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In the opportunistic pathogen Pseudomonas aeruginosa, RsmA is
an RNA-binding protein that plays critical roles in the control of
virulence, interbacterial interactions, and biofilm formation. Al-
though RsmA is thought to exert its regulatory effects by binding
full-length transcripts, the extent to which RsmA binds nascent
transcripts has not been addressed. Moreover, which transcripts
are direct targets of this key posttranscriptional regulator is
largely unknown. Using chromatin immunoprecipitation coupled
with high-throughput DNA sequencing, with cells grown in the
presence and absence of the RNA polymerase inhibitor rifampicin,
we identify hundreds of nascent transcripts that RsmA associates
with in P. aeruginosa. We also find that the RNA chaperone Hfq
targets a subset of those nascent transcripts that RsmA associates
with and that the two RNA-binding proteins can exert regulatory
effects on common targets. Our findings establish that RsmA as-
sociates with many transcripts as they are being synthesized in P.
aeruginosa, identify the transcripts targeted by RsmA, and suggest
that RsmA and Hfq may act in a combinatorial fashion on certain
transcripts. The binding of posttranscriptional regulators to na-
scent transcripts may be commonplace in bacteria where distinct
regulators can function alone or in concert to achieve control over
the translation of transcripts as soon as they emerge from RNA
polymerase.

posttranscriptional regulator | RNA binding proteins | Hfq

he CsrA/RsmA family of posttranscriptional regulators play

prominent roles in the control of virulence gene expression in
a variety of pathogenic bacteria (1-3). Members of this family
recognize a core sequence of GGA in target RNA species that is
present in the loop of a stem-loop structure (4, 5). CsrA/RsmA
orthologs typically act to repress the translation of target mRNA
species, with the target GGA sequence residing within, or in
close proximity to, the Shine-Dalgarno sequence (1). However,
members of this family can also exert stimulatory effects on
translation (6). Because the recognition sequence for CsrA/
RsmA orthologs is small, must be present within a specific
structure, and because each monomer within the CsrA/RsmA
dimer can interact with a separate target sequence, predicting
which transcripts are directly targeted by these post-
transcriptional regulators can be challenging. Target transcripts
that are bound by members of the CsrA/RsmA family have
therefore typically been identified through RNA coimmuno-
precipitation approaches (3, 6, 7).

Transcription and translation can be coupled in bacteria with
RNA polymerase (RNAP) making direct contacts with the
translation machinery (8-10). Thus, from a regulatory stand-
point, it would make sense that posttranscriptional regulators
that act to modulate translation would access their targets on
transcripts as soon as they emerge from RNAP. Although CsrA/
RsmA orthologs have been proposed to act on full-length tran-
scripts (11), there is at least one example in which CsrA is
thought to exert its regulatory effects by targeting a nascent
transcript (12). However, the extent to which any member of the
CsrA/RsmA family binds target transcripts as they are being
made by RNAP is not known.

10520-10529 | PNAS | May 12,2020 | vol. 117 | no. 19

In the opportunistic pathogen Pseudomonas aeruginosa, where
RsmA is thought to play an important role in virulence by con-
trolling the switch between acute and chronic infection states
(13, 14), we use chromatin immunoprecipitation coupled with
high-throughput DNA sequencing (ChIP-seq) with cells grown in
the presence and absence of rifampicin to identify hundreds of
nascent transcripts that RsmA associates with. Furthermore, we
present evidence that in P. aeruginosa RsmA associates with
many nascent transcripts that are targeted by a second global
posttranscriptional regulator called Hfq. Our findings identify
potential regulatory targets of RsmA in P. aeruginosa, have im-
plications for how RsmA and its orthologs may exert their reg-
ulatory effects, and lend support to the notion that the binding of
posttranscriptional regulators to nascent transcripts may be
commonplace in bacteria.

Results

RsmA Acts Cotranscriptionally on over 500 Transcripts in P.
aeruginosa. To determine the extent to which RsmA associates
with nascent transcripts in P. aeruginosa, we used ChIP with cells
grown in the presence or absence of the RNA polymerase in-
hibitor rifampicin followed by high-throughput DNA sequencing,
an approach we refer to as ChIPPAR-seq (15). The rationale
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behind this approach is that when bound to a nascent transcript
RsmA may be in sufficient proximity to the DNA to be cross-
linked to it in a ChIP assay (Fig. 14) (15). In addition, any cross-
linking between RsmA and the DNA would be expected to be
prevented by treatment of cells with rifampicin prior to the ad-
dition of the cross-linker (Fig. 14) (15). To facilitate this anal-
ysis, we created a strain of PAO1 that synthesized RsmA with a
C-terminal vesicular stomatitis virus glycoprotein-G (VSV-G)
epitope tag (RsmA-V) from the endogenous rsmA locus.
ChIPPAR-seq of RsmA-V in cells grown to midlog (ODggo of
0.4) in lysogeny broth indicated that under these growth condi-
tions RsmA-V associated with 557 different regions of the
chromosome, with the vast majority of these associations being
sensitive to treatment with rifampicin (Fig. 1B and SI Appendir,
Fig. S14 and Table S1) (16), and often occurring within

proximity of the translation start site of an associated gene (SI
Appendix, Fig. S1B). Similar findings were obtained when the
association of RsmA-V with specific genomic regions was tested
by ChIPPAR and quantitative PCR (ChIPPAR-qPCR) (Fig.
1C). Furthermore, treatment of cells with rifampicin did not
alter the abundance of RsmA-V (Fig. 1D). Our ChIPPAR-seq
findings establish that RsmA associates with hundreds of geno-
mic regions in logarithmically growing cells in a manner that is
sensitive to treatment with rifampicin, indicating that RsmA
associates with hundreds of nascent transcripts in P. aeruginosa.

RsmA is a member of the CsrA family of proteins that bind
RNA as a dimer and recognize sites with the consensus sequence
CAnGGAYyG, with the critical GGA core sequence centered in
the loop region of a stem—loop structure (4, 17). ChIP with a
mutant version of RsmA-V containing amino acid substitution
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Fig. 1. RsmA associates with target RNAs cotranscriptionally. (A) Schematic of ChIPPAR approach. (B) RsmA-V enrichment profiles at the indicated genomic

regions in cells cultured to midlog phase prior to rifampicin treatment (—rif), or following rifampicin treatment (+rif). PAO1 WT cells, which do not synthesize
RsmA-V, served as the mock IP control (indicated mock). Genomic location in kilobases is provided at the top of each of the two panels. Significantly enriched
peaks are indicated by dark gray boxes below the read density plot (in green), red lines within these dark gray boxes indicate site of maximum enrichment.
Annotated genes are indicated in yellow in the middle of each panel. RNA-seq normalized reads from WT cells (indicated WT) and ArsmAF mutant cells
(indicated ArsmAF) are provided below the annotated genes. Reads mapping to the plus strand (+ strand) and minus strand (- strand) are indicated. (C) Fold-
enrichment of RsmA-V at the indicated loci as determined by ChIPPAR-gPCR. Fold-enrichment of RsmA-V at the indicated loci in cells prior to rifampicin
treatment (—rif), or following rifampicin treatment (+rif). (D) Western blot analysis of RsmA-V abundance in cells of the indicated strains to assess the effect of
rifampicin treatment (+rif) on RsmA-V abundance. Cells analyzed were PAO1 RsmA-V (indicated RsmA-V). WT PAO1 cells (indicated WT), that do not syn-
thesize RsmA-V were included as a negative control. The a-subunit of RNAP (RNAP-o) served as a loading control. (E) Enrichment of RsmA-V (green bars) and
RsmA(R44A)-V (orange bars) at the indicated loci as determined by ChIP-qPCR. (F) Western blot analysis of RsmA-V and RsmA(R44A)-V abundance. Cells
analyzed were PAO1 RsmA-V (indicated RsmA-V) and PAO1 RsmA(R44A)-V (indicated RsmA(R44A)-V). WT PAO1 cells (indicated WT), that do not synthesize
RsmA-V were included as a negative control. RNAP-a served as a loading control. Throughout the text, error bars represent 1 SD. For C—F, experiments were
repeated at least twice and data from biological triplicate samples of a representative experiment are shown. Where indicated, statistical significance was
assessed via two-sample t test; *P < 0.05; **P < 0.005.
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R44A [RsmA(R44A)-V] that is defective for RNA binding be- Each monomer of an RsmA dimer is in principle capable of
cause it lacks a key residue involved in recognition of the GGA  interacting with a distinct GGA motif in a target transcript (19).
core sequence (18), resulted in significantly less enrichment than  Indeed, in Escherichia coli, CsrA is thought to exert control over
RsmA-V at two chromosomal regions (Fig. 1E), even though the  the translation of certain transcripts by making simultaneous
RsmA(R44A)-V mutant protein was at least as abundant as the  contact with two distinct GGA motifs (20-22). To determine
WT version of the protein (Fig. 1F). Thus, the surface of RsmA  whether GGA motifs present within a target nascent transcript
involved in sequence-specific binding to RNA is required for the  are required in order to detect the association of RsmA by ChIP,
association of RsmA-V with nascent transcripts as determined we created a mutant strain of P. aeruginosa in which two GGA

by ChIP. motifs within the PA3483 transcript were mutated (one motif
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Fig. 2. RsmA associates with nascent transcripts that Hfq binds. (4) Venn diagram depicting overlap between nascent RNAs identified here as associated with
RsmA-V by ChIPPAR-seq and nascent RNAs identified previously as being associated with Hfq (15). The significance of the overlap (P = 1.79 x 107*%) was
determined by calculating the hypergeometric distribution function in R (39). (B) Western blot analysis of RsmA-V abundance in the presence and absence of
Hfq. Cells analyzed were PAO1 RsmA-V (indicated WT), and PAO1 Ahfg RsmA-V (indicated Ahfq). RNAP-a served as a loading control. (C) Western blot analysis
of Hfg-V abundance in the presence and absence of RsmA. Cells analyzed were PAO1 Hfg-V (indicated WT), and PAO1 ArsmAF Hfg-V (indicated ArsmAF).
RNAP-a subunit was used as a loading control. (D-F) ChIP-seq enrichment profiles at the indicated genomic regions for RsmA-V in the presence and absence of
Hfq, and for Hfg-V in the presence and absence of RsmA. Cells analyzed were PAO1 RsmA-V (indicated RsmA-V), PAO1 Ahfg RsmA-V (indicated RsmA-V Ahfq),
PAO1 Hfg-V (indicated Hfg-V), and PAO1 ArsmAF Hfqg-V (indicated Hfg-V ArsmAF). PAO1 WT cells, which do not synthesize RsmA-V or Hfg-V, served as the
mock IP control (indicated RsmA-V mock or Hfg-V mock). Genomic location in kilobases is provided at the top of each panel. Significantly enriched peaks are
indicated by dark gray boxes below the read density plot (in shades of green for RsmA-V and in shades of red for Hfg-V), red lines within these dark gray
boxes indicate site of maximum enrichment. Annotated genes are indicated in yellow in the middle of each panel. RNA-seq normalized reads from WT cells
(indicated WT), ArsmAF mutant cells (indicated ArsmAF), and Ahfq mutant cells (indicated Ahfq) are provided below the annotated genes. Reads mapping to
the plus strand (+ strand) and minus strand (- strand) are indicated.
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within and one motif downstream of the predicted Shine-
Dalgarno sequence). The qPCR analyses depicted in SI Appen-
dix, Fig. S2 indicate that mutation of these GGA sites specifically
abolished the association of RsmA-V with the PA3483 nascent
transcript. Our findings with the RsmA(R44A) mutant and the
PA3483 mutant transcript support the idea that the enrichment
of specific genomic regions through ChIP with RsmA-V reflect
the association of RsmA-V with transcripts that are in the pro-
cess of being synthesized by RNA polymerase.

ChIPPAR-Seq Identifies Potential Direct Regulatory Targets of RsmA.
In P. aeruginosa only a small number of direct targets of RsmA
are currently known (5, 7, 23-25). Nevertheless, the majority of
these transcripts are among our ChIPPAR-seq dataset, including
tssAl (i.e. PA00S2) and fhal (PA00SI), which encode a compo-
nent and a regulator, respectively, of one of the three distinct
type VI secretion systems (T6SS) in P. aeruginosa (Fig. 1B and SI
Appendix, Table S1) (23). Indeed, we found that RsmA targets
(i.e. binds, either directly or indirectly) transcripts from all three
of the major T6SS gene clusters (H1, H2, and H3), as well as
many additional transcripts specifying T6SS effector and effector
immunity proteins (Fig. 1B and SI Appendix, Fig. S3 and Table
S1), thus providing insight into how RsmA may exert direct
control over all three of these systems (26).

RsmA has been shown to influence the abundance of hun-
dreds of transcripts in P. aeruginosa (23). Akin to E. coli CsrA, it
is thought that interaction of RsmA with target transcripts typ-
ically acts to inhibit their translation, resulting in a concomitant
reduction in transcript abundance because translation of a
mRNA species tends to increase its stability (6, 27, 28). To better
define those genes whose expression is influenced by RsmA
under the same experimental conditions as were used for our
ChIPPAR-seq analyses, we performed RNA sequencing
(RNA-seq) to compare gene expression in WT cells to that in
cells of a ArsmA ArsmF double mutant (ArsmAF) grown to
midlog phase in LB. For these experiments, we used cells that
lacked both RsmA and RsmF (a second RsmA family member in
P. aeruginosa) (24, 29), as we were concerned that the effects of
RsmA on gene expression would be masked through the effects
of the ArsmA mutation on the abundance of RsmF (also called
RsmN) (24, 29). RsmA and RsmF have both overlapping and
distinct targets, and although RsmA is the most prominent of
these two regulators, we found that the abundance of RsmF
increased dramatically in cells that lacked RsmA (SI Appendix,
Fig. S4), an effect that has been reported previously to obscure
RsmA'’s regulatory roles (7, 24). Use of the ArsmAF double
mutant in our experiments obviated this concern. Consistent with
previous findings, we found that RsmA controlled the expression
of hundreds of genes in P. aeruginosa (SI Appendix, Table S2)
(22). Comparison of RsmA-regulated transcripts from our
transcriptomic studies with our ChIPPAR-seq results suggests
that many RsmA-regulated transcripts are controlled directly by
RsmA (SI Appendix, Fig. S5 and Table S2). It should also be
noted that the interaction between RsmA and a particular
transcript could still influence the translation of that transcript
without necessarily influencing its abundance. Our ChIPPAR-
seq findings not only indicate that RsmA acts on hundreds of
nascent transcripts in P. aeruginosa but also provide a compen-
dium of the potential direct regulatory targets of RsmA in this
organism. We also note that our RNA-seq studies allow a
comparison of the RsmA enrichment signal by ChIPPAR-seq at
a specific chromosomal location with total transcript abundance
(81 Appendix, Table S1). This comparison provides an initial
indication of whether the amount of RsmA enrichment at a
specific chromosomal location might be explained simply by the
level of expression of the corresponding gene.

Gebhardt et al.

RsmA Associates with Nascent Transcripts Targeted by Hfq. The
RNA chaperone Hfq is a prominent posttranscriptional regula-
tor in many bacteria that is best known for its ability to facilitate
the base-pairing between small regulatory RNAs (sRNAs) and
their target mRNA species, an activity that often culminates in
translational repression of the target mRNA (30-33). However,
recent work suggests that in some instances this small hexameric
RNA-binding protein can act as a translational repressor in-
dependently of sSRNAs (34-36; reviewed in ref. 37). In P. aeru-
ginosa Hfq is an important posttranscriptional regulator whose
activities contribute to the virulence of the organism (38). Using
ChIPPAR-seq we have shown previously that Hfq associates with
over 600 nascent transcripts in P. aeruginosa (15). A striking
finding from our ChIPPAR-seq analyses is that many of the
nascent transcripts associated with RsmA were also associated
with Hfq; of the 557 nascent transcripts associated with RsmA,
180 are also associated with Hfq (Fig. 24 and SI Appendix, Table
S3). Notably, it is not the case that those transcripts that are most
highly enriched in the Hfq dataset are necessarily the same as
those that are most highly enriched in the RsmA dataset. Indeed,
although there is significant overlap between the transcripts
targeted by RsmA and those targeted by Hfq, RsmA does not
detectably associate with most of the transcripts that Hfq
associates with (Fig. 24).

Having first confirmed that Hfq and RsmA do not influence
one another’s abundance (Fig. 2 B and C), we next sought to
determine to what extent Hfq and RsmA influence each other’s
ability to associate with nascent transcripts. Specifically, we de-
termined the effects of Hfq on the ability of RsmA to associate
with nascent transcripts by performing ChIP-seq with RsmA-V in
otherwise WT cells and in cells lacking Hfq (AAfg mutant cells)
grown to midlog phase in LB. In addition, to determine the ef-
fects of RsmA on the ability of Hfq to associate with nascent
transcripts, we performed ChIP-seq with Hfq-V in otherwise WT
and ArsmAF mutant cells grown to midlog phase in LB. For
these latter experiments we used cells that again lacked both
RsmA and RsmF, as we were concerned that the effects of RsmA
on the ability of Hfq to associate with target nascent transcripts
would be masked through the effects of the Arsm4 mutation on the
abundance of RsmF (24, 29) (SI Appendix, Fig. S4).

Our ChIP-seq analyses revealed that for the majority of na-
scent transcripts that appear to be targeted by both RsmA and
Hfq, neither regulator is absolutely required for the association
of the other with the nascent transcript (Fig. 2 and SI Appendix,
Tables S4 and S5). Nevertheless, Hfq and RsmA may influence
the association of one another with a subset of nascent tran-
scripts. For example, we found that the association of RsmA-V
with the PA4421 nascent transcript appeared to be reduced in
cells of the Ahfg mutant when compared to WT, and conversely
that the association of Hfq-V with the PA4421 nascent transcript
appeared to be reduced in ArsmAF mutant cells when compared
to WT (SI Appendix, Fig. S6). RNA-seq revealed that the
abundance of the PA4421 transcript is essentially unaltered in
cells of the ArsmAF and Ahfg mutants when compared to
WT cells (SI Appendix, Fig. S6), suggesting that the effects of
Hfq and RsmA on one another’s association with the PA4421
nascent transcript are unlikely to be explained by differences in
PA442]1 transcription or transcript stability. Taken together,
these findings raise the possibility that RsmA and Hfq may bind
cooperatively to the PA442]1 nascent transcript. However, we
note that there are situations in which the effect of one regulator
on the apparent ability of the other to associate with a particular
nascent transcript may be explained instead by the effect of the
regulator on the transcription of the nascent transcript (i.e. a
scenario in which the loss of one regulator limits the amount of
nascent transcript that is available for interaction with the other).
An example of this type of situation is evident in the case of
rsmY, which encodes a small regulatory RNA that acts as a
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molecular sponge for RsmA and also binds Hfq (40, 41). RsmA
is known to positively regulate the transcription of rsmY through
an unknown mechanism (42, 43). We found that Hfq-V did not
appear to detectably associate with the RsmY nascent transcript
in cells of the ArsmAF double mutant (Fig. 2D). This finding can

be fully explained by an indirect effect of RsmA on the tran-
scription of rzsmY; that is, there is simply less RsmY nascent
transcript available for interaction with Hfq in cells lacking
RsmA (Fig. 2D) (42, 43). In support of this notion, our RNA-seq
studies indicate that the abundance of RsmY is dramatically
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Fig. 3. Control of a polycistronic transcript by RsmA and Hfq. (A) Schematic of PA5714, PA5113 and estA genomic locus. (Top) In WT cells, the PA5114
promoter (Ppas774) drives expression of the PA5114-PA5113-estA polycistronic transcript and the estA promoter (Pe:4) drives expression of the estA mono-
cistronic transcript. Promoters are indicated with arrows. RsmA and Hfq are depicted interacting with the PA57174-PA5113-estA polycistronic transcript and
Hfq is depicted interacting with the estA monocistronic transcript. (Middle) In PA5114::Q2 mutant cells, the PA5114-PA5113-estA polycistronic transcript is no
longer made. (Bottom) In Peseax mutant cells, the estA monocistronic transcript is no longer made. (B) Western blot analysis of PA5114-Myc abundance in cells
of the indicated strains. Cells analyzed were PAO1 PA5114-Myc (indicated WT + PA5114-Myc), PAO1 ArsmAF PA5114-Myc (indicated ArsmAF + PA5114-Myc),
and PAO1 Ahfq PA5114-Myc (indicated Ahfq + PA5114-Myc). WT PAO1 cells (indicated WT), that do not synthesize PA5114-Myc were included as a negative
control. RNAP-« served as a loading control. (C) Quantification of PA5114-Myc abundance from cells in B. (D) p-Galactosidase activity of PAO1 WT, PAO1
ArsmAF (ArsmAF), and PAO1 Ahfq (Ahfq) mutant cells containing a PA5114-lacZ translational fusion. (E) f-Galactosidase activity of PAO1 WT, PAO1 ArsmAF
(ArsmAF), and PAO1 Ahfq (Ahfg) mutant cells containing a PA5114-lacZ transcriptional fusion. (F) Western blot analysis of EstA-Myc abundance in cells of the
indicated strains. Cells analyzed were PAO1 EstA-Myc (indicated WT + EstA-Myc), PAO1 ArsmAF EstA-Myc (indicated ArsmAF + EstA-Myc), and PAO1 Ahfq
EstA-Myc (indicated Ahfq + EstA-Myc). WT PAO1 cells (indicated WT), that do not synthesize EstA-Myc were included as a negative control. RNAP-a served as a
loading control. (G) Quantification of EstA-Myc abundance from cells in F. (H) p-Galactosidase activity of PAO1 WT, PAO1 ArsmAF (ArsmAF), and PAO1 Ahfq
(Ahfg) mutant cells containing an estA-lacZ translational fusion. (/) p-Galactosidase activity of PAO1 WT, PAO1 ArsmAF (ArsmAF), and PAO1 Ahfq (Ahfq)
mutant cells containing an estA-lacZ transcriptional fusion. (J) Western blot analysis of EstA-Myc abundance in cells of the indicated strains. Cells analyzed
were PAO1 EstA-Myc (indicated WT + EstA-Myc), PAO1 ArsmAF EstA-Myc (indicated ArsmAF + EstA-Myc), PAO1 PA5114::Q EstA-Myc (indicated WT + EstA-Myc +
PA5114::Q), and PAO1 PA5114::2 ArsmAF EstA-Myc (indicated ArsmAF + EstA-Myc + PA5114::Q). WT PAO1 cells (indicated WT), that do not synthesize EstA-Myc were
included as a negative control. RNAP-u served as a loading control. (K) Quantification of EstA-Myc abundance from cells in J. (L) Western blot analysis of EstA-Myc
abundance in cells of the indicated strains. Cells analyzed were PAO1 EstA-Myc (indicated WT + EstA-Myc), PAO1 Pega* EstA-Myc (indicated WT + EStA-MyC + Pegta®),
and PAO1 Ahfq Pesa* EstA-Myc (indicated Ahfq + EStA-Myc + Pesta*). WT PAO1 cells (indicated WT), that do not synthesize EstA-Myc were included as a negative
control. RNAP-« served as a loading control. (M) Quantification of EstA-Myc abundance from cells in L. Data shown in B, D-F, H-J, and L are from a representative
experiment conducted with triplicate biological samples and were repeated independently at least twice. Where indicated, statistical significance was assessed via two-
sample t test; *P < 0.05; **P < 0.01; ***P < 0.001.
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reduced in cells of the ArsmAF double mutant when compared
to WT (Fig. 2D).

Control of a Polycistronic Transcript by RsmA and Hfq. For nascent
transcripts that we defined as being targeted by both RsmA and
Hfq through our ChIPPAR-seq analyses (Fig. 24), the enrich-
ment peaks for RsmA and Hfq were in close proximity to one
another (see, for example, Fig. 2D). However, because bacterial
mRNA is often polycistronic, we posited there may be poly-
cistronic transcripts targeted by both RsmA and Hfq in which the
regions of the transcript targeted by each regulator are well
separated from each other; such transcripts would not be called
as targeted by both regulators in our analyses. One example of a
nascent polycistronic transcript of this type specifies three genes,
PA5114, PA5113, and estA (PA5112); EstA is an esterase in-
volved in rhamnolipid maturation, biofilm development, quorum
sensing, and virulence (44), whereas PA5113 and PA5114 are
hypothetical proteins of unknown function. Our RNA-seq and
ChIPPAR-seq studies suggest that this polycistronic transcript
begins upstream of PA5114 and ends downstream of est4, with
RsmA associated with the PA5114 portion and Hfq associated
with the est4 portion of the transcript (Fig. 2E, and illustrated
schematically in Fig. 34). To begin to determine whether this
putative PA5114-PA5113-estA polycistronic transcript was sub-
ject to control by RsmA and Hfq, we first constructed derivatives
of PAO1 WT, ArsmAF double mutant, and Ahfg mutant cells in
which the native copy of PA5114 specified PA5114 with five
copies of the Myc epitope-tag at its C terminus (PA5114-Myc).
Quantitative Western blotting in each of these strains indicated
that the abundance of PA5114-Myc was higher in cells of the
ArsmAF double mutant when compared to WT, whereas the
abundance of PA5114-Myc was similar in both WT and Ahfg
mutant cells (Fig. 3 B and C). Thus, RsmA, but not Hfqg, exerts a
negative regulatory effect on the abundance of PA5114. In ad-
dition, we found that RsmA, but not Hfq, negatively regulates
the expression of a PA5114 translational lacZ reporter fusion,
but that neither RsmA nor Hfq appreciably control the expres-
sion of a PA5114 promoter-lacZ fusion (Fig. 3 D and E). Taken
together with our evidence that RsmA associates with the
PA5114 nascent transcript, these findings suggest that RsmA
inhibits translation of PA5114 by binding directly to the PA5114
mRNA.

Postulating that the PA5/14 mRNA species was a poly-
cistronic transcript that also contained estA (i.e. PA5114-
PA5113-estA), we next asked whether estA was regulated by
RsmA and Hfq. To this end, we constructed derivatives of PAO1
WT, ArsmAF double mutant, and Ahfg mutant cells in which the
native copy of estA specified EstA with five copies of the Myc
epitope-tag at its C terminus (EstA-Myc). The results of quan-
titative Western blotting indicated that the abundance of EstA-
Myc was higher in cells of the ArsmAF double mutant, as well as
cells of the Ahfg mutant, when compared to otherwise WT cells
(Fig. 3 F and G). Thus, both RsmA and Hfq negatively regulate
the abundance of EstA.

We reasoned that RsmA influenced the abundance of EstA by
binding the PA5714 portion of the PA5114-PA5113-estA poly-
cistronic transcript. However, evidence suggests that est4 mRNA
species exist that are also monocistronic. Indeed, the translation
of estA has been shown previously to be inhibited by Hfq (45),
and this prior work placed the est4 promoter within a 592-bp
portion of DNA lying immediately upstream (45, 46) (repre-
sented schematically as P, in Fig. 34). Moreover, global RNA-
seq analyses are consistent with such a location, placing a pos-
sible transcription start site for the est4 promoter upstream of
the 3’-end of the PA5113 gene (47) (Fig. 34). Consistent with
previous findings (45), we found that the expression of an est4-
lacZ translational fusion whose expression was driven by the P4
promoter (within 592 bp of est4) was higher in Ahfg mutant cells
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compared to WT (Fig. 3H). Moreover, the activity of the P4
promoter was not negatively regulated by Hfq (Fig. 3I). Impor-
tantly, RsmA did not influence the expression of an est4-lacZ
translational fusion that was under the control of the P4 pro-
moter region only (Fig. 3G). We infer from this that the effect of
RsmA on EstA abundance cannot be explained through an effect
of RsmA on the translation of estA transcripts initiating from the
P54« promoter region.

We next asked whether RsmA influenced the abundance of
EstA by binding the PA5114-PA5113-estA polycistronic tran-
script. We reasoned that if RsmA influenced the abundance of
EstA by binding the PA5114-PA5113-estA polycistronic tran-
script, then in cells that no longer produced this transcript,
RsmA would no longer exert a regulatory effect over est4. To
test this prediction we introduced a transcription terminator
immediately upstream of the PA5114 gene (PA5114::82), be-
tween the putative promoter (depicted Pp4s;74) and the pre-
dicted translation start, in cells synthesizing EstA-Myc (see
schematic in Fig. 3 A, Middle). Consistent with this expectation,
quantitative Western blotting revealed that RsmA no longer
influenced the abundance of EstA-Myc in cells harboring the
transcription terminator immediately upstream of PAS5114
(Fig. 3 J and K). Collectively, our findings indicate that RsmA
negatively regulates the synthesis of EstA specified by the
PA5114-PA5113-estA polycistronic transcript.

Our results indicate that the expression of estA is driven by at
least two promoters: P, that is proximal to est4 (Fig. 34), and
Ppas114 that is proximal to PA5114 and drives expression of the
PA5114-PA5113-estA  polycistronic transcript. To determine
whether Hfq could influence the abundance of EstA by binding
the PA5114-PA5113-estA polycistronic transcript, we therefore
sought to study the effects of Hfq on EstA abundance in cells in
which the P4 promoter was inactivated (i.e. in cells in which
only the PA5114 promoter drives estA4 expression) (see schematic
in Fig. 3 A, Bottom). Mutation of the putative promoter se-
quences of the P,,4 promoter on the PAO1 chromosome
resulted in a decrease in the abundance of EstA-Myc (Fig. 3 L
and M). Furthermore, EstA-Myc was more abundant in Ahfg
mutant cells containing the mutated est4 promoter (P,y4+) than
in otherwise WT (i.e. hfg*) cells containing the P4+ mutant
promoter (Fig. 3 L and M). These findings suggest that Hfq can
repress the translation of est4 specified by the PA5114-PA5113-
estA polycistronic transcript. Thus, the PA5114-PA5113-estA
polycistronic transcript is a target that is common to both RsmA
and Hfq in which the binding sites for RsmA and Hfq are well
separated from one another.

Control of AmrZ by RsmA and Hfq. AmrZ is an important global
transcription regulator that controls motility, virulence, and
biofilm formation in P. aeruginosa (48, 49). Our ChIP-seq studies
indicated that both Hfq and RsmA can bind the amrZ nascent
transcript (Fig. 2F; illustrated schematically in Fig. 44). We
therefore asked whether Hfq and RsmA could influence the
abundance of AmrZ. To do this, we constructed derivatives of
PAO1 WT, ArsmAF double mutant, and Ahfg mutant cells that
synthesized AmrZ with five copies of the Myc epitope tag at its C
terminus (AmrZ-Myc). Consistent with the idea that amrZ might
be subject to control by both RsmA and Hfq, quantitative
Western blotting revealed that AmrZ-Myc was more abundant in
ArsmAF and Ahfg mutant cells than in otherwise WT cells
(Fig. 4 B and C). RsmA appeared to exert a greater regulatory
effect than Hfq (Fig. 4 B and C) and the effects of the ArsmAF
mutations could be complemented by ectopic expression of rsmA
(SI Appendix, Fig. ST).

It has been shown previously that AmrZ acts as a positive
regulator of type VI secretion genes in the H1 cluster in P.
aeruginosa, such as tssA1 (26, 49). Consistent with our finding
that RsmA influences the abundance of AmrZ (Fig. 4 B and C),
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Fig. 4. Control of AmrZ abundance by RsmA and Hfq. (A) Schematic of
amrZ genomic locus and control of amrZ by RsmA and Hfq. (B) Western blot
analysis of AmrZ-Myc abundance in cells of the indicated strains. Cells ana-
lyzed were PAO1 AmrZ-Myc (indicated WT + AmrZ-Myc), PAO1 ArsmAF
AmrzZ-Myc (indicated ArsmAF + AmrZ-Myc), and PAO1 Ahfq AmrZ-Myc (in-
dicated Ahfq + AmrZ-Myc). WT PAO1 cells (indicated WT), that do not syn-
thesize AmrZ-Myc were included as a negative control. RNAP-a served as a
loading control. (C) Quantification of Amrz-Myc abundance from cells in B.
(D) B-Galactosidase activity of PAO1 WT, PAO1 ArsmF (ArsmF), PAO1 ArsmA
(ArsmA), PAO1 AamrZ (AamrZ), PAO1 ArsmAF (ArsmAF), and PAO1 ArsmAF
AamrZ (ArsmAF AamrZ) mutant cells containing a tssAT-lacZ transcriptional
fusion. (E) p-Galactosidase activity of the tssA7-lacZ transcriptional reporter
in ArsmAF mutant cells harboring an empty vector control (pEV) or a plasmid
encoding rsmA (pRsmA). (F) p-Galactosidase activity of PAO1 WT, PAO1
ArsmF (ArsmF), PAO1 ArsmA (ArsmA), PAO1 AamrZ (AamrZ), PAO1 ArsmAF
(ArsmAF), and PAO1 ArsmAF AamrZ (ArsmAF AamrZ) mutant cells con-
taining a tssA7-lacZ translational fusion. (G) Model for control of tssA7
transcription and translation by RsmA. Data shown in B and D-F are from a
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we found that expression of a tss41-lacZ transcriptional reporter
fusion was approximately sixfold higher in cells of a ArsmAF
mutant than in WT (Fig. 4D); this effect of the ArsmAF muta-
tions on fssAI transcription could be complemented by the in-
troduction of a plasmid directing the synthesis of RsmA
(Fig. 4F). Importantly, the observed stimulatory effect of the
ArsmAF mutations on the tss4I-lacZ transcriptional reporter
was dependent upon AmrZ (Fig. 4D). These findings support the
idea that RsmA acts indirectly to silence the transcription of
tssA1 by limiting the abundance of AmrZ.

It is well established that RsmA can bind the #ssA4] transcript
directly and repress its translation (23, 24). Consistent with this
idea, we found that expression of a tss41-lacZ translational re-
porter fusion was considerably higher in cells of both a ArsmAF
double mutant and in cells of a ArsmAF AamrZ triple mutant
when compared to WT (Fig. 4F). Moreover, consistent with the
idea that RsmA controls the abundance of AmrZ, which in turn
activates the transcription of zssA1, expression of the tss41-lacZ
translational reporter fusion was diminished in cells of the
ArsmAF AamrZ triple mutant when compared to that in cells of
the ArsmAF double mutant (Fig. 4F). Our findings suggest that
RsmA exerts negative control over tssA] through a two-pronged
mechanism, acting at both the translational level (directly) and
the transcriptional level (indirectly via its effect on AmrZ)
(Fig. 4G).

Discussion

We have found that RsmA associates cotranscriptionally with
hundreds of transcripts in P. aeruginosa, and that a subset of
these nascent transcripts is targeted by both RsmA and the RNA
chaperone Hfq. RsmA influences the abundance of hundreds of
RNA species in this organism (23), and our findings indicate
which of these RsmA binds, either directly or indirectly.

The widespread targeting of nascent transcripts by RsmA that
we observe in P. aeruginosa suggests that some of RsmA’s reg-
ulatory effects are exerted cotranscriptionally. Indeed, for bac-
teria like P. aeruginosa in which transcription and translation are
thought to be coupled, the binding of RsmA to nascent mRNAs
would allow this regulator to mediate effects on translation at the
earliest possible opportunity, before synthesis of the mature
transcript was complete. CsrA and its orthologs have been shown
to influence the stability of certain target transcripts, which likely
results, in many instances, from the destabilizing effect of re-
ducing their translation (6, 20). It will therefore be interesting to
determine whether the degradation of transcripts occurs
cotranscriptionally in a manner that can be modulated by RsmA.
Furthermore, repressing the translation of a nascent mRNA, or
restructuring its 5'-untranslated region, could render that tran-
script an attractive substrate for the transcription termination
factor Rho, resulting in its termination. Indeed, the one example
from E. coli in which CsrA has been shown to exert a regulatory
effect cotranscriptionally involves CsrA binding the pga4 nascent
transcript and promoting transcription termination by facilitating
Rho loading (12). Conversely, the binding of RsmA to a nascent
transcript might prevent Rho from accessing a loading site on
that transcript. Thus, the association of RsmA with a nascent
transcript could exert a negative or positive regulatory effect at
the level of transcription by exploiting regulatory mechanisms
that are unique to nascent transcripts (i.e. that operate only
during transcription elongation).

Comparison between those nascent transcripts identified here
as being bound by RsmA (either directly or indirectly) and those

representative experiment conducted with triplicate biological samples and
were repeated independently at least twice. *P < 0.05; **P < 0.01; ***P <
0.001; ns, not significant.
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we identified previously as being bound by Hfq (15) revealed
extensive overlap between the two. We found that RsmA and
Hfq can influence the abundance of proteins specified by com-
mon target transcripts. Specifically, we showed that the abun-
dance of EstA was subject to control by both RsmA and Hfq,
with each of these regulators associating with distinct portions of
a polycistronic transcript that are physically well separated from
one another (Fig. 3). Moreover, we showed that the abundance
of the transcription regulator AmrZ, which is predicted to be
specified by a monocistronic transcript (Fig. 2F), was controlled
by both RsmA and Hfq (Fig. 4). Thus, akin to distinct tran-
scription regulators that bind the DNA and influence the tran-
scription of a common gene (50), distinct RNA-binding proteins
can act to influence the translation and stability of common
target transcripts. By binding the same mRNA species, RsmA
and Hfq could work in a combinatorial fashion to control the
translation and (or) abundance of that species. This would allow
control of the common target transcript to be sensitive to any
environmental input that governs the activity of either global
posttranscriptional regulator. It is noteworthy that in E. coli, Hfq
has been shown to bind a third of the RNA-pairs that are tar-
geted by the RNA-chaperone ProQ, suggesting overlapping or
competing roles of these two RNA-binding proteins (51). Hfq
may therefore exert its regulatory effects on target transcripts
that are shared by a variety of different posttranscriptional
regulators.

A final point of note is that RsmA can exert regulatory effects
on the same transcript at multiple levels. It has previously been
established that both RsmA and AmrZ regulate the expression
of various T6SS loci in P. aeruginosa (26). Indeed, prior work
indicated that both the transcription and translation of tss41, the
first gene in a structural operon for the H1-T6SS, is repressed by
RsmA (23, 24). Although RsmA was shown to bind the #ss41
transcript directly, explaining how it exerted its effects on
translation, how RsmA influenced the transcription of tssA41 was
not known. Our findings that RsmA associates with the amrZ
nascent transcript, that RsmA influences the abundance of
AmrZ, and that the effect of RsmA on the expression of a tss41-
lacZ transcriptional reporter is AmrZ-dependent, suggest that
RsmA influences the transcription of tss41 through its effects on
AmrZ abundance. These data support a model in which RsmA
exerts control over tssAI through a two-pronged mechanism,
involving: 1) RsmA directly repressing the translation of #ssA41,
and 2) RsmA indirectly influencing the transcription of tssA17
through its effect on the abundance of AmrZ (itself a positive
regulator of tssAI transcription) (Fig. 4G). Our findings further
suggest that RsmA may indirectly influence the abundance of
other transcripts by influencing the abundance of a variety of
transcription regulators (including AmrZ), whose corresponding
transcripts are direct targets of RsmA (SI Appendix, Table S1).

Our ChIPPAR approach involved the enrichment of DNA
that is cross-linked to RsmA, either directly or indirectly, when
this posttranscriptional regulator is bound to nascent transcripts.
The rifampicin-sensitive enrichment of DNA we observed
through ChIP with RsmA may reflect the cross-linking of RNA-
bound RsmA directly to the DNA, or may reflect the cross-
linking to the DNA of RNA polymerase that is tethered to an
RsmA-bound nascent transcript (this could involve cross-linking
of RNA-bound RsmA directly to RNA polymerase that is in turn
cross-linked to the DNA) (15). However, ChIP signals from
RNA polymerase in transcription elongation complexes are
generally low (52), which might support the notion that the ChIP
signals we detect through the immunoprecipitation of RsmA
reflect the direct cross-linking of RNA-bound RsmA to the
DNA. That our RsmA ChIP signals 1) are dependent upon
transcription (i.e. are sensitive to treatment of cells with rifam-
picin), 2) depend on the RNA-binding surface of RsmA, and 3)
depend on specific GGA sequences in the target RNA, support
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the idea that they reflect the binding of RsmA to specific nascent
transcripts. However, it is possible that at some locations RsmA
could be bound to a target nascent transcript indirectly through
its interaction with another RNA-binding protein. We note that
because our DNA-enrichment signals following ChIPPAR-seq of
RsmA provide no strand-specific information, the accurate as-
signment of a DNA-enrichment signal to a particular nascent
transcript could prove difficult in situations where an enrichment
peak is centered between two divergently transcribed genes.
However, the RNA-seq data obtained from WT cells can provide
another point of reference to ensure that such enrichment peaks
are assigned to the appropriate nascent transcripts.

RsmA is a critical regulator of the switch between the acute
and chronic stages of infection in P. aeruginosa that influences
the abundance of hundreds of different transcripts in this or-
ganism. Our ChIPPAR-seq findings indicate which of these are
bound by RsmA (whether directly or indirectly). In addition, our
data include transcripts that were not known previously to in-
teract with RsmA that may also be subject to control by this
posttranscriptional regulator. More generally, our findings that
RsmA and Hfq each target hundreds of nascent transcripts
suggest that the binding of posttranscriptional regulators to na-
scent transcripts might be commonplace in P. aeruginosa as well
as other bacteria. The cotranscriptional level of regulation may
therefore be a particularly important mode of regulation for
these types of proteins.

Materials and Methods

Plasmids and Strains. All bacterial strains, plasmids, and oligonucleotide
primers used in this study (S/ Appendix, Tables S6-S8, respectively), as well as
details of strain and plasmid construction and growth conditions are de-
scribed in the S/ Appendix.

ChIP. ChIPPAR-seq was performed on biological triplicate samples in
PAO1 RsmA-V, as previously described (15), and a detailed protocol is in-
cluded in S/ Appendix. Briefly, cells were diluted from overnight cultures and
grown to midlog in 200 mL LB at 37 °C with shaking and 80 mL were col-
lected. The remaining culture was treated with 150 pg/mL rifampicin and
returned to the incubator for 30 min before another 80 mL were collected.
WT PAO1 was subjected to the same experimental conditions to be used as a
mock IP control (referred to as a mock control). ChIP-seq was performed on
biological triplicate samples in PAO1 RsmA-V, PAO1 RsmA-V Ahfq,
PAO1 Hfg-V, PAO1 Hfg-V ArsmAF, and WT PAO1 (the mock control). ChIP-
seq experimental conditions were the same as those for ChIPPAR-seq, with
the exception that the cells were not treated with rifampicin. Immediately
upon collection, cells were cross-linked with formaldehyde (1% final con-
centration) for 30 min and then treated with 250 mM glycine to quench the
cross-linking reaction. Cells were lysed and DNA was sheared with a Bio-
ruptor water bath sonicator (Diagenode). Lysates were combined with
anti-VSV-G beads (Sigma-Aldrich) for IP. After extensive washing and
overnight cross-link reversal, DNA was isolated with a PCR purification kit
(Qiagen). DNA yields were determined via Nanodrop or Agilent Bioanalyzer.
For ChIPPAR- and ChIP-gPCR, triplicate cultures (3 mL) were grown from
independent colonies and lysed via a tip sonicator. For ChIP-seq experiments
including a Ahfg mutant strain, overnight cultures were grown in no carbon
essential (NCE) growth medium supplemented with 20 mM succinate as the
carbon source and subsequently back-diluted into LB before sample
collection, as described above.

ChIP-Seq Library Preparation and Sequencing. Sequencing libraries were
prepared using the NEBNext Ultra Il DNA Library Prep Kit for lllumina (New
England Biolabs) according to the manufacturer’s specifications. Approxi-
mately 1 to 40 ng immunoprecipitated DNA was used, and adaptors were
diluted 10-fold prior to ligation. AMPure XP beads (Beckman Coulter) were
used to purify the libraries, which were subjected to 10 rounds of amplifi-
cation without size selection. Libraries were sequenced by Elim Bio-
pharmaceuticals on an Illumina HiSeq2500 producing 50-bp paired-
end reads.

ChIPPAR-Seq and ChIP-Seq Data Analysis. Paired-end sequencing reads were

mapped to the PAO1 genome (National Center for Biotechnology In-
formation RefSeq NC_002516) using bowtie2 v2.3.4.3 (53). Only reads
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corresponding to fragments of 200 bp or less were used. A custom script was
used to extract only read 1 from each pair and regions of enrichment were
identified using QUEST v2.4 (54). Sequencing reads collected from the ap-
propriate PAO1 mock biological replicates (i.e., IP from WT PAO1 that does
not synthesize any VSV-G-tagged protein) were merged and served as the
mock control. This mock control data were subsequently used to determine
background for each ChIPPAR or ChIP biological replicate. The following
criteria were used to identify regions of enrichment (peaks): They are two-
fold enriched in reads compared to the background, are not present in the
mock control, have a positive peak shift and strand correlation, and have a
g-value of less than 0.01. Peaks for each immunoprecipitated protein were
defined as the maximal region identified in at least two biological replicates.
Data were visualized using the Integrative Genomics Viewer (IGV) v2.5.0
(55). Peak analyses used custom scripts and BEDtools, v2.27.1.

gqPCR. qPCR was performed on DNA isolated from ChIPPAR and ChIP ex-
periments using FastStart Essential DNA Green Master (Roche) and a Light-
Cycler 96 (Roche). Primer efficiencies were calculated for each target gene via
serial dilutions and melting curve analyses. Data analyses were supported by
LightCycler software v1.1.0.1320 (Roche). Relative fold-enrichment indicates
the relative abundance of a DNA region-of-interest relative to a negative
control region (herein, we use a sequence within the gene PA2155) and the
amount of DNA in the input. Specifically, we calculated fold-enrichment =
1.9%4%, AACt = (Ct_ChIPpaz1s5 — Ct_ChIPyarger) — (Ct_INPUtpaz7s5 — Ct_INPUttarger)-
Reported fold-enrichments are the average of three biological replicates, and
error bars denote SD. All data shown are representative of at least two
independent experiments.

RNA Isolation. Triplicate overnight cultures of PAO1, PAO1 ArsmAF, and
PAO1 Ahfq were back-diluted in fresh LB medium and grown until midlog
phase, at which time, cells from 1 mL of culture were pelleted and resus-
pended in Tri-Reagent. Total RNA was collected by Direct-zol RNA-Miniprep
(Zymo Research) according to the manufacturer’s specifications. RNA was
eluted from the column in molecular-grade water.

Generation and Analysis of RNA-Seq Data. RNA-seq was conducted by the
Microbial ‘Omics Core facility at the Broad Institute using a modified version
of the RNAtag-Seq protocol (56). Differential expression analysis was con-
ducted with DESeq2 (57). For visualization of the RNA-seq data and coverage
plots in the context of genome sequences and gene annotations, the read
depths of the ArsmAF and Ahfq datasets were normalized to that of the WT
sample (PAO1), converted to bigwig format, and visualized in IGV (55). A
detailed description of both the RNAtag-seq methodologies and data
analysis steps can be found in SI Appendix.
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