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ABSTRACT The envelope of Gram-negative bacteria is a complex compartment that
is essential for viability. To ensure survival of the bacterial cells in fluctuating envi-
ronments, several signal transduction systems, called envelope stress response sys-
tems (ESRSs), exist to monitor envelope biogenesis and homeostasis. The Cpx two-
component system is an extensively studied ESRS in Escherichia coli that is active
during exposure to a vast array of stresses and protects the envelope under those
harmful circumstances. Overproduction of NIpE, a two-domain outer membrane lipo-
protein of unclear function, has been used in numerous studies as a molecular trig-
ger to turn on the system artificially. However, the mechanism of Cpx activation by
NIpE, as well as its physiological relevance, awaited further investigation. In this pa-
per, we provide novel insights into the role played by NIpE in the Cpx system. We
found that, among all outer membrane lipoproteins in E. coli, NIpE is sufficient to in-
duce Cpx when lipoprotein trafficking is perturbed. Under such conditions, fitness is
increased by the presence of NIpE. Moreover, we show that NIpE, through its
N-terminal domain, physically interacts with the Cpx sensor kinase CpxA. Our data
suggest that NIpE also serves to activate the Cpx system during oxidative folding
defects in the periplasm and that its C-terminal domain is involved in the sensing
mechanism. Overall, our data demonstrate that NIpE acts as a sentinel for two im-
portant envelope biogenesis processes, namely, lipoprotein sorting and oxidative
folding, and they further establish NIpE as a bona fide member of the Cpx two-
component system.
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layer (1). At the interface between the environment and the intracellular space, the
envelope hosts essential processes, including cell wall synthesis and remodeling (2),
lipoprotein sorting (3), protein folding (4), and lipopolysaccharide export (5). These
processes must be tightly regulated to ensure proper growth and survival of the cell.
Consequently, several envelope stress response systems (ESRSs) exist to monitor their
functioning and to ensure adequate repair should one of them be compromised (6, 7).
A major ESRS in Escherichia coli and other gammaproteobacteria is the Cpx two-
component system, which transduces envelope stress signals across the IM (8, 9). Under
stress, the transmembrane histidine kinase CpxA autophosphorylates and transfers its
phosphoryl group to the response regulator CpxR in the cytoplasm, which then binds
DNA to regulate the expression of a large set of genes (10, 11). The mechanism that
triggers CpxA phosphorylation is still poorly understood and probably is complex.
Indeed, a large number of cues from all envelope layers, such as accumulation of
misfolded proteins in the periplasm, surface attachment, IM stress due to protein
imbalance, defects in lipoprotein sorting between the IM and the OM, and cell wall
perturbations, have been reported to elicit a Cpx response (reviewed in reference 12).

The Cpx system can also be activated by artificial overproduction of NIpE (13), an
OM-anchored lipoprotein that has been proposed to play a role in Cpx activation upon
surface attachment (14, 15). Because of this property, NIpE overproduction has served
over the years as a molecular trigger for the exploration of Cpx and the characterization
of its regulon (8). The findings that overproduced NIpE accumulates at the IM and that
retargeting of NIpE to the IM also produces a strong Cpx response (16) suggest that
activation of the system results from direct or indirect interactions between NIpE and
the IM Cpx sensor kinase CpxA. However, the mechanism by which NIpE turns on Cpx
and the physiological relevance of this activation have remained elusive. Interestingly,
the modulation of a two-component system by a remote lipoprotein is the hallmark of
another major ESRS, the Rcs phosphorelay, which mostly monitors OM and cell wall
damage via the OM lipoprotein RcsF (17). Whereas most Rcs-inducing cues absolutely
rely on RcsF (reviewed in references 12 and 17), unambiguous data for NIpE-dependent
activation of the Cpx response were missing. Recent data reported by Grabowicz and
Silhavy showed that the presence of NIpE increased fitness under conditions of
impaired lipoprotein trafficking, suggesting that NIpE acts as a sensor monitoring
lipoprotein maturation for the Cpx system (18), although no direct evidence showing
that NIpE indeed triggered Cpx under those conditions was provided. Therefore, the
actual role of this lipoprotein in the cell has remained unclear.

In this work, we set out to investigate the relationship between NIpE and Cpx. First,
we provide direct evidence that the Cpx system is specifically induced by NIpE when
lipoprotein trafficking to the OM is compromised. Moreover, we discovered that
oxidative folding defects turn on Cpx in a NIpE-dependent manner. In addition, we
show that NIpE triggers Cpx by interacting, via its N-terminal domain, with the IM
histidine kinase CpxA; we found that the cysteine residues located in the C-terminal
domain of NIpE play a role in the redox-sensing mechanism. Together, our data further
establish NIpE as a bona fide Cpx member and support the idea that NIpE acts as a Cpx
sentinel for two important envelope biogenesis processes, namely, lipoprotein sorting
and oxidative folding, thus providing important insights into the function of NIpE in the
E. coli envelope.

RESULTS

NIpE activates Cpx when lipoprotein trafficking is impaired. We and others
reported that rerouting NIpE to the IM constitutively triggers Cpx (16, 19) (Fig. 1A).
Moreover, small amounts of an IM-targeted variant of NIpE (NIpE,,,) are sufficient to
turn on lacZ expression from PcpxP (a reliable reporter for Cpx activity [9, 10]) to levels
higher than those observed upon overproduction of wild-type NIpE (see Fig. S1A in the
supplemental material), suggesting that the Cpx system is highly sensitive to the
localization of this lipoprotein (the localization of NIpE,,, in the IM was verified previ-
ously [16]). However, it remained to be determined whether lipoproteins other than
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FIG 1 NIpE turns on the Cpx system and provides a fitness advantage when lipoprotein sorting is defective. (A)
Overproducing and mislocalizing NIpE but not RcsF to the IM induces lacZ expression from the specific CpxR activity
reporter PcpxP. The B-galactosidase activity of strains expressing wild-type nlpE (GL60), nlpE,, (GL97), wild-type rcsF
(GL245), or rcsF,,, (GL285) or carrying the empty pAM238 plasmid (GL61) was measured. All values were normalized to the
average activity obtained for the GL61 strain. Bars represent the averages of normalized values for at least three
independent clones. Error bars indicate standard deviations. (B) Inducing the expression of the dominant negative mutant
10IA 53¢ /¢140c from the pBAD33 plasmid leads to NIpE-dependent and RcsF-independent Cpx activation. Wild-type (WT),
nipE:kanR (nlpE@D), or rcsFukanR (resF@) cells expressing 0lA,g;c/rr40c (Strains AD34, AD35, and AD54, respectively) or
carrying the empty pBAD33 plasmid (strains GL442, AD57, and AD173, respectively) were grown with 0.2% L-arabinose.
B-Galactosidase activity from PcpxP-lacZ was measured every 50 min. All values were normalized to the average activity
obtained for AD57 after 150 min of growth. This graph is representative of at least three independent measurements. (C)
Treatment with globomycin (Glb) also leads to NIpE-dependent activation of the Cpx system. Wild-type (strain GL43) and
nlpE::kanR (strain GL44) cells were grown for 150 min and then treated with 10 uM globomycin (Sigma), after which
B-galactosidase activity from PcpxP-lacZ was measured periodically. All values were normalized to the average activity
obtained for untreated GL43 cells before treatment. Bars represent the averages of normalized values from three
independent clones. Error bars indicate standard deviations. (D) NIpE provides a fitness advantage when lipoprotein
sorting defects occur. The [0lAo;c/r140c 9ene was expressed from the pBAD33 plasmid in wild-type, nlpE:kanR, and
resFikanR cells (strains AD34, AD35 and AD54, respectively) before serial dilution as indicated and spotting on LB agar. This
image is representative of at least three independent replicates.

NIpE can activate Cpx when their trafficking to the OM is perturbed. Thus, to investigate
the specificity of the Cpx response to NIpE, we first tested the impact of rerouting the
lipoprotein RcsF to the IM (RcsFy,,) on Cpx activity. RcsF is an OM lipoprotein that
activates another ESRS, Rcs, when perturbations in the OM or the peptidoglycan occur
(20, 21). We verified that RcsF and RcsF,, were produced at similar levels and were
correctly localized (Fig. S1C and D). Interestingly, whereas targeting RcsF to the IM was
previously reported to induce Rcs (20), no Cpx activation was observed (Fig. 1A). We
next sought to address the question of the specificity of Cpx activation by NIpE by using
more-global approaches. In E. coli, lipoprotein transport is orchestrated by the essential
Lol machinery (22). In the IM, lipoproteins destined for the OM are recognized by the
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ABC transporter LolCDE complex and extracted from the membrane (23). They bind the
soluble chaperone LolA for transport across the periplasm (24) and then are inserted
into the OM through an unknown mechanism that involves the lipoprotein LolB (25).
To test whether accumulation of lipoproteins other than NIpE in the IM induced Cpx,
we first used a mutant version of LolA (LolA g5 r140c) that strongly binds to LolCDE,
thereby preventing the release of lipoproteins to the periplasm (26). Expression of
10lA 95¢/5140c activated Cpx in wild-type cells, as shown previously (26), and as expected
when NIpE accumulates in the IM. Strikingly, however, these cells could not activate
Cpx in the absence of NIpE (Fig. 1B). Similarly, expression of l0/A,g5¢/r;40c induced Rcs
in wild-type cells but not in cells lacking RcsF (27) (Fig. S1B). Interestingly, the absence
of NIpE had no effect on Rcs activation, while the absence of RcsF did not modulate the
Cpx response in the presence of the LolA g5¢/r140c dominant negative mutant (Fig. 1B;
also see Fig. S1B), hinting at specific connections between these lipoproteins and their
cognate ESRSs. Similar results were then obtained by perturbing lipoprotein trafficking
with globomycin, an inhibitor of the type Il Lsp signal peptidase that blocks lipoprotein
maturation and thereby causes the retention of OM lipoproteins in the IM (28).
Consistent with data obtained with the LolAg5c/ri40c Mutant, Cpx activation was
observed in wild-type cells that had been treated for 30 min with globomycin (Fig. 1C)
but not in the nipE null mutant, although this difference was less pronounced at a later
time point (Fig. 1C; also see Discussion). We conclude from these experiments that Cpx
is specifically activated by NIpE when lipoprotein transport to the OM is perturbed.
Cpx induction by NIpE is beneficial to cells with perturbations in lipoprotein
transport. The fact that NIpE activates Cpx when the transport of lipoproteins to the
OM is disrupted suggests that Cpx activation may provide a fitness advantage under
these conditions. To test this, we compared the abilities of wild-type and nipE null cells
to cope with the toxic expression of I0/Ag;c/rr40c. SUppoOrting our hypothesis, we
consistently observed better survival of wild-type cells than nlpE null cells (Fig. 1D). In
contrast, preventing Rcs activation by deleting rcsF did not have any impact on cell
survival (Fig. 1D), indicating that Cpx plays a more important role than Rcs in allowing
the cells to adapt to perturbations in lipoprotein trafficking, in agreement with results
reported by Grabowicz and Silhavy (18). Cells lacking the ability to activate Cpx (cpxR
null), as well as cells lacking both cpxR and nipE, showed reduced fitness similar to that
of cells lacking nIpE only (Fig. S2A). Interestingly, complementation by plasmidic
expression of nIpE not only rescued the nlpE null phenotype but also improved growth,
compared to wild-type cells harboring an empty plasmid (Fig. S2B). This was not the
case when niIpE was expressed in a cpxR null background, indicating that the fitness
advantage provided by NIpE during lipoprotein sorting defects involves Cpx activation.
The N-terminal domain of NIpE activates Cpx. We next sought to obtain molec-
ular insights into the mechanism by which NIpE induces Cpx. The lipoprotein NIpE
consists of two structural domains, each folding into a B-barrel (Fig. 2A) (29). While
the N-terminal domain is homologous to the lipocalin Blc, a bacterial lipoprotein that
binds hydrophobic ligands (30), the C-terminal domain adopts an oligonucleotide/
oligosaccharide-binding (OB) fold (31). Overproduction of NIpE has been reported to
induce Cpx expression (13), probably because NIpE accumulates in the IM when its
levels are increased (16). Thus, to determine whether the two domains of NIpE are
required for Cpx activation, we tested the impact of overproducing the N- and
C-terminal domains (NIpEye;m @and NIpEc..,) separately on Cpx activity (Fig. 2A). We
verified that NIpEy.e,m and NIpE were produced at similar levels (Fig. S1C). Inter-
estingly, whereas NIpEc,.,, in cells lacking native nipE did not induce Cpx, NIPEy erm
alone caused Cpx induction that was comparable to that observed when full-length
NIpE was expressed from the same plasmid (Fig. 2B). Furthermore, when rerouted to
the IM, NIPEyerm [INIPEyiermamy] Ut not NIPEce,m [NIPEciermamy] activated Cpx better
than the corresponding OM variant (Fig. 2B), mimicking the behavior of the full-length
protein (Fig. TA). The expression levels and membrane localization of these constructs
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FIG 2 The N-terminal domain of NIpE is the Cpx-activating domain. (A) NIpE is composed of two structurally
distinct domains. The domains were determined empirically using phylogenetic data comparing bacterial species
harboring a full-length or N-terminus-only version of NIpE. We define the N-terminal domain as residues 22 to 137
(inclusive) and the C-terminal domain as residues 138 to 236 (inclusive), as indicated. The C-terminal domain was
constructed by removing the sequence encoding residues 24 to 137. Disulfide bonds are drawn in red on the
structure, and the corresponding cysteine residues are also shown on the one-dimensional schematics of the NIpE
sequence. The lipid anchor is schematically represented in gray. SS, signal sequence for secretion. (B) The
N-terminal domain of NIpE activates Cpx. 3-Galactosidase activity from PcpxP-lacZ was measured in wild-type cells
carrying the empty pAM238 plasmid (GL61) or expressing full-length nipE (GL60), nIpE,,.,,, (AD171), nipE,...,
(AD172), nlpEyermany (AD165), or nIpEc,,,...,) (AD187) from the same plasmid. All values were normalized to the
average activity obtained for GL61. Bars represent the averages of normalized values from at least three
independent clones. Error bars indicate standard deviations.

were verified (Fig. S1C and D). Thus, these results allow us to conclude that the
N-terminal domain of NIpE plays a crucial role in controlling Cpx activation.

NIpE physically interacts with the sensor histidine kinase CpxA. How NIpE
triggers Cpx when overproduced or rerouted to the IM remained unknown. A likely
hypothesis was that NIpE induces Cpx by interacting with the histidine kinase CpxA, an
IM protein with a large periplasmic sensor domain (32) (Fig. 3A). To investigate this, the
periplasmic domain of CpxA (CpxA,.;, ~15 kDa), fused to an N-terminal Strep-tag, was
coexpressed in the periplasm with NIpE. After Strep-tag pulldown, NIpE was found to
coelute with CpxA,,,; (Fig. 3B), thus providing the first evidence of a physical NIpE-CpxA
interaction. We next used a previously established TEM-1 B-lactamase fragment com-
plementation assay (33). In this assay, two potentially interacting proteins are fused to
two different fragments of the TEM-1 B-lactamase and their interaction is quantified by
measuring resistance to B-lactams. In this experiment, we used a strain lacking cpxR to
prevent the enhanced B-lactam resistance exhibited by cells in which Cpx is turned on
(16). Remarkably, we found that the coproduction of soluble NIpE and CpxA,,.; fused
to two complementary fragments of TEM-1 B-lactamase, in the periplasm substantially
increased (by =4 log units) resistance to ampicillin (Fig. 3C). Production of NIpE or
CpxA,,; alone, fused to one of the two TEM-1 B-lactamase fragments, as well as
coproduction of the noncognate lipoprotein-sensor kinase pairs NIpE and RcsCp,.,; or
RcsF and CpxA,,.i, had no major impact (Fig. 3C). Finally, we found that overexpression
of cpxA,,,; reduced the activation of Cpx that is normally observed in cells overexpress-
ing nipE (Fig. 3D), which suggests that the periplasmic domain of CpxA titrates NIpE
away from the native, full-length CpxA, thus preventing Cpx activation. Together, these
results provide evidence that NIpE interacts with the periplasmic domain of CpxA,
which suggests that this interaction serves as a molecular signal triggering Cpx.
Interestingly, similar results were obtained when the pulldown and titration assays
described above were carried out with NIpEy.em, instead of full-length NIpE (Fig. 3B to
D), thus confirming the important role played by this domain in Cpx activation.

NIpE triggers Cpx when oxidative protein folding is impaired. Because the
N-terminal domain of NIpE was sufficient for Cpx activation and for physical interaction
with CpxA, we wondered what the role of the C-terminal domain could possibly be.
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FIG 3 NIpE physically interacts with CpxA through its N-terminal domain. (A) A representative schematic of CpxA
(adapted from reference 49) is shown. CpxA contains a large periplasmic sensor domain (depicted in red and
determined according to reference 49 from residue 29 to 163 [inclusive]) and a cytoplasmic transmitter core. TM,
transmembrane region. (B) NIpE is pulled down with CpxA. Left, expression of cpxA,,,; encoding the periplasmic
domain of CpxA (as shown in panel A), fused (AD112) or not fused (AD121) to a N-terminal Strep-tag, was induced
for 40 min from a pASKIBA-16 plasmid in cells overexpressing nipE from the pAM238 plasmid. Right, the same
procedure was performed but with cells overexpressing nipE,,.,,, from the pAM238 plasmid, instead of the
full-length nipE, along with the expression of cpxA,,.,; tagged with Strep-tag (AD165) or untagged cpxA,,; (AD166)
from the pASKIBA-16 plasmid. Total cell extracts were then purified on Strep-Tactin-Sepharose resin, and the input
and elution (Strep-tag pulldown) fractions were analyzed by Western blotting using an anti-NIpE antibody. (C) A
TEM B-lactamase complementation assay confirms in vivo physical interaction. Serial dilution and spotting of cpxR
null cells carrying a pCDFDuet plasmid for the expression of the w197 fragment and the «796 fragment of the TEM
B-lactamase, fused or not fused to CPXA peri nlpE (soluble, without the signal sequence), resCey; (periplasmic domain
of ResC, determined according to reference 50), and/or rcsF (soluble, without the signal sequence), as indicated.
Lane 1, AD155; lane 2, AD159; lane 3, AD160; lane 4, AD161; lane 5, AD191; lane 6, AD192. Negative controls for
interaction are shown in lanes 1, 3, 4, 5, and 6. Shown is a representative image of three biological replicates. We
do not know why cells became slightly more resistant in lane 4 or more sensitive in lanes 2, 5, and 6. Expression
of both nIpE and cpxA,,,; constructs (lane 2) increased ampicillin resistance by =4 log units, compared to the nipE
fusion alone, indicating physical interaction. (D) Overproduced periplasmic domain of CpxA titrates NIpE or
NIpEyerm away from the native, full-length CpxA, preventing Cpx activation. B-Galactosidase activity from PcpxP-
lacZ was measured with (left) or without (right) AHT induction of CPXA,,; expression from the pASKIBA-16 plasmid,
in wild-type cells overexpressing nipE (AD121) or nlpE,,.,., (AD166) or carrying the empty pAM238 vector (AD200).
The same activity was measured in cells carrying the empty pASKIBA-16 plasmid (AD162, AD168, and AD201,
respectively). All values were normalized to the average activity obtained for strain AD201. Bars represent the
averages of normalized values from at least three independent clones. Error bars indicate standard deviations.
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FIG 4 NIpE senses oxidative folding defects in the periplasm. (A) The oxidoreductive state of NIpE
modulates Cpx activity. B-Galactosidase activity from PcpxP-lacZ was measured in wild-type (GL43),
nipE:kanR (GL44), AdsbA (GL64), AdsbA nipE:kanR (GL65), nIpE:nlpEc ssp/c05:4 (GL375), and nipE:
NIPE 51 0/c54a (GL252) cells. All values were normalized to the average activity obtained for GL43. Bars
represent the averages of normalized values for at least three independent clones. Error bars indicate
standard deviations. (B) Oxidative folding defects cause reduction of the disulfide bond in the C-terminal
and N-terminal domains of NIpE. Western blotting using antibody raised against NIpE shows the NIpE
migration profiles for wild-type (GL43), AdsbA (GL64), AdsbA nlpE:nlpEcs;a,cs,, (GL229), and AdsbA
NIpE:nIpE ;1 450/c2314 (GL372) cells. Samples were either not treated, treated with AMS (alkylated control),
or treated with AMS and DTT (fully reduced alkylated control) as indicated. The potential redox states
corresponding to the different bands are schematized at the bottom.

NIpE contains four cysteines that form two disulfide bonds, one in each domain of the
protein (Fig. 2A). DsbA is the major oxidoreductase in the periplasm of E. coli, being
responsible for oxidizing cysteines and forming disulfide bonds (34). Since dsbA is a
member of the Cpx regulon (35, 36), we considered the possibility that there is a
functional relationship between NIpE and DsbA. To test this, we investigated the impact
of dsbA deletion on Cpx activity. As shown in Fig. 4A, we found that deletion of dsbA
induced Cpx ~2-fold and this induction was NIpE dependent (Fig. 4A). Interestingly,
expression of a NIpE mutant lacking the C-terminal disulfide (nIpEc;ss54c2314) from the
native nIpE locus caused similar Cpx activation in wild-type cells (Fig. 4A), thus reca-
pitulating the activation observed when the wild-type protein was expressed in the
AdsbA mutant. In contrast, mutation of the N-terminal cysteines (nIpEcs;acs44) did not
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have a substantial impact on Cpx activity (see Discussion). Together, these results are
consistent with the idea that NIpE activates Cpx when the C-terminal disulfide does not
form.

NIpE is a DsbA substrate. To investigate the relationship between DsbA and NIpE
further, we determined the in vivo redox state of NIpE cysteines in wild-type and
AdsbA cells. To that end, we used an alkylation assay in which 4-acetamido-4'-
maleimidylstilbene-2,2'-disulfonic acid (AMS), a 500-Da maleimide-based molecule,
covalently modifies reduced cysteine residues; whereas oxidized proteins migrate with
the expected size on SDS-PAGE, reduced proteins migrate more slowly and are shifted
further toward higher molecular weights following AMS treatment (37). Treatment with
AMS did not change the migration of NIpE when the protein was expressed in wild-type
cells, indicating that the protein was fully oxidized. As expected, when NIpE was
incubated with the reducing agent dithiothreitol (DTT) prior to modification with AMS,
it migrated with a higher molecular weight (labeled z’ in Fig. 4B), corresponding to the
fully reduced protein. A less abundant species (labeled z in Fig. 4B) could also be
observed in the DTT-reduced sample; because it migrated faster than fully reduced
NIpE, we concluded that it was a partially reduced protein still containing one disulfide
bond. These experiments were then repeated in cells lacking DsbA. Although a
substantial fraction of NIpE molecules migrated with the size corresponding to the fully
oxidized protein (w), the same two species with slower mobility (z and z') were
detected, even without DTT treatment. These results indicated that, in the absence of
DsbA, the oxidative folding of NIpE is perturbed, thus confirming that NIpE is a DsbA
substrate. In addition, we observed that the partially reduced species (z) was predom-
inant, which indicated that one of the two NIpE disulfides was more dependent on
DsbA than the other.

Finally, to identify the disulfide that was still present in the partially reduced species
(z), we repeated the AMS-trapping experiments in AdsbA cells expressing either
NIpEcsiacsan OF NIPEcissa/c231a- Remarkably, NIPEcigsa/c231a (in which only the
N-terminal cysteine pair remains) was only moderately shifted following treatment with
AMS, whereas the mobility of NIpEcsiacsaa (Which harbors cysteines only in the
C-terminal domain) was more substantially decreased. We concluded from these
experiments that the intermediate species (z) corresponded to NIpE in which the
N-terminal cysteine residues are reduced. Thus, although the redox states of both pairs
of cysteine residues are modified when DsbA is absent, the N-terminal cysteines appear
to be particularly dependent on DsbA for oxidation to a disulfide in vivo.

DISCUSSION

The physiological connection between NIpE and Cpx is reinforced. It has long
been known that, when overproduced, the lipoprotein NIpE activates Cpx (13), a
property that turned NIpE into a useful tool to investigate the Cpx system and the
resulting stress response (8). However, because overexpression of lipoproteins other
than NIpE was shown to activate the synthesis of degP (19), a gene controlled only in
part by Cpx (38), the specificity of the NIpE-Cpx relationship had remained unclear.

Here, by monitoring the activity of the cpxP promoter, which is specific to Cpx,
unlike the promoter of degP (9, 10), we established that triggering of this system was
dependent on the presence of NIpE under the conditions that were tested, i.e., when
a dominant negative mutant of LolA g5c/p140c Was produced in the periplasm (Fig. 1B),
during treatment with globomycin (Fig. 1C), or when dsbA was deleted (Fig. 4A).
Furthermore, in these experiments Cpx activation does not require the overproduction
of NIpE, which strengthens the functional link between this lipoprotein and Cpx. Thus,
our results further establish NIpE as a bona fide component of the Cpx system.

NIpE is a sensor for lipoprotein sorting defects. Two functions have been put
forward for NIpE in E. coli to date. First, it has been reported that NIpE triggers Cpx in
response to the attachment of E. coli to abiotic surfaces (14). Although this effect has
also been shown in enterohemorrhagic E. coli (15), it has been disputed by a recent
publication (39), and more work is needed to clarify the role of NIpE in this process.
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Second, NIpE has been proposed to serve as a proxy to monitor lipoprotein trafficking
to the OM and to induce Cpx when this process is perturbed (18). This second function
was put forward because deletion of nIpE or cpxR decreased the survival of a LolB-
depleted strain, in which lipoproteins were not efficiently transported to the OM. Note
that these experiments were carried out using mutant cells also lacking RcsF and the
abundant OM lipoprotein Lpp, which are toxic if accumulated in the IM (18). Experi-
ments demonstrating unambiguously that NIpE turns on Cpx under conditions of
impaired lipoprotein sorting were missing. Our results here provide direct experimental
support to this idea (Fig. 1B and C). The finding that NIpE is less required for Cpx
activation during long (>1-h) treatments with globomycin (Fig. 1C) is not unexpected,
since this drug, which acts upstream of the lipoprotein sorting machinery, could cause
broader defects at the IM, beside lipoprotein mislocalization.

In addition, while it was known that the expression of I0/A,g5¢r140c induced both the
Cpx and Rcs responses, with the latter requiring the presence of RcsF (26, 27), it was
thought that the Rcs response was more important to deal with defective lipoprotein
sorting, because LolA g5¢ r140c l€ads to the Rcs-dependent induction of lolA expression
(27, 40). Strikingly, we found that NIpE but not RcsF contributed to increase fitness
when lipoprotein trafficking was impaired (Fig. 1D), thus implying that Cpx plays a
particularly important role in helping cells to cope with lipoprotein maturation prob-
lems, in agreement with other recent findings (18).

NIpE senses problems in oxidative protein folding. Oxidative folding is a required
step in the maturation process for many periplasmic proteins (4). We show here that the
absence of DsbA, the protein that introduces disulfide bonds in periplasmic proteins of
E. coli, activates the Cpx system and this activation is entirely dependent on the
presence of NIpE (Fig. 4A). In addition, our data suggest that NIpE turns on Cpx when
the C-terminal domain does not contain a disulfide bond (Fig. 4A), thus suggesting that
C-terminal cysteine residues function as a molecular sensor for redox perturbations. The
molecular mechanism by which the lack of disulfide formation in NIpE causes this
protein to induce Cpx remains to be determined, however. It is possible that failure to
form the C-terminal disulfide alters the conformation of the C-terminal domain, with
misfolding serving here as a molecular signal for Cpx activation. Alternatively, it is
tempting to hypothesize that, when the C terminus of NIpE does not oxidatively fold,
the export of NIpE to the OM is perturbed, causing retention of NIpE in the IM and Cpx
activation (see below). Further studies will be needed to test this idea and to determine
whether the localization of NIpE in the envelope is exploited to signal not only
lipoprotein sorting stress but also oxidative folding defects to the Cpx system. Inter-
estingly, NIpE harbors a highly conserved CXXC motif in its N-terminal domain, which
appears to be particularly dependent on DsbA for oxidation to a disulfide (Fig. 4B).
Although CXXC motifs are often involved in redox functions (41), the role of this motif
in NIpE has yet to be uncovered.

NIpE induces Cpx via CpxA. Auxiliary proteins often play important roles in the
regulation of two-component systems (42). This is the case, for instance, for the
lipoprotein RcsF, which senses most cues inducing the Rcs system (12). Understanding
how these proteins regulate their cognate systems often proves to be challenging.
Regarding RcsF, although recent work shed light on the role played by OM B-barrel
proteins in the occlusion of RcsF from its downstream Rcs partner under normal
conditions (21, 40, 43), details of the molecular mechanism remain to be discovered.
While some studies suggested a possible mechanism by which the periplasmic protein
CpxP prevents signaling in nonstressed cells (44, 45), the mechanism of action of NIpE
in the Cpx system remained shrouded in mystery. By showing that NIpE physically
interacts with CpxA in vivo (Fig. 3), the results obtained here provide a first important
insight into the mechanism of Cpx activation by NIpE.

It was proposed previously that conformational changes in the N-terminal domain
of NIpE under stress, caused, for instance, by the lack of disulfide bond formation in this
domain, could allow the C-terminal domain to reach across the periplasm to interact

May 2019 Volume 201 Issue 10 e00611-18

Journal of Bacteriology

jb.asm.org 9


https://jb.asm.org

Delhaye et al.

with its downstream partner(s), such as the periplasmic sensing domain of CpxA (29).
However, our data support a role for the N-terminal domain of NIpE in interacting with
CpxA and not a role for the C-terminal domain; indeed, the C-terminal domain of NIpE
is dispensable for Cpx activation when NIpE is mislocalized at the IM (Fig. 2B) and the
N-terminal domain alone is sufficient to interact with CpxA,,; (Fig. 3B and D). Further-
more, it seems unlikely that the OM-anchored N-terminal domain could reach across
the periplasm to form a complex with CpxA. For these reasons, we favor an alternative
hypothesis in which the targeting of NIpE to the OM prevents its N-terminal domain
from interacting with CpxA under normal conditions, whereas NIpE accumulation at the
IM, such as when lipoprotein trafficking is defective, allows direct contact with CpxA.
The existence of additional partners in complex with NIpE and CpxA cannot be
excluded at this stage, and future studies will be needed to elucidate how the
N-terminal domain of NIpE talks to the Cpx sensor kinase.

Conclusions. We show that the Cpx stress response system allows E. coli cells to
sense when the journey of lipoproteins from the IM to the OM is impaired and when
the formation of disulfide bonds is perturbed, two important biogenesis processes in
the envelope. Moreover, our work shows that, under these two stress conditions, the
two-domain OM lipoprotein NIpE specifically triggers Cpx, which provides crucial
additional support to the idea that NIpE is a bona fide member of the Cpx system. NIpE
dissection led to the findings that its N-terminal domain turns on Cpx via interaction
with the sensor kinase CpxA and that two cysteine residues in its C-terminal domain
work as a redox sensor when oxidative folding is hindered. We conclude that Cpx uses
the localization and redox status of NIpE as proxies to monitor lipoprotein sorting and
oxidative folding in the E. coli envelope.

MATERIALS AND METHODS

Bacterial strains, media, and plasmids. All strains and plasmids, as well as construction methods,
can be found in Table S1 in the supplemental material. Primers are listed in Table S2. Cells were grown
in LB medium at 37°C except when indicated otherwise. To avoid any effect of Cpx activation that starts
in late exponential phase (9, 46), most experiments were performed with cultures grown to early log or
mid-log phase (optical density at 600 nm [OD,,] of =0.6), usually after diluting an overnight inoculum
1:1,000 (never less than 1:500) in order to ensure exit of stationary phase. Antibiotics were used for
plasmid maintenance when appropriate, at the following concentrations: ampicillin, 200 wg/ml; specti-
nomycin, 50 ug/ml; kanamycin, 50 ug/ml; chloramphenicol, 20 pg/ml.

B-Galactosidase assays. 3-Galactosidase activity was assayed as described (47) or using a slightly
modified protocol that used the V, .. of the B-galactosidase reaction as a readout. Briefly, the ODg,, of
the sample was measured, and then 5 ul was transferred to 20 ul of solution A (47) in a 96-well plate.
Solution B (47) was then added and B-galactosidase activity was analyzed by kinetic measurement of the
OD,,, in a Synergy H1 microplate reader (Biotek). V,,,, was determined using Gen5 software and
normalized to the OD,. For time-course experiments, cells were grown in LB medium with appropriate
antibiotics for 150 min, at which point the cells were induced by the addition of 0.2% L-arabinose or
treated with 10 uM globomycin (Sigma). B-Galactosidase activity was measured periodically. Graphs
were prepared using Prism 7 (GraphPad Software, Inc.).

Fitness spot titer assay. Single colonies were used to inoculate overnight cultures, which were
diluted 1:500 in 5 ml LB medium with antibiotics when appropriate for plasmid maintenance. The cells
were grown to an ODg,, of 0.2 and then either serially diluted 5-fold in a 96-well plate and spotted on
LB agar supplemented with chloramphenicol (20 wg/ml) or induced by the addition of 0.2% L-arabinose
and then spotted in the same manner after 1.5 and 4.5 h of induction. The plates were then imaged using
a GE ImageQuant LAS4000 camera (GE Healthcare Life Sciences).

Pulldown assay. Single colonies were used to inoculate overnight cultures, which were diluted 1:500
in 400 ml LB medium containing ampicillin and spectinomycin for plasmid maintenance. When the OD,
reached 0.2, the expression of CpxA, with or without a Strep-tag, was induced with the addition of
50 ng/ml anhydrotetracycline (AHT). After 40 min of expression, the cells were pelleted, resuspended in
10 ml of buffer W (100 mM Tris-HCI [pH 8.0], 150 mM NacCl), and lysed with a French press. The lysate was
applied to 500 ul of Strep-Tactin-Sepharose resin (IBA Lifesciences). The resin was washed according to
the manufacturer's recommendations, and the protein was eluted with buffer W supplemented with
2.5 mM d-desthiobiotin. The elution fractions were mixed with 5X nonreducing Laemmli buffer in a 5:1
ratio and boiled before Western blotting.

TEM-1 B-lactamase complementation assay. The assay was performed as described previously
(48), with the following modifications. Cells were grown to stationary phase in LB medium supplemented
with spectinomycin (50 ug/ml). They were then serially diluted (10-fold) and plated on LB agar plates
supplemented with 0.01 mM isopropyl-B-b-1-thiogalactopyranoside (IPTG) and 20 ug/ml ampicillin. The
plates were imaged after overnight incubation at 37°C, using a GE ImageQuant LAS4000 camera (GE
Healthcare Life Sciences).
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CpxA titration assay. Single colonies were used to inoculate overnight cultures, which were diluted
1:500 in 5ml LB medium. When the ODg,, reached 0.2, the cells were induced with the addition of
50 ng/ml AHT for 1 h, after which B-galactosidase activity was measured as described above. To keep the
cells in the exponential growth phase, cultures were diluted 4-fold in fresh medium during induction.

Western blotting. Proteins from exponentially growing cultures were precipitated with trichloro-
acetic acid as described previously (37), solubilized in 1X nonreducing Laemmli buffer (48) (the volume
for each sample was adapted to normalize all samples according to the OD,), and boiled before being
loaded on precast 12% NuPAGE Bis-Tris gels (Life Technologies). Western blotting was performed using
standard procedures, with primary antibodies directed against NIpE, RcsF, Lpp, and DsbD (rabbit sera;
CER Group, Marloie, Belgium), followed by a horseradish peroxidase (HRP)-conjugated anti-rabbit 1gG
secondary antibody (Sigma). Chemiluminescence signals were imaged by using a GE ImageQuant
LAS4000 camera (GE Healthcare Life Sciences) or by using X-ray films (for the RcsF blots in Fig. S1D).

AMS alkylation assay. The in vivo redox state of NIpE was assessed using AMS trapping experiments,
as described previously (37). Samples were loaded onto 12% NuPAGE Bis-Tris gels (Life Technologies)
under denaturing conditions. After electrophoresis, the proteins were transferred to a nitrocellulose
membrane and probed with an anti-NIpE antibody.

Cell fractionation. Cell fractionation was performed as described previously (16).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00611-18.

SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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