome scanning enabled prediction of
CviR-regulated genes in C. violaceum. Our findings reveal a
number of promoters containing predicted CviR binding sites.
We show that these genes are directly regulated by CviR.
Furthermore cvil, the gene encoding the C,,-HSL autoinducer
synthase, is, not surprisingly, controlled by CvilR and thus
regulated by positive feedback.

MATERIALS AND METHODS

Bacterial strains and protein purification. The strains used in this study are
listed in Table 1. Wild-type Chromobacterium violaceum strain 12472 has been
described previously (4). Escherichia coli strain Top10 (Invitrogen) was used for
plasmid constructions. E. coli BL21(DE3) (Novagen) was used for recombinant
protein production. Expression and purification of the CviR:C,,-HSL complex
were carried out as described previously (2).
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Reference or source

Comment

C. violaceum strain 12472 (wild type) 4

E. coli strains
Top10 Invitrogen
BL21(DE3) Novagen

E. coli plasmids
pET23b Novagen
pET23cviR This study
pvioA-gfp 19
pvioA-gfpA25-35 This study
pvioA-gfpA37-46 This study
pvioA-gfpA47-56 This study
pvioA-gfpAS57-66 This study
pvioA-gfpA67-76 This study
pvioA-gfpAT7-86 This study
pvioA-gfpscram This study
pvioA-gfpA49-58 This study
pvioA-gfpA51-60 This study
pvioA-gfpAS53-62 This study
pvioA-gfpAS55-64 This study
pvioA-gfpAT79-88 This study
pvioA-gfpA81-90 This study
pvioA-gfpA83-92 This study
pvioA-gfpA85-94 This study
pEVSiux This study
pevil-gfp This study
pevil *-gfp This study
pevilR This study
pevil *R This study
peevilR*™ P This study
p4091-lux This study
p4240-lux This study
p1432-lux This study
p0577-lux This study
p0578-lux This study
pevil (31532)-lux This study

C,p-homoserine lactone-producing strain

Strain used for all cloning and reporter assays
Strain used for all protein expression

E. coli overexpression plasmid
cviR from C. violaceum strain 12472 inserted into pET23b

pvioA-gfp with —35 site deleted

pvioA-gfp with first half of IR deleted

pvioA-gfp with second half of IR deleted

pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with scrambled IR

pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
pvioA-gfp with 10-bp deletion upstream of IR
luxCDABE from pBBR/ux cloned into plasmid pEVS141
C. violaceum strain 12472 cvil promoter fused to gfp
pevil-gfp containing mutant CviR binding site
pBBR322 carrying cvilR

pBBR322 carrying cvilR with mutant CviR binding site
pBBR322 carrying cvilR with stop codon insertion in cviR
CV_4091 promoter fused to luxCDABE

CV_4240 promoter fused to luxCDABE

CV_1432 promoter fused to luxCDABE

CV_0577 promoter fused to luxCDABE

CV_0578 promoter fused to luxCDABE

C. violaceum 31532 cvil promoter fused to luxCDABE

Plasmid construction. The plasmids used in this study are listed in Table 1. A
plasmid expressing C. violaceum 12472 CviR in E. coli was constructed by in-
serting the cviR gene between the Ndel and Xhol sites of plasmid pET23b
(Novagen). This plasmid was designated pET23cviR. A reporter plasmid harbor-
ing pvioA-gfp (19) was used as the template for Pfu mutagenesis (23) of the vioA
promoter. Each base between positions —62 and —79 of the vioA promoter was
subjected to site-directed mutagenesis to engineer a defined library of potential
CviR DNA binding site mutants. Synthetic, complementary 31-nucleotide oligo-
nucleotides consisting of a 1:1:1 mixture of every non-wild-type base at a partic-
ular position in this region were used to generate mutant pools. The primers
contained 15 nucleotides flanking each side of the lesion for annealing purposes.
Mutant vioA-gfp fusions were sequenced (GeneWiz, Inc.) to identify one mutant
containing each non-wild-type base at each position.

The cviR and cvil genes are located adjacent to one another on the chromo-
some and are transcribed toward one another. Plasmid pcvilR was constructed by
cloning the entire cvilR coding sequence as well as flanking DNA (starting 142
base pairs upstream of the cviR start codon, through cviR and cvil, and ending
117 base pairs upstream of the cvil start codon) into pBBR322 using Nhel and
HindIII. Mutations in pcviIR were incorporated by Pfu mutagenesis (23) as
follows. For generation of plasmid pcvilR containing a nonsense mutation in cviR
(designated pcviIR*™P), a stop codon was introduced at cviR residue Q21. For
generation of pcvilR lacking a CviR binding site in the cvil promoter (designated
pevil *R), residues CTG of the CviR binding palindrome were mutated to GAC.
Promoter-luciferase fusions were engineered by cloning the luxCDABE genes
from plasmid pBBR/ux into plasmid pEVS141 between the Nhel and BamHI
sites to make plasmid pEVSlux. Next, candidate C. violaceum 12472 promoters
containing putative CviR binding sites were amplified and cloned into pEVSlux
using EcoRI and Nhel. All plasmids were confirmed by DNA sequencing
(GeneWiz, Inc.).

Position weight matrix construction. Each plasmid from the library of CviR
binding site mutants in pvioA-gfp was transformed into E. coli
Topl0(pET23cviR), and the fold increase in green fluorescent protein (GFP) in
response to 1 uM C,,-HSL was measured. The C,,-HSL-induced GFP produc-
tion was compared to wild-type production and designated F,,, where n is the
position within the sequence and b is the base (normal activation equals 1, and
no activation equals zero). At each position, the sum of the four fractions
corresponding to each possible base was calculated and designated Fy,,. For
example, at position 2, where C is the base in the wild type, F,, = 0.14, F, =
0.29, Fg, = 0.07, and F, = 1.0; in this case, Fy, = 1.5. The relative importance
of each residue expressed as a normalized fraction was calculated by dividing Fy,
by Fan (Fou/Fan = F'un). F' factors were rounded, and 10 arbitrary sequences
containing residue b at position n with a frequency corresponding to F',, were
constructed. For example, at position 2, F' 5, = 0.10, F, = 0.19, F, = 0.04, and
Fe, = 0.67; one of the 10 sequences would have an A at position two, two would
have a T, none would have a G, and seven would have a C. These sequences were
entered into a position weight matrix calculator (25) that was subsequently used
to scan the C. violaceum 12472 genome for potential CviR binding sites.

GFP and bioluminescence analyses. Cultures for GFP measurements were
grown in the presence of 1 uM C,,-HSL unless otherwise noted. GFP production
was measured as described previously (19). Cultures for bioluminescence mea-
surements were grown overnight in LB broth at 37°C with shaking. Cells were
subcultured at 1:100 in triplicate into black-walled 96-well plates containing fresh
medium or medium plus 1 puM C,-HSL. Plates were incubated at 37°C with
shaking for 4 h. Bioluminescence was measured using a Perkin-Elmer 2103 plate
reader. To calculate the fold increase in light emission in response to C,,-HSL,
bioluminescence units from wells of cells grown in the presence of C,,-HSL were
divided by bioluminescence units from wells of cells grown in the absence of
C,o-HSL.
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Autoinducer production assays. E. coli Top10 cultures harboring pcvilR or
pevilR mutants were grown overnight in triplicate, pelleted by centrifugation at
10,000 X g for 1 min, washed twice in LB broth, and subcultured 1:2,000 in 25 ml
fresh LB broth. Samples of 500 pl were removed and pelleted for 1 min at
16,000 X g, and culture fluids were collected and frozen at —80°C. Autoinducer
levels were subsequently determined using an autoinducer bioassay as follows.
Ninety-six-well autoinducer bioassay plates were loaded with 120 wl LB broth
plus a 1:50 subculture of E. coli(pvioA-gfp, pET23cviR). Cell-free culture fluids
(60 pl) from autoinducer-producing strains or 60 pl of LB broth plus 6 pM
C,o-HSL was added, the contents of the wells were mixed, and 1:3 serial dilutions
were performed. Plates were incubated at 37°C with shaking for 7 h, and GFP
levels were measured on a Perkin-Elmer 2103 plate reader. GFP production in
response to autoinducer produced by E. coli(pcvilR) was compared to the C,-
HSL standard curve to yield culture fluid autoinducer concentrations.

Gel mobility shift assays. For competition gel shifts, 100-base-pair probes
containing candidate promoter DNA were amplified by PCR from C. violaceum
genomic DNA using primers containing NotI sites. DNA was digested with NotI
and gel purified, and Klenow radiolabeling reaction mixtures were assembled
(20-pd reaction mixtures containing 100 ng/pl NotI-digested DNA, 10 mM Tris-
HCI [pH 7.9], 10 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol [DTT], 4 ul of
6,000-Ci/mmol [a-**P]dGTP [Perkin-Elmer], and 2.5 U Klenow [exo~, New
England BioLabs]). Klenow radiolabeling reaction mixtures were incubated at
30°C for 30 min followed by 75°C for 15 min. DNA was purified using a Zymo-
clean gel DNA recovery kit (Zymo Research). Competitor DNA (100 base pairs)
was PCR amplified using pvioA-gfp mutant templates and gel purified as de-
scribed above. Double-stranded oligonucleotide probes were synthesized as fol-
lows. Complementary pairs of 26-mer oligonucleotides were synthesized. T4
polynucleotide kinase (PNK) labeling reaction mixtures were assembled (50-pl
reaction mixtures containing 1 pM oligonucleotide, 70 mM Tris-HCI [pH 7.6], 10
mM MgCl,, 5 mM DTT, 2 pl of 3,000-Ci/mmol [y-*>P]ATP [Perkin-Elmer], and
20 U T4 PNK [New England BioLabs]). T4 PNK labeling reaction mixtures were
incubated at 37°C for 30 min followed by 80°C for 20 min. DNA was purified
using ProbeQuant G-50 columns (GE Healthcare). For all gel shift assays, 10-p.1
binding reaction mixtures were assembled [20 mM Tris-HCl (pH 7.8), 10 mM
MgCl,, 10 mM CaCl,, 1 mM DTT, 100 p.g/ml bovine serum albumin (BSA), 10%
glycerol, 170 mM KClI, 50 wg/ml poly(dI-dC), 4,000 cpm radiolabeled DNA, 1 pl
CviR:C;-HSL complex in 10 mM imidazole (pH 8.0), 300 mM NaCl, 1 mM
EDTA, and 1 mM DTT]. CviR:C,,-HSL was used at concentrations of below 10
M due to protein insolubility at higher concentrations. Binding reaction mix-
tures were incubated at room temperature for 30 min and resolved on Tris-
borate-EDTA (TBE)-polyacrylamide gels (6% for 100-bp probes and 10% for
double-stranded oligonucleotides). Gels were dried and analyzed using a phos-
phorimager.

RESULTS

CviR binds to and regulates the vio4A promoter. To investi-
gate quorum sensing in C. violaceum, we have previously em-
ployed genetic, biochemical, and structural analyses to exam-
ine autoinducer and antagonist binding to the receptor CviR
(2, 19). These studies exploited reporters using the vioA pro-
moter to drive expression of GFP. It is well known that CviR
activates vioA expression both in vivo and in recombinant E.
coli (12, 19); however, the native CviR binding site has not
been well characterized. To address this deficit in our under-
standing, we analyzed the vioA promoter for putative CviR
binding sites. Initially, we focused on an inverted repeat (IR)
upstream of the vioA4 transcription start site (Fig. 1A, positions
—56 to —36 with respect to the transcription start site; see Fig.
S1 in the supplemental material for sequence information)
because LuxR-type receptors homologous to CviR are re-
ported to bind to similar, so-called “/ux boxes” containing
palindromic sequences (7).

The wild-type level of GFP production by vioA-gfp in re-
sponse to C,,-HSL is shown in Fig. 1B. We found that deletion
of the region from position —25 to —35 of the vioA promoter,
containing the RNA polymerase (RNAP) binding site, com-
pletely eliminated GFP production. To our surprise, we found

C. VIOLACEUM QUORUM SENSING 3873

A vioA Promoter
-80 -60 40 -20
[ [ IR [-35] [10] T vioA ]
By, Y U Yo G B
I T O

Deletions

GFP/OD,yox108 o
© N >

IS

S,

b R, T Yo o e ey T

VU Y% % % % e %
Promoter Constructs

(¢}
o
o
S

80

60

40

Percent Shifted

20

S,
4, 00;9 q"o: Ly v,a N 2N v‘,)‘ N

B % % % % % %

Promoter Constructs

FIG. 1. An inverted repeat in the vioA promoter is dispensable for
binding and activation by CviR. (A) Schematic of the CviR-regulated
vioA promoter (IR, inverted repeat; —35 and —10, RNA polymerase
binding sites; arrow, transcription start site). Numbers above the boxes
indicate positions with respect to the transcription start site. Deletions
analyzed in panel B are shown at the bottom. (B) Effect of mutations
on vioA promoter activity. Production of GFP in response to 1 pM
C,o-HSL was measured in E. coli expressing CviR and containing the
vioA-gfp fusions shown in panel A. wt, vioA promoter from position
—108 to +192; scram., vioA promoter from position —108 to +192
with the IR randomized. The numbers below the other bars indicate
the deleted regions. (C) CviR competition gel shift assay. Electropho-
retic mobility shift assays were performed on a radiolabeled 100-base-
pair vioA promoter probe (spanning bases —108 to —8) incubated with
1 uM CviR:C,-HSL and 10 nM (white bars), 40 nM (gray bars), or 150
nM (black bars) unlabeled DNA. neg., intragenic DNA used as a
control; scram., 100-base-pair vioA promoter probe (spanning bases
—108 to —8) with the IR randomized. Complexes were resolved by
polyacrylamide gel electrophoresis, and the percentage of shifted ra-
diolabeled probe was calculated using a phosphorimager. All results
are representative of three independent experiments.

that the IR sequence is not required for CviR activation of the
vioA promoter. Indeed, deletion of either IR half-site (A37-46
and A47-56 in Fig. 1B) or randomization of the entire IR
(scrambled IR [scram. in Fig. 1B]) did not eliminate GFP
production in response to C,,-HSL.

To support these in vivo data, we tested whether the IR is
required for binding of the purified CviR:C,,-HSL complex to
vioA promoter DNA. Using competition-based gel shift assays,
we found that the unlabeled vioA promoter (bases —108 to —8
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with respect to the transcription start site) competes with la-
beled vioA promoter DNA of the same sequence for binding to
CviR:C,-HSL (wild type [wt in Fig. 1C]). Intragenic vioA
DNA used as the negative control (neg. in Fig. 1C), however,
is not capable of competing for CviR binding, presumably
because there is no CviR binding site. In addition, deletion of
the —35 site (A25-35) does not influence competition because
RNA polymerase, not CviR, binds at this site. Consistent with
our in vivo data, competitor DNAs containing deletions in
either IR half-site (A37-46 and A47-56) or randomization of
the entire IR (scram.) fully compete for CviR binding to the
vioA promoter (Fig. 1C). Thus, the IR is not bound by CviR or
required for control of the vio4 promoter by CviR, and we
suggest that it could instead encode a binding site for some
unknown regulator (e.g., a repressor or another activator) of
violacein synthesis that exists in C. violaceum.

In light of the above results, we engineered a series of ad-
ditional vioA promoter deletions upstream and downstream of
the IR sequence to locate the CviR binding site. This analysis
revealed a 30-base-pair region upstream of the IR that is re-
quired for CviR-directed activation of vioA (A57-66, A67-76,
and A77-86 in Fig. 1B). Deletion of regions further upstream
of this 30-base-pair sequence had no effect on vioA activation
in response to CviR (see “Delineation of the CviR binding
site” below). Consistent with this, in competition gel shift as-
says, unlabeled vioA promoter DNA harboring deletions that
render the vioA promoter incapable of responding to CviR in
vivo are also unable to compete for the CviR-vioA promoter
interaction in vitro (A57-66, A67-76, and A77-86 in Fig. 1C).
Together, these results show that the region from position —57
to —86 must contain a CviR recognition motif.

Delineation of the CviR binding site. To pinpoint the CviR
binding site within the candidate 30-base-pair region defined in
Fig. 1, a series of 10-base-pair deletions that span this region
starting at every second base were constructed (Fig. 2A). This
analysis identified a 16-base-pair region (—63 to —78) required
for vioA promoter activation (Fig. 2B). Specifically, deletion of
base pairs 77 to 86 or base pairs 55 to 64 eliminated vioA
promoter activation, while adjacent deletions did not. This
result suggests that CviR binds to the vioA promoter at a
sequence within the 16-base-pair region between base pairs
—63 and —78. CviR:C,-HSL binds to gel shift probes contain-
ing this 16-base-pair region with a binding affinity (K,) of
652 = 116 nM (Fig. 2C). Importantly, this 16-base-pair region
(CTGACCCTTGGAACAG) is similar (43.8% identity) to the
binding site for the LuxR homologue LasR (CTATCTCATT
TGCTAG; underlined residues are critical for LasR recogni-
tion) (7). These results indicate that the conserved mechanism
for DNA recognition known for LuxR homologues is used by
CviR. This 16-base-pair region can form a palindrome with five
complementary base pairs across the symmetry axis (Fig. 3A).

Construction of a defined CviR binding site library. To
determine which bases in the palindrome are critical for CviR
binding, we constructed a defined pool of mutant vioA-gfp
promoters in which each base in the putative 16-base-pair
CviR binding region as well as one base on either side of the
site was mutated to every other non-wild-type residue. We next
assayed CviR-dependent GFP production from this library of
vioA-gfp point mutants (Fig. 3B). We used the in vivo data in
Fig. 3B to construct a position weight matrix defining the
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FIG. 2. Identification of the site required for CviR binding to the
vioA promoter. (A) Schematic of the vioA promoter. Numbers indicate
the base position with respect to the transcription start site; deletions
are shown below the sequence. The region required for activation by
CviR is underlined. (B) Production of GFP in response to 1 pM
C,-HSL for the constructs shown in panel A was measured in E. coli
expressing CviR and harboring the vioA-gfp plasmid. (C) CviR:C,,-
HSL electrophoretic mobility shift assay on a double-stranded oligo-
nucleotide (CCGCCCTGACCCTTGGAACAGTATCC) containing
the sequence shown to be required for activation by CviR in panel B.
Numbers below the gel indicate the concentration of CviR:C,,-HSL in
each binding reaction mixture.

nucleotides in the CviR binding site that are most important
for CviR activation of vio4 (Fig. 3C). A clear palindrome
emerged from these studies (CTGNCCNNNNGGNCAG).
Importantly, this palindrome has the same axis of symmetry as
the palindrome that we have shown in Fig. 3A to contain the
greatest number of complementary bases across the symmetry
axis (palindrome number 5).

To validate that the position weight matrix produced the
correct CviR binding site, we analyzed CviR:C,,-HSL binding
to altered CviR binding sites in vitro. To do this, we synthesized
double-stranded oligonucleotides containing the wild-type
CviR binding site or CviR binding sites harboring single-base-
pair alterations at each position in the CviR binding site. We
performed quantitative gel shift assays on these probes. Con-
sistent with the in vivo results, mutations in the palindrome
that impair CviR activation of vioA also show reduced binding
to CviR:C,,-HSL (Table 2; compare to K, of 652 + 116 nM for
the wild-type CviR binding site [Fig. 2C]). Quite to the con-
trary, mutation of the base at position 4 or 12 of the CviR site
(positions —75 and —67 with respect to the transcription start
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FIG. 3. A mutagenesis-based position weight matrix for predicting
CviR-regulated genes. (A) Prediction of palindromes in the CviR
binding region of the vioA promoter (base pairs —80 to —59 with
respect to the transcription start site). Putative axes of symmetry (in-
dicated by vertical red bars) were sequentially moved through the CviR
binding region in the vio4 promoter to generate putative palindromes
1 to 12 (left column). Sites that contain palindromic residues surround-
ing the putative symmetry axes are shown with base designations. Sites
with residues that do not make a palindrome half-site are indicated by
horizontal dashes. The number of complementary residues per puta-
tive palindrome is indicated in the right column. (B) Fold GFP pro-
duction from vioA-gfp point mutants. Eighteen bases in the CviR
binding site in the vio4 promoter (labeled with base designation and
position with respect to the transcription start site) were mutated to
each non-wild-type residue (orange, A; purple, G; green, C; blue, T).
The fold change in production of GFP in response to 1 uM C,,-HSL
was measured in E. coli expressing CviR. The horizontal line indicates
GFP production when the wild-type site is present (5-fold). (C) Posi-
tion weight matrix constructed from the in vivo data shown in panel B.
The relative effect of mutating each base in the CviR binding site to a
non-wild-type residue was calculated. The palindromic sequence cor-
responding to the ideal CviR site is shown below the box.

site) results in higher-than-average binding affinity and in-
creased expression of vio4-gfp (Table 2 and Fig. 3B). These
results indicate that the vioA promoter has not evolved to
promote maximal activation in response to CviR.
Identification of putative CviR-regulated genes using posi-
tion weight matrices constructed from ir vivo data. In most
bacteria that engage in cell-cell communication, quorum sens-
ing regulates an array of genes that are critical for group
behaviors (13, 22). We reasoned that CviR also regulates mul-

C. VIOLACEUM QUORUM SENSING 3875

tiple genes in C. violaceum. Accordingly, we scanned the C.
violaceum genome for potential CviR binding sites using the
position weight matrix generated as described above (Fig. 3C).
Using a stringent cutoff score (7.9 out of 8.4, with an average
score across the genome of 5.0), we identified 53 potential
CviR binding sites (see Table S1 in the supplemental material).
Twenty-two of these potential CviR sites reside in intergenic or
promoter regions.

To test whether this method accurately predicts CviR-regu-
lated genes, we fused a subset of the promoters that we iden-
tified to the lux operon, introduced these fusions into E. coli
expressing CviR, and analyzed bioluminescence in response to
C,o-HSL. For the initial experiment, we selected promoters
upstream of genes with predicted functions or those that drive
known quorum-sensing genes (CV_0577, encoding a transcrip-
tional regulator; CV_0578, encoding a guanine deaminase;
CV_1432, a gene with a putative role in type VI secretion;
CV_4091, the autoinducer synthase gene cvil; and CV_4240,
encoding a chitinase). All of these promoters are activated by
CviR (Fig. 4A), suggesting that that we can indeed predict
CviR binding sites and, in turn, CviR-regulated genes.

CviR binds to and regulates the C. violaceum cvil promoter.
One of the promoters we identified as activated by CviR is
upstream of cvil, encoding the C. violaceum autoinducer syn-
thase. Two different strains of C. violaceum have available
cvilR sequence information: strain 12472 (used here) and
strain 31532. We identified a CviR binding site in the cvil
promoters of both strains, suggesting that CviR regulation of
cvil expression is a conserved feature among the Chromobac-
teria (Fig. 4B).

To examine quorum-sensing regulation of cvil, we con-
structed a C. violaceum 12472 cvil-gfp reporter plasmid and
randomized the putative CviR binding site. In E. coli, CviR
activated cvil expression, and activity was eliminated when
the CviR binding site was randomized (Fig. 4C). Consistent
with these results, CviR:C,,-HSL bound the cvil promoters
from both C. violaceum strains 12472 and 31532 in gel shift
assays (Fig. 4D), and in both cases the CviR-cvil promoter
interaction was abolished by addition of excess unlabeled

TABLE 2. CviR DNA binding affinities

K, (nM)
Oligonucleotide sequence” _—
Mean SD

CCGCCGTGACCCTTGGAACAGTATCC >10,000
CCGCCCAGACCCTTGGAACAGTATCC >10,000
CCGCCCTCACCCTTGGAACAGTATCC >10,000
CCGCCCTGTCCCTTGGAACAGTATCC 547 110
CCGCCCTGAGCCTTGGAACAGTATCC 5,836 2,805
CCGCCCTGACGCTTGGAACAGTATCC 7,214 2,576
CCGCCCTGACCGTTGGAACAGTATCC 939 219
CCGCCCTGACCCGTGGAACAGTATCC 1,034 303
CCGCCCTGACCCTGGGAACAGTATCC 1,369 224
CCGCCCTGACCCTTGGAACAGTATCC 975 228
CCGCCCTGACCCTTGCAACAGTATCC >10,000
CCGCCCTGACCCTTGGTACAGTATCC 538 30
CCGCCCTGACCCTTGGATCAGTATCC 1,505 281
CCGCCCTGACCCTTGGAAGAGTATCC >10,000

CCGCCCTGACCCTTGGAACTGTATCC >10,000
CCGCCCTGACCCTTGGAACACTATCC 7,451 2,976

¢ Underlining indicates a mutated nucleotide.
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FIG. 4. Identification of targets of CviR regulation. (A) CviR activation of candidate promoters. Fusions between the indicated C. violaceum
promoters and uxCDABE were tested for autoinducer-dependent activation of bioluminescence in E. coli expressing CviR. Shown are averages for four
replicates; error bars correspond to one standard deviation from the mean. (B) Predicted CviR-binding region in the cvil promoter from C. violaceum
strain 31532 (pevilyyss3,) and C. violaceum strain 12472 (pevil,47,). Residues identical to those in the ideal CviR binding site are indicated with underlines.
(C) Dependence of cvil activation on the predicted CviR binding site. The C. violaceum strain 12472 vioA promoter (circles), the cvil promoter (squares),
and the cvil promoter containing a scrambled CviR binding site (triangles) were fused to the GFP gene. GFP production in response to various
concentrations of C,,-HSL was measured. (D) CviR binding to the cvil promoter. PCR-amplified vioA or cvil promoter DNA from C. violaceum strain
12472 or 31532 was radiolabeled and added to the indicated concentration of purified CviR:C,,-HSL. Complexes were resolved by PAGE and analyzed
using a phosphorimager. (E) CviR competitive gel shift. CviR:C,,-HSL (1 pM) was added to radiolabeled cvil promoter DNA from either C. violaceum
strain 12472 or 31532. Competitor wild-type (wt) cvil promoter DNA or c¢vil promoter DNA containing a randomized CviR binding site (scram.) was
added to binding reaction mixtures to a final concentration of 5 nM (white bars), 30 nM (gray bars), or 150 nM (black bars) and analyzed as for panel
D. All results are typical of at least three independent experiments. (F) Schematic of the cvil-cviR locus, encoding the autoinducer synthase (cvil), the
autoinducer receptor (cviR), and the CviR binding site in the cvil promoter. (G) Role of positive feedback in autoinducer synthesis. Plasmid pcvilR (white
bars), pevilR” (pevilR containing a stop codon in cviR) (gray bars), or cvil R (pevilR containing a mutant CviR binding site in the cvil promoter) (black
bars) was introduced into E. coli. The concentration of C,,-HSL in cell-free culture fluids was determined. Shown are averages for three replicates;
error bars correspond to one standard deviation from the mean.

wild-type cvil promoter DNA (Fig. 4E). Excess unlabeled A positive-feedback loop controls C. violaceurn quorum sens-
cvil promoter DNA containing a randomized CviR binding ing. In many bacteria, quorum sensing is controlled by positive
site (scrambled CviR site [scram.]) was impaired in its ability feedback in which signaling in response to autoinducer upregu-
to compete (Fig. 4E). lates expression of the autoinducer receptor, the autoinducer



Vor. 193, 2011

synthase, or both (6, 14, 18). To test whether quorum sensing
is regulated by positive feedback in C. violaceum, we con-
structed an E. coli strain carrying the native cvil-cviR locus
(Fig. 4F). If positive feedback operates, we predict that in this
E. coli strain, Cvil will produce autoinducer, which will accu-
mulate at high cell density, leading to the activation of CviR
DNA binding activity. In turn, the CviR:C,,-HSL complex will
activate cvil expression.

To test this, we used an autoinducer bioassay to measure
autoinducer production by the recombinant E. coli strain har-
boring cvil-cviR. We found that in E. coli carrying wild-type
cvil-cviR, autoinducer synthesis per cell increases dramatically
once the extracellular concentration of C,,-HSL reaches 100
nM (Fig. 4G, white bars), consistent with the concentration of
C,o-HSL required to activate expression of the cvil promoter
(Fig. 4C). Increased autoinducer synthesis required CviR, as E.
coli carrying cviIR with a null mutation in cviR produced less
C,o-HSL than the wild type (Fig. 4G, gray bars). A similar
decrease occurred when CviR was wild type but the CviR
binding site in the cvil promoter was mutated (Fig. 4G, black
bars). These data demonstrate that CviR binding to the cvil
promoter is required for high-level production of autoinducer
at high cell density, suggesting that, as in other canonical
LuxIR-type quorum-sensing systems, a positive-feedback loop
operates.

DISCUSSION

We have characterized the interaction between the C. viola-
ceum quorum-sensing receptor CviR and the DNA element
required for promoter recognition. Using in vivo data gener-
ated from a comprehensive library of binding site mutations,
we defined the CviR binding site as CTGNCCNNNNGG
NCAG and deciphered the relative importance of each base.
This approach has allowed us to predict CviR sites in the C.
violaceum genome and thereby identify genes that are mem-
bers of the quorum-sensing regulon.

The quorum-sensing networks of many bacteria include pos-
itive feedback loops in which activation of the autoinducer
receptor by ligand binding leads to induction of the gene en-
coding the autoinducer receptor, synthase, or both (6, 14, 18).
Furthermore, positive-feedback loops are found in analogous
but unrelated quorum-sensing systems that operate by other
mechanisms (13), suggesting that this strategy for increasing
production of quorum-sensing components in response to au-
toinducers has emerged independently as an important feature
of quorum-sensing circuits. In principle, positive feedback
could be used to impose homogeneity in the quorum-sensing
response over the population, which could maximize the effects
of group behavior. We have previously shown that quorum-
sensing genes are required for killing of C. elegans by C. viola-
ceum and that quorum-sensing inhibitors protect nematodes
(19). We speculate that positive feedback may be involved in
the interaction between C. violaceum and its host, where bac-
teria need to collectively regulate virulence in order to over-
come host defenses.

Interrogation of the C. violaceum genome for putative CviR
binding sites revealed over 20 promoters potentially regulated
by CviR. These promoters are predicted to drive genes with a
variety of functions, including gene regulation, motility, coen-

C. VIOLACEUM QUORUM SENSING 3877

zyme synthesis, nutrient utilization, and virulence. We mea-
sured positive, direct regulation by CviR for a subset of these
promoters, including CV_0577, encoding a transcriptional reg-
ulator; CV_0578, encoding a guanine deaminase; CV_1432, a
gene with a putative role in type VI secretion; and CV_4091,
the autoinducer synthase gene cvil. Of particular interest is
that positive regulation also occurred for CV_4240, which is
predicted to encode an extracellular chitinase. Chitin is the
major structural component of arthropod and fungal cell walls,
and it provides an abundant carbon source in the environment
(10, 11). Our observation of direct regulation of chitinase pro-
duction by CviR supports previous studies showing that chiti-
nase activity is regulated by quorum sensing in a related strain
of C. violaceum (3). Chernin et al. hypothesized that quorum-
sensing control of chitinolytic enzymes may be important for
blocking the growth of fungi in soil or water or during coloni-
zation of plants, giving C. violaceum a competitive advantage
(3). Interestingly, quorum sensing in C. violaceum strain 31532,
which recognizes C4,-HSL, is antagonized by long-chain AHLs
produced by other bacterial species, including C,,-HSL pro-
duced by C. violaceum strain 12472 (2, 12, 19). It is possible
that quorum sensing controls competition in the environment
between C. violaceum and fungi (through chitinase secretion).
It is also possible that quorum sensing is itself controlled by
competition between different strains of C. violaceum or other
bacteria that produce autoinducers that act as quorum-sensing
antagonists. Antagonism may give particular strains of C.
violaceum competitive advantages in specific niches.
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