1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Res Microbiol. 2010 March ; 161(2): 158-167. doi:10.1016/j.resmic.2009.12.004.

Cyclic AMP negatively regulates prodigiosin production by
Serratia marcescens

Eric J. Kalivodaliz, Nicholas A. Stellal, Marissa A. Aston, James E. Fender, Paul P.
Thompson, Regis P. Kowalski, and Robert M. Q. Shanks”

Charles T. Campbell Laboratory of Ophthalmic Microbiology, Department of Ophthalmology,
University of Pittsburgh Eye Center, Pittsburgh, PA 15213, USA

Abstract

Many Serratia marcescens strains produce the red pigment prodigiosin, which has antimicrobial and
anti-tumor properties. Previous reports suggest that cyclic AMP (cAMP) is a positive regulator of

prodigiosin production. Supporting this model, the addition of glucose to growth medium inhibited
pigment production in rich and minimal media. Unexpectedly, we observed highly elevated levels

of prodigiosin production in isogenic strains with mutations in genes involved in cAMP production
(cyaA and crr) and in cAMP-dependent transcriptional signaling (crp). Multicopy expression of the
Escherichia coli camp phosphodiesterase gene, cpdA, also conferred a striking increase in prodigiosin
production. Exogenous cAMP decreased both pigment production and pigA-lacZ transcription in the

wild-type (WT) strain, and pigA-lacZ transcription was significantly increased in a crp mutant
relative to WT. Suppressor and epistasis analysis indicate that the hyperpigment phenotype was

dependent upon pigment biosynthetic genes (pigA, pigB, pigC, pigD and pigM). These experiments

establish cAMP as a negative regulator of prodigiosin production in S. marcescens.
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1. Introduction

S. marcescens is a Gram-negative bacterium that is well known for its red pigment prodigiosin.
This pigment has a tri-pyrrole structure and may have a role in competition for environmental
niches, as it has antimicrobial activity, reviewed by [11,36]. Reports indicate that prodigiosin
could function as an anti-cancer compound [24,27]. Prodigiosin has also been correlated with

hydrophobicity-mediated bacterial adhesion and aerosol-based dispersion [3,28].

The cyclic nucleotide 3',5'-cyclic AMP (cCAMP) is a signaling molecule in prokaryotes that has
a global impact upon gene expression through binding with the transcription factor, cAMP-
receptor protein (CRP), which can positively and negatively regulate expression of target genes
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[2,6,19]. Cellular levels of cAMP are positively controlled by adenylate cyclase activity, which
is inhibited by glucose [2]. Bacteria import glucose using the phosphoenolpyruvate
phosphotransferase system (PTS). One of the PTS components, coded for by the crr gene, is
enzyme IIACIC, When glucose is limiting, enzyme 11AS!C becomes phosphorylated and
activates adenylate cyclase (CyaA) to generate cAMP. Conversely, when glucose is abundant,
enzyme 1ACIC does not become phoshphorylated or activate CyaA, leading to lower
intracellular levels of cAMP [2,21]. Levels of cellular cAMP can be further modulated by the
action of a cAMP-phosphodiesterase, which hydrolyzes cAMP, yielding 5'-AMP [17].

Previous studies suggest a positive role for cAMP in regulation of prodigiosin production. One
report showed that exogenous glucose inhibited pigment [4]. Another report, by Winkler and
colleagues, described strains with unmapped mutations that lacked cAMP-phosphodiesterase
and adenylate cyclase activity, and briefly mentioned that these strains were colorless and that
pigment could be restored with exogenous cAMP, though no data was shown [40]. Similarly,
a transposon mutation in a predicted CyaB-like class IV adenylate cyclase gene was reported
in another Serratia species, and was reported to confer a ~30% decrease in prodigiosin
production, but its potential role as an adenylate cyclase was not addressed [9]. Together, these
led to the model that cAMP was a positive regulator of pigment production.

Genetic studies in Serratia sp. ATCC 39006 have shown that pigment production has a large
number of regulators including PigP, PigQ, PigR, PigS, PigV, PigX, and Rap [9]. Other
reported prodigiosin modulating factors include different carbon sources [8,12,14], phosphate
[32], quorum sensing [5,9,25,35], temperature [1,37], ATP [14], and most likely cyclic-di-
GMP [10].

Recently, S. marcescens cAMP-associated genes have been identified and mutated [18]. Strains
with mutation of cyaA and crr exhibited a severe reduction in intracellular camp levels, and
strains with crp mutations were unresponsive to exogenous cAMP [18,33]. One unreported
phenotype of these mutations was a striking increase in red pigment production, raising the
question of whether cAMP positively regulates prodigiosin production as previously proposed.
Here we provide evidence that CAMP negatively regulates prodigiosin production.

2. Materials and methods

2.1. Bacterial strains and growth conditions

All strains and plasmids are listed in Table 1. All bacteria were grown in LB (0.5% yeast extract,
1% tryptone, 0.5% NaCl). LB broth was supplemented with adenosine 3', 5’-cyclic
monophosphate (A9501, Sigma-Aldrich, Inc.) or glucose where noted, with the supplement
dissolved in LB medium, which was subsequently filter-sterilized. M63 medium supplemented
with casein amino acids (0.08% wi/v), glucose (0.4-4.0% w/v) and agar (1.5% wi/v) was used
for one pigment experiment. All experiments were performed at 30°C. The antibiotics used
were gentamicin (10 pg/ml), kanamycin (100 ug/ml), and tetracycline (10 pug/ml). The strain
CHASM (compost heap- acquired S. marcescens) was isolated from a compost pile, as a red-
pigmented colony on Pseudomonas isolation agar (Biomérieux, Lyon, France), which also
selects for S. marcescens. This red-pigmented strain was observed to be a Gram-negative rod
that was cytochrome-oxidase-negative (BD diagnostics systems, Franklin Lakes NJ). An API
20 E (Biomérieux, Lyon, France) test strip was inoculated with a bacterial suspension (as per
manufacturer's instructions) and the resulting profile compared to the API 20 E analytical
profile index was consistent with the identified red bacteria being S. marcescens. K904 is a
pigmented ocular clinical isolate of S. marcescens from the University of Pittsburgh Eye
Center.
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2.2. Mutagenesis and plasmid construction

All plasmids were introduced into S. marcescens by conjugation using either strain SM10 Apir
or S17-1 Apir. Briefly, 0.5 ml of overnight cultures from donor and acceptor strains were
concentrated by centrifugation, heat-shocked at 42°C for 15 min and plated in small pools on
LB agar. After 10-24 h, the entire pool was streaked to single colonies on LB agar with
tetracycline to select against donor Escherichia coli and either kanamycin or gentamicin.

Oligonucleotide primer sequences are available on request. Chromosomal DNA and plasmid
DNA were isolated with commercial kits (Achieve pure DNA cell/tissue, 5 Prime; GenElute
Plasmid, Sigma). DNA was amplified using a high-fidelity polymerase (Phusion, New England
Biolabs) and cloned using yeast in vivo cloning [29]. All vectors used were previously
described [29,30]. The crp open reading frame (ORF) of S. marcescens was cloned into
pMQ131 (oripBBR1) using yeast in vivo recombination [29] and placed under transcriptional
control of the E. coli P promoter, generating pRMQS166 or “pcrp”. A mutation was made
in the crp gene of pPRMQS166, by digestion with Sall, followed by end polishing using the
End-IT kit (Epicenter, Madison, WI, USA), and ligation with T4 DNA ligase (NEB, Beverly
MA). The resulting construct, pEJK2 (pcrp-44), had a 4 base pair deletion in the crp gene
starting at base pair 217 of the 630 base pair open reading frame; this allele is labeled as crp-
A4. The cyaA and cpdA genes were cloned into the pMQ131 vector [30] and expressed from
the E. coli P promoter, yielding pcyaA and pcpdA.

Mariner transposon mutations were generated as previously described using pBT20 [31]. The
crp-1, crr-1 and fimC-4 were previously generated [18,31] and constructed by introduction of
plasmid pMQ118 with an internal fragment of these genes, designed to recombine with the
chromosomal respective gene, yielding a disruption of the gene. Mutations were verified using
PCR.

2.2.1. Allelic replacement of crp—The crp-44 allele from pEJK2 was cloned into the
allelic replacement vector pMQ236 [30], containing a I-Scel meganuclease site for
counterselection. After recombination of the pMQ236 + crp-44 plasmid into the chromosome,
a temperature-sensitive 1-Scel meganuclease-expressing plasmid, pMQ240, was introduced
into the merodiploid strain [30]. The I-Scel meganuclease introduces a double-stranded break
in the pMQ236 backbone integrated into the chromosome and thereby selects for either
restoration of the crp WT gene or replacement of the WT crp gene with the crp-44 allele.
Mutations were verified by diagnostic PCR.

The pStvZ3 plasmid was generated as a chromosomal promoter probe to assess transcription
of the gene of interest. The full-length lacZ gene from pYC2-lacZ (Invitrogen) was introduced
into pMQ118 by in vivo cloning. The pStvZ3 plasmid, which is non-replicative in S.
marcescens, was introduced into various strains by conjugation creating chromosomal lacZ
fusions at pigA. A 611 bp internal fragment of pigA was cloned into pStvZ3. Integration of this
plasmid creates a transcriptional lacZ fusion with pigA and causes disruption of pigA at base
pair 626.

An N-terminal 8-histidine tag (Hisg) was added to the crp gene and cloned under control of
the Pgap promoter on a high-copy ColE1 shuttle vector, pMQ124 using yeast in vivo
recombination [30].

2.3. Prodigiosin production assays

Single colonies were inoculated in 5 ml of LB medium % antibiotics + cAMP and incubated
16-18 h onarotary shaker (TC-7, New Brunswick). Prodigiosin was extracted from centrifuged
cell pellets with acidified ethanol and levels were determined by measuring absorbance at 534
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nm, based upon the method of Slater et. al. [32]. Absorbance was read (Beckman DU-70
spectrophotometer) at 534 nm to measure extracted prodigiosin and 600 nm to measure culture
turbidity using a 1 cm? cuvette, and the ratio was determined. Extracted red pigment had a
maximum absorbance at ~535 nm in acidic conditions as expected for prodigiosin (data not
shown, [16]). A similar approach was used with M63 agar except that 4 independent cultures
of WT and crp-44 were grown up in LB to saturation, then subcultured and grown to
logarithmic phase. Ten pul of each were spotted onto M63 agar plates with different
concentrations of glucose (0.2-4.0%). These were incubated at 30°C for 16-19 h, cells were
scraped from the plate and cell concentration was measured at A600 nm. Cells were harvested
by centrifugation; prodigiosin was extracted and measured at A534 nm. The experiment was
repeated three times on different days with similar results.

2.4. Phosphodiesterase and R-galactosidase (3-gal) assays

For phosphodiesterase (PDE) activity assays, JM3000 cpdA::kan with the appropriate plasmid
was grown overnight in LB medium with kanamycin, normalized to Aggg nm = 1.0; 1 ml of
culture medium was pelleted by centrifugation and washed with Tris-ClI reaction buffer (50
mM Tris-Cl, 1 mM MnCly, pH 8.5). The cells were resuspended in 0.75 ml Tris-Cl reaction
buffer and sonicated on ice until clear. The lysate was centrifuged at 16100 x g for 15 min at
4°C and the protein concentration of supernatants was determined by the Bradford assay. PDE
activity from 100 pg of protein was measured using the chromogenic phosphodiesterase
substrate bis(p-nitrophenyl) phosphate (bis-pNPP, Sigma, product number N3002) at a final
concentration of 5 mM in Tris-Cl reaction buffer. Reactions were incubated at 37°C for 15 min
and yellow color resulting from bis-pNPP hydrolysis was measured at A=410 nm with a plate
reader (Biotek Synergy 2, Winooski VT).

For 3-gal assays, cultures were grown overnight in LB medium with kanamycin at 30°C, then
subcultured (1:100) two times and grown to an Aggg of 0.1 in order to synchronize cultures in
early exponential growth phase. After growth to a desired optical density, culture aliquots were
pelleted, washed with Z-buffer, and R-galactosidase ([3-gal) activity was determined [22].
Lysates were prepared by sonication in Z-buffer and were clarified by centrifugation at 16,100
g for 5 min. Protein concentration from supernatants was determined by Bradford analysis,
and the same amount of protein from each sample in a given experiment was added to microtiter
plate wells and the volume adjusted to 100 pl with Z-buffer. ONPG (25ul at 4mg/ml) was
added as a substrate and allowed to incubate until a yellow color developed. A41g readings
were taken with a plate reader.

2.5. Protein purification and EMSA analysis

The Hisg-CRP protein was generated using Pgap-expressed Hisg-CRP in E. coli. An overnight
culture of E. coli harboring the Pgap.-Hisg-crp vector, pPRMQS242, was subcultured 1:100 in
250 ml of fresh LB with gentamicin and grown to an Aggg of 0.4 at 30°C. L-arabinose was
added to a final concentration of 0.2%, and incubation was continued for 4 h to induce
expression of Hisg-CRP. Bacteria were then harvested by centrifugation (4,000 x g for 15 min,
4°C), resuspended in B-Per lysis solution (Pierce) with 1X Halt protease Inhibitor Cocktail
(Pierce), and lysed on ice by sonication (ten bursts of 10s at ~20W). The lysate was then
centrifuged (4,000 x g for 15 min, 4°C) and His g-CRP purified with IMAC (Pierce HisPur
Cobalt Spin Column, Rockford, IL, USA). The purified protein was verified as CRP by
immunoblotting with a monoclonal anti-CRP antibody (NeoClone, Madison, W1, USA). The
purity of CRP was determined to be >90% as visualized by a Coomassie-stained, SDS-12%
polyacrylamide gel electrophoresis (PAGE) and analyzed with Image J software (NIH).

Crude lysates were prepared by growing bacteria overnight in LB broth. Cells (4 ml) were
harvested and washed twice with Tris-buffered saline, pH 8 (TBS), and resuspended in TBS
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(0.75 ml) with HALT protease inhibitor cocktail (Pierce). Cell suspensions were sonicated
until cleared and centrifuged for 10 min at 16,100 x g at 4°C. Protein concentration was
determined from supernatants and used directly in some EMSA reactions.

Labeled DNA amplicons were made with a 5’-biotinylated oligonucleotide primer (Integrated
DNA Technologies, Skokie, IL, USA), gel-purified and verified by sequencing. A commercial
EMSA kit was employed as specified by the manufacturer (Lightshift Chemiluminescent
EMSA kit, Pierce, Rockford IL, USA), using biotinylated target DNA (1-3 ng), purified 8-
histidine-tagged CRP (=50 ng) and poly-didC (500 ng), cAMP (500 uM) and non-labeled
competitor DNA (0-600 ng) as specified, in a 20 ul reaction. A 10 ul aliquot of the reaction
was separated on 5% PAGE, TBE gel (Bio-Rad) with TBE running buffer containing 500 pM
cCAMP.,

2.6. Statistical analysis

3. Results

GraphPad Prism and Microsoft Excel software was used to determine statistical significance
using one-way ANOVA with Tukey's post-test and Student's T-tests as noted.

3.1. Glucose inhibits prodigiosin production by S. marcescens

A previous report showed that exogenous glucose inhibited pigment production by S.
marcescens, leading to the hypothesis that cAMP is a positive regulator of pigment production,
as glucose inhibits CAMP production [4]. Inconsistently, we noted that a cyaA mutant strain
exhibited a strikingly hyperpigmented phenotype, suggesting a negative role for CAMP in
regulation of pigment production, as this strain was previously shown to be deficient in
intracellular cAMP levels (Table 2). We tested whether glucose also inhibited pigment
production in S. marcescens strain PIC3611 and found that glucose conferred nearly complete
inhibition of wild-type pigment production in LB liquid (Table 2 and Fig. 1).

If glucose inhibits prodigiosin production through reduction of bacterial cCAMP levels, then
glucose should have no effect upon crp mutants, because the CRP protein is required to respond
to cAMP. Mutation of crp in our strain background eliminated the effect of exogenous cAMP
on fimbriae production and expression of flhD [18] [33], supporting the notion that this strain
is unresponsive to CAMP as a second messenger. We observed that crp mutants had a
hyperpigment phenotype that was highly sensitive to glucose in LB liquid (Table 2, Fig. 1).
This suggests that glucose inhibits prodigiosin production in a cAMP-independent manner.

The glucose effect was also tested in defined minimal medium to ensure it was not an artifact
of working with LB medium. There was undetectable prodigiosin production in liquid minimal
medium (data not shown); however, pigment production was observed on M63 agar plates. A
statistically significant decrease in pigment production was observed for both WT and crp-
A4 mutants grown on M63 agar when glucose levels were increased (Table 2). These results
support the model showing that glucose inhibits pigment production in a cAMP-independent
manner, and suggest that previous studies misinterpreted the glucose effect on prodigiosin as
being due to altered CAMP levels.

3.2. Prodigiosin production is dependent upon cAMP-related genes: cyaA, crr and crp

Mutation of genes involved in production of cAMP (crr, cyaA) or cAMP-dependent
transcriptional signaling (crp) conferred a dramatic increase in red pigment production
compared to the wild type (Table 2). We performed experiments to quantify the role of these
catabolite repression system genes in pigment production. As noted above for CyaA, the Crr
protein of S. marcescens is also required for cAMP production in our strain background, as
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mutants have a severe reduction in intracellular cCAMP levels [18]. Prodigiosin levels from
stationary phase cultures grown in LB medium were found to be elevated >400% in the
cyaA strain over wild-type levels (Table 2). This hyperpigment phenotype was complemented
by the wild-type cyaA gene on a multicopy plasmid (cyaA-2 + pcyaA) (Table 2). A similar
trend was observed with different crp mutant alleles (crp-44 and crp-23) (Table 2). We were
able to complement the hyperpigment phenotype of crp mutants with the wild-type crp gene
in trans (crp-23 + pcrp), but not by the same plasmid with a 4 bp deletion in the crp gene
(crp-23+ pcrp-44) (Table 2). Furthermore, multicopy expression of the wild-type crp gene in
the crp-23 mutant (crp-23 + pcrp), but not multicopy expression of a mutant crp allele
(crp-23 + pcrp-44) confers pigment levels lower than the wild-type, suggesting that multicopy
expression of the functional crp gene inhibits prodigiosin production (Table 2).

Further supporting the idea that inactivation of the cAMP-dependent catabolite repression
system activates prodigiosin production, we were able to efficiently screen for random
transposon-induced mutations in crp, crr, and cyaA genes based upon their hyper-red colony
phenotype, e.g. crp-23 (Table 2, data not shown). Random transposon-induced suppressor
mutations of the crp hyperpigment phenotype mapped to prodigiosin biosynthetic genes
pigB, pigC, pigD and pigM, confirming our spectrophotometric analysis (Materials and
methods section) indicating that the hyperpigmented phenotype of crp mutants was due to
elevated levels of prodigiosin rather than some other red pigment (Table 2 and data not shown).
The use of multiple mutant alleles and complementation analysis provides strong genetic
evidence in support of the hypothesis that prodigiosin is inhibited by cAMP in our strain
background.

Insertion mutagenesis of crp in the S. marcescens strain Nima (ATCC#29632), which has been
extensively used to study prodigiosin production [14,38], led to a similar increase in red
pigment production, indicating that CRP's impact is not limited to our laboratory strain
background (Table 2).

3.3. Prodigiosin production is inhibited by exogenous cAMP

If cAMP negatively regulates prodigiosin production, then growth of bacteria in medium
supplemented with cAMP should yield reduced pigment production. A cAMP dose-dependent
decrease in pigment production by the WT strain was measured (Fig. 2A). Exogenous cCAMP
reversed the hyperpigment phenotype of cyaA mutants (Fig. 2B) and inhibited prodigiosin
production in pigmented S. marcescens strains Nima, K904 and CHASM (Table 2), suggesting
a conserved regulatory mechanism among diverse strains.

Mutation of crp was predicted to render pigment production unresponsive to exogenous cCAMP,
since CRP is required for cCAMP-induced signal transduction. Consistently, we observed no
significant change (p=0.46) in prodigiosin levels from the crp mutant grown with cAMP at 10
mM (Fig. 2B). Because the crp mutant was unaffected, we conclude that the effect of CAMP
on pigment production was through the cAMP-CRP signal transduction pathway rather than
an unknown physiological effect from the exogenous cAMP. Growth of WT, cyaA and crp
mutants is not decreased by exogenous cAMP [18] (data not shown).

3.4. Multicopy expression of a bona fide cAMP phosphodiesterase gene increases
prodigiosin production

The E. coli cAMP phosphodiesterase gene, cpdA, codes for a protein that hydrolyzes cCAMP
into 5'-AMP [17]. We predicted that multicopy expression of a known cAMP
phosphodiesterase gene would increase pigment production if CAMP negatively regulates
prodigiosin production. To do this, we cloned the cpdA gene from E. coli and placed it under
the control of the E. coli Plac promoter on a medium-copy pBBR1-based plasmid (pcpdA). To
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ensure that multicopy expression of this gene conferred phosphodiesterase (PDE) activity, an
E. coli cpdA::kan mutant was transformed using pcpdA, and phosphodiesterase activity was
measured from the resulting crude lysates. A significant increase in PDE activity was observed
in cells bearing multiple copies of cpdA compared to the same strain with the empty vector
(pPMQ131) (Fig. 2C). We found that multicopy expression of cpdA in WT S. marcescens
conferred a significant increase in pigment production (Fig. 2D), without altering growth (data
not shown).

A mutant version of cpdA (cpdA-1) was fortuitously made through PCR errors, with S70F and
G80S changes. Multicopy expression of this mutant version conferred an intermediate amount
of phosphodiesterase activity upon E. coli (Fig. 2C). Multicopy expression of the mutant
cpdA-1 allele in WT S. marcescens conferred a moderate significant increase in pigment
production (Fig. 2D), correlating PDE activity with pigment production. Another mutant strain
with only an S70F mutation was found and had no difference in PDE activity (data not shown);
from this result we infer that a G80S change deleteriously impacts CpdA's PDE activity.

3.5. Control of pigA transcription by cAMP-CRP

If CAMP inhibits pigment production at the transcriptional level, then exogenous cAMP would
be expected to produce a decrease in expression of the prodigiosin biosynthetic operon. To test
this prediction, we generated a chromosomal pigA-lacZ transcriptional reporter (pigA is the
first gene in the prodigiosin biosynthetic operon), grew bacteria to early log phase, split the
cultures and added cAMP to various concentrations. Bacteria were harvested at Aggg nm =5.5
(~12 h) in early stationary phase when pigA transcript levels are predicted to be highest, and
B-gal levels were determined. Similar to its effect on pigment production, exogenous cAMP
reduced wild-type pigA-lacZ expression in a significant dose-dependent manner (Fig. 3A).

In the absence of exogenous cCAMP, the wild-type strain with the pigA-lacZ construct exhibited
a culture density-dependent increase in B-galactosidase activity, in agreement with previous
reports (Fig. 3B) [8,10]. In crp mutant strains, the amount of pigA-lacZ-associated [3-
galactosidase activity was ~5-fold higher (Aggo=4) than WT levels, (Fig. 3B). Two different
crp mutant alleles were used to support the notion that the phenotype was a result of crp
mutation.

A previous report speculated that CRP may regulate pigment production, as a predicted CRP-
binding site was detected upstream of the pigment biosynthetic operon in Serratia sp. ATCC
39006 [8]. The ATCC 39006 species has the pigment biosynthetic operon located in a different
genomic context compared to several analyzed strains of S. marcescens [15]. We found that
the sequence of the pigA promoter from our strain is highly similar to the reported pigment
operon promoter from S. marcescens strain 274 [15], and neither have a predicted CRP binding
site within 400 base pairs of the start codon. Although there was no consensus CRP binding
site in the pigA promoter region, we performed EMSA assays with purified CRP to determine
whether CRP directly binds the pigA promoter. We used the S. marcescens flhD promoter
region as a putative positive control, as we had previously shown that flhD expression is
positively regulated by cAMP and CRP [33], and the flhD promoter region has a predicted
CRP binding site [13]. CRP bound DNA upstream of the flnD open in vitro (lane 2, Fig. 3C),
whereas DNA upstream of pigA was not bound (data not shown). As an alternative method to
test for CRP binding to pigA, we attempted to titrate out CRP-flhD promoter binding with
excess unlabeled pigA promoter DNA. CRP-flhD promoter interactions could be inhibited by
an excess of unlabelled flhD DNA (lane 3-4, Fig. 3C); however, an excess of unlabelled
pigA promoter DNA was unable to compete for CRP-flnD promoter interactions (lane 5-7, Fig.
3C). Lastly, EMSA reactions performed with crude lysates from both WT and a crp-23 mutant
strain both conferred gel shifts of the pigA promoter, supporting the idea that the pigA promoter
can be bound under our experimental conditions and that the gel shift occurs in the absence of

Res Microbiol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

CRP (lane 2,5, Fig. 3D). Together these experiments support the model indicating that cAMP-
CRP negatively regulates the prodigiosin biosynthetic operon in an indirect manner, rather than
by directly binding to the pigA promoter.

4. Discussion

Here we present a model in which cAMP-CRP negatively regulates prodigiosin production
through transcriptional control of the pigment biosynthetic operon. In support of this model,
(1) mutation in genes known to be required for full levels of intracellular cAMP in our strain
background conferred a large increase in pigment production, and this hyperpigment phenotype
could be suppressed by exogenous cAMP; (2) null mutation of the crp gene, which is necessary
for the cell to respond to cAMP, conferred a significant increase in prodigiosin, and this
hyperpigment phenotype could not be reversed by exogenous cAMP; (3) multicopy expression
of a functional but not a null mutant version of the crp gene reduced pigment production; (4)
multicopy expression of a functional bona fide cAMP-PDE gene conferred a significant
increase in pigment production; (5) expression of the first gene of the pigment biosynthetic
operon (pigA) is inhibited by exogenous cCAMP, and increased in crp mutants. The absence of
a CRP binding site in the S. marcescens pigA promoter and the negative EMSA studies suggest
that CRP indirectly regulates pigment biosynthetic operon expression. This may not be
surprising, given the large number of pigment regulators described in Serratia sp. ATCC 39006
and S. marcescens that likely serve as intermediate regulators, reviewed by Williamson, et al.
[39].

Previous reports have suggested a positive regulatory role for CAMP in Serratia prodigiosin
production. One report showed that glucose severely repressed prodigiosin production in S.
marcescens and that this inhibition could be reduced by theophylline [4], which is a potent
inhibitor of purified cAMP phosphodiesterase activity in vitro [26]. While these are interesting
observations, it was not clear whether the exogenous addition of glucose or theophylline had
effects on multiple regulatory systems that could lead to altered pigment production. Data
presented here also support the hypothesis that glucose inhibits prodigiosin production, but
suggest that this is a cCAMP-independent phenomenon, as glucose also inhibits pigment
production in a crp mutant. We are in the process of finding and characterizing genes in this
pathway using random mutagenesis.

Another report more strongly suggests that CAMP is a positive regulator of prodigiosin
production [40]. In that report, a S. marcescens strain lacking adenylate cyclase (CyaA) and
cAMP phosphodiesterase activity exhibited reduced pigment production and this deficiency
could be rescued by exogenous cAMP, though these findings were not quantified [40]. The
differences between the previous study and the current one could be due to strain differences,
which are common amongst S. marcescens strains [20,31,33]. Phenotypes from the strain used
in the former study [40] were not complemented nor were the mutations mapped, so these
effects could result from unknown mutations elsewhere in the chromosome. The lack of
adenylate cyclase activity in the strain used in the former study [40] could stem from mutation
of the cyaA gene, the crr gene or other possible regulators of cAMP production and pigment.
The data presented here show a negative role for cAMP in pigment production by four different
strains (Table 2) using defined isogenic strains with mutations in catabolite repression genes
to establish this role.

A recent report by Haddix and coworkers provides evidence that prodigiosin has a role in
energy spilling [14]. Given the known role of cAMP in the starvation response of E. coli, it
follows that cAMP production and prodigiosin production would be inversely regulated, as it
would be counterproductive to activate an energy spilling mechanism (prodigiosin production)
under starvation conditions (elevated cAMP levels). Together, these data support a teleological
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argument for why cAMP would be directly tied to prodigiosin production under both favorable
environmental conditions and starvation conditions. The role of CAMP in inhibition of
prodigiosin has been observed in another common soil microorganism, Streptomyces
coelicolor, suggesting a conserved role [34].

Prodigiosin has potential as a therapeutic anti-cancer agent [27]. Several studies have reported
methods to increase prodigiosin production by alteration of media constituents or by cloning
of the prodigiosin biosynthetic operon [7,12] [15,35]. Here we have characterized a significant
increase in pigment production by mutation of catabolite repression system components,
suggesting that this pathway could be exploited in large-scale production of prodigiosin.
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Fig. 1.

Mutation of crp confers a hyperpigment phenotype and prodigiosin production is inhibited by
glucose. (Top) Growth and prodigiosin production by WT (fimC-4) and an isogenic crp (crp-1
fimC-2) mutant strain in LB medium. The fimC mutation is used to maintain a homogenous
culture, as crp mutants aggregate and form robust biofilms on test tubes that could complicate
growth analysis. The average of 4 independent replicates per strain are shown. (Bottom)
Growth and prodigiosin production by WT (fimC-4) and an isogenic crp (crp-1 fimC-2) mutant
strain in LB medium supplemented with 2% glucose. The averages of 4 independent replicates
per strain are shown. These experiments were performed on different days with the same trend.
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Fig. 2.

Exogenous cAMP inhibits prodigiosin production, whereas multicopy expression of a bona
fide cAMP-PDE gene confers a hyperpigment phenotype. (A) Exogenous CAMP in LB
medium elicits a dose-dependent reduction in prodigiosin production from the WT strain.
Prodigiosin levels normalized by culture density are shown as a percentage of WT without
exogenous CAMP. This experiment shows the average of 11-12 independent replicates per
cAMP concentration from three experiments performed on different days. (B) Prodigiosin
levels with respect to culture density in the presence or absence of cCAMP (10 mM) in LB
medium. Prodigiosin production by the cyaA, but not crp mutant is sensitive to exogenous
CAMP. This experiment shows the average of 6 independent replicates per genotype; the
experiment was performed two times on different days. (C) Phosphodiesterase (PDE) activity
from crude lysates of a cpdA mutant of E. coli with an empty pBBR1-based vector, the vector
expressing WT cpdA from E. coli (pcpdA), or a mutant version (pcpdA-1) using bis-pNPP as
a substrate. The WT cpdA gene confers PDE activity, whereas the pcpdA-1 mutant confers an
intermediate phenotype, indicating partial function. The data are from 10-12 independent
replicates from two separate experiments performed on different days. Experiments were
performed in LB medium. (D) Prodigiosin production by WT S. marcescens bearing an empty
pBBR1-based vector, the vector expressing WT cpdA from the E. coli P 5 promoter (pcpdA),
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or a partial-function mutant version (pcpdA-1). The cpdA gene confers a hyperpigment
phenotype to the WT, and the pcpdA-1 mutant confers an intermediate phenotype. The data
are from n>10 independent replicates from two separate experiments performed on different
days. Experiments were performed in LB medium. Asterisk = statistically significant
difference from prodigiosin levels achieved without cAMP (p<0.05) by one-way ANOVA with
the Tukey post-test. Error bars = one standard deviation.
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Fig. 3.

A chromosomal pigA-lacZ fusion is regulated by CRP and exogenous cAMP. (A) Exogenous
CAMP in LB medium elicits a dose-dependent reduction in chromosomal pigA-lacZ B-
galactosidase activity at Aggp=5.5 in a WT background. This experiment shows the average of
12 independent replicates per CAMP concentration, performed on two different days. (B) B-
galactosidase activity as expressed from the chromosomal pigA promoter with respect to
culture density in LB medium. This experiment shows the average of 3 independent replicates
per genotype, the experiment was performed two times on different days with similar results.
Experiments were performed in LB medium. (C) Competitive EMSA to determine the ability
of unlabeled DNA to compete with Hisg-CRP-flhD interactions. Biotin-labeled flhD promoter
DNA (1 ng) was incubated with Hisg-CRP at 0 ng (lane 1) or 50 ng (lanes 2-7) per reaction.
Unlabeled promoter fragments of flnD (lanes 3-4) and pigA (lanes 5-7) were incubated in the
specified binding reactions at 0 ng (lanes 1-2), 50 ng (lane 3), 200 ng (lanes 4 - 5), 400 ng (lane
6) or 600 ng (lane 7). The asterisk indicates the migration of unbound labeled-flhD promoter
DNA, signifying successful competitive inhibition of Hisg-CRP-flhD promoter interactions
(lanes 3-4). (D) EMSA analysis with crude lysates. Biotin-labeled pigA promoter DNA (2 ng,
lanes 1-6) was incubated with crude lysates from WT (lanes 2-3, 10 pg of protein) or crp-23
cultures (lanes 5-6, 8 ug of protein). Lanes 1 and 4 have no protein added. Unlabeled pigA
promoter DNA (1100 ng) was added (lanes 3 and 6) to compete for binding. Asterisk =
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statistically significant difference from prodigiosin levels achieved without cAMP (p<0.05)
by one-way ANOVA with the Tukey post-test. Error bars = one standard deviation.
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Table 1

Strains and plasmids

Strain or plasmid

Description

Reference or source

S. cerevisiae

InvScl

E. coli

SM10 Apir
S17-1 Apir
JM3000 cpdA::kan
S. marcescens
CMS376 WT
CMS737
CMS641
CMS524
CMST772
CMS786
CMS592B
CMS613
CMS794
CMS1687
CHASM
K904

Nima
CMS1812
Plasmids
pMQ117
pMQ118
pMQ124

pMQ131
pStvZ3

pMQ236

pMQ240
pRMQS157/pcyaA
pRMQS166/pcrp
pEJK2/pcrp-44
pEJK3/pcpdA
pEJK4/pcpdA-1
PRMQS242
pRMQS260
pRMQS268

MATa/MATa leu2/leu2 trp1-289/trp1-289 ura3-52/ura3-52
his3-41/his3-41

thi thr leu tonA lacY supE recA::RP4-2Tc::Mu pir
thi pro hsdR hsdM* ArecA RP4-2::TcMu-Km::Tn7 pir

cpdA null mutation

PIC strain number 3611

fimC-4

crp-1 fimC-2

cyaA-2 (transposon mutation)
crr-1 (insertion mutation)
crp-23 (transposon mutation)
pigB::Tnmariner

crp-1 (insertion mutation)

crp-1 pigB::Tnmariner

crp-44 (deletion mutation)
pigmented environmental isolate
pigmented ocular clinical isolate
ATCC#29632

Nima crp-1

oriPSC1018, aacCl, oriT, Pja-lacZa, URA3, CENB/ARSH4
nptil, rpsL, oriT, oR6K, URA3, CEN6/ARSH4

oriiCOIEL, Pgap-lacZa, ipRO1600, 4ip15a, oriT, URA3,
CEN6/ARSH4

oriPBBR1, aphA-3, oriT, URA3, CEN6/ARSH4
oriRBK lacZ nptll promoter probe, oriT, URA3, CEN6/ARSH4
pMQ118 with I-Scel site

pMQ117 + I-Scel meganuclease, oriT
pMQ131 + cyaA

pMQ131 with crp ORF

pRMQS166 with crp-44

pMQ131 + cpdA

pMQ131 + cpdA-1 (S70F,G80S)

pMQ124 + Hisg-crp

pMQ236 + crp-44

pStvZ3 + pigA internal fragment

Invitrogen

[23]
[23]

E. coli Genetic Stock Center

Presque Isle Cultures
[18]

[18]

[18]

[18]

This study
This study
[18]

This study
This study
This study
This study
Pryce Haddix
This study

[30]
[30]
[30]

[30]
This study
[30]
[30]
[18]
This study
This study
This study
This study
This study
This study
This study
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Effect of glucose, cCAMP and mutations upon prodigiosin production.

Table 2

Strain@ MediumP Prodigiosin®
WT LB 0.14 £ 0.02
WT LB + glucose (2% w/v) <0.01
crp-23 LB 0.88+0.18
crp-23 LB + glucose (2% w/v) <0.01

WT M63 + glucose (0.4% w/v) 0.47+0.11
WT M63 + glucose (2% w/v) 0.16+0.03*
WT M63 + glucose (4% wi/v) 0.16+0.02*
crp-44 M63 + glucose (0.4% w/v) 1.20+0.23
crp-44 M63 + glucose (2% w/v) 0.23+0.06*
crp-44 M63 + glucose (4% w/v) 0.17+0.07*
cyaA-2 LB 0.63 +0.03
crr-1 LB 0.48 +0.01
crp-44 LB 0.92+0.16
WT + pMQ131 (vector) LB 0.13+0.03
WT + pcyaA LB 0.15+0.02
cyaA-2 + pMQ131 (vector) LB 0.46 + 0.04
cyaA-2 + pcyaA LB 0.11 +0.02
crp-23 + pMQ131 (vector) LB 1.19+0.22
crp-23 + perp LB <0.01
crp-23 + pcrp-44 LB 1.03+£0.03
pigB::Tnmariner LB <0.01
crp-1 pigB::Tnmariner LB <0.01
Nima LB 0.30 £ 0.03
Nima crp-1 LB 3.93+0.59
Nima LB + cAMP (10 mM) 0.05 +0.01
K904 LB 0.33 +£0.06
K904 LB + cAMP (10 mM) 0.13+0.01
CHASM LB 0.06 £ 0.01
CHASM LB + cAMP (10 mM) 0.02 +0.01

aAII strains in CMS376 background unless noted. All experiments were performed in LB liquid medium.

bExperiments with LB were done in liquid medium, M63 were with solid medium.
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A534/A600, measured at 16-18 h; for LB experiments, a representative experiment is shown with the average of 4 independent biological replicates
per data point + one standard deviation. For M63 experiments, data is an average of 8 independent replicates from two separate experiments per strain

+ one standard deviation.
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