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ABSTRACT

Quorum sensing is a cell-cell communication process in bacteria that
involves the production, release, and subsequent detection of chemical
signal molecules called autoinducers. In Vibrio cholerae, multiple input
signals activate the expression of the quorum sensing requlator HapR,
which acts to repress the expression of virulence factors. We have shown
that CRP, the cyclic adenosine monophosphate (cAMP) receptor protein,
enhances quorum sensing by activating the biosynthesis of cholera au-
toinducer 1, the major signaling molecule that contributes to the acti-
vation of HapR. Thus, proquorum sensing CRP agonists could inhibit
virulence and lead to new drugs to treat severe cholera. In this study, we
show that expression of the quorum sensing-regulated luxCDABE operon
can be used as a robust readout for CRP activity. Further, we describe
and validate a highly specific cell-based luminescence high-throughput
screening assay for proquorum sensing CRP ligands. A pilot screen of
9,425 compounds yielded a hit rate of 0.02%, one hit being cAMP itself.
The Z' value for this assay was 0.76 and its coefficient of variance 8%
for the positive control compound. To our knowledge, this is the first
cell-based assay for ligands of the highly conserved CRP protein of
Gram-negative bacteria. The use of this assay to screen large chemical
libraries could identify lead compounds to treat cholera, as well as small
molecules to probe ligand-receptor interactions in the CRP molecule.

INTRODUCTION
RP, the cyclic adenosine monophosphate (cAMP) receptor
protein, is a member of the CRP/fumarate nitrate regulator
family of bacterial transcriptional regulators which binds
with cAMP to form a complex that acts at responsive

promoters to activate or repress transcription.! CRP is also a member
of the cyclic nucleotide-binding (CNB) protein superfamily, which
regulate signaling pathways in prokaryotic and eukaryotic cells.?
Sequence alignment of prokaryotic and eukaryotic CNB domains
have identified key conserved sequence motifs that are shared by
the entire superfamily.”> The CNB domain consists of a conserved
eight-stranded beta barrel domain and a more divergent phosphate-
binding cassette that anchors the cAMP molecule and contributes to
ligand specificity.” The CRP phosphate-binding casette shares 65%
amino acid identity to eukaryotic CNB proteins, such as protein ki-
nase A. The CRPs of Escherichia coli, Salmonella enterica (serovar
Thyphimurium), Yersinia spp., and Vibrio cholerae are 209 residues
long and possess >94% identity in amino acid sequences.

In Gram-negative bacteria, CRP is known for its role in carbon
catabolite repression, a process by which the presence of a favorable
carbon source in the medium inhibits the expression of enzymes
involved in the catabolism of other carbon sources.' This is achieved
through activation of adenylate cyclase, resulting in elevated intra-
cellular cAMP levels and formation of the cAMP-CRP complex,
which binds DNA as a dimer.! Each subunit contains one high-
affinity and one low-affinity binding site for ;cAMP.?> The cAMP-CRP
complex that is competent for activation of transcription is formed
through the binding of cAMP at high-affinity sites.> At very high
cAMP concentrations, cAMP binds to low-affinity sites and prevents
CRP-DNA interaction.* The amino acid substitutions T127L/S128A
lock the CRP molecule into a conformation that binds DNA and ac-
tivates transcription in the absence of cAMP.”

CRP is a major regulator of virulence gene expression in numerous
Gram-negative pathogens, including uropathogenic E. coli, Salmo-
nella, Yersinia spp., and Pseudomonas aeruginosa. In a previous
study, we demonstrated that CRP enhances quorum sensing in V.
cholerae by activating the biosynthesis of cholera autoinducer 1
(CAI-1).° In the V. cholerae quorum-sensing pathway, multiple input
signals—such as the accumulation of two autoinducer molecules in
the medium (CAI-1 and autoinducer 2); the level of the histone-like
protein FIS (factor for inversion stimulation), and the global regu-
lator CsrA contribute to the activation of the master quorum-sensing

ABBREVIATIONS: CAI-1, cholera autoinducer 1; cAMP, cyclic adenosine monophosphate; CNB, cyclic nucleotide binding; CRP, cAMP receptor protein; DMSO, dimethyl
sulfoxide; HTS, high-throughput screening; MLSMR, Molecular Libraries Small Molecule Repository.
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regulator HapR at high cell density.” HapR then acts to diminish the
expression of cholera toxin and the toxin co-regulated pilus.? Hence,
there is an ongoing effort to identify pro-quorum-sensing molecules
to inhibit virulence in Vibrios.” In addition to enhancing the ex-
pression of HapR, CRP negatively affects virulence by directly re-
pressing the transcription of the transmembrane regulator TcpP/H
required to activate cholera toxin gene expression.'® Thus, screening
for small molecules that activate CRP could identify lead compounds
with superior virulence-inhibiting potency compared to molecules
that solely activate quorum sensing.

Early structure activity relationship of CRP interaction with syn-
thetic cAMP analogs have been based on in vitro binding assays or
stimulation of lac operon transcription.'"'* Some cAMP analogs
have been developed as biochemical tools to study eukaryotic signal
transduction and prospective drugs for the treatment of a broad
spectrum of human carcinomas.'® Therapeutic development of cAMP
analogs has often been precluded by low membrane permeability,
degradation and low target specificity."> A major obstacle in this field
is the lack of a robust cell-based assay suitable for the screening of
large chemical libraries.

In this study, we show that addition of cAMP (or its analog 7-deaza
cAMP) to the medium inhibits virulence gene expression in the
cholera bacterium. Next, we show that expression of the V. harveyi
quorum-sensing-regulated [uxCDABE operon provides a robust and
stringent readout of CRP activation. Finally, we describe and validate
a highly specific high-throughput screening (HTS) assay to identify
pro—quorum-sensing CRP ligands.

MATERIALS AND METHODS
Strains, Media, and Plasmids

The strains used in this study were all derived from V. cholerae
(7258 (El Tor Biotype). Construction of C7258Acrp and C7258Acya
(adenylate cyclase deletion) have been described previously.® Strains
were grown on Luria broth (LB) medium (1% tryptone, 1% NaCl, 0.5%
yeast extract, pH 6.5-7, sterilized by autoclaving 15 min at 121°C) at
30°C. The medium was supplemented with tetracycline (5 ug/mL),
ampicillin (100 pg/mL) or polymyxin B (100 units/mL) as required.
For measurement of cholera toxin production, strains were grown in
AKI cultures as previously published.® cAMP was obtained from
Sigma-Aldrich (St. Louis, MO) and 7-deaza-cAMP from Axxora LLC
(San Diego, CA).

Construction of Mutants and Reporter Strains

A derivative of C7258 containing a mutant crp allele encoding
CRPT127L/5128A, hereafter denoted crp*, was constructed using the
QuickChange mutagenesis kit (Agilent Technologies, Santa Clara,
CA) and allelic exchange. Briefly, a DNA fragment containing the V.
cholerae crp gene was amplified with primers 5'-GCC TCT AGA ATG
GTT CTA GGT AAA C and 5'-GAT GCA TGC ACA CGA GAC GGG TTA
T (restriction sites underlined) and ligated into Xbal and Sphl
digested pUC19 to generate pCRP. The mutant plasmid pCRP*
containing the crp* allele was generated with the mutagenic primers
5’-CTC GTC GTC TGC AAA TGC TAG CGC AGA AAG TTIG GCG

(mutant codons underlined) and 5'-CGC CAA CTT TCT GCG CTA GCA
TTT GCA GAC GAC GAG according to the manufacturer’s instruc-
tions. The Xbal-Sphl fragment containing crp* was ligated into the
suicide vector pCVD442'* and the resulting plasmid was transferred
to strain C7258 by conjugation. Then, the C7258 crp* mutant was
obtained by sucrose selection as described previously.® To construct a
C7258AcrpAcya double mutant, a cya deletion mutation was mated
into C7258Acrp by allelic exchange as described previously.® Simi-
larly, allelic exchange was used to transfer the crp* allele into
C7258Acya to yield C7258Acya crp*. The pBB1 cosmid encoding the
V. harveyi luxCDABE operon'” was transferred by conjugation from
E. coli SM10\Apir to wild type and mutant V. cholerae strains. Ex-
conjugants were selected on LB plates containing tetracycline and
polymyxin B, purified by restreaking in LB tetracycline plates, and
conserved as frozen stocks in tryptic soy broth containing 25%
glycerol at —80°C. All mutants were confirmed by PCR and DNA
sequencing.

Measurement of Jux Gene Expression

The quorum sensing regulator HapR activates the promoter of the
lux operon on the pBB1 cosmid when cultures reach a high cell
density (>2x 10® cells/mL)."® To maximize light output, V. cholerae
strains were grown in 50 mL Falcon tubes containing 5mL of LB
medium supplemented with tetracycline to stationary phase (~16 h).
Light was measured in a BioTek Synergy 2 plate reader (BioTek U.S.,
Winooski, VT) using Costar 96-well clear bottom black wall micro-
titer plates (Corning, Tewksbury, MA).

HTS Assay for Pro-Quorum-Sensing CRP Ligands

Strain C7258Acya containing the pBB1 cosmid was grown to
high cell density (0Dggo &~ 3) in LB medium containing tetracycline
and 20 pL aliquots of this culture were transferred to Corning 384-
well opaque wall microtiter plates containing the desired com-
pounds dissolved in dimethyl sulfoxide (DMSO), carrier control
wells containing DMSO alone or positive control wells containing
10uM cAMP. The final concentration of DMSO in all wells was
0.5%. The plates were incubated 6h at 30°C and luminescence
measured in a Perkin Elmer (Waltham, MA) Envision plate reader
with a 0.1s integration time. The screening compound set consisted
of 1,120 FDA approved or known biologically-active compounds
from the Prestwick chemical collection (www.prestwickchemical
.org) and 8,304 compounds from the chemically diverse Molecular
Libraries Small Molecule Repository (MLSMR; https://mlsmr
.evotec.com/MLSMR_HomePage). For the primary screen, com-
pounds were tested at a concentration of 50 uM for the MLSMR set
and 10pg/mL for the Prestwick collection. Active compounds,
defined as those producing a light emission three standard devia-
tions above the average of all compounds, were tested in duplicate
in 6 twofold dilutions from 100 to 3 pM. Positive compounds
confirmed by dose-response were manually retested in strain
C7258AcyaAcrp containing pBB1 to verify that induction of light
was contingent upon the presence of the CRP. A summary of the
HTS protocol is provided in Table 1.
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Table 1. Summary of High-Throughput Screening Protocol

Step Parameter ’ Value Description

1 Plate bacteria 20uL | Overnight culture grown to saturation

2 Carrier control 125nL | DMSO

3 Positive control 5pul 5% concentration (2.5% DMSO, 50 uM
cAMP)

4 Library compounds | 125nL | 50 uM MLSMR/10 pg/mL Prestwick final
concentration

5 Backfill 5pul Carrier control and compound wells

6 Incubation 6h 30°C, high humidity

7 Assay readout 700nm | PMT plate reader-luminescent mode

Step Notes

1. Solid white tissue culture treated plates, 8-tip dispense.

2. Columns 1-2, 0.5% DMSO, acoustic dispense.

3. Columns 23-24, 10uM cAMP, 0.5% DMSO, displacement dispense using
disposable tips.

. Columns 3-22, 10 uM, 0.5% DMSO, acoustic dispense.

. Columns 1-22, 8-tip dispense to standardize volume.

. Plates incubated with lids.

. Luminescence 400-700nm, 0.1s integration time.

DMSO, dimethyl sulfoxide; MLSMR, Molecular Libraries Small Molecule
Repository; PMT, photomultiplier tube.

N o oA

Measurement of Cholera Toxin Production

The amount of cholera toxin secreted to the medium was deter-
mined by a ganglioside GM,; enzyme-linked immunosorbent assay
(ELISA), using a peroxidase-conjugated rabbit anticholera toxin B
IgG (Pierce Biotechnology, Rockford, IL) and a standard curve con-
structed with pure CT (Sigma-Aldrich) as described previously.®

RESULTS AND DISCUSSION
Exogenous CRP Ligands Diminish
Expression of Cholera Toxin

The role of CRP as repressor of virulence
gene expression in V. cholerae has been pos-

Effect of Genetic Mutations

togenic factor produced by the cholera bacterium. These results
highlight the potential application of exogenous CRP ligands as
antivirulence drugs to treat severe cholera and diminish the duration
of purging. In addition to their affinity for CRP, the potency of such
compounds can be affected by cell permeability, succeptibility to
degradation by cellular phosphodiesterases, and efflux. The avail-
ability of an HTS-ready cell-based assay, however, could facilitate
identifying and optimizing, through medicinal chemistry, new and
more effective pro-quorum-sensing CRP ligands to inhibit virulence
gene expression.

Expression of the lurCDABE Operon Is a Robust
Reporter of CRP Activity

Our previous studies demonstrating that CRP activates the bio-
synthesis of CAI-1° suggested that quorum sensing could be used as
readout for CRP activity. The principle of our assay for proquorum
sensing CRP agonists is shown in Figure 1. The V. harveyi lux operon
consists of genes encoding luciferase o (luxA) and P (luxB) subunits
and the fatty acid reductase complex composed of a reductase (luxC),
transferase (luxD), and synthase (luxE). The fatty acid reductase
complex generates the luciferase aldehyde substrate to generate light
in the presence of oxygen and reduced flavin mononucleotide. Ac-
tivation of the luxCDABE operon to produce light in the C7258Acya
genetic background is predicted to be strongly dependent on the
presence of cAMP or a CRP agonist. Formation of the CRP-agonist
complex is required for the biosynthesis of CAI-1 and expression
HapR, which subsequently activates the luxC promoter. In addition,
Lux activity is enhanced by direct binding of the CRP-agonist
complex to the luxC promoter.'” To determine the maximal signal
to background window and ratio of this assay, strains C7258,
C7258Acrp, C7258Acya, C7258crp*, and C7258Acya crp* were
grown to saturation in LB medium and light production was mea-
sured. As shown in Figure 2, no light production could be detected in

Table 2. Inhibition of Cholera Toxin Expression by Exogenous Cyclic Adenosine
Monophosphate Receptor Protein Ligands

Effect of Exogenous CRP Ligands

Cholera toxin Cholera toxin

tulated based on the effect of null cya and crp

a a
mutations on virulence gene expression.'® Culture (rg/mL/ODeoo) (rg/mL/0D¢oo0)
However, no data is available on the effect of C7258 2.54%0.14 (7258 + cAMP 0.86+0.05 66°
exogenous activators of CRP on virulence

08 . v A v K C7258Acrp 6.41+0.76 (7258 + 7-deaza-cAMP 0.56£0.06 78°
gene expression. As shown in Table 2, deletion
of crp or adenylate cyclase (cya) results in el- C7258Acya 10.52£0.12 C7258Acya+cAMP 2.87+0.44 73¢
evated cholera toxin production while intro-
. X P C7258crp* 0.64£0.02 C7258Acya+ 7-deaza-cAMP 2.06%0.26 80°
duction in V. cholerae of a mutant crp gene
(crp*) encoding a CRP active in the absence of C7258Acya crp* 0.64+0.03

cAMP exhibited the opposite effect. We also
show that addition of exogenous cAMP or its
analog 7-deaza-cAMP to the culture medium

“Each value is the mean of at least three independent cultures.

®Inhibition relative to strain C7258.

“Inhibition relative to C7258Acya. Final concentrations for cAMP and 7-deaza-cAMP were 50 pM.
significantly inhibited production of cholera cAMP, cyclic adenosine monophosphate; CRP, cAMP receptor protein.

toxin (Table 2), the main virulence and secre-
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Fig. 1. Cell-based assay for proquorum sensing CRP ligands. Ex-
pression of the lux genes in Vibrio cholerae requires transcriptional
activation of lux promoter by the quorum sensing regulator HapR
and the cAMP-CRP complex. The cAMP-CRP complex is also re-
quired for Vibrio to make HapR. cAMP, cyclic adenosine mono-
phosphate; CRP, cAMP receptor protein.

the crp and cya deletion mutants. Further, the dark phenotype pro-
duced by the cya deletion mutant could be fully reversed by intro-
ducing the crp* gene encoding a CRP that does not require cAMP for
DNA binding.® These results indicate that expression of the lux op-
eron is stringently dependent on cAMP activation of CRP and that
this requirement can be bypassed in a strain that makes a mutant CRP
that could bind the lux promoter and activate transcription in the
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Fig. 2. Expression of the luxCDABE operon in V. cholerae is a robust
reporter of CRP activity. Strains were grown with agitation to sta-
tionary phase in Luria broth medium at 30°C and light production
measured in a Synergy BioTek plate reader. Each value is the mean
of three independent experiments. Error bars indicate the standard
deviation. WT, wild-type.
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absence of cAMP. In Figure 3, we show that light production could be
restored in the cya deletion mutant by exogenous cAMP or its analog
7-deaza-cAMP. Under these experimental conditions, light produc-
tion could be detected at 62 uM cAMP (~4,492 light units) and 4 uM
7-deaza-cAMP (~502 light units). Lower concentrations of both
compounds could be detected by increasing the incubation time.
Interestingly, 7-deaza-cAMP induced light production at a signifi-
cantly lower concentration than cAMP but exhibited substrate in-
hibition at higher concentration. We suggest that the observed
substrate inhibition could result from the binding of 7-deaza-cAMP
to CRP low affinity cAMP binding sites to inhibit CRP-DNA inter-
action.* Light production by wild type strain C7258 could be in-
hibited by ¢GMP, which binds to CRP but does not induce the
allosteric change required to activate transcription (Fig. 3). As ex-
pected, little cGMP inhibition was observed in strain crp* encoding a
CRP protein locked in a transcriptionally active conformation (data
not shown). It was not surprising that inhibition of light production
by exogenous cGMP in the wild type strain, which produces en-
dogenous cAMP, required high concentrations of inhibitor. In this
case, cell permeability to cGMP might limit its capacity to compete
with endogenous cAMP for binding to CRP. Taken together, we
conclude that expression of the lux operon provides a highly specific
and robust indicator of CRP activity. It is noteworthy that, when
screening for CRP agonists in a Acya reporter, light production is a
gain of function strictly dependent on the presence of exogenous
cAMP or an agonist regardless of other environmental or cellular
factors that could modulate quorum sensing activation of the lux
operon.

Assay Miniaturization, Automation, and Validation

A major advantage of cell-based assays is that they select for
compounds that effectively penetrate the cell. Thus, cell based assays
circumvent a major hurdle in the path to identify biologically active
compounds with good membrane permeability. To our knowledge, a
cell-based assay for ligands of the Gram-negative bacteria CRP has
not been developed. Hence, we miniaturized the assay to a 384-well
format and conducted a pilot screen as described in materials and
methods. For the pilot screen, compounds were screened for their
capacity to induce light production in an adenylate cyclase (cya)
mutant grown to high cell density. The data from this screen are
shown in Figure 4A. Overall our pilot screen of 9,425 compounds
yielded a hit rate of 0.02%, a Z' value of 0.76 (0.6-0.9), a signal to
background ratio >10°, and a coefficient of variance of 8% + 2.5% for
the positive control (10 pM cAMP). The mean readouts were 404,140
light units for the positive control and 10 light units for the negative
control. Interplate variability of the HTS assay, relative signal
strengths and concentration-response curves are provided as sup-
plementary material. Identification of cAMP (30 uM) within the
Prestwick compound collection as one of the hits together with the
low hit rate demonstrates the high specificity of this assay for
molecules that bind to CRP to induce a transcriptionally active
CRP molecule. The other hit, N-(2, 4-difluorophenyl)-3-{[3-
trifluoromethyl)benzyl]sulfanyl}-2-thiophenecarboxamide (50 pM),

NO. 6 e JULY/AUGUST 2013 ASSAY and Drug Development Technologies 385




WANG ET AL.

A 35500000 OcAMP A 7-deaza-camMP B compP B 900
3,000,000 A 800
700 -
@ 2,500,000 - P
g :E'l 600 -
= 2,000,000 - =
S =) 500 A
-1 1,500,000 4 -
400 A
1,000,000 A
300 A
500,000 - 200 1
0.7 100 : : : ’ .
01 1 10 100 1000 0 1 2 3 4 5
uM mM

Fig. 3. Effect of exogenous cAMP and cAMP analogs on light production by V. cholerae quorum
sensing reporter strains. (A) Dose response for CAMP and 7-deaza-cAMP. Strain C7258Acya was
grown to stationary phase in LB medium; 100 pL of culture were added to triplicate wells of 96-well
microtiter plates containing increasing concentration of cAMP or 7-deaza-cAMP, and the plates
incubated 6 h at 30°C. (B) inhibition of light production by cGMP. Overnight cultures of C7258
containing the pBB1 cosmid were diluted 1:1,000 in fresh LB containing and 100 puL of culture
transferred to triplicate wells containing different concentrations of cGMP. Plates were incubated
6 h at 30°C and light production read.
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Fig. 4. Pilot HTS for proquorum sensing CRP-ligands. (A) Representation of pilot HTS for light
induction in strain C7258Acya containing pBB1. The line indicates the 3 x standard deviations cutoff
value used as “hit” criteria. (B) Secondary assay. Cultures of C7258Acya (M, A) and
C7258AcyaAcrp (O, A) containing pBB1 were grown to stationary phase in LB and 100 plL of each
culture added to triplicate wells of 96-well microtiter plates containing 100 uM of cAMP (M, [J) and
the 2nd hit compound (A, A). Plates were incubated at 30°C and light production measured at
different times. HTS, high throughput screening.
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was from the chemically diverse
MLSMR collection and structurally
unrelated to cAMP. This compound
failed to induce light in a AcyaAcrp
reporter indicating that it was a true
positive hit. This result suggests that
closely fitting into the cAMP bind-
ing pocket is not a prerequisite
for an agonist to trigger CRP into
adopting a transcriptionally active
conformation. Such  molecules
could be extremely valuable for
investigating essential receptor-
ligand interactions. Unfortunately,
due to its low solubility in water, we
could not test the effect of this
compound in virulence gene ex-
pression. Since the optical density of
the inoculum used in the HTS assay
is high (~3) and there are limitations
in handling a large number of com-
pounds using automation equip-
ment, a fraction of this compound
could have precipitated when tested
for light production.

To our knowledge, this is the first
cell-based assay for ligands of the
highly conserved CRP protein of
Gram-negative bacteria. The use of
this assay to screen large chemical
libraries could identify lead com-
pounds to treat cholera and new
cAMP analogs to probe ligand-
receptor interactions in the CRP
molecule. The present assay could
also facilitate the discovery of new
cAMP analogs acting as agonists or
antagonists of eukaryotic CNB pro-
teins. We note that the members of
the CNB superfamily exhibit a
modular design with a conserved
CNB domain linked to a functional
domain, such as the CRPs DNA
binding motif. Given the conserva-
tion of the CNB across the super-
family, it should be technically
feasible to construct V. cholerae re-
porter strains expressing a CRP with
a eukaryotic CNB to identify ligands
of eukaryotic CNB proteins. Finally,
the high specificity of this assay,
reflected in the low hit rate obtained
in our pilot screen suggests that the



composition of the chemical library is critical for success. In our case,
88% of the compounds used in our pilot screen were designed to
maximize chemical diversity. It is likely, however, that a more tar-
geted library, enriched for structures akin to the natural ligand, could
identify new cAMP analogs and yield a higher hit rate.
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