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Abstract

In Salmonella enterica serovar Typhimurium, the RcsCDB regulatory system controls the expression of genes involved in syn-
thesis of colanic acid, formation of flagella and virulence. Here, we show that activation of the RcsCDB system downregulates
expression of std, an operon that encodes fimbriae involved in Salmonella attachment to the mucus layer in the large intestine.
Bioinformatic analysis predicts the existence of an RcsB-binding site located 180 bp upstream to the +1 transcription start site
of the std promoter, and electrophoretic mobility shift assays confirm that RcsB binds the std promoter region in vitro. This study
adds RcsB to the list of regulators of std transcription and provides an example of modulation of fimbriae synthesis by a signal

transduction system.

INTRODUCTION

Salmonella enterica, a facultative intracellular pathogen, is
a ubiquitous bacterium that can respond to changes in the
environment including the animal host [1-3]. Salmonella
survival within the host depends on coordinated expression of
multiple genes, and signal transduction systems are relevant
to detect specific signals and modulate the expression of genes
required for adaptation [4, 5]. One such system is ResCDB,
which comprises the sensors ResC and ResD, the response
regulator ResB, and additional ancillary proteins [6-8]. These
proteins are (i) the co-regulator RcsA; (ii) an outer membrane
lipoprotein RcsF; and (iii) an integral inner membrane
protein IgaA [8]. Constitutive activation of the RcsCDB
system attenuates virulence in S. Typhimurium [9, 10]. The
attenuated phenotype of Rcs constitutive mutants is partly
produced by capsule overproduction and by repression of the
fIhDC operon and pathogenicity island 1 (SPI-1) [10-12]. In
addition, the Rcs system protects Salmonella from oxidative
stress [13] and controls the acid resistance response [14].

Adbhesion of Salmonella enterica to host tissues is mediated by
fimbrial and non-fimbrial adhesins that recognize and bind-
specific receptor moieties of host cells, often distinguishing

between different epithelial cell types [15]. Fimbriae are clas-
sified in six types: o, 5, y, k, m and o [16]. nt-type fimbriae are
formed by a major fimbrial subunit, an usher protein and a
chaperone [16]. Members of this group are well-characterized
virulence factors such as the pyelonephritis-associated (P)
fimbriae in E. coli and the mannose-resistant/Proteus-like
(MR/P) fimbriae of Proteus mirabilis [16]. Salmonella Std
fimbriae belong also to the m-type [16, 17]. Std fimbriae
contribute to cecal colonization by binding to o.- [1, 2] fucose
residues, which are abundant in the host cecal mucosa [18].
Expression of std is bistable, resulting in the formation of
Std°™F and Std°N subpopulations [19]. The difficulty to detect
std expression under laboratory conditions [20, 21] is caused
by the small size of the Std°™ subpopulation outside the
animal host [19]. However, std expression increases in the
intestine of infected animals, with concomitant production
of large Std°~ subpopulations [22].

The std operon contains six genes, named stdABCDEF,
which are co-transcribed from a single promoter located
upstream of stdA [23] (Fig. 1a). The downstream genes stdE
and stdF encode transcription factors that control expression
of multiple genes including the std operon itself [19]. Tran-
scriptional control of std expression is complex, and involves

Received 05 July 2019; Accepted 23 August 2019; Published 05 September 2019
Author affiliations: 'Instituto Superior de Investigaciones Bioldgicas (INSIBIO), CONICET-UNT, and Instituto de Quimica Biolégica “Dr. Bernabé Bloj",
Facultad de Bioquimica, Quimica y Farmacia, UNT. Chacabuco 461, T4000ILI — San, Miguel de Tucuman, Argentina; “Departamento de Genética,

Universidad de Sevilla, Apartado 1095, 41080 Sevilla, Spain.
*Correspondence: Monica A. Delgado, monicad@fbgf.unt.edu.ar
Keywords: Salmonella; RcsCDB; std fimbriae; transcriptional control.

Abbreviations: EDTA, Ethylenediaminetetraacetic acid; EMSA, Electrophoretic Mobility Shift Assay; MR/P, Mannose-Resistant/Proteus; PAGE,
Polyacrylamide Gel Electrophoresis; PBS, Phosphate Buffered Saline; PCR, Polymerase Chain Reaction; SPI-1, Salmonella Pathogenicity Island 1;

UAS, Upstream Activating Sequence.
tThese authors contributed equally to this work

000854 A© 2019 The Authors


http://mic.microbiologyresearch.org/content/journal/micro/

Farizano et al., Microbiology 2019;165:1245-1250

a b StdA:lacZ
\‘ N \/\ [0 -@
. stdB } stdc N stdD >—| stdE] stdF > 2E 6
KA s
% \ 35 41
. . o ~
/ \ © 2
! qare_oare aate * 25 2|
r—1 [} B
(3]
— — *
StdF  HdfR  -35 -10 0
wt  resBpggy resC11
c d
stdA::lacZ
1200 -
wt 10 resC11 —_ ol
: o 2 1000
— 1 »n <
ko) 104 S 2 800
3 Rk P 23
c g 3 ) T > 400
E = . ?’S
5 1074 ﬂg 200 4
L @ 0 * *
Tt 10 * 00 w00 10 10° é,b\o b@ 0'\'\ C?Q) Q&O\
GFP fluorescence intensity 03’0 ¢ & Q)\*\
& 6"’& g{b‘(\ &
R &
&
6")

Fig. 1. Regulation of std transcription by the RcsCDB system. (a) Diagram of the std operon with amplification of the promoter and the
upstream regulatory region. Binding sites for StdF and HdfR are shown. The region harbours three GATC sites, and two such sites
are located within the HdfR-binding site. (b) -galactosidase activity of strains harbouring an stdA:lacZ fusion. Strains were SV5206
(stdA:lacZ, in a wild-type background), MDs1696 (stdA:lacZ rcsB,,,,) and MDs1695 (stdA:lacZ rcsC117). Asterisk represents statistically
different f-galactosidase activity values compared to the wild-type strain (Tukey test, P<0.05). (c) Flow cytometry analysis of stdA:gfp
expression in the wild-type and rcsC17 backgrounds (SV9597 and SV8528, respectively). The box shows Std™ cells. (d) f-galactosidase
activity of the stdA::lacZ fusion in dam (MDs1697), dam rcsB,,,, (MDs1699), dam rcsC11 (MDs1698) and dam pRcsB (SV9318) backgrounds.
Asterisk represents statistically different f-galactosidase activity values compared to dam background (Tukey test, P<0.05). Data in (b)

and (d) are averages and standard deviations from three independent experiments, each carried out in duplicate.

a double feedback loop: StdE activates transcription of hdfR,
a gene located outside the std operon, and HdfR activates std
transcription together with StdF [24]. HdfR binding to the std
upstream activating sequence (UAS) is hindered by methyla-
tion of GATC sites located at the std UAS, and formation of
StdN cells requires GATC methylation hindrance, which is
caused by HdfR binding [21, 24]. This study shows that the
ResCDB system is an additional regulator of std transcription,
thus adding a fimbrial operon to the list of loci under ResCDB
control.

METHODS

Bacterial strains, molecular techniques and growth
conditions

The S. Typhimurium strains used in this work derive from
ATCC 14028s (Table 1). Mutations were introduced into
different genetic backgrounds by P22-mediated transduc-
tion following the protocol described by Davis et al. [25]. The
pResB plasmid is derivative of the pUHE2-21 lacl” expression
vector harbouring the rcsB gene under the control of P, [26].
Bacterial growth and recombinant DNA techniques followed
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standard protocols [27]. Kanamycin (Km), ampicilin (Ap)
and chloramphenicol (Cm) were used at final concentrations
of 50, 50 and 25 pg ml™, respectively.

f-galactosidase assays

Levels of f-galactosidase activity were assayed using the
CHCl,-sodium dodecyl sulfate permeabilization procedure
[28]. p-galactosidase activity data are the averages and
standard deviations from three independent experiments.

Protein extracts and Western blot analysis

Total protein extracts were obtained from bacterial cultures
grown for 5h at 37°C in Luria broth (LB) medium. Bacte-
rial cells were collected by centrifugation (16000g, 2 min)
and suspended in 100ml of Laemmli sample buffer
[1.3% SDS, 10% (v/v) glycerol, 50mM Tris-HCI, 1.8%
p-mercaptoethanol, 0.02% bromophenol blue, pH 6.8].
Proteins were resolved by Tris-Tricine-PAGE (12%). The
Western blot assay was performed using conditions for
protein transfer described elsewhere [23]. Optimal primary
antibody dilutions were used as follows: anti-FLAG M2
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monoclonal antibody (Sigma Chemical), 1:5000; and anti-
DnaK polyclonal antibody (Sigma Chemical), 1:20000.
The Goat anti-mouse horseradish peroxidase-conjugated
antibody (1:5000, BioRad, Hercules, CA, USA) or Goat
anti-rabbit horseradish peroxidase conjugated antibody
(1:20000, Santa Cruz Biotechnology, Heidelberg, Germany)
were used as secondary antibodies. Proteins recognized by
the antibodies were visualized by chemoluminescence using
luciferin-luminol reagents in a LAS 3000 Mini Imaging
System (Fujifilm, Tokyo, Japan). DnaK was used as the
loading control of each extraction.

Electrophoretic mobility shift assay (EMSA)

EMSA was carried out according to the protocol previously
described [29]. DNA sequences containing the putative RcsB-
binding site were amplified by PCR using wild-type ATCC
14028 s chromosomal DNA as a template. The PCR product
of the std promoter (735bp), containing the predicted RcsB-
binding site, was obtained using primers no. 9053 (5’-CGAT
TCTAGACGCATTAATATCCCCCAGCC-3’) and no. 9055
(5"-ATTACGCATAGATAATATGTC-3’). The 234bp PCR
product of the dps promoter, where a predicted RcsB-binding
site was not present, was amplified using primers no. 8032
(5"-GCGCTATTACTTCGTC-3’) and no. 8033 (5-CGGG
ATCCCTCATATCCTCTTGATGTTTGTGT-3") and used
as a negative control. In this assay, 2pmol of each PCR
product were incubated together at room temperature with
0, 5, 10, 40 or 80nM of RcsB-His, protein previously puri-
fied as described [12]. The samples were analysed on a 6%
non-denaturing Tris-borate-EDTA polyacrylamide gel and it
was run at 8 mA at 4°C. The polyacrylamide gel was stained
with ethidium bromide, and migration of PCR fragments was
visualized under UV irradiation.

Table 1. Salmonella enterica serovar Typhimurium strains used in this
study

MDs1695 resCl1 stdAz:lacZ

MDs1696 resBy, . StdA:zlacZ

MDs1697 dam-201:Tn10dTc stdA:lacZ

MDs1698 resC11dam-201:Tn10dTc stdA:lacZ

MDs1699 resB, dam-201:Tn10dTc stdA::lacZ

SV9318 dam-201:Tn10dTc/pResB

SV5206 stdA:lacZ [21]
SV6502 dam-201::Tn10dTc stdF::3xFLAG [23]
SV6533 dam-201:Tn10dTc stdF:lacZ [23]
SV8783 resCl11 dam-201:Tn10dTc stdF:lacZ

SV8784 dam-201::Tn10dTc stdF::3xFLAG resC11

SV9597 stdA:gfp [19]
SV8528 stdA::gfp resC11

a, Omitted for strains described in this study.

Flow cytometry

Bacterial cultures were grown at 37°C in LB medium until
stationary phase (OD, =2). Cells were then diluted in PBS
to a final concentration of ~107 cellsml™'. Data acquisition
was performed using a Cytomics FC500-MPL cytometer
(Beckman Coulter, Brea, CA, USA). Data were collected for
100000 events per sample and were analysed with CXP and
FlowJo 8.7 softwares. Data are shown by dot plots representing
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Fig. 2. Regulation of stdF expression by RcsCDB. (a) f-galactosidase activity of the stdF::lacZ fusion measured in dam (SV6533) and dam
resC11(SV8783) mutants. Data are averages and standard deviations of three independent experiments, carried out in duplicate. Asterisk
represents statistically different g-galactosidase activity values (Tukey test, P<0.05). (b). Western blot analysis using the stdF::3xFLAG
fusion expressed in dam (SV6502) and dam resC11 (SV8784) backgrounds.
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Fig. 3. Binding of RcsB to the std promoter region. (a) Nucleotide sequence upstream of the std start codon (bold sequence) harbouring
the +1 transcription start site and -10 and -35 conserved boxes. The RcsB-binding site is highlighted. The GATC Dam-dependent
methylation sites are in bold. (b) Sequence alignment of the std promoter region with RcsB-binding sites identified in the promoters
of other RcsB-dependent genes, using the MEME/MAST motif detection program. (c) EMSA of a 735bp PCR product that contains the
putative RcsB-binding site in the std promoter in the presence of RcsB-Hisé protein. A 234bp PCR product amplified from the dps
promoter without the RcsB-binding site was used as a negative control.

forward scatter (cell size) in the y axis vs fluorescence intensity
in the x axis.

RESULTS

Regulation of std transcription by the RcsCDB
system

To investigate whether the RcsCDB system controls the
std operon expression, a stdA::lacZ transcriptional fusion
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harboured in the Salmonella chromosome (SV5206) was
transduced to strains carrying rcsC11 and resB mutations.
The rcsC11 allele contains a point mutation that constitutively
activates the RcsCDB system [30]. In turn, the rcsB . allele
contains a point mutation in the receiver domain of the rcsB
gene that prevents RcsB phosphorylation [31]. The expression
levels of stdA were low in both backgrounds as well as in the
wild-type strain (Fig. 1b), in accordance with previous reports
indicating that std operon expression is difficult to detect under
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laboratory conditions [20, 21]. However, we observed that the
resCI11 mutant (MDs1695) produced a very low expression
level, suggesting that activation of the RcsCDB phosphorelay
might repress std transcription (Fig. 1b). Further evidence for
ResB-mediated repression was provided by flow cytometry
analysis using strains carrying a stdA::gfp fusion (Fig. 1c).
The wild-type strain (S§V9597) showed bistable expression
as previously described [19], with formation of a small Std°~
subpopulation (approx. 0.3% cells). ResCDB activation by the
resCI11 mutation (SV8528) abolished bistability, and Std°N
cells were not detected (Fig. 1c).

Because lack of Dam methylation activates std transcription
[21], we tested the effects of rcsC11 and resB, mutations in
a dam background. As expected, the dam mutation increased
std expression compared with the wild-type strain [Fig. 1(b)
and (d)]. In turn, the S-galactosidase activity of the stdA::lacZ
fusion increased in the dam rcsB_, background (MDs1699)
and decreased in the dam rcsC11 background (MDs1698)
(Fig. 1d). Repression was likewise observed upon RcsB over-
expression from a plasmid (SV9318) (Fig. 1d). Altogether,
these observations strengthened the evidence that activation

of the ResCDB system represses std expression.

To confirm that RcsB-dependent modulation of std expression
affects the entire std operon, we monitored the expression of
downstream gene of this operon [23]. For this purpose, we
determined the activity of an stdF::lacZ transcriptional fusion
in dam and dam rcsC11 genetic backgrounds (SV6533 and
SV8783, respectively). The S-galactosidase activity of the
stdF:lacZ fusion decreased fivefold in the presence of the
resC11 mutation (Fig. 2). In addition, the StdF protein levels
in dam and dam rcsC11 backgrounds (SV6502 and SV8784,
respectively) were analysed by Western blot using an anti-
3xFLAG antibody. StdF protein was not detected in the dam
resC11 double mutant, while a 32 kDa band corresponding to
StdF was observed in the dam mutant (Fig. 2b). The overall
conclusion from the above experiments was that activation
of the RcsCDB system does repress std operon expression.

Binding of RcsB to the std promoter region

To determine whether std downregulation upon ResCDB acti-
vation involves specific binding of RcsB to the std promoter
region, we carried out an in silico search to identify a potential
ResB-binding motif in the std promoter region. Using the
MEME/MAST motif detection program [32, 33], we detected
a sequence homologous to RcsB-binding sites present in other
ResB-regulated genes [34-36] (Fig. 3a, b). The location of this
putative RcsB-binding site is 180 bp upstream to the +1 tran-
scription start site, near but not overlapping the HdfR-binding
site or the Dam methylation sites [24] (Figs 3a and 1a).

A direct test of RcsB binding was performed by EMSA.
For this purpose, we amplified a DNA fragment of 735bp
harbouring the std promoter and upstream regulatory
sequences including the putative RcsB-binding site. As a
negative control, we used a 234 bp PCR product containing a
variant of the RcsB-dependent dps promoter, which lacked the
ResB-binding sequence [13]. Retardation of the 735bp PCR
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product migration was detected while the electrophoretic
mobility of the 234bp PCR product (negative control) was
not modified (Fig. 3¢). These observations indicate that RcsB
binds the std promoter region.

DISCUSSION

We show that activation of the ResCDB system represses tran-
scription of the std fimbrial operon, and provide evidence that
repression may be caused by binding of RcsB upstream of the
std promoter. The ResB-binding site does not overlap with the
StdF- and HdfR-binding sites nor with the GATC sites present
in the region (Figs 1a and 3a). Detection of ResCDB-mediated
repression in both dam* and dam backgrounds (Fig. 1d, c)
suggests that RcsB binding may counter transcriptional
activation by the StdE-StdF-HdfR regulatory loop [24]. RcsB
binding may thus repress std transcription in a manner that is
independent of previously known mechanisms of std control.

The physiological relevance of RcsCDB-mediated repression
of std is difficult to understand because the environmental
cues that activate the RcsCDB signal transduction cascade
remain largely unknown [6-8]. A tentative speculation,
however, is that RcsCDB might permit environmental
control of std switching as described in other Dam-dependent
bistable switches. For instance, phase variation of the pap
operon of uropathogenic E. coli is controlled by the CpxAR
stress response [37] and by the global regulator CRP [38].
In std, environmental control might prevent production of
Std fimbriae under circumstances that are not appropriate for
attachment, either in the environment or inside the animal
host. The possibility of environmental control may be tenta-
tively supported by the observation that the sizes of Std°*
and Std®™ subpopulations in the large intestine are different
from those observed in the laboratory [19, 22]. Control of std
expression by ResCDB might thus be part of the regulatory
networks that adjust Salmonella gene expression to distinct
host environments [2, 3, 5].

Funding information

J.VF.is a Consejo Nacional de Investigaciones Cientificas y Tecnoldgicas
(CONICET) fellow. Research by L.G.P and J.C. is supported by grant
BI02016-75235-P from the Ministerio de Ciencia, Innovacién y Univer-
sidades of Spain and the European Regional Fund. M.A.D. is a CONICET
Investigator. Research by J.V.F. and M.A.D. is supported by grant PI.C.T.
2015-1819 from the Agencia Nacional de Promocion Cientifica y
Tecnoldgica and PIUNT N°Dé41 from the Consejo de Investigaciones de
la Universidad Nacional de Tucuman.

Acknowledgements

We thank the International society of Infectious Disease (ISID) and Euro-
pean Society of Clinical Microbiology and Infectious Diseases (ESCMID)
for the training fellowship to J.V.F.

Conflicts of interest

The authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a
potential conflict of interest.

References
1. Winfield MD, Groisman EA. Role of nonhost environments in the
lifestyles of Salmonella and Escherichia coli. Appl Environ Microbiol
2003;69:3687-3694.



Farizano et al., Microbiology 2019;165:1245-1250

20.

Groisman EA, Mouslim C. Sensing by bacterial regulatory
systems in host and non-host environments. Nat Rev Microbiol
2006;4:705-709.

Coburn B, Grassl GA, Salmonella FBB. The host and disease: a
brief review. Immunol Cell Biol 2007;85:112-118.

Beier D, Gross R. Regulation of bacterial virulence by two-compo-
nent systems. Curr Opin Microbiol 2006;9:143-152.

Kato A, Groisman EA, , Howard Hughes Medical Institute. The
PhoQ/PhoP regulatory network of Salmonella enterica. Adv Exp Med
Biol 2008;631:7-21.

Majdalani N, Gottesman S. The RCS phosphorelay: a complex
signal transduction system. Annu Rev Microbiol 2005;59:379-405.

Clarke DJ. The RCS phosphorelay: more than just a two-compo-
nent pathway. Future Microbiol 2010;5:1173-1184.

Guo XP, Sun YC. New insights into the Non-orthodox two compo-
nent RCS phosphorelay system. Front Microbiol 2014;2017:8.

Dominguez-Bernal G, Pucciarelli MG, Ramos-Morales F, Garcia-
Quintanilla M, Cano DA et al. Repression of the RcsC-YojN-RcsB
phosphorelay by the IgaA protein is a requisite for Salmonella viru-
lence. Mol Microbiol 2004;53:1437-1449.

Mouslim C, Delgado M, Groisman EA. Activation of the RcsC/YojN/
RcsB phosphorelay system attenuates Salmonella virulence. Mol
Microbiol 2004;54:386-395.

. Garcia-Calderén CB, Garcia-Quintanilla M, Casadesus J, Ramos-

Morales F. Virulence attenuation in Salmonella enterica rcsC
mutants with constitutive activation of the RCS system. Microbi-
ology 2005;151:579-588.

Delgado MA, Mouslim C, Groisman EA. The PmrA/PmrB and RcsC/
YojN/RcsB systems control expression of the Salmonella O-antigen
chain length determinant. Mol Microbiol 2006;60:39-50.

Farizano JV, Torres MA, Pescaretti MdeLM, Delgado MA. The
RcsCDB regulatory system plays a crucial role in the protection of
Salmonella enterica serovar Typhimurium against oxidative stress.
Microbiology 2014;160:2190-2199.

Torrez Lamberti MF, Farizano JV, Lépez FE, Martinez Zamora MG,
Pescaretti MM et al. Cross-talk between the RcsCDB and RstAB
systems to control STM1485 gene expression in Salmonella
Typhimurium  during acid-resistance response. Biochimie
2019;160:46-54.

Humphries AD, Townsend SM, Kingsley RA, Nicholson TL, Tsolis RM
etal.Role of fimbriae as antigens and intestinal colonization factors
of Salmonella serovars. FEMS Microbiol Lett 2001;201:121-125.

Nuccio S-P, Baumler AJ. Evolution of the chaperone/usher
assembly pathway: fimbrial classification goes Greek. Microbiol
Mol Biol Rev 2007;71:551-575.

Yue M, Rankin SC, Blanchet RT, Nulton JD, Edwards RA et al. Diver-
sification of the Salmonella fimbriae: a model of macro- and micro-
evolution. PLoS One 2012;7:e38596.

Chessa D, Winter MG, Jakomin M, Baumler AJ. Salmonella enterica
serotype Typhimurium Std fimbriae bind terminal o(1,2)fucose
residues in the cecal mucosa. Mol Microbiol 2009;71:864-875.

Garcia-Pastor L, Sanchez-Romero MA, Gutiérrez G, Puerta-
Fernadndez E, Casadesus J. Formation of phenotypic lineages in
Salmonella enterica by a pleiotropic fimbrial switch. PLoS Genet
2018;14:¢1007677.

Humphries AD, Raffatellu M, Winter S, Weening EH, Kingsley RA
et al. The use of flow cytometry to detect expression of subunits

encoded by 11 Salmonella enterica serotype Typhimurium fimbrial
operons. Mol Microbiol 2003;48:1357-1376.

1250

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Jakomin M, Chessa D, Baumler AJ, Casadesus J. Regulation of the
Salmonella enterica STD fimbrial operon by DNA adenine methyla-
tion, SegA, and HAfR. J Bacteriol 2008;190:7406-7413.

Suwandi A, Galeev A, Riedel R, Sharma S, Seeger K et al. Std
fimbriae-fucose interaction increases Salmonella-induced intes-
tinal inflammation and prolongs colonization. PLoS Pathog
2019;15:e1007915.

Lépez-Garrido J, Casadesus J. Crosstalk between virulence loci:
regulation of Salmonella enterica pathogenicity island 1 (SPI-1) by
products of the std fimbrial operon. PLoS One 2012;7:e30499.

Garcia-Pastor L, Sanchez-Romero MA, Jakomin M, Puerta-
Fernandez E, Casadesus J. Regulation of bistability in the std
fimbrial operon of Salmonella enterica by DNA adenine methylation
and transcription factors HdfR, StdE and StdF. Nucleic Acids Res
2019;36.

Davis RW, Botstein D, Roth JR. Advanced Bacterial Genetics. Cold
Spring Harbor, New York: Cold Spring Harbor Laboratory; 1980.

Pescaretti MdeLM, Morero R, Delgado MA. Identification of a
new promoter for the response regulator rcsB expression in
Salmonella enterica serovar Typhimurium. FEMS Microbiol Lett
2009;300:165-173.

Sambrook J, Fritsch EF, Maniatis T. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor, New York: Cold Spring Harbor Labora-
tory; 1989.

Miller JH. Experiments in molecular genetics. cold Spring Harbor,
N. Y.: Cold Spring Harbor Laboratory 1972:466.

Lehti TA, Heikkinen J, Korhonen TK, Westerlund-Wikstrom B. The
response regulator RcsB activates expression of Mat fimbriae in
meningitic Escherichia coli. J Bacteriol 2012;194:3475-3485.

Costa CS, Antén DN. Role of the ftsATp promoter in the resistance
of mucoid mutants of Salmonella enterica to mecillinam: charac-
terization of a new type of mucoid mutant. FEMS Microbiol Lett
2001;200:201-205.

Hu LI, Chi BK, Kuhn ML, Filippova EV, Walker-Peddakotla AJ et al.
Acetylation of the response regulator RcsB controls transcription
from a small RNA promoter. J Bacteriol 2013;195:4174-4186.

Bailey TL, Elkan C. The value of prior knowledge in discovering
motifs with MEME. Proc Int Conf Intell Syst Mol Biol 1995;3:21-29.

Bailey TL, Gribskov M. Methods and statistics for combining motif
match scores. J Comput Biol 1998;5:211-221.

Carballés F, Bertrand C, Bouché JP, Cam K. Regulation of Escheri-
chia coli cell division genes ftsA and ftsZ by the two-component
system rcsC-rcsB. Mol Microbiol 1999;34:442-450.

Wehland M, Bernhard F. The RcsAB box. Characterization of a new
operator essential for the regulation of exopolysaccharide biosyn-
thesis in enteric bacteria. J Biol Chem 2000;275:7013-7020.

Mouslim C, Latifi T, Groisman EA. Signal-Dependent requirement
for the co-activator protein RcsA in transcription of the RcsB-regu-
lated ugd gene. J Biol Chem 2003;278:50588-50595.

Hernday AD, Braaten BA, Broitman-Maduro G, Engelberts P,
Low DA. Regulation of the pap epigenetic switch by CpxAR: phos-
phorylated CpxR inhibits transition to the phase on state by compe-
tition with Lrp. Mol Cell 2004;16:537-547.

Weyand NJ, Braaten BA, van der Woude M, Tucker J, Low DA.
The essential role of the promoter-proximal subunit of cap in
pap phase variation: Lrp- and helical phase-dependent acti-
vation of papBA transcription by cap from -215. Mol Microbiol
2001;39:1504-1522.



	Transcriptional regulation of the ﻿Salmonella enterica std﻿ fimbrial operon by the RcsCDB system
	Abstract
	Introduction
	Methods
	Bacterial strains, molecular techniques and growth conditions
	β-galactosidase assays
	Protein extracts and Western blot analysis
	Electrophoretic mobility shift assay (EMSA)
	Flow cytometry

	Results
	Regulation of ﻿std﻿ transcription by the RcsCDB system
	Binding of RcsB to the ﻿std﻿ promoter region

	Discussion
	References


