SOCIETY FOR

‘Ll amemcan  Journal of
MICROBIOLOGY Bacteriology®

Major Tom to Ground Control: How
Lipoproteins Communicate
Extracytoplasmic Stress to the Decision
Center of the Cell

Géraldine Laloux,P Jean-Francois Collet>*
WELBIO, Brussels, Belgium?; de Duve Institute, Université Catholique de Louvain, Brussels, Belgium®

ABSTRACT The envelope of bacteria is a complex multilayered shield that ensures
multiple essential functions, including protecting the cell from external assaults.
Hence, bacterial cells have evolved intricate mechanisms called envelope stress re-
sponse systems (ESRS) to monitor all kinds of perturbations affecting the integrity of
their envelope and to mount an appropriate response to contain or repair the dam-
age. In the model bacterium Escherichia coli, several ESRS are built around a two-
component system, in which envelope stress triggers a phosphotransfer between a
sensor protein in the inner membrane of the envelope and a response regulator in
the cytoplasm. In this review, we focus on two major ESRS in E. coli, the Rcs and
Cpx pathways, in which additional proteins not directly involved in the phospho-
transfer modulate signal transduction. Both the Rcs and Cpx systems can be turned
on by a lipoprotein anchored in the outer membrane, RcsF and NIpE, respectively,
providing a molecular connection between the most exterior layer of the envelope
and the ground control center in the cytoplasm. Here, we review how these two li-
poproteins, which share a striking set of features while being distinct in several as-
pects, act as sentinels at the front line of the bacterium by sensing and transducing
stress to the downstream components of the Rcs and Cpx systems.

KEYWORDS Escherichia coli, cell envelope, lipoproteins, outer membrane, periplasm,
stress response

acterial cells are surrounded by an elaborate envelope that is essential for survival.

Indeed, the envelope is the first line of defense of bacteria, offering a multilayered
armor against harsh and ever-changing environmental conditions, while ensuring the
selective import of nutrients from the surroundings (1). In diderm bacteria, the enve-
lope is arranged in several chemically and functionally distinct strata (Fig. 1) (2). The first
layer is the cytoplasmic membrane or inner membrane (IM), an impermeable phos-
pholipid bilayer in which numerous proteins are present. The vast majority of IM
proteins are inserted in the membrane by alpha-helical transmembrane segments.
These proteins play important cellular functions, including the transfer of electrons
across the respiratory complexes or the active transport of biomolecules and inorganic
compounds across the membrane. A small number of lipoproteins, which are globular
proteins anchored to a membrane by a lipid moiety, are also present in the IM (3). IM
lipoproteins are oriented toward the periplasm, a viscous and oxidizing compartment
that constitutes the second layer of the envelope. The periplasm is densely packed with
soluble proteins (4) and contains a critically important structure called the cell wall,
which is made of a continuous polymer of peptidoglycan (PG). The role of the cell wall
is multiple: it resists turgor pressure and therefore preserves the osmotic stability of the
cell; it also dictates the shape of the cell and underlies the fundamental processes of cell
elongation and division (5). The third coat of the envelope, which separates the
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FIG 1 The lipoproteins RcsF and NIpE trigger the Rcs and Cpx envelope stress response pathways.
Question marks indicate protein interactions or mechanisms that remain unknown. Drawings are not to
scale. Orange lines or text indicate stress-related events. (A) Under nonstress conditions, RcsF is sequestered
by B-barrel proteins (not shown; see panel C), and the IM protein IgaA inhibits the Rcs system (possibly via
interaction with RcsC or RcsD). ResF detects perturbations in the PG or in the OM via partially understood
mechanisms (see panel C). Under stress, the signaling domain of RcsF interacts with IgaA, releasing the
inhibition of IgaA on the Rcs system and triggering a phosphorelay between the sensor kinase RcsC, the
phosphotransmitter RcsD, and the response regulator RcsB. Phosphorylated ResB either homodimerizes or
associates with RcsA to control the expression of a vast regulon. When retargeted to the IM, RcsF interacts
with IgaA, activating Rcs. (B) Overexpression or mislocalization of NIpE at the IM triggers the Cpx
phosphorelay, in which the sensor kinase CpxA autophosphorylates and transfers the phosphate to the
response regulator CpxR. Whether NIpE interacts with CpxA, its periplasmic inhibitor CpxP, or other
partners, is unknown. Adhesion to abiotic surfaces or to undifferentiated epithelial cells induce the Cpx
response in an NIpE-dependent manner by an unknown mechanism. The crystal structure of NIpE reveals
two globular domains and suggests that part of the protein unfolds upon adhesion, facilitating access to
downstream Cpx components or intermediate proteins. (C, model 1) Under nonstressed conditions, RcsF
interacts with BamA; the Bam machinery then mediates the assembly of RcsF with the major B-barrels
OmpA/F/C. In complex with these proteins, part of RcsF is accessible to the cell surface and hence occluded
from IgaA. In this model, drugs targeting LPS (polymyxin B) or PG (amdinocillin, A22) prevent newly
synthesized RcsF from interacting with BamA by a still-unknown mechanism, leading to the accumulation

(Continued on next page)
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periplasm from the extracellular milieu, is the outer membrane (OM) (6). It differs from
the IM in at least two aspects. First, the outer leaflet of the OM is composed of
lipopolysaccharides (LPS), which are negatively charged molecules making the OM
impermeable to hydrophobic compounds (7). Second, proteins that are embedded in
the OM are not alpha-helical but fold instead into B-barrels with transmembrane
domains consisting of amphipathic B-strands. Some of these B-barrels, called porins,
function like pores through which small hydrophilic molecules can diffuse across the
OM (8). In addition to B-barrels, the OM accommodates the majority of the lipoproteins
encoded by bacterial genomes. In the model bacterium Escherichia coli, most OM
lipoproteins are thought to be facing the periplasm (3), although, as described below,
some OM lipoproteins “float in the most peculiar way” (akin to David Bowie’s Major
Tom). Thus, the envelope exhibits a sophisticated composition, ensuring that the
bacterial cell is efficiently protected from toxic substances or the stressful conditions of
the environment. Preserving the integrity of this multilayered shell is therefore a matter
of life and death for Gram-negative bacteria.

ENVELOPE STRESS AND HOW BACTERIA DEAL WITH IT

To protect their precious envelope, bacteria have evolved intricate signaling path-
ways that not only detect different kinds of envelope alterations but also turn on
appropriate cellular responses to cope with stress and repair damage by controlling
gene expression. These pathways, which are called envelope stress response systems
(ESRS), have been studied extensively in E. coli (9, 10). It is important to emphasize at
this stage that the generic term “envelope stress” encompasses innumerable conditions
that, for instance, perturb the fine balance between PG synthesis and remodeling
(therefore modifying the tightly regulated chemical architecture of the cell wall), alter
membrane integrity, or prevent the correct folding and/or targeting of proteins within
the envelope. Given the broad diversity of potential stresses, bacteria rely on several
ESRS to sense and respond to the different kinds of damage that can affect their
envelope. While each system can be elicited by more than one stimulus, it is generally
considered that each ESRS is specialized to deal with a set of stimuli that fall into a
common theme. In this review, we focus on two major ESRS in E. coli, the Rcs and Cpx
systems, which are traditionally considered to cope with OM and cell wall defects, or
with the accumulation of periplasmic proteins and IM stress, respectively.

VARIATIONS AROUND THE SAME THEME: THE Rcs AND THE Cpx SIGNAL
TRANSDUCTION PATHWAYS

Both the Rcs and Cpx systems are built around a two-component system (TCS), a
signaling strategy that is mostly present in prokaryotes but has also been reported in
certain eukaryotes (11). In their simplest variation, bacterial TCS employ a sensor
protein, often a histidine kinase that is either cytoplasmic or embedded in the IM, and
a cognate response regulator in the cytoplasm. When activated, the sensor protein
autophosphorylates on a histidine residue before transferring the phosphoryl group to
an aspartate present in the receiver domain of the response regulator. Following
phosphorylation, typical response regulators dimerize and bind DNA via a second
domain to control the transcription of a series of target genes (11). The Cpx pathway
is a classical TCS, as it involves the direct transfer of a phosphoryl group from the
histidine kinase CpxA in the IM to the response regulator CpxR (Fig. 1B) (12, 13). In
contrast, Rcs is significantly more complex than the TCS core, since a phosphorelay is

FIG 1 Legend (Continued)

of free RcsF (not associated with B-barrels) (16). This free RcsF has access to IgaA in the IM, triggering Rcs
(16). (Model 2) It has been proposed that RcsF is threaded into B-barrels by BamA during B-barrel folding,
with the lipid moiety of RcsF anchored in the outer leaflet of the OM and its signaling domain in the
periplasm (41). Considering this topology, interactions between the positively charged residues of the RcsF
linker and the negatively charged LPS molecules are likely and RcsF could sense charge alterations in LPS
via these interactions (46). In this model, activation does not require new RcsF synthesis (46). How RcsF then

activates Rcs while in complex with B-barrel proteins is unknown.
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TABLE 1 Inducing cues of the Rcs and Cpx envelope stress response systems

System induced
by stress Cue type

Cues

Cpx NIpE dependent

NIpE independent

Undetermined role of NIpE

Rcs RcsF dependent

RcsF independent

Undetermined role of RcsF

nlpE overexpression (32); artificial mislocalization of NIpE (37, 39); adhesion of stationary

phase cells to hydrophobic glass (49, 50); adhesion of stationary phase EHEC cells to
undifferentiated epithelial cells (50)

Overproduction of PapE and PapG pilus subunits in the absence of cognate chaperone
(59); alkaline pH (Cpx activation shown in reference 60 and NIpE independence from
unshown data in reference 59); stationary phase growth (Cpx activation shown in
references 59 and 61 and NIpE independence from unshown data in reference 59);
lipid Il accumulation (Cpx activation shown in reference 62 and NIpE independence
from unshown data in reference 59); lack of phosphatidylglycerol or
phosphatidylethanolamine (63, 64); EDTA (Cpx activation shown in reference 65 and
NIpE independence from unshown data in reference 59); drugs targeting PG
synthesis (mecillinam, cephalexin, and A22 [37])

Loss of 4 PBPs (involved in PG synthesis) (66); overproduction of type IV pilus subunit
(67); CuSO, (68); AdegP (69); high osmolarity (65, 70, 71); Curli overproduction and
ompR mutation (71); IM stress due to lack of YidC, lack of protease FtsH or HtpX, or
accumulation of IM substrates of FtsH like SecY or SecY mutations (72, 73); indole,
ethanol, and dibucaine (65); mammalian PG recognition proteins and gentamicin (74);
AcpxP (59)

rcsF overexpression (24); artificial mislocalization of RcsF (29); mutation in the LPS
biosynthesis pathway (deep rough rfa mutants) (26); cationic antimicrobial peptides,
including polymyxin B (29, 46); treatments targeting the PG (lysozyme [47], the -
lactams mecillinam and cefsulodin [48], and MreB inhibitor A22 [16]); defective
lipoprotein sorting due to lack of the periplasmic chaperone LolA or dominant-
negative LolA mutant (36) or to inhibition of lipoprotein signal peptidase LspA by
globomycin 38; lack of the periplasmic chaperone SurA involved in OM biogenesis
(30); low levels of BamA in a bamA101 strain (16); mutation (pgsA) in phospholipid
biosynthesis leading to lack of phosphatidylglycerol and cardiolipin (28); lack of
membrane-derived oligosaccharides (mdo mutations) (data not shown in reference
30); a set of multicopy inducers (from reference 25) (26); growth in excess zinc at
high temperature (27)

Overproduction of the IM protein DjlA (28), which acts as an Rcs inhibitor under native
expression levels (75); overproduction of the putative lipoprotein Ypd! (76)

Loss of 4 PBPs (involved in PG synthesis) (66); growth on a solid surface (77)

required to transduce the signal between the sensor and the regulator. Here, the
phosphoryl group on the histidine kinase domain of the IM sensor RcsC is first
transferred to an aspartate present in a receiver domain on the same protein, before
being handed over to a histidine residue on RcsD, another IM protein that acts as a
phosphotransmitter between RcsC and the receiver domain of the response regulator
RcsB (Fig. 1A) (14). Interestingly, the activities of both Rcs and Cpx are modulated by
proteins that do not directly participate in the cascade of phosphoryl transfer reactions.
In Rcs, ResB can form heterodimers with other regulators (e.g., the cytoplasmic protein
RcsA) to control a different set of genes than the RcsB homodimer, while the essential
IM protein IgaA acts as a brake on the system, keeping its activity at check (see below)
(15, 16). In Cpx, the periplasmic protein CpxP functions as a negative regulator of CpxA
kinase activity (17, 18). Finally, both Rcs and Cpx can be triggered by an OM lipoprotein,
RcsF and NIpE, respectively, providing a connection between the most outward layer of
the envelope and the cytoplasm. Thus, via RcsF and NIpE, information can be trans-
mitted through the envelope to the ground control center in the cytoplasm, which then
deals with the problem by turning on or off an appropriate regulon.

Several extensive reviews describe the inputs and outputs of the Cpx and Rcs
signaling pathways (13, 19-23). Here, we review the current knowledge on how the
OM-anchored lipoproteins RcsF and NIpE function as sentinels at the front line of the
bacterial cell by detecting stress and triggering the Rcs and Cpx systems, respectively.
Although these two proteins are different in many aspects, they share a striking set of
features that we will describe. Table 1 gives an overview of the large diversity of Rcs and
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Cpx-inducing cues and whether RcsF or NIpE are engaged in transducing these signals.
Finally, we present outstanding questions that remain unsolved on the mechanisms of
stress sensing by the Rcs and Cpx systems.

OM-ANCHORED LIPOPROTEINS TRIGGER THE Cpx AND Rcs SYSTEMS

Linking the lipoproteins RscF and NIpE to stress sensing in the envelope. The
implication of the RcsF and NIpE lipoproteins being involved in the Rcs and Cpx
signaling pathways was uncovered in the 1990s when they appeared as hits in two
independent multicopy suppressor screens. The first screen aimed to identify genes
that phenocopied rcsB overexpression and could therefore act as regulators of RcsB.
Like rcsB, rcsF overexpression was sufficient to restore the growth of an ftsZ-thermosensitive
mutant strain and induced the secretion of colanic acid, a capsule exopolysaccharide
that makes colonies mucoid. Because these rcsF-mediated phenotypes were rcsB
dependent, these data showed that RcsF acts upstream of RcsB (24). It was only 10 years
later that the team of Majdalani et al. demonstrated that RcsF in fact lies upstream of
RcsC (25, 26). Importantly, RcsF is necessary to transduce most known Rcs-inducing
cues to the system, including defects in cell wall and OM integrity (25, 27-31),
establishing the critical position occupied by this lipoprotein in the Rcs envelope stress
response pathway in E. coli. Although artificially increasing RcsF synthesis induces Rcs
activity, the known physiological Rcs-inducing cues do not increase rcsF expression,
suggesting that RcsF triggers the Rcs phosphorelay via protein-protein interactions (26).
However, the molecular mechanism by which RcsF “detects” stress and activates the
Rcs ESRS remained completely mysterious until very recently, as described in more
detail below.

The connection between NIpE and Cpx was also discovered more than 20 years ago
in a seminal work from the group of Thomas Silhavy, in which they screened for
suppressors of the toxicity of the tripartite LamB-LacZ-PhoA fusion (32). When secreted
in large amounts into the periplasm, this fusion forms disulfide-bonded aggregates
whose accumulation is lethal (33). Activation of the Cpx regulatory system suppresses
this toxicity (34), probably thanks to an increased synthesis of the periplasmic protease
DegP (35), which degrades the LamB-LacZ-PhoA misfolded protein (34). The link
between NIpE and Cpx became apparent when it was shown that NIpE overproduction
rescued cells from the accumulation of the toxic aggregates in a manner that was fully
dependent on cpxR (32). Consistently, the suppression of LamB-LacZ-PhoA toxicity
conferred by NIpE overproduction was partially prevented by the inactivation of degP
(32). Important to note, whereas NIpE overexpression clearly activates Cpx by a
yet-unknown mechanism, the role of this lipoprotein in controlling Cpx activity when
expressed at chromosomal levels is less clear (see below). This is in sharp contrast with
RcsF, which is required to sense most Rcs-inducing cues.

Localization matters: rerouting RscF and NIpE stimulates their cognate stress
response pathway. While RcsF and NIpE are anchored in the OM, the closest Rcs and
Cpx members are positioned in the IM. Recent data suggest that RcsF activates Rcs by
interacting with the IM protein IgaA (see reference 16 and below), which most likely
alleviates the inhibition that IgaA exerts on Rcs (Fig. 1A). The downstream interaction
partner of NIpE remains unknown, although the IM histidine kinase CpxA appears to be
a likely candidate (Fig. 1B). Thus, it has been proposed that both RcsF and NIpE are
occluded from their cognate (verified or hypothetical) IM partner under normal con-
ditions but become able to interact with them under stress. Supporting this, several
pieces of evidence show that localization matters when it comes to Cpx and Rcs
activation by NIpE and RcsF, respectively. For instance, accumulating either lipoprotein
in the IM (by altering the lipoprotein maturation pathway [36] or mutating key residues
in their targeting motif [29, 37, 38]) strongly induces the expression from specific
reporters of the respective systems. Likewise, versions of RcsF that are soluble in the
periplasm also trigger Rcs (29, 38). Importantly, the activating effect is independent of
overexpression, as the rerouted proteins induced the signaling cascades even when
expressed at physiological levels (16, 29, 37). Thus, it is tempting to speculate that when
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present in the IM, NIpE and RcsF trigger their respective stress responses because they
gain free access to their downstream partner (29, 32, 37, 39). Actually, a recent study
proposed that NIpE serves as a sentinel to alert the Cpx system in cells with a modified
lipoprotein content and defective lipoprotein sorting between the IM and the OM (see
below and reference 40), which further supports the importance of lipoprotein local-
ization for function. In the following sections, we address the intriguing question of
how stress can modulate the interaction between RcsF and its partners and examine
various hypotheses concerning the role of NIpE in Cpx activation.

MECHANISM OF STRESS SENSING BY RcsF

RscF is exposed at the cell surface. LPS alterations induce the Rcs system in an
RcsF-dependent manner (Table 1). Therefore, it was hypothesized that in order to sense
perturbations in LPS, RcsF could be exposed on the cell surface instead of having its
membrane-fastened soluble domain “floating” in the periplasm like most lipoproteins
(41). Four different methods by the Silhavy group and ours indeed demonstrated that
RcsF is surface exposed: (i) RcsF was labeled by the NHS-LC-LC biotin probe, which is
considered to be OM impermeable (41); (ii) biotinylated RcsF was partially cleaved by
a protease added in the milieu (41); (iii) RcsF was detected on whole (nonfixed,
nonpermeabilized) cells by an anti-RcsF antibody in dot blot assays (16, 41); and (iv)
RcsF was detected on nonpermeabilized cells by quantitative immunofluorescence
microscopy using an anti-RcsF antibody (16). The surface exposure of RcsF triggers two
major questions: how does it get there, and which portion of the lipoprotein is facing
the outside?

The ability of RcsF to form complexes with three major B-barrels (OmpA, OmpF, and
OmpC) was discovered when looking for partners interacting with RcsF (16, 41). In these
experiments, RcsF was pulled down after incubation of the cells with chemical cross-
linkers, and the complexes were subjected to mass spectrometry for protein identifi-
cation. OmpA, OmpC, and OmpF appeared as major partners of RcsF in one study (41),
whereas the OmpA-RcsF complex was the most abundant in a second one (16). This
discrepancy could be explained by differences in the RcsF expression levels (overex-
pression [41] versus native levels [16]) and in the efficiencies of the chemical cross-
linkers used in these experiments. Nevertheless, both studies could demonstrate that
RcsF interacts with abundant B-barrels, suggesting that these proteins could serve as
vehicles allowing RcsF to reach the surface.

The topology of the complexes that RcsF forms with B-barrels was further dissected
using site-specific photo-cross-linking of RcsF variants carrying the UV-cross-linkable
unnatural amino acid p-benzoyl-L-phenylalanine (pBpa) at several positions in the
protein (16, 41). Upon UV exposure, pBpa covalently binds to any residue in tight
proximity (<3 A), which allows the precise mapping of interaction interfaces between
a protein of interest and its partners (42). Most RcsF residues that cross-linked to the
B-barrels belonged to the linker domain of RcsF, an intrinsically disordered segment
located at the N terminus of the protein (43, 44) (Fig. 2). Cross-linking was also observed
when pBpa was inserted at a few sites in the folded globular domain of the protein (16,
41). Interestingly, a pBpa residue located at the beginning of the globular domain (G60)
was found to cross-link with OmpF/C peptides that face the lumen of the B-barrels (41).
In addition, when a Flag tag was inserted at various positions in RcsF, it could only be
detected by an anti-Flag antibody when present in the linker domain or in the
beginning of the globular domain (41). These results led to a model in which the lipid
moiety of RcsF is anchored in the outer leaflet of the OM instead of the inner leaflet, and
the N-terminal linker is exposed on the cell surface before being threaded through the
lumen of B-barrel proteins. In this topology, most of the globular domain of RcsF is
present inside the cell (41) (Fig. 1C, right). However, this model raises a number of
questions that will have to be addressed in the future to fully elucidate how RcsF gains
access to the surface. First, an anti-RcsF antibody, which specifically recognizes the
globular domain of RcsF, could bind whole cells in two different assays, suggesting that
at least part of the signaling domain of RcsF is facing the cell exterior (16). Second, it
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FIG 2 Structures of RcsF and NIpE. Ribbon representations of the protein structures of RcsF (left, PDB
2L8Y [44]) and NIpE (right, PDB 2Z4H [53]). Predicted B-sheets are in green, a-helices are in blue, and
disulfide bonds are in yellow. The N terminus of the proteins (lacking the lipobox and signal peptide) and
domain composition are indicated. RcsF harbors an unstructured linker region at the N terminus and a
globular domain, which is sufficient for Rcs activation. Type | NIpE homologs have both the N-terminal
and the C-terminal domains, separated by a region that is predicted to be unstructured and flexible,

whereas type Il homologs only carry the N-terminal domain. A highly conserved CXXC motif is present
in the N-terminal domain of NIpE.

will be interesting to determine how the lumen of OmpF/C accommodates the rest of
the globular domain of RcsF after residue G60, which is intriguing given the small size
of the pore. Finally, it will also have to be established how OmpA and RcsF interact.
Indeed, whereas OmpC and OmpF form large 16-stranded B-barrels with a central pore
large enough to accommodate a disordered segment, such as the RcsF linker, the
conformation adopted by OmpA is less clear. Although some reports suggest that
OmpA may adopt a conformation similar to that of OmpC and OmpF, the predominant
view is that this protein assumes a 2-domain structure, with an 8-stranded N-terminal
B-barrel and a C-terminal periplasmic domain (45). In this conformation, the B-barrel
does not have an open channel that could accommodate a polypeptide. Thus, more
work will be required to clarify how OmpA and RcsF interact.

How are the RcsF-B-barrel complexes formed? BamA, the essential B-barrel of the
multiprotein Bam complex that assembles B-barrels in the OM, was among the proteins
that were cross-linked to RcsF (16, 41), suggesting that Bam promotes the assembly of
complexes between RcsF and B-barrels. In this hypothesis, the BamA-RcsF complex
would be an intermediate in the formation of the RcsF-OmpA, -OmpC, and -OmpF
complexes during their assembly in the OM. Several lines of evidence support this
model. First, less OmpA-RcsF complex was observed in strains depleted of BamA or
lacking bamE, a gene encoding a nonessential lipoprotein of the Bam complex (OmpC
and OmpF were not tested) (16, 41, 46). Overexpression of BamA alone, which cannot
function when expressed without the other Bam components, had a similar impact (16).
In addition, the OmpA-RcsF complex could be formed in vitro when denatured OmpA
was allowed to refold in the presence of RcsF but not when RcsF was added to
previously refolded OmpA (41). The direct role of Bam in this process remains, however,
to be clearly established.

RscF uses its interaction with BamA and B-barrels to detect stress in the envelope.
RcsF activates the Rcs system in response to different types of envelope stress. These
include defects in the LPS layer caused by cationic antimicrobial peptides (29) or
mutations in the LPS biosynthesis pathway (26), and alterations in the peptidoglycan
caused by exposure to lysozyme (47), B-lactam antibiotics (48), or an MreB inhibitor
(16). In addition, decreased levels of BamA (16) or defects in the biosynthesis of certain
phospholipids (28) also induce Rcs via RcsF. Both the complexity of the Rcs system and
the large diversity of conditions leading to its activation have hampered the elucidation
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of the stress-sensing mechanism(s). Recent studies from the Silhavy lab (41) and from
ours (16) have started, however, to shed some light into this.

In collaboration with the Typas lab, we reported that the interaction between RcsF
and BamA is key in the ability of this lipoprotein to activate Rcs under stress (16). In
particular, we found that stressing the cells with the cationic antimicrobial peptide
polymyxin B or with the B-lactam antibiotic amdinocillin, which inhibits the essential
transpeptidase penicillin-binding protein 2 (PBP2), decreases the levels of the BamA-
RcsF complex. Our results suggested that this decrease was due to the inability of the
newly synthesized RcsF to interact with BamA under stress. On the basis of these
results, we proposed the following model for RcsF sensing (Fig. 1C, left). In the absence
of stress, BamA continuously funnels RcsF to B-barrels (OmpA/C/F). In this process, at
least portions of RcsF become exposed on the surface. When bound to BamA or
OmpA/C/F, ResF is prevented from interacting with IgaA and cannot activate Rcs. Stress
conditions impair the ability of RcsF to interact with BamA and therefore to be funneled
to OmpA/C/F. This keeps RcsF exposed to the periplasm, free to activate the Rcs
cascade. Because a functional Bam machinery is required to funnel RcsF to OmpA/C/F,
we proposed that RcsF senses envelope damages by monitoring the activity of the Bam
complex (16). Further work will be required to understand how envelope stress
prevents newly synthesized RcsF from interacting with BamA.

An alternative model has been proposed by Konovalova et al. to explain how RcsF
activates Rcs in response to LPS defects (Fig. 1C, right). In this model, RcsF, when in
complex with B-barrels, uses its positively charged surface-exposed N-terminal linker to
directly sense perturbations in the LPS, detecting when the interactions that take place
between LPS molecules are disturbed (41). This model is based on (i) the observation
that exposure to polymyxin B turns on Rcs even when protein synthesis is blocked,
therefore indicating that Rcs induction in response to LPS defects does not require new
RcsF synthesis; (ii) the fact that LPS alterations do not induce Rcs in cells lacking ompA
or defective in the assembly of OmpA-RcsF, indicating that the formation of this
complex is necessary for stress sensing; and (iii) the finding that the positively charged
amino acids in the RcsF linker are important for sensing LPS stress. Because LPS defects
do not cause the disassembly of the OmpA-RcsF complex, it remains to be established
how RcsF can interact both with OmpA in the OM and with IgaA in the IM under stress
conditions.

Due to the intricacy of the Rcs system, the many factors involved, and the large
variety of inputs that can trigger the cascade, our knowledge of its detailed functioning
remains incomplete despite these recent major advances. The two models described
above are not necessarily mutually exclusive and could, for instance, be used to sense
different types of stress. Carefully dissecting the Rcs system, and in particular how RcsF
interacts with its different partners with or without stress, is a prerequisite to under-
stand its detailed functioning at the molecular level.

MECHANISM OF STRESS SENSING BY NIpE

Is NIpE sensing surface adhesion? Most Cpx-inducing cues trigger the TCS inde-
pendently of NIpE (Table 1), hinting to a major difference with RcsF on which most
Recs-inducing signals rely. Actually, there are only two reports of an NIpE-dependent
activation of the Cpx pathway in E. coli other than overproduction (49), and both
studies propose that NIpE is turning on Cpx upon adhesion of the bacterium to
surfaces. In the first study published 15 years ago by Otto and Silhavy, the transcription
of several Cpx reporters quickly increased in E. coli cells that attached to hydrophobic
acid-cleaned glass beads compared to planktonic cells (49). For reasons that remain
unknown, Cpx activation by adhesion occurred only in stationary-phase cells grown in
rich medium. Interestingly, the activity of a Cpx reporter did not increase upon
adhesion of cells lacking nlpE, cpxR, or cpxA, suggesting that NIpE is required to signal
surface attachment to the TCS. Furthermore, it was proposed that the Cpx system and
NIpE facilitate the adhesion of E. coli to another type of abiotic surface (hydrophobic
quartz crystals). More recently, the potential role of NIpE in the adhesion-induced Cpx
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response was investigated in an enterohemorrhagic E. coli (EHEC) strain (50). Consistent
with previous findings, Cpx activity increased in a nlpE-dependent manner when
stationary-phase EHEC cells grown in rich medium adhered to hydrophobic, but not
hydrophilic, glass beads (50). Interestingly, the Cpx system was also turned on when
EHEC attached to intestinal epithelial cells, although to a lesser extent than on glass
beads and in a manner that was partially dependent on NIpE (50). In this assay, Cpx was
activated only when a concentrated bacterial inoculum was used, suggesting the
existence of additional NIpE-independent factors that depend on cell density, in
addition to the known stimulating effect of stationary phase on the Cpx TCS. Intrigu-
ingly, Cpx induction was NIpE dependent when EHEC cells were placed in contact with
undifferentiated epithelial cells but not with differentiated or Hela cells, suggesting
that a specific feature on the cell surface is recognized by NIpE directly or indirectly, or
that it modulates the NIpE-Cpx pathway. While both reports indicate that NIpE could be
involved in sensing adhesion to specific surfaces and triggering the Cpx pathway,
possible polar effects were not completely ruled out. Moreover, the physiological
significance of E. coli adhering to the tested abiotic surfaces remains to be determined,
and it is unknown if stationary phase and high cell density mimic physiological changes
that occur in bacteria when they encounter epithelial cells or other surfaces in vivo.
Since the Cpx response affects virulence in several species (reviewed in reference 21),
it would be interesting to see if nlpE mutants are less virulent than wild-type cells in an
in vivo infection model to validate the importance of NIpE in surface adhesion.

Finally, additional studies support a role for NIpE in biofilm formation (which is
intimately linked to surface adhesion), although it is unknown if this effect goes
through the Cpx system. For instance, it was found that nipE deletion has a negative
impact on the production of E. coli biofilms (51). Moreover, a multidrug-resistant clinical
strain of Acinetobacter baumannii, which is more prone to biofilm formation than the
wild type, has higher levels of NIpE in its envelope than the wild-type strain (52), raising
the intriguing possibility of a connection between elevated levels of NIpE and surface
adhesion and virulence. However, the NIpE homolog in A. baumannii lacks the
C-terminal domain found in E. coli (Fig. 2), so it is possible that NIpE functions differently
in these species. Hence, the physiological implication of NIpE in sensing surfaces and
transmitting this information to the Cpx system awaits further investigation.

Hints on NIpE mode of action from its crystal structure. Insights into the primary
function of NIpE may eventually come from its structure, which was solved in 2007
using a soluble form of the protein (lacking the signal sequence and a short N-terminal
stretch) (53) (Fig. 2). NIpE harbors two globular domains: an 8-stranded antiparallel
B-barrel at the N terminus, which shares some similarity with the lipid-binding bacterial
lipocalin Blc, and a C-terminal domain that resembles the OB (oligonucleotide/oligo-
saccharide) fold and is composed of a 5-stranded antiparallel B-barrel and one a-helix.
Strikingly, a search for homologs in other species revealed two classes of NIpE: type |
NIpE have both the N-terminal and C-terminal domains (as in E. coli, Fig. 2), while type
Il only carry the N-terminal domain (as in A. baumannii), suggesting the unexplored
possibility that the C-terminal domain has been selected during evolution to modulate
the function of the N-terminal domain of NIpE. Another intriguing feature of NIpE is the
highly conserved CXXC in the N-terminal domain, a motif that usually performs redox
or metal binding functions in other proteins (54, 55) but has an unknown role in NIpE.
The redox state of the solution seems to influence the formation of a disulfide bond in
the CXXC motif of purified NIpE, suggesting that this is redox sensitive (53), but this has
never been shown in vivo. Two more cysteines are present in the C-terminal domain,
where they form a structural disulfide bond (53). Interestingly, the NIpE crystal con-
tained an asymmetric unit of two molecules arranged in a three-dimensional-domain-
swapped dimer in which the N-terminal B-barrel of one NIpE molecule accommodates
one strand from the C-terminal domain of the second molecule. It was also proposed
that the linker region between the two domains, which appears unstructured and
highly flexible in the monomer, contains a B-sheet in the domain-swapped dimer.
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However, NIpE is monomeric in solution (53); (A. Delhaye, G. Laloux, and J.-F. Collet,
unpublished data), suggesting that it exists as a monomer in vivo as well and ques-
tioning the biological relevance of the swapped dimer. Altogether, these structural
features led Hirano et al. to hypothesize that unfolding at the N terminus (upon metal
binding by the CXXC motif, for example) may extend NIpE, allowing the protein to
reach a partner, like CpxA, for instance, via its C-terminal domain while still being
anchored to the OM (53). Alternatively, or in addition, modification of the relative
orientation of the N- and C-terminal domains may trigger Cpx via an unknown
mechanism. So far, these attractive models, including the putative contact between
NIpE and CpxA, have not been verified experimentally. A systematic functional dissec-
tion of NIpE in vivo should reveal how this lipoprotein talks to the Cpx pathway.

NIpE, LIKE Cpx, CONTRIBUTES TO CELL SURVIVAL WHEN LIPOPROTEIN
CONTENT AND TRAFFICKING ARE ALTERED

Very recently, the group of Silhavy challenged the traditional view that all compo-
nents of the Lol system, which extracts lipoproteins from the IM and transports them
to the OM, are essential. Indeed, they found that E. coli cells lacking both the periplas-
mic chaperone LolA, which escorts lipoproteins across the periplasm, and the OM
lipoprotein LolB, which inserts lipoproteins in the OM, could survive, provided that the
most abundant OM lipoprotein, Lpp, was absent, that the Rcs system was shut down,
and that the Cpx response was constitutively on (40). This led to the interesting
possibility that under certain conditions, a novel route becomes accessible upon Cpx
activation to direct lipoproteins to the OM, thereby ensuring cell survival. Indeed,
essential machineries, like Bam or Lpt, absolutely need OM lipoproteins to function (7,
56). Rcs-off Lpp-lacking LolB-depleted cells barely grew in the absence of cpxR (40),
consistent with a protective role of the Cpx response when cells face Lol deficiency in
this mutant background. Interestingly, survival of the Rcs-off Lpp-lacking LolB-depleted
cells was similarly compromised when nlpE was missing (while c¢pxR was present),
suggesting that NIpE could be solely responsible for signaling lipoprotein defects to the
Cpx system (40). Assuming that NIpE remains stuck in the IM in the tested mutant
strain, it was therefore hypothesized that the Cpx system can provide a beneficial
response to lipoprotein trafficking problems by monitoring NIpE localization (40)
(remember that NIpE mislocalization to the IM is known to activate the Cpx response
[37, 39]). Although these findings could point to the first physiological role for NIpE as
a sentinel for the Cpx two-component system (40), direct evidence showing that
defaults in lipoprotein trafficking turn on the Cpx response, and that this is dependent
on NIpE, remains to be provided. Also, whether NIpE signals lipoprotein-sorting defects
to Cpx only in cells lacking Lpp and a functional Rcs or in other more physiological
backgrounds, is unknown. If confirmed, such a new “sentinel” role of NIpE will trigger
future work to uncover the underlying molecular mechanism leading to Cpx activation.

CONCLUSION AND UNSOLVED MYSTERIES

The remarkable similarities between RcsF and NIpE raise at least two attractive
hypotheses. First, it may suggest that the modulation of signaling pathways by OM
lipoproteins represent a paradigm to scan the status of all three envelope layers via a
molecular connection between the most outward and inward shields of the cell. In the
case of stress signaling, this eventually leads to the signal being transferred from
outside the cell to the decision center in the cytoplasm. Following this idea, the case of
RcsF and NIpE is reminiscent of other OM lipoproteins that take part into transenvelope
complexes to fine-tune the activity of cell wall synthesis proteins occupying more
inward positions (57, 58).

Second, we may envision that the molecular mechanism of Cpx activation by NIpE,
which is still largely mysterious, shares one or more principles with the one used by
RcsF to detect envelope stress and communicate with the Rcs components. Hence, it
would be particularly interesting to determine if NIpE also interacts with B-barrels in the
OM, if it is occluded under nonstress conditions by exposure at the cell surface, or if it
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associates directly or not with Cpx proteins, like CpxA or CpxP. However, it is also
conceivable that NIpE and RcsF function in completely distinct ways, since NIpE seems
to be dispensable under most known Cpx-activating conditions, whereas the opposite
is true for RcsF. Thus, the different requirements of the Cpx and Rcs systems for an OM
lipoprotein sentinel potentially reflect different molecular mechanisms of activation
employed by NIpE and RcsF. Alternatively, we cannot exclude the possibility that an
unknown category of Cpx-inducing stress remains to be discovered, which may lead to
the identification of novel NIpE-dependent signals. Uncovering the mechanistic detail
of Cpx activation by NIpE will certainly require extensive work, and this is even more
true considering that the molecular nature of the signal(s) sensed by the IM sensor
CpxA is still unknown. Moreover, we cannot exclude the possibility that NIpE plays
another role in a pathway unrelated to Cpx.

Whereas recent discoveries on the stress-sensing mechanism of RcsF have greatly

improved our understanding of how the Rcs pathway is functioning, several key
questions remain unsolved. For instance, what are the dynamics and precise topology
of RcsF surface exposure when in complex with large (OmpC/F) and small (OmpA)
B-barrel proteins, with or without stress? How do stress conditions prevent RcsF from
interacting with BamA? Is the mechanism used to sense LPS defects different from the
one used to detect PG alterations? Does the newly synthesized RcsF play a different role
in stress sensing than the “old” RcsF? Finally, future research should also reveal how
Bam assembles complexes between RcsF and B-barrels and test whether this consti-
tutes a novel mechanism to export lipoproteins on the surface of E. coli and other
bacteria.
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