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Loss of RNA Chaperone Hfq Unveils a Toxic Pathway in

Pseudomonas aeruginosa
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ABSTRACT Hfq is an RNA chaperone that serves as a master regulator of bacterial
physiology. Here we show that in the opportunistic pathogen Pseudomonas aerugi-
nosa, the loss of Hfg can result in a dramatic reduction in growth in a manner that
is dependent upon MexT, a transcription regulator that governs antibiotic resistance
in this organism. Using a combination of chromatin immunoprecipitation with high-
throughput sequencing and transposon insertion sequencing, we identify the MexT-
activated genes responsible for mediating the growth defect of hfg mutant cells.
These include a newly identified MexT-controlled gene that we call hilR. We demon-
strate that hilR encodes a small protein that is acutely toxic to wild-type cells when
produced ectopically. Furthermore, we show that hilR expression is negatively regu-
lated by Hfq, offering a possible explanation for the growth defect of hfg mutant
cells. Finally, we present evidence that the expression of MexT-activated genes is de-
pendent upon GshA, an enzyme involved in the synthesis of glutathione. Our find-
ings suggest that Hfg can influence the growth of P. aeruginosa by limiting the toxic
effects of specific MexT-regulated genes. Moreover, our results identify glutathione
to be a factor important for the in vivo activity of MexT.

IMPORTANCE Here we show that the conserved RNA chaperone Hfq is important
for the growth of the opportunistic pathogen Pseudomonas aeruginosa. We found
that the growth defect of hfg mutant cells is dependent upon the expression of
genes that are under the control of the transcription regulator MexT. These include
a gene that we refer to as hilR, which we show is negatively regulated by Hfgq and
encodes a small protein that can be toxic when ectopically produced in wild-type
cells. Thus, Hfg can influence the growth of P. aeruginosa by limiting the toxic ef-
fects of MexT-regulated genes, including one encoding a previously unrecognized
small protein. We also show that MexT activity depends on an enzyme that synthe-
sizes glutathione.

KEYWORDS chromatin immunoprecipitation, glutathione, MexT, RNA binding
proteins, transcription factors, transposon mutagenesis

seudomonas aeruginosa is an opportunistic pathogen of humans and the leading

cause of morbidity and mortality in cystic fibrosis (CF) patients (1). P. aeruginosa
infections are difficult to treat, in part due to the intrinsic resistance of P. aeruginosa to
a wide range of antibiotics (2, 3). The activation of several energy-dependent multidrug
efflux pump systems has been shown to confer enhanced antibiotic resistance and has
emerged as an important mechanism for the acquisition of multidrug resistance in P.
aeruginosa (4).

The MexEF-OprN multidrug efflux pump has been shown to confer resistance to
norfloxacin, quinolones, imipenem, and chloramphenicol (5). Mutations that lead to the
constitutive expression of mexEF-oprN are readily isolated in vivo (6, 7) and in vitro (8).
Among these are mutations that enhance the activity of MexT, a LysR-type transcription
activator that positively regulates the expression of mexEF-oprN (8-13). Interestingly,
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mutations that diminish or abolish the activity of MexT can be selected for in vivo and
have been shown to enhance known virulence traits of P. aeruginosa (14). Thus, MexT
serves as an important regulator of P. aeruginosa biology by reciprocally regulating
virulence and antibiotic resistance.

The regulator Hfg, an RNA chaperone protein, has been shown to regulate diverse
cellular processes in many bacterial species. Hfq can recognize specific sites on the RNA
and typically represses the translation of target transcripts or influences their stability
(15). Hfq is thought to mediate many of its regulatory effects by facilitating interactions
between small regulatory RNAs and target mRNAs (16). However, there are instances in
which Hfq is thought to exert its regulatory effects without the assistance of any small
RNA (sRNA) species (17-19). In P. aeruginosa, Hfq plays important roles in the control
of catabolite repression and is essential for virulence (20). Transcriptomic studies
suggest that Hfq influences the expression of hundreds of genes in P. aeruginosa (17,
21-23). A recent chromatin immunoprecipitation and high-throughput sequencing
(ChIP-seq) study revealed that Hfq targets more than 600 nascent transcripts in this
organism (24). The loss of hfq in P. aeruginosa has been shown not only to reduce
several virulence traits, such as pyocyanin production or motility, but also to result in
severely diminished growth on nonpreferred carbon sources (20). Indeed, Hfq is
important for the growth or virulence of many different bacterial species (20, 25-34).

In this work, we sought to identify genes that contribute to the severe growth defect
that we observed when P. aeruginosa strain PAO1 cells lacking hfqg were grown on
lysogeny broth (LB) agar. We discovered that deleterious mutations in mexT restore the
growth of cells lacking hfq because they abrogate the MexT-dependent activation of
mexEF and a previously uncharacterized gene, PA1942, referred to here as hilR. We
demonstrate that Hfg regulates the expression of hilR and that the glutathione bio-
synthesis enzyme GshA is required for MexT-dependent transcription activation.

RESULTS

Loss of Hfq in P. aeruginosa results in a severe growth defect on LB agar. In the
course of studying a small regulatory RNA in P. aeruginosa strain PAO1, we constructed
a mutant derivative containing an in-frame deletion of hfq and thus lacking the RNA
chaperone Hfg. PAO1 Ahfq mutant cells produced very small colonies when grown on
LB agar that were apparent only after 2 to 3 days of incubation at 37°C (Fig. 1A and B).
The severe growth defect of the PAOT Ahfq mutant cells could be complemented by
supplying hfg on a plasmid (see Fig. S1 in the supplemental material), indicating that
the growth defect of our PAO1 Ahfq mutant was due to the loss of Hfq.

A modest growth defect has previously been reported for P. aeruginosa PAO1 Ahfqg
mutant cells cultured in LB liquid medium (20); however, we found the growth of our
PAO1 Ahfg mutant cells in LB to be substantively reduced relative to that of wild-type
cells (Fig. 1C). Nevertheless, the growth defect of our PAO1 Ahfg mutant cells appeared
to be much more pronounced when grown on LB agar than when grown in LB liquid
(Fig. 1A to Q). Taken together, our findings suggest that Hfq is critical for the growth of
P. aeruginosa strain PAO1 when grown on LB agar.

To determine whether Hfq is important for the growth of P. aeruginosa strains other
than PAO1, we created an in-frame deletion of hfqg in cells of the clinical isolate strain
PA99 (35). PA99 Ahfq mutant cells exhibited a dramatic growth defect relative to
wild-type cells when grown on LB agar (Fig. S2). This finding suggests that Hfq may be
critical for the growth of a variety of P. aeruginosa strains on LB agar.

Prior work suggested that PAO1 Ahfg mutants can grow in minimal medium
(no-carbon E broth [NCE]) supplemented with succinate as a sole carbon source (NCE-
succinate) but are unable to grow in minimal medium supplemented with glucose (20). We
found that our PAO1 Ahfq mutant cells produced colonies of a similar size to wild-type
colonies when grown on NCE-succinate agar plates (Fig. S3A and B). Thus, Hfq does not
appear to be critical for the growth of P. aeruginosa strain PAO1 under all conditions.

Loss of MexT suppresses the pronounced growth defect of PAO1 Ahfg mutant
cells. We noticed that cells of our PAO1 Ahfg mutant strain gave rise to both small
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FIG 1 The growth defect of PAO1 Ahfq mutant cells is suppressed by the loss of mexT. (A) Colonies of
strains bearing markerless in-frame deletions of the genes indicated grown on LB agar at 37°C for 72 h.
Bar, 5 mm. (B) Sizes of the colonies from panel A. The values are the means for 20 colonies relative to the
size of colonies from PAO1 Ahfg mutant cells; error bars indicate =1 standard deviation. P values were
determined by one-way Student’s t test. ***, P < 0.001; n.s., not significant. (C) Growth of PAO1, PAO1
AmexT, PAO1 Ahfq, and PAO1 AmexT Ahfg mutant cells in LB, recorded by measuring the ODg, of cells
cultured at 37°C for 24 h.

colonies and some colonies of a larger size when plated on LB agar (Fig. 1A). We
surmised that the loss of hfq caused a profound growth defect on LB agar that could
be suppressed by a spontaneous secondary mutation (or mutations) that enhanced cell
growth. To test this idea, we selected 18 large colonies that arose when cells of our
PAO1 Ahfg mutant strain were grown for 2 days at 37°C on LB agar. Whole-genome
sequencing of putative suppressor mutant strains revealed that, in addition to the hfg
deletion, the suppressor mutants that we tested contained either a single nucleotide
polymorphism (SNP), a large chromosomal deletion, or multiple mutations (Table 1). Six
independent SNPs in the mexT gene, encoding the LysR-type transcription regulator
MexT (36), were discovered in different putative suppressor mutant strains (Table 1). In
addition, cells of four other putative suppressor strains contained large deletions that
encompassed the mexT gene (i.e., PA2492) (Table 1). The results of our whole-genome
sequencing analyses suggest that the growth defect of cells lacking hfq can be suppressed
through a variety of mutations, including different SNPs and deletions. Furthermore, our
findings raised the possibility that the loss of mexT or mutations that reduce either the
activity or the abundance of MexT can suppress the growth defect of our PAO1 Ahfg
mutant cells.

TABLE 1 Identification of mutations that suppress the small-colony phenotype of PAO1 Ahfg mutant cells?

Journal of Bacteriology

Mutation type Mutations

SNP MexT (R28H), MexT (Q185fs), MexT (R46H), MexT (G105S), MexT (P127L), GItR (S34fs), PA2114 (G363D),
PA4753 (L83syn), PtsP (S697W)

Deletion APA2466-PA2551, APA2222-PA2503, APA2424-PA2503, APA2251-PA2494

Multiple mutations APA1906-PA2318 and Dup(PA4217-PA4280), PtsP (S697W) and MexT (E19D), APA2073-PA2213 and

PtsP (S697W), APA2108-PA2219 and GItR (S34fs), Dup(PA2690-PA3434) and PA2114 (G363D)

aWhole-genome sequencing identified mutations associated with a restoration in the growth of PAO1 Ahfg mutant cells for 18 strains. The relevant amino acid
changes resulting from SNP mutations are indicated in parentheses. fs, a SNP that results in a frameshift subsequent to the specified amino acid; syn, a SNP mutation
that results in a synonymous substitution of the specified amino acid; A, a deletion; Dup, a duplication that encompasses the genes included in parentheses. The
amino acid changes indicated for MexT are based on the sequence of mexT from MPAO1 (GCA_000247435.2), encoding a protein with 304 amino acid residues,

which is identical to the sequence of mexT in our PAO1 strain.
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To test explicitly whether the loss of mexT could suppress the growth of our PAO1
Ahfq mutant cells, we deleted hfq in PAO1 cells that contained a deletion of mexT. We
found that the loss of hfq did not appear to profoundly reduce the growth of cells
containing the AmexT mutation on LB agar (Fig. 1A and B). The sizes of colonies from
PAO1 AmexT mutant cells were similar to those of wild-type colonies (Fig. 1A and B),
suggesting that the loss of mexT can suppress the growth defect of PAOT mutant cells
lacking Hfg. Consistent with this interpretation, ectopic expression of mexT was found
to inhibit the growth of the PAOT AmexT Ahfq mutant cells (i.e., to complement the
phenotype of the AmexT mutation in the Ahfg mutant background) (Fig. S4). Further-
more, comparison of the growth of wild-type PAO1, PAO1 AmexT, PAO1 Ahfq, and
PAO1 AmexT Ahfq mutant cells in LB indicated that the AmexT mutation partially
restored the growth rate of Ahfg mutant cells but had no significant impact on the
growth of otherwise wild-type (i.e., hfg™) cells (Fig. 1C). These findings suggest that the
loss of mexT can suppress the growth defect observed in PAO1 Ahfg mutant cells grown
either on LB agar or in LB.

Identification of MexT target genes using ChIP-seq. Because MexT primarily
functions as a transcription activator (36), we suspected that the loss of mexT in PAO1
Ahfg mutant cells contributed to restored growth in LB due to a reduction in expression
of a MexT-activated gene whose product is important for the effect of a Ahfg mutation
on growth. To identify genes that might be direct regulatory targets of MexT, we used
chromatin immunoprecipitation and high-throughput sequencing (ChIP-seq). First, we
generated a strain expressing a C-terminal vesicular stomatitis virus glycoprotein (VSV-G)
epitope-tagged version of MexT (MexT-V) from the native mexT locus. We grew wild-type
PAO1 and PAO1 MexT-V cells to mid-log and stationary phases and performed chro-
matin immunoprecipitation (ChIP) for the VSV-G epitope. ChIP of MexT-V reproducibly
enriched 22 genomic loci greater than 2-fold relative to their expression in the
wild-type PAO1 mock control in either the mid-log or stationary phase of growth (Table
S1). We found that MexT associates with chromosomal regions found upstream of the
vast majority of genes previously demonstrated to be positively regulated by MexT (36),
including the MexT-activated mexEF-oprN and mexS loci (Fig. 2A and Table S1). The
MexT-binding motif derived from our ChlIP-seq study (Fig. 2F) is in good agreement
with the predicted MexT-binding motif found upstream of known MexT-regulated
genes (36).

We identified two novel targets for MexT using ChIP-seq and sought to determine
whether MexT regulates the expression of the associated genes. The MexT association
occurred proximal to PA1333 (Fig. S5) and PA1942 (Fig. 2B). Consistent with the idea
that MexT positively regulates the expression of these genes, we found, using quanti-
tative reverse transcriptase PCR (qRT-PCR), that the abundance of the PA7942 and
PA1333 transcripts was dramatically decreased in the absence of mexT in a manner that
could be complemented with ectopic expression of mexT (Fig. 2E and S6). Similarly,
gRT-PCR revealed that the expression of the known MexT-activated mexE and mexS
genes was positively regulated by MexT in our strain of PAO1 (Fig. 2C and D). We note
that prior analyses performed using a neural network-based feature extraction ap-
proach suggested that PA7942 might be part of the MexT regulon (37).

Tn-seq reveals MexT-activated genes with toxicity in Ahfg mutant cells. Having
identified the set of MexT target genes in PAOT, we next sought to determine whether
the expression of one or more of these genes contributes to the growth defect seen in
Ahfg mutant cells grown on LB agar. To do this, we used transposon mutagenesis and
high-throughput sequencing (Tn-seq) to comprehensively identify genes whose inac-
tivation suppressed the growth defect of Ahfqg mutant cells. In particular, we first
generated a library with ~300,000 independent transposon insertions in PAO1 Ahfg
mutant cells grown on NCE-succinate agar (conditions under which the selection of
spontaneous mutant suppressors is reduced). Then, we screened a pool of ~30,000,000
colonies from this library (i.e., 100X coverage of the mutant library) on LB agar. We
purified genomic DNA (gDNA) from cells grown on LB agar as well as DNA from cells
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FIG 2 MexT associates with the mexS, mexE, and PA1942 genes. (A, B) ChIP-seq with MexT-V identifies enrichment peaks
near mexS and mexE (A) as well as PA1942 (B) in cells grown to mid-log phase. Genes are indicated by arrows at the bottom
of each panel. (C to E) Expression of the mexE (C), mexS (D), or PA1942 (E) gene, measured by qRT-PCR, in PAO1 cells

transformed with plasmid pPSPK (indicated the empty vector [EV]) or PAO1 AmexT mutant cells transformed with EV or

plasmid pPSPK-mexT (pmexT). All cells were grown in LB to mid-log phase, and then IPTG (1 mM), which induces expression
of mexT in cells containing pmexT, was added for 1 h. The relative abundance of each transcript was normalized to that
of clpX. P values were determined by a one-way ANOVA and Tukey’s HSD test. *, P < 0.05; **, P < 0.01. The primers used
to amplify a transcript within the PA7942 ORF are the same as those used to amplify a transcript within the hilR ORF. (F)
Sequence logo representation of the experimentally determined MexT-binding site motif derived from nonredundant

sequences in Table S1 in the supplemental material. The logo was generated using the MEME program.

of the input library (originally harvested from cells grown on NCE-succinate agar),
created sequencing libraries, and mapped reads corresponding to transposon inser-
tions to the PAO1 genome. We expected that reads mapping to transposon insertions
that resulted in large colonies on LB agar would be overrepresented in genomic DNA
isolated from cells of the library which had been grown under these conditions relative
to genomic DNA isolated from cells of the input library which had been grown on
NCE-succinate.

We found that there were 38 intragenic or intergenic regions with statistically
significant increases (>2-fold) in the number of reads mapping to transposon insertions
under the LB agar growth condition relative to the NCE-succinate growth condition
(Table S2). Consistent with our whole-genome sequencing results, reads mapping to
transposon insertions in the mexT gene were more abundant in cells of the transposon-
mutagenized PAO1 Ahfq mutant library grown on LB agar than in cells of the input
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FIG 3 MexT-activated genes mexE and PA1942 contribute to the growth defect observed in Ahfg mutant
cells. (A, B) Tn-seq profiles for genomic regions spanning mexT-oprN (A) or PA1942 (B) from analyses
performed in the PAO1 Ahfq mutant strain grown on NCE-succinate or LB agar. The bars above the locus
map represent transposon insertion sites, and the height of each bar indicates the number of normalized
sequencing reads at that site. (C) Colonies of strains bearing markerless in-frame deletions of the genes
indicated grown on LB agar at 37°C for 72 h. Bar, 5 mm. (D) Sizes of the colonies from panel C. The values
are the means for 20 colonies relative to the size of colonies from PAO1 Ahfg mutant cells; error bars
indicate =1 standard deviation. P values were determined by one-way Student’s t test. ***, P < 0.001; n.s.,
not significant.

library. Importantly, we discovered that insertions in the MexT-regulated genes PA1942,
mexE, and mexF were overrepresented in cells grown on LB agar (Fig. 3A and B). This
suggested that insertional inactivation of these MexT-regulated genes enhanced the
growth of Ahfg mutant cells on LB agar. It is noteworthy that no other MexT-regulated
gene described previously or here was identified to be a putative suppressor of the
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growth defect of Ahfg mutant cells. These results suggest that the MexT-dependent
activation of PA1942, mexE, and mexF results in toxicity in cells lacking Hfq.

To test whether the loss of the MexT-activated PA1942, mexE, and mexF genes
contributed to the growth defect seen in PAO1 Ahfq mutant cells grown on LB agar, we
first constructed PAOT mutants that contained in-frame deletions of PA1942, mexEF, or
PA1942 together with mexEF in PAO1. We then deleted hfq in each of the resulting
PAO1 AmexEF, PAO1 APA1942, and PAO1 AmexEF APA1942 mutant cells. The results,
depicted in Fig. 3C and D, suggest that the loss of PA1942 or mexEF can suppress the
growth defect of PAO1 Ahfg mutant cells grown on LB agar. We observed that the loss
of PA1942 had a greater suppressive effect than the loss of mexEF on the growth of Ahfg
mutant cells but that none of these mutations restored growth to the same extent as
a AmexT mutation. However, the loss of PA71942 and mexEF combined resulted in a
similar effect as the loss of mexT on the growth of Ahfq mutant cells (Fig. 3C and D).
Taken together, these findings suggest that the MexT-dependent activation of mexEF
and PA1942 expression is responsible for the growth defect of Ahfg mutant cells on LB
agar (Fig. 3C and D).

hilR encodes a small protein that can be toxic in P. aeruginosa. The PA1942 gene
is predicted to encode a small hypothetical protein of unknown function. We used our
MexT ChIP results to identify a putative MexT-binding site near PA7942. We observed
that our predicted MexT-binding site overlapped the annotated open reading frame
(ORF) for PA1942. Reasoning that the PA7942 ORF was likely misannotated, we identi-
fied a putative promoter downstream of the predicted MexT-binding site and identified
two possible ORFs downstream of this promoter, the longer of which (referred to
henceforth as hilR, for Ahfg-interacting locus regulating growth) is in frame with the
annotated ORF of PA7942. When placed downstream of an arabinose-inducible pro-
moter on a plasmid vector, the portion of PA7942 containing the hilR ORF could restore
the growth defect observed in Ahfg mutant cells to cells of the APA1942 Ahfq mutant
grown on medium supplemented with arabinose (Fig. S7). Induction of the portion of
PA1942 containing the hilR ORF was toxic to cells of wild-type PAO1 (Fig. 4A). These
data suggest that ectopic expression of hilR can be detrimental to the growth of
wild-type cells. To determine whether the hilR ORF was required for the toxic effect
observed in wild-type cells, we engineered a mutant version of our plasmid with the
portion of PA1942 containing the hilR ORF in which a stop codon was introduced early
on in the hilR ORF but the second ORF was left unaltered. Cells containing this mutated
version of the arabinose-inducible hilR expression construct grew just as well on
medium supplemented with arabinose as they did on medium that lacked arabinose
(Fig. 4A). This result is consistent with HilR being translated from the hilR ORF,
producing a small, toxic protein of only 44 amino acids.

Hfq represses the expression of hilR. Given that ectopic expression of the hilR
gene is toxic in wild-type cells, we predicted that the detrimental effect of the hilR
gene in Ahfqg mutant cells could result from an effect of hfqg on the MexT-dependent
activation of hilR expression. We measured the abundance of the hilR transcript in PAO1
wild-type, PAO1 Ahfg, and PAO1 AmexT Ahfg mutant cells grown to mid-log phase. We
found that hilR expression was modestly, but reproducibly, elevated in Ahfqg mutant
cells and dramatically decreased in AmexT Ahfq mutant cells (Fig. 4B). These findings
raised the possibility that the growth defect of Ahfq mutant cells could result from an
increase in MexT-dependent activation of hilR. Indeed, we found that, like hilR, the
abundance of the MexT-regulated mexS transcript was slightly higher in Ahfqg mutant
cells than in wild-type cells (Fig. S8A). However, the abundance of the mexE and mexT
transcripts was modestly decreased in Ahfg mutant cells compared to wild-type cells
(Fig. S8B and Q). These findings suggest that Hfq might independently exert a negative
effect on the expression of certain MexT-regulated genes, such as mexS and hilR.

To determine whether the observed increase in hilR transcript abundance in Ahfq
mutant cells led to an increase in the intracellular concentration of HilR, we created an
epitope-tagged version of hilR by introducing a tandem affinity purification (TAP) tag
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FIG 4 hilR encodes a toxic small protein, and hilR expression is regulated by Hfq. (A) PAO1 cells were
transformed with plasmids pHerd20T (EV), pHerd20T-hilR (philR), or pHerd20T-hilRmut1 (philRmutT), and
transformants were selected on LB agar with 200 ng ml~" carbenicillin. Single colonies were mixed in
phosphate-buffered saline (PBS), normalized for cell density (OD,,, = 0.1), and serially diluted, and 7.5 ul
of each dilution (10~2 to 10~¢) was spotted onto LB agar with 200 ng ml—" carbenicillin with and without
0.1% arabinose before incubation at 37°C for 24 h. (B) Expression of hilR measured by qRT-PCR in PAO1,
PAO1 Ahfq, and PAO1 AmexT Ahfq cells grown in LB to mid-log phase. The relative hilR transcript
abundance was normalized to c/pX transcript levels. The primers used to amplify a transcript within the
hilR ORF are the same as those used to amplify a transcript within the PA7942 ORF. P values were
determined by a one-way ANOVA and Tukey's HSD test. *, P < 0.05, **, P < 0.01. (C) Results of Western
blot analysis of HilR-TAP in PAOT HilR-TAP and PAO1 HilR-TAP Ahfq cells. The RNA polymerase alpha
subunit was used as a loading control. The bar graph shows the quantitation of HilR-TAP relative to the
abundance of the RNA polymerase alpha subunit from a representative experiment performed with
biological triplicates. P values were determined by one-way Student’s t test. *, P < 0.05; **, P < 0.01.

in frame with the predicted hilR ORF at the endogenous chromosomal locus. We also
constructed an additional strain in which we deleted hfq in cells synthesizing HilR-TAP.
Western blot analysis of PAO1 HilR-TAP and PAO1 Ahfg HilR-TAP cells grown to mid-log
phase revealed that HilR-TAP is more abundant in cells of the Ahfqg mutant (Fig. 4C).
Consistent with our observation that mexT transcript abundance is unchanged in Ahfq
mutant cells, we found that MexT protein abundance in Ahfq mutant cells was
unchanged from that in wild-type cells (Fig. S9). Taken together, our results suggest
that an increase in the abundance of HilR in Ahfq mutant cells could contribute to the
observed hilR-influenced growth defect in these mutants.

Expression of mexS promotes the growth of Ahfqg mutant cells by inhibiting
MexT activity. Previous work on nfxC-type resistance to antibiotics in P. aeruginosa
found that mutations in mexS contribute to resistance by promoting MexT-dependent
activation of the mexEF-oprN genes, encoding an RND-type efflux pump (38). These
findings suggest that MexS antagonizes the function of MexT (38). However, other work
suggested that MexS might function by stimulating the activity of MexT (39). We
reasoned that if MexS functions to antagonize MexT activity, then expression of mexS
would rescue the growth defect observed in Ahfqg mutant cells. We found that ectopic
expression of mexS promoted the growth of Ahfqg mutant cells (Fig. 5A). Furthermore,
ectopic expression of mexS had no obvious effect on the growth of PAO1 AmexT Ahfq
mutant cells (Fig. 5A). This suggests that mexS antagonizes the function of MexT in Ahfg
mutant cells. Consistent with this idea, we found that ectopic expression of mexS in
wild-type cells decreased the expression of the MexT-activated genes implicated in the
growth defect observed in Ahfg mutant cells (Fig. 5B and C).
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Loss of MexS causes a GshA- and MexT-dependent growth defect. In order to
test the effects of the loss of mexS on MexT-activated gene expression, we introduced
a stop codon early on in the mexS gene (at codon 9), producing the mexS Q9stop
mutant. Surprisingly, we discovered that colonies of the mexS Q9stop mutant were of
variable size when plated on LB. We purified a single small-colony variant and a single
large-colony variant (Fig. 5D) and performed whole-genome sequencing to identify
possible secondary mutations that might account for the differences in colony size. In
the small-colony variant, in addition to the mexS Q9stop mutation, we discovered a
large-scale duplication from PA2690 to PA3434 [Dup(PA2690-PA3434)], which was also
discovered in our screen of spontaneous suppressors of the growth defect of Ahfg
mutant cells (Table 1). In the large-colony variant, in addition to the mexS Q9stop
mutation, we discovered a single missense mutation in the gshA gene, encoding a
glutamate-cysteine ligase that is involved in glutathione synthesis. Ectopic expression
of wild-type gshA in cells of this large-colony variant resulted in a reduction in colony
size when cells were grown on LB (Fig. 5E). In addition, we generated an in-frame
deletion of mexS in AgshA mutant cells and observed a similar reduction in colony size
upon ectopic expression of gshA in these AgshA AmexS double mutants (Fig. 5E). These
findings suggest (i) that mexS is important for the growth of P. aeruginosa and (ii) that
the mutant form of GshA made by the mexS Q9stop large-colony variant (containing
GshA with the amino acid substitution T44P) is less active or less abundant than the
wild-type protein.

Our findings with the mexS Q9stop mutant led us to predict that mexS is critical for
the growth of PAO1 wild-type cells because it inhibits the activity of MexT. Consistent
with this prediction, ectopic expression of gshA inhibited the growth of AgshA AmexS
mutant cells but did not inhibit the growth of cells of a AgshA AmexS AmexT triple
mutant (Fig. S10). Furthermore, ectopic expression of mexT resulted in a growth defect
in wild-type cells grown on LB agar but not in cells of a AmexEF APA1942 mutant (Fig.
S11), suggesting that increased MexT-dependent expression of mexEF and hilR results
in a growth defect in wild-type cells. Finally, in the context of a APA1942 (AhilR) mutant
background, where the loss of MexS would be predicted to be less detrimental to cell
growth, we found that expression of the MexT-activated mexE gene was higher in cells
that lacked mexS (i.e., in AmexS APA1942 mutant cells) than in cells of the APA71942
single mutant and that the effect of deleting mexS could be restored through mexS
ectopic expression (Fig. S12). Taken together, our findings support a model in which the
loss of mexS is detrimental to the growth of P. aeruginosa because it results in an
increase in expression of MexT-activated genes.

GshA is critical for MexT activity. We reasoned that the missense mutation in gshA
arose in the large-colony variant of the mexS Q9stop mutant because it suppressed the
growth defect resulting from the mexS mutation. This raised the possibility that gshA is
important for the activity of MexT. To determine whether or not this was the case, we
measured the expression of MexT-activated genes in both PAO1 wild-type and AgshA
mutant cells. Consistent with the idea that gshA is critical for the activity of MexT, the
expression of the MexT-activated mexE, hilR, and mexS genes was dramatically reduced
in cells of the PAO1 AgshA mutant strain relative to wild-type cells in a manner that
could be restored upon ectopic expression of gshA (Fig. 6A to C). In addition, the loss
of gshA had only a very modest effect on the expression of the mexT gene itself (Fig.
6D). The abundance of MexT-activated transcripts was reduced similarly in AmexT and
AgshA mutant cells (Fig. 2C to E and 6A to C), indicating that GshA is essential for the
activity of MexT. Moreover, these findings suggest that gshA mutations spontaneously
arise in mexS mutant cells because they abrogate the expression of MexT-activated
genes.

DISCUSSION

We have found that Hfq is critical for the growth of P. aeruginosa strain PAO1 on LB
agar. The reduced growth that we observed in these mutant cells was due, at least in
part, to the activities of genes whose expression is positively regulated by MexT. These
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FIG 5 Ectopic expression of mexS mitigates the growth defect of Ahfg mutant cells and reduces the
expression of MexT-activated genes in wild-type cells. (A) PAO1 Ahfq mutant cells were transformed with
pPSPK (EV), PAO1 AmexT Ahfq mutant cells were transformed with plasmid EV or pPSPK-mexS (pmexS),
and transformants were selected on NCE-succinate agar with gentamicin at 30 ng ml~". Single colonies
were mixed in phosphate-buffered saline (PBS), normalized for cell density (OD4o, = 0.1), and serially
diluted, and 7.5 ul of each dilution (102 to 10~°) was spotted onto NCE-succinate agar with gentamicin
at 30 ug ml~" and LB agar with gentamicin at 30 ug ml~' and 5 mM IPTG before incubation at 37°C for
48 h. (B, C) Expression of the mexE (B) or hilR (C) gene, measured by qRT-PCR, in PAO1 cells transformed
with pPSPK (EV), pPSPK-mexT (pmexT), or pPSPK-mexS (pmexS). All cells were grown in LB to mid-log
phase, and then IPTG (1 mM), which induces expression of mexT or mexS in cells containing pmexT or
pmexS, respectively, was added for 45 min. The relative abundance of each transcript was normalized to
that of clpX. P values were determined by a one-way ANOVA and Tukey’s HSD test. **, P < 0.01. (D)
Colonies of strains with the indicated mutations (discovered by whole-genome sequencing) grown on LB
at 37°C for 24 h. Bar, 5 mm. Dup(PA2690-PA3434) indicates a large-scale duplication event of a region of
the chromosome between PA2690 and PA3434. gshA-T44P indicates an SNP that results in a nonsynony-
mous amino acid substitution in GshA. (E) PAO1 mexS-Q9stop gshA-T44P and PAO1 AgshA AmexS cells
were transformed with plasmid pPSPK (EV) or pPSPK-gshA (pgshA), and transformants were selected on
LB agar with gentamicin at 30 ug ml~". Single colonies were mixed in phosphate-buffered saline (PBS),
normalized for cell density (ODg,, = 0.1), and serially diluted, and 7.5 ul of each dilution (10-2 to 10-9)
was spotted onto LB agar with gentamicin at 30 ug ml~" with and without 5 mM IPTG before incubation
at 37°C for 24 h.
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FIG 6 GshA is required for MexT-dependent gene activation. Expression of the mexE (A), hilR (B), mexS
(C), and mexT (D) genes measured by qRT-PCR in PAO1 cells transformed with pPSPK (EV) or PAO1 AgshA
cells with EV or pPSPK-gshA (pgshA). All cells were grown in LB to mid-log phase, and then IPTG (1 mM),
which induces expression of gshA in cells that contain pgshA, was added for 45 min. The relative
abundance of each transcript was normalized to that of c/pX. P values were determined by a one-way
ANOVA and Tukey’s HSD test. *, P < 0.05; **, P < 0.01; n.s., not significant.

include mexEF, encoding components of an RND multidrug efflux pump, as well as the
novel MexT-regulated gene hilR. The expression of hilR is negatively regulated by Hfq,
which may explain why cells lacking this RNA chaperone exhibit a growth defect. We
also identified the direct regulatory targets of MexT using ChIP-seq and obtained
evidence that the activity of this important transcription regulator is dependent upon
GshA, an enzyme involved in the synthesis of glutathione. From our results, we propose
an integrated model for the regulation of a toxic pathway in P. aeruginosa by Hfqg, MexT,
and GshA (Fig. 7).

We report that the previously uncharacterized hilR gene is a MexT-activated gene
that is conserved among P. aeruginosa isolates and that hilR homologs are found in
other species in the Pseudomonas genus. Using genetic approaches, we established
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FIG 7 Proposed model for regulation of a MexT-activated toxic pathway. MexT binds specific sites
located upstream of hilR, mexE, and mexS to positively regulate the expression of these genes (1).
Activation of hilR and mexEF contributes to toxicity in PAO1 cells (2). Hfq functions to repress the
expression of hilR in PAO1 cells (3). GshA promotes MexT-dependent activation of target genes (4). MexS
functions to inhibit MexT-dependent activation of target genes, including hilR, mexE, and mexS (5).

that hilR, corresponding to PA1942, specifies a protein of 44 amino acids, which is
smaller than that currently annotated for PA1942 (40). Although the physiological role
of HilR is unclear, HilR is toxic in cells of an hfg mutant and can be toxic to wild-type
cells when produced ectopically. There are reports of several small proteins of less than
50 amino acids from other bacteria being acutely toxic when overproduced (41). It is
becoming increasingly clear that small proteins can play critical roles in a variety of
cellular processes, such as small-molecule transport or cell division, and can mediate
their effects through interaction with protein complexes (42). Indeed, in Escherichia coli
the small protein AcrZ interacts with the AcrAB-TolC multidrug efflux pump to enhance
its action on certain substrates (43). Note that we do not necessarily think that HilR
interacts directly with components of the MexEF-OprN multidrug efflux pump to
stimulate its activity, as the deletion of hilR appears to suppress the Ahfg mutant
growth defect more strongly than does deletion of mexEF (Fig. 3C and D). Nevertheless,
it will be interesting to determine whether or not HilR acts through interaction with
other protein partners.

We found that Hfg influences the expression of hilR as well as the abundance of HilR.
Consistent with these findings, prior transcriptome profiling studies identified hilR
(PA71942) to be a gene that is subject to control by Hfq (22). Moreover, recent ChIP
studies revealed that Hfq interacts with the hilR nascent transcript (24), suggesting that
Hfq likely exerts its effects on hilR expression by interacting directly with the hilR mRNA.
An interaction between Hfg and a specific site on the hilR mRNA could inhibit the
translation of hilR and possibly influence the stability of the hilR transcript. Although
Hfq can interfere with the translation of mRNA species by facilitating the base pairing
between sRNAs and their mRNA targets (15), this is not always the case (19), and it
remains to be determined whether the control of hilR by Hfq involves an sRNA.

How MexEF contribute to the growth defect of Ahfqg mutant cells is unclear. MexEF
are components of the MexEF-OprN multidrug efflux pump that is responsible for the
efflux of several small molecules (44-46). The loss of mexEF might therefore create a
situation in which a particular small molecule builds up to a level that is inhibitory to
growth in cells of a Ahfg mutant. However, the activity of MexEF-OprN has also been
linked to the control of gene expression in P. aeruginosa, presumably as a result of its
effects on the intracellular concentrations of small molecules that influence the activ-
ities of transcription factors (36). Indeed, one of the substrates for MexEF-OprN is
4-hydroxy-2-heptylquinoline (HHQ), which is a precursor of the Pseudomonas quinolone
signal that influences the expression of genes regulated by quorum sensing (46, 47). It
is therefore possible that MexEF inhibit the growth of cells of a Ahfg mutant through
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an indirect effect on gene expression. Regardless of how MexEF or HilR inhibits the
growth of Ahfq mutant cells, their combined inhibitory effects appear to result in a
selective pressure that favors the loss of MexT activity.

We identified mutations in mexT that suppressed the growth defect of our Ahfg
mutant cells. However, mutations in P. ageruginosa that alter the mexT-dependent
activation of target genes have arisen in a variety of contexts. Mutants with enhanced
mexT-dependent activation of target genes were first discovered almost 30 years ago in
a selection for norfloxacin-resistant (nfxC) mutants (5). These mutants were character-
ized by their overexpression of the multidrug efflux pump MexEF-OprN (48), their
cross-resistance to imipenem and chloramphenicol (5), as well as their attenuation of
virulence (45). nfxC-type mutants, which frequently arise through mutation of mexS
(11), are readily selected in mice treated with chloramphenicol but can also arise in
mice in the absence of chloramphenicol treatment (6). Mutations linked to the activa-
tion of mexEF-oprN have been observed in P. aeruginosa isolates recovered from a cystic
fibrosis (CF) patient chronically infected with the organism (7). However, in other CF
patient isolates, mutations in mexS as well as mexT were found to occur (49). A nonsense
mutation in mexT, resulting in the expression of a truncated version of MexT, was discov-
ered in a spontaneous PAOT mutant that displayed an enhanced tissue-destroying
phenotype in a rat (14). This mexT mutant (referred to as P2 [mexT]) exhibits enhanced
virulence and a competitive growth advantage over P1 (i.e., mexT") wild-type cells (14).
Recently, it was reported that loss-of-function mutations in mexT restore the growth of
lasR mutants grown in vitro in medium containing casein as a sole carbon source (50).
The mexT-dependent growth restoration of a lasR mutant was shown to be partially
dependent on the expression of mexE, suggesting that other MexT-activated genes also
contribute to this phenotype. These results and ours illustrate that mexT mutants can
be selected for in vitro in specific genetic backgrounds, under specific growth condi-
tions, or both. In this regard it is noteworthy that certain PAO1 strains of P. aeruginosa
do not encode functional versions of MexT (8). Our results indicate that the mexT allele
found in our PAOT1 strain produces a functional MexT protein capable of activating the
transcription of target genes. It is therefore likely that the deletion of hfg will result in
a significant growth defect only in derivatives of PAO1 that contain functional versions
of MexT.

Our findings establish that an enzyme involved in glutathione biosynthesis, GshA, is
required for the activity of MexT. GshA catalyzes the first and rate-limiting step in gluta-
thione biosynthesis, which involves the formation of y-glutamylcysteine from the ligation
of glutamate and cysteine (51). Thus, glutathione or, possibly, y-glutamylcysteine may be
important for the activity of MexT in cells of P. aeruginosa. MexT belongs to the LysR
family of transcription regulators that typically bind to target sequences on the DNA as
tetramers in a manner that can be influenced by small molecules acting as coinducers
or corepressors (52). In vitro experiments performed with purified MexT indicate that
the protein can bind target DNA in the presence of oxidized but not reduced gluta-
thione (53). Furthermore, it has been proposed that diamide activates the expression of
the mexEF-oprN genes by oxidizing glutathione in the cell to promote the oligomer-
ization of MexT at target promoters (53). Our findings provide genetic evidence in
support of a role for glutathione in the control of MexT in vivo. Although our findings
indicate that GshA is essential for the activity of MexT, it remains to be determined
whether the effects of GshA on biofilm formation, stress resistance, motility, and
virulence in P. aeruginosa (54, 55) are tied to its effects on the activity of MexT.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All experimental strains were derived from P. aeruginosa
strains PAO1 and PA99 and are listed in Table S3 in the supplemental material. Bacterial cultures were
grown at 37°C at 200 rpm in lysogeny broth (LB) medium or no-carbon E broth (NCE) supplemented with
20 mM succinate (NCE-succinate) (20), where indicated. For the experiment measuring the growth of cells
in LB, overnight cultures grown in LB from colonies isolated on LB agar plates were backdiluted to an
optical density at 600 nm (ODg,,) of 0.01. Where indicated, Ahfq mutant cells were grown on NCE-
succinate agar before plating on LB agar. Where appropriate, antibiotics were used at the following
concentrations: gentamicin, 30 ug ml~' (15 ug ml~" in E. coli cloning and mating strains), and carben-
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icillin, 200 wg ml=" (100 wg ml~" in E. coli cloning and mating strains). Where indicated, inducers were
used at the following concentrations: 1 or 5 mM isopropyl-B-b-1-thiogalactopyranoside (IPTG) or 0.1%
(vol/vol) L-arabinose.

Plasmid and strain construction. All primers and plasmids used in this study are listed in Table S3.
Details of plasmid and strain construction are described in the supplemental material.

RNA isolation and qRT-PCR. Cells were backdiluted from overnight cultures to an OD,, of 0.01 in
50 ml LB and grown at 37°C with shaking to a mid-log-phase OD,, of ~0.3 to 0.5. For experiments
performed on cells bearing plasmids with IPTG-inducible genes, IPTG was added to mid-log-phase
cultures at a final concentration of T mM and the cells were grown at 37°C with shaking for 30 to 60 min.
For experiments on untransformed cells, cells were harvested at mid-log phase. Five milliliters of cells was
harvested by centrifugation at 4,000 rpm for 10 min. RNA was isolated using the Tri-Reagent (Molecular
Research Center, Inc.) as previously described (56). RNA quality was determined by gel electrophoresis.
cDNA synthesis using SuperScript Ill reverse transcriptase (Invitrogen) and quantitative reverse trans-
criptase PCR (qRT-PCR) were performed essentially as described previously (57) using a LightCycler 96
system (Roche). The abundances of transcripts were measured relative to the abundance of the clpX
transcript. qRT-PCR was performed at least twice on sets of biological triplicates. Relative expression
values were calculated by using the comparative threshold cycle (C;) method (2-24¢7) (58). The fold
enrichment values shown are the means from three biological replicates, and error bars represent the
standard deviation of the mean. The data shown are from one representative experiment. Results were
analyzed using one-way analysis of variance (ANOVA) with Tukey’s honestly significant difference (HSD)
test for significance.

Transposon mutagenesis. P. aeruginosa PAO1 Ahfq cells were mutagenized with the minitrans-
poson pBTK30 (59) using a mating protocol adapted from a previously described procedure (60). The
donor strain SM10(Apir) carrying pBTK30 was grown in LB supplemented with 50 ug ml~' ampicillin at
37°C, and PAO1 Ahfg was grown in NCE-succinate at 42°C overnight. On the next morning, cultures were
concentrated and adjusted to an ODy,, of 5 for the donor and an ODy,, of 10 for each recipient. Equal
volumes of donor and recipient were mixed together, and 50-ul aliquots were spotted on prewarmed LB
plates. Matings were allowed to proceed at 37°C for 1 h prior to resuspension in NCE-succinate
supplemented with 25 ug ml~" triclosan (Irgasan) and 30 ug ml—" gentamicin (NCE-succinate-Gm-Irg).
Transconjugants were selected on NCE-succinate-Gm-Irg agar plates following incubation at 37°C for
48 h. Donor-only and recipient-only controls were performed in parallel to ensure counterselection
against the E. coli donor and the selection of P. aeruginosa transconjugants, respectively. The approxi-
mate complexity (i.e., the number of transconjugants collected) of the input (NCE-succinate) library was
~2.9 X 10° CFU. Transconjugant colonies were isolated from agar plates by suspension in NCE-succinate-
Gm-Irg. Colonies were screened by diluting cells of the input library (which had been grown on
NCE-succinate agar) in LB, plating dilutions on LB agar, and incubating at 37°C for 22 h. Colonies from this
screen were scraped from the plates and resuspended in LB. The approximate complexity of the output
(LB) library was 3.1 X 107 CFU. Cell pellets of each library consisting of approximately 5 X 10° CFU were
collected and frozen at —80°C.

Transposon sequencing. Genomic DNA from thawed cell pellets of each mutant library was
extracted, fragmented, poly(C) tailed, and purified as previously described (61). gDNA libraries were
constructed and sequenced as previously described (60). Trimmed reads were mapped to TA insertion
sites, normalized to total reads, and visualized using the Sanger Artemis genome browser and annotation
tool as previously described (60). A Mann-Whitney U test was used to determine differences in reads
corresponding to insertions in intragenic and intergenic regions of the genome.

Western blotting. Cell lysates from biological triplicates were separated by SDS-PAGE on either 10%
or 12% bis-Tris NUPAGE gels in MES (morpholineethanesulfonic acid) or MOPS (morpholinepropanesul-
fonic acid) running buffer (Thermo Fisher). Proteins were transferred to nitrocellulose or polyvinylidene
difluoride (PVDF) membranes with an iBlot dry blotting system or an XCell Il blot module (Thermo Fisher).
The membranes were blocked overnight with SuperBlock blocking buffer supplemented with 0.25%
Surfact-Amps detergent sampler (Thermo Fisher) or Odyssey blocking buffer diluted 1:5 in phosphate-
buffered saline (PBS) (LI-COR). Membranes were probed with anti-VSV-G (Sigma) and anti-RNA polymer-
ase (RNAP) alpha subunit (NeoClone) antibodies or anti-PAP (Sigma) and anti-RNA polymerase alpha
subunit antibodies. For qualitative Western blot analyses, membranes were then incubated with poly-
clonal goat anti-rabbit immunoglobulin and/or polyclonal goat anti-mouse immunoglobulin, and pro-
teins were detected by use of the SuperSignal West Pico chemiluminescent substrate (Thermo Fisher).
For quantitative Western blot analyses, membranes were incubated with near-infrared secondary anti-
bodies, 680LT donkey anti-mouse immunoglobulin, and 800CW donkey anti-rabbit immunoglobulin
(LI-COR). Imaging was performed on a LI-COR Odyssey CLx imager, and fluorescence intensity was
quantified using Image Studio software (LI-COR). P values were calculated using one-way Student's t test.

Whole-genome sequencing. A total of 18 large-colony suppressors were selected from isolated
single colonies of Ahfg cells streaked on LB agar, and two colonies were selected from isolated single
colonies of mexS Q9stop cells streaked on LB agar. For each isolate, a single colony was inoculated in LB
and incubated for ~16 to 24 h at 37°C. Pellets of overnight cultures were collected by centrifugation, and
genomic DNA was harvested from cells using a MasterPure DNA purification kit (Epicentre). Sequencing
libraries were constructed using a NEBNext Ultra Il DNA preparation kit for lllumina (NEB) by following
the manufacturer’s instructions. Approximately 50 to 100 ng of genomic DNA was used, and adaptors
were diluted 1:10 prior to ligation. Size selection was performed using AMPure XP beads (Beckman
Coulter) to yield inserts 400 to 500 bp in length, followed by 10 rounds of PCR amplification. Libraries
from each strain were pooled, and 50-bp reads were sequenced on a HiSeq 2500 sequencer by Elim
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Biopharmaceuticals. Reads were trimmed and aligned to the PAO1 genome (GenBank accession number
NC_002516). Read processing and data analysis to identify potential mutations were performed using the
CLC Workbench package (Qiagen). The Basic Variant Detection tool was used to identify SNPs and small
insertion-deletions (InDels), and the InDel and Structural Variants tool was used to identify large deletions
and duplications.

Colony size quantitation. Colony size quantitation was performed on cells plated on LB or
NCE-succinate agar plates, where indicated. Agar plates were photographed with a Nikon D3300 camera
with an AF-S Micro Nikkor 60-mm 1:2.8 lens at a fixed distance after incubation at 37°C for 48 or 72 h,
where indicated. The optical areas of 20 well-isolated colonies on agar plates with <75 colonies were
measured using ImageJ software. The colony area was normalized to the average area of Ahfq colonies.
Colony size quantitation was performed at least twice on sets of biological duplicates. P values were
calculated using one-way Student’s t test.

ChIP. Biological triplicate cultures of wild-type PAO1 and PAO1 MexT-V were grown overnight and
backdiluted to an ODg,, of 0.05 in 200 ml of LB. The triplicate cultures were grown at 37°C with shaking
to mid-log or stationary phase (ODg4,, = 0.5 or 2.0, respectively). Chromatin immunoprecipitation (ChIP)
was performed as previously described (24) with anti-VSV-G-agarose beads, with wild-type PAO1 serving
as the mock control.

ChIP-seq library preparation and sequencing. Sequencing libraries were constructed with the
NEBNext Ultra Il DNA library preparation kit for lllumina (NEB) following the manufacturer’s instructions.
Approximately 5 ng immunoprecipitated DNA was used, and adaptors were diluted 1:10 prior to ligation.
For PAOT MexT-V and PAO1 (mock control), size selection was performed using AMPure XP beads
(Beckman Coulter) to yield inserts 500 to 700 bp in length, followed by 8 rounds of PCR amplification. The
libraries were sequenced by Elim Biopharmaceuticals (Hayward, CA) on an lllumina HiSeq 2500 sequencer
producing 50-bp paired-end reads.

ChIP-seq data analysis. Computational analysis was performed using the open-source Galaxy web
server (https://usegalaxy.org/) (62), and paired-end sequencing reads were preprocessed using the
FASTQ Groomer tool (63). Reads were trimmed using the Trimmomatic (v0.32) tool (-phred33) (64) and
were mapped to the PAO1 genome (GenBank accession number NC_002516) using the bowtie2 (v2.2.6.2)
program (65). In order to identify the chromosomal regions to which MexT-V was associated, reads from
MexT-V cultures were compared to those for the corresponding wild-type (mock control) samples, and
peaks of enriched binding were called from the sorted, aligned BAM files using the MACS
(v2.1.0.20151222) program (https://github.com/taoliu/MACS/) (66) and an effective genome size of 6.26
Mbp, a bandwidth of 300 bp, and a false discovery rate (g-value) cutoff of 0.05. Peaks were stored in
bedGraph format and considered for further analysis if they (i) were enriched =2-fold, (ii) were enriched
in at least two of the three biological replicates, and (iii) were statistically significantly enriched (—log,,
P value > 2). Enrichment was visualized using the Integrative Genomics Viewer (IGV; v2.3.88) (67, 68). One
hundred bases surrounding the summit of each nonredundant enrichment peak were extracted from the
PAO1 reference sequence using the summit coordinates generated by the MACS program. A binding
motif was computed using nonredundant sequences from these using the MEME program (69, 70), which
was compared visually to the motif generated by Tian et al. (36).

Data availability. Sequencing data are available in the NCBI Bioproject accession number
PRINA531246.
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