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Summary

The bacterial flagellum enables directed movement

of Salmonella enterica towards favorable conditions

in liquid environments. Regulation of flagellar syn-

thesis is tightly controlled by various environmental

signals at transcriptional and post-transcriptional

levels. The flagellar master regulator FlhD4C2 resides

on top of the flagellar transcriptional hierarchy and is

under autogenous control by FlhD4C2-dependent

activation of the repressor rflM. The inhibitory activ-

ity of RflM depends on the presence of RcsB, the

response regulator of the RcsCDB phosphorelay sys-

tem. In this study, we elucidated the molecular mech-

anism of RflM-dependent repression of flhDC. We

show that RcsB and RflM form a heterodimer that

coordinately represses flhDC transcription independ-

ent of RcsB phosphorylation. RcsB-RflM complex

binds to a RcsB box downstream the P1 transcrip-

tional start site of the flhDC promoter with increased

affinity compared to RcsB in the absence of RflM. We

propose that RflM stabilizes binding of unphospho-

rylated RcsB to the flhDC promoter in absence of

environmental cues. Thus, RflM is a novel auxiliary

regulatory protein that mediates target specificity of

RcsB for flhDC repression. The cooperative action of

the RcsB-RflM repressor complex allows Salmonella

to fine-tune initiation of flagellar gene expression

and adds another level to the complex regulation of

flagellar synthesis.

Introduction

The Gram-negative enterobacterium Salmonella enter-

ica serovar Typhimurium is a causative agent of the

foodborne illness Salmonellosis resulting in self-limiting

gastroenteritis and in rare cases in systemic bacteremia

that can be life-threatening (Hohmann, 2001). Salmo-

nella uses several virulence factors to establish suc-

cessful infection of host cells including the secretion of

effector molecules through needle-like secretion sys-

tems (injectisomes) encoded on Salmonella pathogenic-

ity islands (Spi) and flagellar-mediated motility. Flagella

are rotary motility organelles that enable directed move-

ment in liquid environment, attachment to host cells and

promotion of biofilm formation (Duan et al., 2013).

The bacterial flagellum is a complex nanomachine

made of dozens of different proteins that need to self-

assemble in an ordered, regulated process for the forma-

tion of a functional motility organelle. The flagellar regulon

comprises more than 60 genes involved in synthesis of

the flagellum of Salmonella and is controlled at various

levels (Frye et al., 2006). The synthesis and assembly of

the bacterial flagellum is hierarchically organized and

tightly regulated at the level of gene expression. At top of

the flagellar synthesis cascade resides the flagellar mas-

ter operon flhDC that is transcribed from a flagellar class 1

promoter producing the heteromultimeric FlhD4C2
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complex. This complex activates r70-dependent tran-

scription of genes from flagellar class 2 promoters that

encode the hook-basal-body (HBB) structure, the alterna-

tive sigma factor r28 (FliA) and the anti-sigma factor FlgM.

Upon HBB completion, the anti-sigma factor is secreted,

releasing r28 and allowing for r28-dependent transcription

from flagellar class 3 promoters, whose gene products

encode the filament and rotary motor components (Chil-

cott and Hughes, 2000; Karlinsey et al., 2000; Chevance

and Hughes, 2008).

The flagellar master regulator FlhD4C2 is the major

checkpoint for initiation of flagellar synthesis and is

under extensive control by various environmental and

regulatory signals. Several global regulators activate

transcription of the flhDC operon, including the cyclic

AMP-catabolite repressor protein (cAMP-CRP), the

histone-like nucleoid-structuring protein (H-NS) and the

nucleoid-organization protein Fis (Kutsukake, 1997; Kelly

et al., 2004). The main regulator of the Spi-1 injectisome

system, HilD, binds upstream of the flhDC P5 transcrip-

tional start site and thereby activates flhDC transcription

(Singer et al., 2014). Posttranscriptional activation of

flhDC occurs at the level of the flagellar regulator FliZ

via regulation of HilD activity and repression of the anti-

FlhD4C2 factor YdiV (Chubiz et al., 2010; Wada et al.,

2011). YdiV is a posttranscriptional repressor of FlhD4C2

responsible for nutritional control by targeting FlhD4C2

complex to ClpXP-dependent degradation (Takaya et al.,

2012; Koirala et al., 2014). Another anti-FlhD4C2 factor

is the flagellar-related protein FliT, which interacts with

free FlhC subunits preventing activation of flagellar class

2 promoter transcription and leading to ClpXP-

dependent proteolysis (Yamamoto and Kutsukake, 2006;

Aldridge et al., 2010; Sato et al., 2014).

Multiple other DNA-binding proteins act upon the flhDC

promoter to repress transcription of the flhDC operon.

These include the Spi-1 encoded repressor RtsB, as well

as LrhA, SlyA and RcsB (Lehnen et al., 2002; Ellermeier

and Slauch, 2003; Wang et al., 2007; Erhardt and

Hughes, 2010). The RcsB protein is the response regula-

tor of the RcsCDB phosphorelay system that is involved

in many regulatory processes. The phosphorelay is initi-

ated by autophosphorylation of the sensor kinase RcsC

followed by transfer of the phosphoryl group via the inter-

mediate molecule RcsD to the response regulator RcsB.

Phosphorylated RcsB is able to regulate target genes by

DNA-binding as a homodimer or after heterodimerization

with auxiliary proteins (Majdalani and Gottesman, 2005;

Huang et al., 2006). Activation of the RcsCDB phosphor-

elay in S. enterica is stimulated by environmental

changes concerning osmolarity, oxidative stress and

affecting the bacterial envelope integrity (Huang et al.,

2006). The outer membrane lipoprotein RcsF senses

envelope stress induced by cationic antimicrobial pep-

tides and activates autophosphorylation of RcsC (Farris

et al., 2010). In contrast, the intracellular growth attenua-

tor IgaA represses the Rcs system by preventing RcsB

phosphorylation via the RcsCDB phosphorelay (Mariscotti

and Garc�ıa-del Portillo, 2009). Conditions with low or

high osmolarity result in activation of the Rcs system

leading to repression or activation of target genes,

respectively, (Arricau et al., 1998).

In S. enterica, the RcsCDB regulon comprises a variety

of target genes that are regulated by RcsB alone or

together with the auxiliary protein RcsA. RcsA is an

unstable protein, but an interaction between RcsA and

RcsB stabilizes RcsA, allowing RcsAB to bind to a RcsAB

box of target DNA (Stout et al., 1991; Wehland and Bern-

hard, 2000). Initially, RcsB was identified as a positive

regulator in Escherichia coli colonic acid capsule synthe-

sis (Sledjeski and Gottesman, 1996). In S. enterica, RcsB

together with RcsA activates transcription of envelope

biosynthetic genes. The ugd gene encoding UDP-glucose

dehydrogenase, which enables colonic acid and lipopoly-

saccharide (LPS) 4-aminoarabinose production, and the

capsule synthesis operon cps are positively regulated

under RcsB activating conditions (Mouslim et al., 2003).

Gene targets regulated by RcsB independently from

RcsA are involved in motility, virulence, survival and other

physiological processes. RcsB activates transcription of

genes involved in physiological processes like the wzzst

gene responsible for correct LPS O-antigen formation

and the dps gene involved in oxidative stress resistance

(Delgado et al., 2006; Farizano et al., 2014). The biofilm

master regulatory gene csgD is activated by unphospho-

rylated RcsB, but repressed upon RcsB phosphorylation

(Latasa et al., 2012). RcsB is required for activation of

genes encoding the Spi-2 injectisome. Thus, the Rcs sys-

tem is important for Spi-2 dependent late stages of Sal-

monella infection in mice (Detweiler et al., 2003; Wang

et al., 2007). In contrast, activated RcsB inhibits transcrip-

tion of genes belonging to the Spi-1 regulon, as well as

the Spi-2 effector molecule srfJ and constitutive activation

of the Rcs system results in attenuation of virulence

(Mouslim et al., 2004; Garc�ıa-Calder�on et al., 2005,

2007; Lin et al., 2008; Cordero-Alba et al., 2012). RcsB

displays a dual regulatory function concerning motility. In

E. coli flagellar motility is negatively regulated by RcsB

and RcsA binding to the RcsAB box of the promoter of

the flagellar master regulator flhDC (Francez-Charlot

et al., 2003). In contrast, RcsA is not required for flhDC

repression in S. enterica (Wang et al., 2007). Flagellar

motility is increased by RcsB-dependent antisense tran-

scription of the fliPQR genes encoding for integral mem-

brane components of the flagellar export apparatus. The

antisense fliPQR transcript thereby controls the correct

stoichiometry of the FliPQR proteins (Wang et al., 2007;

Wang and Harshey, 2009).
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RflM, a negative regulator of the flagellar master

operon flhDC was identified in a transposon screen for

new flagellar regulators in Salmonella (Wozniak et al.,

2009). RflM functions by repression of flhDC transcrip-

tion. Transcription of rflM is dependent on FlhD4C2 and

both RflM and the Rcs system participate in an auto-

regulatory feedback loop that controls flhDC expression

(Wozniak et al., 2009; Singer et al., 2013). Here, we

report that RflM functions as an auxiliary protein that

mediates specificity of RcsB to its target DNA and that a

RcsB-RflM protein complex coordinately represses

flhDC transcription.

Results

In a previous study we identified rflM as a repressor of

flagellar master operon transcription that in turn is acti-

vated by FlhD4C2. The RflM-FlhD4C2 auto-regulatory

feedback loop presumably allows Salmonella to fine-

tune initiation of flagellar synthesis (Singer et al., 2013).

We confirmed that the inhibitory effect of RflM on motil-

ity depended on the presence of the Rcs phosphorelay

system (Wozniak et al., 2009), but not on other flagellar

regulators like lrhA, slyA, rtsB, fliZ or the hilD operon

(Supporting Information Fig. S1). RcsB is a previously

described negative regulator of flhDC, and together with

the LuxR-type auxiliary protein RcsA represses flhDC

transcription in E. coli (Francez-Charlot et al., 2003).

RflM also contains a LuxR-type helix-turn-helix DNA-

binding motif at the C-terminus and RflM and RcsA of

Salmonella Typhimurium display 80% amino acid

sequence similarity (Supporting Information Fig. S2).

To test a putative link between RflM and RcsB in

repression of flhDC, we performed an unbiased genetic

screen using random transposon mutagenesis. The

Tn10dTc[del-20] transposon (T-POP) was introduced in

a strain carrying a transcriptional flhC-lac reporter fusion

and the rflM gene under control of the arabinose pro-

moter resulting in deletion of the araBAD genes

(DaraBAD921::rflM1 flhC5213::MudJ). This strain dis-

played an arabinose-dependent Lac- phenotype due to

rflM-dependent repression of flhDC. Approximately

100,000 tetracycline-resistant colonies were screened

for Lac1 in the presence of arabinose (Ara-Lac1) and

three classes of Ara-Lac1 colonies were identified by

linkage analysis. One class of T-POP insertions were

found to be near ParaBAD::rflM1 and presumably resulted

in an Ara-Lac 1 phenotype due to disruption of the rflM

gene. A second class of T-POP transposons were linked

to rcsDBC indicating disruption of the rcsB gene or

other genes belonging to the RcsCDB phosphorelay

system. The remaining T-POP insertions were neither

linked to rcsB, nor to ParaBAD::rflM1. We concluded that

these transposon insertions disrupted other, previously

described negative regulators of flhDC (Erhardt and

Hughes, 2010; Mouslim and Hughes, 2014) and did not

characterize them further. DNA-sequencing analysis of

the three rcsB-linked T-POP insertion mutants revealed

two insertions in the rcsB coding region and one inser-

tion in the rcsD gene that is encoded upstream of rcsB.

The transposon mutagenesis thus provided further evi-

dence for a functional link between RcsB and RflM in

repression of flhDC.

RcsB and RflM form a protein complex

We next employed bacterial-two-hybrid analysis to

determine in vivo protein-protein interaction between

truncated RcsB and RflM proteins lacking the respective

C-terminal DNA-binding domains. Co-expression of

RcsB and RflM fused to the bait plasmid pBT and the

target plasmid pTRG (pBT-RcsB pTRG-RflM or pBT-

RflM pTRG-RcsB) stimulated lac expression in a

reporter strain in an inducer-concentration dependent

manner (Fig. 1A). Transcription of the lac genes was not

detected for control constructs and when RcsB (pBT-

RcsB pTRG-RcsB) or RflM (pBT-RflM pTRG-RflM) were

co-expressed, indicating that there is no self-interaction

of RcsB or RflM under these conditions (Fig. 1B).

To investigate the stoichiometry of the RcsB-RflM

protein complex, we performed size-exclusion chroma-

tography followed by multiangle laser light-scattering

(SEC-MALS) experiments (Wyatt, 1993; Tarazona and

Saiz, 2003) (Fig. 2). Since RflM in the absence of RcsB

was unstable and was not successfully purified alone,

we co-purified His6-SUMO-RflM/RcsB complex. The

His6-SUMO-RflM/RcsB protein complex eluted in one

prominent peak with an apparent molecular mass of

57.96 kDa indicating a 1:1 stoichiometry based on the

predicted molecular mass of the His6-SUMO-RflM/RcsB

complex of 58 kDa.

We next tested how RcsB influences RflM protein sta-

bility by analyzing protein levels of RflM. A functional,

epitope-tagged RflM-HA construct was expressed from

a chromosomal, arabinose-inducible promoter and pro-

tein levels were analyzed after inhibition of protein syn-

thesis (Fig. 3A). RflM-HA protein degraded faster in a

rcsB deletion mutant compared to wildtype, but no differ-

ence was observed upon rcsB overexpression. We next

tested which protease was responsible for the rapid

degradation of RflM (Fig. 3B). RflM-HA was expressed

from its native promoter and protein levels were moni-

tored after inhibition of de novo protein synthesis in

various protease deletion backgrounds. We found that

RflM-HA protein levels remained stable in clpXP-lon and

Repression of flhDC transcription by a RcsB-RflM complex 843
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lon deletion mutants, indicating that Lon is the main pro-

tease responsible for degradation of RflM.

RcsB-RflM complex coordinately represses flhDC
transcription

We hypothesized that the interaction of RflM with RcsB

could promote specificity of RcsB to its target DNA by

formation of a stable RcsB-RflM protein complex that is

able to efficiently repress flhDC transcription. To test for

the specificity of RflM in promoting RcsB-dependent

repression of flhDC, we analyzed the transcript levels of

various RcsB targets in the absence or presence of rflM

(Supporting Information Fig. S3). Target genes belong-

ing to the RcsCDB regulon (wzzB, dps and csgD) were

regulated by RcsB independently of the presence of

RflM. In contrast, regulation of target genes belonging to

the flagellar regulon (flhC, aer and hilD) was dependent

on the presence of both RcsB and RflM.

We next analyzed the mode of action of the RcsB-

RflM complex in repression of flhDC gene transcription

using a transcriptional flhC-lac fusion. Expression of

chromosomally-encoded rflM was controlled by an

arabinose-inducible promoter (ParaBAD). It is important to

note that FlhD4C2 is required for rflM expression (Singer

et al., 2013). Strains harboring the flhC-lac fusion do not

produce a functional FlhD4C2 complex, and accordingly

do not express rflM from its native promoter. Transcrip-

tion of flhC-lac was reduced under conditions of rflM

overexpression only in the presence of rcsB (Fig. 4B,

compare columns 1 1 2 and 9 1 10). This demonstrated

that RcsB is indispensable for the rflM-dependent

repression of flhDC, which is consistent with previous

observations (Wozniak et al., 2009).

The role of RcsB in repression of flhDC expression

was analyzed using several rcsB mutants. Overexpres-

sion of chromosomally-encoded rcsB from the anhydro-

tetracycline (ATc)-inducible PtetA promoter resulted in

Fig. 2. Co-purified His6-SUMO-RflM/RcsB proteins form a
heterodimer.
A. SEC-MALS elution profile of purified His6-SUMO-RflM/RcsB
complex, as observed from the normalized MALS signals (gray
line). The molar mass distribution, computed on the area between
25 and 35 min is shown in black. Elution fractions taken for SDS
analysis are indicated with vertical lines.
B. SDS-polyacrylamide gel electrophoresis of SEC-MALS samples
from elution fractions (1–4) of the His6-SUMO-RflM/RcsB peak.
His6-SUMO-RflM (34 kDa) and RcsB (24 kDa) proteins are
indicated with arrows.

Fig. 1. RcsB and RflM interact in a bacterial-two-hybrid assay. In
vivo protein-protein interactions between RcsB and RflM were
determined using a transcription-based bacterial-two-hybrid assay
of a lacZ reporter construct. RcsB and RflM lacking their DNA-
binding domains were fused to kcI (pBT, bait plasmid) and a-RNA
polymerase (pTRG, target plasmid), respectively.
A. Induction of lacZ transcription by interaction of RcsB-RflM was
assessed at different IPTG inducer concentrations (0 mM, 1 mM, 5
mM, 10 mM, 20 mM) for pBT-RcsB pTRG-RflM (EM575, filled
squares), pBT-RflM pTRG-RcsB (EM572, open squares), pBT-RcsB
pTRG-Gal11P (EM577, filled circles), pBT-RflM pTRG-Gal11P
(EM578, open circles), pBT-LGF2 pTRG-RcsB (EM579, filled
triangles) and pBT-LGF2 pTRG-RflM (EM580, open triangles).
B. b-galactosidase activity of positive controls pBT-LGF2 pTRG-
Gal11P (EM576), RcsB-RflM combinations (EM572, EM575),
RcsB-RcsB and RflM-RflM self-interaction EM574 (pBT-RcsB
pTRG-RcsB) and EM571 (pBT-RflM pTRG-RflM), vector controls
EM577, EM578, EM579, EM580 and the empty vector EM567 was
determined after induction with 20 lM IPTG. Bars represent mean
values of three biological replicates. Individual data points are
indicated and error bars represent the standard error of the mean.
Asterisks indicate significant difference to the empty vector control
according to Student’s t-test (***P< 0.0001).
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decreased expression of flhC-lac (Fig. 4B, compare col-

umns 1 and 3). However, flhC-lac transcription did not

reach the repression level of rflM overexpression (Fig.

4B column 2). Chromosomal mutations of the RcsB

phosphorylation site D56 resulted in a more active

(RcsBD56E, mimicking phosphorylation) or less active

protein (RcsBD56N, preventing phosphorylation) (Gupte

et al., 1997). We verified their functionality by motility

analysis (Supporting Information Fig. S4). Motility of the

RcsBD56E mutant was decreased, whereas motility of

the RcsBD56N mutant was increased in comparison to

the wildtype. In the absence of rflM, the phosphomimetic

RcsBD56E mutant reduced flhC-lac transcription to the

level observed under rcsB overexpression (Fig. 4B,

compare columns 3 and 5). The phosphorylation-

deficient RcsBD56N mutant did not affect flhC-lac expres-

sion in the absence of rflM (Fig. 4B, compare columns 1

and 7).

Coordinated overexpression of both rcsB and rflM

from inducible promoters reduced flhC-lac expression to

the level of rflM overproduction under wildtype rcsB lev-

els (Fig. 4B, compare columns 1 1 2 and 3 1 4).

Fig. 3. RflM protein stability is affected by RcsB and Lon protease. RflM-HA protein levels were determined after stopping of protein
synthesis in mutant strains to determine RflM stability. Protein samples were taken at indicated time points after inhibition of protein synthesis.
Protein levels of each lane were normalized to the corresponding DnaK loading control level and reported relative to the t 5 0 min sample.
A. RflM-HA protein levels after stopping of protein synthesis in absence of rcsB (DrcsB; dark gray line) or upon ATc-dependent rcsB
overexpression (rcsB", light gray line) in comparison to a wildtype background (black line). All strains expressed RflM-HA from the arabinose-
dependent ParaBAD-promoter. Data points represent mean values of three independent biological replicates. B. Representative immunoblots
using anti-DnaK and anti-HA antibodies.
C. RflM-HA protein levels after stopping of protein synthesis in various protease deletion mutants (DclpXP-lon, DclpXP, Dlon, DclpX, DclpA) in
comparison to a wildtype background (WT). The RflM-HA fusion was expressed from the native promoter in all strains. Bars represent mean
values of three independent biological replicates. Bottom: Representative anti-DnaK and anti-HA immunoblots.

Repression of flhDC transcription by a RcsB-RflM complex 845
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Fig. 4. Coordinated repression of flhDC transcription by RcsB and RflM.
A. Schematic regulatory model of repression of the flagellar master regulator flhDC by coordinated action of RcsB and RflM.
B. Expression of a transcriptional flhC-lac fusion upon chromosomal ParaBAD-dependent overexpression of rflM (rflM") in different rcsB mutant
strains. Expression of rflM from its native promoter is FlhD4C2-dependent and the corresponding control strain (rflM–) does not express rflM
due to the transcriptional flhC-lac fusion. Chromosomal rcsB is either present as wildtype copy (RcsBWT), overexpressed from the PtetA

promoter (rcsB"), more active due to a mutation mimicking RcsB phosphorylation (RcsBD56E), inactive due to a mutation preventing RcsB
phosphorylation (RcsBD56N) or absent due to a deletion of (DrcsB). Strains analyzed were EM517 (1; ParaBAD::FRT flhC-lac rflM-), TH13069 (2;
ParaBAD::rflM1 flhC-lac), EM221 (3; ParaBAD::FCF flhC-lac rflM- PtetA-rcsB), EM229 (4; ParaBAD::rflM1 flhC-lac PtetA-rcsB), EM2423 (5;
ParaBAD::FRT flhC-lac rflM- RcsBD56E), EM2426 (6; ParaBAD::rflM1 flhC-lac RcsBD56E), EM2424 (7; ParaBAD::FRT flhC-lac rflM-RcsBD56N),
EM2427 (8; ParaBAD::rflM1 flhC-lac RcsBD56N), EM1432 (9; ParaBAD::FRT flhC-lac rflM- DrcsB), EM2486 (10; ParaBAD::rflM1 flhC-lac DrcsB).
C. Relative flhDC expression level determined by measuring luminescence activity of a PflhDC-luxCDABE fusion in rflM or rcsB overexpressing
strains (ParaBAD::rflM1 or ParaBAD::rcsB1). To study expression from individual PflhDC promoters P1 or P5, strains were used that retained only
one functional promoter due to GTTGGT -10 box mutations of all other promoters. A duplication of the wildtype PflhDC–flhDC (PflhDC-
luxCDABE-Km-PflhDC–flhDC) allowed for expression of functional flhDC needed for activation of rflM transcription from the physiological PrflM

promoter. Samples were measured after 3 h incubation and were normalized to the corresponding ParaBAD::FRT control strain.
B 1 C. Bars represent mean values of at least three biological replicates. Individual data points are shown and error bars represent the
standard error of the mean. Asterisks indicate significant difference to the control according to Student’s t-test (ns, non-significant; *P< 0.02;
**P< 0.005; ***P< 0.0001).
D. Relative luminescence of P1flhDC-luxCDABE fusion normalized to bacterial growth at OD600 upon rflM (ParaBAD::rflM1; light-gray line) or rcsB
(ParaBAD::rcsB1; dark-gray line) overexpression. The inlay shows bacterial growth at OD600. Symbols with connecting lines represent mean
values of 10 biological replicates and error bars represent the standard error of the mean.
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Notably, overexpression of rflM in the RcsBD56N strain

restored the ability of RcsB to repress flhC-lac, suggest-

ing that the presence of RcsB but not the phosphoryla-

tion status of RcsB is essential for RflM-mediated flhDC

repression. Moreover, the results above indicated that

rcsB overexpression bypassed the need for RcsB phos-

phorylation in repression of flhDC transcription. To

exclude any possibility for phosphorylation of RcsB, we

deleted the RcsCDB phosphorelay cascade. Overex-

pression of rcsB in absence of rflM retained the ability

to repress flhC-lac to levels comparable upon overpro-

duction of the phosphorylation-deficient RcsBD56N

mutant (Supporting Information Fig. S5).

We next tested whether rflM expression was depend-

ent on rcsB or vice versa. As shown in Supporting Infor-

mation Fig. S6A, we observed no change in expression

of a rflM-lac fusion when rcsB was overexpressed or

deleted. Expression of rflM was analyzed in a strain that

constitutively expressed flhDC from PtetA to prevent any

indirect effect of RcsB via flhDC repression. In addition,

we did not observe changes in rcsB-lac expression

upon rflM overproduction (Supporting Information Fig.

S6B). Accordingly, we concluded that the inhibitory

effect of RcsB and RflM on flhDC expression is due to

their coordinated activity on the level of flhDC transcrip-

tion. As described above, coordinated overexpression of

rcsB and rflM resulted in a strong reduction of flhDC

transcription. We next determined the change in flhDC

expression under constant rcsB expression by simulta-

neous titration of rflM to analyze the cooperative repres-

sion. As shown in Supporting Information Fig. S6C,

increasing levels of rflM decreased expression of flhC-

lac, providing further evidence for a cooperative action

of RflM and RcsB in repression of flhDC.

Originally, six transcriptional start sites of the flhDC

promoter were described (annotated as P1 to P6)

(Yanagihara et al., 1999). Recently, it was shown that

only P1, P4, P5 and P6 are functional, but transcription

of flhDC is primarily driven from the P1 and P5 pro-

moters (Mouslim and Hughes, 2014). We determined

which flhDC promoter is regulated via RcsB and RflM

using luxCDABE fusions to flhDC promoter mutants that

retained either a functional P1 or P5 promoter, respec-

tively (Fig. 4C). We detected reduced flhDC expression

for both promoter mutants under conditions of rcsB or

rflM overproduction. Repression of the P1 promoter

fusion was substantially greater than repression of the

P5 promoter. Time-course analysis showed a continu-

ous repression of flhDC under conditions of rcsB or rflM

overexpression after entry in the early exponential

phase (Fig. 4D). We thus concluded that the P1 pro-

moter is the primary target for RcsB- and RflM-

dependent flhDC repression.

RcsB-RflM protein complex binds to a RcsB box

downstream of the P1 transcriptional start site of flhDC

A RcsB binding box has previously been predicted down-

stream of the P1 transcriptional start site of flhDC (Wang

et al., 2007). To confirm the existence of the RcsB bind-

ing box and to test the hypothesis that RflM could stabi-

lize binding of RcsB to the P1 promoter, we performed

electrophoretic mobility shift assays (EMSA) with

recombinant RcsB protein, phosphomimetic RcsBD56E

and His6-SUMO-RflM/RcsB protein complex (Fig. 5).

We observed binding of purified RcsB protein to a

DNA fragment of the complete PflhDC promoter region

(2560 to 290 nucleotides upstream ATG). A control

DNA fragment (gyrA) was not shifted, indicating specific

binding of RcsB to the flhDC promoter. RcsB protein

bound also weakly to the P1flhDC promoter fragment

containing the annotated RcsB box (2271 to 271 nucle-

otides upstream ATG), but not to DNA fragments con-

taining the P4/6flhDC (2431 to 2231 nucleotides

upstream ATG) or P5flhDC (2588 to 2388 nucleotides

upstream ATG) promoter regions (Fig. 5A and B, left

column). The phosphomimetic RcsBD56E mutant showed

higher binding affinity to PflhDC and P1flhDC promoter

fragments, but also weak binding to P4/6flhDC and

P5flhDC DNA fragments indicating reduced target speci-

ficity (Fig. 5B, right column).

Purified His6-SUMO-RflM/RcsB protein complex

bound to a DNA fragment containing the complete flhDC

promoter, as well as to a DNA fragment containing the

P1flhDC promoter with apparent higher affinity than RcsB

or RcsBD56E (Fig. 5B, middle column). His6-SUMO-RflM/

RcsB protein complex formed an additional protein-DNA

species that was not observed in reactions containing

RcsB or RcsBD56E (Fig. 5B, middle column, highlighted

by arrows). This faster migrating protein-DNA complex

might be due to a tighter interaction of His6-SUMO-

RflM/RcsB complex to its target DNA. We did not

observe binding of His6-SUMO-RflM/RcsB complex to a

control DNA fragment or DNA fragments containing the

P4/6flhDC and P5flhDC promoter regions. Samples of puri-

fied RcsB, RcsBD56E and His6-SUMO-RflM/RcsB com-

plex used for the EMSA experiments contained

comparable levels of RcsB protein as determined by

SDS-PAGE analysis (Fig. 5C). It is important to note

that the used His6-SUMO-RcsB and His6-SUMO-RflM/

RcsB fusion constructs retained the ability to repress

flhC-lac transcription in vivo (Supporting Information Fig.

S7). We also detected in vivo activity for the His6-

SUMO-RflM fusion in the presence of chromosomally-

encoded rcsB.

To test if the helix-turn-helix (HTH) DNA-binding

domain of RflM is required for RcsB/RflM-dependent

repression of flhDC and binding to the flhDC promoter,
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we analyzed the function of a RflM mutant lacking its

HTH domain. Both the exchange with the HTH domain

of the Salmonella LuxR-homolog SdiA and the deletion

of the HTH domain prevented repression of flhC-lac

transcription (Supporting Information Fig. S8A). To con-

firm that RflM deleted for its HTH domain is expressed

and stable, we purified His6-SUMO-RflM(DHTH)/RcsB

complex. Recombinant His6-SUMO-RflM(DHTH)/RcsB

complex showed only weak binding to P1flhDC in EMSA

(Supporting Information Fig. S8B), indicating that the

DNA-binding domain of RflM is indispensable to mediate

repression of flhDC by the RcsB-RflM complex.

We next performed a DNaseI protection assay with

50-digoxigenin labeled P1flhDC promoter fragment in the

presence of His6-SUMO-RflM/RcsB protein complex to

validate the predicted RcsB box downstream of the P1

transcriptional start site of flhDC. As shown in Fig. 6A,

Fig. 6. Determination of His6-SUMO-RflM/RcsB binding site by
DNaseI footprint.
A. DNaseI footprint analysis of 50-DIG-labeled P1flhDC promoter
fragment in the presence of increasing amounts of purified His6-
SUMO-RflM/RcsB complex. The P1flhDC region protected from
DNaseI digestion is indicated and the sequence represents the
identified RcsB/RflM binding site. The sequencing reactions of the
P1flhDC promoter DNA fragment are shown in lanes G, A, T, C.
B. DNA sequence of the flhDC promoter comprising the P1
promoter and the His6-SUMO-RflM/RcsB binding site (highlighted
in gray). The P1 transcriptional start site (11) and 210 box are
indicated.

Fig. 5. Purified RcsB-RflM complex binds with high affinity to the
flhDC promoter.
A. Schematic representation of the PflhDC promoter region.
Transcriptionally active start sites P1, P4, P5 and P6 that are
involved in flhDC transcription are highlighted (Kr€oger et al., 2013).
Promoter fragments used for electrophoretic mobility shift assays
(EMSA) are indicated and the respective positions relative to the
ATG start codon of flhD are given in brackets.
B. EMSA of PflhDC promoter fragments with increasing amounts of purified
RcsB protein, RcsBD56E phosphomimetic mutant or purified His6-SUMO-
RflM/RcsB complex. Samples were adjusted to equal RcsB concentrations
and incubated with 100 ng flhDC promoter DNA and negative control DNA
(gyrA). Arrowheads indicate protein-DNA complexes.
C. SDS-polyacrylamide gelelectrophoresis of RcsB, RcsBD56E and His6-
SUMO-RflM/RcsB samples used for EMSAs. RcsB concentrations are
indicated and His6-SUMO-RflM (34 kDa) and RcsB (24 kDa) are
highlighted with arrows.
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we identified a region corresponding to nucleotides 12

to 127 downstream of the 11 transcriptional start site

of the P1 flhDC promoter that was protected from DNa-

seI degradation by increasing amounts of His6-SUMO-

RflM/RcsB complex. This region contained the predicted

RcsB box (nucleotides 15 to 119) (Fig. 6B).

RflM enhances binding affinity of RcsB to the flhDC
target promoter DNA

Using microscale thermophoresis (MST) we next deter-

mined binding kinetics of purified RcsB protein and

His6-SUMO-RflM/RcsB protein complex to the identified

RcsB/RflM binding box. We detected increased fluores-

cence of 50-Cy5-labeled flhDC promoter DNA with

increasing concentrations of RcsB or His6-SUMO-RflM/

RcsB complex due to enhancement of fluorescence

intensity after DNA-binding (Fig. 7). The measured fluo-

rescence intensities after protein denaturation were

comparable (< 15% difference), which confirmed the

specificity of the binding. The dissociation constant of

His6-SUMO-RflM/RcsB complex (KD 5 378 6 25 nM)

was approximately tenfold lower than for RcsB protein

alone (KD 5 3316 6 32 nM) demonstrating higher affinity

of RcsB-RflM complex to the RcsB/RflM binding box

(Fig. 7A). The higher binding affinity of His6-SUMO-

RflM/RcsB compared to RcsB protein was confirmed by

gel shift analysis of the MST samples (Fig. 7B and C).

In summary, our results demonstrate that RflM protein

promotes RcsB target specificity for repression of flhDC

Fig. 7. Binding kinetics of purified RcsB and RcsB-RflM complex.
A. Dose response curve of the binding of RcsB protein (gray) and His6-SUMO-RflM/RcsB complex (black) to the RcsB/RflM binding site of the
flhDC promoter determined using microscale thermophoresis (MST). Individual data points with error bars representing standard deviation and
the curve fit of three technical replicates of a representative experiment are shown.
B and C. EMSA of MST samples with 50-Cy5-labeled DNA and RcsB or His6-SUMO-RflM/RcsB complex, respectively. Arrowheads indicate
protein-DNA complexes.
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transcription by formation of a stable RcsB-RflM com-

plex, which enables the RcsB/RflM complex to bind to

the RcsB/RflM box of the P1flhDC promoter with

enhanced efficiency.

Discussion

Regulation of flagellar synthesis is controlled by the

RcsCDB phosphorelay system in both E. coli and S.

enterica serovar Typhimurium. In E. coli, it has been

shown that an auxiliary regulatory protein, RcsA, enhan-

ces RcsB-dependent repression of flhDC (Francez-Charlot

et al., 2003). In Salmonella, however, RcsB-mediated reg-

ulation of the flagellar master operon flhDC has been

described to be independent from RcsA (Wang et al.,

2007). RcsA, the auxiliary co-regulator of RcsB, is con-

served in many Enterobacteriaceae species, such as E.

coli, Salmonella Typhimurium and Typhi, Yersinia spp.,

Shigella flexneri and Erwinia spp. (Huang et al., 2006).

RcsA enhances RcsB-dependent capsule synthesis by

binding together with RcsB to the RcsAB box of target

genes (Majdalani and Gottesman, 2005). Beside RcsA,

several other RcsB co-regulators are implicated in regula-

tion of a range of different target genes. In E. coli, RcsB

regulates together with the auxiliary proteins GadE and

BglJ acid stress resistance and the global regulators H-

NS, LeuO and CRP, respectively, (Castani�e-Cornet et al.,

2010; Salscheider et al., 2014). In Salmonella Typhi, RcsB

regulates together with TviA the synthesis of the capsular

polysaccharide Vi antigen (Virlogeux et al., 1996).

Previous studies also suggested a role of the RcsCDB

system in auto-regulation of the flagellar master regula-

tory operon flhDC in Salmonella. Auto-regulation of

flhDC involves expression of a FlhD4C2-dependent

repressor, rflM (Wozniak et al., 2009; Singer et al.,

2013). The flagellar-specific regulator RflM is conserved

among Enterobacteriaceae and shares high sequence

similarity to RcsA. RcsB, as well as RcsA and RflM con-

tain a LuxR-type C-terminal helix-turn-helix DNA-binding

domain (Henikoff et al., 1990).

In the present study, we elucidated the mode-of-

action of RcsB and RflM in regulation of flhDC. We dem-

onstrate that RflM functions as a novel co-regulator of

RcsB and mediates target specificity of unphosphoryl-

ated RcsB for repression of flhDC. RcsB and RflM form

a heterodimeric complex that coordinately represses

flhDC transcription by binding to the RcsB/RflM box

downstream of the P1 transcriptional start site of the

flhDC promoter region. Overexpressed RcsB or a phos-

phomimetic RcsBD56E mutant were able to repress

flhDC, but RcsB-mediated repression of flhDC increased

significantly in the presence of RflM. RflM, however, did

not repress flhDC transcription in the absence of RcsB

protein. It has been shown previously that RflM protein

levels decline rapidly after reaching a maximum during

early logarithmic growth (Mouslim and Hughes, 2014).

We showed that RflM is unstable under conditions

where interaction with RcsB is not possible and that

RflM is subjected to Lon-dependent proteolytic degrada-

tion, similar to what has been reported for RcsA (Stout

et al., 1991). In support of the requirement of RcsB for

RflM stability, we were not able to purify RflM protein

without co-expression of RcsB.

It has been shown previously that RcsB binds to tar-

get DNA as a homodimer or as a heterodimer together

with auxiliary co-regulators (Majdalani and Gottesman,

2005). We did not detect self-dimerization of either

RcsB or RflM in our experiments. The lack of self-

dimerization could be due to the absence of target DNA

or phosphorylation of RcsB that presumably would facili-

tate RcsB dimer formation in the absence of RflM. How-

ever, we detected interaction between RcsB and RflM

resulting in formation of a stable RcsB-RflM heterodi-

meric complex as determined using SEC-MALS analy-

sis. We propose that RflM stabilizes RcsB binding to the

flhDC promoter leading to formation of a stable RcsB-

RflM heterodimer and thereby enhances target specific-

ity of the RcsB-RflM complex to the binding site within

the flhDC promoter independent of the phosphorylation

state of RcsB.

As mentioned, we found that phosphorylation of RcsB

was not essential for repression of flhDC in the pres-

ence of RflM, but for RcsB-mediated repression of flhDC

in the absence of RflM. These results indicated that

RflM directs RcsB to specifically repress flhDC gene

transcription independently of external stimuli that would

result in RcsB phosphorylation, similar to the mode of

action of other RcsB co-regulator complexes such as

BglJ-RcsB (Venkatesh et al., 2010).

We next analyzed binding of RcsB-RflM complex to

the flhDC promoter in detail and found that purified

RcsB-RflM complex bound to DNA containing the P1

flhDC transcriptional start site. Purified RcsB protein

alone bound with tenfold lower affinity to a promoter

fragment containing the P1 transcriptional start site in

comparison to purified RcsB-RflM complex. Likewise,

the purified phosphomimetic RcsB mutant (RcsBD56E)

bound with lower affinity and additionally showed

reduced target specificity compared to wildtype RcsB.

This result indicated that the activated RcsB variant

bound to DNA unspecifically. In support of this, tran-

scription from the P5flhDC promoter was slightly reduced

upon rcsB or rflM overexpression, although we detected

no binding of the RcsB-RflM complex to a promoter

fragment containing the P5 transcriptional start site.

Beside unspecific effects this could be due to indirect

repression of hilD via RcsB/RflM as described before
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(Mouslim and Hughes, 2014). We further demonstrated

that efficient binding of the RcsB-RflM complex to the

flhDC promoter required the DNA-binding domain of

RflM. We thus propose that RflM modulates binding

affinity of RcsB for its target DNA and enables a fast

and stable binding of a RcsB-RflM heterodimer to the

flhDC promoter.

The binding sequence of RcsB in target promoter DNA

(RcsB box) is conserved throughout enteric bacteria and is

also present in the flhDC promoter of E. coli and S. enter-

ica (Wehland and Bernhard, 2000; Francez-Charlot et al.,

2003). We confirmed binding of RcsB-RflM protein com-

plex to a putative RcsB box downstream of the P1 tran-

scriptional start site by DNaseI protection assay, EMSA

and microscale thermophoresis. Binding of RcsB-RflM

complex was specific to flhDC promoter fragments con-

taining the RcsB/RflM box and we did not detect binding to

other fragments of the flhDC promoter. This is consistent

with previously isolated suppressor mutations that relieved

RflM-mediated inhibition of motility, which were limited to a

region comprising the RcsB box downstream of the P1

promoter (Wozniak et al., 2009).

In summary, we propose here a new regulatory mech-

anism for the control of flagellar synthesis in response to

environmental stimuli and growth phase (Fig. 8). Various

environmental signals might activate the RcsCDB phos-

phorelay cascade and result in phosphorylation of RcsB.

Phosphorylated RcsB would be able to repress flhDC

with low affinity by binding to the RcsB box in the flhDC

promoter region as a homodimer. In the absence of acti-

vating environmental signals and during early logarithmic

growth, rflM is activated by an initial surge of flhDC

expression. RflM would then be able to subsequently

direct an existing pool of unphosphorylated RcsB to its

target DNA downstream of the P1flhDC promoter resulting

in high affinity binding of a RcsB-RflM heterodimer and

repression of flhDC operon transcription.

We propose that Salmonella adapted the specificity of

the existing, global RcsCDB regulatory system by evolv-

ing a flagellar-specific auxiliary protein, RflM. The

FlhD4C2-dependent RflM protein thus enables Salmonella

to fine-tune expression levels of the motility master regu-

lator during early stages of flagellar synthesis by seques-

tering RcsB protein for repression of flagellar synthesis

independent on the presence of external stimuli.

Experimental procedures

Bacterial strains, plasmids and media

All bacterial strains used in this study are listed in Supporting
Information Table S1. pSUMO harboring Ulp1-cleavable His6-

SUMO tag (Andr�easson et al., 2008) was used for protein

overexpression. rcsB and rflM were PCR-amplified from
genomic DNA of S. enterica serovar Typhimurium strain LT2.

N-terminal His6-SUMO fusions to RcsB and RflM were made
via BsaI/HindIII. For the His6-SUMO-RflM/RcsB complex, rcsB

was cloned into His6-SUMO-RflM via HindIII/XhoI by addition

of a ribosomal binding site (RBS; AAGAAGGAGATATACAT)
resulting in His6-SUMO-RflM-RBS-RcsB. pTRG and pBT

(Dove and Hochschild, 2004) were used for protein-protein
interaction studies. RcsB and RflM lacking the respective DNA-

binding domains were cloned into pTRG and pBT via NotI/

XhoI resulting in N-terminal fusions to the N-terminal domain of
the a-subunit of E. coli RNA polymerase (a-NTD) and the

phage k-cI DNA-binding protein, respectively. Chromosomal
amino acid mutations (RcsBD56E and RcsBD56N) and helix-turn-

helix domain changes in rflM (ParaBAD::rflM(sdiA-HTH), Para-

BAD::rflM(DHTH)) were constructed using the k-RED recombi-
nation system with pKD46 as described previously (Karlinsey,

2007). N-terminal HA-tagging of RflM in the chromosome was
performed according the method of Uzzau et al. (2001). S.

enterica serovar Typhimurium and E. coli strains were culti-

vated in lysogeny broth (LB) (Bertani, 2004) at 378C, supple-
mented with ampicillin (100 mg ml21), chloramphenicol (12.5 mg

ml21), kanamycin (50 mg ml21) or tetracycline (15 mg ml21) if
needed. To induce ParaBAD or PtetA dependent gene expression,

cultures were supplemented with 0.2% arabinose or 1 mg ml21

anhydrotetracycline, respectively. Motility agar was prepared as
described before (Gillen and Hughes, 1991). The generalized

transducing phage of S. enterica servovar Typhimurium P22
HT105/1 int-201 was used in all transductional crosses (Sand-

erson and Roth, 1988).

Fig. 8. Schematic model of RcsB-RflM-dependent regulation of
flhDC transcription.
A. Environmental signals activate the RcsCDB phosphorelay, which
results in autophosphorylation of RcsC and subsequent transfer of
the phosphoryl group via RcsD to RcsB. Phosphorylated RcsB is
able to bind as homodimer with low affinity to the RcsB box in the
flhDC promoter region.
B. In the absence of environmental signals, phosphorylation of
RcsB does not occur. RflM expression is activated by induction of
flagellar synthesis during early growth phase. RflM interacts with
RcsB and forms a heterodimer that binds to the RcsB/RflM box of
flhDC with high affinity to repress flhDC transcription after the initial
surge of flhDC expression.
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Isolation of random T-POP insertions

Chromosomal T-POP transposon insertions were generated

in strain EM423 (DaraBAD921::rflM1 flhC5213::MudJ) con-

taining plasmid pNK2880 that constitutively expressed the

Tn10 transposase with altered transposition sequences as

described before (Singer et al., 2013). Strain EM423

expressed rflM from the chromosomal arabinose promoter

ParaBAD and harbored a chromosomal flhC-lac transcriptional

reporter fusion (flhC5213::MudJ). In the presence of arabi-

nose, strain EM423 was Lac– due to repression of flhC-lac

reporter transcription by rflM (Singer et al., 2013). Random T-

POP insertions were introduced by P22 phage from donor

TH3466 (LT2 F’128 (pro-lac) zzf382::Tn10dTc[del-20]

proAB47) (Bender and Kleckner, 1992). About 100,000 T-

POP insertions were screened for loss of rflM-dependent

flhDC repression resulting in an Ara-Lac1 phenotype in the

presence of tetracycline. 87 Ara-Lac1 T-POP insertions were

isolated and further characterized as described in Results.

Motility assay

For quantification of swimming motility, motility agar plates

were inoculated with overnight cultures of at least 3 inde-

pendent biological replicates and incubated 4 h at 378C. The

diameter of the swimming halo was measured using the soft-

ware NIH ImageJ64 1.47v and normalized to the wildtype.

b-galactosidase assay

b-galactosidase activity of at least three independent bio-

logical replicates was determined in mid-exponential growth

phase as described previously (Singer et al., 2013).

Bacterial-two-hybrid assay

In vivo protein-protein interaction studies were performed with

a transcription-based bacterial-two-hybrid system as described

by Dove and Hochschild (2004). Briefly, overnight cultures of

three independent biological replicates of the E. coli Bacterio-

Match reporter strain harboring the pTRG target and pBT bait

plasmids fused to the proteins of interest were grown in LB

medium supplemented with 0–20 lM isopropyl-b-D-thiogalac-

topyranoside (IPTG) for induction of fusion proteins. Samples

were diluted 1:100 in LB medium supplemented with the

same IPTG concentration as used for the overnight cultures

and grown to mid-exponential phase. Protein-protein interac-

tions stabilized binding of RNA polymerase to a promoter driv-

ing lacZ reporter transcription and b-galactosidase activity was

quantified as described. pTRG-Gal11P and pBT-LGF2 (Strate-

gene) served as controls for the two-hybrid interaction.

Protein stability assay

Protein stability was determined and visualized by immuno-

blotting as described previously (Aldridge et al., 2006;

Mouslim and Hughes, 2014) with the following modifica-

tions. Briefly, 1:100 dilutions from overnight cultures were

grown to mid-exponential phase and protein synthesis was

stopped by addition of 12.5 mg ml21 chloramphenicol and

0.5 mg ml21 spectinomycin. Total protein extracts were col-

lected from 1 ml culture at 0, 20, 40 and 60 min after stop-

ping of protein synthesis, enriched by precipitation with

10% Trichloroacetic acid (TCA) and resuspended in SDS

sample buffer. 100 OD-units were subjected to SDS-PAGE

analysis followed by immunoblotting on polyvinylidene diflu-

oride (PVDF) membranes (Biorad). To expose potentially

buried epitope tags, membranes were stripped with

62.5 mM Tris, 2% SDS and 100 mM b-mercaptoethanol

before probing. Proteins were detected using anti-HA

(mouse, Covance) and anti-DnaK (mouse, Abcam) antibod-

ies. Protein bands were quantified using the software NIH

ImageJ64 1.47v.

RNA isolation and quantitative real-time PCR

Total bacterial RNA was isolated from mid-exponential

phase cultures using the RNeasy mini kit (Qiagen).

Genomic DNA was removed from purified RNA using the

TURBO DNA-free kit (Ambion). The SensiFast SYBR No-

ROX One Step kit (Bioline) was used for reverse transcrip-

tion and quantitative real-time PCR (qRT-PCR) analysis in a

Rotor-Gene Q lightcycler (Qiagen). Target gene mRNA

transcript levels were normalized to the geometric mean of

reference genes (gyrB, gmk and rpoD) and relative

changes in transcript levels were determined according to

the DDCT method of Pfaffl (2001).

Luminescence assay

Luminescence activity of luciferase reporter strains was

determined in a Varioscan microplate reader for four inde-

pendent biological replicates. Briefly, 1:100 dilutions from

overnight cultures were grown in 96-well microtiter plates in

LB supplemented with 25 mg ml21 kanamycin to retain the

PflhDC-luxCDABE-Km1-PflhDC promoter duplication and

0.2% arabinose for overexpression of genes under control

of the arabinose promoter ParaBAD. Bacterial growth was

determined by measuring absorbance at 600 nm and rela-

tive luminescence was determined after normalization to

the growth.

Purification of RcsB, RcsBD56E and His6-SUMO-RflM/

RcsB complex

For overexpression of His6-SUMO-RcsB, His6-SUMO-

RcsBD56E and His6-SUMO-RflM-RBS-RcsB, cultures were

grown at 378C with shaking at 200 rpm until mid-

exponential phase and protein expression was induced for

three hours by addition of 0.2 mM IPTG. Soluble His6-

SUMO-RcsB, His6-SUMO-RcsBD56E and His6-SUMO-RflM/

RcsB complex were purified using Talon Superflow (GE

Healthcare) under native conditions. Purified His6-SUMO-

RcsB and His6-SUMO-RcsBD56E was supplemented with

recombinant produced His6-Ulp1 protease and dialyzed

overnight at 48C. Contaminants (His6-Ulp1, His6-SUMO and

uncut His6-SUMO-RcsB or His6-SUMO-RcsBD56E) were

removed by binding to Ni-nitrilotriacetic acid (NTA) agarose
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(Protino; Macherey-Nagel). Afterwards, proteins were con-

centrated using Vivaspin 6 concentrators (Sartorius Stedim)

and subjected to gel filtration using a Superdex 200 10/300

GL column (GE Healthcare). Major peak fractions were

merged and used for further analysis.

SEC-MALS

For molecular mass determination of the His6-SUMO-RflM/

RcsB complex, we performed an inline SEC (€Akta PURE,

GE Healthcare) coupled with a MALS detector (miniDAWN

TREOS, Wyatt Technology) and a differential refractometer

(RI) (Optilab T-rEX, Wyatt Technology). The latter was used

to calculate the effective complex concentration, by using a

standard protein refractive index increment value of

0.185 ml g21. The protein separation was achieved using a

Superdex 200 Increase 10/300 GL column (GE Healthcare)

with a 0.5 ml min21 flow rate. To obtain the molecular

weight (MW) of the eluted proteins we analyzed the

obtained RI and MALS signals recorded at three angles by

means of the ASTRA 6 software (Wyatt Technology).

EMSA

DNA fragments were PCR-amplified from genomic DNA of

Salmonella Typhimurium strain LT2 using the following oli-

gonucleotides: PflhDC (50-TTTAACAGCGGAGGGCGTAT-30

and 50-CATAGCAGCGCTCAGACATT-30), P1flhDC (50-TCAC

ATATTTTCTAAAATCGCC-30 and 50-GAAGCAAAAAGGTCA

AATGC-30), P4/6flhDC (50-CGTTATTTTAACAGAGAGAAAC-30

and 50-CATACAACGGAGCGGGAC-30), P5flhDC (50-GCTAA

AAGTTAAATCAAATGAGC-30 and 50-GTCAACACCAAA

TTCTTTTTTG-30) and gyrA (50-ATGAGCGACCTTGCGAG

AG-30 and 50-GCGCACGGCCAACAATGACC-30). Binding

reactions using 100 ng flhDC promoter DNA, 100 ng com-

petitor DNA gyrA and increasing amounts of purified RcsB,

RcsBD56E or His6-SUMO-RflM/RcsB complex were carried

out for 20 min at room temperature in binding buffer (10 mM

Tris-HCl pH 7.5, 50 mM KCl, 1 mM DTT). Samples were

separated on 7% Tris-borate-EDTA (TBE) polyacrylamide

gels and DNA was visualized after ethidiumbromide-staining

with a CCD camera (Biorad).

DNaseI footprinting

The P1flhDC DNA fragment comprising the putative RcsB/

RflM binding site was digoxigenin (DIG)-labeled on the cod-

ing strand using a 50-DIG-labeled primer (50-DIG-TCACA-

TATTTTCTAAAATCGCC-30). Sequencing reactions were

performed using the USB Thermo Sequenase cycle

sequencing kit (Affimetrix). Binding reactions with 100 ng

DIG-labeled flhDC promoter DNA and increasing amounts

of His6-SUMO-RflM/RcsB complex were performed as

described above and followed by subsequent DNaseI

(Roche) treatment. Stopping solution (10 mM EDTA, 10 mg

ml21 yeast tRNA) was added, DNA was recovered using

phenol-chloroform extraction and separated on 6% TBE-

7 M urea polyacrylamide gels with subsequent transfer to a

Nytran nylon membrane (GE Healthcare) and UV crosslink-

ing. DIG-labeled DNA was detected using CDP-Star

(Roche) and the anti-DIG-alkaline phosphatase antibody

(Fab fragments; Roche).

MST

The RcsB/RflM binding site (2204 to 2174 relative to ATG)

was Cy5-labeled on the coding strand using a 50-Cy5-labeled

primer (50-Cy5-CGAATTAGGAAAAATCTTAGGCATTTGTAA)

and duplexed with a complementary primer. Binding reactions

using 100 nM 50-Cy5-labeled DNA and serial dilutions of puri-

fied RcsB or His6-SUMO-RflM/RcsB were performed as

described above. Prior dilution, protein samples were centri-

fuged 10 min at high speed to remove aggregates. Samples

were loaded into standard capillaries and measured on a

Monolith NT.115 (Nanotemper) with 15% LED and 20% MST

power. For testing of fluorescence intensities under SDS-

denaturing conditions, samples were mixed with 2x SD mix

(4% SDS, 40 mM DTT), incubated 5 min at 958C and loaded

into standard capillaries for fluorescence measurement. Disso-

ciation constants KD were determined using MO.Affinity Analy-

sis V.2.1.2 software (Nanotemper) from fluorescence changes

as described previously (Baaske et al., 2010). MST samples

were subjected to 7% TBE polyacrylamide gels and 50-Cy5-

labeled DNA was detected using a TyphoonTM FLA900 Bio-

scanner (GE Healthcare).
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