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RcsF, a proposed auxiliary regulator of the regulation of cap-
sule synthesis (rcs) phosphorelay system, is a key element for
understanding the RcsC-D-A/B signaling cascade, which is
responsible for the regulation of more than 100 genes and is
involved in cell division, motility, biofilm formation, and viru-
lence. The RcsC-D-A/B system is one of the most complex
bacterial signal transduction pathways, consisting of several
membrane-bound and soluble proteins. RcsF is a lipoprotein
attached to the outer membrane and plays an important role in
activating the RcsC-p-A/B pathway. The exact mechanism of
activation of the rcs phosphorelay by RcsF, however, remains
unknown. We have analyzed the sequence of RcsF and identified
three structural elements: 1) an N-terminal membrane-an-
chored helix (residues 3—-13), 2) a loop (residues 14 —48), and 3)
a C-terminal folded domain (residues 49 —134). We have deter-
mined the structure of this C-terminal domain and started to
investigate its interaction with potential partners. Important
features of its structure are two disulfide bridges between
Cys-74 and Cys-118 and between Cys-109 and Cys-124. To eval-
uate the importance of this RcsF disulfide bridge network in
vivo, we have examined the ability of the full-length protein and
of specific Cys mutants to initiate the rcs signaling cascade. The
results indicate that the Cys-74/Cys-118 and the Cys-109/Cys-
124 residues correlate pairwise with the activity of RcsF. Inter-
action studies showed a weak interaction with an RNA hairpin.
However, no interaction could be detected with reagents that
are believed to activate the rcs phosphorelay, such as lysozyme,
glucose, or Zn>* ions.

The regulation of capsule synthesis (rcs)® system is a central
regulatory network in enteric bacteria that is activated by exter-
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nal signals allowing rapid adjustment to the cellular environ-
ment. Received information is transmitted via the rcs multi-
component signaling cascade inside the cell, resulting in
activation or deactivation of a variety of physiological pathways
such as exopolysaccharide (EPS) biosynthesis, cell motility,
antibiotic resistance, virulence, and many others (1-4).

The core of the rcs system is represented by the response
regulator ResB and the membrane-bound sensor kinase ResC,
both classical members of conventional bacterial two-compo-
nent systems (5). ResB is a DNA binding protein that can be
activated via an N-terminal phosphoreceiver domain. The his-
tidine kinase RcsC is supposed to form a complex with ResD
(formerly named YojN), a second membrane-bound sensor (6,
7). ResC as well as ResD have similar architectures and are com-
posed of a periplasmic sensor domain, a transmembrane-span-
ning unit, a histidine kinase domain, and a C-terminal phos-
phorylation domain. However, the histidine kinase domain of
ResD appears to be inactive, as conserved residues in the active
site are missing (6, 8, 9).

The multistep signaling mechanism of the rcs system is based
on an unusual His-Asp-His-Asp phosphorelay, where the inter-
action between individual components is modulated by their
state of phosphorylation. The sensor kinase ResC is first auto-
phosphorylated in response to environmental stimuli at a con-
served His residue in its histidine kinase domain. The
phosphoryl group is then transferred to the C-terminal phos-
phoreceiver domain of ResC and further transmitted via the
C-terminal histidine phosphotransferase domain of ResD to
the N-terminal phosphoreceiver domain of RcsB. Activated
ResB binds to the ResB box, a conserved sequence motif present
in a number of rcs-dependent promoters (10). rcs-dependent
promoters involved in other biosynthetic pathways such as EPS
biosynthesis contain the RcsAB box motif, which is recognized
by a heterodimer composed of RcsB and the transcriptional
coregulator RcsA (11).

The structural analysis of individual components of the rcs
system helped to understand molecular details in its signaling
mechanisms. Liquid-state NMR structures of the RcsB DNA
binding domain, the RcsC phosphoreceiver domain, and the
ResD histidine phosphotransferase domain have been solved
(12—14). In addition, a new structural motif, called ABL do-

CSP, chemical shift perturbation(s); HSQC, heteronuclear single-quantum
correlation; TROSY, transverse relaxation optimized spectroscopy; TCEP,
tris(2-carboxyethyl)phosphine.
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main, (a-B-Loop domain) connecting the histidine kinase
domain with the C-terminal phosphoreceiver domain or the
histidine phosphotransferase domain, has been identified in
ResC and ResD, respectively (14, 15). On the basis of the avail-
able NMR structures, protein interaction interfaces within the
res signaling cascade could be identified.

The complex functional diversity of the rcs regulation mech-
anisms requires a number of accessory regulator proteins to
expand the levels of control and to increase the number of
checkpoints (16). Besides the coregulator RcsA and the cosen-
sor ResD, the outer membrane lipoprotein ResF has come into
focus as a further potential coregulator of the rcs system (17,
18). RcsF has been detected in many enteric bacteria, but its
primary structure is somehow unique, and no homologues out-
side of the RcsF family have been found so far. ResF is important
for bacterial biofilm formation and pathogenicity, and its func-
tion is speculated to be connected to ResC or ResD, probably via
direct or indirect interactions. RcsF most likely acts upstream of
RcsC and does not affect the expression levels of the rcsC, resB,
or rcsA genes (17). Because of being located in the periplasm,
disulfide bridge formation is discussed to be crucial for RcsF
activity (19, 20). RcsF may act as a signal acceptor, and it is part
of the cellular response to treatment with antimicrobial pep-
tides, lysozyme, Zn>" ions, or antibiotics (20 -22).

Although a variety of data on RcsF has been accumulated, its
functional or structural properties are still not clearly under-
stood. We have approached the structural evaluation of the
Escherichia coli ResF protein to understand the basic principles
of its action within the rcs system. We could identify three
motifs within RcsF, and we have determined the structure of
the C-terminal RcsF domain by liquid-state NMR analysis. We
could further identify and correlate the folding and oxidation
state of RcsF to its function in the regulation of bacterial capsule
biosynthesis.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and DNA Manipulations—All cloning
steps were performed following standard protocols (23).
Polymerase chain reactions were carried out using Vent poly-
merase (New England Biolabs). The DNA fragments encoding
the full-length RcsF protein (residues 1-134) and their frag-
ments (RcsF-A16, ResF-A30, and ResF-A45) were amplified by
using small synthetic oligonucleotides (Eurofins MWG
Operon, Germany) as primers and chromosomal DNA of the
E. coli strain XL1 (Stratagene) as a template. The DNA frag-
ments were cloned with the restriction enzymes Ncol and
BamHTI into the expression vectors pET21d+, pET60m (Nova-
gen), and pET60m_Ub, resulting in IPTG-inducible plasmids,
including internal poly(His), tags (in the case of pET60m).

Protein Sample Preparation—For structural investigations,
the corresponding constructs were transformed into the NEB
T7 strain. Expression of uniformly '*C- and/or '°N-labeled
proteins was achieved by growing the bacteria on M9 minimal
medium containing 1 g/liter *>’NH,Cl and 2.5 g/liter unlabeled
or [U-'3C]-p-glucose. Protein overproduction was induced
with 1.0 mMm IPTG. After 3 h of induction, the cells were har-
vested, resuspended in lysis buffer (50 mm Tris-HCI, 200 mm
NaCl, 5% glycerol (pH 7.5)) and lysed. The proteins were loaded
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onto a Ni*"-chelate-Sepharose fast flow (Amersham Biosci-
ences, GE Healthcare) column and eluted with a linear imidaz-
ole gradient (from 20 to 400 mm). Tobacco etch virus protease
was added to the pure fused NusA- or Ub-RcsF-A30 protein at
a ratio of 1:100 (w/w) in the presence of EDTA (2 mMm) and
B-mercaptoethanol (10 mm) to achieve ~90% cleavage over-
night at 18 °C. After cleavage, 3-mercaptoethanol was removed
by dialysis to facilitate the oxidation and disulfide bridge forma-
tion of ResF-A30. Further purification and exchange into NMR
buffer (50 mm Na,HPO,, 100 mm NaCl (pH 7.0)) was achieved
by gel filtration with a Superdex75 column. Pure sample frac-
tions were pooled and concentrated (0.2—0.7 mm). Usually,
15-20 mg of pure RcsF-A30 was obtained from 1 liter of cul-
ture. 5% *H,O as a lock substance, 0.1 mM 4.4-dimethyl-4-sila-
pentane-1-sulfonate as the internal proton chemical shift
standard, and proteases inhibitor mixture (4.6 mm) were added
to the samples. For titration experiments, the RNA hairpin
G*G*CACUUCGGUGCC with phospho-thioester modifica-
tion of the backbone phosphor (shown by asterisks) was used
(representing a conserved protein interaction motif of the bac-
terial 16 S RNA).

NMR Spectroscopy and Structure Calculation—All NMR ex-
periments necessary for resonance assignment and structure
calculations were performed at 298 K on Bruker Avance spec-
trometers operating at 600, 700, 800, and 900 MHz proton fre-
quencies. Proton chemical shifts were referenced relative to
internal 4.4-dimethyl-4-silapentane-1-sulfonate. The >N and
'3C chemical shifts were referenced indirectly using the con-
sensus ratios (24). Assignment of RcsF-A30 resonances was
achieved following standard protocols (25). Proton-proton dis-
tances for structure calculations were derived from TROSY-
based '°N- and '*C-edited three-dimensional NOESY spectra
(mixing times 80 ms) and a '>C-edited 2D NOESY spectrum for
aromatic ring protons (mixing time 120 ms). Prior to Fourier
transformation, all time-domain data were zero-filled and mul-
tiplied by a 90°-shifted squared sine-bell window function in all
dimensions. In vivo and post vivo experiments for overex-
pressed RecsF-A16, ResF-A30, and ResF-A45 constructs were
performed at 308 K following published protocols (26, 27). Cells
from 50 ml *°N-labeled M9 media were harvested by centrifu-
gation at 2000 X g and resuspended in NMR buffer (50 mm
Na,HPO,, 100 mm NaCl, 5% *H,O (pH 7.5)). The NMR spectra
were processed and analyzed using TOPSPIN 2.6 (Bruker Bio-
Spin) and Sparky programs (28). The NOE-based distance
restraints for RcsF-A30 were extracted from the '*C- and "°N-
edited NOESY spectra using the CANDID module of the
CYANA program (29), version 1.0.5. The final structure calcu-
lation was performed using a simulated annealing protocol with
torsion angle dynamics (DYANA (30) version 1.5) on the basis
of 1195 unambiguous upper-limit constraints generated by
CANDID. 129 torsion angle restraints were included as pre-
dicted by the program TALOS on the basis of chemical shift
values (31). In addition, 88 hydrogen bonds, deduced from the
preliminary CANDID runs, were included as distance
restraints (d,; o = 2.1 A and d_, = 3.1 A) together with six
upper and six lower distance restraints for two disulfide bonds
(between Cys-74 and Cys-118, and Cys-109 and Cys-124). For
the calculation of the final structural ensemble, 200 structures
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FIGURE 1. Sequence alignment and secondary structure prediction for E. coli RcsF. The amino acid sequence of E. coli ResF (P69411) is shown (positively
charged amino acids are shown in blue, negatively charged amino acids in red, and prolines are underlined). The top row of symbols represents conservation
within Enterica sequences, and the bottom row represents total conservation between all annotated RcsF sequences. The secondary structure elements
predicted by the PsiPred server for E. coli RcsF (P69411) and the most distant annotated RcsF sequence from Aeromonas hydrophilia (AOKMN2) are presented
above and below the E. coli sequence, respectively. The boxes emphasize conserved residues (yellow, cysteines; red, positive charged cluster; gray, others).

were calculated in 10,000 time steps per conformer. The 50 best
DYANA conformers were refined in an explicit water shell (32)
using the CNS software package (33), and 25 structures with the
lowest energy (about —3500 kcal/mol) were selected for valida-
tion using PROCHECK-NMR 3.4 (34). The figures were pre-
pared using the programs MOLMOL (35) and PyMOL
(DeLano Scientific LLC). The atomic coordinates (PDB code
21.8Y) have been deposited in the Protein Data Bank.

The corresponding NMR assignments have been deposited
in the Biological Magnetic Resonance Data Bank (accession
number 17431).

EPS Quantification Anthrone Test—Cells were grown on
sterile cellophane membranes (14-kDa cutoff) placed on lyso-
geny broth-agar plates. Cells were plated in five strokes per
plate to provide sufficient nutrients for EPS synthesis. Prior to
plating, 5 ul of a 100 mm IPTG solution was added to 100 ul of
the cell suspension. The plates were incubated at 37° C for 12 h
and after that at 20 °C for 24 h. Cells were harvested by suspen-
sion in 2 X 3 ml 0.85% NaCl. The cell suspensions were exten-
sively vortexed for 5 min and centrifuged at 10,000 X g for 30
min. The supernatant was dialyzed against water (14-kDa cut-
off). Samples of 100 ul were filled up with water to 1 ml volumes
and added to 5 ml of anthrone reagent (200 mg anthrone in 100
ml concentrated H,SO,). The mixture was incubated at 100 °C
for 10 min. The samples were chilled on ice, and the absorption
at 625 nm was analyzed.

RESULTS

Sequence Analysis of RcsF and Secondary Structure Pre-
diction—Alignment of all annotated RcsF sequences from
UniProtKB revealed strong conservation of the protein
within enterobacterial species (Fig. 1 and supplemental Fig.
S1) and even outside of this bacterial family. By combining
the observed homology pattern with secondary structure
predictions (PsyPred server (36), we could identify three
conserved motifs within RcsF. 1) The highly conserved N
terminus-spanning amino acid positions 1 to 15 have a pre-
dicted a-helical structure and are proposed to form a mem-
brane-anchored segment of RcsF. The helix is terminated by
the conserved Cys-16 residue for which lipidation forming an
N-acyl-diacylglycerylcysteine was suggested (18, 37). The pro-
posed membrane-anchored helix has significant homology to
other N-terminal helices in various periplasmic proteins, such
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as iron transporters (C6WPA8_ACTMD), proteins involved in
thiamin biosynthesis (Q5LLK1_SILPO), and nitrite reductases
(D5V9Q4_MORCR). There is no direct evidence for the trans-
membrane nature of this N-terminal helix which is, with 15
amino acids, too short for a normal transmembrane helix.
However, it has been shown that this segment is necessary for
periplasmatic localization and correct processing of the protein
(18, 20). 2) The proline and positive charge-rich sequence from
amino acid positions 17 to 48 is not conserved among RcsF
sequences and is predicted to form an unstructured region. 3)
The C-terminal region from Val-49 to Lys-134 is again con-
served, and secondary structure prediction indicates the pres-
ence of a well folded domain.

Opverall, the alignment identified only few absolutely con-
served amino acids: the small amino acids Gly-71, Ala-88, and
Ala-128 as well as Cys-16, Cys-74, Cys-109, Cys-118, and Cys-
124. The only non-conserved cysteine, Cys-07, is located in the
membrane-anchored helix and is absent in RcsF sequences of
organisms more distantly related to Escherichia (supplemental
Fig. S1).

Overexpression of RcsF Derivatives for Structural and Func-
tional Studies—On the basis of this analysis of the sequence,
several RcsF expression constructs were designed for structural
and functional studies (supplemental Table S1). Full-length
ResF as well as its derivatives were expressed either alone or
N-terminally fused to a modified ubiquitin (Ub-RcsF), cleav-
able by TEV protease. In addition, RcsF-A16 lacking the pre-
dicted membrane-anchored helix as well as RcsF-A30 and
RcsF-A45 with partial or complete deletions of the proposed
unstructured loop region were expressed (supplemental Fig.
S2). Ub-RcsF as well as its mutants expressed mostly as inclu-
sion bodies, although a fraction of approximately 15% stayed
soluble (data not shown). However, the limited solubility of all
full-length RcsF expression constructs combined with their
tendency to aggregate prevented structural characterization of
the complete protein.

Therefore, we focused on the structure of the periplasmic
part of RcsF. The derivatives Ub-RcsF-A30 and NusA-RcsF-
A30 were expressed with high efficiencies with yields of approx-
imately 100-200 mg/liter culture. The proteins were soluble,
and the Ub or NusA moieties could be released from the puri-
fied fusion proteins by TEV cleavage in batch reactions under
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FIGURE 2. NMR spectra of RcsF-A30 oxidized monomeric form. A, representative area of the ResF-A30 ['°N,"HIHSQC-TROSY spectrum. The backbone HN
resonances (generally red, HN resonances of cysteines, purple) are almost completely assigned. The non-assigned black contours in the upper right corner
belong to Asn/Gln side chains. B, HNCACB strips demonstrating oxidation of all four A30 RcsF cysteines. The HN resonance of Cys-74 is not seen in the ResF-A30
TROSY-HSQC spectrum. The positive Ca resonances are shown in red and the negative C3 resonances in green. Values of >40 ppm for cysteine C8 resonances

indicate an oxidized state.

reducing conditions. After cleavage, 3-mercaptoethanol was
removed from the cleavage reaction by dialysis to facilitate the
oxidation and disulfide bridge formation of RcsF-A30. Subse-
quent purification of ResF-A30 by size exclusion chromatogra-
phy revealed that between 10 and 20% of the protein behaved
like a monomeric and well folded protein, whereas the rest was
strongly aggregated. Overall, 10—15 mg of folded and mono-
meric ResF-A30 protein could be obtained from 1 liter of cul-
ture. The purified ResF-A30 protein was highly stable and could
be concentrated up to 1 mm.

NMR Solution Structure of ResF-A30—The [*°N,"H]HSQC-
TROSY spectrum of monomeric oxidized ResF-A30 indicated
that the protein is folded and exists in only one conformation
(Fig. 2A). We determined the NMR solution structure based on
1195 NOEs and 129 torsion angle restraints obtained from
chemical shifts as well as 88 hydrogen bonds. Analysis of the
spectra revealed that the well structured part comprises resi-
dues Val-49 to Lys-134, whereas the N terminus (residues
30—47) shows characteristics of an unstructured segment. The
structure of the folded core domain of ResF-A30 (Fig. 3, struc-
tural statistics in supplemental Table S2) is formed by a central
B-sheet surrounded by two a-helices, a smaller helix a1 (resi-
dues Ala-55 to Val-59) and a larger helix a2 (residues Ile-85 to
Ser-97). The [B-sheet consists of three major antiparallel
B-strands, B2 (residues Phe-63 to GIn-75), B3 (residues Ala-103
to Thr-115) and B4 (residues Cys-118 to Ile-131) (Fig. 3A).
Strand B1 (residues Arg-50 to Tyr-52), which is in parallel ori-
entation relative to (33, is significantly shorter than 3 and
forms hydrogen bonds with only ~1/3 of the residues of (3.
The two minor structural elements, strand 81 and helix a1, are
somewhat distant from the core of the RcsF domain, forming a
small N-terminal subdomain. The B-sheet core builds an inner
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surface contacted on one side by helix 2. Although helix a2
covers only approximately half of the length of the 3-sheet, the
long loop L (residues Ala-76 to Ser-84,), which connects 32 and
a2, is significantly ordered and covers the remaining inner sur-
face of the B-sheet core.

An important feature of the ResF structure is the disulfide
bridge network (Fig. 3B). The pairwise contacts between
Cys-74 and Cys-118 as well as between Cys-109 and Cys-124
were unambiguously identified via many NOE signals. Accord-
ingly, the Ca and CB chemical shift values for all four cysteines
indicated oxidized states (Fig. 2B). These bridges are critical for
the stability of the RcsF-A30 structure. The structural conse-
quences of disulfide bond reduction were monitored by time-
dependent NMR spectroscopy of ResF-A30 at 25 °C in the pres-
ence of 1 mm TCEP. Immediately after TCEP addition, disulfide
bonds started to become reduced, followed by protein unfold-
ing and resulting in a largely unstructured RcsF-A30 domain
after 2 h. Unfolding was completed after 4 h (Fig. 3C).

As the ResF primary structure does not show significant
homologies to other protein families, we performed similarity
searches using the DALI program (38). The best hits (Z = 8.5—
9.9, RMSD = 2.2-3.2 A) were represented by oligomeric pro-
teins with five or more monomers but without functional anno-
tations (PDB codes 1VR4, 2GTC, and 1Y2I). Further structural
homologues (Z = 5.7-6.5, RMSD = 2.5-3.5 A) were archae-
bacterial proteins with flavin-like ligands and pentameric sele-
nium binding proteins (Z = 5.4— 6.3, RMSD = 2.6 -3.3 A) (sup-
plemental Figs. 3, A and B ). However, highly conserved
residues important for their function within these homologous
protein families are missing in RcsF. Structural homology was
further identified in a number of proteins where the homolo-
gous proteins are part of larger complexes (Z = 2.0-4.7,
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FIGURE 3. Structure of the RcsF-A30 oxidized monomeric form. A, ribbon diagram representing the RcsF-A30 structure. The structure on the right was
obtained by 80° rotation around the indicated axis. The unstructured residues 30-47 are not included. B, Ca traces of the final RcsF-A30 structural ensemble
of 25 conformers. The indicated cysteine side-chains are marked in magenta and the -S-S- bridge in yellow. The structure was obtained from the one shown in
A by 180° rotation around the x axis. C, ResF-A30 ['°N,"HJHSQC-TROSY spectrum under oxidizing conditions (red contours) and after reduction (blue contours).

RMSD = 2.5-5.0 A), e.g. thiamine monophosphate kinases, acyl
carrier protein synthases, or viral capsid proteins.

Interestingly, structural homology to RcsF-A30 was also
detected in some of RNA binding proteins, in particular in ribo-
somal proteins such as L22 (114]-B) (Fig. 4A and supplemental
Fig. S3C). This potential hint to a possible RNA or DNA binding
function of ResF was further analyzed by NMR titration exper-
iments (Fig. 4B). Titration with small duplex DNA did not
induce significant chemical shift perturbations (CSP) in stan-
dard conditions (50 mm Na,HPO,, 150 mm NaCl (pH 7.5)).
tRNA or mononucleotides did not induce specific CSP either.
Only some nonspecific binding of random DNA at lower pH or
in cell lysates was observed, probably because of the strong
electropositive surface of ResF. However, a 14-meric RNA hair-
pin, representing a conserved protein interaction motif of the
bacterial 16 S RNA, showed some degree of specific interac-
tions (Fig. 4B). The RNA-induced CSP are weak, but their map-
ping on the ResF 3D surface shows some clustering located near
B1 and 2 (Fig. 4B).

Role of ResF Disulfide Bridges in Capsule Biosynthesis Reg-
ulation—During the expression of the full-length Ub-RcsF pro-
tein in the E. coli strain HMS174 (Lys-12 derivative harbor-
ing the DE3 insert for TTRNAP expression), we noticed the
induction of a well pronounced mucoid phenotype, which is
characteristic for the activation of the ResC pathway (Fig. 5A4) as
described previously (17, 18, 39). We have used this induction
of a mucoid phenotype as a functional assay to evaluate the
importance of the cysteine residues as well as residues compris-
ing the positively charged surface of the B-sheet for the function
of ResE. The levels of synthesized EPS were quantified with the
anthrone test for each mutant (40) Expression of Ub-RcsF
induced a strong mucoid phenotype with EPS production of
30.2 * 2.5 ug/cell-10°, which was set to 100% of ResF activity
(Fig. 5). HMS174 cells not expressing Ub-RcsF do not show a
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mucoid phenotype and produce only 0.84 + 0.12 ug/cell-10° of
EPS (set to 0% ResF activity). These data are in good agreement
with previously reported values for rcs-dependent EPS biosyn-
thesis upon RcsA overexpression (41).

The first non-conserved Cys-07 is located in the membrane-
anchored helix of RcsF, and our mutagenesis analysis showed
that it is not relevant for EPS biosynthesis. The mucoid pheno-
type (Fig. 5B) is similar to that of Ub-RcsF, and the levels of EPS
synthesis are comparable (27.5 * 0.8 ug/cell-10%, 91% of RcsF
activity) (Fig. 5C). In contrast, mutation of Cys-16 in RcsF
(ResF-C16S), which was shown to be important for anchoring
ResF in the outer membrane (18, 37), strongly decreases EPS
biosynthesis (6.7 * 2.5 pg/cell'10%, 20% of ResF activity). This
resultindicates an important but not absolutely essential role of
this cysteine for ResF activity. The remaining four cysteines are
located in the folded RcsF domain and are involved in the for-
mation of two disulfide bonds. These disulfide bonds are, as it
was shown in the previous section, critical for the structural
stabilization of RcsF. However, the impact of the two disulfide
bridges on the function of ResF could be different. Quantitative
analysis of EPS production with bacteria expressing the RcsF-
C74S (10.6 = 1.3 pg/cell-10%, 32% of RcsF activity) and RcsF-
C118S (12.5 = 0.5 ug/cell-10%, 39.5% of RcsF activity) mutants
revealed a significant reduction in EPS production down to
~35% in both cases (Fig. 5C). An even stronger effect was
observed in the case of RcsF-C109S (2.4 + 0.3 pg/cell10°, 5.5%
of ResF activity) and ResF-C124S (3.5 = 0.3 ug/cell-10%,9.0% of
ResF activity), resulting in an EPS reduction down to <10%.
The pairwise correlation of these four cysteine mutants in their
effect on the ResF activity supports further our assignment of
the cysteine pairs in the disulfide bonds (Cys-74 to Cys-118 and
Cys-109 to Cys-124) and indicates that reduction of the Cys-
109 to Cys-124 bond has a stronger effect than reduction of the
Cys-74 to Cys-118 bond.
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FIGURE 4. Structural similarity of the RcsF-A30 oxidized monomeric form to DNA/RNA binding proteins and possible interaction with RNA. A, super-
imposition of the free L22 protein (cyan, PDB code 114J)) and RcsF-A30 (green). The superimposition with L22 of the Thermus thermophilus 50 S ribosomal subunit
(PDB code 2WRJ) is provided in supplemental Fig. 3. B, representative area of the ResF-A30 ['°N,"HIHQSC-TROSY spectrum before (red) and after (blue) addition
of a 2-fold excess of a 14-mer RNA hairpin (left panel). Right panel, mapping of the observed CSP onto the sequence (top) and the structure (bottom). CSP values
below 0.018 ppm (3 X statistical error) are shown in green, those between 0.018-0.036 ppm in yellow, and those with more than 0.036 ppm in red.

Mutating Arg-89 and Lys-90 in the positively charged surface of
ResF to alanine did not affect the EPS biosynthesis significantly
(26.5 = 4.1 ug/cell-10%, 87.5% of ResF activity), indicating that the
potential DNA/RNA binding activity may not be relevant for
the ResF function in EPS biosynthesis. Control experiments with
the N- and C-terminally truncated derivatives ResF-A30 (2.0 = 0.3
ug/cell10%, 4.0% of ResF activity) and ResF-1-49 (3.4 = 0.9
ug/cell-10%, 9.0% of ResF activity) demonstrated that ResF is only
active after proper periplasmic localization of the protein and that
its C-terminal domain is essential for activity.

RcsF Expresses as an Unfolded Protein and Needs to be Cor-
rectly Folded in the E. coli Periplasm—The high expression lev-
els of the N-terminally truncated RcsF constructs ResF-A1l6,
RcsF-A30, and ResF-A45 allowed us to monitor their folding
stage by solution state NMR either directly in vivo in E. coli
cells or immediately after cell lysis. ['°N,"HJHSQC-TROSY
experiments were used to investigate whether these con-
structs were able to adopt a specific structural fold upon
expression in E. coli cells by in-cell NMR (26, 27). The results
indicate that all expressed constructs were not able to form stable
structures neither in-cell nor post vivo under normal cellular (e.g.
reducing) conditions (supplemental Fig. S4). The HSQC-TROSY
spectra showed mostly poorly dispersed signals around 8 ppm
with few resolved signals, which is typical for unfolded proteins.
These spectra are very similar to that of TCEP-treated RcsF-A30
(Fig. 3C), indicating similar states of the protein in the different
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conditions. In addition, the clear detection of the ResF-A30 signals
in the NMR spectra of intact cells or crude lysates indicated that
this protein does not efficiently interact either with compounds of
the cytoplasm nor with any other soluble compound of cell
extracts.

Potential Interactions of RcsF—The titration experiments
with the 14-mer RNA have revealed that RcsF can, in principle,
interact with RNA hairpins. However, the physiological inter-
action partner of RcsF remains unknown. It was speculated that
ResF senses Zn>*, glucose, peptidoglycan, or damages of its
layer. Recently, the physical interaction between RcsF and
periplasmic domains of RcsC, ResD, and/or YrfF/IgaA were
proposed to be important for the ResF function (20, 42). To
investigate the interaction of RcsF with potential interaction
partners, we have performed NMR titration experiments with
monomeric oxidized RcsF-A30. Potential interaction partners
were dissolved or transferred into the same buffer and added to
the ResF sample in several steps until a molar ratio > 1:1 was
achieved. Besides the small 14-mer RNA, we did not observe
any significant CSP for any of the components tested. Supple-
mental Table S3 summarizes these experiments. The widely
accepted idea that ResF directly participates in glucose or Zn>™"
sensing was not confirmed experimentally in these titration
experiments, indicating that RcsF might not be the sensor but
rather an auxiliary protein.
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FIGURE 5. Role of the RcsF disulfide bridges in the RcsF-controlled EPS biosynthesis regulation. A, microphotographs of the empty (left panel) and
transformed with pET60m_Ub_RcsF WT (right panel) HMS174 cells treated with IPTG and grown at 20 °C. B, microphotographs of HMS174 colonies after
IPTG-induced expression of the various RcsF constructs. The pictures are placed in the four rows according to the level of mucoidity of the colonies. The RcsF
constructs used in these experiments are indicated in each picture. C, quantification of the polysaccharides production in the HMS174 cells from B. The results
of three independent anthrone tests are averaged and expressed in pg of total polysaccharides per 10° cells. Correlated effects of Cys-to-Ser substitutions in
the RcsF C-terminal domain are highlighted with dashed lines.

DISCUSSION Analysis of the RcsF primary sequence revealed a structural

The outer membrane lipoprotein RcsF, shown to transducea — architecture of three domains. Hydrophobic residues are signif-
distinct set of signals via ResC and ResD to the response regu-  icantly less populated in the part spanning residues 14—134,
lator ResB, remains a key element for a global understanding of  indicating that this whole area may be periplasmic. The highest
molecular mechanisms modulating the rcs signaling chain.  similarity between RcsF proteins is found in the C-terminal
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domain, whereas the N-terminal membrane-anchored domain
is less conserved. This N-terminal helix does most likely not
participate in the ResF folding and function but rather facili-
tates the periplasmic localization of RcsF. In our experiments,
the proline-rich sequence of RcsF (residues 17-48) did not
exhibit any structure. However, being exposed to other condi-
tions, e.g. localized on or near membranes or involved in molec-
ular interactions, this loop might adopt certain structures.

The structural fold indicates RcsF as a prototype of small
bacterial lipoproteins with highly conserved secondary struc-
tural pattern but with low homology in the primary structure.
Functional homologous of RcsF might therefore extend far
beyond the Enterobacteriaceae, despite only little sequence
homologies. According to the DALI search, the RcsF structure
is most similar to a number of oligomeric proteins such as dode-
cines, small docameric flavoproteins, and selenium binding
proteins. We did not observe any tendency of oxidized RcsF to
aggregate or to oligomerize. In contrast, the oxidized mono-
meric ResF could be highly concentrated, and its NMR proper-
ties were comparable with that of ubiquitin, remaining stable
for weeks. However, we cannot exclude that RcsF can built
some high-molecular-weight complexes under certain condi-
tions during activation or upon its oxidation pathway in the
periplasm.

Two disulfide bridges (Cys-74 to Cys-118 and Cys-109 to
Cys-124) in the oxidized monomeric form of RcsF were identi-
fied based on NOE information, and both were shown to be
essential for RcsF folding. The fact that ResF was not able to
obtain its structure without extensive oxidation indicates that
the final RcsF structure might depend on how it is expressed,
transported into the periplasm, and subsequently oxidized.

ResF was found to be a substrate of DsbA, a major periplas-
mic chaperone involved in disulfide bridge formation in pro-
teins and in disulfide bridge shuffling (19). However, the role of
potential disulfide bridge formation in the function of RcsF
remained unknown. In this work, we could directly correlate
the redox state of ResF to its structural folding. After synthesis
in the cytoplasm, the reduced RcsF remains unfolded. After
transport into the periplasm or into the outer membrane by yet
unknown mechanisms, the protein becomes folded concomi-
tant with the formation of disulfide bridges that obviously are
essential to stabilize the structural fold. DsbA might play a key
role in chaperoning the disulfide bridge formation; however,
the oxidation and correct disulfide bridge formation can obvi-
ously also be initiated, at least to some extent, by cell disruption.

ResF contains six cysteines, from which the first, Cys-07, is
removed by processing after transport of RcsF into the outer
membrane (18). This residue appears not to be necessary for
correct transport, localization, or function, as a ResFC7S sub-
stitution was not impaired in the induction of EPS biosynthesis.
Cys-16 acts as a lipid anchor and is modified by N-acyl-diacyl-
glycerol (18, 37). It is consequently not available for disulfide
bridge formation, which is in agreement with our results. How-
ever, the residue is still important for ResF activity, indicating
that the membrane localization of ResF is crucial for its activity.

For the remaining four cysteines, we have identified intra-
chain disulfide bridge formation between Cys-74 and Cys-118
and between Cys-109 and Cys-124, respectively. In a new
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approach using a combined chemical cross-linking and mass
spectrometry strategy, evidence for intrachain bonds between
Cys-74 and Cys-124 and between Cys-109 and Cys-118 were
reported (43). These findings disagree with our data and might
be based on the fact that rcsC-deficient strains were used for
ResF expression in that study. In our activity assays, we
observed a good correlation between mutations of the identi-
fied cysteine pairs and induction of EPS biosynthesis.

RcsF may play a critical role in signal transduction form the
cell surface to ResC or ResD (17). However, ResF appears to be
an optional player in the rcs system, as several responses
are ResF-independent (3, 18). ResC is necessary to transduce
the signals received via ResF (18). Important is that ResF acti-
vation is not affecting the level of RcsC expression in the cell;
therefore, the mechanism of activation should rather be based
on physical interactions between RcsF and ResC. ResF was ini-
tially characterized as a cytoplasmic protein (44). Later on, the
periplasmic localization of RcsF was proposed and experimen-
tally demonstrated by several studies (17-20), indicating that
the potential interactions are initiated by damages of the cellu-
lar envelope and by destruction/perturbation of the peptidogly-
can layer. However, we did not observe significant interactions
of ResF with Zn*™, glucose, lysozyme, AMP, and other compo-
nents that are shown to be activators of the rcs phosphorelay.
Direct interaction studies with the periplasmic domain of RcsC
also showed no interaction. However, because of the mem-
brane-bound nature of this domain, it might not have been in
the correct conformation under the specific conditions of the
titration experiment.

Conclusions—Our structural data provide new details and
evidence for the function of RcsF. The structural homology to
several multisubunit complexes of diverse function could be
taken as indication of an oligomerization potential of RcsF,
probably induced under particular conditions. In-cell NMR
experiments combined with the molecular analysis of disulfide
bridge formation clearly document the periplasmic localization
of ResF and therefore support previous reports based on bio-
chemical data. A number of proposed ligands could be ruled out
as ResF interaction partners, whereas the presented NMR anal-
ysis will serve as basis for further studies of ResF complex for-
mation, in particular with the periplasmic domains of ResC and
ResD.
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