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Abstract

The global public health burden of bacterial antimicrobial resistance (AMR) is intensified by Gram-negative bacteria,
which have an additional membrane, the outer membrane (OM), outside of the peptidoglycan (PG) cell wall. Bacterial two-
component systems (TCSs) aid in maintaining envelope integrity through a phosphorylation cascade by controlling gene
expression through sensor kinases and response regulators. In Escherichia coli, the major TCSs defending cells from enve-
lope stress and adaptation are Rcs and Cpx, which are aided by OM lipoproteins RcsF and NIpE as sensors, respectively. In
this review, we focus on these two OM sensors. p-Barrel assembly machinery (BAM) inserts transmembrane OM proteins
(OMPs) into the OM. BAM co-assembles RcsF, the Rcs sensor, with OMPs, forming the ResF-OMP complex. Research-
ers have presented two models for stress sensing in the Rcs pathway. The first model suggests that LPS perturbation stress
disassembles the RcsF-OMP complex, freeing ResF to activate Res. The second model proposes that BAM cannot assemble
RcsF into OMPs when the OM or PG is under specific stresses, and thus, the unassembled RcsF activates Res. These two
models may not be mutually exclusive. Here, we evaluate these two models critically in order to elucidate the stress sensing
mechanism. NIpE, the Cpx sensor, has an N-terminal (NTD) and a C-terminal domain (CTD). A defect in lipoprotein traf-
ficking results in NIpE retention in the inner membrane, provoking the Cpx response. Signaling requires the NIpE NTD, but
not the NIpE CTD; however, OM-anchored NIpE senses adherence to a hydrophobic surface, with the NIpE CTD playing
a key role in this function.
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Introduction

Globally, bacterial antimicrobial resistance (AMR) is
becoming a major public health burden, with antibiotic over-
use being one of the main causes (UNEP, 2023). At the same
time, the development of new antibiotics has slowed signifi-
cantly. It has been estimated that AMR may result in a mor-
tality rate of 10 million people per year by 2050 (O'Neill,
2016). In 2017, the World Health Organization issued a list
of twelve bacterial strains that present the greatest risk to
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human health, most of which are highly virulent and cause
AMR. Among these twelve strains, three strains, Acinetobac-
ter baumannii, Pseudomonas aeruginosa, and Enterobacte-
riaceae, are resistant to the antibiotic carbapenem and have
been recognized as critical-priority pathogens that require
the urgent development of new antibiotics (Tacconelli et al.,
2018). Importantly, these three pathogens are Gram-nega-
tive. Moreover, a recent report presented surprising statisti-
cal data about the death rate attributable to and associated
with AMR, showing that Gram-negative bacteria, including
Escherichia coli, are the leading pathogens (Antimicrobial
Resistance Collaborators, 2022). Compared with Gram-pos-
itive bacteria, Gram-negative bacteria show a higher asso-
ciation with AMR (Breijyeh et al., 2020; Tacconelli et al.,
2018) because these bacteria have an additional permeability
barrier, the outer membrane (OM). This additional barrier
comprises a unique lipid bilayer and can restrict many types
of chemicals, including antibiotics (Nikaido, 2003).
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The bacterial cell wall consists of polysaccharide with
peptide stems called peptidoglycan (PG), located outside
the cytoplasmic membrane, which is also known as the inner
membrane (IM). By establishing peptide bonds between
polysaccharide chains, PG becomes mesh-like in structure,
with a high physical strength to withstand turgor pressure
(Holtje, 1998; Typas et al., 2012). In Gram-negative bacte-
ria, the aforementioned OM exists outside the PG layer and,
unlike the IM, forms an asymmetric lipid bilayer composed
of phospholipid in the inner leaflet and lipopolysaccharide
(LPS) in the outer leaflet (Nikaido, 2003). The IM is a sym-
metric lipid bilayer comprised of phospholipid. Because of
the presence of polysaccharide chains in the LPS layer, the
OM has the unique ability to serve a barrier against hydro-
phobic molecules. In addition to acting as a chemical bar-
rier, the OM also serves as a physical barrier to protect cells
(Rojas et al., 2018; Sun et al., 2022). The region between
the OM and IM, which contains the PG layer, is called the
periplasm. Because this space is closed, this region forms a
compartment outside of the cytoplasm. Figure 1 illustrates
these structural components of the envelope of Gram-neg-
ative bacteria.

While transmembrane a-helical proteins are present
in the IM, transmembrane fB-barrel proteins (termed OM
proteins [OMPs]) are found in the OM. Lipoproteins are
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Fig.1 Gram-negative envelope architecture and lipoprotein process-
ing and trafficking. The cytoplasmic membrane (inner membrane
[IM]) in Gram-negative bacteria is surrounded by two additional
layers—a peptidoglycan (PG) layer and the outer membrane (OM).
The space between the IM and OM is closed, forming a compartment
called the periplasm. Lipoprotein processing occurs as follows. After
a lipoprotein is secreted, it can remain in the IM via its signal peptide
(1). Lgt recognizes a lipobox in a lipoprotein and adds diacylglycerol
to a cysteine residue in the lipobox (2). LspA removes the signal pep-
tide (3). Finally, Lnt acylates the N-terminus of the new N-terminal
cysteine (4). Depending on the lipobox signal, triacylated lipoproteins
can be targeted to the OM. LolCDE, an ATPase complex, extracts
a lipoprotein from the IM and transfers it to soluble LolA. An OM-
anchored lipoprotein, LolB, receives the lipoprotein and facilitates its
insertion into the OM

@ Springer

anchored to both of the periplasmic faces of the IM and
OM, and soluble proteins are present in the periplasm.
Lpp, the most abundant OM lipoprotein in E. coli, con-
nects the PG layer and OM (Braun & Rehn, 1969).

Growth of PG occurs during cellular division and
elongation. PG growth requires the synthesis of new PG
chains, cleaving of existing PG, and crosslinking of new
PG chains with existing chains. Penicillin-binding pro-
teins (PBPs) are synthases that synthesize a new PG chain
and crosslink it with existing PG chains. p-Lactams such
as penicillin inhibit the crosslinking step (Holtje, 1998;
Typas et al., 2012).

OM biogenesis requires the biosynthesis and trans-
location of LPS, phospholipid, p-barrel transmembrane
proteins, and lipoproteins (Konovalova et al., 2017; Ruiz
et al., 2006; Tokuda, 2009). After synthesis in the cyto-
plasm and IM, LPS can be translocated onto the outer
leaflet of the OM. LptBFG ATPase extracts LPS from the
IM, and LptA forms a bridge to transfer LPS to LptDE,
the OM translocon, which finally inserts LPS into the outer
leaflet of the OM. It remains unclear how phospholipids
move from the IM to the OM, but recent reports show
that dedicated machinery may enable this process (Dou-
glass et al., 2022; Grimm et al., 2020; Ruiz et al., 2021).
B-Barrel assembly machinery (BAM) mediates the inser-
tion of OMPs into the OM (Wu et al., 2005) (see details
in the following section). OM lipoproteins are processed
via Lgt, LspA, and Lnt and translocated via the Lol system
(Okuda & Tokuda, 2011) (Fig. 1; see details in the follow-
ing sections).

For Gram-negative bacteria to survive and protect them-
selves from a physically and chemically changing environ-
ment or from an attack by their host, the envelope must
maintain its structural integrity. Remodeling structural integ-
rity for adaptation is also imperative. The envelope stress
response system, RpoE (c%), is responsible for maintaining
structural integrity, with the Rcs and Cpx two-component
systems (TCSs) being major components. Interestingly, a
ribosome profiling study identified the Rcs and Cpx systems
as the second and third most abundant TCSs in E. coli (Li
et al., 2014). While the sensing mechanism of the oF system
is well understood, the mechanisms for the Rcs and Cpx
TCSs have only recently begun to be explored (Barchinger
& Ades, 2013; Lima et al., 2013). Our review focuses on the
mechanisms by which stress signals in the envelope can be
converted for transcription in the cytoplasm by means of the
IM signal cascade component. In this context, the sensing
mechanisms of the sensor proteins, RcsF for Res and NIpE
for Cpx, are especially relevant. Recently, many interest-
ing observations and hypotheses for the sensing mechanism
of RcsF have been reported; however, some details remain
under debate. Thus, we will also describe and evaluate these
issues in detail.
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Rcs Pathway

The Rcs signaling pathway was first identified and named
for its role in the regulation of capsular polysaccharide
synthesis (Majdalani & Gottesman, 2005; Wall et al.,
2018). In E. coli, mucoid colonies resulting from the pro-
duction of colanic acid (capsular polysaccharide; wza and
rcsA) and non-motile cells caused by the inhibition of fla-
gella genes (flhDC) are the two strongest phenotypes that
arise from Rcs activation (Francez-Charlot et al., 2003;
Gottesman et al., 1985). Thus, Rcs is critical to the forma-
tion of biofilms in pathogenic bacteria as well as their viru-
lence (Danese et al., 2000; Majdalani & Gottesman, 2005;
Wall et al., 2018). Other genes induced by Rcs also appear
to be necessary for maintenance and remodeling of the
envelope. For example, rprA encodes a small RNA, RprA,
which activates the translation of the stationary phase
sigma factor-encoding rpoS (¢°) mRNA, ftsZ encodes a
protein that forms a ring at the future division site, osmB
encodes an unknown osmotically induced lipoprotein, and
osmC encodes a periplasmic peroxidase (Boulanger et al.,
2005; Davalos-Garcia et al., 2001; Majdalani et al., 2002).
The Rcs response can be activated by high osmolarity dur-
ing growth as well as more direct stresses against envelope
integrity (Sledjeski & Gottesman, 1996). As an example
of a direct stress, mutations in LPS biosynthesis genes
or treatment with the cationic antimicrobial peptide poly-
mixin B (PMB) lead to a defect in OM integrity (Farris
et al., 2010; Konovalova et al., 2016; Parker et al., 1992).
PG elongation is arrested by treatment with mecillinam,
a pB-lactam inhibitor of PBP2, or S-(3,4-dichlorobenzyl)
isothiourea (A22), an inhibitor of MreB, which forms the
cytoskeleton for the elongasome of PG growth (Laubacher
& Ades, 2008).

Composition of the Rcs System

As indicated by its name, a TCS consists of two compo-
nents, a sensor kinase and a response regulator. Each TCS
usually involves a unique pair. Environmental or stress
signals are sensed by the sensor kinase, which then phos-
phorylates itself, and the phosphate can be transferred to
the response regulator. The phosphorylated response regu-
lator transcriptionally induces or represses the expression
of corresponding genes (regulon).

RcsC is a sensor kinase and phosphorylates RcsB, a
response regulator. The homodimer of modified RcsB
binds to the promoters of the regulons (ftsZ, rprA, osmB,
osmC, etc.) (Fig. 2A). Phosphorylated ResB can also form
a heterodimer with RcsA to control capsule synthesis and
motility. Additionally, non-phosphorylated RcsB can form

a heterodimer with other proteins to regulate specific gene
expression (Wall et al., 2018). This process is independent
of Rcs phosphorylation signaling. Rcs signaling leads to
a more complicated situation. RcsD, structurally resem-
bling ResC, transfers phosphate between RcsC and ResB
(Fig. 2A). IgaA acts as a negative regulator of Rcs activa-
tion by interacting with RcsD (Cano et al., 2002; Wall
et al., 2020). Finally, an OM stress sensing lipoprotein,
RcsF, serves to control the system. The manner in which
these multiple components contribute to Rcs activation is
an interesting topic. In particular, researchers have pro-
posed that RcsF acts as a sensor. The mechanism by which
RcsF senses stress is one of the most interesting questions
in Rcs research because RcsF is located exactly where
stress is generated.

RcsF

RcesF is an OM lipoprotein with a long flexible linker domain
at the N-terminus and a C-terminal globular domain (Lever-
rier et al., 2011; Rogov et al., 2011; Umekawa et al., 2013).
The C-terminal domain (CTD) interacts directly with the
negative regulator, IgaA, to relieve Rcs repression in stress
conditions (Fig. 2A) (Cho et al., 2014; Hussein et al., 2018).
In E. coli, the OM and PG are covalently connected by the
most abundant protein, Lpp, which forms an a-helical trimer
with coiled-coiled motifs and a rigid pillar-like structure dic-
tating a relatively constant height between the OM and PG
(Asmar & Collet, 2018; Braun & Rehn, 1969). When Lpp is
artificially elongated by the addition of its own amino-acid
residues (+ 14,4+ 21,+42, and + 63), the distance between
the PG and OM can also be increased (Asmar et al., 2017,
Cohen et al., 2017). Under these conditions, RcsF signal-
ing is blocked because RcsF cannot reach IgaA in the IM.
However, by elongating the N-terminal linker (NTL) of
RcsF, Res stress sensing is rescued, demonstrating that the
OM-targeted RcsF directly reaches the IM component, IgaA
(Asmar et al., 2017). Recent genetic analysis and structural
simulation showed that the periplasmic domain of IgaA is
quite extended toward the OM and that its tip can interact
with the N-terminal helix of RcsF CTD (Lach et al., 2023).

Studies have shown that the length and flexibility of the
RcsF NTL are critical in ResF trafficking to the OM (El
Rayes et al., 2021). Many other OM-targeting lipoproteins
also share this property. Furthermore, the Lol trafficking sys-
tem appears to select the lipoprotein NTL with this property
(Fig. 1). LolCDE, an ATPase complex, extracts lipoproteins
from the IM and transfers them to LolA. LolB receives lipo-
proteins from LolA and inserts them into the OM (Okuda &
Tokuda, 2011). The structures of LolCDE have been solved,
and studies have shown that some of these structures can
carry passenger lipoproteins, including RcsF inside the
cavity formed by LolC and LolE (Bei et al., 2022; Sharma

@ Springer



320 Journal of Microbiology (2023) 61:317-329

A

oM

p—"

C BAM

OmpC/F

oM

Pe 2 \/

Rcs ODORODE PP REeROPRR00® Rcs
M regulation IM regulation
system TYYYYYY Joooeosesesseses System

oM

CZ/_(N~A'
o /\‘ e
RS

//>4/}\v s

et al., 2021; Tang et al., 2021). RcsF NTL or N-terminal ~ Stress Sensing Mechanism of RcsF (RcsF-OMP Sensor
unstructured residues of Lpp with the triacyl chains couldbe ~ Model vs. BAM Sensor Model)

visualized, but not the globular domain or a-helical structure

of Lpp, which may explain why the long, flexible NTL is ~ The RcsF stress sensing mechanism has received much
essential for lipoprotein trafficking. attention because it clearly explains how envelope stresses

@ Springer



Journal of Microbiology (2023) 61:317-329

321

«Fig. 2 Rcs signaling pathway. A RcsC is a sensor kinase and phos-
phorylates ResD, a phosphorelay component. ResD phosphorylates
ResB, a response regulator. IgaA acts as a negative regulator for Rcs
signaling by inhibiting RcsD function. RcsF, an OM lipoprotein,
can activate the Rcs response by relieving the inhibition of IgaA. B
RcsF-OMP sensor model. OMPs are assembled in the OM by BAM,
which also funnels RcsF into OMPs. The flexible N-terminal linker
(NTL) of RcsF can be threaded through the lumens of OmpC/F when
they form complexes. LPS stresses can destabilize the complexes to
allow RcsF to interact with the Rcs regulation system. C BAM sen-
sor model. ResF funneling into OmpC/F is mediated by BAM, as in
the RcsF-OMP model. However, in the BAM sensor model, BAM
function plays a vital role in the process, because the assembly of
OMPs and the loading of RcsF into BamA are both dependent on
BAM function. The unloaded RcsF in the periplasm interacts with the
C-terminal domain (CTD) of OmpA or IgaA. This fraction increases
under stressed conditions, and then IgaA, which has a much stronger
affinity for RcsF, takes up more RcsF, activating Rcs. D Ribbon dia-
gram of structure of the BamA—RcsF complex in side view. (PDB:
6T1W). BamA adopts an inward-open conformation, with the lateral
gate to the membrane closed. ResF is lodged deep within the lumen
of the BamA barrel. Five POTRA (P1-P5) domains are present as
NTDs. BamA, yellow; RcsF, magenta. The lateral gate is indicated
by an arrow

are sensed at a molecular level (Meng et al., 2021; Narita &
Tokuda, 2017; Wall et al., 2018). There is agreement on the
involvement of multiple OMPs in the sensing mechanism
via RcsF, but currently, two different models have been pro-
posed for the mechanistic details. These models may not be
mutually exclusive. We provide a point-by-point discussion
of these details and express our opinions about the mecha-
nisms. As our group proposed the “BAM sensor model,” we
aim to give insight into this elegant, but very complicated
signaling system.

RcsF-OMP Sensor Model

BAM mediates the formation of a complex between RcsF
and OMPs such as OmpA, OmpC, and OmpF, the most
abundant proteins (see details in the next section) (Cho
et al., 2014; Konovalova et al., 2014). The structurally flex-
ible NTL of RcsF is threaded through the lumen of OmpC
and OmpF (OmpC/F) (Konovalova et al., 2014), and it has
been proposed that the N-terminal triacyls are embedded in
the LPS layer. It is thought that this interaction allows the
RcsF NTL to be detected on the surface of bacterial cells
while the CTD is facing the periplasm (Fig. 2B). This result
is quite surprising, as no lipoprotein has been previously
shown to have such a topology in E. coli. Yet, in another
study using a specific antibody against the RcsF CTD, ResF
was detected on the surface of bacterial cells (Cho et al.,
2014). This topology suggests that the N-terminal triacyls
are embedded in the inner leaflet of the OM. Thus, the
two proposed topologies are contradictory and need to be
resolved by further biochemical analyses.

As described above, Konovalova et al. (2014) claimed
that the RcsF NTL is surface-exposed by being complexed
with OmpC/F. While the RcsF NTL has many positively
charged residues, the LPS molecule is negatively charged
by multiple phosphorylations. Therefore, Konovalova
et al. (2016) proposed that the electrostatic charge interac-
tion between LPS and the RcsF NTL plays a crucial role
in sensing. Furthermore, it has also been hypothesized that
when this interaction is impaired by LPS stress, the RcsF-
OMP complex can be disassembled, thus freeing RcsF and
inducing the Rcs response (Fig. 2B). Herein, we refer to this
hypothesis as the “RcsF-OMP sensor model.” This hypoth-
esis is supported by the following evidence. (1) When the
OMP flux is limited by ompA deletion (OmpA is one of the
most abundant proteins in E. coli) or when the RcsF NTL is
mutated to cause a defect in the interaction with OmpA, Rcs
activation is reduced because the formation of the sensory
component, RcsF-OMP, decreases. (2) Several LPS variants
with reduced negative charges induce the Rcs response. (3)
Changing the positively charged amino acids into alanines in
the ResF NTL dampens the Res response when LPS stress is
applied. We have concerns about this model due to the indi-
rect nature of its supporting evidence, leading to potential
misinterpretations or incorrect conclusions. For example,
the RcsF NTL may influence the availability of ResF for
IgaA by increasing the interaction with other proteins or
by impacting the flexibility of the NTL for the RcsF CTD
to reach IgaA (see section entitled “RcsF”). A reduction of
negative charges in LPS can also influence the activity of
the BAM complex, which is surrounded by LPS (see section
entitled “BAM Sensor Model”). The topological state of the
RcsF-OMP complex is controversial, but the presence of
the RcsF NTL on the surface is a key feature of this model.
Hence, biochemical experiments, such as determining the
complex structure or analyzing crosslinking patterns before
and after stress in vivo and in vitro, are necessary to validate
the “RcsF-OMP sensor model”.

There is also a critical need to clarify how RcsF and
OmpA interact. The Konovalova group has claimed that
the interacting mode is similar to that between RcsF and
OmpC/F, but our work has shown that RcsF interacts with
the OmpA CTD, as shown in Fig. 2B and C (Dekoninck
et al., 2020; Tata & Konovalova, 2019; Tata et al., 2021).
Major porins in E. coli have distinctive conformations—
OmpA has an 8-f-strand barrel in the N-terminal domain
(NTD) and a soluble CTD while OmpC/F have 16-f-strand
barrels. RcsF forms complexes with these porins (Cho et al.,
2014; Dekoninck et al., 2020; Konovalova et al., 2014).
OmpC/F has a luminal space that can accommodate a flex-
ible peptide, such as an unstructured region of a bacteriocin,
and, most likely, the RcsF NTL (Housden et al., 2013). It has
been proposed that a very small fraction of OmpA exists as
a large transmembrane p-barrel comprised of the p-barrel
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NTD and the CTD, which is normally soluble (Reusch,
2012). However, only indirect evidence has been provided
to support this conformation. The formation of this large
barrel would be required for OmpA to function as OmpC/F
for ResF. Thus far, no such data have been reported. We have
sought to obtain evidence of the large barrel of OmpA, but
have been unsuccessful. Instead, we have found that RcsF
interacts with the OmpA CTD, not the p-barrel, supporting
the two-domain model of OmpA (Dekoninck et al., 2020).
The affinity between RcsF and the OmpA CTD is very weak;
this finding is perplexing because the interaction occurs in
the periplasm, where the periplasmic domain of IgaA can
strongly interact with RcsF for Rcs activation (Dekoninck
et al., 2020). However, the abundance of these two proteins
(OmpA vs. IgaA: 300,000 vs. 200) (Li et al., 2014) may be
an important factor in these interactions. We have proposed
that a large number of OmpA CTDs can reduce Rcs activa-
tion by competing with IgaA, acting as a “buffer.” Overac-
tivation of Rcs can kill cells, even under stressed conditions
(Cano et al., 2002; Cho et al., 2014). Of note, this hypothesis
is supported by the finding that an absence of OmpA induces
the Rcs response (Cho et al., 2014; Dekoninck et al., 2020).
However, Konovalova et al. (2016) observed the opposite
result in the ompA strain. This discrepancy needs to be
addressed.

It is risky to assume that the RcsF-OmpA complex has
the same structure as the RecsF-OmpC/F complex. If the
“RcsF-OMP sensor model” turns out to be valid, it would
be likely that ResF-OmpC/F, but not RcsF-OmpA, acts as
the sensor in this process.

BAM Sensor Model

The BAM complex serves as machinery to assemble OMPs
into the OM. BamaA itself is an OMP and is the central com-
ponent of the BAM complex, containing BamB, BamC,
BamD, and BamE (BamBCDE), four OM lipoproteins,
as subunits (Fig. 2B and C). When RcsF is translocated
into the OM, it interacts with BamA. Although the BAM
complex assembles OMPs, it can also co-assemble RcsF
with OmpC/F (Fig. 2B and C; we denote this ability as the
funneling function of BAM for RcsF), which has currently
been proposed to govern the formation of RcsF-OmpC/F
(Cho et al., 2014; Dekoninck et al., 2020; Konovalova et al.,
2014; Rodriguez-Alonso et al., 2020). However, as described
above, we suggest that some fraction of RcsF can escape this
process, be exposed to the periplasm, and interact with the
OmpA CTD. We proposed that under envelope-stressed con-
ditions, BAM function is impaired, and the BAM complex
fails to assemble OmpC/F and bind to RcsF, which leads
to increased free RcsF and activation of Res (Fig. 2C). We
denote this model as the “BAM sensor model” in this review.
This model is supported by the following evidence (Cho
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et al., 2014; Rodriguez-Alonso et al., 2020). (1) BamA can
be chemically crosslinked (which demonstrates protein—pro-
tein interactions) with RcsF under non-stressed conditions
but not under diverse envelope-stressed conditions, clearly
showing the stress sensitivity of the interaction of RcsF and
BamA. (2) RcsF can be purified with the BamABCDE holo-
complex as well as the BamAB complex. We have proposed
that this complex is the intermediate state of the RcsF-Bam
complex prior to the formation of the ResF-OMP complex.
(3) The crystal structure of RcsF-BamA clearly demon-
strates how RcsF senses stress (Fig. 2D). RcsF is lodged in
the luminal space of the BamA barrel, where the gate for
OMP assembly is located, which is essential for BamA func-
tion (Noinaj et al., 2017). In this structure, BamA displays
an inward-open conformation and the gate is in a closed
conformation. RcsF binding regions have been proposed
to undergo outward and lateral opening during OMP inser-
tion. (4) The closed-gate conformation, but not the open-gate
form, of BamA allows RcsF to bind (Fig. 2D). This mode
of binding not only fits well with the funneling function
of BamA for RcsF and OMPs, but also suggests that stress
signals may impact the gate conformation of BamA.

The recent research by the Konovalova group challenges
the validity of “BAM sensor model” (Tata et al., 2021).
However, in the following section, we present arguments
in support of the “BAM sensor model.” Before presenting
our rebuttal argument, we first clarify the apparent opposite
interacting behavior of BamA with RcsF depending on the
type of stress, to help avoid confusion regarding the mecha-
nism. Rigel et al. (2012, 2013) have shown that deletion
of bamFE causes a defect in BAM function, where BamA
takes on a conformation that is more sensitive to proteolytic
digestion. It is possible that this conformation allows RcsF
to stall more on BamA, thus dampening the Rcs response
(Konovalova et al., 2016; Tata & Konovalova, 2019). BamA
alone is not functional. When BamA is overexpressed, more
RcesF stalls on BamA, resulting in dampened Rcs activation,
as in bamkE deletion (Cho et al., 2014; Tata et al., 2021). In
this state, BamA must be in the closed-gate conformation
(Fig. 2D), which we refer to as the “locked-up state of BamA
for RcsF.” In contrast, RcsF does not interact with BamA
upon treatment with Rcs-inducing stresses, such as stress
induced by mecillinam, A22, PMB, or mutations in LPS
biosynthesis genes (Cho et al., 2014). We have attributed
this defect to the impairment of BamA function. Because
the latter two stresses target the OM, they are not difficult
to explain; however, the former two stresses require con-
firmation. In these stress conditions, perhaps BamA is in
another conformation and cannot interact with RcsF. We
call this conformation the “non-binding state of BamA for
RcsF.” Thus, BamA can remain in at least two compromised
conformations, either with or without RcsF binding, which
can result in different Rcs responses. Perhaps the “BAM
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sensor model” needs to be expanded to explain why the Rcs
response is weaker in some cases. In fact, it may be possible
for the “locked-up state of BamA for RcsF” to occur without
genetic manipulation under certain stress conditions.

Here, we provide point-by-point rebuttal arguments to
support the “BAM sensor model” in light of arguments
by the Konovalova group. (i) It is possible to isolate rcsF
mutants and bamA mutants, which show a weaker interac-
tion between RcsF and BamA but the same Rcs response to
stress observed for the wild type (WT). Accordingly, Tata
et al. (2021) have claimed that RcsF does not monitor BAM
function. However, in such isolated mutants, it must be
considered that RcsF funneling into OMPs still depends on
BAM activity (BamA function). If BamA function is com-
promised, then Rcs activation should occur, which would
verify the “BAM sensor model.” Regarding the RcsF-BamA
crosslinking results, these isolated mutant proteins are likely
to have a lower affinity for each other, which could affect
the kinetics of the funneling process, but not the function
itself. Otherwise, a high level of Rcs activation should be
observed. Yet, stresses that negatively impact RcsF-BamA
complex formation have an effect on BamA function for
OMP assembly as well as RcsF funneling, thus inducing
the Res response. (ii) BamAF*7?K is not functional at 37 °C
(Ricci et al., 2012). However, RcsF is similarly trapped in
both BamAE¥7*X and WT BamA. Because BamAF37*X does
not allow RcsF funneling, excess RcsF should be released
to induce the Rcs response. Thus, in this context, the “BAM
sensor model” is still valid. (iii) Darobactin is a direct inhibi-
tor of BamA function (Imai et al., 2019). Therefore, its treat-
ment causes misfolded OMPs to accumulate and the sensory
machinery, the 6© system, to be activated (Barchinger &
Ades, 2013). Darobactin treatment can also induce the Rcs
response. At higher concentrations of magnesium ions, the
LPS layer can be stabilized further, but it cannot reverse the
effect of darobactin on BamA function; thus, the 6© response
is still induced, but not the Rcs response. This may provide
strong evidence against RcsF monitoring of BAM function.
However, recent reports have revealed that darobactin-bound
BamaA is in a closed-gate conformation (Imai et al., 2019;
Kaur et al., 2021). Moreover, to grow crystals of darobactin-
bound BamA, magnesium ions were added. Therefore, as
discussed above, it may be possible for darobactin to stimu-
late a shift in the BamA conformation into the “locked-up
state of BamA for RcsF” in the presence of magnesium ions.
(iv) Two groups have found that when bamkE is deleted,
BamaA retains a high level of RcsF, causing a defective func-
tion of BAM (Hart et al., 2019a, 2019b; Tata and Konoval-
ova, 2019). This defect can be suppressed by deleting rcsF.
Tata et al. (2021) observed that when BamE was depleted,
the crosslinked quantity of RecsF-BamA increased and that
of RcsF-OmpA decreased. BamE induction did not overturn
this effect. Therefore, they concluded that RcsF-BamA is a

dead-end product, not an intermediate for RcsF-OMPs. We
disagree and present two pieces of evidence that contradict
this conclusion (Rodriguez-Alonso et al., 2020). First, RcsF
can be purified with the BamABCDE holocomplex. Second,
RcsF-BamA crosslinking is always observed in WT cells,
but overexpression of BamCDE reduces this crosslinking.
This suggests that a small fraction of RcsF-BamA without
BamCDE exists as an intermediate, where binding of Bam-
CDE causes instability in RcsF, either by itself or by OMP
flux.

In sum, we believe that the “BAM sensor model” is a
reasonable model for explaining how RcsF monitors BamA
activity to control Rcs activation. Future work will need
to show that ResF indeed interacts in the same way with
BamA(B) when complexed with BamABCDE. Further
research should also focus on obtaining detailed structural
information for the “locked-up state of BamA for RcsF” and
“non-binding state of BamA for RcsF.” The manner in which
PG stresses can be translated into a defect in BamA and Rcs
activation is also an outstanding issue. A recent report on the
differential interaction between BamA and new or old PG
may be relevant to this topic (Mamou et al., 2022).

Cpx Pathway

Misfolding of IM proteins or periplasmic proteins activates
the Cpx TCS. However, Cpx sensing appears to be inac-
tive for misfolded OMPs in the periplasm, which are mainly
sensed by the o system (Mitchell & Silhavy, 2019; Raivio,
2014). The specific signals for this kind of Cpx activation
include elevated pH, altered membrane phospholipid com-
position, overexpression of misfolded pilus subunits, pertur-
bation in lipoprotein production, high osmolarity, and copper
(Danese & Silhavy, 1998; Hung et al., 2001; Itou et al., 2012;
Jubelin et al., 2005; Yamamoto & Ishihama, 2006). Recent
work has shown that PG perturbation can also induce a sig-
nal (Bernal-Cabas et al., 2015; Delhaye et al., 2016; Evans
et al., 2013). Protein misfolding due to PG perturbation has
also been implicated in Cpx activation, but no evidence has
been provided (Grabowicz & Silhavy, 2017). When bacteria
attach to a hydrophobic surface, the adhesion signal activates
the Cpx system (Otto & Silhavy, 2002; Shimizu et al., 2016).
Many proteins expressed by the Cpx activation signals play a
role in protein homeostasis, including a periplasmic protease
chaperone, DegP; a protein disulfide oxidase, DsbA; pepti-
dyl prolyl isomerases, PpiA and PpiD; chaperones CpxP and
Spy; and YccA, an adaptor for degradation (Danese & Sil-
havy, 1997, 1998; Danese et al., 1995; Pogliano et al., 1997,
Yamamoto & Ishihama, 2006). A PG L,b-transpeptidase
(LdtD), a PG-lytic transglycosylase (SIt), and two PG ami-
dases (AmiA and AmiC) can also be expressed to remodel
the perturbed PG (Bernal-Cabas et al., 2015; Delhaye et al.,
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2016; Weatherspoon-Griffin et al., 2011). The Cpx response
is also critical for biofilm formation. One can reduce the
motility by inhibiting the induction of genes for parts of the
flagella motors (motAB), but the production of curli proteins
increases with increasing expression of a regulator for curli
assembly (csgD) (De Wulf et al., 1999; Jubelin et al., 2005).
The Cpx response induces the expression of small RNAs,
RprA, CpxQ, and CyaR (Chao & Vogel, 2016; Vogt et al.,
2014). rprA is also a Res regulon. CpxQ is derived from
cpxP mRNA and negatively regulates the translation of skp,
encoding a periplasmic chaperone to prevent mistargeting of
OMPs into the IM (Grabowicz et al., 2016).

Composition of the Cpx System

The Cpx TCS consists of a sensor kinase CpxA and a
response regulator CpxR (Fig. 3A). cpxP is a regulon of the
Cpx TCS, and CpxP is a direct negative regulator of CpxA;
thus, the Cpx response is controlled by feedback inhibition
(Fleischer et al., 2007; Raivio et al., 1999). CpxP is also
a chaperon and can thus interact with misfolded proteins.
Interestingly, DegP can degrade CpxP when it interacts with
misfolded proteins, relieving inhibition of the Cpx response
(Buelow & Raivio, 2005; DiGiuseppe & Silhavy, 2003;
Isaac et al., 2005), which provides a mechanism for sens-
ing misfolded proteins. NIpE, an OM lipoprotein, is also a
signaling module for the Cpx system. NIpE overexpression
can activate the Cpx response (Snyder et al., 1995).

As two auxiliary components are present, a negative regu-
lator and an OM sensor, the Cpx system appears to have
substantial similarity to the Rcs system. Recently, many
excellent studies have elucidated the molecular mechanisms
of NIpE function, as described in the following sections.

Stress Sensing Mechanism via NIpE

In its crystal structure, NIpE has two soluble B-barrel
domains (NTD and CTD) and forms a dimer (Hirano et al.,
2007). The two monomers form a domain-swapped dimer
in which the two NTDs exchange the last f-sheet at the
C-terminus. It has been proposed that the NTD is unsta-
ble after unfolding and extending, which allows the CTD
to reach CpxA in the IM across the periplasm to activate
Cpx. However, this does not appear to be the case, since the
NTD alone, but not the CTD, can directly activate the Cpx
system (Delhaye et al., 2019; May et al., 2019). Thus, the
significance of the NTD swap remains unclear.

Two studies have recently demonstrated that NIpE senses
lipoprotein trafficking from the IM to the OM, where fail-
ure of this trafficking leads to the induction of Cpx in an
NIpE-dependent manner (Fig. 3B) (Delhaye et al., 2019;
May et al., 2019). Importantly, Cpx activation is crucial
for cell survival under conditions of lipoprotein trafficking
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Fig.3 Cpx signaling pathway. A Misfolding of IM proteins or periplas-
mic proteins activates the Cpx system. CpxA is a sensor kinase and phos-
phorylates CpxR, a response regulator. Two auxiliary proteins, CpxP and
NIpE, control the Cpx response. CpxP acts as a negative regulator of Cpx
signaling by inhibiting CpxA. NIpE, an OM lipoprotein, can activate the
Cpx response. CpxA contains a periplasmic domain that interacts with
CpxP and NIpE. B NIpE is a sensor for OM lipoprotein trafficking. Under
stress conditions, retention in the IM causes Cpx activation, which is
crucial to cell survival. The N-terminal domain (NTD) of NIpE interacts
directly with the periplasmic domain of CpxA. NIpE homologs contain-
ing only the NTD appear to be highly conserved outside of Enterobac-
terales (Fig. 1A) and have longer NTLs than E. coli NIpE. C The NIpE
CTD is implicated in Cpx signaling due to redox perturbation or adhe-
sion to a hydrophobic surface. The NIpE CTD has a disulfide bond, but
when this bond cannot be formed, a Cpx response can be induced. Both
NIpE and OmpA are required for the activation of Cpx via hydrophobic
surface adhesion. The OmpA CTD interacts with the NIpE NTD. Sensing
is dependent on OmpA CTD binding to PG. Moreover, the NIpE CTD is
indispensable for this sensing. However, in two recent studies (Cho et al.,
2022; Delhaye et al., 2019), there was no evidence to show a direct inter-
action between the NIpE CTD and CpxA, suggesting that indirect activa-
tion may occur
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stress. NIpE itself is a lipoprotein; thus, by being retained
in the IM, it can activate Cpx by interacting with CpxA in
the IM. Copper stress activates Cpx, allowing cells to adapt,
and research has shown that NIpE confers copper tolerance
(Gupta et al., 1995; Yamamoto & Ishihama, 2006). However,
the molecular mechanism remains unclear. In their study,
the Grabowicz group explained the Cpx induction mecha-
nism in the presence of copper stress as follows (May et al.,
2019). A lipoprotein has a lipobox containing cysteine at the
C-terminus of the signal peptide (Fig. 1). The thiol of the
cysteine can be di-acylated by the Lgt enzyme; subsequently,
the signal peptide is digested just before the cysteine, and the
new N-terminal cysteine is acylated. The copper ion can oxi-
dize the thiol of the cysteine in the lipobox, preventing the
acylation and therefore the trafficking of lipoproteins. Thus,
copper stress causes a malfunction in lipoprotein trafficking.

Moreover, two studies have shown that perturbation of
oxidative protein folding can activate Cpx. This is not sur-
prising, since dsbA, which encodes the periplasmic protein
thiol oxidase DsbA, is a Cpx regulon. One group showed
that the Cpx response can be induced in a dsbA-null mutant
in an NIpE-dependent manner (Fig. 3C) (Delhaye et al.,
2019). NIpE has four cysteines forming two pairs of disulfide
bonds, and each pair is present in the NTD and CTD. Their
formation depends on DsbA. However, the NIpE NTD alone
cannot activate Cpx in the dsbA strain. Furthermore, the
variant containing alanines instead of the two cysteines in
the CTD, which cannot have a disulfide bond, induces the
Cpx response in the presence of DsbA, but not the NTD
variant. This finding suggests that misfolding of the CTD
can trigger the Cpx response. However, in the second study,
the Cpx response was activated independent of NIpE (Jaswal
et al., 2021). Long-chain fatty acids can inhibit the oxida-
tion of quinone in the IM, which is critical for the recycling
of DsbA by DsbB, a DsbA:quinone oxido-reductase (Bader
et al., 1999). Consequently, oxidative folding in the peri-
plasm was perturbed in the second study. This stress can
indeed activate the Cpx response but is independent of NIpE.
Further study is needed to clarify this discrepancy.

As described above, the NIpE NTD alone is sufficient
to transduce Cpx activation signals. However, as some evi-
dence indicates that the CTD plays a vital role in activation,
the activation mechanism may not be as simple as previ-
ously thought. Misfolding of the NIpE CTD can activate
Cpx as shown above. This result could be due to direct or
indirect communication of the CTD with the Cpx signaling
molecules. Alternatively, this result could be due to a defect
in NTD trafficking caused by misfolding of the CTD. These
possibilities must be tested.

NIpE also senses hydrophobic surface adhesion (Otto &
Silhavy, 2002), and a recent study revealed the importance
of the NIpE CTD in this function (Cho et al., 2022). Over-
expression of OmpA and hydrophobic surface adhesion

via OmpA are sensed by NIpE, which triggers the Cpx
response. The NIpE NTD interacts with the OmpA CTD,
which can bind to the PG (Fig. 3C) (Samsudin et al.,
2016). PG binding determines the Cpx response. Interest-
ingly, the NIpE CTD alone is sufficient to activate the Cpx
response. From these results, Cho et al. (2022) concluded
that NIpE in the OM senses the surface adhesion status
via OmpA, in contrast to the mechanism for lipoprotein
mislocalization stress. OmpA plays at least two roles in
its functionality: the NTD has surface-exposed domains
as well as an OM-embedded p-barrel, which can be used
for phage adsorption, while the CTD connects the OM
and PG (Bertozzi Silva et al., 2016). Therefore, it could
be interesting to investigate how NIpE exploits these fea-
tures of OmpA and transduces the signal of adherence to
a hydrophobic surface to the Cpx system.

NIpE is composed of an NTD and CTD. However,
the Pfam database reveals that NIpE homologs carry-
ing only an NTD are more widely conserved (El-Gebali
et al., 2019). Approximately 6000 sequences containing
the NIpE NTD have been deposited (https://www.ebi.
ac.uk/interpro/entry/pfam/PF04170/domain_architectu
re/; December 26, 2022). Overall, 1542 NIpE homologs
contain both domains whereas 3777 NIpE homologs con-
tain only the NTD. The two-domain NIpE architecture
is primarily found in Enterobacterales (Fig. S1A). NIpE
homologs without the CTD are more widely conserved in
Proteobacteria and Bacteroidetes. This trend may align
with the finding that the NIpE NTD interacts directly with
CpxA. The addition of the NIpE CTD may have evolved to
modulate signaling parameters such as surface adhesion.
Bacteroides fragilis, Vibrio cholera, and Acinetobacter
baumannii are the three representative bacteria that have
only the NTD. Interestingly, all three of these bacteria
have a longer NTL than the E. coli NIpE (Fig. S1B). As
mentioned in the previous section, the length of the RcsF
NTL is critical for Rcs signaling. Perhaps this long linker
in the OM allows the NIpE NTD to reach Cpx components
or their own targets in the IM for signaling purposes, simi-
lar to RcsF (Fig. 3B).

The molecular mechanism of NIpE is just beginning to
be understood. Exciting future work awaits. We conclude
this section by suggesting two interesting lines of further
research. The NIpE NTD has two conserved cysteines
forming Cys-Xaa-Xaa-Cys (CXXC) (Fig. S1B). Although
the two cysteines have been shown to be dispensable for
copper stress sensing, it may be interesting to investigate
the function of CXXC because it is conserved and may
be redox-active (May et al., 2019). As another outstand-
ing area of research, future work could focus on how the
Cpx response (which may involve a regulon) suppresses
the toxicity caused by the malfunction in lipoprotein
trafficking.
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Concluding Remarks

The Rcs and Cpx systems are two major TCSs that pro-
tect cells from envelope stress. This review focused on the
mechanisms by which the two OM lipoproteins ResF and
NIpE monitor stress and transduce these signals to down-
stream components. Here, we conclude by discussing three
perspectives, including a biomedical application based on a
mechanical understanding of these two sensors. (1) In the
“BAM sensor model” proposed for stress sensing by RcsF,
BAM activity is a key feature. Together with Lpt machinery,
BAM is critical to OM biogenesis. Gram-negative bacteria
are more problematic in AMR than Gram-positive bacteria.
Therefore, BAM and Lpt machinery are good targets for
developing novel antimicrobials because they are located
in the OM and are thus more accessible to antimicrobials
(Hart et al., 2019a, 2019b; Imai et al., 2019; Luther et al.,
2019). Recently, the concept of the “BAM sensor model”
was exploited to identify BAM inhibitors (Steenhuis et al.,
2021). Darobactin, a BamA inhibitor, can also induce the
Rcs response (Tata et al., 2021). (2) Other TCSs in E. coli
or other Gram-negative bacteria may also deploy an OM
lipoprotein as a sensor. Therefore, pioneering studies of
ResF and NIpE may aid in identifying and characterizing
such sensors. (3) Rcs and Cpx TCSs play a critical role in
modulating virulence in some pathogenic bacteria. Revisit-
ing these cases with an updated mechanistic understanding
may help us to better understand their roles.
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