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ABSTRACT

RcsB is a transcriptional regulator that controls ex-
pression of numerous genes in enteric bacteria.
RcsB accomplishes this role alone or in combination
with auxiliary transcriptional factors independently
or dependently of phosphorylation. To understand
the mechanisms by which RcsB regulates such large
number of genes, we performed structural studies as
well as in vitro and in vivo functional studies with dif-
ferent RcsB variants. Our structural data reveal that
RcsB binds promoters of target genes such as rprA
and flhDC in a dimeric active conformation. In this
state, the RcsB homodimer docks the DNA-binding
domains into the major groove of the DNA, facilitat-
ing an initial weak read-out of the target sequence.
Interestingly, comparative structural analyses also
show that DNA binding may stabilize an active con-
formation in unphosphorylated RcsB. Furthermore,
RNAseq performed in strains expressing wild-type
or several RcsB variants provided new insights into
the contribution of phosphorylation to gene regula-
tion and assign a potential role of RcsB in control-
ling iron metabolism. Finally, we delimited the RcsB
box for homodimeric active binding to DNA as the
sequence TN(G/A)GAN4TC(T/C)NA. This RcsB box

was found in promoter, intergenic and intragenic re-
gions, facilitating both increased or decreased gene
transcription.

INTRODUCTION

Gram-negative bacteria encompassing the Enterobacteri-
aceae family possess a complex signal transduction system
named Rcs, initially characterized as a regulator of capsular
polysaccharide synthesis (1,2). The Rcs system detects cell
envelope stress conditions and triggers an adaptative re-
sponse to withstand such conditions (3). This response com-
prises a fine-tuned regulatory cascade that involves outer
and inner membrane proteins as well as a transcriptional
factor aimed to influence gene expression. Specifically, un-
der envelope stress conditions, the outer membrane protein
RcsF interacts with the essential inner membrane protein
IgaA (4,5) to release the inhibition that in basal conditions
this inner membrane protein exerts over the RcsCDB phos-
phorelay system (6,7). The Rcs system comprises the inner
membrane hybrid histidine kinase named RcsC, which is
activated by autophosphorylation and transfers the phos-
phoryl group to the inner membrane phosphotransfer pro-
tein RcsD, which in turn transfers the phosphoryl group to
the response regulator RcsB (8). This phospho-transfer oc-
curs in a conserved aspartate residue (D56) located in the
receiver domain (REC) of RcsB, resulting in modulation
of gene expression. RcsB can also act in combination with
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other auxiliary transcriptional factors in a phosphorylation
dependent or independent manner (3). In addition, the sen-
sor protein BarA can also activate the RcsB protein in an
RcsC- and RcsD-independent manner (9).

In this context, phosphorylated RcsB activates expres-
sion of the capsule (cps) operon (10); rprA, which encodes
the small RNA RprA (11); osmC and osmB, two genes also
regulated by RpoS (12); and, the cell division gene ftsZ
(13), among others. Conversely, phosphorylated RcsB re-
presses transcription of the flhDC flagellar operon required
for motility (14,15). Phosphorylated RcsB can act in combi-
nation with RcsA to enhance activation of the cps operon,
to activate expression of the rcsA gene or to repress flhDC
(14,16). Independently of phosphorylation, RcsB also reg-
ulates genes acting together with additional transcriptional
factors such as GadE (17), BglJ (18), MatA (19) or RflM
(20). The auxiliary proteins TviA and RmpA have also been
proposed to act in concert with RcsB (10). This versatility
shown by RcsB both in their phosphorylated and dephos-
phorylated forms to regulate genes, and alone or in complex
with other transcriptional factors or auxiliary proteins, sug-
gests that a large number of genes must be under the control
of this response regulator. Accordingly, microarray analy-
sis performed in Escherichia coli (21,22) and Salmonella en-
terica serovar Typhimurium (S. Typhimurium) (23,24) have
identified ∼100 genes comprising the Rcs regulon.

In order to understand at the molecular level how RcsB
exerts its activity, several crystal structures have been re-
cently obtained for the E. coli and the intracellular bac-
terial pathogen S. Typhimurium. The structure of the un-
phosphorylated receiver (REC) domain of E. coli RcsB
(25), together with the full-length structure of phospho-
rylated S. Typhimurium RcsB (26), revealed that upon
phosphorylation: (i) RcsB dimerizes through the REC do-
mains using �1–�5 elements, a common interaction sur-
face observed in other members of NarL/FixJ subfam-
ily of response regulators (RRs) to which RcsB belongs
and (ii) RcsB follows the activation mechanism named �5–
T coupling where movement of the catalytic Thr residue
is coordinated with �5 to displace a conserved Leu in the
NarL/FixJ subfamily (L108 in RcsB) to let catalytic Lys at
loop �5�5 approach the active site (26). Additional RcsB
structures obtained for S. Typhimurium RcsB show an al-
ternative dimerization mechanism that does not involve in-
teraction through the REC domains. Instead, the DNA-
binding domains (DBD) produce a crossed-dimer that is
organized in the crystal structures as hexamer of yet un-
known biological significance (26). More recently, the crys-
tal structure of full length unphosphorylated E. coli RcsB
bound to the P1flhDC promoter (PDB: 5W43) has been ob-
tained (27). In this DNA-bound structure, RcsB presents a
dimeric organization resembling the structure in the phos-
phorylated form. However, to date no structural analysis
has been carried out to correlate structural conformation
with gene expression control in a phosphorylation depen-
dent or independent manner. In an effort to understand
this, we analysed the impact of RcsB phosphorylation for
DNA binding by solving the structures of S. Typhimurium
RcsB bound to the rprA and P1flhDC promoters and the
structures of the isolated REC domain in the absence and
presence of phosphomimetic BeF3

−. Our study demon-

strates that DNA binding takes place when RcsB acquires
the phosphorylated active conformation even in the ab-
sence of phosphorylation. Our structural analysis has also
revealed that RcsB recognizes a pseudo-palindromic se-
quence TN(G/A)GAN4TC(T/C)NA. Guided by the struc-
tural information, we have evaluated in vitro and in vivo the
effect of mutations involved in the �5-T coupling mecha-
nism of activation and in gene regulation by performing
RNAseq analysis with RcsB wild-type and variants in po-
sitions suspected to be critical to control the phosphoryla-
tion level. Altogether, these analyses allowed us to unravel
an unexpected dimension of the RcsB regulon and to iden-
tify genes linked to iron metabolism regulated by RcsB, as
well as conduct a genome-wide analysis that identified the
pseudo-palindromic sequence in promoter and intragenic
regions of genes directly regulated by RcsB.

MATERIALS AND METHODS

Cloning, mutagenesis, protein expression and purification

Cloning, expression and purification of full-length wild-
type (WT) RcsB from S. Typhimurium used in the crys-
tallization assays were described previously (26). Cloning
of the REC domain from S. Typhimurium (residues 1–143)
was done in vector plasmid LIC 1.1 (pETNKI-his3C-LIC-
kan), provided by NKI Protein Facility (28). Site-directed
mutagenesis at RcsB specific residues was done with the
Q5 Site-Directed Mutagenesis Kit (New England Biolabs).
Primers used are listed in Supplementary Table S1.

For protein expression, E. coli strain C43 (DE3)
containing the appropriate vector was grown in Hy-
per broth (Molecular Dimension) to exponential phase
(OD600 ∼0.6), then induced with 0.5 mM isopropyl �-D-1-
thiogalactopyranoside (IPTG), incubated overnight at 20◦C
and then centrifuged and stored at −20◦C. A different ap-
proach was followed for the expression of RcsB mutant
L108A in E. coli C43 as cells did not grow efficiently prob-
ably due to toxicity effects. In this case, cells were grown
overnight on an agar plate containing kanamycin, then re-
suspended in 3 ml of LB medium and transferred to a
1L Hyper broth. Subsequently, when exponential phase
was achieved cell were induced with 0.5 mM IPTG, incu-
bated overnight at 20◦C and later centrifuged and stored at
−20◦C.

For purification of the REC domain and RcsB mutants,
cells were resuspended in buffer A (50 mM Tris pH 8.5, 500
mM NaCl), sonicated, centrifuged (15 000 × g, 4◦C) and
then the supernatant was loaded into a HisTrap HP column
(GE, Healthcare) to perform affinity chromatography. Elu-
tion of the protein was achieved in buffer A containing 200
mM imidazole. The eluted proteins were dialyzed against
buffer A to remove imidazole and concentrated to perform
gel filtration. In the case of the REC domain and to remove
the 6xHis-tag for crystallization purposes, the dialysis was
performed overnight at 4◦C and protease PresCission was
added in a molar ratio of 1:10 (protease:protein). Then, the
REC domain was purified again by affinity chromatography
and the digested protein was collected in the non-retained
fraction from the undigested material and the protease. Fi-
nally, gel filtration chromatography was run using a 50 mM
Tris pH 8.5, 150 mM NaCl buffer. Collected fractions of
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the protein were run in a 15% gel for SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), then, the purest fractions
were collected and concentrated until ∼10 mg/ml, frozen
with liquid N2 and stored at −80◦C.

EMSA experiments

EMSA experiments were performed as described previ-
ously (26). Analysed DNA fragments were provided as
lyophilized dsDNA by Macrogen (Supplementary Table
S1), then resuspended in water to a final concentration
of 2 mM. RcsB was incubated during 1 h at 20 �M in
the presence of 0.5 �M double-stranded DNA of rprA
and P1flhDC promoters and 0.0125 mg/ml of poly d(I-
C) (Roche) in a buffer containing 50 mM Tris pH 8.5,
50 mM MgCl2 and 10% glycerol in absence or presence
of 50 mM acetylphosphate (AcP). Briefly, experiments
were run in 10% acrylamide/bisacrylamide gels using 0.5×
Tris/borate/EDTA (TBE) running buffer containing 4 mM
MgCl2. Previously to run, the gels were pre-cooled at 4◦C,
then samples were loaded on the gel and run at 150 V during
2 h at 4◦C. Each gel was stained by adding 2 �l of Green-
Safe Premium (NZYTech) in 20 ml of 0.5× TBE buffer and
incubated for 20 min, then visualized with UV light.

Synthesis of radioactive acetyl-phosphate (AcP)

Radioactive [32P]-AcP used in the RcsB phosphorylation
assay was obtained incubating for 2 h at room temperature
2.5 U of acetate kinase with 10 �Ci of [� -32P] adenosine
triphosphate (1000 Ci/mmol Perkin Elmer) in 2.5 mM Tris
pH 8, 6 mM potassium acetate and 1 mM MgCl2 buffer. The
[32P]-AcP synthesis reaction was centrifuged (14 000 × g,
30 min) with Microcon-10 kDa Centrifugal Filter Unit (GE
Healthcare) to eliminate the acetate kinase and the filtrated
[32P]-AcP was stored at −20◦C until use.

Phosphorylation experiments with [32P]-AcP

Phosphorylation of RcsB wild-type and mutants was con-
ducted using 1 mg/ml (40 �M) of protein incubated with
10 �l of [32P]-AcP in a solution containing 50 mM Tris–
HCl pH 8.5, 100 mM KCl, 10 mM MgCl2 and 150 mM
NaCl. Phosphorylation reaction was stopped adding load-
ing buffer containing 4% sodium dodecyl sulphate (SDS)
and 50 mM EDTA at different incubation times, 5, 10, 20,
40 and 60 min. The samples were loaded in a 15% gel for
SDS-PAGE and run at 150 V at room temperature. Phos-
phorylated proteins were visualized by phosphorimaging
using a Fluoro Image Analyzer FLA-5000 (Fuji) and eval-
uated with the MultiGauge software (Fuji).

Dephosphorylation experiments of phosphorylated RcsB

RcsB at 40�M was phosphorylated with [32P]-AcP for 1 h at
room temperature, as indicated previously. Then, free [32P]-
AcP was removed using desalting columns with 0.5 ml of
Sephadex G-25 fine (GE Healthcare). [32P]-AcP free sam-
ples were incubated at room temperature and stopped at
different incubation times by adding loading buffer contain-
ing 4% SDS and 50 mM EDTA. Then, samples were run in

an SDS-PAGE gel at 150V at room temperature. Phospho-
rylated proteins were visualized by phosphorimaging using
a Fluoro Image Analyzer FLA-5000 (Fuji) and evaluated
with the MultiGauge software (Fuji).

Protein crystallization

Crystals were obtained by using the sitting drop vapour
diffusion technique. Crystallization of RcsB bound to the
promoters was achieved by mixing 0.6 �l of a protein so-
lution having 6 mg/ml protein, 0.18 mM DNA, 7 mM
MgCl2, 5 mM BeSO4 and 30 mM NaF with 0.3 �l of
different screening solutions. To improve complex crystal-
lization, a 23-mer doubled-stranded DNA containing the
bona fide sequence of DNA promoter P1flhDC was synthe-
sized (Macrogen) with the last base at the 3′ end changed
from A to G (5′-CGAATTAGGAAAAATCTTAGGCG-3′) to in-
crease duplex stability. A similar strategy was used to syn-
thesize the rprA promoter which had a 23-mer sequence
where the A at 5′ and 3′ ends were changed to C and G,
respectively (5′- CCTATTGAGACGAATCTGATCGG-3′). Crys-
tals for RcsB bound to P1flhDC were grown in a mother
liquor solution containing 1.5 M ammonium sulfate and
0.8 mM lithium sulfate while crystals of RcsB bound to
rprA promoter (PrprA) were grown in 15% (v/v) PEG8000,
0.1 M MES pH 6.5 and 0.2 M magnesium acetate. For
cryopreservation, crystals grown with P1flhDC were har-
vested in a solution containing 2.3 M lithium sulfate while
in the case of PrprA crystals were harvested in the mother
liquor solution with increased PEG8000 to 35% (v/v). Crys-
tallization of REC domain of RcsB was achieved by mix-
ing 0.6 �l of a protein solution containing 6 mg/ml pro-
tein, 7 mM MgCl2, 5 mM BeSO4 and 30 mM NaF with
0.3 �l of different screening solutions. Two crystal forms
were obtained in different conditions. Rod-shaped crystals
grew in 30% (v/v) PEG4000, 0.1M Tris–HCl pH 8.5 and
0.2M MgCl2 and led REC domain bound to BeF3

− that
diffracted to 2.5Å. Diamond-shaped crystals grew in 1.6
M tartrate, 0.1M HEPES pH 7.5 and glucose 2.9% (v/v)
and led REC domain in the apo form that diffracted to
3.1Å. The fact that the REC domain mixed with BeF3

−
produced crystals in the apo form of the protein relies on
the presence of tartrate in the mother liquor solution as
it has been demonstrated that tartrate can complex beryl-
lium in the presence of fluoride (29) abolishing BeF3

− bind-
ing to the protein. Cryoprotection of rod-shaped crystals
was achieved harvesting the crystal in the crystallization
solution with increased PEG4000 to 35% (v/v) while for
the diamond-shaped crystals 10% (v/v) ethylene glycol was
added to the mother liquor solution. Diffraction and data
collection for the crystals were conducted at beamlines I03,
I04 and I24 in Diamond light source synchrotron (Did-
cot, UK) and beamline BL13-XALOC in Alba Synchrotron
(Cerdanyola del Vallès, Spain) and the datasets showing the
highest resolution were used to solve the structures. Specif-
ically, best crystals for RcsB bound to P1flhDC promoter
and REC domain bound to BeF3

− were collected at I04
and I24, respectively, while best crystals for RcsB bound to
PrprA and REC domain in the apo form were collected at
BL13-XALOC. Data integration and reduction were per-
formed using XDS (30) and Aimless from the CCP4 suite
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(31). Molecular replacement was conducted for phasing us-
ing the previously reported structure of RcsB (PDB: 5O8Z)
as the search model using Phaser (32). The final structural
model was obtained upon iterative cycles of building and re-
finement using COOT (33) and Refmac5 (34), respectively.
Data collection and refinement statistics are provided in
Table 1. The Ramachandran plot for refined RcsB bound
to PrprA showed 89.1% residues in favored region, 10.9%
residues in allowed region and 0.1% residues in disallowed
region; for refined RcsB bound to P1flhDC showed 89.2%
residues in favoured region, 10.5% residues in allowed re-
gion and 0.3% residues in generously allowed region; for
refined REC domain of RcsB in the presence of BeF3

−
showed 95.9% residues in favoured region, 4.1% residues
in allowed region; and for refined REC domain of RcsB in
the apo form showed 92.2% residues in favoured region and
7.8% residues in allowed region.

Figures were produced using UCSF Chimera (35) and
superpositions were performed using programs from CCP4
suite (31).

Phenotypic assays

Phenotypes involving production of colanic capsule lead-
ing to mucoid colonies on plates and bacterial motil-
ity were monitored, as described (26). Briefly, the strain
used to express the wild-type and mutant RcsB variants
is S. Typhimurium MD4821 (igaA1 �rcsB). The allele
igaA1 bears an R188H mutation in IgaA causing par-
tial loss-of-function and, as consequence, activation of the
RcsCDB system (4,36). Strain MD4821 was constructed
from SV4450 (igaA1), which is mucoid on plates due to
over-activation of the RcsCDB system, by deletion of the
rcsB gene (26). Strain MD4821 was subsequently trans-
formed with plasmid pTara:500 (Addgene), which expresses
T7 RNA-polymerase, to generate strain MD4822 (igaA1
�rcsB pTara:500). This strain was used as recipient of the
different series of plasmid LIC 1.1-derivates expressing the
respective RcsB-6xHis variants.

RNAseq experiments

Total RNA was obtained from 10 ml cultures of S. Ty-
phimurium MD4821 strain expressing RcsB-WT or mu-
tant variants in exponential phase (OD600 ∼ 0.25) using the
TRIzol reagent method, as described elsewhere (37). The
samples for the strains expressing each RcsB variant were
prepared from three independent biological replicates. To-
tal RNA was further purified by treatment with TURBO
DNA-free kit (#AM1907, Invitrogen). Quality of RNA was
checked by Bioanalyzer with final yields in the range of 25–
40 �g per sample (concentration of 500–800 ng/�l). Pu-
rified RNA was then treated with Ribo-Zero™ rRNA Re-
moval Reagent and magnetic core kit (Epicentre). rRNA-
free RNA was resuspended in ethanol and subsequently
used to prepare libraries using the ScriptSeq™ v2 RNA-Seq
Library preparation kit (Epicentre and Illumina Company).
The purifications were performed following manufacturer
instructions and involving usage of MagSi-NGSPREP Plus
(Magtivio).

Size of the fragments composing the different libraries
was monitored by capillary electrophoresis in a QIAxcel

Advanced System (Qiagen) and quantification of the cDNA
was made in a QuantiFluor dsDNA system (Promega). Se-
quencing was performed in a Hiseq 400 system (Illumina)
in a 2 × 75 bp format. Reads were aligned against the
NCBI genome sequence for S. Typhimurium strain SL1344
(NC 016810.1) using Bowtie2 (38). Raw reads counts were
calculated using the Python package HTSeq, with the func-
tion htseq-count (39). The Bioconductor DESeq2 package
from R software (40) was used to detect differentially ex-
pressed genes. An adjusted P-value of 0.05 was considered
to be significant. Gene Ontology (GO) enrichment analysis,
the PANTHER (Protein ANalysis THrough Evolutionary
Relationships) Classification System was applied (41).

Hierarchical complete-linkage clustering of RPKM log2
fold change was performed with Cluster 3.0 (42). Clusters
were visualized using Java Treeview software (43).

Quantitative RT-PCR

In order to analyse the mRNA levels of our target genes,
we performed reverse transcription and quantitative PCR
reactions with mRNA samples used in the RNAseq analy-
sis obtained from S. Typhimurium MD4821 (igaA1 �rcsB)
cells expressing RcsB wild type or mutant variants D56A,
L108A, M88A as well as empty vector. cDNA was obtained
using the QuantiTect Reverse Transcription Kit, and the
qPCR reactions were performed following the protocol as
described in (44). Briefly, 2.5 �l of cDNA was mixed with
7.5 �l of each qPCR reaction containing 0.2 �M of the cor-
responding primers and 5 �l of SYBR Pre-mix Ex Taq (Tli
RNase H Plus, Takara). Then, reactions were analysed with
CFX96 Touch™ Real-Time PCR Detection System (Bio-
Rad) to obtain the Cq values under the following condi-
tions: 95◦C for 10 s, followed by 40 cycles of 5 s at 95◦C
and 20 s at 52◦C, and a final step at 50◦C for 1 min. At the
end of the amplification cycles, a melting curve analysis was
conducted to verify the specificity of the reaction. For each
analysed primer pair, a standard curve was made with se-
rial dilutions of the cDNA samples (1/5, 1/10, 1/50, 1/100,
1/500 and 1/1000). Endogenous aroC mRNA levels were
used for normalizations. A total of two biological replicates
of each RNA sample was used to analyze the transcript lev-
els for each analysed gene. The list of the specific primers
designed to amplify the genes of interest is listed in the Sup-
plementary Table S1.

Bioinformatic search of RcsB consensus sequences

The RcsB consensus sequences and assignation of po-
tential target genes were conducted using Python scripts
and the NCBI genome sequence for S. Typhimurium
SL1344 (NC 016810.1). Python scripts and genomics
data used in this work to find the RcsB DNA mo-
tifs are now present in the Github repository (https://
github.com/ginerorama/Salmonella-RcsB-regulon). Tran-
scriptional Start Sites (TSS) for RcsB motif mapping anal-
ysis were retrieved from SalCom (45).

Nuclease protection assays

Fragment for the intergenic region between entF and fepE
(sequence from –1 to –249 from initial ATG codon of

https://github.com/ginerorama/Salmonella-RcsB-regulon
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Table 1. Data collection and refinement statistics

rprA-RcsB-P flhDC-RcsB-P RcsBREC-P RcsBREC

Data collection
Space group P 21 H 3 P 21 I 41 3 2
Cell dimensions

a, b, c (Å) 69.36, 111.51 183.2 183.2 38.14, 64.40 148.1, 148.1
146.26 84.14 47.13 148.1

�, �, � (◦) 90, 90.4, 90 90, 90, 120 90, 100.1, 90 90, 90, 90
Resolution (Å) 46–3.4 (3.6–3.4) 74.3–3.4 (3.7–3.4) 28.7–2.5 (2.6–2.5) 104.8–3.1 (3.4–3.1)
No. reflections 114 764 (15 807) 69 020 (14 473) 48 549 (4022) 176 922 (44 893)
Rsym or Rmerge 0.21 (0.63) 0.048 (0.43) 0.067 (0.21) 0.05 (2.43)
Rpim 0.13 (0.4) 0.028 (0.241) 0.03 (0.12) 0.009 (0.41)
I / �I 4.2 (1.9) 11.8 (3.1) 16.1 (6.5) 36.7 (2.2)
Completeness (%) 99.1 (97.8) 99.9 (99.9) 97.0 (81.3) 96.8 (100)
Redundancy 3.8 (3.6) 4.8 (4.8) 6.4 (4.8) 34.9 (37)
Refinement
Rwork / Rfree 0.26/0.31 0.23/0.27 0.22/0.27 0.24/0.29
No. atoms

Protein 10265 2836 2125 954
Ligand/ion 1816 912 10
Water 5 42 1

B-factors
Protein 92.3 182.6 33.8 166.4
Ligand/ion 70.2 175.2 34.2
Water 86.7 30.5 143.2

R.m.s. deviations
Bond lengths (Å) 0.002 0.003 0.005 0.007
Bond angles (◦) 1.19 1.20 1.25 1.09

PDB code 6ZJ2 6ZIX 6ZII 6ZIL

Values in parentheses are for the highest-resolution shell.

fepE gene) were amplified with 5′- fluorescein (FAM) la-
beled primers (see Supplementary Table S1). Then, the PCR
product was treated with ExoProStar™ kit (Fisher Scien-
tific) and was separated in three samples, (i) control DNA,
(ii) DNA with RcsB and (iii) DNA with protein phospho-
rylated RcsB upon addition of 50 mM AcP and 50 mM
MgCl2. Digestion with DNase I (Thermo Scientific) was
performed for 5 min at 37◦C in DNase I buffer and the re-
action was stopped adding EDTA at 10 mM final concen-
tration with further incubation at 80◦C during 10 min. The
digested fragments were analysed by capillary electrophore-
sis in an ABI 3500 Genetic analyzer (Applied Biosystems) at
the DNA sequencing service of the Instituto de Biomedic-
ina de Valencia, and the chromatograms generated were
compared to search the protective areas.

RESULTS

RcsB bound to rprA and P1flhDC promoters shows the phos-
phorylated active conformation

The capacity of RcsB to control expression over a large
number of genes in the absence and presence of phosphory-
lation remains intriguing. Previously, we solved the struc-
ture of S. Typhimurium RcsB in the presence of phos-
phomimetic BeF3

− (RcsB-P in PDB 5O8Z; from now on
terminology used to present the structures is shown in
Supplementary Table S2) which showed a dimer in the
phosphorylated-active conformation competent to bind
target promoters (26). To understand the molecular bases
of promoter recognition, we attempted to solve the 3D
structure of this protein in complex with two 23-mer DNA
fragments containing the sequences corresponding to pro-

moters of rprA (PrprA) and P1flhDC genes. For PrprA,
the sequence ranged from -33 to -53 upstream of the
transcription start site (5′-CCTATTGAGACGAATCTG
ATCGG-3′), while, for P1flhDC the sequence ranged from
−225 to −204 of the flhDC operon (5′-CGAATTAGGAA
AAATCTTAGGCG-3′). Notice that G or C were added at
the 5′- and 3′-ends to stabilize the DNA fragments. Binding
of phosphorylated RcsB to these promotors was previously
shown (26) and confirmed here by EMSA (Supplementary
Figure S1). The phosphomimetic BeF3

− was added to sta-
bilize the phosphorylated conformation of RcsB as our pre-
vious structural studies showed (26), and crystals contain-
ing the promoters PrprA or P1flhDC were obtained in space
groups P21 and H3, respectively (Table 1).

Molecular replacement using RcsB-P structure as a
model showed that the asymmetric unit for crystals in
the presence of PrprA (rprA-RcsB-P) contained two RcsB
dimers bound to two PrprA DNA sequences and two addi-
tional RcsB dimers not bound to DNA (Figure 1A and Sup-
plementary Figure S2A). In contrast, crystals with P1flhDC
DNA (flhDC-RcsB-P) contained in the asymmetric unit one
RcsB dimer bound to one P1flhDC promoter sequence (Fig-
ure 1A). Possibly, lower affinity binding of RcsB to PrprA
than to P1flhDC DNA sequence (Supplementary Figure S1)
enabled the presence of RcsB dimers unbound to DNA.
Comparison between RcsB dimers bound to each promoter
showed almost identical conformation (RMSD 0.7 Å for su-
perimposition of 406 residues; Figure 1A and Supplemen-
tary Figure S2B), supporting an identical structural confor-
mation to promoter recognition. Furthermore, comparison
of these two structures with the previously reported struc-
ture of unphosphorylated E. coli RcsB bound to P1flhDC
(flhDC-RcsBEC; PDB 5W43) (27) provided valuable infor-
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Figure 1. Structure of RcsB bound to PrprA and P1flhDC promoters. (A) RcsB dimer (subunits in pink and magenta) bound to promoter PrprA (rprA-
RcsB-P) and RcsB dimer (subunits in orange and purple) bound to promoter P1flhDC (flhDC-RcsB-P). The REC domain from each subunit is labelled
and the loop connecting the REC and DBD domains is colored in cyan. (B) Superposition of the dimerization REC domains for RcsB-P dimer (in blue
hues; PDB: 5O8Z) and rprA-RcsB-P complex (pink and magenta subunits). DBD domains rotate to dock at the rprA promoter shown as surface.

mation as showed a similar conformation (RMSD of 1.1 Å
for 392 residues; Supplementary Figure S2C) even though
the unphosphorylated structure was bound to a shorter ver-
sion of P1flhDC promoter (22-mer) and crystallized in dif-
ferent conditions and space group (27).

Then, we compared the structures phosphorylated (rprA-
RcsB-P and flhDC-RcsB-P) and unphosphorylated (flhDC-
RcsBEC) of RcsB bound to DNA with the structure of phos-
phorylated RcsB-P unbound to DNA. Dimerization of the
REC domain was similar in all structures (RMSD values
∼1 Å for 247 residues, Supplementary Table S3) showing
interaction by the �1–�5 dimerization surface characteris-
tic in the NarL/FixJ response regulator subfamily (46,47).
DBD domains showed an asymmetric disposition relative
to the REC domain (Figure 1A and B) and, unlike what
happens with the REC domains, these domains underwent
movements with respect to the unbound form to dock into
the major groove of the DNA. Basically, the DBD domain
rotated around ∼20◦ (subunit A rotated 15.1◦ and trans-
late –0.9Å while subunit B rotated 21.4◦ and translated –
0.5Å, calculated by Dyndom (48)) with respect to the dis-
position observed in the RcsB-P unbound form (Figure
1B). In this new disposition, both DBD domains are sym-
metrically related by a two-fold axis (Supplementary Fig-
ure S3A) and show a limited interface area between them
(∼250 Å) with respect to the RcsB-P unbound structure
(381 Å), probably to favour interactions with DNA (Sup-
plementary Table S4). However, some of the interactions
between the DBD domains were maintained in both struc-
tures of S. Typhimurium RcsB bound and unbound to
DNA which involved G165 at loop �6�7 with N197 and
I199 at loop �9�10 as well as between L202 in �10 from
each DBD domain (Supplementary Table S4). The capac-
ity of DBD domains for RcsB to move and adopt differ-
ent dispositions has been previously observed (26) and con-
firmed here by the rprA-RcsB-P crystal. The asymmetric
unit of this crystal contains two RcsB dimers bound and
two unbound to DNA with similar dimerization at the REC

domain but showing alternative dispositions for the DBD
domains (Supplementary Figure S3B), confirming the dy-
namism and plasticity for this RR. Overall, our structural
data show that RcsB phosphorylated or unphosphorylated
binds DNA in the same conformation and that DBD do-
mains rearranges relative to REC domains to interact with
DNA.

Mechanism of RcsB activation stabilized by phosphorylation

RcsB phosphorylation results in the reorientation of T87
towards the active site to mediate contacts with the phos-
phoryl group, allowing the accommodation of the con-
served L108 in a hydrophobic pocket as predicted by the
�5-T coupling mechanism (26). In this movement, loops
connecting �4 with �4 (L�4�4) and �5 with �5 (L�5�5)
also move to approach K109 to the active site as well as
to orient M88 and N90 to allow Q110 to interact with
L�4�4 in order to produce a proper REC dimeric inter-
face (26). To study the changes involved in the acquisition
of an active conformation that is stabilized by phospho-
rylation, we solved the structure of the REC domain of
S. Typhimurium RcsB in the absence (RcsBREC) and pres-
ence of phosphomimetic BeF3

− (RcsBREC-P) at 3.1 Å and
2.5 Å resolution, respectively (Table 1). As expected, in the
presence of phosphomimetic BeF3

− the isolated REC do-
main acquired a dimeric conformation identical to those
observed for the active full-length RcsB, either bound or
unbound to DNA structures (Figure 2A and B and Sup-
plementary Table S3). Meanwhile the crystal of RcsBREC
showed a monomeric organization in agreement with the
monomeric state for unphosphorylated RcsB observed in
solution (26). All the S. Typhimurium RcsB structures
bound to BeF3

− had similar orientation of catalytic residues
T87, D11 (chelates Mg2+ ion), phosphorylatable D56, to-
gether with residues L108, N90, Q110 and H12, as well as
L�3�3 (loop connecting �3 with �3), L�4�4 and L�5�5
structural elements (Figure 2C and D). Similarly, the un-
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Figure 2. Mechanism of RcsB activation. (A) Superposition of the dimer formed by the REC domains of RcsB-P (in blue hues; PDB: 5O8Z) with the
isolated REC domain (RcsBREC-P in green hues) bound to phosphomimetic BeF3

− and as well as with (B) the rprA-RcsB-P complex (pink and magenta
subunits) and flhDC-RcsB-P complex (subunits in orange and purple). (C, D) Zoom of the active site in A and B, highlighting the phosphorylatable
residue D56, residues involved in the �5-T mechanism (T87 and L108 as well as N90 and Q110), residue H12 involved in REC dimerization and loop
�3�3 (L�3�3), loop �4�4 (L�4�4) and loop �5�5 (L�5�5). (E) Zoom of the active site for the superposition of the isolated REC domain of RcsB in apo
(RcsBREC in red) and phosphorylated form (RcsBREC-P in green) with REC domain of RcsB-P (in blue; PDB: 5O8Z). Residues are labelled as in C and
D. (F) Structures superposed in E, showing the dimer for the phosphorylated forms. The residues that are involved in stabilizing the dimer interface (H12,
M88 and Q110) are shown in the apo form avoiding proper disposition of the dimer interface.

phosphorylated flhDC-RcsBEC structure, showed similar
disposition for this residues and structural elements, ex-
cept for short displacement of L�5�5, supporting an ac-
tive conformation for this structure (Supplementary Figure
S4A). Conversely, in the absence of phosphomimetic, the
isolated REC domain suffered significant conformational
changes (Figure 2E), including alternative conformations
for residues T87 and L108, as well as higher freedom for
L�3�3, disabling its complete modelling due to lack of elec-
tron density for residues 60–64, together with the alterna-
tive folding of residues 65–67 as part of helix �3. Confor-
mation of L�3�3 seemed important to allow proper dispo-
sition of DBDs for DNA binding. Superimposition of un-
phosphorylated RcsBREC onto the corresponding REC do-
mains of DNA bound structures showed that L�3�3 needs
to achieve the conformation observed in the phosphory-
lated S. Typhimurium RcsB structures and the unphos-
phorylated flhDC-RcsBEC structure (Supplementary Figure
S4A) since the ends of L�3�3 would produce clashes with
the DBD domains, G65 would clash with E157 and R160
in its own DBD and with S207 from the DBD of the second
dimer subunit (Supplementary Figure S4B). Also, absence
of phosphorylation affected L�4�4 and L�5�5 conforma-
tion displacing �1 and �5. Structural comparison of the
isolated REC domain in apo form with the dimeric phos-
phorylated forms shows that the residues involved in sta-

bilization of the dimeric REC interface such as H12 at �1,
M88 at L�4�4 or Q110 at L�5�5, would produce clashes
between subunits (Figure 2F), preventing the appropriate
�1–�5 dimerization and explaining the monomeric state for
unphosphorylated RcsB (26).

To confirm the role of residue L108 in the activation
mechanism of RcsB, we generated L108A and L108F muta-
tions. Then, we evaluated phosphorylation, at D56 (26), in
the presence of phosphodonor AcP (Figure 3A) and DNA-
binding capacity to promoter P1flhDC by electrophoretic
mobility assays (EMSA) (Figure 3B). Mutation L108A
completely abolished phosphorylation while the L108F
change resulted in decreased phosphorylation. This could
result by the fact that Phe tends to mimic Leu, occupying the
hydrophobic pocket, although its bulkiness avoids proper
fitting. In concordance with lack of phosphorylation, the
RcsB-L108A variant did not bind promoter P1flhDC. In
agreement with its lower phosphorylation capacity, the
RcsB-L108F mutant could still bind P1flhDC promotor
but with lower affinity (Figure 3B). Phenotypic assays with
S. Typhimurium MD4821 (igaA1 �rcsB) strains express-
ing either RcsB-L108A or RcsB-L108F did not produce ex-
tracellular capsule and displayed higher motility than WT
strain. This phenotype is similar to the strain deficient of
RcsB (Figure 3C) in agreement with the in vitro data. There-
fore, the results confirmed the key role of L108 in RcsB ac-
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Figure 3. Role of L108 in the activation mechanism of RcsB. (A) Phosphorylation of RcsB-WT and mutant variants RcsB-L108A and RcsB-L108F using
radioactive phosphodonor AcP and incubating at room temperature for 5, 10, 20, 40 and 60 min. (B) EMSA experiments performed with RcsB-WT and
mutant variants L108A and L108F in order to test binding to P1flhDC in the absence and presence of phosphodonor AcP. (C) Effect of L108A and L108F
mutations in capsule formation and motility. Overexpression of RcsB mutants in the S. Typhimurium strain MD4821 (igaA1 �rcsB) to monitor effect on
colanic capsule production and motility in vivo. Expression of the wild-type and empty vector (as control).

tivation by phosphorylation, signal transduction and DNA
regulation. Additional mutations at residues that partici-
pate in phosphorylation-mediated conformational changes
such as N90 and Q110 located at L�4�4 and L�5�5, re-
spectively (Figure 2C–E), affected the phosphorylation rate
and induced intermediate phenotypes (Supplementary Fig-
ure S5). As the net phosphorylation comprises autophos-
phorylation and dephosphorylation rates, we studied the
dephosphorylation time-course (60 min) of WT and mutant
variants of RcsB. Our analysis (Supplementary Figure S5B)
confirmed a predominant stable phosphorylation of RcsB,
which is barely altered by the mutations, supporting that
mutations mainly affect the phosphorylation rate.

Overall, our data demonstrates that RcsB binding to
DNA required, in both S. Typhimurium and E. coli, the ac-
quisition of an active phosphorylated conformation. This
could be mediated by a �5-T coupling mechanism where
L108 plays a key role together with phosphoryl-interacting
T87 to promote adequate conformation of L�3�3, L�4�4
and L�5�5 for REC dimerization and DNA binding. The
fact that unphosphorylated flhDC-RcsBEC structure adopts
an active conformation implies that the binding to the DNA
may stabilize these structural changes.

RcsB binding specificity

RcsB dimer binds PrprA and P1flhDC promoters by the
insertion of DBD �9 helices into the major groove of the
DNA (Figure 4). Both DBDs present a symmetric dispo-
sition related by a two-fold axis, thus the �9 helices cover
two inverted pseudo-repeats separated by four bp. In addi-
tion to �9 helices that made the direct readout of the DNA,
the loop connecting helices �6 with �7 (L�6�7), and helices
�7 and �8 made non-specific interactions with DNA back-
bone, covering a recognition area of ∼600 Å2 for each DBD
(Figure 4B). Analysis of the interactions between S. Ty-
phimurium RcsB with PrprA and P1flhDC promoter se-
quences using DNAproDB server (49) revealed a conserved
recognition motif by DBD residues despite the divergence
in sequence observed between promoters (only 63% simi-
larity in 23-mer) (Supplementary Figure S6A). Interactions
were observed between residues in �9 with the nitrogenous
bases via hydrophobic interactions involving I179, T181,
S183 and S184 and via hydrogen bonds involving, surpris-
ingly, only K180 (Figure 4C and Supplementary Table S5).
Despite similar location of DBD domains interacting with
PrprA and P1flhDC at the dimer, the side chain flexibility
of interacting residues for each DBD domain does not re-
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Figure 4. Dissecting binding specificity of RcsB to DNA. (A) rprA-RcsB-P complex showing how �9 is oriented at each subunit of the dimer with respect
to dimerization of the REC domain. (B) Interaction of each DBD domain of the RcsB dimer (in pink and magenta) with PrprA promoter showing the
residues involved in binding located at �7, �8 and �9. At each DBD domain, residue K180 inserts specifically in the major groove of DNA. (C) Detail
interaction of each DBD domain of the RcsB dimer (in pink and magenta) with the PrprA promoter indicating the residues involved in the binding with
the nucleotides at each strand of the promoter (in green and yellow). Labelled residues are colour coded as the DBD chains and show location at the
corresponding helix. Nitrogenous bases are represented as boxes, deoxyribose sugar as small pentagons and phosphate groups as red circles. Lines colour
coded as DBD chains represent binding interactions between residue and DNA. Nucleotides at motif (G/A)GA in the direct strand are colored in red and
at motif AGA in the complementary strand are colored in blue. (D) Superposition of all DBD domains bound to PrprA and P1flhDC to show the flexibility
of the side chain for K180.

produce the exact same interactions with each DNA strand
(Figure 4C and Supplementary Figure S6B). The flexible
side chain of K180 recognizes the major groove floor gener-
ated by the AGA motif (GGA in P1flhDC) in both strands
(Figure 4C), explaining the critical role of this residue in
DNA-binding to the P1flhDC promoter (26,50). Interest-
ingly, K180 flexibility is exploited to recognize this motif
in different ways, showing the side chain alternative dispo-
sitions in some protomers but always interacting with the
nitrogenous bases of AGA motif (Figure 4D). Indeed, the
flexibility of K180 was reflected by a weak electron den-
sity of the side chain, difficult to trace in some molecules.
In this way, S. Typhimurium RcsB seems to recognize a
pseudo-palindromic sequence for both promoters compris-
ing two motifs, a TN(G/A)GA motif separated by four
bases to TC(T/C)NA (corresponding to the AG(G/A)NT
motif in the complementary strand) (Figure 4C). A simi-
lar motif AGA. . .TCT was previously proposed as part of
the RcsB box (11). The backbone phosphates and the sugar
moiety make extensive interactions with the DBD domain
involving residues K154, E155 and T169 from helices �7
and �8. This non-specific recognition increased the interac-
tion surface possibly to stabilize the complex and to over-
come the weak read-out of the recognition sequence (Figure
4C and Supplementary Table S5). Similar interactions with

P1flhDC promoter were also observed in the structure of
unphosphorylated flhDC-RcsBEC (27).

To study the specificity of recognition by RcsB for the
pseudo-palindromic sequence, we mutated one, two or three
bases at different positions within the two (G/A)GA mo-
tifs present at the pseudo-palindromic P1flhDC promoter
and performed EMSA to evaluate the extent of interaction
(Supplementary Figure S6C). The second motif AGA cor-
responds to the TCT motif in the direct strand. Substitu-
tion of the first GGA to AGA, as observed in the PrprA
promoter, allowed DNA binding to RcsB in a similar ex-
tent as the P1flhDC promoter, however, other mutations di-
minished (GGC, GGT, GGG and AGG) or impaired RcsB
binding. Similarly, mutation of the second AGA to AGG
allowed RcsB binding but other mutations either dimin-
ished (GGA and TGA) or blocked such binding (Supple-
mentary Figure S6C). These results indicated that the two
(G/A)GA motifs shape the pseudo-palindromic sequence
that seems to be the primary recognition site for RcsB. The
fact that: (i) RcsB binds as a homodimer to an imperfect
palindrome and (ii) DNA read-out is made mainly by two
residues (same residue at each subunit of the dimer) with
extensive binding to the backbone DNA would indicate
limited binding specificity, explaining the broad number of
genes regulated by RcsB alone or in complex with other
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transcriptional factors. Furthermore, the distance between
the contacted bases may play an important role as well.

Transcriptional profiling in S. Typhimurium expressing RcsB
variants

To determine the extent to which phosphorylation mod-
ulates the function of the S. Typhimurium RcsB regu-
lator, we isolated total RNA from a S. Typhimurium
MD4821 (igaA1 �rcsB) strain expressing the following
RcsB variants: (i) M88A (exhibiting higher phosphoryla-
tion) (26); (ii) L108A (impaired for both phosphorylation
and signal transduction (Figure 3) or (iii) D56A (non-
phosphorylatable) (26). Control samples included �rcsB
bacteria expressing WT RcsB and bacteria harbouring an
empty vector. In all cases, RNA was isolated from ac-
tively growing bacteria in nutrient-rich medium LB at ex-
ponential phase (OD600 ∼ 0.25). A total 877 genes were
differentially expressed (adjusted P-value < 0.05) in WT
and the RcsB variants (Supplementary Table S6) with re-
spect to �rcsB strain harbouring an empty vector. The
RNAseq data were consistent with the previously reported
RcsB regulon. Thus, among the differentially-expressed
genes were included those related with production of the
exopolysaccharide capsule composed of colanic acid,
flagella biosynthesis/motility, chemotaxis, the virulence-
associated Salmonella pathogenicity island 1 (SPI-1), glu-
tamine transport, glycerol, galactose, ribose and maltose
metabolism as well as some encoding for lipoproteins,
periplasmic proteins and, secretion and membrane-related
proteins (3,21–23,51) (Figure 5A–C and Supplementary Ta-
ble S6). Importantly, RNA-seq uncovered distinct tran-
scriptional profiles in S. Typhimurium expressing different
RcsB versions: WT protein in comparison to the M88A,
L108A and D56A variants (Figure 5A–C). These differ-
ences confirmed the important role that phosphorylation
plays in modulating RcsB-mediated regulation. Compared
to bacteria harbouring the empty vector, S. Typhimuirum
strains producing the M88A, L108A or D56A variants
showed a reduced number of differentially-expressed genes
than the strain producing RcsB-WT. Thus, the transcription
profile of bacteria producing RcsB-WT was altered in 578
genes, more than the sum of those differentially-expressed
genes detected in bacteria producing the M88A, L108A or
D56A variants (200 + 83 + 16 = 301, Figure 5B). As ex-
pected, the number of affected genes in bacteria produc-
ing the non-phosphorylatable D56A variant was quite low
compared to bacteria harbouring the empty vector, i.e. no
GO groups were differentially expressed (Figure 5C). On
the other hand, the M88A and L108A RcsB variants ex-
hibited an intermediate capacity to modulate gene expres-
sion compared to RcsB-WT (Figure 5A and C). Expres-
sion of genes related with flagella biosynthesis and motil-
ity were highly decreased in bacteria producing RcsB-WT
but slightly decreased in those producing the M88A and
L108A variants, emulating, therefore, the response shown
by bacteria producing the D56A variant (Figure 5D). In
contrast, the expression of wca operon genes involved in
colanic acid synthesis were increased by RcsB-WT and the
M88A variant, a response not observed in bacteria produc-
ing RcsB-L108A (Figure 5D). This difference was in con-

cordance with the inability of RcsB-L108A, which is unable
to become phosphorylated, to repress motility genes (Fig-
ure 5D).

Despite its capacity to induce wca expression (see Figure
5D), the RcsB-M88A variant showed reduced ability to re-
press motility genes, confirming previous phenotypic assays
(26). These findings indicate that hyper-phosphorylation of
RcsB-M88A may have deregulated the control over motil-
ity disrupting the balance between phosphorylated RcsB
homodimer and the unphosphorelated RcsB-RflM het-
erodimer formation, both complexes contributing to motil-
ity repression. Finally, genes mapping in the Salmonella
pathogenicity island 1 (SPI-1) were less affected as result of
expression of RcsB-WT and the variants, except for bacte-
ria producing RcsB-D56A which showed increased expres-
sion of the entire set of genes encompassing SPI-1 (Sup-
plementary Figure S7) and a slight increase expression for
the RcsB-M88A variant. These results support previous
data on RcsB repressing SPI-1 genes (24) and demonstrate
the influence of RscB phosphorylation for control of this
pathogenicity island. Taken together, our results reinforce
the key role that phosphorylation plays in regulation me-
diated by RcsB. To our knowledge, these data also high-
light, for the first time, differences in the transcriptional pro-
file that correlate with distinct states of phosphorylation in
RcsB.

The RNA-seq data also uncovered new genes not previ-
ously known to be part of the RcsB regulon. These genes
encode chaperone-heat shock and stress proteins and, pro-
teins related to sulphate metabolism as well as iron uti-
lization and molybdenum transport (Figure 5A, C and
Supplementary Table S6). Briefly, some of these genes in-
cluded, i) the cysCND and cysHIJ operons related with cys-
teine biosynthesis/sulfate reduction (52); and, ii) the genes
dnaK, htpG, clpB, hslT, hslS, hslU and hslV encoding heat
shock chaperones. The expression of these genes were de-
creased in the RcsB-M88A and RcsB-L108A variants (Sup-
plementary Table S6). Unexpectedly, we found that iron
metabolism-related genes were also differentially expressed,
but in this case only in bacteria producing the RcsB-
M88A variant (Figure 5B and C). These genes include the
fhuACDB operon, involved in uptake of ferric siderophores,
the feoAB operon encoding an iron transporter and, genes
involved in enterobactin siderophore production and acqui-
sition (entF, fepE, fepB, entC) (Supplementary Figure S8)
(53). Other genes related to metal metabolism were also ob-
served differentially expressed by S. Typhimurium produc-
ing either RcsB-WT or the RcsB-L108A variant. These in-
cluded the iron-metal genes ftnB, ybdR and bfr and the mod
operon, this latter involved in molybdenum transport (Sup-
plementary Table S6). In summary, RNASeq performed in
S. Typhimurium producing distinct RcsB variants allowed
to uncover new putative members of its regulon.

Genome-wide identification of RcsB binding sites in S. Ty-
phimurium

Our structural analysis revealed that RcsB binding in pro-
moter regions seems to recognise the pseudo-palindromic
sequence TN(G/A)GN4TCTNA, besides the sequence
TN(G/A)GN4TCCNA and TN(G/A)GAN4(A/C)CTNA,
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Figure 5. Transcriptional response in S. Typhimurium producing RcsB variants having distinct phosphorylation states. (A) Hierarchical complete-linkage
clustering was applied to 578 genes that were differentially expressed (adjusted P-value < 0.05) in S. Typhimurium actively growing in LB medium (OD600
∼ 0.25) as denoted by the RNA-seq data (Supplementary Table S6). Positive or negative expression values in RPKM (reads per kilobase million) with
respect to the reference sample (�rcsB null mutant strain harbouring empty vector) are indicated by shades of yellow or blue, respectively. Differential
expression values on the colour bar are shown in log2 form. (B) Venn diagram showing number of genes differentially expressed in bacteria producing
RcsB-WT or the indicated variants. Black numbers indicate the number of genes that S. Typhimurium expressing each RcsB variant (M88A, L108A and
D56A) shares with those producing RcsB-WT. (C) GO enrichment analysis of differentially expressed genes. Only GO of biological process with adjusted
P-value < 0.05 are shown. (D) Read coverage of both colanic acid capsule-related (wca) and flagella synthesis (flg) genes. Values in the X-axis indicate
genome coordinates. Values in the Y-axis indicate RNA-seq read density profiles. Blue arrows represent gene orientation.

albeit with lower affinity for the latter (Figure 4C and Sup-
plementary Figure S6C). This information was used to in-
terrogate the S. Typhimurium genome in order to map sites
recognized by RcsB for binding to DNA. We reasoned that
this search, based on structural information, could allow
us to identify new genes under RcsB control apart from
the already identified by RNAseq. We identified a total of
190 of these RcsB palindromic motif sites in the genome
of S. Typhimurium strain SL1344 that could be assigned to
206 genes (Supplementary Table S7), of which 139 were de-
tected within coding sequences regions (hereinafter named
as ‘Intra-CDS’ boxes) and 67 in intergenic regions. (Figure
6). Of these intergenic sites, 16 were detected in bidirectional
promoter regions, as it was the case of the yliJ-dacC inter-
genic region (Supplementary Figure S9A). Overall, these in
silico analyses suggested that RcsB could regulate the ex-
pression of more than 210 genes through these operators.
The majority of RcsB motif sites mapping in the intergenic
regions were located upstream at a relatively short distance

(<100 bp) of either the transcriptional-start site (TSS) or
the ATG start codon (Supplementary Figure S10). Inter-
estingly, up to 19 RcsB motifs were also located within 5′-
UTR regions. Some examples include the RcsB boxes in the
5′-UTR of flhDC and modAB (Supplementary Figure S9B),
this latter involved in molybdenum metabolism.

In the case of Intra-CDS RcsB motif sites, 28% of them
(11 cases) were located around of internal transcriptional
start sites (iTSS) or closer (<300 bp) to the TSS of down-
stream genes (Figures 6 and 7A). Examples of RcsB boxes
located upstream iTSS or closer to TSS of downstream
genes were identified within the coding sequences of nlpD,
flgA (Figure 7A) and motB (Supplementary Figure S9C),
respectively. Lastly, we also found 31 RcsB motif sites map-
ping in the coding sequences just downstream (<150 bp)
of initial ATG codon (Figure 6). A representative case was
detected 25 bp downstream of initial ATG codon of fliD
(Supplementary Figure S9C and Table S7). This disposition
would be compatible with arrest of transcriptional elonga-
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Figure 6. Distribution of predicted RcsB motifs found in the genome of S. Typhimurium strain SL1344. Two main categories: intra-CDS (green) and
intergenic (blue). Transcriptional start sites (TSS) are indicated in pink, and initial ATG codon in yellow.

tion shortly after transcription has initiated, a phenomenon
known as ‘roadblocking’. This effect has been reported for
the transcriptionals factors CodY in Bacillus subtilis (54)
and NtcA in Synechocystis sp. PCC 6803 (55).

Interestingly, crossing the RNAseq results with our map-
ping exercise involving RcsB motifs uncovered high asso-
ciation with sites upstream of the TSS and for those genes
regulated positively. This enrichment contrasted that of sites
downstream of TSS or ATG for genes regulated negatively
(Figure 7B). To determine the significance of these find-
ings, we focused in predicted RcsB binding sites mapping in
the region encompassing from –300 bp upstream to +100
bp downstream of iTSS or initial ATG codon, respectively.
This region can be considered key for regulation as we de-
tected 27 genes in which the putative RcsB binding site ful-
filled this criterion (Table 2 and Figure 7B). In ten of these
genes, the RcsB sites were located downstream of either TSS
or ATG codon whereas in 17 they were located upstream in
the non-transcribed promoter region. Our study reveals that
most (82%, 14/17) genes with increased expression by RcsB
contain the motif sequence upstream of TSS or initial ATG
codon. In contrast, 70% (7/10) genes with decreased ex-
pression showed a RcsB consensus sequences downstream
of TSS or ATG codon (Figure 7B). These findings indicate
that the location of RcsB binding site upstream or down-
stream of TSS/ATG initial codon might determine the reg-
ulatory mode of this RR. In addition, this agrees with the
idea of ‘roadblocking’ to avoid unnecessary transcription
when bacteria adapt to changing environmental conditions.

Validation of RcsB boxes identified in the genome-wide anal-
ysis

Our RNAseq data and the mapping of potential RcsB
box sites identified new putative members of the RcsB reg-
ulon. These included some genes related to iron uptake
control (Supplementary Figure S8). Moreover, in some of
these cases a potential regulatory mechanism based on
roadblocking was inferred. A RcsB site was mapped be-
tween entF and fepE (TNGGAN4TCTNA, genome coor-

dinate 649004) in the promoter region of fepE (–35 and
–10 sequences were predicted with the server BPROM
(56)), and a second site within the coding sequence of
fes (TNGGAN4CCTNA, genome coordinate 643966), with
probability of affecting transcription of the downstream
gene entF (Figure 7A). entF and fes are both involved in the
synthesis and degradation of enterobactin, a siderophore
that facilitates iron uptake from external sources. Mean-
while, fepE has been shown to be involved in lipopolysac-
charide (LPS) very long O antigen chain length polymer-
ization in S. Typhimurium (57). By nuclease assays, we
confirmed that RcsB binds, in a phosphorylation depen-
dent way, specifically to the intergenic region between the
3′ end of entF to 5′ fepE gene start codon (sequence from
-1 to -249), protecting against DNAse I the region that in-
cludes the RcsB consensus sequence (Supplementary Fig-
ure S11). To further validate RcsB boxes in genes identified
in our genome-wide motif analysis, we selected RcsB con-
sensus sequence located in promoter and Intra-CDS regions
whose target genes were also differentially expressed in our
RNAseq. This was the case of osmB (log2 fold change =
5.12) and ytfk (log2 fold change = 1.72) (Figure 7A) whose
RcsB motifs were located at –215 and –161 nt upstream of
the TSS, respectively, as well as flgA (log2 fold change =
2.93) and nlpD (log2 fold change = 1.39) having Intra-CDS
boxes (Table 2). EMSA experiments with 23-mer DNA
fragments from these genes containing the consensus se-
quence TN(G/A)GAN4TC(T/C)NA were performed (Fig-
ure 7C). These assays confirmed binding of phosphorylated
RcsB to fepE, osmB and ytfK promoters and to flgA and
nlpD Intra-CDS sequences (Figure 7A and C). Moreover,
nucleotide substitution at each DNA fragment were done
at the same position in the central base of the (G/A)GA or
TC(T/C) motif (position in italic), and as it was expected,
the substitutions impaired DNA binding in all cases (Sup-
plementary Figure S12). To confirm that RcsB affected the
regulation of these target genes as well as iron-related genes,
we conducted qPCR experiments on mRNA samples used
in the RNAseq analysis obtained from S. Typhimurium
MD4821 (igaA1 �rcsB) strains expressing each of the RcsB
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A

B C

Figure 7. Genome-wide analysis of predicted RcsB binding motifs. (A) Read coverage of potential RcsB target genes. Examples of genes with RcsB binding
sites are displayed: internal TSS and downstream gene regulation (rpoS and flgM); located in the iron cluster-related genes fes, entF and fepE; located in the
promoter regions osmB and ytfk genes. Values in the X-axis indicate genome coordinates. Values in the Y-axis indicate RNA-seq read density profiles. Blue
arrows represent gene positions. Black arrows indicate TSS positions that were retrieved from SalCom (45). (B) Intersection of RcsB motif sites of potential
target genes with RNAseq transcriptional expression. Scatter-plot of log2 fold-change (RcsB-WT/null �rcsB) versus RcsB binding sites located from -300
bp upstream to +100 bp downstream of either TSS or initial ATG codon. Expressed and repressed genes are coloured in red and blue respectively. Top
five most induced/repressed genes are indicated. (C) EMSA experiments were performed with RcsB wild-type and the pseudopalindromic box of RcsB
found in promoter regions of fepE, ytfK and osmB as well as in the Intra-CDS regions of nlpD and flgA in order to test binding in the absence and presence
of phosphodonor AcP. The sequence of the pseudopalindromic box of RcsB used in the experiments is shown for comparison highlighting in red the
nucleotides that compose the box.

variants (WT, M88A, D56A, L108A) or empty vector. Dif-
ferences in transcript level between WT and mutant strains
was observed in a similar extent as in the RNAseq, with
iron regulation predominantly in the strain expressing the
mutant variant M88A (Supplementary Figure S13). Impor-
tantly, these results confirmed the presence of the predicted
RcsB box at regulatory sequences of genes detected by the
RNAseq and genome-wide motif analysis, including those
Intra-CDS, as well as direct regulation by phosphorylated
RcsB over genes related to iron metabolism. Evaluation of
the physiological function and the molecular mechanism of
iron metabolism regulation by RcsB will require a future
specific study.

DISCUSSION

The Rcs system is a model phosphorelay system that senses
signal in the outer membrane and periplasm. As a result,
it transmits signals to the cytoplasm in order to modu-
late gene transcription and achieve a proper response as
output. In the Rcs system, the RR RcsB is on charge of
modulating gene transcription, a task that can be accom-
plished alone or together with auxiliary transcriptional fac-
tors and, in addition, influenced by phosphorylation. Stud-
ies on RcsB have revealed an important number of genes
and operons controlled by this RR which are involved in

many bacterial functions. Now, our studies focused on RcsB
of S. Typhimurium, provide understanding on the molecu-
lar basis of gene regulation by DNA-binding, how phos-
phorylation modulates DNA-binding and how RcsB ex-
ploits its conformational dynamism for gene regulation.
The structural data presented herein demonstrate that RcsB
needs to acquire the active conformation at the REC do-
main in order to dimerize and to bind DNA. This active
conformation is driven and stabilized by the phosphoryla-
tion of the conserved Asp in the REC domain. Phospho-
rylation stabilizes the active conformation by movement
of T87 and L108 towards the active site, as predicted by
the �5-T coupling mechanism (26), strengthening proper
conformations of L�3�3, L4��4 and L�5�5 required for
REC dimerization that allows DBD domains to dock at
the DNA. Interestingly, this mechanism of activation seems
to be bi-directional since RcsB binding to the target DNA
sequence can also trigger acquisition of the REC active
conformation as observed in the unphosphorylated struc-
ture of RcsB from E. coli bound to P1flhDC promoter
(27). This bi-directionality has been previously reported for
OmpR/PhoB and for single domain families of RRs, since
the binding of OmpR and CheY, the prototypical RRs of
these families, to their DNA and protein targets, respec-
tively, enhanced the RR autophosphorylation (58,59). This
observation would explain why unphosphorylated RcsB
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could also regulate DNA (60). Nonetheless, phosphoryla-
tion clearly enhances RcsB dimerization and, consequently,
the affinity for DNA binding.

The structural and functional studies have al-
lowed us to identify the pseudopalindromic box
TN(G/A)GAN4TC(T/C)NA for homodimeric RcsB
binding, and TN(G/A)GAN4(A/C)CTNA albeit with
lower affinity binding. This box shares similarity with
the RcsAB box (16) and boxes that regulate sRNA rprA
(11), flhDC operon (14), ftsA and ftsZ (13), osmC (12)
and gadA (17). Our structural data shows that the direct
read-out of these boxes is weak, exerted mainly by the
flexible K180 that would explain the promiscuity of this
transcriptional factor and, consequently, its huge regulon.
A comprehensive search for this pseudopalindromic RcsB
box in the S. Typhimurium genome identified sites not
only in promoter regions but also in transcribed regions,
including sites within 5′-UTR regions and inside the coding
sequence. Although it is not yet clear how transcriptional
regulators may control gene expression binding at coding
sequences (61), our data suggest that location of RcsB
binding sites downstream of TSS/ATG initial codon may
indicate a role of the regulator involving a ‘roadblocking’
mechanism. In this sense, dimerization of RcsB through
the REC domains has a primary role in DNA binding
for gene regulation, as observed with promoter sequences
PrprA and P1flhDC. In the context of signal transduc-
tion, our results reveal that RRs may broaden its gene
regulatory network by reducing the read-out of DNA
sequences through reduction on the number of bases
that are recognized at the motifs. However, promiscuous
binding capacity does not necessarily rely on sequence
specificity. This is observed in nucleoid associated proteins
such as the Integration Host Factor (IHF) and CRP, which
require a relatively strict match to its consensus sequence,
in contrast to LysR-type transcription regulators and
H-NS, which rely on DNA shape rather than in sequence
(62). In addition, another mechanism of gene regulation
may be appointed for the alternative crossed conformation
observed for RcsB (26), which allows the formation of
homohexamers with alternative arrangements of the recog-
nition helix and, therefore, with putative binding capacity
to DNA with different boxes organization and shape. Our
data also confirms that unphosphorylated RRs can bind
DNA adopting the activated dimeric conformation which
is stabilized by phosphorylation. This points out that just
active forms of the RRs can be ascribed to DNA binding
rather than unphosphorylated or phosphorylated forms.
Moreover, these results show that the REC and DBD
domains are coupled, a phenomenon previously reported
in OmpR (58), which can be now extended to include the
NarL-type RRs.

The RNAseq data obtained with strains expressing RcsB
variants that affect the extent of phosphorylation have an
impact in the genes that are regulated by this RR. We de-
tected differently expressed genes especially between RcsB-
WT and the non-phosphorylatable D56A variant. Many
of the genes detected as differentially expressed belong to
those previously described to be part of the RcsB regulon,
such as those involved in motility and extracellular cap-
sule production, among others. Intriguingly, we did not de-

tect major changes in matB and leuO, two genes that are
co-regulated by RcsB together with the auxiliary transcrip-
tional factors MatA and BglJ, respectively. This evidence
suggests that RcsB overexpression may alter the equilib-
rium for heterodimer interaction and it could be possible
that mutants presenting a displaced equilibrium towards
the active form (M88A) or that has restricted plasticity
(L108A) could show similar patterns of expression for cer-
tain genes regulated by heterocomplexes. However, we de-
tected expression of genes known to be regulated by a RcsA-
RcsB heterocomplex, confirmed by the ability of RcsB to
increase rcsA expression. On the other hand, RNAseq al-
lowed us to detect other genes already described to be reg-
ulated directly or indirectly by RcsB as well as new genes
that comprise the cysCND and cysHIJ operons, related with
cysteine biosynthesis/sulfate reduction; chaperone-related
genes; and, genes related to iron metabolism. Furthermore,
the pseudopalindromic RcsB box was detected in 196 ge-
nomic sites that were assigned to 206 genes. Of these, 44
genes were detected in the RNAseq as differently expressed,
illustrating the complexity of RcsB network. Importantly,
139 RcsB motif sites (∼67%), were located inside of gene
coding sequences. Intragenic binding has been reported in
recent years for transcriptional regulation in bacteria. Be-
yond to internal TSS of ncRNAs or antisense, binding to
intragenic sites by transcriptional regulators seems to be
compatible with transcriptional repression of target genes
by a roadblocking mechanism (54) but also with a hypo-
thetical role as chromosome-shaping proteins (55). Closer
inspection of these RcsB sites revealed that many could
be involved in gene repression, especially for those located
at the beginning of the coding sequence, and in transcrip-
tional regulation of downstream genes. In this regard, 70%
of genes with decreased expression in the RNAseq, which
showed RcsB sites, contained a consensus sequence in the
intragenic region, possibly supporting a role for RcsB as a
transcriptional repressor when binding to intragenic sites.
Moreover, EMSA experiments detected direct binding be-
tween phosphorylated RcsB and the promoter or Intra-
CDS regions of some differently expressed genes including
the fepE gene which is located within a cluster of genes re-
sponsible for enterobactin synthesis and transport. This fact
has suggested that fepE may possess a potential biological
role regulating co-ordinately O antigen chain polymeriza-
tion and iron transport (57), indeed, alteration of LPS has
shown to stimulate enterobactin production (63). Interest-
ingly, the Rcs system is involved in production of colanic
acid capsule, thus, an interrelation between O antigen poly-
merization in LPS and colanic acid in the stress response is
plausible as denotes the fact that bacteria without O antigen
in LPS overproduces colanic acid (64). Also, the relation be-
tween Rcs and regulation of iron related genes is observed
in the RNAseq analysis upon expression of the RcsB M88A
variant and it has been demonstrated in a recent publication
that the heterocomplex RcsB-RcsA together with Fur co-
regulate iron-acquisition via entC in Klebsiella pneumoniae
(65). This previously unknown aspect of RcsB over iron reg-
ulation highlights the crucial role that iron plays in bacterial
physiology in basal and altered conditions, not in vain, iron
regulation is also under control of the stress response sigma
factor RpoS (�S) to prevent oxidative stress (66). Moreover,
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the rpoS positive transcription depends primarily on small
RNAs such as RprA (67) which transcriptional activation
is controlled by RcsB. RpoS is involved in many processes
such as biofilm formation as well as the heat-shock response
(68–70) linking these processes to the Rcs system. Also, the
Rcs system seems to be related to the cysteine biosynthesis
which has been linked to biofilm formation in different bac-
teria (71). Altogether, our data expand the RcsB regulon,
propose a box for the homodimeric RcsB and give a molec-
ular explanation for the promiscuity of this transcriptional
regulator.
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