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ABSTRACT

CsrA family RNA-binding proteins are widely distributed in bacteria and regulate gene expression at the posttranscriptional
level. Pseudomonas aeruginosa has a canonical member of the CsrA family (RsmA) and a novel, structurally distinct variant
(RsmF). To better understand RsmF binding properties, we performed parallel systematic evolution of ligands by exponential
enrichment (SELEX) experiments for RsmA and RsmF. The initial target library consisted of 62-nucleotide (nt) RNA transcripts
with central cores randomized at 15 sequential positions. Most targets selected by RsmA and RsmF were the expected size and
shared a common consensus sequence (CANGGAYG) that was positioned in a hexaloop region of the stem-loop structure. RsmA
and RsmF also selected for longer targets (=96 nt) that were likely generated by rare PCR errors. Most of the long targets con-
tained two consensus-binding sites. Representative short (single consensus site) and long (two consensus sites) targets were
tested for RsmA and RsmF binding. Whereas RsmA bound the short targets with high affinity, RsmF was unable to bind the
same targets. RsmA and RsmF both bound the long targets. Mutation of either consensus GGA site in the long targets reduced or
eliminated RsmF binding, suggesting a requirement for two tandem binding sites. Conversely, RsmA bound long targets con-
taining only a single GGA site with unaltered affinity. The RsmF requirement for two binding sites was confirmed with tssA1, an
in vivo regulatory target of RsmA and RsmF. Our findings suggest that RsmF binding requires two GGA-containing sites, while
RsmA binding requirements are less stringent.

IMPORTANCE

The CsrA family of RNA-binding proteins is widely conserved in bacteria and plays important roles in the posttranscriptional
regulation of protein synthesis. P. aeruginosa has two CsrA proteins, RsmA and RsmF. Although RsmA and RsmF share a few
RNA targets, RsmF is unable to bind to other targets recognized by RsmA. The goal of the present study was to better understand
the basis for differential binding by RsmF. Our data indicate that RsmF binding requires target RNAs with two consensus-bind-
ing sites, while RsmA recognizes targets with just a single binding site. This information should prove useful to future efforts to

define the RsmF regulon and its contribution to P. aeruginosa physiology and virulence.

NA-binding proteins play an integral role in the posttran-

scriptional regulation of protein synthesis by altering transla-
tion initiation, mRNA stability, and/or RNA processing. The CsrA
family of RNA-binding proteins regulates carbon metabolism,
virulence factor production, and motility in a number of Gram-
negative bacteria (1-5). CsrA proteins usually bind sites on target
mRNAs that overlap the Shine-Dalgarno sequence to prevent
translation initiation (6-8). Although considerable sequence vari-
ability exists between natural CsrA-binding sites, a common fea-
ture is a core GGA sequence that is usually presented in the loop
portion of a stem-loop structure (9, 10). High-affinity interac-
tions between CsrA and RNA targets have been analyzed by two
powerful techniques. First, nuclear magnetic resonance
(NMR) spectroscopy was used to show that RsmE, a CsrA ho-
molog in Pseudomonas fluorescens, makes optimal contact with
the sequence 5'-(A/U)CANGGANG(U/A), where N is any nucle-
otide (10). RsmE functions as a molecular clamp and gathers the
ANGGAN core into a hexaloop, with the flanking nucleotides
forminga 3-bp stem (10). The second approach, a systematic evo-
lution of ligands by exponential enrichment (SELEX), was used to
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identify high-affinity RNA ligands of Escherichia coli CsrA (9).
SELEX is a method used to select for RNA ligands that bind pro-
teins of interest (11). Evolution of the ligands is based on repeated
cycles of in vitro selection (12). The selection is driven toward
optimized RNA targets that bind to the protein of interest with

Received 26 April 2016 Accepted 27 June 2016
Accepted manuscript posted online 5 July 2016

Citation Schulmeyer KH, Diaz MR, Bair TB, Sanders W, Gode CJ, Laederach A,
Wolfgang MC, Yahr TL. 2016. Primary and secondary sequence structure
requirements for recognition and discrimination of target RNAs by Pseudomonas
aeruginosa RsmA and RsmF. J Bacteriol 198:2458-2469. doi:10.1128/JB.00343-16.

Editor: G. A. O'Toole, Geisel School of Medicine at Dartmouth
Address correspondence to Timothy L. Yahr, tim-yahr@uiowa.edu.
KH.S. and MR.D. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JB.00343-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

September 2016 Volume 198 Number 18


http://dx.doi.org/10.1128/JB.00343-16
http://dx.doi.org/10.1128/JB.00343-16
http://dx.doi.org/10.1128/JB.00343-16
http://crossmark.crossref.org/dialog/?doi=10.1128/JB.00343-16&domain=pdf&date_stamp=2016-7-5
http://jb.asm.org

high affinity and specificity (12). The CsrA-binding consensus
sequence was determined as RUACARGGAUGU (where R is ei-
ther A or G); the underlined ACA and GGA motifs are 100%
conserved, and the underlined GU is 98% conserved (9). All high-
affinity ligands for CsrA had GGA motifs that were presented in
the context of hexaloops (80%), tetraloops (15%), or octaloops
(5%) with highly conserved stems, indicating the importance of
both the primary nucleotide sequence and the secondary structure
for high-affinity interactions (9).

The opportunistic pathogen Pseudomonas aeruginosa has two
CsrA homologs, RsmA and RsmF (also called RsmN) (13, 14).
RsmA and RsmF exist as ~14-kDa homodimers in solution with
two identical RNA-binding sites on either side of the dimer (13—
15). Similar to other CsrA family members, the RsmA secondary
structure is characterized by five highly conserved B-strands (1
to B5) and a carboxyl-terminal a-helix. In contrast, the RsmF
secondary structure consists of two amino-terminal B-strands (1
and B2), an internal a-helix, and 3 carboxy-terminal B-strands
(B3 to B5) (14, 16-18). While RsmA and RsmF differ in their
secondary structure, they contain a conserved arginine residue
(R44 in RsmA and R62 in RsmF) that is positioned at the carboxy-
terminal end of B5 and is essential for RNA binding activity (13,
17, 19).

The presence of two CsrA proteins appears to be common in
the pseudomonads (13, 14, 20). P. fluorescens RsmA and RsmE
appear to be functionally redundant, wherein deletion of either
results in intermediate phenotypes (i.e., production of biocontrol
factors) and deletion of both is required for maximal regulatory
effects (20). P. aeruginosa RsmA and RsmF do not appear to be
redundant in the same way as seen in P. fluorescens. The RsmA
regulon consists of >500 genes and includes genes required for
production of pyocyanin, elastase, hydrogen cyanide, and type III
and VI secretion systems (3, 21, 22). The regulatory role of RsmF
is less clear, and the RsmF regulon has yet to be defined. Whereas
many phenotypes are altered in an rsmA mutant, an rsmF mutant
shows no alteration of the same phenotypes. For example, biofilm
formation is increased in an rsmA mutant but is unchanged in an
rsmF mutant relative to the parental strain (13). In an rsmA rsmF
double mutant, however, biofilm formation is significantly ele-
vated compared to the rsmA single mutant. RsmF function can
also be demonstrated in complementation experiments wherein
expression of either RsmA or RsmF in an rsmA rsmF mutant re-
stores biofilm formation to wild-type (wt) levels. RsmA and RsmF
share several binding targets in common, including the RsmY and
RsmZ regulatory RNAs and the tssA1 leader region. RsmF binding
affinities for these RNAs, however, is significantly lower than
those seen for RsmA. Binding studies with short RNA oligonucle-
otides suggest that a putative core GGA sequence in the fssAl
leader region is required for binding by RsmA and RsmF (13). In
other cases, RsmF is unable to bind to targets that RsmA interacts
with, such as the psIA leader region (13), suggesting that RsmF has
differential binding properties relative to RsmA.

In this study, we examine the differences in the RNA-binding
properties of RsmA and RsmF using a SELEX approach. SELEX
data show that RsmA and RsmF are remarkably similar in their
preference for targets with a GGA sequence presented as a hexa-
loop in a stem-loop structure. Further analyses of the SELEX data
suggested that RsmF requires two GGA binding sites, and this was
confirmed experimentally with representative targets identified in
the SELEX. Further, we utilized selective 2'-hydroxyl acylation
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analyzed by primer extension and mutational profiling (SHAPE-
MaP) (23) to confirm that the untranslated leader sequence of
tssA1, a known in vivo target of RsmF, contains two GGA stem-
loop structures that are necessary for RsmF binding.

MATERIALS AND METHODS

In vitro selection of RNA ligands. SELEX was performed as previously
described (9, 24, 25). The double-stranded DNA (dsDNA) library was
generated as follows. Primer 92978257 (see Table S1 in the supplemental
material) (10 pmol), which contains a 15-nucleotide (nt) randomized
region flanked on either side by constant regions (Fig. 1A), was used as the
template in a PCR with primers 92978255 and 92978256 (240 pmol each)
using the FailSafe PCR system (94°C for 1 min, 53°C for 1 min, and 72°C
for 0.5 min for a total of 25 cycles). The PCR product was gel purified, and
5 g was transcribed in vitro using the MEGAshortscript T7 transcription
kit (Life Technologies) in the presence of 50 puCi/mmol [a-**P]ATP
(PerkinElmer) (to facilitate gel purification) for 4 h at 37°C. The tran-
scription reaction was treated with five units of Turbo DNase I (Life Tech-
nologies) for 15 min at 37°C to remove the dsDNA template, and an equal
volume of gel loading buffer IT (Ambion) was added to the reaction. The
reaction mixture was gel purified (5% acrylamide/8 M urea) and quan-
tified. Gel-purified RNA was renatured by heating to 85°C followed by
slow cooling to 27°C. The radiolabeled RNA pool (round 0) was split
into separate aliquots for enrichment by either RsmA y;,c or RsmFyy; ..
RsmA ;s or RsmFyy,, purified by Ni** affinity chromatography as pre-
viously described (13), was combined with RNA in 500-pl binding reac-
tion mixtures containing 1 X electrophoretic mobility shift assay (EMSA)
binding buffer (10 mM Tris-HCI [pH 7.5], 10 mM MgCl,, 100 mM KCl,
0.5 mgyeast tRNA, and 7.5% glycerol). Reaction mixtures were incubated
at 37°C for 30 min. Ni-nitrilotriacetic acid (Ni-NTA)-agarose (50-pl
packed beads) (Qiagen) was equilibrated with 1 X binding buffer and was
added to the reactions followed by incubation at 37°C for another 10 min.
Binding reactions were agitated with a pipette every 2 min to achieve
optimal binding of RsmA py;,¢/RsmFyy; 6 to the Ni-NTA resin. The reaction
mixture was then washed three times with 100 pl of 1 X binding buffer to
remove unbound and weakly bound RNA ligands. Bound RNA was eluted
from the Ni-NTA resin with 100 wl 1X binding buffer containing 2 M
imidazole. The RNA was phenol-chloroform extracted and ethanol pre-
cipitated. The eluted RNA was converted into cDNA by incubating with 4
M of the reverse primer (primer 92978256) at 65°C for 5 min and was
then placed on ice for 2 min. Transcripts were reverse transcribed in the
presence of two units of avian myeloblastosis virus (AMV) reverse
transcriptase (Life Technologies) and 2 mM deoxynucleoside triphos-
phates (ANTPs) (Invitrogen) for 45 min at 42°C. Samples were heated
to 70°C for 15 min to inactivate the enzyme. The reaction mixture was
then used as the template in a PCR mixture containing 2 wM (each) of the
first strand and reverse primers (primers 92978255 and 92978256, respec-
tively), 2 mM dNTP, and 2 units Taqg DNA polymerase using the param-
eters described above. The PCR products were used as the templates for in
vitro transcription, and the pooled RNA was subjected to the next round
of selection. RsmAy;;, was added at final concentrations of 500 nM in
rounds 1 and 2, 250 nM in rounds 3 and 4, 125 nM in rounds 5 and 6, and
62.5 nM in rounds 7 and 8. RsmFy;, was added at final concentrations of
500 nM in the first four rounds of SELEX, 350 nM in rounds 5 and 6, and
175 nM in rounds 7 and 8. In each round, the RNA was added at a con-
centration that was eight times greater than the concentration of the re-
spective proteins.

Ion torrent sample preparation, sequencing, and data processing.
PCR amplified cDNA pools from rounds 0, 2, 4, 6, and 8 for RsmA and
RsmF were RNase A treated to remove residual RNA. Samples were heated
to 65°C for 15 min to inactivate the RNase, loaded onto a reaction cleanup
column (Qiagen), and eluted in 18 wl Tris-ethylenediaminetetraacetic
acid (EDTA), pH 8.0. The eluted product was subjected to fusion Super-
Mix high-fidelity PCR (Life Technologies) to add unique bar codes for
high-throughput sequencing. Fusion PCR was performed with 5 uM re-
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FIG 1 (A) Diagram of the SELEX strategy showing the three primers used to generate the 81-bp dsDNA library by PCR. The first strand primer incorporated a
promoter for T7 RNA polymerase. In vitro transcription yielded a 62-nt RNA library consisting of constant region 1 (23 nt), a 15-nt variable region, and constant
region 2 (24 nt). The theoretical diversity of the library is ~1 X 10” unique sequences. (B) General properties of long RNA targets selected by RsmF in later rounds
of selection. All of the long targets contained the original 62 target sequence followed by portions of either the T7 promoter and/or constant region 1. Whereas
targets that were <96 nt contained a single variable region, most of the targets that were =96 nt had two variable regions (variable region 1 and 2).

verse (primer 114791840) and forward primers (primer 114205660 for
round 0; primers 114345916, 114345918, 114345920, and 114345922 for
RsmA rounds 2, 4, 6, and 8, respectively; and primers 114345917,
114345919, 114345921, and 114345923 for RsmF rounds 2, 4, 6, and 8,
respectively) (see Table S1 in the supplemental material). The PCR pa-
rameters were 94°C for 3 min, 61°C for 0.5 min, and 68°C for 0.5 min for
atotal of 25 cycles. PCR products were separated on a 2% agarose gel, and
bands corresponding to ~128 bp were excised and gel purified. Samples
were analyzed on the Agilent Bioanalyzer for assessment of size distribu-
tion and accurate quantification purposes. An equimolar pool of the am-
plicon libraries was prepared (~26 pM) and submitted for Ion Torrent
sequencing (University of Iowa, Iowa Institute of Human Genetics). Se-
quences that were obtained from Ion Torrent high-throughput sequenc-
ing were sorted into 9 pools based on the barcodes. Ion Torrent sequenc-
ing yielded 4,816,625 sequences. Sequences were trimmed with a
sliding window of 10 and a Phred quality score of 15 using Trimmo-
matic 0.33 (26). Sequences of less than 50 nucleotides in length were
discarded from subsequent analyses. The remaining sequences were
clustered using USEARCH with a 98% identity cutoff and were reverse
complemented (27). The constant and variable regions of the clustered
sequences were analyzed using a script generated in R (version 3.2.2).
Positional clustering of the variable regions and length analysis were per-
formed using R (version 3.2.2), and secondary structures were examined
using Mfold (28).

Electrophoretic mobility shift assays. Gel-purified transcripts from
SELEX rounds 0 to 8 were dephosphorylated and 5'-end-labeled using
3,000 wCi/mmol [y->*P]ATP (PerkinElmer) and T4 polynucleotide ki-
nase (NEB). Unincorporated [y->*P]ATP was removed using NucAway
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spin columns (Life Technologies). Radiolabeled RNA was gel purified,
eluted overnight, phenol-chloroform extracted, ethanol precipitated, and
resuspended in TE (10 mM Tris-HCI [pH 8.0] and 1 mM EDTA) as
previously described. Radiolabeled RNA was incubated with the indicated
concentration of RsmAy; ., or RsmFyy; ¢ at 37°C for 30 min and analyzed
by native gel electrophoresis and phosphorimaging as previously de-
scribed (13). Binding properties were determined with Prism 6.0e using
the binding saturation equation for specific binding with a Hill slope. The
apparent K, represents the molar concentration of RsmA/RsmF required
to shift 50% of an RNA probe. The apparent K, values reported in the text
are the average of at least three independent experiments.

The Gibson assembly method (29) was used to generate native and
mutant DNA templates with the corresponding gBlocks (Integrated DNA
Technologies, Coralville, IA) (see Table S2 in the supplemental material).
gBlock adaptor sequences were removed, and the target sequence was
amplified using specific primers (132895788 and 132895789). In vitro
transcription was performed using the MEGAscript SP6 transcription kit
(Life Technologies). RNA templates were end-labeled with [y -**P]ATP as
previously described (16).

SHAPE-MaP analysis. RNA SHAPE-MaP analysis was performed as
described previously (23). An RNA structure cassette containing the 5’
untranslated region (UTR) of tssA1 (TssA1-SHAPE) was synthesized as a
gBlock DNA template (see Table S2 in the supplemental material) for in
vitro transcription. The cassette carries a 5’ T7 RNA polymerase promoter
(TAATACGACTCACTATAGGG) and the tssA1 UTR flanked by a stable
UUCG tetraloop (GGCCTTCGGGCCAA) at the 5" end and two tandem
UUCG tetraloops (TCGATCCGGTTCGCCGGATCCAAATCGGGCTT
CGGTCCGGTTC) at the 3’ end as previously described (30). RNA was
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generated using the HiScribe T7 high-yield RNA synthesis kit (NEB),
purified using the RNeasy kit (Qiagen), and examined by gel electropho-
resis for quality and length of product. Five hundred nanograms of RNA
was incubated at 37°C for 5 min and then treated with 100 nM 1-methyl-
7-nitroisatoic anhydride (1M7) for 5 min at 37°C. Denatured controls
containing 1M7 and formamide along with negative-control reaction
mixtures lacking 1M7 were performed in parallel. Following modifica-
tion, RNA was isolated using G-50 spin columns (GE Healthcare). Total
purified RNAs were incubated with 2 pmol of RNA structure cassette-
specific primer (GAACCGGACCGAAGCCCG) at 65°C for 5 min, cooled
to 4°C, then mixed with 10 mmol dNTP, 0.1 M dithiothreitol (DTT), 500
mM Tris (pH 8.0), 750 mM KCl, and 500 mM MnCl,, and incubated at
42°C for 2 min. Two hundred units of SuperScript II (Thermo Fisher
Scientific) was then added, and the reaction mixture was incubated for
180 min, heat inactivated at 70°C for 15 min, and purified over a G-50
column. Use of MnCl, rather than MgCl, during reverse transcription
allows for read-through at modified bases and incorporation of a non-
complementary nucleotide at modified positions (23). The resulting
cDNAs were amplified in two rounds of PCR using Q5 DNA polymerase
(NEB) according to the manufacturer recommendations. First-round
PCR consisted of six cycles using construct-specific primers (Rnd1Fwd
and Rnd1Rev) that incorporate terminal Illumina-specific sequences and
random nucleotides to improve sequence cluster identification (see Table
S1 in the supplemental material). Second-round PCR consisted of 19
cycles with primers Rnd2Fwd and Rnd2Rev to add additional Illumina-
specific adapter sequences and barcodes for sample-specific identification
(see Table S1). After each round of PCR, amplicons were purified using
the PureLink Micro PCR cleanup kit (Life Technologies). Prior to se-
quencing, the experimental and control amplicons were pooled at equal
concentrations, and the resulting libraries were cleaned using AMPure XP
beads (Beckman Coulter) and quantified with a Bioanalyzer (Agilent
Technologies) and Qubit (Life Technologies). Sequencing was performed
on a MiSeq desktop sequencer (Illumina) using a MiSeq Reagent kit v3
(600-cycle). SHAPE reactivity values for each nucleotide were determined
using the ShapeMapper pipeline (23). Structures were determined using
RNAstructure to incorporate SHAPE reactivities into the folding free en-
ergy model to identify the structure that best agrees with the experimental
data (31).

RESULTS

Target selection by RsmA and RsmF. Our previous observations
that RsmF does not bind some RNA targets bound by RsmA, and
that RsmA and RsmF have different binding affinities for RNA
targets shared in common (13), led to the hypothesis that RsmA
and RsmF have distinct sequence-specific and/or structural re-
quirements for high-affinity binding. A consensus CsrA-binding
sequence was previously determined using a SELEX approach (9).
We used the same strategy to identify RNA targets that specifically
bind RsmA and RsmF and to test the hypothesis that RsmA and
RsmF recognize distinct targets. The starting dsDNA library con-
sisted of two constant regions flanking a 15-bp variable region
(Fig. 1A). The variable region was randomized at each nucleotide
position to generate a library consisting of ~10° different se-
quences. A T7 promoter allowed for conversion of the DNA into a
62-nt single-stranded RNA (ssRNA) library. Aliquots (~10'?
transcripts) of the initial RNA library (round 0) were incubated
with purified histidine-tagged RsmA or RsmF (~10° molecules of
dimers) and washed, and bound RNA was eluted and converted to
c¢DNA to complete one cycle of selection. A total of eight selection
rounds were performed.

The progress of the SELEX enrichment was tracked using elec-
trophoretic mobility shift assays (EMSAs). Aliquots of the RNA
libraries from each round of selection were radiolabeled, incu-
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bated with purified RsmA or RsmF, and analyzed by native gel
electrophoresis and phosphorimaging (Fig. 2). Neither RsmA nor
RsmF demonstrated detectable binding to the initial RNA library
(Fig. 2, round 0). After one round of selection, however, the ap-
parent equilibrium binding constant (K,,) for RsmA was 328 nM,
and this affinity increased through subsequent rounds of selec-
tion. To enrich for high-affinity targets, additional selective pres-
sure was applied by reducing the concentration of RsmA in sub-
sequent rounds (250 nM in rounds 3 and 4, 125 nM in rounds 5
and 6, and 62.5 nM in rounds 7 and 8). Binding affinity plateaued
by the fourth round of selection at 1 nM.

In contrast to our findings for RsmA, RsmF required five
rounds of selection before a detectable increase in binding affinity
(437 nM) was observed (Fig. 2). To enrich for high-affinity li-
gands, the selective pressure was increased by reducing the con-
centration of RsmF in rounds 5 and 6 (350 nM) and 7 and 8 (175
nM). EMSAs performed on the RNA library from rounds 7 and 8
showed a maximum binding affinity of 328 nM. This suggested
that the enrichment had reached a plateau and that further rounds
of selection were not required. Because affinity maturation was
completed by round 6 for RsmA and RsmF, several of the analyses
described below focus on sequence data from round 6.

c¢DNA samples from the initial starting pool (round 0) and
rounds 2, 4, 6, and 8 for RsmA and RsmF were barcoded, pooled,
and subjected to high-throughput sequencing. A total of ~4.8
million sequence reads were obtained (Table 1). The sequences
were trimmed to remove the T7 promoter on the 5’ end and the
adapter sequences on the 3’ end and were then examined for se-
quence length and quality. Sequences of <50 nt or with a Phred
quality score of <15 were eliminated from the analyses, leaving a
total of ~2.3 million sequences (Table 1). The remaining se-
quences from each round of selection were clustered using a 98%
sequence identity cutoff. As expected, the number of unique clus-
ters decreased following each round of selection for RsmA and
RsmF and showed an inverse correlation with cluster size (i.e., the
number of times each cluster was represented) (Fig. 3A and Table
1). Both of these parameters further indicated enrichment for spe-
cific targets.

We next examined the top 100 clusters from each round of the
selection. Most of the RNA targets in the initial pool (round 0)
were 62 nt in length, and this trend remained the same through
selection rounds 2 to 8 for RsmA and RsmF (see Fig. S1 in the
supplemental material). Also apparent were longer RNA targets
that increased in frequency with each successive round of selection
(Table 2). Most of the targets that were <96 nt in length consisted
of the original 62-nt sequence followed by a 3’ extension, with
portions of constant regions 1 and/or 2 (Fig. 1B). Targets that were
<<96 nt generally lacked a second variable region, although a few
exceptions were observed. By selection round 8, targets of =96 nt
represented 36% and 30% of those selected by RsmA and RsmF,
respectively (Table 2). Most targets of =96 nt consisted of a com-
plete 62-nt target sequence at the 5’ end followed by either an
incomplete or complete second target sequence (Fig. 1B). Targets
of =96 nt were quite variable, but most fell into one of three
general classes: (i) two complete RNA targets linked together by
the T7 promoter sequence, (ii) two linked targets lacking the T7
sequence and partially truncated in constant region la, and (iii)
two targets linked together lacking the T7 sequence and constant
region la and partially truncated in variable region 2 (Fig. 1B).

Analyses of the short (<96 nt) target sequences. Previous
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FIG 2 Binding experiments with the RNA libraries from each round (Rd) of selection. Samples of the initial RNA library (Rd 0) and from each subsequent round
(Rd 1 to 8) of selection for either RsmA and RsmF were radiolabeled and incubated with purified RsmA or RsmF at the indicated concentrations (0, 0.1, 0.3,
0.9,2.7, 8,24, 72, 216, or 648 nM) for 30 min. Samples were immediately analyzed by native polyacrylamide gels and phosphorimaging. The position of
the unbound probe is indicated. The apparent equilibrium binding constant (K,,) for RsmA and RsmF following each round of selection is shown on the

left side of the images.

studies found that a core GGA sequence is critical for RNA bind-
ing by CsrA, RsmA, and RsmF (9, 13). For this reason, each of the
top 100 variable regions in targets of <96 nt were scanned for a
GGA sequence. Each variable region selected by RsmA and RsmF
in rounds 2, 4, 6, and 8 contained a GGA sequence, with the ex-
ception of one target in round 4 for RsmA (Table 1). In contrast,
GGA sequences were present in only 11 of the top 100 targets from
the initial library (round 0) prior to selection. Targets of <96 nt
from each round of selection were further clustered based on the
position in which the GGA sequence appeared within the 15-nt
variable region (i.e., positional clusters) (Fig. 3B). By round 6,
positional clusters 4 and 12 accounted for >80% of the targets
selected by RsmA. RsmF also preferentially selected targets with
the GGA at positions 3, 4, 10, and 12, with the strongest preference
for positional cluster 12 (77% by round 6). Note that positional
clustering was only applied to targets that were <96 nt in length
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and with 15-nt variable regions. As indicated in Table 2, 14- and
16-nt variable regions were also present in each round of the se-
lection (Table 2). Aside from a single nucleotide insertion or de-
letion within the variable region, targets with 14- or 16-nt variable
regions were indistinguishable from those with a 15-nt variable
region and contained a GGA sequence that was usually presented
in the loop portion of a stem-loop structure (discussed below).
In addition to the requirement for a GGA sequence, presenta-
tion of the GGA sequence is also important and is optimal for
CsrA and RsmA when presented in the loop portion of a stem-
loop structure (9, 10). To examine the structural context of the
GGA sequences, predicted structures for targets of <96 nt from
rounds 0 and 6 were determined using Mfold (28). Of the 11
targets from round 0 that contained a GGA sequence, only three
(27%) of the predicted structures had the GGA sequence located
in the loop of a stem-loop structure, and those GGA sequences
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TABLE 1 Summary of SELEX sequence data

No. of top
100
No. of No.of  Top 100 clusters

Proteinand No. of total trimmed  unique  cluster with
round reads reads” clusters”  sizes® GGA?
0 473,191 230,070 220,702 3-7 11
RsmA 2 611,146 247,437 188,432 12-33 100
RsmA 4 508,727 244,808 69,653 93-399 99
RsmA 6 372,141 188,467 24,403 264-2,203 100
RsmA 8 400,410 202,539 26,823 316-2,578 100
RsmF 2 756,668 342,979 271,770  16-57 100
RsmF 4 460,964 214,983 58,138 96-504 100
RsmF 6 368,007 183,294 30,465  208-1,249 100
RsmF 8 910,371 419,300 79,960  497-5,559 100
Total 4,816,625 2,273,877

“ Number of sequences remaining after removing reads that were <50 nt and trimming
for sequence quality.

b Number of unique sequence clusters for the trimmed reads using a =98% sequence
identify cutoff.

¢ Cluster size range (number of times each sequence cluster was represented) for the top
100 most frequent clusters.

@ Number of the top 100 most frequent clusters that contain a GGA sequence within the
variable region. The frequency of GGA sequences within the variable region expected by
chance in round 0 is 18.5%.

were in positional clusters 7 or 9. GGA sequences at those posi-
tions were infrequent in the targets selected by RsmA and RsmF
(Fig. 3B). In contrast, most of the structures with the lowest free
energy from round 6 for RsmA (80/81 of the short targets) and
RsmF (71/73) had the GGA sequence presented in the loop por-
tion of stem-loop structures. In a few cases, it was the structure
with the second lowest free energy rather than the lowest that had
the GGA presented in a loop. In those cases, we used the second
structure because the difference in free energy between the two
was negligible. The predicted secondary structures for targets in
positional clusters 3, 4, 10, and 12 for RsmA and RsmF were vari-
able. Most of the structures presented the GGA sequence in the
context of a hexaloop (68% and 65% for RsmA and RsmF, respec-
tively). The next most common presentation was a tetraloop (29%
and 28% for RsmA and RsmF, respectively). All structures with
tetraloops had either an A-U or G-U base pair at the top of the
stem, possibly allowing for flexibility in the presentation of the
GGA sequence in the tetraloop and hexaloop conformations.

To survey the diversity surrounding the GGA sequences, the
RNA targets in positional clusters 3, 4, 10, and 12 from round 6 for
RsmA and RsmF were examined using WebLogo 3 (32). The most
striking finding was the similarity in the sequences surrounding
the GGA for both RsmA and RsmF, irrespective of positional clus-
tering (Fig. 4A to H). The consensus sequences for RsmA and
RsmF (5'-CANGGAYG, where N is any nucleotide, the GGA is
100% conserved, and Y is a either cytosine or uracil) were identical
and consistent with the previously reported consensus sequences
for E. coli CsrA (RUACARGGAUGU) and P. fluorescens RsmE
(WCANGGANGN) (9, 10). Clusters 3 and 10 showed the most
disparity between RsmA and RsmF, with more variability in clus-
ter 3 at positions 10 to 15 for RsmF and in cluster 10 at positions 1
to 4 for RsmF (Fig. 4A versus B). Comparison of the positional
clusters to one another and between RsmA and RsmF also re-
vealed striking similarities. The common features are a 4-bp stem
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Round Round
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12 NNNNNNNNNNNGGAN|26 35 46 34 | 42 55 51 58347
13 NNNNNNNNNNNNGGA|O 0 0 0 0 0 0 010
8 83 81 60 | 94 83 66 69

FIG 3 Summary of the primary SELEX sequencing data. (A) Graph showing
that the percentage of unique sequence clusters decreased with each round of
selection for RsmA and RsmF and was inversely correlated with cluster size
(the number of times each cluster was represented). (B) Diagram of the posi-
tional clustering strategy used for the analysis of targets that were <96 nt. Each
target was clustered based on the location of the GGA sequence within the
15-nt variable region. One target lacking a GGA sequence was placed in cluster
0. The reported values are for targets of =96 nt found in the top 100 most
frequent clusters for rounds 2, 4, 6, and 8 for RsmA and RsmF. Only targets
with 15-nt variable regions were included in the analyses.

of variable sequence and a highly conserved hexaloop. This was
confirmed by generating a WebLogo using all of the RNA se-
quences from positional clusters 3, 4, 10, and 12 for RsmA or
RsmF (Fig. 41 and J). The consensus sequences showed remark-
able complementarity in the stem positions (positions 1 to 14, 2 to
13,3 to 14, and 4 to 11) and the consensus hexaloop sequence of
ANGGAY.

TABLE 2 Summary of target sizes for each round of selection

% of targets” of:

Protein and round <96 nt =96 nt No. of non-15-mer clusters”
0 87 0 13

RsmA 2 86 5 9

RsmA 4 83 1 16

RsmA 6 81 3 16

RsmA 8 60 36 4

RsmF 2 94 0 6

RsmF 4 83 7 10

RsmF 6 66 27 7

RsmF 8 69 30 1

Journal of Bacteriology

“ Percentages of the targets with the indicated sequence lengths in the top 100 most
frequent clusters, limited to targets with a 15-nt variable region.
® Number of clusters in the top 100 with variable regions of 14 or 16 nt in length.
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FIG 4 WebLogo3 illustrations of the RsmA and RsmF consensus binding sites. (A to H) Consensus sites for positional clusters 3, 4, 10, and 12 for RsmA and
RsmPF, limited to targets that were <96 nt. The 15-nt variable regions are shown within the blue boxes, and the conserved GGA sequences are highlighted in red
font. The sequence outside the blue box is derived from the constant regions that flank the variable region. (I and J) WebLogo3 illustrations combining all of the
sequences from positional clusters 3, 4, 10, and 12 for RsmA and RsmF. The GGA sequences are highlighted in red font, the conserved hexaloops are shown in
red boxes, and nucleotides that base pair to form a 4-bp stem are shown in blue boxes.

To examine RsmA and RsmF binding to short targets, three
representative targets found in the top 10 list for RsmA and RsmF
from round 6 were synthesized and used in EMSA experiments.
The predicted secondary structures of the targets are shown in
Fig. 5A. The radiolabeled RNA probes consisted of the 15-nt vari-
able region flanked by 19 nt from constant region 1 and 24 nt from
constant region 2. RsmA bound two of the three targets (A1/F3
and A4/F1) with high affinity (K,, < 1 nM), and weak binding to
the third target (A3/F10) was also detected (Fig. 5B to D). Binding
by RsmF was not detected for any of the probes, even when using
high protein concentrations (720 nM) (Fig. 5B to D and data not
shown). In summary, our analyses of the short RNA targets sug-
gest that neither the primary sequence nor the secondary structure
account for the differential binding properties of RsmA and RsmF
(13).

Analyses of the long target sequences (=96 nt). Although
most of the top 100 targets selected by RsmF in round 6 were <96
nt, 27 of the targets were =96 nt (Table 2). Mfold predictions
revealed that 26 of the long targets had two variable regions with
stem-loop structures that presented GGA sequences in the context
of either a tetraloop or a hexaloop. The GGA sequences were in
positional clusters 3, 4, or 12, with the strongest preference for
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positional cluster 12 in both variable regions (see Fig. S2 and S3 in
the supplemental material). The consensus sequences for posi-
tional clusters 3, 4, and 12 were similar to those seen for the short
targets selected by RsmF (Fig. 4; see also Fig. S3).

To test for RsmF binding, five long targets were synthesized
and tested in EMSA experiments. Four of the targets were chosen
from the top 100 list for RsmF (targets F5, F18, F25, and F50) (see
Fig. S2 in the supplemental material). The fifth target, chosen
from a less abundant cluster (F2241), was also included in the
study. The secondary structure predictions for each target are
shown in Fig. 6 and in Fig. $4 in the supplemental material. RsmA
bound to each of the targets with high affinity (<1 nM), and RsmF
bound to four of the five with affinities ranging from 14 to 142 nM
(Fig. 7A to D and H). Binding of RsmF to target F50 was not
detected. Relative to the other targets, which present the GGA
sequences as either tetraloops or hexaloops, the first GGA in target
F50isina 10-ntloop region (see Fig. S4). Although RsmF binding
affinity was reduced relative to RsmA, the finding that RsmF
bound to 4 of the 5 long targets while failing to bind short targets
(Fig. 5) led to the hypothesis that optimal RsmF binding requires
two sites and that RsmA is more tolerant of targets with only a
single site. To test this idea, we mutagenized the GGA sequences in
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FIG 5 RsmA and RsmF binding to targets that were <96 nt. (A) Predicted
secondary structures for targets A1/F3, A3/F10, and A4/F1, selected by RsmA
and RsmF in round 6. Each target was in the top 10 list for RsmA and RsmF as
indicated by the numeric designations. (B to D) Target RNAs were radiola-
beled and incubated with the indicated concentrations of RsmA and RsmF for
30 min. Samples were analyzed by native gel electrophoresis and phosphorim-
aging. The positions of the unbound probes are indicated, and the apparent
equilibrium binding constant is indicated in each panel.

each of the long targets bound by RsmF and tested for binding.
Mutation of either or both core GGA sequences in targets F5, F18,
and F2241 eliminated or significantly reduced RsmF binding
(>270 nM) (Fig. 7E, F, I, and J; see also Fig. S5F and G in the
supplemental material). The findings for target F25 differed
slightly in that a mutation of GGA1 had no effect on RsmF
binding, while mutation of GGA2 or both GGA sites prevented
RsmF binding (Fig. S5B to D). Unlike RsmF, RsmA bound all of
the single GGA mutant targets with high affinity. Neither RsmA
nor RsmF demonstrated detectable binding to the targets in
which both GGA sequences were mutated (Fig. 7G and K; Fig.
S5D and H). These findings are consistent with the hypothesis
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FIG 6 Predicted secondary structures for targets F5 and F18, selected by RsmF
in round 6. Constant regions 1 and la are shown in brown typeface, variable
regions land 2 are blue, constant regions 2 and 2a are orange, the T7 promoter
sequence is black, and the consensus GGA sequences are shown in red.

that detectable binding by RsmF requires two GGA-containing
sites.

High-affinity binding by RsmF requires both binding sites in
tssA1. Only a few direct targets of RsmF have been identified to
date. The highest affinity target known for RsmF is the leader
sequence of tssA1, which encodes a component of a type VI secre-
tion system (33). We previously reported that RsmA and RsmF
bind a tssA1 RNA probe with affinities of 0.6 nM and 4 nM, re-
spectively (13). Another study proposed that the tssA1 leader re-
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FIG 7 Binding by RsmF requires two GGA sequences. Shown are EMSA ex-
periments using probes for corresponding targets F25 (A), F50 (B), F2241 (C),
F5 (D), and F18 (H). Mutant probes in which the first GGA sequence (GGA1),
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tions of the unbound probes are indicated by arrows, and the apparent equi-
librium binding constant is indicated in each panel.
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gion contains two GGA sequences, both presented in stem-loop
structures based on previous Mfold predictions (Fig. 8A) (21).
The second GGA sequence overlaps the predicted ribosome-bind-
ing site and likely accounts for the inhibition of TssA1 translation
upon RsmA or RsmF binding (13, 21). To experimentally verify
the structure of the tssA1 leader region, we performed a SHAPE-
MaP (selective 2'-hydroxyl acylation analyzed by primer exten-
sion and mutational profiling) analysis (23, 30, 34). SHAPE-MaP
determines the reactivity of the IM7 chemical probe for each nu-
cleotide in the RNA (28). Higher reactivity indicates more flexi-
bility, which is generally indicative of unpaired nucleotides. When
we incorporate SHAPE-MaP data into the free energy of RNA
folding, we predict a slightly different minimum free energy struc-
ture from the Mfold prediction (Fig. 8B). Both GGA-containing
loop regions are highly reactive, indicating that they are unpaired
and accessible for RsmA and RsmF binding. The SHAPE-MaP
data also show that the nucleotides in the stem of the hairpin
containing the second GGA sequence have medium (yellow) re-
activity, indicating that this stem is flexible.

To determine whether RsmF binding requires both tssA1 bind-
ing sites, we generated a series of probes in which the first, second,
or both GGA sequences were changed to CCT. Consistent with the
previous study (13), RsmA and RsmF bound the native tssAl
probe with high affinity (Fig. 8C). Whereas RsmA also bound the
probe with the GGA1 substitution, RsmF was unable to bind the
same probe (Fig. 8D). Neither RsmA nor RsmF were able to bind
probes with substitutions in the GGA2 site or the double mutants
(GGA12) (Fig. 8E and F). Although we expected that RsmA might
bind the GGA2 mutant, the overall data support our hypothesis
that high-affinity binding by RsmF requires two binding sites.

In silico predictions of RsmA and RsmF binding sites. Based
on our observations that RsmF binding requires two binding sites,
we used an in silico approach to search for candidate RsmF targets
in the P. aeruginosa genome. To generate as many candidates as
possible, we searched for GGA sequences rather than the full
CANGGAYG consensus sequence. We first generated a library of
5" untranslated regions from genes containing multiple GGA se-
quences based on transcriptome sequencing (RNA-seq) data from
a previous experiment with P. aeruginosa strain PA14 grown at
37°C (35). Each of those sequences was folded (Mfold) to identify
candidates with two or more GGA sequences presented in pre-
dicted stem-loop structures (28). Seven of the most promising
candidates were selected based on predicted secondary structure,
loop size, and matches to the CANGGAYG consensus (see Fig. S6
in the supplemental material) and were tested for binding by
RsmA and RsmF. Despite our in silico predictions, RsmA bound to
only four of the probes and RsmF bound to only one of the probes
(see Fig. S7 in the supplemental material), which suggests that
current in silico modeling is a poor predictor of RNA structural
properties or that additional targeting properties remain to be
identified.

DISCUSSION

The previous observations that (i) RsmA and RsmF bind with
similar affinity to the tssA1 leader sequence, (ii) RsmF binds to the
RsmY and RsmZ regulatory RNAs with reduced affinity relative to
RsmA, and (iii) several RsmA targets are not recognized by RsmF
led us to investigate the basis for differential binding (13). Our
initial hypothesis was that discriminatory nucleotides at one or
more positions surrounding the core GGA sequence resulted in
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FIG 8 RsmF binding to the tssA1 leader region requires both GGA sequences.
Mfold (A) and SHAPE-MaP-directed (B) structures for the tssA1 leader re-
gion. SHAPE-MaP reactivity data are projected onto the structures with the
coloring scheme: <0.45 is black, 0.45 < x < 0.8 is orange, and >0.8 is blue.
Higher reactivity indicates lower base-pairing potential as well as higher flex-
ibility. The consensus GGA sequences are shown in red. (C to F) EMSA
experiments using a probe corresponding to the wt tssAI leader region (C,
wt) and probes with CCU substitutions in the first (D, GGA1), second (E,
GGA2), or both (F, GGA12) GGA sequences. The binding affinities for
RsmA and RsmF for each probe are provided on the left and right side of
the images, respectively.
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more restrictive binding by RsmF. The SELEX data, however, in-
dicate that RsmA and RsmF share a consensus binding site (5'-C
ANGGAYG). Our second hypothesis was that differences in the
secondary structure result in differential binding, but examina-
tion of the predicted Mfold structures revealed no significant dif-
ferences between targets selected by RsmA and RsmF. The finding
that RsmF bound to targets with two predicted binding sites led to
a third hypothesis that binding by RsmF requires two sites while a
single site is sufficient for RsmA binding. This was experimentally
verified for several long targets selected by RsmF and with the
tssA1 leader sequence, wherein disruption of a single binding site
disrupted RsmF binding while having little effect on RsmA bind-
ing. It is important to remember that RsmA and RsmF are both
dimers in solution and that each dimer has two functional binding
sites. Our finding that a single site supports strong binding by
RsmA is consistent with previous work with mixed CsrA het-
erodimers composed of one RNA-binding competent monomer
and one RNA binding-defective monomer. Both wt CsrA and the
mixed heterodimer bound with similar affinity to several RNA
targets containing two binding sites (36). It has been proposed
that targets with multiple binding sites have the potential for co-
operative binding interactions (9). Additionally, multiple sites,
which are common on many CsrA targets, are thought to allow for
the binding of a dimer to a high-affinity site, thereby increasing
the local concentration to enhance binding to a second lower af-
finity site(s). The Hill coefficients for RsmA and RsmF binding to
the £ssA1 probe are 1.5 and 1.6, respectively (see Fig. S8 in the
supplemental material), and are suggestive of cooperative bind-
ing. Our data suggest that this feature is likely essential for RsmF
activity and that targets with multiple binding sites may be pref-
erential targets of RsmF. Consistent with this, the only known in
vivo targets of RsmF are RsmY, RsmZ, and tssA1, each of which
contains =2 predicted binding sites.

The strong selection imposed in a SELEX experiment raises the
possibility of identifying targets with binding affinities greater
than optimal for the biological system. The binding affinities for
two of the top RsmA targets were ~1 nM (Fig. 5). Experimental
data from this study and others have demonstrated binding of P.
aeruginosa RsmA to 12 different sites on a total of 9 target RNAs
(see Fig. S8 in the supplemental material). The available binding
affinities for those targets are in the low to mid nanomolar range
(0.3 to 55 nM). The affinity of RsmF for the long targets (33 to 108
nM) is also within the range of experimentally determined affini-
ties for the tssA1 and PA14_16030 leader regions (4 and 80 nM,
respectively). We conclude that the binding affinities for the tar-
gets identified by SELEX are generally within the normal physio-
logical range for RsmA and RsmF targets in vitro.

SELEX experiments may also identify sequences that are not
functional sites in the organism of interest. The consensus binding
site derived from our studies (5'-CANGGAYG) is similar to the E.
coli CsrA sequence (5'-CARGGAUG) determined by SELEX (9).
Most characterized CsrA target sites resemble the SELEX-derived
consensus (37). Likewise, each of the experimentally verified sites
for RsmA and RsmF resembles the RsmA/RsmF consensus se-
quence, with matches ranging from 4 to 8 nt to consensus (see Fig.
S9 in the supplemental material). These data indicate that RsmA
and RsmF target sites will conform to the simple rule of matching
the SELEX-derived consensus and that this will have some value in
predicting target sites. Sequence alone, however, would seem to be
a poor predictor of RsmA and RsmF targets. Our attempt to iden-
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tify RsmF targets using a bioinformatic approach was met with
limited success. By examining the 5" untranslated leader region of
genes expressed at 37°C (~35% of the genome) plus 10 to 20 nt of
the coding sequence, we identified 815 candidates with =2 GGA
sequences. Secondary structure predictions narrowed the candi-
date field to 35, and 7 of the most promising candidates were
selected for further analyses. Even from the pool of 35, however,
we were forced to accept suboptimal candidates by allowing the
GGA to be presented in loop regions ranging from 4 to 10 nt in
length and in single-stranded regions (see Fig. S6 in the supple-
mental material). RsmF bound to only one of the seven candi-
dates. Perhaps even more telling is that RsmA, with less restrictive
binding properties, only bound to three of the candidates. Accu-
rate predictions of RsmA and RsmF binding sites from primary
sequence information remain imprecise. This is perhaps not sur-
prising given that in vitro targets can deviate from consensus and
that the GGA sequence is not always presented in an optimal hexa-
loop stem-loop structure. Although the SELEX experiments for
RsmA/RsmF and CsrA indicate preferential binding to hexaloops,
Lapouge et al. found that pentaloops are the preferred structure
for RsmA/CsrA in vivo (38). The limitations of secondary struc-
ture prediction and unknown tertiary structural requirements are
also factors that likely contributed to our low success rate. The
broad application of methodologies such as SHAPE-MaP to more
accurately determine genome-wide RNA structures may facilitate
improvements in the prediction of in vivo RNA targets of RsmA
and RsmF. Finally, it is possible that the in vitro binding assay lacks
a factor(s) that facilitates high-affinity binding of RsmA and/or
RsmF to some target RNAs.
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