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The bacterial Rcs phosphorelay is a stress-induced defense
mechanism that controls the expression of numerous genes,
including those for capsular polysaccharides, motility, and
virulence factors. Itis a complex multicomponent system that
includes the histidine kinase (RcsC) and the response regula-
tor (RcsB) and also auxiliary proteins such as RcsF. ResF is an
outer membrane lipoprotein that transmits signals from the
cell surface to RcsC. The physiological signals that activate
RcsF and how RcsF interacts with RcsC remain unknown.
Here, we report the three-dimensional structure of RcsF. The
fold of the protein is characterized by the presence of a cen-
tral 4-stranded 3 sheet, which is conserved in several other
proteins, including the copper-binding domain of the amy-
loid precursor protein. RcsF, which contains four conserved
cysteine residues, presents two nonconsecutive disulfides
between Cys’* and Cys''® and between Cys'®® and Cys'?%,
respectively. These two disulfides are not functionally equiv-
alent; the Cys'%?—Cys'?* disulfide is particularly important
for the assembly of an active RcsF. Moreover, we show that
formation of the nonconsecutive disulfides of RcsF depends
on the periplasmic disulfide isomerase DsbC. We trapped RcsF
in a mixed disulfide complex with DsbC, and we show that dele-
tion of dsbC prevents the activation of the Rcs phosphorelay by
signals that function through RcsF. The three-dimensional
structure of RcsF provides the structural basis to understand
how this protein triggers the Rcs signaling cascade.
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The envelope of Gram-negative bacteria is a complex mac-
romolecular structure that serves as a permeability barrier pro-
tecting bacterial cells from ever-changing environmental con-
ditions (1-3). To maintain envelope integrity, Gram-negative
bacteria have evolved complicated signaling systems that allow
them to react to a range of envelope stresses by modulating the
expression of specific genes. Several envelope stress response
systems have been described in Escherichia coli, including the
Res phosphorelay (4, 5).

The Rcs signaling cascade was first identified by its role in the
transcriptional regulation of genes involved in the biosynthesis
of colanic acid in E. coli (6). Colanic acid is a capsule polysac-
charide that is produced by bacteria in response to envelope
perturbations, osmotic stress, and growth on surfaces (7). Pro-
duction of colanic acid leads to the formation of a mucoid layer
on the bacterial cell surface, which results in a distinctive
mucoid phenotype (see Fig. 4). In addition to its role in control-
ling capsule synthesis, the Rcs phosphorelay is required for nor-
mal biofilm formation, contributes to antibiotic resistance, and
regulates virulence-associated structures involved in motility
and host recognition (8 -10).

The Rcs phosphorelay is a complex signaling pathway that
includes three proteins, RcsC, ResD, and ResB (9, 11). ResC s
an inner membrane sensor protein that presents an N-terminal
histidine kinase domain and a C-terminal receiver domain (12).
In response to environmental signals, ResC is predicted to auto-
phosphorylate a conserved histidine residue located in the
kinase domain. The phosphoryl group is then transferred to a
conserved aspartate residue present in the receiver domain (9,
13). ResD, which is also located in the inner membrane, con-
tains a histidine-containing phosphotransmitter domain (Hpt),
which mediates phosphoryl transfer between the receiver
domain of ResC and an aspartate residue located in the receiver
domain of ResB, a cytoplasmic response regulator (14). Phos-
phorylation of RcsB allows this cytoplasmic protein to bind to
target promoters on the chromosomal DNA via a DNA-binding
domain (9, 15).

In addition to ResC, ResD, and ResB, the Res phosphorelay
involves auxiliary proteins that are required for the normal
functioning of the system (9, 11). In E. coli, the best character-
ized auxiliary proteins are RcsA and ResF. ResA is an unstable
cytoplasmic protein that belongs to the same family of tran-
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scriptional regulators as ResB (16). ResA interacts with phos-
phorylated RcsB to form a heterodimer that binds to the pro-
moters of a subset of Rcs-regulated genes, including those
involved in capsule synthesis (17, 18).

ResF is a small lipoprotein (14 kDa) anchored in the outer
membrane and oriented toward the periplasm (19). RcsF was
first identified by its ability to induce the Rcs phosphorelay
when overexpressed (20), an activation that is dependent on
ResC (21). The function of ResF is to transduce signals that this
protein perceives in the outer part of the envelope to ResC (9).
For instance, treatments that alter the integrity of the outer
membrane, such as exposure to cationic antimicrobial peptides
(22), or that target the peptidoglycan layer, like exposure to
lysozyme (23) or B-lactam antibiotics (10), activate the Rcs
phosphorelay. This induction has been shown to be dependent
on RcsF (19). Moreover, mutations that lead to defects in the
envelope, such as mutations in the lipopolysaccharide synthesis
pathway or in mdoG and mdoH, two genes that are involved in
the synthesis of membrane-derived oligosaccharides, also acti-
vate the Rcs cascade in an ResF-dependent manner (19, 24).

Despite the important role played by the Res phosphorelay in
monitoring envelope integrity, in biofilm formation, and in bac-
terial virulence, we still have a poor understanding of the
molecular mechanisms that activate the system and control its
correct functioning. In particular, the physiological signals that
turn on the Rcs phosphorelay remain unknown, and how the
outer membrane protein sensor ResF transfers environmental
signals to ResC is not understood.

The Rcs phosphorelay has been mostly studied using bacte-
rial genetics. To elucidate how this system works and to under-
stand the molecular mechanisms that control its activity, bio-
chemical and structural data are required.

Here, we report the three-dimensional crystal structure of
the sensor protein RcsF. The protein fold is characterized by the
presence of a central four-stranded 3 sheet. Two nonconsecu-
tive disulfides, including one cross-strand disulfide, are present
in the structure. We show that formation of these disulfides
involves the periplasmic protein-disulfide isomerase DsbC.
Our work provides the structural and biochemical basis that
should facilitate the understanding of the mechanism used by
ResF to transmit signals across the periplasm.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The bacterial
strains used in this study are listed in supplemental Table S1. All
the strains are derivatives of the E. coli K-12 strain MC4100
(25). Cells were grown aerobically in either LB or M63 minimal
media. Unless otherwise indicated, M63 minimal medium was
supplemented with 0.2% glucose, vitamins, 1 mm MgSO,, and a
mixture of amino acids. When necessary, growth media were
supplemented with either chloramphenicol (25 ug/ml), kana-
mycin (50 ug/ml), or ampicillin (200 ug/ml). All alleles were
moved by bacteriophage P1 transduction using standard pro-
cedures (26). The resistance cassette was removed from the
chromosome by using the pCP20 plasmid encoding the FLP
recombinase (27).

Construction of the Expression Plasmids—The genomic DNA
of E. coli MC4100 was used as a template for the PCR. The
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primers are listed in supplemental Table S2. The PCR amplifi-
cations were performed using Pfu DNA polymerase (Fermen-
tas), and samples were subjected to 25 cycles of 30 s denatur-
ation at 95 °C, 30 s annealing at 55 °C, and 3 min elongation at
68 °C, followed by 5 min at 68 °C. The rcsF gene, without the
sequence corresponding to the signal peptide and the lipobox,
was amplified using rcsF Fw1 as forward primer (containing an
Ncol site, CCATGG) and rcsF Rv1 as reverse primer (contain-
ing an Xhol site, CTCGAG) (see supplemental Table S2 for
primers list). The PCR product was analyzed by electrophoresis
on a 1% agarose gel and stained with ethidium bromide. It was
then purified, double-digested, and ligated into the plasmid
pET28a (Novagen) for expression of the protein with a C-ter-
minal His tag and no N-terminal His tag (the sequence of the
recombinant protein is provided supplemental Table S2). For
expression of ResF in the periplasm using the OmpA signal
sequence, the rcsF gene, without the sequence corresponding to
the first 16 residues, was amplified using rcsF Fw2 (containing a
Kasl site, GGCGCC) as forward primer and rcsF Rv2 (contain-
ing an Ncol site, CCATGGQG) as reverse primer. The amplifica-
tion product was then cloned into the pASK-IBA16 vector (IBA
BioTAGnology®). The truncated version of rcsF starting at res-
idue Pro*® (ResF,,,..) was also cloned into the pASK-IBA16
vector, after PCR amplification using the primers rcsF,,,,,,. Fw
and rcsF Rv2. The resulting plasmids (pET28a:rcsE,
pASK-IBA16::rcsF, and pASK-IBA::rcsF,,,,,.) were first trans-
formed into E. coli XLIBlue competent cells for sequencing.
pET28a::rcsF was then transformed into Rosetta-Gami BL21
(New England Biolabs)-competent cells for expression of RcsF
in the oxidizing cytoplasm of that strain. pASK-IBA16::rcsF and
pASK-IBAl6::rcsF,,,, were transformed in different MC4100
background for phenotypic characterization.

Site-directed Mutagenesis—The QuikChange mutagenesis
kit (Stratagene) was used for the generation of the RcsF mutants
in which the cysteine residues are replaced by serines. The plas-
mid pASK-IBA16::rcsFwas used as a template. The forward and
reverse primers that were used are listed in supplemental Table
S2. The PCR amplification reaction was performed using Pfu
DNA polymerase, and samples were subjected to 20 cycles of
30 s denaturation at 95 °C, 30 s annealing at 55 °C, and 9 min
elongation at 68 °C, followed by a 11-min step at 68 °C. The
Dpnl restriction enzyme was used to digest the parental super-
coiled double-stranded DNA. The plasmids harboring the
sequence of the mutated proteins were transformed into E. coli
XLIBlue competent cells for sequencing and then in PL262
(resF:kan) competent cells for phenotypic characterization.

Expression and Purification of the Recombinant RcsF Pro-
tein—Rosetta-Gami BL21 cells transformed with the pET28a::rcsF
expression plasmid were grown at 37 °C in 4 liters of LB
medium containing ampicillin (200 mg/liter) and kanamycin
(50 mg/liter) to an A, of 0.6. Isopropyl 1-thio-3-b-galactopy-
ranoside (0.5 mMm) was then added to induce expression during
3 h with shaking. The cells were harvested by centrifugation,
and the cell pellet was resuspended in 20 ml of a buffer contain-
ing NaP,, pH 8.0, 100 mm and NaCl 0.3 m (Buffer A). The cells
were then disrupted using a French press. After centrifugation
(40 min, 18,000 X g), the supernatant was diluted three times
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and loaded onto a Ni-NTA® chromatography column equili-
brated with Buffer A. Elution was performed by applying a lin-
ear gradient of imidazole (from 30 to 300 mm) in Buffer A, and
the eluted fractions were analyzed by SDS-PAGE containing
16% (v/v) acrylamide. The protein was ~99% homogeneous
after this step.

Crystallization, Data Collection, and Processing—Before
crystallization, the protein solution at a concentration of 11
mg/ml was mixed with 5-amino-2,4,6-triiodoisophthalic acid
(I3C) neutralized with LiOH to reach a concentration of 20 mm.
All attempts to grow crystals in the absence of I3C were com-
pletely unsuccessful. Furthermore, the replacement of I3C with
5-amino-2,4,6-tribromoisophthalic acid (the same compound
with three bromo atoms instead of the three iodine atoms) did
not produce any crystals. The incorporation of the I3C com-
pound known as the “magic triangle” (28) initially aimed at
providing a way to obtain phases by single wavelength anoma-
lous dispersion, but it turned out to be an essential ligand for
crystal growth. Crystals for data collection were grown by vapor
diffusion using the hanging drop method at 18 °C. The well
solution (500 ul) consisted of 1.8 M ammonium sulfate, 0.1 M
sodium acetate, pH 4.5, and 0.02% (w/v) sodium azide. The
drop was formed by mixing 1 ul of the protein + I13C mixture
with 1 ul of the well solution. Crystals appeared after several
weeks.

Before data collection, crystals were soaked for a few seconds
in a solution similar to the mother liquor but containing 20%
(w/v) glycerol as cryo-protectant and flash-cooled at 100 K.
Data were collected on beamline X12 at EMBL, DESY. Two
data sets were collected. The first data set was collected atalong
wavelength with a high level of redundancy, to obtain a good
anomalous signal from the iodine atoms for phasing using the
single wavelength anomalous dispersion method. For the sec-
ond data set, a shorter wavelength was used and was allowed to
reach a higher resolution for the refinement. The diffraction
images were processed and merged with the XDS program
package (29). The crystals are trigonal, space group P3,21, with
one molecule in the asymmetric unit. Statistics of data collec-
tion and processing are given in Table 1.

The structure was solved by the single wavelength anoma-
lous dispersion method applied to data set 1 using the Auto-
Rickshaw procedure (30). The resulting model was refined
against the high resolution data (data set 2) using REFMAC5
(31) of the CCP4 suite (32) and was manually completed and
corrected using COOT (33). The final structure contains resi-
dues 48 —131 of the protein chain, 46 water molecules, 1 sulfate
ion, and 1 I3C molecule. Some statistics related to the refine-
ment are given in Table 1.

Coordinates and Structure Factors—Atomic coordinates and
structure factors have been deposited in the PDB with acces-
sion code 2y1b.

Trapping and Purification of the DsbC-RcsF Complex—A
1-liter LB culture of the dsbC strain carrying pBAD33:
dsbCc x5 was grown at 25 °C to an A, of 0.6. Expression was

® The abbreviations used are: Ni-NTA, nickel-nitrilotriacetic acid; 13C, 5-amino-
2,4,6-triiodoisophthalic acid; PDB, Protein Data Bank; CSD, cross-strand
disulfide.
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TABLE 1
Data collection and refinement statistics
Data set 1 Data set 2
(structure solution) (refinement)
Wavelength 1.54975 A 0.977910 A
Space group P3,21 P3,21
Unit cell ) .
a 56.14 A 55.71 A
c 61.81 A 61.68 A
Resolution range
Overall (ov) 19.1 to 2.46 19.0 to 2.0
Highest shell (hs) 2.52 to 2.46 2.20to0 2.0
No. of reflections
Total 87,651 27,634
Unique 7,889 7,786
Friedel pairs Not merged Merged
Completeness (ov/hs) 99.4/97.4% 99.6/99.6%
Rmerge (ov/hs) 0.083/0.377 0.082/0.522
(I/a(I)) (ov/hs) 21.9/6.0 11.5/2.7
Refinement
R-factor (ov/hs) 0.196/0.240
Ry, (0v/hs) 0.258/0.330
Root mean square deviation from ideality
Bonds 0.022 A
Angles 2.16°
No. of water molecules 46
Mean B values .
Protein 303 A?
Water 374 A°
Sulfate 35.0 A
13C 34.1 A?

induced for 5 h by the addition of 0.2% L-arabinose. Proteins
were precipitated using trichloroacetic acid (TCA) (10%) and
resuspended in 25 ml of NaP;, pH 8, 100 mm, NaCl 300 mm, SDS
0.3%, urea 8 M, and iodoacetamide 100 mMm to prevent any fur-
ther disulfide bond rearrangement. The lysate was centrifuged
at 15,000 X g for 45 min. After incubation (overnight at room
temperature) of the cleared mixture with 2 ml of Ni-NTA resin
(Qiagen), a 1-ml column was packed with the protein-Ni-NTA
resin complex and was washed thoroughly using NaP,, pH 8,
100 mm, NaCl 300 mu, and SDS 0.3%. Elution of the complexes
involving DsbC s was performed using a step gradient from
30 to 300 mM imidazole. Only one fraction eluted from the
column, which was concentrated 10-fold and analyzed by SDS-
PAGE with or without DTT. After electrophoresis, the proteins
were transferred to a nitrocellulose membrane and probed with
an anti-ResF antibody (1:3000) produced from a rabbit immu-
nized with the purified protein (Eurogentec). Anti-rabbit IgG
(Sigma) was used as the secondary antibody at a 1:5000 dilution.
Thermo Scientific Pierce ECL Western blotting substrate and
Fuji film were used to visualize the protein bands.

Mass Spectrometry—Intact mass measurement of RcsF was
done by diluting the purified protein with 50:50 acetonitrile/
water containing 0.1% formic acid to an approximate concen-
tration of 5 um. The sample was introduced by off-line infusion
using a capillary electrospray at 1.5 wl/min. An LTQ XL mass
spectrometer (LTQ XL, Thermo Fisher Scientific) was used to
acquire mass spectra from m/z 400 to 2000 in centroid mode.
Electrospray source conditions such as “source fragmentation”
voltage and the tube lens voltage were optimized to help desol-
vation but without fragmenting the intact protein. Default val-
ues were used for most other data acquisition parameters. The
resulting spectra were averaged up to 200 scans and were
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FIGURE 1. Overall fold of the RcsF molecule. The protein is colored from green (N terminus) to pink (C terminus). A, topological diagram on which the disulfide
bonds are represented by a yellow line. The limits of the secondary structure elements are indicated. B, ribbon diagram in a more or less similar orientation. The
side chains of the cysteine residues taking part in the disulfide bonds are drawn as balls and sticks. A was prepared with Topdraw (54) and B with CCP4mg (55).

deconvoluted using ProMass software (Thermo Fisher Scien-
tific). We determined the mass of the protein used for crystal-
lization to verify the sequence of the expression product.

In Vivo Expression Levels of ResF—The bacterial strains were
grown in minimal medium at 30 °C to an A, of 0.8, and 1-ml
samples were taken. Proteins were precipitated with 10%
ice-cold TCA and centrifuged at 13,000 X g for 1 min. The
pellets were washed with acetone, dried, and resuspended
with 5X Laemmli buffer (SDS 10%, bromophenol blue 0.05%,
glycerol 61%, Tris-HCl, pH 6.8, 300 mM). Standardized sam-
ples were analyzed by SDS-PAGE under nonreducing condi-
tions. After electrophoresis, proteins were transferred to a
nitrocellulose membrane and probed with an anti-RcsF
antibody.

RESULTS

Three-dimensional Structure of RcsF—Here, we report the
three-dimensional crystal structure of the RcsF protein sensor.
The overall fold is illustrated in Fig. 1 and is characterized by the
presence of a central four-stranded B sheet. One face of the 3
sheet is covered by a long « helix («2), whereas the short helix
a1 appears on the other side of the 3 sheet. After a search for a
similar fold in the PDB using the DALI server (34), the best
structural alignment corresponded to a protein of unknown
function from the Gram-positive bacteria Bacillus cereus (PDB
code 1vr4). 75 Ca atoms were superposed with a root mean
square distance of 1.8 A. A stereoscopic view of the superposi-
tion of the Ca traces of ResF and code 1vr4 is shown in Fig. 2.
The central (8 sheet and the a2 helix are well conserved. Two
main differences are observed as follows: the a1 helix of RcsF
has disappeared and is replaced by a loop in 1vr4 and the loop
between 32 and o2 in ResF is replaced in 1vr4 by an additional
helix followed by a much longer loop. Other structural homo-
logues of ResF include a selenium-binding protein from Metha-
nococcus vannielii (PDB code 2jz7), dodecin from Halobacte-
rium salinarum (PDB code 2vx9-A), and the copper-binding

AV N
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FIGURE 2. Fold of RcsF is conserved in other proteins. Stereoscopic view of
a superposition of the Ca traces of RcsF (green) and PDB entry 1vr4 (red). The
orientation is similar to that of Fig. 1B. This figure was prepared with CCP4mg
(55).

domain of the Alzheimer peptide precursor protein (PDB code
2fma-A).

Two disulfide bonds are observed in the structure. The first
one between Cys’*and Cys''® links a residue in the 82 strand to
a residue located in the 83-B4 loop. The second disulfide bond
between Cys'® and Cys'?* is a cross-strand disulfide (CSD)
that links the 83 and 34 strands. Both disulfide bonds are illus-
trated in the electron density in Fig. 3.

I3C Ligand—As explained under “Experimental Proce-
dures,” the presence of the I3C ligand was essential for crystal-
lization, suggesting that a strong interaction exists between this
ligand and the protein. Indeed, we observed a close contact
(3.05 A) between one of the iodine atoms and the carbonyl
oxygen atom of Pro®. This interaction is nearly linear with a
bond angle of 170.6° around the iodine atom and is usually
described as “halogen bonding” (35, 36). On the aromatic ring
of the I3C molecules, the two positions in ortho relative to this
iodine atom are occupied by electron-attracting carboxylate
groups that favor the appearance of a positive region on the
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FIGURE 3. RcsF presents two nonconsecutive disulfides. The regions of
the disulfide bond between Cys”* and Cys''® (A) and between Cys'®® and
Cys'?* (B) are shown. The (2mF, — DF,) electron density map is contoured at
alevel of 1.5 ¢. This figure was prepared with COOT (33).

outermost portion of the halogen surface. This phenomenon is
known as a o-hole and is responsible for the interaction with a
nucleophile like the oxygen atom of a carbonyl group. One of
the carboxylate groups is hydrogen-bonded to Ser®* O.

N-terminal Segment of ResF Is Disordered—The protein that
was used for crystallization was expressed as a soluble protein
containing a C-terminal His tag and lacking the first 16 residues
corresponding to the signal peptide and the lipobox (remember
that ResF is a lipoprotein whose lipid moiety is anchored in the
outer membrane). However, the observed electron density
begins at residue Pro®®, suggesting that about 30 residues in the
N-terminal part of the protein are completely disordered. The
integrity of the sequence of the purified protein was confirmed
using mass spectrometry to rule out any nonspecific proteolytic
cleavage of the protein during expression and purification. The
measured average mass was 13,609 = 2 Da, which is in good
agreement with a theoretical average mass of 13,612 Da taking
into account the complete processing of the N-terminal
methionine.

We then decided to determine whether the portion of RcsF
that is not visible in the structure is important for the activity of
the protein. It has been shown recently that expression of RcsF
as a protein soluble in the periplasm constitutively induces the

16738 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 2

Mucoid phenotype of strains expressing RcsF cysteine to serine
mutants

The cysteine to serine RcsF mutants were expressed as soluble proteins in the
periplasm of an rcsF deletion strain (PL262). Strains were grown on LB medium
(containing ampicillin) for 2 days at room temperature.

Expressed protein Mucoid phenotype

wtRcsF CCCC +4+

ResFyne CCcCC +++

ResFeras SCCC ++

ResFeigog CSCcC —

ResFegigs CCSC +++

ResFeyas CCCS —

ResFeras/cinss SCSC +++
ResFeigo/cizas CSCS —

Res phosphorelay (22). Therefore, we decided to study the abil-
ity of a truncated version of the protein (RcsF,,,,,.), correspond-
ing to residues Pro®® to Lys'*%, to induce the Rcs phosphorelay
when expressed in the periplasm, using strain mucoidity as a
read-out. As explained in the Introduction, induction of the Rcs
system leads to colanic acid production, which results in a dis-
tinctive mucoid phenotype. As indicated in Table 2, we
observed that expression of RcsF,, .. leads to a mucoid pheno-
type comparable with that observed when wild-type RcsF is
expressed unanchored in the periplasm (supplemental Fig. S1).
Thus, we can conclude from this experiment that the fraction of
the polypeptide chain that is disordered in the crystal is not
required for signaling, at least when RcsF is expressed as a sol-
uble protein in the periplasm.

Cys'?°~Cys"** Disulfide Is Required for Assembly—A striking
feature of the RcsF structure is the presence of two nonconsec-
utive disulfides. We wanted to determine whether these disul-
fides are required for activation of the Rcs phosphorelay. We
generated single cysteine to serine mutants and tested whether
expression of the mutants in the periplasm leads to a mucoid
phenotype (Table 2 and supplemental Fig. S2). We observed
that expression of RcsF,,5 and ResF 45, in which only the
Cys'?°~Cys'** disulfide remains, leads to a mucoid phenotype.
In contrast, expression of the RcsF - 595 and RscF ;45 mutants,
in which only the Cys”*~Cys''® disulfide can be formed, does
not activate the production of capsule polysaccharides (Table
2). Similar results were obtained when the cysteine pairs Cys”*—
Cys''® and Cys'?°~Cys'?* were mutated; only expression of an
RcsF mutant, in which Cys”*and Cys'*® are replaced by serines
(this mutant conserves the Cys'®°—Cys'?* disulfide), resulted in
a mucoid phenotype (Table 2). The mutated proteins in which
the Cys'®-Cys'** disulfide cannot be formed were not
detected by Western blot analysis, in contrast to the mutants
lacking the Cys”*~Cys''® disulfide (data not shown). This sug-
gests that the inability of the mutant proteins lacking the
Cys'%°—Cys'?* disulfide to activate the phosphorelay is due to a
folding defect. Thus, these experiments suggest that the
Cys'%°—Cys'?* disulfide is important for the assembly of an
active ResF in the cell envelope, whereas the Cys”*~Cys''®
disulfide seems to be dispensable.

dsbC Deletion Prevents Signaling through RcsF—In E. coli,
disulfides are introduced into periplasmic proteins by the oxi-
doreductase DsbA (37). The dependence of RcsF on DsbA for
oxidative folding has already been reported by Kadokura et al.
(38) and was not explored further in this work. DsbA is a pow-
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erful oxidant that rapidly reacts with unfolded proteins to oxi-
dize them (37, 39). When disulfides need to be formed between
cysteine residues that are not consecutive in the sequence, as is
the case in RcsF, DsbA may introduce non-native disulfides,
which leads to protein misfolding and proteolysis. These non-
native disulfides are corrected by DsbC, a soluble dimeric pro-
tein that functions as a protein-disulfide isomerase in the
periplasm (39, 40). Each monomer of DsbC possesses a thiore-
doxin domain harboring a catalytic CXXC motif. The cysteine
residues of this motif are kept reduced in the periplasm by
DsbD, an inner membrane protein that catalyzes the transfer of
reducing equivalents from the cytoplasmic thioredoxin system
across the membrane to DsbC (41). These reducing equivalents
maintain DsbC in a reduced state in the periplasm, allowing the
protein to function as an isomerase/reductase (see below). Sev-
eral DsbC substrates with multiple cysteines have already been
identified; they include four periplasmic enzymes (42, 43) as
well as the essential B-barrel protein LptD (44).

The presence of two disulfides formed between cysteines
that are not consecutive in the sequence of RcsF suggested that
the assembly of this protein involves DsbC. To test this hypoth-
esis, we searched to determine whether deletion of dsbC affects
signaling via RcsF. As explained in the Introduction, it has been
reported that mutations that alter the integrity of the cell enve-
lope, such as mdoG and mdoH, induce the Rcs phosphorelay
in an RcsF-dependent manner (19). We generated double
mutants mdoH dsbC and mdoG dsbC to determine whether
deletion of dsbC alters the mucoid phenotype of single mutants
mdoH and mdoG. We found that whereas the mdoG and mdoH
strains appear mucoid on minimal media, in agreement with
reported data, the double mutants do not (Fig. 4A4). This indi-
cates that deletion of dsbC prevents the induction of the Rcs
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FIGURE 4. Deletion of dsbC prevents the induction of the Rcs phosphorelay by deletion of mdoG. A, mdoG, dsbC, dsbD, mdoG dsbC, and mdoG dsbD mutant
strains were grown on M63 minimal medium for 2 days at room temperature. Similar results were obtained for the mdoH mutants (data not shown). B, mdoG
dsbC strain was complemented with either pBAD33, pBAD33:dsbC, pBAD33:dsbCcyys, O pBAD33:dsb sy, and grown on M63 minimal medium for 2 days at
room temperature. Like DsbCgyys, DsbCcxxs keeps the chaperone activity but cannot function as reductase.
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phosphorelay via RcsF and suggests that RcsF assembly
involves DsbC.

The nonmucoid phenotype of the double mutants could
result from the absence of the isomerase activity of DsbC or
from the absence of the chaperone activity of DsbC, which has
been described in vitro (45). To test these two hypotheses, we
studied the phenotype of mdoG dsbD and mdoH dsbD double
mutants. In strains lacking dsbD, DsbC is not recycled and is
mostly found in the oxidized state (46), which prevents the pro-
tein from functioning as an isomerase/reductase but does not
affect the chaperone activity. We found that the double
mutants mdoG dsbD and mdoH dsbD are less mucoid than the
single mutants mdoG and mdoH (Fig. 4A), suggesting that it is
the isomerase activity of DsbC that is important for RcsF
assembly. However, in contrast to the deletion of dsbC, the
deletion of dsbD did not completely abolish the production of
colanic acid, which prevented us from clearly discriminating
between the two hypotheses. Thus, to firmly establish the
involvement of the isomerase activity of DsbC in RcsF assem-
bly, we compared the ability of wild-type DsbC and of a DsbC
mutant that lacks the isomerase activity but keeps the chaper-
one activity (DsbCgys) to restore the mucoid phenotype of the
double mutant mdoG dsbC. As shown in Fig. 4B, we observed
that only expression of wild-type DsbC was able to restore the
induction of the Rcs phosphorelay in the double mutant, indi-
cating that it is the isomerase activity of DsbC that is involved in
the assembly of RcsF.

RcsF Interacts with DsbC in Vivo—This prompted us to fur-
ther investigate the interaction between RcsF and DsbC. As
explained above, the catalytic site of DsbC is maintained in a
reduced state in the oxidizing environment of the periplasm,
which is critical to allow DsbC to react with non-native disul-
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FIGURE 5. Identification of RcsF trapped in complex with DsbC. A, the first
cysteine residue of the CXXC motif of DsbC performs a nucleophilic attack on
an incorrect disulfide, which results in the formation of a mixed disulfide
complex. To trap DsbC substrates, the C-terminal cysteine was replaced by a
serine. This mutant protein is still able to react with non-native disulfides but
lacks the second cysteine of the catalytic motif required to resolve the mixed
disulfide complex. B, complexes formed between DsbCcys and its substrates
were purified using Ni-NTA resin. The samples were analyzed by SDS-PAGE
without or with DTT. RcsF was detected by Western blot using an anti-RcsF
antibody. The band marked by an asterisk corresponds to RcsF that was
released from the mixed disulfide complex with DsbC upon DTT addition.

fides. The first cysteine of the CXXC catalytic motif performs a
nucleophilic attack on an incorrect disulfide, which results in
the formation of an unstable mixed disulfide complex between
DsbC and the substrate protein. There are two ways to resolve
this mixed disulfide, either by attack of another cysteine of the
misfolded protein, which results in the formation of a more
stable disulfide in the substrate and the release of reduced
DsbC, or by attack of the other cysteine of the CXXC motif. In
this second case, DsbC is released in the oxidized state and
functions as a true reductase.

To confirm that DsbC is involved in the assembly of RcsF, we
expressed a mutated version of DsbC presenting a CXXS cata-
Iytic site (DsbCcyys) in a dsbC strain. Replacing the second
cysteine of the catalytic site by a serine is a favorite approach to
trap the complexes formed between the proteins from the thi-
oredoxin family with their substrates (47, 48). As explained
above, the C-terminal cysteine of the CXXC motifis the residue
that performs a nucleophilic attack on the mixed disulfides
formed between DsbC and its substrates. Thus, replacing this
cysteine by a serine stabilizes the mixed disulfides and prevents
DsbC from functioning as a reductase (Fig. 54). After expres-
sion of the mutant protein in the periplasm of a dsbC deletion
strain, the proteins were precipitated with TCA, and all free
cysteines were alkylated with iodoacetamide to prevent any fur-
ther disulfide bond rearrangements. The proteins were resus-
pended in a buffer containing 0.3% SDS and no reductant to
maintain DsbC 4 covalently bound to its potential substrate
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FIGURE 6. In vivo expression levels of RcsF. The RcsF expression level was
determined in different backgrounds (/ine 1, wild type; line 2, dsbC; line 3,
dsbD; line 4, rcsF). Cells were grown to exponential phase at 30 °C in M63
minimal medium, normalized by absorbance, and precipitated by TCA. RcsF
was detected by Western blot using an anti-RcsF antibody.

proteins. DsbC g was then purified under denaturing condi-
tions using a His tag present at the C terminus of the protein.
Only one peak eluted from the column when an imidazole gra-
dient was applied. DsbC was the most abundant protein in that
peak, but other proteins of higher molecular weight were also
present (data not shown). As the purification was performed
under denaturing conditions, nonspecific binding to the col-
umn was minimal, and the bands co-eluting with DsbC likely
correspond to complexes between DsbC and other proteins. To
determine whether RcsF was trapped in complex with DsbC,
the fractions were analyzed by Western blot using an anti-RcsF
antibody. Although a band corresponding to the DsbC-RcsF
complex could not be clearly identified (see under “Discus-
sion”), we observed that addition of DTT led to the appearance
of aband recognized by the anti-RcsF antibody and migrating at
the size expected for ResF (~14 kDa) (Fig. 5B). This indicates
that ResF forms a mixed disulfide complex with DsbC, and thus
that ResF interacts with DsbC in vivo.

Deletion of dsbC Decreases the Levels of RcsF in the Cell
Envelope—W e then sought to determine whether the deletion
of dsbC affects the assembly of ResF in vivo by comparing the
levels of ResF in wild-type and dsbC strains. As shown in Fig. 6,
we observed that deletion of dsbC decreases the abundance of
RcsF indicating that the absence of DsbC impairs the correct
assembly of RcsF in the cell envelope. Deletion of dsbD also led
to decreased RcsF levels, although to a lesser extent than the
deletion of dsbC, which is in agreement with the mild mucoid
phenotype exhibited by the mdoG dsbD mutant.

DISCUSSION

The Rcs phosphorelay plays an important role in the
response of bacteria to envelope stress by controlling the tran-
scription of many genes, including the cell division gene ftsZ,
the catalase katE, and those involved in capsule synthesis, bio-
film formation, and virulence factors (9). About 30 years of
research on the Rcs phosphorelay have led to the identification
of the major components of this system and the characteriza-
tion of the activation cascade. However, surprisingly little is
known about the molecular mechanisms that activate the sys-
tem and fine-tune its activity in response to changes in the
integrity of the cell envelope. One of the most fascinating ques-
tions is how the outer membrane lipoprotein RcsF is activated
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and how, upon activation, it transmits the signal to the histidine
kinase sensor RcsC, which is localized in the inner membrane.
Biochemical and structural data are required to elucidate the
details of the molecular mechanisms that led to the activation of
this complicated multicomponent system and that allow signal
transduction from the cell envelope to the cytoplasm.

Here, we report the structure of ResF. The fold of the protein
is characterized by a central four-stranded f3 sheet, sandwiched
by two « helices. A similar fold has already been described in
several proteins. Representative examples include dodecin, a
small (7 kDa) riboflavin-binding protein found in prokaryotes
that assembles to hollow sphere-like dodecameric complexes
(49, 50), and the Alzheimer peptide precursor protein whose
copper-binding domain is a structural homologue to RcsF (51).

Previous work by Kadukora et al. (38) led to the identification
of RcsF as a substrate for the thiol-oxidase DsbA, which indi-
cated that at least two of the four cysteine residues of RcsF are
disulfide-bonded. This is nicely confirmed by the structure of
ResF, in which two disulfides can be observed. Interestingly,
these two disulfides are formed between cysteine residues that
are not consecutive in the sequence, Cys”*—~Cys"'® and Cys'*°—
Cys'?*, This suggested that the assembly of RcsF involves the
periplasmic protein-disulfide isomerase DsbC. The involve-
ment of DsbC in the formation of the ResF disulfides was con-
firmed by a combination of genetic and biochemical evidence.
1) We showed that deletion of dsbC prevents the induction of
the Rcs phosphorelay in mdoG and mdoH mutants, in which
Rcs activation had been shown to occur through ResF. 2) By
using complementation experiments with wild-type DsbC or
with a DsbC variant lacking the catalytic cysteine residues, we
showed that it is the isomerase activity of DsbC that is impor-
tant for ResF assembly. 3) We showed that dsbC deletion leads
to decreased levels of RcsF in the outer membrane. Further-
more, we observed that ResF copurifies under nonreducing and
denaturing conditions with a DsbC variant lacking the resolv-
ing cysteine of the CXXC. Addition of DTT to reduce the mixed
disulfide linking DsbC to its target proteins led to the release of
RcsF, which provides good evidence that these two proteins
interact in the periplasm. The disulfide-bonded DsbC-RcsF
complex (40 kDa) could not be clearly identified on the West-
ern blot probably because of an altered migration and transfer
of the ResF-DsbC complex and of a decreased accessibility of
the ResF epitope(s) when RcsF is bound to the isomerase.

We also tested the functional role of the two nonconsecutive
disulfides, which allowed us to conclude that the two disulfides
of RcsF are not functionally equivalent; the Cys'®*—Cys'>*
disulfide seems particularly important for the stability of the
protein as attested by the fact that removal of this disulfide
impairs the assembly of RcsF more significantly than removal of
the Cys’*~Cys''® disulfide. Importantly, similar results were
obtained independently by Prouvost (56) on Erwinia chry-
santemi ResF. In a recent publication, Farris et al. (22) gener-
ated mutants of Salmonella enterica serovar Typhimurium
ResF presenting cysteine to serine point mutations. They tested
whether those ResF mutants could activate the Res phosphore-
lay in response to polymyxin B, a cationic antimicrobial pep-
tide, using a wza::lacZ transcriptional reporter (the wza gene is
regulated by the Rcs system). In contrast to our results showing
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that RcsF mutants lacking the Cys’*~Cys''® disulfide are still
able to signal, they report that no B-galactosidase activity was
observed for any of the four point mutants. This discrepancy
could result from the fact that they used S. enterica serovar
Typhimurium RcsF as well as a different reporter of Rcs
activation.

Recently, Singh et al. (52) determined the disulfide connec-
tivity of RcsF to test a new mass spectrometry analysis method
that they had designed. They found one disulfide between Cys”*
and Cys'**. They deduced from that result that the second
disulfide of RcsF connects Cys'®—Cys''®. They specifically
searched their mass spectrometry data for this disulfide and
found it. The structural and genetic data that we report indicate
that, in contrast to what they found, RcsF contains two noncon-
secutive disulfides between Cys’*~Cys''® and Cys'**—Cys'**,
To determine whether other oxidized forms of RcsF were pres-
ent in the sample that was used for crystallization, we analyzed
the RcsF protein preparation by LC-MS/MS. Because RcsF has
four cysteines, there are six different disulfides that can be
formed. We found all the possible cysteine pairs in the sample
(data not shown). However, using an internal standard, we
quantified the various cysteine pairs and found that the Cys”*—
Cys''® and Cys'®-Cys'** disulfides, which correspond to
those observed in the structure of the native protein, represent
more than 90% of the disulfide population. This suggests that
the RcsF protein preparation that was used for crystallization is
contaminated by low amounts of non-native RcsF presenting
incorrect disulfides. Singh et al. (52) do not report any quanti-
fication results, which limits the interpretation of the data.
However, it is likely that the disulfides that they identified cor-
respond to those of a minor, non-native form of RcsF.

A striking feature of the disulfide connecting Cys'®” and
Cys'®* is that it links two adjacent antiparallel 8 strands and
thus occurs in a secondary structure that is already stabilized by
hydrogen bonds. The Cys'®~Cys'>* disulfide belongs to the
category of the cross-strand disulfides (see the review by Wout-
ers et al. (53) and references therein). CSD are relatively
unusual. However, more and more structures presenting CSD
have been deposited in the PDB over the past 10 years. For
instance, CSD are found in the N-terminal domain (o« domain)
of DsbD, in the HIV-1 primary receptor CD4, and in ribonucle-
otide reductase. In most cases, CSD do not function as structure
stabilizers but appear to play the role of a redox switch. Further
studies are required to determine whether the CSD observed in
ResF also plays a functional redox role.
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