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ABSTRACT The function of cvpA, a bacterial gene predicted to encode an inner
membrane protein, is largely unknown. Early studies in Escherichia coli linked cvpA to
colicin V secretion, and recent work revealed that it is required for robust intestinal
colonization by diverse enteric pathogens. In enterohemorrhagic E. coli (EHECQ)
strains, cvpA is required for resistance to the bile salt deoxycholate (DOC). Here, we
carried out genome scale transposon insertion (TIS) mutagenesis and spontaneous
suppressor analysis to uncover the genetic interactions of cvpA and identify common
pathways that rescue the sensitivity of a AcvpA EHEC mutant to DOC. These screens
demonstrated that mutations predicted to activate the of-mediated extracytoplasmic
stress response bypass the AcvpA mutant’s susceptibility to DOC. Consistent with
this idea, we found that deletions in rseA and msbB and direct overexpression of
rpoE restored DOC resistance to the AcvpA mutant. Analysis of the distribution of
CvpA homologs revealed that this inner membrane protein is conserved across
diverse bacterial phyla in both enteric and nonenteric bacteria that are not exposed
to bile. Together, our findings suggest that CvpA plays a role in cell envelope home-
ostasis in response to DOC and similar stress stimuli in diverse bacterial species.

IMPORTANCE Several enteric pathogens, including enterohemorrhagic E. coli (EHEC)
strains, require CvpA to robustly colonize the intestine. This inner membrane protein is
also important for secretion of a colicin and for EHEC resistance to the bile salt deoxy-
cholate (DOQ), but its function is unknown. Genetic analyses carried out here showed
that activation of the of-mediated extracytoplasmic stress response restored the resist-
ance of a cvpA mutant to DOC, suggesting that CvpA plays a role in cell envelope ho-
meostasis. The conservation of CvpA across diverse bacterial phyla suggests that this
membrane protein facilitates cell envelope homeostasis in response to varied cell enve-
lope perturbations.

KEYWORDS E. coli, EHEC, bacterial genetics, bile stress, envelope stress,
extracytoplasmic stress, inner membrane protein, sigma factor

nteric pathogens encounter a broad range of host-derived stressors during their

transit through the gastrointestinal (Gl) tract. These pathogens enter the Gl tract
through consumption of contaminated food or water, and the diverse challenges they
face in the host environment include substantial fluctuations in osmolarity, oxygen
concentration, pH, and nutrient availability, as well as mechanical shear force from
peristalsis and the bactericidal activities of antimicrobial peptides and bile salts.
Pathogens must also compete with the microbiota and face the threat of immune cells
and effectors (1, 2). To survive and successfully colonize the host, enteric pathogens
must rapidly sense and respond to these stressors.
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Bile in particular poses a complex threat to enteric pathogens. Bile is an aqueous so-
lution of bile salts, bilirubin, fats, and inorganic salts produced by the liver and secreted
into the intestine, where it plays a critical role in the digestion of fats (3, 4). Bile salts
are potent antimicrobial compounds that can damage diverse components of the bac-
terial cell. Bile salts are thought to enter the bacterial cell both by passive diffusion and
through outer membrane proteins (OMPs) such as porins (5, 6). Enteric pathogens
employ a variety of strategies to combat the perturbations caused by bile salts, includ-
ing utilizing efflux pumps to remove bile salts from the cell cytosol and expressing
chaperones and proteases to ameliorate protein folding stress (7-9).

To coordinate responses to bile, bacteria utilize a host of global stress response pro-
grams. For example, bile-induced DNA damage activates the expression of the SOS
regulon, a large suite of genes that assist in repairing and responding to DNA damage
(10-12). Bile also triggers the activation of alternate sigma factors, which enable RNA
polymerase (RNAP) to selectively transcribe sets of genes in response to environmental
conditions. During normal growth conditions, RNAP associates with the housekeeping
sigma subunit, RpoD (079). The cellular stresses provoked by bile promote utilization of
the alternative stress response sigma factor RpoS (o°), which governs the expression of
a large number (>500) of stress response genes (13-15). RpoE (of), a sigma factor
which mediates the response to “extracytoplasmic” stress, such as misfolded proteins
in the periplasmic space or disruptions in lipopolysaccharide (LPS) biosynthesis, may
also be important for resistance to the membrane-damaging effects of bile (16, 17). ¢
function intersects with a variety of other cell envelope stress response pathways in
Gram-negative bacteria, such as the two-component systems CpxRA and BaeSR; to-
gether, these pathways create a complex regulatory network mediating bacterial enve-
lope homeostasis (16, 18).

The gene cvpA was identified in screens for genes required for intestinal coloniza-
tion in several enteric pathogens, including Vibrio cholerae, Vibrio parahaemolyticus,
and Salmonella enterica subsp. enterica serovar Typhimurium (19-21), but the mecha-
nism(s) that accounts for the colonization defects has not been characterized. We
recently found that CvpA is required for the foodborne intestinal pathogen enterohe-
morrhagic Escherichia coli (EHEC) O157:H7 to optimally colonize the colon of infant rab-
bits; moreover, EHEC cvpA deletion mutants were highly sensitive to bile and in partic-
ular to the bile salt deoxycholate (DOC) (22). EHEC causes hemorrhagic colitis and, in
some cases, the severe complication hemolytic uremic syndrome, a condition in which
damage to blood vessels of the kidney microvasculature leads to renal failure. Previous
studies have led to the idea that EHEC strains use bile as a cue to induce expression of
virulence genes, flagella, and genes promoting survival in vivo, including the AcrAB
efflux pump, which enables removal of bile salts from the cell interior (12, 23-29), but
the role of CvpA in contributing to bile resistance in EHEC strains is unknown.

cvpA was originally described as a gene required for the production of colicin V
(ColV), a small peptide antibiotic produced by some strains of pathogenic E. coli (30).
Although the ColV secretion system has been characterized (31), the specific role for
CvpA in this mechanism was not identified. Here, we provide evidence that mutations
in genes linked to activation of the oF stress response pathway can bolster the AcvpA
mutant’s fitness in DOC. We also show that CvpA is widely conserved across diverse
bacterial phyla and hypothesize that its function is linked to bacterial cell envelope
homeostasis.

RESULTS

CvpA localizes to the EHEC cell periphery. CvpA bears structural similarity to the
inner membrane mechanosensitive ion channels MscS and MscL (HHPred and Phyre2
algorithms) (22), and whole-proteome localization analysis in E. coli assigned CvpA to
the inner membrane (32). Furthermore, several protein modeling algorithms (PSLPred,
HHPred, Phobius, Phyre2, and SPOCTOPUS) (22) predict that CvpA is a 4-pass inner
membrane protein with a periplasmic C terminus (Fig. 1a). To experimentally verify
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FIG 1 CvpA localizes to the EHEC cell periphery. (a) Schematic of the predicted CvpA topology (based on
reference 22), with location of N-terminal superfolder green fluorescent protein (sfGFP) fusion shown. Red
residues are nearly 100% conserved across bacterial phyla. (b) Dilution series of wild type (WT), AcvpA
mutant, and AcvpA mutant with an isopropyl-B-o-1-thiogalactopyranoside (IPTG)-inducible sfGFP-cvpA fusion
complementation plasmid plated on LB, LB 1% deoxycholate (DOC), and LB 1% DOC 1 mM IPTG. (c) Micrographs
of an N-terminal sfGFP-CvpA fusion protein expressed in EHEC and stained with the FM4-64 membrane dye. Bar,

5um. (d) Horizontal line scan of GFP and FM4-64 signal.

these assignments, we generated two plasmids that inducibly express superfolder
green fluorescent protein (sfGFP)-CvpA fusions, with sfGFP on either the N or C termi-
nus, enabling visualization of the localization of CvpA in EHEC. Only the sfGFP fusion to
the N terminus of CvpA yielded a construct that complemented the growth defect of
an EHEC strain lacking the cvpA gene (AcvpA) on plates containing DOC, implying that
this construct contains a functional CvpA protein (Fig. 1b). Induction of this fusion pro-
tein revealed a clear signal that outlined the EHEC cell membrane in a similar pattern
to that shown by the membrane stain FM4-64 (Fig. 1c and d), supporting the predicted
localization of CvpA.

EHEC cvpA mutants do not secrete functional ColV and are sensitive to the bile
salt DOC. A previous report suggested that E. coli CvpA is required for the export of
the peptide antibiotic colicin V (ColV) (30). We sought to reproduce this observation in
EHEC. The entire ColV production and immunity operon and endogenous promoters
derived from the naturally occurring ColV plasmid, pColV-K30, were inserted into the
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TABLE 1 MIC values for various compounds against WT and AcvpA EHEC

MIC against:
AcvpA

Compound (concn) Type of stress caused WT EHEC
DOC (%) Multiple 25 0.08
Diamide (mM) Disulfide bond formation 0.6 0.6
H,O, (mM) Reactive oxygen species 3.2 3.2
Ampicillin® (ug/ml) Cell wall damage 7.8 7.8
Piperacillin? (ug/ml) Cell wall damage 0.3 0.3
SDS? (%) Detergent 5 5
Polymyxin B? (ug/ml) Detergent 1.2 1.2
Nalidixic acid? (wg/ml) DNA damage 2.5 2.5

aCompound originally presented in reference 22 and reproduced here for comparison.

cloning vector pBR322, yielding pBR322-ColV. Although both the wild-type (WT) and
AcvpA EHEC strains were transformable with pBR322-ColV, only the WT strain grew
robustly in LB broth while carrying pBR322-ColV. In contrast, the AcvpA mutant elon-
gated and lysed (see Fig. S1A in the supplemental material). This phenotype was not
observed in a AcvpA mutant carrying an empty vector plasmid (Fig. STA). The abilities
of these strains to secrete functional ColV were evaluated by testing whether they
create a zone of growth inhibition on a sensitive indicator strain. The WT strain carry-
ing pBR322-ColV killed the indicator strain, creating a distinct zone of clearing (Fig.
S1B), whereas the AcvpA strain carrying the same plasmid failed to establish such a
zone (Fig. S1B). These data are consistent with previous reports (30) and suggest that
AcvpA mutants are unable to secrete functional ColV and may be sensitive to self-
intoxication.

Our previous work revealed that CvpA is required for EHEC to robustly colonize the
infant rabbit colon and that AcvpA mutants are sensitive to the bile salt DOC but not
to the bile salt cholate (CHO) (22). Bile salts like DOC are thought to cause a wide range
of deleterious effects in bacteria, including damage to the cell envelope and DNA, and
widespread protein misfolding and redox stress (5, 6). The exact mechanisms through
which bile salts mediate these diverse deleterious effects are not completely under-
stood (5, 6). We attempted to determine which aspect of DOC toxicity was most dam-
aging to AcvpA mutants by testing a variety of agents that cause individual aspects of
bile stress, including the membrane-damaging detergent SDS, DNA-damaging antibi-
otics, cell wall-perturbing antibiotics, protein synthesis-disrupting antibiotics, and the
redox stress-inducing compounds diamide and hydrogen peroxide (22) (Table 1).
However, the AcvpA mutant was not more sensitive than the WT strain to any of these
agents. These observations argue against the idea that the sensitivity of the AcvpA mu-
tant to DOC results from a general cell envelope defect and instead suggest that DOC
toxicity (and potentially the toxicity of ColV accumulation) reflects a more specific
defect in cells lacking cvpA. Below, we moved forward with DOC as a tool to probe the
function of CvpA.

Genetic screens link CvpA to the o response. To further assess the function of
CvpA, we carried out three genetic screens in EHEC strains to define the cvpA gene’s
network of genetic interactions. Two of the screens relied on transposon insertion
(TIS) mutagenesis, and one used spontaneous suppressor analysis. Similar genetic
approaches have been fruitful for other membrane proteins (33-36), which are
often difficult to probe using biochemical approaches to identify protein-protein
interactions.

For the transposon screens, we began by generating high-density transposon inser-
tion mutant libraries in the WT and AcvpA EHEC strains by mutagenizing the strains
with the mariner transposon Himar1, which inserts randomly at the TA dinucleotide.
The abundance of each transposon insertion mutant in the two libraries was quantified
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FIG 2 Transposon insertion sequencing screens reveal CvpA’s genetic interactions. (a) Distribution of the percentage of TA
sites disrupted for all genes in the library constructed in the WT and AcvpA backgrounds. (b) Volcano plot depicting the
relative abundance of read counts mapped to individual genes in transposon libraries in WT and AcvpA mutant
backgrounds. The mean log, fold change (Log2MFC) and Mann-Whitney U P value are shown for each gene. Genes
highlighted in red have more than 5 unique transposon mutants, a log,FCof >2 or <—2, and a P valueof <0.05. A
modified AcvpA locus can sustain insertions at the 1 TA dinucleotide in the stop codon. (c and d) Distribution of the
percentage of TA sites disrupted for all genes in the library constructed in the WT (c) or AcvpA background (d) after
growth in LB or 1% DOC. (e and f) Volcano plot depicting the relative abundance of read counts mapped to individual
genes in transposon libraries in WT (e) or AcvpA background (f) in LB versus in 1% DOC. The log, mean fold change and
Mann-Whitney U P value are shown for each gene. Genes highlighted in red are those for which the mean log,FC is >2
or <—2 and the P valueis <0.05 in the AcvpA mutant background but not in the WT background.

by deep sequencing the sites of transposon insertion. Genes were binned by the per-
centage of TA sites disrupted (Fig. 2a) and, as expected for libraries of high insertion
density, this distribution was bimodal (37). The leftmost minor peak represents genes
with few to no insertions, and the rightmost major peak represents genes with a ma-
jority of TA sites disrupted (37). The distributions of transposon insertions in the WT
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and AcvpA libraries were similar and displayed complexity, enabling high-resolution
analysis of transposon insertion frequency (19) (Fig. 2a).

We first completed a synthetic screen in which we compared the distributions of
the transposon insertions across the genome in the WT and AcvpA libraries. This com-
parison yields the following three categories of genes: (i) loci with similar insertion pro-
files in both backgrounds that are deemed “neutral,” (ii) loci with fewer insertions in
the AcvpA versus the WT background that are considered “synthetic sick,” and (iii) loci
with more insertions in the AcvpA compared to the WT background that are deemed
“synthetic healthy.” This approach has been used to identify genetic interactions in
several other organisms (38-41). We identified 32 candidate synthetic healthy genes
for which transposon insertion mutants were overrepresented at least 4-fold in the
AcvpA mutant background compared to the WT (Fig. 2b; see also Table S1 in the sup-
plemental material). Several of these genes were linked to ion transport systems,
including trkH and trkA, which are components of the cellular potassium uptake sys-
tem, and three genes of the sap transporter complex (sapB, sapD, and sapF). SapD is
also known to interact with the Trk potassium transport system (42). Several chaper-
ones, including secB, the alternative sigma factor rpoN, and several cell shape/septal
structure genes, including ftsEX, were also on the list of synthetic healthy genes. A total
of 14 candidate synthetic sick genes, which were underrepresented at least 4-fold in
the AcvpA mutant background compared to the WT (Fig. 2b and Table S1), were also
identified. Most of these genes encode proteins of unknown function, but they include
ndh, which encodes NADH dehydrogenase Il (NDH-2), a redox protein that catalyzes
electron transfer (43, 44). Collectively, these results suggest that disrupting ion or elec-
tron homeostasis can alter the fitness of the AcvpA strain.

A second transposon screen was designed to identify insertion mutations in genes
that suppress the DOC sensitivity phenotype in the AcvpA mutant. The WT and AcvpA
transposon insertion mutant libraries were screened on plates containing either LB or
LB supplemented with 1% DOC. As above, after enumerating the abundance of trans-
poson insertion mutants with sequencing, genes were binned according to the per-
centage of disrupted TA sites (Fig. 2c and d). The distribution of disrupted TA sites per
gene in the WT library was not markedly different between the LB and DOC selection,
as expected because a majority of mutants do not have a phenotype in DOC (Fig. 2¢).
However, the distributions in the AcvpA library were different between the two condi-
tions; there was a leftward shift in the distribution of insertions when the AcvpA library
was exposed to DOC versus that in LB (Fig. 2d). This leftward shift is indicative of a bot-
tleneck, a stochastic, genotype-independent constriction of population size (37), and
reflects the profound DOC sensitivity of the AcvpA mutant.

To identify mutants in both libraries that have markedly better or worse pheno-
types than expected in DOC, we used an analytical pipeline that mitigates the effects
of bottlenecks to identify differentially abundant mutants (19). For each library, the
abundances of each mutant were compared between the LB and DOC conditions to
identify the following three categories of genes: (i) loci with similar insertion profiles in
both LB and DOC are “neutral,” (ii) loci with fewer insertions in the DOC condition than
expected compared to those in LB are “depleted,” and (iii) loci with more insertions in
the DOC condition than expected compared to those in LB are “enriched” (Fig. 2e and
f). In the AcvpA background, we identified 233 “depleted” genes in which mutations
are expected to increase baseline DOC sensitivity, and 26 “enriched” genes in which
mutations are expected to suppress DOC sensitivity (Fig. 2f). Nineteen of these 26
genes did not show differential abundance in DOC versus LB comparison in the WT
background and were classified as “neutral” (Fig. 2e and f). These genes are of particu-
lar interest as candidate suppressors, as they have cvpA-specific DOC phenotypes.
Many of these genes were linked to stress response pathways, redox processes, and
cell envelope integrity, and they include the anti-sigma factor gene rseA, the of-regu-
lated periplasmic chaperone gene skp, the two-component system genes basSR, the
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TABLE 2 Mutations in suppressors of AcvpA DOC sensitivity

Journal of Bacteriology

Genome  Nucleotide Amino acid
Suppressor Locus Gene position change change? Mutation® Function®
1 RS00350  araC 75253 A20C Asp 7 Ala SNP Arabinose operon transcriptional regulator
RS02475  yajR 511698 G1022A Gly 341 Asp  SNP Putative transport protein
RS13840 msbB 2635593 G894 A Trp 298 * SNP Lipid A biosynthesis acyltransferase
2 RS16885  nuoH 3209841 T778A Trp 260 Arg  SNP NADH-quinone oxidoreductase subunit
RS27795  IptG 5391979 G187 A Asp 63 Asn  SNP LPS export ABC transporter permease
3 RS16885  nuoH 3209841 T778A Trp 260 Arg  SNP NADH-quinone oxidoreductase subunit
RS21750  IptB 4174645 T722G Leu 241 Arg SNP LPS export ABC transporter ATP-binding protein
4 RS13840  msbB 2635854 T633G Asp 211 Glu SNP Lipid A biosynthesis acyltransferase
5 RS21750  IptB 4174548 A625C lle209 Leu  SNP LPS export ABC transporter ATP-binding protein
6 RS27795  IptG 5392372 A580C Thr 194 Pro  SNP LPS export ABC transporter permease
7 RS27795  IptG 5391946 G154C Ala52Pro  SNP LPS export ABC transporter permease
8 Intergenic  Upstream IptE 753329 CtoT SNP LPS assembly lipoprotein
RS02485  cyoD 513798 T 302 del Asn 101fs  DEL Cytochrome bo terminal oxidase complex subunit [V
9 RS13840 msbB 2636269- CAGAGCGA Ser71fs DEL Lipid A biosynthesis acyltransferase
2636276 211-218 del
10 RS16885  nuoH 3209841 T778A Trp 260 Arg  SNP NADH-quinone oxidoreductase subunit
RS27795  IptG 5391979 G187 A Asp 63 Asn  SNP LPS export ABC transporter permease
1 RS27790  IptF 5390961 C269A Ala90 Asp  SNP LPS export ABC transporter permease
14 RS12645  dtpA 2407894 G938C Gly 313 Ala  SNP Proton-dependent di/tripeptide symporter
RS02495  cyoB 516208 G487 A Gly 163 Ser  SNP Cytochrome bo, ubiquinol oxidase subunit
15 RS13840 msbB 2635801 C686 A Thr229Lys SNP Lipid A biosynthesis acyltransferase
RS16885  nuoH 3209841 T778 A Trp 260 Arg  SNP NADH-quinone oxidoreductase subunit
16 RS12645  dtpA 2407894 G938C Gly 313 Ala  SNP Di-/tripeptide permease
RS02495  cyoB 516208 G487 A Gly 163 Ser  SNP Cytochrome bo, ubiquinol oxidase subunit

aAsterisk, stop codon; fs, frameshift.
bSNP, single-nucleotide polymorphism; DEL, deletion mutation.
<LPS, lipopolysaccharide.

redox genes sodC and cyoC, the disulfide/redox bond formation genes dsbA and dsbB,
and the cell membrane synthesis genes msbB, wcaM, and rfaC.

In addition to transposon-based screens, we also characterized spontaneous
suppressors of DOC sensitivity in the AcvpA mutant. In this screen, a broth culture of the
AcvpA mutant was plated on 1% DOC, and putative suppressor colonies were picked.
After repatching on 1% DOC, which confirmed their resistance, whole-genome sequenc-
ing of the suppressors was carried out, and these genome sequences were compared to
that of the AcvpA parent strain to identify putative suppressor mutations. Single-nucleo-
tide polymorphisms (SNPs) or deletions that were not present in the AcvpA parent strain
were found in 14 of the 16 sequenced strains. Notably, 12 of the 14 strains had muta-
tions in genes linked to LPS biogenesis, including several genes in the lipopolysaccharide
transport (LPT) system (IptB, IptE, IptF, and IptG) and the gene for an enzyme required
for lipid A synthesis, msbB; genes related to redox, including nuoH and cyoDC, were also
identified (Table 2). Interestingly, msbB was also identified as a candidate suppressor in
the transposon DOC screen described above. LPT genes are essential and thus are not
highly represented in our transposon libraries. Although it was not statistically robust,
we analyzed the transposon DOC screen data for the LPT genes with at least 1 insertion
mutant and found that IptCDFG had large, positive fold changes in 1% DOC versus LB in
the AcvpA background but not in the WT (see Table S2 in the supplemental material),
supporting the findings of the spontaneous suppressor screen.
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FIG 3 Activation of RpoE rescues the AcvpA mutant’s sensitivity to DOC. (a) Dilution series of WT, AcvpA, AcvpA AmsbB, and
AcvpA ArseA strains plated on LB or LB-1% deoxycholate (DOC). (b) Dilution series of WT, AcvpA, AcvpA strains transformed with
empty expression vector pMMB207 and the AcvpA strain transformed with pMMB207 carrying IPTG-inducible rpoE plated on LB
and LB-1% DOC with 0.1 mM IPTG.

Mutations linked to ¢F activation and direct expression of rpoE rescue the
sensitivity of the AcvpA mutant to DOC. Several independent pieces of evidence sug-
gesting that activation of the oF response could bypass the sensitivity of the AcvpA
mutant to DOC were found in the 3 genetic screens described above. ot is normally se-
questered at the inner membrane by association with an anti-sigma factor, RseA.
When the appropriate stimuli are detected, proteases YaeL and DegS sequentially
cleave RseA, liberating o to activate expression of ~100 genes in response (45, 46). A
variety of perturbations to the cell envelope can trigger this pathway, including mis-
folded OMPs, disruptions in LPS biosynthesis leading to precursor accumulation, and
changes in cellular redox state (47-52). Notably, the genetic screens revealed a variety
of mutations, including in rseA, IptBCDEFG, and msbB, that likely trigger the of
response, which appeared to rescue the sensitivity of AcvpA to DOC. Inactivating muta-
tions in rseA increase the basal activity of of by preventing its membrane sequestra-
tion, and mutations in LPS biosynthesis genes msbB and the LPS transport system trig-
ger oF through accumulation of LPS precursors (48, 49).

To directly test whether mutations known to activate o€ rescue the AcvpA mutant’s
sensitivity to DOC, deletion mutants of rseA and msbB in the WT and AcvpA back-
grounds were created. These deletions both restored the resistance of the AcvpA mu-
tant to 1% DOC to WT levels (Fig. 3a). Similarly, direct overexpression of rpoE from a
plasmid rescued the sensitivity of the AcvpA mutant to DOC (Fig. 3b). Thus, activation
of oFf, and presumably of its downstream regulon of genes that mediate cell envelope
repair, circumvents the deleterious effects that DOC causes to the AcvpA mutant.

CvpA is highly conserved across bacterial phyla. The phylogeny tool AnnoTree
(53) was used to analyze the distribution of CvpA homologs across more than 27,000
bacterial genomes. CvpA homologs (=30% amino acid identity and =70% alignment)
were found in 9,830 genomes distributed across 55 phyla (Fig. 4a; see also Table S3 in
the supplemental material). Homologs are present in the majority of represented
genomes in the Campylobacterota (236/254, 93%), Deferribacterota (13/14, 93%), and
Proteobacteria (6,923/7,630, 91%) phyla (Fig. 4b). In contrast, only 2 of 3,118 strains in
Actinobacteria have a CvpA homolog (0.06%) (Fig. 4b).

Sequence alignment of the primary amino acid sequences of 20 CvpA homologs
from bacterial species from diverse phyla revealed several highly conserved residues,
including an aspartate and three glycines with nearly 100% conservation (see Fig. S2 in
the supplemental material; highlighted in red in Fig. 1a). The motif GXXXG, which is
common in transmembrane segments and indicative of helix-helix interactions (54), is
also present. All 20 CvpA homologs are predicted by PSLPred to localize to the inner
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FIG 4 CvpA is highly conserved across many bacterial phyla. (a) Phylogeny of CvpA distribution across bacterial phyla. Pink lines represent phyla where at
least one species has a CvpA homolog with at least 30% amino acid identity and at least 70% alignment to E. coli CvpA. The numbers shown in brackets
denote the number of individual genomes in that phylum. (b) Phyla with various degrees of CvpA conservation at the species level. Pink lines represent
species that contain a CvpA homolog. Numbers in parentheses after phylum names indicate the percentages of species in those phyla with a CvpA
homolog.

membrane. All homologs share greater similarity in alignments of their respective N-
terminal regions and have more variable lengths in their final periplasmic segments,
which could reflect different functions or binding partners at the C terminus.

This conservation across diverse phyla highlights that the function of CvpA is not
strictly related to bile. While homologs are present in enteric pathogenic and commen-
sal strains, such as Campylobacter jejuni, Yersinia enterocolitica, Fibrobacter succino-
genes, and Bacteroides fragilis, many strains with a CvpA homolog inhabit nonintestinal
niches. These strains include nonenteric pathogens such as Neisseria meningitidis, plant
symbionts such as Rhizobium tropici, and nonpathogenic environmental isolates from
diverse environments such as tundra soil (Granulicella tundricola), hydrothermal vents
(Thermovibrio ammonificans), and marine environments (Spirochaeta cellobiosiphila).

DISCUSSION

Since the original report describing cvpA as a gene required for production of the
plasmid-borne ColV peptide from E. coli more than 30years ago (30), very little pro-
gress has been made determining the function of this widely conserved inner mem-
brane protein. More recently, cvpA has been found to be important for intestinal colo-
nization of Vibrio cholerae, V. parahaemolyticus, Salmonella Typhimurium, and EHEC in
studies based on in vivo transposon screens (19-22). In EHEC, we found that a AcvpA
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mutant was highly sensitive to DOC (22), a bile component, thus presenting a possible
explanation for the role of cvpA role in the colonization of distinct niches in the small
and large intestine by diverse enteric pathogens. Here, we used genetic screens to fur-
ther our understanding of cvpA function. These screens suggested that activation of
the o extracytoplasmic stress response pathway could restore the resistance of the
AcvpA mutant to DOC, and this hypothesis was experimentally confirmed. Our findings
link cvpA to cell envelope homeostasis. However, the relationship between cvpA and
the of pathway requires further elucidation. CvpA itself could be an upstream factor
that can trigger the oF pathway; alternatively, expression of downstream components
of the oF regulon may compensate for the absence of cvpA without a direct functional
link between cvpA and rpoE.

A variety of cellular perturbations can activate the oF response. Misfolded outer
membrane proteins, disruptions in LPS biogenesis, and disruptions in redox state have
all been linked to increased oF activity (47-50). Mutations in the regulators of these
pathways, such as inactivation of rseA, the anti-sigma factor which controls o¢ activity
(47); msbB, an enzyme required for the biosynthesis of lipid A (48); or redox enzymes
such as dsbAB or sodC (50-52), can also trigger the activation of o€ in the absence of
external stimuli. Mutations in genes involved in the B-barrel assembly machinery
(Bam) also activate oF due to an accumulation of mislocalized (periplasmic) OMPs (16,
55). Many genes identified in our screens as candidate modulators of the fitness of
AcvpA in DOC are linked to these o®-activating pathways (Fig. 2 and Table 2).

One potential model for these observations is that CvpA is required to activate the
ot response when cells are exposed to DOC. In a AcvpA mutant, this pathway is unable
to respond to deleterious stimuli, and additional o -activating mutations are required
to bypass this block (Table 2 and Fig. 3). Although we did not measure oF activity
directly, we found that deletion of rseA, LPS biosynthetic gene mutations, and direct
overexpression of rpoE could rescue the AcvpA mutant’s DOC sensitivity. Although re-
dox mutants were identified in our screens (cyoBCD, nuoH, sodC, and dsbAB), we found
that clean deletions in a subset of these genes did not suppress the AcvpA mutant’s
DOC sensitivity. Notably, we did not identify any mutations related to the Bam machin-
ery that suppressed the AcvpA mutant’s DOC sensitivity, raising the possibility that
CvpA function is limited to cellular responses to LPS damage/defects.

Another possibility is that CvpA is required for envelope homeostasis during DOC
stress but is functionally unrelated to the o response. In this scenario, increased o ac-
tivity provides the AcvpA cell membrane with the “resiliency” required to survive DOC-
induced stress. Activation of oF induces expression of several proteases and chaper-
ones which could repair the DOC-damaged envelope, and other effector proteins, like
PtsN, that reduce overall envelope stress (56). Other mechanisms that could promote
envelope resiliency during DOC stress may include eliminating the assembly of large,
energetically costly transmembrane complexes such as the electron transport chain
(57, 58). The respiratory complex NDH-I is one of the largest protein complexes in the
E. coli membrane, and downregulation of nuo genes and components of the partner
cytochrome bo; cyo genes have been shown to reduce envelope stress (16). Many of
the spontaneous suppressors we identified had mutations in components of these
structures (Table 2). Furthermore, mutations in respiratory complex protein NDH-2
identified in the synthetic lethal transposon screen were predicted to decrease the fit-
ness of the AcvpA mutant, which would make the cell more reliant on envelope-desta-
bilizing NDH-1 (57, 58). Interestingly, these redox mutations were often identified in
suppressors that also carried mutations in LPS biosynthesis genes. This may explain
why deletions in individual redox genes were not sufficient to rescue the AcvpA
mutant’s DOC sensitivity and reflect that multiple mechanisms of buttressing envelope
resiliency promote survival under these conditions.

The conservation of CvpA across diverse bacterial phyla, including in species which
are never exposed to bile, suggests that CvpA function is not restricted to responding
to bile stress (Fig. 4). Bile can impair several processes in the bacterial cell, including
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inflicting damage to the cell envelope and DNA and generating protein folding stress
and alterations in redox state (5, 6). We were unable to isolate which individual aspect
of DOC stress kills AcvpA mutants (Table 1), raising the possibility either that these del-
eterious effects need to occur together or that bile impairs additional processes that
were not tested. One possibility is that bile, and DOC in particular, perturbs ion homeo-
stasis, which could in turn disrupt membrane potential. The increased fitness of inser-
tions in several genes associated with K* transport (Fig. 2b) links cvpA and ion trans-
port processes and supports this idea. Furthermore, in eukaryotic cells, DOC exposure
leads to changes in mitochondrial membrane potential (59). Interestingly, AcvpA
mutants are not sensitive to the very similar bile salt cholate (CHO) (22), which may
reflect a difference in the ability of these salts to move through membranes (60) or the
increased hydrophobicity of DOC (61).

Given the similarity of CvpA to the mechanosensitive solute transporters MscS and
MscL, and the numerous genes related to ion transport that were identified in the syn-
thetic lethal screen (Fig. 2b), it is tempting to speculate that CvpA is itself an ion chan-
nel that monitors and promotes membrane potential homeostasis. Notably, colicin V
mediates its bactericidal action by disrupting the membrane potential of the inner
membrane (62, 63). If AcvpA mutants have heightened sensitivity to perturbations of
membrane potential, this could explain why they cannot produce functional colicin V.
Maintenance of ion homeostasis and membrane potential is a critical function for all
bacterial species. DOC may represent a stimulus that leads to perturbation of ion levels;
other stimuli that lead to similar perturbations are likely encountered in the disparate
niches inhabited by the diverse bacterial species encoding CvpA homologs. Clearly,
additional biochemical studies to elucidate the mechanistic bases of CvpA function are
warranted.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains were cultured in LB medium or on LB
agar plates at 37°C. Antibiotics and supplements were used at the following concentrations: 20 ug/ml
chloramphenicol (Cm), 50 wg/ml kanamycin (Km), 10 ug/ml gentamicin (Gm), 50 ug/ml carbenicillin
(Cb), 0.3 mM diaminopimelic acid (DAP), 1% deoxycholate (DOC), 0.1 mM isopropyl-3-p-1-thiogalacto-
pyranoside (IPTG).

A gentamicin-resistant mutant of E. coli O157:H7 strain EDL933 (Alacl:aacC1) (22) was used in all
experiments in this study as the wild type (WT). All mutants were constructed in this strain background
using standard allelic exchange techniques (64) with the pTOX plasmid system (65) or lambda red
recombineering (66).

Colicin V production and immunity operons and endogenous promoters were cloned from plasmid
pColV-K30:Tn70 (a gift from Roberto Kolter) into pBR322 (yielding pBR322-ColV) using isothermal as-
sembly. The resulting plasmids were transformed into WT or AcvpA strains.

To construct inducible N- or C-terminal sfGFP fusions to CvpA, the sfGFP sequence was amplified
from pBad-sfGFP (Addgene plasmid no. 85482) and linked to the cvpA sequence amplified from EHEC
genomic DNA with the linker sequence GCAGCGGCCGGCGGAGGG through isothermal assembly into
PMMB207’s (67) (ATCC no. 37809) multiple cloning site (MCS). Similarly, to construct the rpoE expression
plasmid, the rpoE sequence was amplified from genomic DNA and cloned into the pMMB207 MCS. The
resulting plasmids were transformed into WT or AcvpA strains by electroporation.

ColV production assay. pBR322-ColV was transformed into WT or AcvpA strains. Individual colonies
of either strain were selected and grown overnight in LB-Carb and then normalized to an optical density
at 600 nm (ODy,,) of 0.5. To prepare indicator plates, 100 ul of WT EHEC was added to 5 ml of 0.8% mol-
ten LB agar, vortexed to mix, and then poured quickly onto prewarmed LB plates, which were allowed
to solidify undisturbed. Five microliters of OD,, 0.5 ColV-producing strain (WT or AcvpA strain trans-
formed with pBR322-ColV) was jabbed into soft agar plate and incubated upright overnight at 37°C. The
next day, plates were examined for zones of clearing around the ColV-producing strain.

DOC sensitivity assay. To determine sensitivity to DOC, each strain was grown at 37°C until the
mid-exponential phase (OD,,, = 0.5). For inducible expression, at the mid-exponential phase, IPTG was
added to a final concentration of 1 mM, and cells were incubated at 37°C shaking for 1 h. Cultures were
normalized to an OD,, of 0.5, serially diluted, and plated onto LB agar plates with and without 1% DOC
and 0.1 mM IPTG.

Microscopy. To prepare sfGFP-CvpA fusion cells for microscopy, strains were grown to the mid-ex-
ponential phase (ODy,, = 0.5). IPTG was then added to a final concentration of 1 mM. After 1 h, cells
were stained with the membrane dye FM4-64 as described previously (38, 68). Briefly, 1 wg/ml FM4-64
was added to 100 ul of culture and incubated at room temperature for 5 min. To prepare pColV-contain-
ing cells for microscopy, overnight culture was first normalized to an ODq,, of 0.5. A 3-ul aliquot of cul-
ture was then immobilized on 0.8% agarose pads and imaged with a Nikon Ti Eclipse microscope
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equipped with a wide-field Andor NeoZyla camera and a 100x oil phase 3 1.4-numerical-aperture objec-
tive. Images were processed in ImagelJ/FlJI (69).

MIC. To determine MIC values of various compounds listed in Table 1, an assay was performed as
described previously (22, 70). Briefly, compounds to be tested were prepared in serial 2-fold dilutions in
LB (50 ul total volume) in a 96-well plate. Overnight cultures of bacterial strains were diluted 1:1,000 in
LB, grown for 1h at 37°C, and then diluted again 1:1,000 in LB. Fifty microliters of this diluted culture
was added to each well. Plates were incubated statically for 24 h at 37°C.

Transposon insertion library construction. TIS libraries were generated in EHEC EDL933 Alacl:
aacC1 and AcvpA mutant backgrounds as described previously (22). Briefly, conjugation was performed
to transfer the transposon-containing suicide vector pSC189 (71) from a DAP-auxotrophic donor strain
(E. coli MFDApir) into the recipient strain. Overnight culture of donor and recipient (600 ul each) was pel-
leted, washed with 1 ml LB, and resuspended in 60 ul LB (each). The cultures were mixed and spotted
onto a 0.45-um hemagglutinin filter (Millipore) on an LB-DAP agar plate and incubated at 37°C for 1 h.
The filters were then washed in 24 ml LB and immediately spread across three 245-mm? (Corning) LB-
agar plates containing Gm and Km and incubated overnight at 37°C. Plates were scraped to collect colo-
nies, which were resuspended in LB and stored as 1-ml aliquots in LB plus 20% glycerol (vol/vol) at —80°
C. An aliquot was thawed, and genomic DNA (gDNA) was isolated for analysis.

DOC-selected TIS library. Aliquots of WT and AcvpA library were thawed and diluted to an ODy,, of
1 with LB. Five milliliters of each diluted culture was added to a flask with 75 ml of LB. The cultures were
grown with shaking at 37°C for 1 h, at which their OD,,, values were measured as ~0.25. Each respective
culture (5ml) was plated on one of two 245-mm? (Corning) LB-agar plates containing Gm and Km and
on one of two plates containing Gm and Km and 1% deoxycholate (DOC). Plates were incubated over-
night (~16 h) at 37°C and immediately scraped to collect colonies. Colonies were resuspended in LB and
stored as 1-ml aliquots in LB plus 20% glycerol (vol/vol) at —80°C.

Characterization of transposon insertion libraries. Transposon insertion libraries were character-
ized as described previously (22). Briefly, for each library, gDNA was isolated using the Wizard genomic
DNA extraction kit (Promega). gDNA was fragmented to 400 to 600 bp using a Covaris E200 sonicator
and end repaired using the NEB Quick Blunting kit. PCR was used to amplify transposon junctions, and
PCR products were gel purified to recover 200- to 500-bp fragments. To estimate library concentration,
purified PCR products were subjected to quantitative PCR (qPCR) using primers designed for the
lllumina P5 and P7 hybridization sequences. Libraries were mixed in an equimolar fashion and
sequenced with a MiSeq instrument. Sequencing information is available at GEO (accession number
GSE162346).

Reads were trimmed of transposon and adapter sequences using CLC Genomics Workbench
(Qiagen) and mapped to E. coli O157:H7 EDL933 (NCBI accession numbers NZ_CP008957.1 [chromo-
some] and NZ_CP008958.1 [pO157 plasmid]) using Bowtie, allowing for no mismatches. Reads were dis-
carded if they did not map to any sites in the genome, and reads mapping to multiple sites were ran-
domly distributed. The data were normalized for chromosomal replication biases and differences in
sequence depth using a LOESS correction of 100,000-bp (chromosome) and 10,000-bp (plasmid) win-
dows. Reads at each TA site were tallied and binned by protein-coding gene.

For identification of loci with synthetic fitness between WT and the AcvpA mutant, the Con-ARTIST
pipeline was used (19, 22). First, the WT library was normalized to simulate any bottlenecks or differen-
ces in sequencing depth as observed in the AcvpA library using multinomial distribution-based random
sampling (n=100). Next, a Mann-Whitney U test was applied to compare these 100 simulated data sets
to the AcvpA mutant library. Genes for which there were more than 5 individual transposon insertion
mutants were considered to have sufficient data for analysis (otherwise “insufficient data”). Genes for
which mutant abundance in the AcvpA background was a mean log, fold change (log,FC) of >2 com-
pared to the WT with a P value of <0.05 were considered to be “synthetic healthy,” while genes with a
mutant abundance log,FC of <—2 compared to the WT with a P value of <0.05 were considered to be
“synthetic sick.” The remaining genes were classified as “neutral.”

A similar analysis was performed to identify mutants conditionally depleted or enriched in 1% DOC
compared to LB for each strain. First, for each strain, the LB library was normalized to simulate any bot-
tlenecks or differences in sequencing depth as observed in the corresponding 1% DOC library using
multinomial distribution-based random sampling (n = 100). Next, a Mann-Whitney U test was applied to
compare these 100 simulated data sets to the 1% DOC mutant library. Genes for which there were more
than 5 individual transposon insertion mutants were considered to have sufficient data for analysis (oth-
erwise insufficient data). Genes for which mutant abundance in the 1% DOC background has a mean
log,FC of =2 compared to the WT with a P value of <0.05 were considered to be “enriched,” while genes
with a mutant abundance log,FC of =—2 compared to the WT with a P value of <0.05 were considered
to be “depleted.” The remaining genes were classified as “neutral.”

Spontaneous suppressor isolation and sequencing. To isolate and identify spontaneous suppres-
sor mutations, the AcvpA mutant was first grown to the mid-exponential phase (ODg,, = 0.5). Two millili-
ters of this culture was plated on a 150- by 15-mm (Fisher) LB agar plate containing 1% DOC and incu-
bated for 24 h at 37°C. The next day, suppressor colonies were picked and restreaked on LB agar plates
containing 1% DOC. Fifteen suppressor colonies were picked, grown overnight, and subjected to gDNA
isolation with the Wizard genomic DNA extraction kit (Promega). gDNA from the AcvpA mutant was also
isolated as the parental control strain. gDNA was either submitted for sequencing at the Microbial
Genome Sequencing Center at the University of Pittsburgh or prepared for whole-genome sequencing
in-house using the Nextera XT DNA library preparation kit (Illumina). Libraries were sequenced using the
NextSeq 550 or MiSeq platforms, respectively.
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used to create a topological diagram, which originally appeared in Warr et al. (22).

Journal of Bacteriology

Reads were mapped to the E. coli 0157:H7 EDL933 genome (NCBI accession numbers NZ_CP008957
.1 [chromosome] and NZ_CP008958.1 [pO157 plasmid]) using CLC Genomics Workbench (Qiagen) with
default parameters. Basic variant detection was performed, assuming a ploidy of one and filtering out
variants with a frequency of less than 35%. Known variants were filtered against the AcvpA strain.
Variant calls were then manually curated to identify SNPs with a frequency greater than 90%.

Bioinformatics/protein prediction. Protein predictions about CvpA structure were inferred from
several programs, namely, PSLPred, HHPred, Phobius, Phyre2, and SPOCTOPUS (72-76). Protter (77) was

The topology diagram for CvpA was made using Protter. To examine the conservation of the CvpA
amino acid sequence across bacterial phyla, we used AnnoTree version 89 (53). The query term “CvpA”
(Kyoto Encyclopedia of Genes and Genomes [KEGG] orthology K03558) was used to find bacterial pro-
teins with at least 30% identity and 70% alignment across 27,000 genomes. A total of 20 CvpA sequen-
ces from genomes across bacterial phyla were selected for comparison and aligned using MUSCLE (78)
within the MEGA X platform (79) using default parameters.
Data availability. Sequencing reads and processed data for transposon insertion sequencing (Tn-
Seq) experiments are available in the Gene Expression Omnibus (GEO) repository under accession num-
ber GSE162346.
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