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Transcriptional regulation of sdiA by cAMP-
receptor protein, LeuO, and environmental signals
in Salmonella enterica serovar Typhimurium

Amy L. Turnbull, Wook Kim, and Michael G. Surette

Abstract: The sdiA gene encodes for a LuxR-type transcription factor, which is active when bound to N-acyl homoserine
lactones (AHLs). Because Salmonella enterica serovar Typhimurium does not produce AHLs, SdiA senses signals produced
by other organisms. SdiA is not expressed constitutively, and response is limited to conditions in which elevated expression
occurs, but little is known about the regulation of sdiA expression. Here we map the sdiA promoter and define several regu-
lators that directly or indirectly act on the promoter. The major activator of sdiA expression is cAMP-receptor protein
(CRP), and we define the CRP operator in the sdiA promoter using promoter and crp mutants. LeuO activates sdiA expres-
sion to a lesser extent than does CRP. We demonstrate that LeuO directly binds the sdiA promoter and the Rcs phosphorelay
represses sdiA expression. In this study, NhaR, IlvY, and Fur affected sdiA expression indirectly and weakly. Expression in
late-stationary phase depended on RpoS. AHL-dependent expression of the SdiA-regulated gene rck correlated to the ob-
served sdiA transcriptional changes in regulator mutants. The data demonstrate that regulation of sdiA involves integration
of multiple environmental and metabolic signals.

Key words: Salmonella enterica, SdiA, acyl homoserine lactone, quorum sensing.

Résumé : Le géne sdiA code un facteur de transcription de type LuxR qui est actif lorsque lié aux acyl-homosérine-lactones
(AHL). Puisque Salmonella enterica du sérovar Typhimurium ne produit pas de AHL, SdiA détecte les signaux produits par
d’autres organismes. SdiA n’est pas exprimé de facon constitutive et la réponse qui en dépend est limitée aux conditions ou
son expression est élevée, mais on connait peu de choses de la régulation de ’expression de sdiA. Nous avons cartographie
le promoteur de sdiA et nous avons défini plusieurs régulateurs qui agissent directement ou indirectement sur ce promoteur.
Nous avons déterminé que CRP est le principal activateur de 1’expression de sdiA et nous avons caractérisé le site opérateur
de CRP sur le promoteur de sdiA a ’aide de mutants du promoteur et de crp. LeuO active 1’expression de sdiA a un degré
moindre que CRP. Nous avons démontré que LeuO se lie directement au promoteur de sdiA. Le systeme de phosphorelais
Res réprime I’expression de sdiA. NhaR, IIvY et Fur affectent indirectement et faiblement 1’expression de sdiA. Son expres-
sion lors de la phase stationnaire tardive dépend de RpoS. L’expression du gene rck, régulée par SdiA et dépendante des
AHL, est corrélée avec les changements transcriptionnels de sdiA observés chez les mutants du régulateur. Les données dé-

montrent que la régulation de sdiA implique I’intégration de multiples signaux environnementaux et métaboliques.

Mots-clés : Salmonella enterica, SdiA, acyl-homosérine lactone, détection du quorum.

[Traduit par la Rédaction]

Introduction

Cell—cell signalling (quorum sensing) enables bacteria to
communicate and receive information about other bacteria
present in their environment (Ng and Bassler 2009; Njoroge
and Sperandio 2009; Decho et al. 2010; Jakubovics 2010).
Cell—cell signalling results from the production of signalling
molecules and their accumulation in the surrounding environ-
ment. At some threshold concentration, the signalling mole-

cules bind to receptors on or in the bacterial cell, leading to
changes in gene expression in the responding cell (Keller and
Surette 2006). Bacteria can use cell-cell signalling mecha-
nisms to coordinate their behaviour through changes in gene
expression to better suit a particular environment. One
quorum-sensing system found in gram-negative bacteria uses
N-acyl homoserine lactones (AHLs) as a signal (Ahmer et al.
2007; Gorshkov et al. 2010; Mei et al. 2010; Weeks et al.
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2010). AHLs are synthesized from S-adenosylmethionine and
acyl-ACP, usually by LuxI family synthases (Laue et al.
2000; Miller and Bassler 2001; Ng and Bassler 2009). AHLs
are typically sensed by LuxR family receptors, which, upon
AHL binding, then bind DNA at specific sites and alter tran-
scription of a set of genes (Gray and Garey 2001; Gorshkov
et al. 2010; Mei et al. 2010; Weeks et al. 2010).

SdiA is a LuxR homologue found in Salmonella, Escheri-
chia, and Klebsiella that lacks a cognate AHL synthase
(Ahmer 2004). In Salmonella, SdiA is hypothesized to re-
spond to signals produced by other organisms (Michael et al.
2001; Smith and Ahmer 2003). SdiA has relaxed binding
specificity to AHLs, and synthetic homothiolactones are the
strongest activators of SdiA found to date (Janssens et al.
2007). SdiA activates two operons in Salmonella in response
to AHL binding, rck on the pSLT virulence-associated plas-
mid and srgE on the chromosome (Ahmer et al. 1998; Smith
and Ahmer 2003). rck is a six-gene operon including pefl
(transcription factor for upstream pef operon), srgD (putative
transcription factor), srgA (DsbA homologue involved in Pef
assembly in periplasm), srgB (putative lipoprotein), rck (ad-
herence to laminin and fibronectin, also resistance to comple-
ment killing), and srgC (putative transcription factor).

Recent studies have demonstrated that SdiA can be active
in the gut and that it responds to AHLs produced by other
species. SdiA was activated during transit through turtles by
AHLs produced by Aeromonas hydrophila (Smith et al.
2008) and through mice that were coinfected with Yersinia
enterocolitica (Dyszel et al. 2010). However, activation of
SdiA did not appear to confer a fitness advantage when com-
pared with a sdiA- strain.

The SdiA regulon in Escherichia coli was identified ini-
tially using SdiA overexpressed from plasmids, but no regula-
tion was detected when the sdiA gene was in its native context
(Wei et al. 2001). Previously, our laboratory has shown that
sdiA expression was increased in swarm cells (Kim and Sure-
tte 2006). In addition, it was observed that sdiA expression
was increased in Luria—Bertani (LB) broth containing 2%
NaCl when compared with LB with 0.5% NaCl. These results
indicate that there is a differential expression of sdiA that is
growth condition dependent. The regulators of sdiA, however,
are not known. In this study, the regulation of sdiA transcrip-
tion and sdiA promoter organization was investigated.

Materials and methods

Bacterial strains, plasmids, and growth conditions

All strains and plasmids and primers used in plasmid con-
struction are listed in Table 1. For routine growth, strains were
cultured in Luria—Bertani broth (LB-Miller (Invitrogen), 10 g
peptone, 5 g yeast extract, and 10 g NaC, per litre) at 37 °C
and 200 r-mim~!'. For experiments on sdiA gene expression,
cells were grown in LB-marine (LM), which contains 2%
NaCl. LBns refers to LB made with no NaCl. When required,
kanamycin, chloramphenicol, and ampicillin were used at
50 pg-mL-!, 12.5 pg-mL-!, and 100 pg-mL-!, respectively.

Construction of plasmids, mutants, and DNA fragments
for electrophoretic mobility shift assays

All DNA manipulations were conducted using standard
techniques (Sambrook and Russell 2001). sdiAl, sdiA2, and
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sdiA3 reporters were constructed using the same 3’ primer as
for sdiAO, sdiA5'B, as published previously (Kim and Surette
2006). All regions used in the construction of transcriptional
reporters were PCR amplified, then digested with Xhol and
BamHI. nhaR and ilvY were cloned into pBADI8 using
EcoRI and HindlIll, leuO was cloned into pBADIS using
HindIlll and Sacl, and leuO was cloned into pQES using
BamHI and HindIIl. All restriction enzymes were from Invi-
trogen Canada. Specific gene deletions were constructed us-
ing the A red recombinase system (Datsenko and Wanner
2000). All mutations, including those in strains obtained
from the Salmonella Genetic Stock Centre, were moved into
the Salmonella serovar Typhimurium background using the
P22 phage and methods described previously (Maloy 1990).

Luciferase assays

For time-course measurements of gene expression and op-
tical density, cultures were measured every 30 min in a Vic-
tor2 1420 (PerkinElmer Life Sciences) as described by
Bjarnason et al. (2003). Luciferase activity was expressed in
counts per second. For all other measurements of gene ex-
pression, 100 pL of culture in biological triplicate was meas-
ured with a 1 s read time in a Trilux Scintillation Counter
(PerkinElmer Life Sciences). Counts-per-second values were
normalized to the optical density of the culture- or colony-
forming units, yielding relative light units.

Primer extension

Cells were grown in LM at 37 °C at 200 r-min~! and were
harvested in late exponential phase. Because the sdiA gene is
weakly expressed, a point mutant that has greater activity
than the wild promoter was used (sdiAl-cle4, see below).
RNA was extracted from cells (QIAGEN RNeasy Mini-kit)
and an on-column DNA digestion was performed. RNA
(20 pg) was used in the following reactions. RNA was re-
verse transcribed into cDNA using Superscript II Reverse
Transcriptase (Invitrogen) with the use of a Vic-labeled
PZEO06 primer (Applied Biosystems), which anneals to a site
in luxC, yielding labelled cDNA (Bjarnason et al. 2003).
RNA was digested using RNase Iy (NEB). cDNA was cleaned
and was concentrated to 6 pL. on a PCR purification column
(Zymogen). A regular sequencing reaction of cl-e4 with the
PZEO06 primer and the primer extension reaction were com-
pared by capillary electrophoresis (DNA Sequencing Facility,
University of Calgary, Calgary, Alberta, Canada). On the
electrophoretogram, the sequencing reaction was aligned
with the sequencing reaction containing the labelled cDNA,
allowing determination of the transcription initiation site as
in the cDNA reaction.

Promoter point mutant library construction

Error-prone PCR of the wild-type sdiA promoter with pri-
mers used in the construction of sdiAl was conducted by ad-
justing MnCl, to 62.5 umol-L-! (Pritchard et al. 2005). The
products were cloned into pCS26-Pacl as described previ-
ously (Turnbull and Surette 2008). The ligation reaction was
transformed into wild-type 14028 and plated onto LM agar.
Colonies were imaged using an Alpha Imager FluorChem
8900 CCD camera (Alpha Innotech Corp.). Colonies were
picked up using sterile toothpicks and were inoculated into
1 mL cultures in 96-well deep-well plates. These plates were
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Table 1. Strains, plasmids, and primers used in this study.

Can. J. Microbiol. Vol. 58, 2012

Strain, plasmid,

or primer Relevant characteristic(s) Source or reference

Strains

Wild type Salmonella Typhimurium 14028 ATCC 14028

crp” Donor: Salmonella Typhimurium LT2 crp::Tnl0 trpB223 Salmonella Genetic Stock Centre,

strain PP1037

Recipient: Salmonella Typhimurium 14028

leuO leuO::cat This study

ArpoS Deletion of rpoS White and Surette 2006

resD resD:icat This study

E12 resD::Tnl10dCm This study

ilvy ilvY::cat This study

nhaR nhaR::cat This study

R18 Donor: Salmonella Typhimurium galES54 lky-1 fur-1 Salmonella Genetic Stock Centre,

rpsL1266 strain R18

Recipient: Salmonella Typhimurium 14028

Plasmids

pCS26 Low-copy luxCDABE vector Bjarnason et al. 2003

pBAD18 High-copy vector containing inducible promoter Guzman et al. 1995

pBR322 High-copy vector NEB

pQES Protein expressing vector QIAGEN

pUCI19 High-copy vector NEB

sdiAO pCS26 containing 14028 sdiA promoter, 709 nt Kim and Surette 2006

sdiAl pCS26 containing 14028 sdiA promoter, 377 nt This study

sdiA2 pCS26 containing 14028 sdiA promoter, 237 nt This study

sdiA3 pCS26 containing 14028 sdiA promoter, 137 nt This study

pps:pBR pBR322 containing entire pps gene This study

leuO:pQES pQES containing lexO coding region This study

leuO:pBAD pBADI18 containing lexO coding region This study

JIhDC:lux pCS26 containing flhDC promoter —

lacZ:lux pCS26 containing E. coli MG1655 lacZ promoter —

ilvY:pBAD pBADI18 containing ilvY coding region This study

nhaR:pBAD pBADI18 containing nhaR coding region This study

SsitA:lux pCS26 containing sitA promoter Bjarnason et al. 2003

rek:lux pCS26 containing rck promoter Kim and Surette 2006

Primers

LeuOdell AGCCAGAAAAAGGGAGTTAAGCGTGACAGTG This study
GAGTTAAATGTGTAGGCTGGAGCTGCTTC

LeuOdel2 GGAATAAACCAGAATTTGTTTCTGATTTATTCT This study
GCCCGGTTCCTCCTTAGTTCCTATTCCG

ResDdell CCTTCACCTTCAGCGTTGCTTTTACAGGTCG This study
TAAACATAAGTGTAGGCTGGAGCTGCTTC

ResDdel2 TGTTCATGTATTGGGCTACCTTGCTACAGC This study
AAGCTTTTGACCTCCTTAGTTCCTATTCCG

IlvYdell CTAATTCGGTAAAATCTTCCAGAACGCATCA This study
ATTAGCGGCGT GTA GGC TGG AGC TGC TTC

TlvYdel2 GTGGATTTACGCGATCTAAAAACCTTCTTGC This study
ATCTGGCGGCCTCCTTAGTTCCTATTCCG

NhaRdell ATGAGCATGTCTCATATTAACTACAACCATC This study
TTTATTATTGTGTAGGCTGGAGCTGCTTC

NhaRdel2 CTACTGTAGTTTAAACAATGCCGAGTAGTC This study
CGCATTGCAAACCTCCTTAGTTCC TATTCCG

sdiAl-1 AGTCCTCGAGTACCCGCCAGTTCCTTGAGA This study

sdiA2-1 AGTCCTCGAGCAAAAAGTGTAATGCCGCTG This study

sdiA3-1 AGTCCTCGAGATCAATATCAAAGGCGTGAC This study

LeuOgE8-1 AGTCGGATCCCCAGAGGTCAAAACCGAAAAG This study

LeuOqES8-2 AGTCAAGCTTTATTCTGCCCGGTTTTATCG This study

IR
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Strain, plasmid,

or primer Relevant characteristic(s) Source or reference
LeuObadl AGTCAGCTCCGTGACAGTGGAGTTAAATATG This study
LeuObad2 AGTCAAGCTT TATTCTGCCCGGTTTTATCG This study
IlvYpadl AGTCAAGCTTAAGCCTGTTCGGGTAATGGTAG This study
TlvYbad2 AGTCGAATTCAAACCGGAGGTCTGTCTGTG This study
NhaRbad1 AGTCGAATTCCATTGAACAGGGAGAGAAATG This study
NhaRbad2 AGTCAAGCTTATACCGCAGCCGGAAGTATTAC This study
ilvCl AGTCCTCGAGGCTGGCCGAGATCTTCTTC This study
ilvC2 AGTCGGATCCTAAAGCGGCATTTACCCAAC This study
nhaAl AGTCCTCGAGTGCACGTTTGATGAAAATGG This study
nhaA2 AGTCGGATGCAAATGGGTGCAGATGTTTCAC This study
leulL1 AGTCGGATCCGAACGATATGTGACATTAATTC This study
leul.2 AGTCGGATCC TATTTAACTCCACTGTCACGC This study
sdiA0-Al AGTCGGATCCCGCGGATGCTGAGGATC This study
sdiAl-Al AGTCGGATCCGCTTCCGCCTGAGAG This study
sdiA2-A3 AGTCGGATCCAATCATTATTATGAA This study

grown overnight and glycerol was added, and they were fro-
zen at —80 °C for future use. Plasmids were sequenced from
strains expressing sdiA at different levels from the wild-type
strain.

Screen to identify regulators of sdiA using random
overexpression of genomic fragments and transposon
mutagenesis

A random genomic overexpressing library of Salmonella
serovar Typhimurium consisting of fragments (~12 kb) of
the Salmonella serovar Typhimurium genome cloned into the
high-copy vector pBR322 was a gift from Dr. Aaron White.
This library was transformed into wild-type Salmonella sero-
var Typhimurium containing the sdiAO:lux construct. Trans-
formants were plated onto LM agar and grown overnight,
and luminescence pictures were taken. Colonies selected
were those that expressed sdiA at levels significantly different
from the wild-type strain, and a total of 44 plasmid inserts
were sequenced.

A Tn/0dCm (Elliott and Roth 1988) random transposon li-
brary of Salmonella serovar Typhimurium 14028 carried in
phage P22 was used to mutagenize Salmonella serovar Ty-
phimurium containing the sdiAO:lux construct. Transductants
were plated onto LM agar and grown overnight, and lumines-
cence pictures were taken. Colonies selected were those that
expressed sdiA at levels significantly different from the wild-
type strain. Transposon insertion sites were determined using
arbitrary primed PCR (Welsh and McClelland 1990).

LeuO purification

Histidine-tagged LeuO was purified using the pQE/pREP
system (QIAGEN). pQE8-LeuO was constructed by cloning
the leuO genes as a translational fusion into pQE8 amplified
using LeuOqe8-1 and LeuOqe8-2 primers (Table 1). Both
pREP4 and pQES-LeuO were transformed into M15. This
strain was grown overnight at 30 °C, 200 r-min~! in LB with
0.5% glucose with kanamycin and chloramphenicol. LeuO
expression was induced with 200 pmol-L-!' isopropyl-B-D-
thiogalactopyranoside (IPTG) for 3 h. Cells were harvested
by centrifugation for 10 min at 16 000g. The cells from a
100 mL culture were resuspended in 1 mL lysis buffer
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(50 mmol-L-! NaH,PO,, 500 mmol-L-! NaCl, 10 mmol-L-!
imidazole, pH 8). The protease inhibitor phenylmethylsul-
fonyl fluoride (PMSF) was added to 1 mmol-L-! final con-
centration, and lysozyme was added to 1 mg-mL-!. Samples
were incubated on ice for 30 min. Cells were flash frozen
and thawed three times, followed by sonication, until clear-
ing was observed. Insoluble cell debris was removed by
centrifugation at 4 °C, 10 000g, for 25 min.

Ni-NTA resin (QIAGEN) was prepared according to the
manufacturer’s instructions, and 1 mL was loaded into a col-
umn. The soluble fraction of 1 mL cell lysate (from 100 mL
culture) was applied to the resin. LeuO was eluted using an
elution buffer gradient (buffer 1: 50 mmol-L-! NaH,PO,,
500 mmol-L-! NaCl, 50 mmol-L-! imidazole; buffer 2:
50 mmol-L-! NaH,PO,, 500 mmol-L-! NaCl, 500 mmol-L-!
imidazole). The gradient of imidazole was 50 mmol-L-! to
500 mmol-L-!. Fractions (500 uL) were collected until no
elution buffer remained. Samples were kept on ice as an
SDS-PAGE was run to determine which eluates contained
LeuO. Fractions containing LeuO were pooled and dialyzed
overnight (Pierce Slide-a-lyser, 10 000 MWCO) against
2 mmol-L-! Tris—=HCI (pH 8) and 0.2 mmol-L-! EDTA. Sam-
ples were concentrated 20-fold by evaporation, and an equal
volume of 100% glycerol was added (100 pL LeuO solution
evaporated to 5 pL, with 5 pL glycerol added). LeuO was
stored at —80 °C until further use.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assays (EMSAs) were con-
ducted with either purified protein (LeuO) or the soluble
fraction of a cell lysate overexpressing a protein, and corre-
sponding knockout mutant of the gene as a negative control
(Hellman and Fried 2007). LeuO was used at 5.4 pmol per
reaction. In all EMSAs, the DNA being tested for binding
was at 10 ng per reaction; DNA consisted of PCR-amplified
promoters in H,O. Reaction volume was 10 pL. with 1 uL
10x binding buffer, 1 uL 10x BSA (NEB), and 1 pg nonspe-
cific DNA (herring sperm DNA, Invitrogen). Binding reac-
tions were incubated on ice for 30 min. Samples were applied
to a 6% DNA native PAGE with 0.5X Tris—borate-EDTA
(TBE) buffer (pH 7.5). DNA was visualized with Sybr
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Fig. 1. (A) sdiA promoter constructs showing upstream gene yecC (black), intergenic region (grey), and sdiA coding region (white). Total
length indicates length of transcriptional fusions fused to promoterless luxCDABE. Right panel: Reporter expression on Luria—Bertani (LB),
LB-marine (LM) agar plates, and expression in broth normalized to sdiA0. (B) Expression of sdiAO in decreasing NaCl or KCI. Bars from left
to right show maximal expression values (occurring between 7.5 and 9.5 h) in LB with no NaCl with 0.5 mol-L~!, 0.25 mol-L~!, 0.125 mol-L™,
0.0625 mol-L~!, 0.03125 mol-L"!, and no salt. (C) Expression of sdiA reporters in LM broth. CPS, counts per second.
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Green (Molecular Probes) in TBE (pH 7.5). For EMSASs us-
ing cell lysates, cultures were concentrated 100 times at the
time of harvest, and in the EMSA reaction, 1% cell-free ex-
tracts (final concentration) were used. For these reactions,
the nonspecific DNA was omitted because genomic DNA
served as a nonspecific competitor. For all EMSAs, a posi-
tive control was used, consisting of a promoter for which
published binding of the protein exists (Pp,z, Punaa, and
P;,c for LeuO, NhaR, and IlvY, respectively), as well as a
negative control consisting of a promoter with no known or
predicted binding sites for these proteins. The DNA used in
EMSAs was generated by PCR and was column purified
(Zymogen) (Table 1). sdiAO-Al, sdiAl-A2, and sdiA2-A3
were constructed using the corresponding primer pairs
(Table 1). Binding buffers (10x) for the proteins tested
were as follows: LeuO (0.2 mol-L-! HEPES KOH pH 8,
0.7 mol-L-! potassium glutamate, 1 mmol-L-! DTT,
5 mmol-L-! MgCl,) (modified from Chen and Wu 2005);
NhaR (0.2 mol-L-! Tris=HCI pH 7.5, 10 mmol-L-! EDTA,
1.5 mol-L-! NaCl, 10 mmol-L-! DTT, 10% glycerol) (modi-
fied from Goller et al. 2006); and IIvY (0.1 mol-L-! Tris—
HCl pH 7.5, 0.5 molL! KCI, 0.1 molL! MgCl,
1 mmol-L-! EDTA, 10 mmol-L-! DTT) (Rhee et al. 1998).

DNase I footprinting

DNase I footprinting of the sdiA promoter using LeuO was
conducted according to Sambrook and Russell, with several
modifications (Sambrook and Russell 2001; Wilson et al.
2001). Briefly, the 5’ primer used to construct sdiA2 included
a 3’ Vic label (Applied Biosystems) in PCR to produce Vic-
labeled sdiA2. The binding reaction consisted of 100 ng
sdiA2-Vic DNA, 83 pmol LeuO, and 1 pg nonspecific DNA.
After the binding reaction incubation, 50 uL 10 mmol-L-!
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MgCl, and 5 mmol-L-! CaCl, were added, mixed gently,
and incubated 1 min at room temperature. DNase I (Invitro-
gen), 2 X 10 U, was added and incubated for 1 min at room
temperature. The reaction was stopped by adding 15 pL of
500 mmol-L-! EDTA. DNA was recovered, concentrated on
a column (Zymogen), and analyzed by capillary sequencing
(DNA Sequencing Services, University of Calgary).

Results

Promoter reporter fusions of varying length suggest
transcriptional regulation of sdiA

To identify regulatory regions within the sdiA promoter,
four transcriptional reporters were constructed using the sdiA
promoter and the promoterless luciferase operon. Each re-
porter starts at a different 5" site within the sdiA promoter,
whereas the 3’ end of the reporter remains constant (Fig. 1A).
The four sdiA reporters were assayed in LM broth and on
LM agar plates. In broth, sdiA0O, sdiAl, and sdiA2 had the
same temporal expression patterns, with only the amplitude
of expression being altered (Fig. 1C). Similar differences in
expression between reporters on LM agar plates were ob-
served (Fig. 1A). One interpretation of the expression differ-
ences is that the sdiA promoter contains several operators,
and the four reporters have altered expression values due to
the presence and absence of these operators.

To determine the dominant regulatory input on sdiA ex-
pression, the sdiAO reporter sequence was cloned into
pUCI19 and transformed into a strain carrying the sdiAO re-
porter. Expression of the reporter plasmid decreased (not
shown). This suggests that sdiA expression depends on tran-
scriptional activators. If regulation had been predominantly
by repression, expression of the sdiA0 reporter would have
increased in this titration experiment.
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Fig. 2. Mapping transcription start site with —10 and —35 regions onto the sdiA promoter based on results of primer extension using dye-
labelled primer and capillary electrophoresis (see Materials and methods) (top panel). Electrophoretogram showing primer extension product
(large peak) and a regular DNA sequencing reaction (smaller peaks) (bottom panel).

-35

-10 +1

TAAACACTATTTATGTGTTAATTTAAGTCATTCATAATAATGATTATCAATATCAAA

G GTCACGCCTTTGATATTG

VAVAVC N VAP WV, VeV

Preliminary studies indicated that expression of the sdiA0
reporter increased in LB containing 2% NaCl. To more care-
fully examine possible osmoregulation, a titration of NaCl
and KCl was performed in LBns broth (LB with no NaCl).
sdiA0O reporter expression was not specific to NaCl because
similar expression values were obtained using KCl (Fig. 1B).
At salt concentrations of less than 62.5 mmol-L-! in LB, ex-
pression was below detection. This effect was not restricted
to monovalent cations because divalent cations MgCl, and
CaCl, induced the same level of expression as did NaCl and
KCI at 125 mmol-L! and 62.5 mmol-L-! (not shown).

Identification of the sdiA transcription start site

To determine the transcription start site, primer extension
analysis was performed by reverse transcription of mRNA us-
ing a fluorescent dye-labelled primer that anneals to a site
within [uxC and is detected by capillary electrophoresis. Pri-
mer extension was repeated in four independent experiments
on three different sdiA promoter—reporter constructs. A single
transcription initiation site at a cytosine, 26 bp upstream of the
ATG start codon, was observed as a dye peak at this position
(Fig. 2); the second dye peak was pulled up by the first and
was an artefact. The putative —10 region, 5'-CATAAT-3’, has
five conserved bases with the 67° consensus (5'-TATAAT-3"),
including the two most conserved bases (McClure 1985).
The putative —35 region, 5'-TTTATGT-3’, has four of seven
matches to the o7° consensus (5-TTGACAT-3'); one mis-
matched base is to a conserved base and the remaining two
mismatches from the consensus are not at highly conserved
sites. The spacing between the putative —10 and —-35 re-
gions is 16 bp, in agreement with the consensus spacing
(Fig. 2) McClure 1985).

cAMP receptor protein is an activator of sdiA

A promoter point mutant library consisting of 700 individ-
ual sdiAl transcriptional fusions was generated using error-
prone PCR (Pritchard et al. 2005). This library contained
two mutants within a 13 bp region (sdiAl-bld4 and sdiAl-
cle4). sdiAl-bld4 had an A-to-G mutation at —83, generat-
ing an Xhol site (CTCGAG) during error-prone PCR. During
cloning of this promoter using Xhol, it was truncated at —80.
This promoter mutant had no expression above background
(Fig. 3A). Interestingly, sdiA1-bld4 was missing only 23 bp
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off the 5" end of sdiA2 (Fig. 3C), which had the greatest ex-
pression of the four native sdiA reporters. Thus, removal of
these 23 bp turned off sdiA expression, indicating that this
region likely contained an activator binding site. A computer
search showed that this region contained a putative 22 bp
cAMP receptor protein (CRP) consensus sequence, with four
of five conserved bases in the conserved core of the first half
site and three of five conserved bases in the second half site
(Fig. 3C) (Gunasekera et al. 1992; Cameron and Redfield
2008). The sdiAl-bld4 promoter mutant was missing all but
the last three bases of the predicted 22 bp CRP binding site.
The second mutant, sdiAl-cle4, contained an A-to-G muta-
tion at =93, which increased sdiA expression 27-fold in broth
(Fig. 3A). This mutation was isolated twice in independent
error-prone PCRs. The mutation in sdiAl-cle4 converted a
TGTAA nucleotide sequence to the CRP conserved core of
the first 11 bp half site (TGTGA). Thus, the CRP binding
site was converted to the CRP consensus sequence, resulting
in increased sdiA expression.

To test whether CRP was indeed activating sdiA, the wild-
type and mutant promoters were tested in a CRP mutant
(crp™). Expression of all sdiA reporters decreased in crp-, ex-
cept for sdiAl-bld, which was already at basal levels; maxi-
mal expression values were decreased 13-fold for sdiAO, 3-
fold for sdiAl, and 5-fold for sdiA2 (not shown). All wild-
type reporters had the greatest expression after 15 h in the
crp~ strain, indicating that CRP may not be responsible for
expression in late-stationary phase, whereas exponential
phase expression was off. sdiAl-cle4, which had 27-fold in-
creased expression in the wild-type background, was similar
to the sdiAl in crp~, indicating that the increased expression
observed in sdiAl-cle4 is due to CRP (Fig. 3A). Similarly,
expression of sdiAl was reduced to sdiAl-bld levels in the
crp~ background. CRP activates sdiA expression, and its acti-
vation is responsible for the majority of sdiA expression in
exponential and early stationary phases of growth.

Phosphoenolpyruvate synthase (pps) was found previously
in a screen to identify genes that altered sdiA expression
when overexpressed (Kim 2004). When present on a multi-
copy plasmid, pps increased sdiAO expression 4-fold; how-
ever, this was not observed in a crp mutant background
(Fig. 3B). The increased sdiAO expression resulting from pps
overexpression is mediated through CRP.

Published by NRC Research Press



Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by McMaster University on 12/23/11
For personal use only.

16

Can. J. Microbiol. Vol. 58, 2012

Fig. 3. (A) Gene expression of sdiAl and promoter mutants sdiA1-bl1d4 and sdiAl-cle4 in wild type (WT) and crp~. (B) pps:pBR in WT and
crp” with the sdiA0O reporter compared with sdiA0 expression in these strains with empty pBR322. (C) Alignment of the cAMP receptor
protein (CRP) consensus sequence with a region of the sdiA promoter, and promoter point mutants. Position of DNA fragment in relation to
transcriptional start site (+1) is shown numerically. The asterisks denote identity between sdiA promoter and CRP consensus sequence. Nu-
cleotides in bold indicate those that form the core of the CRP binding site, and underlined nucleotides are those that directly contact the CRP

protein. CPS, counts per second.
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Because CRP is a regulator of carbon metabolism, the ef-
fects of different carbon sources were tested on sdiA expres-
sion. Adding acetate or citrate to the medium increased
maximal expression values 4- and 2-fold, respectively (not
shown). Glucose addition reduced maximal expression to 0.8
of that in LM, and to nearly 6-fold less than expression in
acetate. The effects of carbon sources on sdiA expression in
wild type provide further evidence that CRP is regulating
this promoter.

LeuO binds the sdiA promoter and is an activator of sdiA

An initial transposon mutagenesis screen was carried out
to identify putative regulators of sdiA expression (Kim
2004). Transposon insertions in leuO resulted in decreased
sdiA promoter activity. To characterize this putative sdiA reg-
ulator, a deletion mutant was constructed. sdiA expression
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was reduced by 30% in a AleuO background for all reporter
lengths, although the temporal expression pattern was not af-
fected (not shown). LeuO is a LysR-type transcriptional regu-
lator identified as an activator of the leucine biosynthetic
operon leulL ABCD (Henikoff et al. 1988; Hertzberg et al.
1980). To test if LeuO was acting directly at the sdiA pro-
moter, EMSAs and DNase I footprinting were performed us-
ing purified LeuO. LeuO bound the sdiA promoter, whereas
no binding was detected with a negative control, the cys/
promoter for which no predicted LeuO binding sites exist
(Fig. 4A, left). LeuO was found to bind the region of sdiA
between sdiA2 and sdiA3 (Fig. 4A, right). Furthermore, at in-
creased LeuO concentrations, this protein bound sdiA at two
sites because two species of higher molecular mass were de-
tected, whereas at lower LeuO concentrations, only one spe-
cies was detected (Fig. 4A, middle). Footprinting revealed
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Fig. 4. LeuO binds the sdiA promoter. (A) Left panel: Crude electrophoretic mobility shift assay (EMSA) with 10 ng DNA standards and
positive control /euO promoter, negative control cysJ promoter, and test sdiA/ (lanes 1 and 2); 50 ng protein from the soluble fraction of
lysates with empty vector (pQES, lanes 3-5) and LeuO-expressing vector (leuO:pQES, lanes 6-8) tested on cysJ (lanes 3 and 6), sdiAl (lanes
4 and 7), and leuO (lanes 5 and 8). Middle panel: LeuO binds sdiA in two binding sites. Titration of LeuO from left to right in pmol: 2.7, 1.4,
0.7, 0.34, 0.17, O per lane with 10 ng sdiAl (32.5 fmol). Right panel: LeuO binds between sdiA2 and sdiA3. Each reaction used 5.4 pmol
LeuO with 10 ng DNA representing fragments of the sdiA promoter. From left to right: the region of DNA contained uniquely in sdiAO (lane
1), the 5’-most region of DNA in sdiAl but not sdiA2 (lane 2), the 5’-most region of unique DNA in sdiA2 but absent in sdiA3 (lane 3), and
DNA controls (lane 4). (B) Electrophoretograms from DNase I footprinting on 100 ng DNA without LeuO (top) and with 83 pmol LeuO
(bottom). DNA sequence shows LeuO binding sites mapped onto the sdiA promoter region (underlined) with +1, —10, and —35 sequences
shaded for reference. (C) Expression of bl-d4 (irresponsive to cAMP-receptor protein) in wild type overexpressing LeuO with leuO:pBAD18
(LB-marine (LM) arabinose) compared with uninduced leuO:pBAD18 (LM glucose). CPS, counts per second.
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two binding sites, both between sdiA2 and sdiA3, corroborat-
ing the EMSA results (Fig. 4B). The 5’-most binding site
was 28 bp long and covered the —35 sequence, and the 3’
binding site was 26 bp long and covered the —10 sequence
and the +1. There is a 3 bp space between binding sites
(Fig. 4B).

Further evidence that LeuO was activating came from
overexpressing LeuO in pBADI18. Because sdiA is regulated
by CRP, and carbon source affects the activity of CRP, the
promoter mutant b1-d4, which lacks a CRP binding site, was
tested in a strain carrying leuO:pBAD. Overexpressing LeuO
increased maximal b1-d4 expression 4-fold (Fig. 4C). As a
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control, expression of leul was tested in leuO:pBAD and it
was found that overexpressing LeuO increased leul expres-
sion 10-fold (not shown).

The Rcs phosphorelay negatively regulates sdiA

Another putative regulator identified in the transposon
screen was RcsD. Strain E12 has decreased expression of
sdiA reporters relative to the parent strain. This strain has a
transposon insertion in the coding region for the linker do-
main of the RcsD hybrid sensor kinase. This mutation re-
sulted in a truncated RcsD with transmembrane domains, a
periplasmic sensory domain, and a histidine kinase-like do-
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main, but it lacks the phosphotransfer domain. This results in
an activated Rcs phosphorelay (Kim 2004). A deletion mu-
tant was made, ArcsD, and its effects on sdiA expression
were compared with those of the transposon mutant (E12)
and wild type. Expression was measured in Rcs-inducing
conditions by growth at 23 °C and high osmolarity on agar
plates. For all sdiA reporters, expression was between 3- and
5-fold greater in ArcsD compared with wild type, whereas in
E12, sdiAO expression was 9-fold lower (Fig. 5A). This sug-
gests ResD negatively regulates sdiA expression.

To test a known output of Rcs activity, expression of the
fIhDC promoter, which is repressed by RcsB (Francez-
Charlot et al. 2003), was measured in ArcsD and E12. Com-
pared with wild type, expression of flhDC was increased 1.7-
fold at its maximum in AresD and decreased 2.3-fold at its
maximum in E12, indicating a less-active Rcs phosphorelay
in AresD and a more active system in E12 (not shown). Ex-
amination of colony morphology after growth in inducing
conditions corroborated these results; E12 colonies appeared
mucoid, whereas ArcsD colonies were slightly drier than
were wild type. These results suggest that the Res phospho-
relay represses sdiA expression in inducing conditions; how-
ever, we cannot determine from this if RcsB is acting directly
on the promoter or through another regulator.

Because it was shown that CRP regulates sdiA and that an
active Rcs-system-making capsule may be altering carbon
metabolism in the cell, interactions between CRP and the
Rcs system were examined. To measure CRP activity, expres-
sion of the lacZ promoter from E. coli MG1655 fused to
luxCDABE was measured. CRP activity in wild type was the
same regardless of the salt concentration, and activity in
AresD in LBns was the same as that of wild type (not
shown). However in LM, CRP activity increased 2.7-fold in
ArcsD compared with wild type and AresD in LBns. Thus,
a portion of increased sdiA expression observed in ArcsD
could be due to increased CRP activity. To isolate the repres-
sion of sdiA by the Rcs system, sdiA expression was tested in
crp, resD double mutants in Rcs-inducing conditions. In
these conditions, sdiAQ and sdiAl expression were at back-
ground levels in crp~ grown in LM, and sdiA2 was the only
reporter to have expression. However, sdiA expression in all
reporter constructs was detectable in crp, resD, indicating
that the Rcs system was repressing sdiA in crp~ (Fig. 5B). In
this Rcs-inducing condition, growth in LM, expression of
sdiA2 was 8-fold lower in crp~ and 3-fold lower in crp,resD
compared with wild type. Thus, the Rcs system negatively
regulates sdiA expression, and an active Rcs system increases
CRP activity.

IlvY, NhaR, and Fur are indirect activators

To further characterize the regulatory effects of putative
regulators identified in the random overexpressing library
screen, deletion mutants and overexpression of nhaR and
ilvY were tested for effects on sdiA expression. IlvY overex-
pression increases sdiA expression, with the largest effects in
stationary phase (Fig. SIA)!. Conversely, NhaR overexpres-
sion decreases sdiA expression (Fig. S1A)!. However, the ef-
fects of both regulators are lessened in deletion mutants.
Reproducibly, but not significantly, AilvY has slightly de-
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Fig. 5. (A) Expression of sdiA0, sdiAl, and sdiA2 in wild type
(WT), ArcsD, and E12 (resD::Tnl0) after 2 days of growth on LB-
marine, at room temperature. Expression values are in relative light
units (RLU) (counts per second normalized to 107 cfu). (B) sdiA0,
sdiAl, and sdiA2 expression in WT, crp~, and crp, rcsD in Res-in-
ducing conditions. Expression values are in RLU (counts per second
normalized to 107 cfu).
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creased sdiA expression, whereas AnhaR has statistically sig-
nificant increased expression (Student’s ¢ test, p < 0.05;
Fig. S1)L. To test whether these proteins were acting directly
at the promoter, crude EMSAs were performed. Although
IlvY bound its positive control P;,~ and NhaR bound its pos-
itive control P,,,4, neither protein bound Py, (Fig. S1).
Thus, NhaR and IIvY are likely acting indirectly through
other pathways to alter sdiA expression.

A previous study by Volf et al. ( 2002) suggested that Fur
represses sdiA by binding a putative Fur box. In that study,
direct binding was not demonstrated, and expression in a
Jur— strain was not tested. Furthermore, because the proposed
Fur box overlaps with the predicted —10 sequence (this
study), the effects of iron were assayed using our transcrip-
tional fusions and growth conditions. In fur~, sdiA expression
was increased 1.7-fold (Student’s ¢ test, p < 0.005); however,

!Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/w11-101.
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because sdiA expression decreased in iron-limiting conditions
and the same ratio of expression in high and low iron was
observed in wild type and fur— (1.5-fold increased expression
in high iron for both backgrounds, although this was not sig-
nificant for either background), these effects appear to be in-
dependent of Fur (Fig. S2)!. For comparison, expression of
sitA, a Fur-regulated promoter, was greater in iron-limiting
conditions (Fig. S2)!. Fur does not appear to directly regulate
SdiA.

RpoS-dependent sdiA expression in stationary phase

Because sdiA has considerable expression throughout sta-
tionary phase, we tested whether RpoS is responsible for
sdiA expression. The ArpoS mutation resulted in decreased
expression for all sdiA reporters. Notably, sdiA promoter ac-
tivity rapidly decreased to background levels between 25 and
30 h, indicating that sdiA expression was RpoS dependent
during this time (Fig. 6). RpoS may control the expression
of a stationary-phase activator of sdiA. Alternatively, RpoS
could be directly responsible for sdiA expression, because
some promoters can be both RpoS and RpoD dependent
(Tanaka et al. 1993; Espinosa-Urgel et al. 1996).

Regulatory input at the sdiA promoter affects SdiA
output

The regulation of sdiA expression characterized in the pre-
vious sections was determined using promoter—reporter fu-
sions. To test whether observed differences in sdiA
expression among mutants and media conditions resulted in
actual differences in SdiA levels, SdiA-regulated rck expres-
sion was measured. Because SdiA requires AHL binding for
activity, all media included supernatant from an AHL-
producing strain. sdiA expression changes in crp, leuO, and
resD mutants were reflected in rck expression (Table 2).
Thus, the observed changes in sdiA expression in mutant
strains resulted in actual changes in SdiA levels, reflected by
altered rck expression.

Discussion

sdiA, encoding a LuxR-type transcriptional regulator of
two operons in Salmonella serovar Typhimurium, is subject
to complex transcriptional regulation. In this study, we show
that CRP and LeuO are the major and minor activators of
sdiA, respectively. Both act directly on the sdiA promoter.
The Rcs phosphorelay represses sdiA expression; however,
its effects may be at least partially indirect. The temporal pat-
tern of sdiA expression is characterized by its two peaks: one
in exponential phase and the other in early stationary phase.
sdiA expression in stationary phase is RpoS dependent. Ex-
pression is also strongly induced by increasing osmolarity.

LeuO is a LysR-type transcriptional regulator with an un-
identified coinducer (Maddocks and Oyston 2008). In Salmo-
nella serovar Typhimurium, LeuO is required during the
early stages of systemic murine infection and was identified
as a virulence factor in a screen using Caenorhabditis ele-
gans (Tenor et al. 2004; Lawley et al. 2006). LeuO has been
shown to be a global regulator in Salmonella and E. coli,
regulating diverse genes with a common role in stress re-
sponse and virulence (Hernandez-Lucas et al. 2008; Shimada
et al. 2009). The length of the binding sites, DNA sequence
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Fig. 6. Time course of expression of sdiA2 reporter in wild-type
(WT) and ArpoS strains. Note the rapid decrease in sdiA expression
between 20 and 30 h. CPS, counts per second.

10° CPS

Time (h)

Table 2. Maximal expression of
sdiA0 reporter and rck reporter
normalized to wild-type expres-
sion.

Strain sdiA0 rck
Wild type 1 1
crp” 0.04 0.05
AleuO 0.7 0.2
ArcsD? 3.6 3.0

“Grown in Rcs phosphorelay-
inducing conditions and compared
with wild type grown in similar
conditions.

preference, and location within the promoter agree with pre-
viously published binding results for LeuO and other LysR-
type transcriptional regulators (Fernandez-Mora et al. 2004;
Chen et al. 2005; Maddocks and Oyston 2008). Additionally,
the presence of a hypersensitive region between LeuO bind-
ing sites has been observed previously, and this is indicative
of a bend in DNA upon LeuO binding, consistent with other
LysR-type transcriptional regulators (De la Cruz et al. 2007;
Maddocks and Oyston 2008).

CRP, a global regulator in bacteria, is the main activator of
sdiA expression (Saier et al. 1996). In a crp mutant, expres-
sion can be observed only if a second mutation in resD is in-
troduced. CRP-cAMP binds a 22 bp sequence with 2-fold
symmetry and induces a 80° to 90° bend in the DNA
(Schultz et al. 1991; Gunasekera et al. 1992). The co-inducer
for CRP is cAMP, synthesized by Cya in response to intra-
cellular glucose depletion (Fandl et al. 1990; Kao et al.
2005). CRP—cAMP activates hundreds of genes during glu-
cose limitation (Perrenoud and Sauer 2005; Nanchen et al.
2008). Overexpression of pps, encoding the first enzyme in
gluconeogenesis, leads to elevated cAMP, which would result
in greater CRP-cAMP activation of sdiA (Kao et al. 2005).
Interestingly, no predicted CRP binding site is present in the
sdiA promoter of E. coli (Brown and Callan 2004).
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As a regulator of central carbon metabolism, CRP is im-
portant during infection; crp mutants are avirulent and many
CRP-regulated genes have been identified as important for
virulence during infection (Curtiss and Kelly 1987; Kennedy
et al. 1999). It has been shown that sdiA is expressed during
infection when AHL-producing bacteria are present in the in-
testines (Smith et al. 2008; Dyszel et al. 2010). The role of
CRP may be to activate sdiA in the small intestine, where
Salmonella would have the greatest opportunity to sense
AHLs.

The Rcs phosphorelay was found to repress sdiA. This sys-
tem consists of inner membrane hybrid sensor kinase RcsC,
phosphotransfer protein RcsD, response regulator ResB, and
response regulator chaperone RcsA (Takeda et al. 2001).
The Res signalling system is present only in the Enterobac-
teriaceae, and within this family the RcsCDB genes are ab-
sent in endosymbionts (Erickson and Detweiler 2006; Huang
et al. 2006). Although the precise environmental signal(s) are
not known, this system is thought to respond to perturbations
in outer membrane integrity (Clarke et al. 1997; Hagiwara et
al. 2003). Generally, the genes activated by phospho-RcsB
are colanic acid capsule biosynthetic genes (requiring RcsA),
and the genes repressed by phospho-RcsB are flagellar bio-
synthetic genes (RcsA independent). The RcsB regulon in
Salmonella serovar Typhimurium grown in high osmolarity
consists of 89 genes (Mariscotti and Garcia-del Portillo
2009). The Res signalling system represses sdiA; however,
direct binding was not demonstrated. All sdiAO, sdiAl, and
sdiA2 were all repressed, indicating that RcsB or another reg-
ulator is acting on the region of DNA contained in sdiA2.

A novel connection between the Rcs system and Crp was
found: Crp activity was elevated in ArcsD strains. Blocking
glycolysis has been shown to activate the Rcs phosphorelay,
and the study by El-Kazzaz et al. (2004) also suggested that
a metabolite of O-antigen synthesis activates the Res system.
It is difficult to speculate as to how glycolytic intermediates
would vary in ArcsD in leading to glucose depletion and in-
creased CRP activity.

From the data presented above, it is fathomable that regu-
lation of sdiA results in expression during passage through
the gut. This would be the most practical environment for
Salmonella to detect other microbial species, because the in-
testine hosts a complex microbial population consisting of
more than 500 species (Eckburg et al. 2005). Alignment of
300 bp of the region upstream of the sdiA coding region
with six other species in the Enterobacteriaceae with sdiA
homologues showed high conservation of the 5’ LeuO bind-
ing site, with 16 of 28 bases conserved in all sequences;
eight bases varied by one other base and only six bases were
poorly conserved (data not shown). There was less conserva-
tion of the entire Crp binding site. Among Salmonellae, se-
quence identity of the intergenic region was >95%.

Recently, SdiA-mediated quorum sensing has been demon-
strated to occur during murine infection when Salmonellae
are in a mixed infection with AHL-producing Y. enterocolitica
(Dyszel et al. 2010). Although sdiA has been demonstrated
independently by two laboratories to have a slight negative
effect on murine infection (Volf et al. 2002; Dyszel et al.
2010), an engineered sdiA* Salmonella strain that produced
AHLs quickly outcompeted sdiA- during murine infection
(Dyszel et al. 2010). The regulation of sdiA is complex, re-
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sulting from the input of multiple transcriptional regulators
and environmental conditions. The integration of these sig-
nals may lead to unique expression of sdiA in the intestine,
allowing Salmonella to sense and modulate its behaviour in
response to other microbial species present.
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