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Alternative Hfq-sRNA interaction modes dictate

alternative mRNA recognition
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Abstract

Many bacteria use small RNAs (sRNAs) and the RNA chaperone Hfq

to regulate mRNA stability and translation. Hfq, a ring-shaped

homohexamer, has multiple faces that can bind both sRNAs and

their mRNA targets. We find that Hfq has at least two distinct

ways in which it interacts with sRNAs; these different binding

properties have strong effects on the stability of the sRNA in vivo

and the sequence requirements of regulated mRNAs. Class I sRNAs

depend on proximal and rim Hfq sites for stability and turn over

rapidly. Class II sRNAs are more stable and depend on the proximal

and distal Hfq sites for stabilization. Using deletions and chimeras,

we find that while Class I sRNAs regulate mRNA targets with previ-

ously defined ARN repeats, Class II sRNAs regulate mRNAs carrying

UA-rich rim-binding sites. We discuss how these different binding

modes may correlate with different roles in the cell, with Class I

sRNAs acting as emergency responders and Class II sRNAs acting

as silencers.
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Introduction

Hfq was originally characterized as a host factor from Escherichia

coli required for RNA bacteriophage Qb replication (Franze de

Fernandez et al, 1968). Since then, it has been implicated in many

facets of RNA metabolism, including RNA decay and transcription

termination (reviewed in Vogel & Luisi, 2011; Sobrero & Valverde,

2012). One of its most well-studied roles is as an RNA chaperone

facilitating pairing between bacterial small RNAs (sRNAs) and their

mRNA targets. This pairing typically leads to changes in the stability

or translation of the target mRNA transcript (reviewed in Gottesman

& Storz, 2011).

Hfq is a member of a larger family of Sm and Sm-like (LSm)

RNA-binding proteins found in eukaryotes and archaea. This family

of multimeric proteins is characterized by two conserved domains,

Sm1 and Sm2, that consist of an N-terminal a-helix stacked on top

of a closed barrel comprised of five anti-parallel b strands (reviewed

in Sauer, 2013; Wilusz & Wilusz, 2013). Unlike Sm and LSm pro-

teins, which commonly form heteroheptameric rings (reviewed in

Wilusz & Wilusz, 2013), Hfq is a homohexamer (Møller et al, 2002;

Schumacher et al, 2002; Zhang et al, 2002; Sauter et al, 2003).

In vitro and crystal structure studies of Hfq initially revealed two

distinct surfaces for RNA interaction (reviewed in Brennan & Link,

2007). One surface, termed the proximal face, has an affinity

for uridine-rich sequences, where it can bind up to six nucleotides

(one per monomer) (Schumacher et al, 2002; Mikulecky et al,

2004; Link et al, 2009). This surface recognizes and binds to the

U-rich stretch at the 30 end of Rho-independent terminators, a

common attribute of the 30 end of sRNAs (Otaka et al, 2011; Sauer &

Weichenrieder, 2011). A second surface, termed the distal face, has

a strong affinity for adenine-rich sequences (de Haseth & Uhlenbeck,

1980; Mikulecky et al, 2004). Such a sequence motif was originally

identified within the 50 untranslated region (50 UTR) of the rpoS

mRNA, where a AAYAA sequence significantly enhanced Hfq

binding and formation of a stable ternary complex between Hfq,

rpoS, and DsrA (Soper & Woodson, 2008). Crystal structures of Hfq

from E. coli in complex with poly(A) revealed that three nucleotides

bind per subunit of Hfq on the distal face, and led to definition of

the binding motif as (A-R-N)n sequences, the term used here, where

A is an adenine nucleotide, R is any purine nucleotide, and N is any

nucleotide (Link et al, 2009; Wang et al, 2013). Subsequently, ARN-

like sequences were shown to be important for sRNA-dependent

regulation of other sRNA/mRNA pairs (Salim & Feig, 2010; Beisel

et al, 2012; Salim et al, 2012). A more recent study, which utilized

tryptophan fluorescence quenching to more thoroughly map Hfq-

RNA interactions, redefined the optimal binding motif for the distal

face of the E. coli protein as (A-A-N)n (Robinson et al, 2014).

A third surface of Hfq, termed the rim or lateral face, has more

recently been shown to interact with RNA. This face consists of a

conserved arginine patch on the periphery of the E. coli Hfq ring.

In vivo and in vitro studies have revealed that this basic patch plays
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a role in binding and stabilization of some sRNAs by making contact

with UA-rich sequences within the sRNAs (Sauer et al, 2012; Zhang

et al, 2013; Dimastrogiovanni et al, 2014). Beyond binding, this

patch also has been implicated as an active site for the chaperone

activity of Hfq, as mutations of these residues led to a disruption in

the nucleation of model RNA helices (Panja et al, 2013). Thus,

Hfq utilizes three distinct faces to facilitate sRNA regulation: the

proximal face for binding U-rich sequences, the distal face for

binding AAN motifs, and the rim for binding UA-rich sequences.

Additionally, the unstructured C-terminus of Hfq may contribute to

binding and/or exchange of sRNAs and mRNAs (Dimastrogiovanni

et al, 2014).

Aside from having a Rho-independent terminator recognized by

Hfq and a sequence for base pairing with target mRNAs termed the

‘seed’ region (Papenfort et al, 2010), the size, shape, and sequence

of sRNAs can vary dramatically. For example, sRNAs may also

contain additional uridine-rich stretches, which have also been

shown to play a role in binding and regulation (Zhang et al, 2002;

Balbontı́n et al, 2010; Ishikawa et al, 2012; Sauer et al, 2012).

Despite the degenerate recognition sequences and variation in size

and shape of sRNAs, Hfq preferentially binds base-pairing sRNAs

and their mRNA partners (Zhang et al, 2003; Sittka et al, 2008).

To gain further insight into how Hfq binds sRNAs and mRNAs

and facilitates their interaction, a recent study utilized a combina-

tion of in vivo approaches to gain a better perspective on RNA:Hfq

protein interactions. Specifically, the effect of 14 different hfq muta-

tions of residues on the proximal face, the distal face, and the rim

on the in vivo activity and accumulation of a representative group of

sRNAs was examined. Many of the results supported the basic

in vitro conclusions that the proximal face of Hfq was necessary for

sRNA stability and function. However, sRNAs differed in their

patterns of accumulation in rim and distal mutants, suggesting that

the sRNAs fall into two distinct groups (Zhang et al, 2013). Here,

we further examine this difference in behavior, its basis, and impli-

cations for the function of Hfq and the sRNAs and mRNAs that bind

to this protein.

Results

sRNAs fall into different classes based on accumulation in

Hfq mutants

In a previous study, we examined the levels of five sRNAs (DsrA,

RyhB, ArcZ, McaS, and ChiX) in 14 different hfq mutants in a

MG1655 background (Zhang et al, 2013). Three of these sRNAs,

DsrA, RyhB, and ArcZ (Fig EV1) showed an overall decrease in

accumulation in the rim mutants, but had high levels in the distal

face mutants. Here, we define this group as Class I. The other two

sRNAs, ChiX and McaS (Fig EV1), had the inverse accumulation

pattern with higher levels of accumulation in the rim mutants and

reduced levels in the distal face mutants. We define this second

group as Class II.

The Class I and II definitions are based on accumulation levels of

only five endogenously expressed sRNAs in multiple rim and distal

site mutants. We were interested in determining whether the

broader group of Hfq-binding sRNAs fell into these classes as well.

We initially examined this by taking advantage of tiling arrays done

in our previous study (Zhang et al, 2013). In those arrays, we exam-

ined the genome-wide accumulation of endogenous sRNAs as well

as the levels of sRNAs that co-immunoprecipitated (IP) with Hfq in

cells expressing wild-type (WT) Hfq or one of three mutants (proxi-

mal face Q8A, rim R16A, and distal face K31A). While both the total

and IP RNA levels paralleled the accumulation data for DsrA, RyhB,

ArcZ, ChiX, and McaS, the total expression levels of a few sRNAs

were very low, making comparisons difficult. However, all of the

sRNAs were enriched upon co-IP with Hfq, and thus, the Hfq IP

numbers from table S3 in Zhang et al (2013) were used in this

comparison (Table EV1). The ratio for the rim R16A mutant IP rela-

tive to the distal site K31A mutant IP was found to best distinguish

between the original sRNAs classified as Class I and Class II. Based

on the ratios for these mutants, additional sRNAs were initially

assigned to Class I (low ratio, < 0.5, purple in Table EV1) or Class II

(high ratio, close to or > 1, blue in Table EV1). We next tested these

predicted classifications in the broader set of hfq mutants for sRNAs

selected to cover a range of R16A/K31A ratios.

Of the 24 Hfq-dependent sRNAs included in this analysis, 14

(including DsrA, RyhB and ArcZ) had R16A/K31A ratios of < 0.5 for

the co-IP samples in two independent data sets, the characteristics

defined for Class I. Spot 42 and GlmZ had values just below the

cutoff in one data set and just above in the other, but otherwise had

other characteristics of Class I sRNAs. GcvB, MicF, Spot 42, and

GlmZ were chosen from this set for further testing by examining

accumulation in the full set of hfq alleles by primer extension analy-

sis (Fig 1). All four of these sRNAs had an accumulation pattern

similar to that of the original Class I sRNAs: reduced levels in the

rim mutants and higher levels in the distal mutants (Fig 1). There-

fore, including Spot 42 and GlmZ, 16 of 24 sRNAs can be catego-

rized as Class I sRNAs on the basis of the co-IP data for R16A and

K31A.

Four sRNAs had both total and IP R16A/K31A ratios close to or

> 1, characteristic of Class II sRNAs. MgrR and CyaR were further

examined and, like the defining Class II sRNAs ChiX and McaS, had

higher levels in the rim mutants, and reduced levels in the distal

mutants (Fig 1).

The four remaining sRNAs, ArcZ, RprA, SgrS, and OxyS, had

intermediate ratios for the co-IP samples (> 0.5 but < 1.0). ArcZ

was previously tested; this sRNA is rapidly processed, and both the

full length and processed forms accumulated with patterns much

like that for DsrA and other Class I sRNAs (Zhang et al, 2013)

(Fig EV1). We assayed the other three sRNAs, RprA, SgrS, and

OxyS, for accumulation in the larger group of hfq mutants by primer

extension analysis (Fig 1). These assays suggested that OxyS falls

more within the category of a Class I sRNA, although the decrease

in expression in the rim alleles was not as dramatic as seen for other

Class I sRNAs. On the other hand, the accumulation profile for RprA

was more similar to that of a Class II sRNA, with high levels of accu-

mulation in some of the rim mutants and reduced levels in the distal

face mutants. However, unlike the other Class II RNAs, the levels

were low in two of the rim mutants, R16A and R19D. SgrS showed

an accumulation pattern similar to both RprA and OxyS. We

conclude that the sRNAs with an intermediate IP ratio (> 0.5 but

< 1.0) may represent RNAs intermediate between Class I and

Class II; these are color-coded light blue in Table EV1. Overall, ArcZ

is more like a Class I sRNA, and RprA is more like a Class II sRNA,

while OxyS and SgrS have characteristics of both classes. We
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focused here on characterizing sRNAs that were clearly Class I or

Class II.

The majority of the sRNAs (20 of 24) could be assigned to Class I

or Class II by their IP ratios (Table EV1), and the eleven that were

further tested for the accumulation level in the full set of hfq alleles

confirmed the prediction from the IP ratio. The four sRNAs that did

not fit clearly into Class I or Class II by the original ratio were con-

firmed to have more complex behavior in the full set of alleles.

Overall, these results strongly support the use of the R16A/K31A

ratio as a robust assay for the assignment of sRNAs to Class I or II.

We note that there are differences among the hfq alleles that we do

not fully explore here. Some alleles, including H57A on the proximal

face, K31A and G29A on the distal face, and R17A on the rim, are

likely relatively leaky mutants, based on previous work (Zhang

et al, 2013), and thus, the accumulation phenotypes are weaker

(more like wild-type) than other alleles on the same face. R19,

which is found on the distal face of the rim, may have both rim and

distal face properties. For the rest of this work, we made use of the

Q8A proximal mutant, the R16A rim mutant, and the Y25D distal

mutant, all having consistently strong phenotypes for sRNA accu-

mulation and repression of target genes (Zhang et al, 2013).

Accumulation of sRNAs in two classes is correlated with turnover

The differences in the pattern of accumulation of sRNAs in hfq

mutants seen in Figs 1 and EV1 are most easily explained by dif-

ferences in turnover of these sRNAs, because transcriptional regula-

tion of each of the sRNAs is different, and Hfq is known to affect the

stability of sRNAs (reviewed in Vogel and Luisi, 2011). Since dele-

tion of hfq destabilizes most of these sRNAs (see second lane in

Figs 1 and EV1), mutations in surfaces of Hfq needed for sRNA

binding would be expected to destabilize the sRNA. In addition, we

previously suggested that sRNA pairing to targets is accompanied by

coupled degradation of the sRNA and mRNA (Massé et al, 2003),

possibly due to their displacement from Hfq. Thus, mutations that

interfere with mRNA binding and/or pairing might retain the sRNA

on Hfq, also leading to increased stability.

These predictions were tested by examining sRNA turnover in

two ways. In both cases, the sRNA was expressed from a plasmid

from a plac promoter induced for 15 min. In the first test, the intrin-

sic stability was measured by adding rifampicin to the culture (inhib-

iting all transcription) after induction and analyzing samples during

a chase period by Northern analysis. In that assay, the four Class I

sRNAs tested (DsrA, RyhB, MicF, and GcvB) and the four Class II

sRNAs (ChiX, McaS, MgrR, and CyaR) were stable in an hfq+ host

and were somewhat unstable in the hfqQ8A host (Figs 2, left panels,

and EV2). This is consistent with previous in vitro data supporting a

role for Q8 in binding all sRNAs (Mikulecky et al, 2004; Updegrove

& Wartell, 2011). In the rim mutant (R16A), Class I sRNAs also

became unstable, while Class II sRNAs were stable, correlating with

Figure 1. Effect of hfq mutations on accumulation of sRNAs.

Extracts were prepared from wild-type (SG30214) and isogenic hfq mutants

(SG30206 to SG30237A, listed in Appendix Table S1) grown in LB medium at 37°C

to early stationary phase (OD600 ~ 1.0). The levels of all the sRNAs were analyzed

by primer extension analysis of 5 lg of total RNA. The same extracts tested in

Fig 4 of Zhang et al (2013) were used to analyze the sRNAs in this figure. The

levels of 5S were determined by Northern analysis of the ArcZ blot in the same

(Zhang et al, 2013) figure. The color code for Hfq surfaces, used throughout the

paper (here for the Hfq mutant allele labels), is red for the proximal surface,

purple for the rim, and blue for distal surface. We noted the presence of a second

primer extension band (2–5 nt longer) for GcvB in the distal mutants. We do not

know if it is due to modification or an additional transcription start site, but the

band was also detected in WT cells when GcvB was expressed at high levels.
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the reduced accumulation of Class I but not Class II sRNAs in rim

alleles (Figs 1 and EV1), and suggesting a role for the rim in binding

and stabilizing Class I but not Class II sRNAs. We also observed

some destabilization of ChiX, CyaR, and MgrR in the Y25D distal

mutant (Fig EV2), suggesting that distal site binding might be

involved in stabilizing Class II sRNAs.

In the second set of experiments, we measured sRNA stability by

washing out IPTG to stop further sRNA transcription, while general

transcription of other RNAs, including target mRNAs, continued.

We previously reported that under similar assay conditions, DsrA

and RyhB were unstable in an hfq+ host, in contrast to their behav-

ior upon rifampicin treatment (Massé et al, 2003); this degradation

was interpreted as coupled degradation of the sRNA and mRNA.

This pattern was confirmed for the four Class I RNAs (DsrA, RyhB,

MicF, and GcvB) (Fig 2, compare WT right and left panels; quanti-

tated in Fig EV2). Both the Q8A and R16A washouts showed similar

instability. However, strikingly, these Class I sRNAs were stable in

the Y25D washout experiment (Figs 2 and EV2, half-life increased

from 3 to 5 min to greater than 15 min). If the rapid turnover of an

sRNA after inducer washout in WT cells is due to coupled degrada-

tion of the sRNA and the mRNA, stabilization in Y25D may reflect

failure of mRNA binding, leading to a defect in pairing. As a result,

the Class I sRNAs would remain stably associated with Hfq

for longer. This stabilization is consistent with higher levels of

Figure 2. Effect of Hfq mutations on stability of Class I and Class II sRNAs.

Wild-type and isogenic hfqmutants, deleted for the sRNA being examined and harboring a plasmid expressing the sRNA of interest under the control of Plac, were grown at

37°C and treated as described in Materials and Methods; all transcription was stopped by treatment with rifampicin (left), or transcription of just the sRNA was stopped

by washing cells to remove IPTG (right). Total RNA (3 lg for RyhB, 3.5 lg for MicF and 4 lg for all other sRNAs) extracted from each sample was subject to Northern

analysis using an oligonucleotide specific to the sRNA. The levels of 5S were determined by Northern analysis of the CyaR blot. Quantitation of the Northern blots is given in

Fig EV2. Strains were derived from hfq+ (SG30214), hfqQ8A (SG30206), hfqR16A (SG30207), and hfqY25D (SG30237A) by P1 transduction to delete a given sRNA gene, as

listed in Appendix Table S1.
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accumulation of endogenous Class I sRNAs in distal site mutants

(Figs 1 and EV1), and higher levels of the induced Class I sRNAs at

0 min in the Y25D mutant (Fig 2).

Two of the four Class II RNAs (ChiX and McaS) were stable in

the hfq+ washout experiment. Based on previous studies with

ChiX (Overgaard et al, 2009b), Class II sRNAs may, in some cases,

be stable regulators that can be reused in multiple rounds of

pairing and turnover of their targets. Strikingly, however, each of

the Class II sRNAs was more stable in the R16A rim mutant

(Fig EV2); in Y25D, degradation was either similar to or more

rapid than in the WT host, a pattern that was the inverse of that

seen for Class I.

Overall, these results agree with the pattern of accumulation of

Class I and Class II sRNAs in the hfq mutants seen in Fig 1 and con-

firm that the differences in accumulation are due to differences in

stability. They also support roles for three distinct faces for interac-

tion with RNA, consistent with work by others (de Haseth &

Uhlenbeck, 1980; Schumacher et al, 2002; Mikulecky et al, 2004;

Sauer et al, 2012), but suggest that Class I and Class II sRNAs use

these interaction faces differently (Fig 3). We assume here that the

sRNAs are stable as long as they are bound to Hfq and thus that loss

of stability reflects a reduction in Hfq binding. The second assump-

tion is that, after pairing with target mRNAs, the sRNA is displaced

from Hfq and therefore becomes sensitive to degradation. Based on

the results in Fig 2, Class I sRNAs use the proximal face and the rim

for binding, and mutations in the distal face stabilize binding or

prevent the sRNAs from being displaced from Hfq, while Class II

sRNAs use the proximal and distal faces for binding, and mutations

in the rim further stabilize binding (Fig 3).

ARN motifs in Class II sRNAs confer stability

The results in Fig 2 suggest a role for the distal face in Hfq binding

to Class II sRNAs. We thus looked for elements present in Class II

but not Class I sRNAs consistent with distal face binding. This anal-

ysis revealed, in Class II sRNAs, internal single-stranded adenosine-

rich stretches similar to the ARN-binding motifs found to be

required for mRNA binding to the distal face of Hfq (highlighted in

blue in Fig 4A and E and Appendix Fig S1). To examine the roles of

these ARN sequence repeats, we deleted these sequences in the

Class II sRNAs ChiX and MgrR. ChiX harbors four ARN repeats, and

mutants were constructed in which one, two, three, or the entire

ARN repeat region was removed (Appendix Fig S2A). The stability

of the mutants compared to the WT was then measured in washout

experiments similar to those in Fig 2. The results of this analysis

suggest that the individual ARN sequences have an additive effect

on the stability of ChiX (Appendix Fig S2B and C). Deletion of one

or two ARN sites decreased stability of the RNA relative to WT;

deletion of three or all four ARN sequences made ChiX as unstable

as RyhB (5 min half-life).

The deletion of all four ARN motifs destabilized ChiX, as did the

Y25D mutation (Fig 4B and C), consistent with a role for the ARN

Figure 3. A model of alternative modes of RNA binding to Hfq.

The cartoon model of the Hfq hexamer depicts the three RNA-binding surfaces of Hfq: proximal face (red), rim (purple), and distal face (blue). For sRNAs and mRNAs, elements

in red represent sequences (rho-independent terminator) that bind to the proximal face, elements in purple represent UA sequences that bind the rim, and elements in

blue represent ARN-binding motifs that bind to the distal face. The model depicts two alternative pathways for binding and regulation by sRNA:mRNA pairs. Class I sRNAs

utilize a U-rich rho-independent terminator for binding the proximal face and a UA-binding motif for interaction with the rim. mRNA targets regulated by this class of

sRNAs utilize ARN-bindingmotifs for interacting with the distal face of Hfq. Binding of the Class I sRNA and its correspondingmRNA to Hfq lead to base pairing and regulation

and degradation of the sRNA. A second class of sRNAs (Class II) utilize the U-rich rho-independent terminator for binding the proximal face of Hfq and an ARN motif

for binding to the distal face. mRNA targets regulated by this class of sRNAs contain UA-bindingmotifs that allow for binding to the rim of Hfq. Binding of the Class II sRNA and

its corresponding mRNA to Hfq lead to base pairing and regulation, but not necessarily degradation of the sRNA.
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motifs in binding to the distal site. If both Y25D and deletion of the

ARN motifs block ChiX binding to the distal site, leading to instabil-

ity, the effects should not be additive. To test this prediction, the

stabilities of ChiX and ChiX∆ARN in WT, R16A, and Y25D mutant

cells were examined after treatment with rifampicin and after

inducer washout (Fig 4 and Appendix Fig S3). After inducer

washout, full-length ChiX was stable in the WT and R16A mutant

backgrounds (> 20 min half-life) and unstable (9 min half-life) in

the Y25D mutant (Fig 4B, solid lines in Fig 4C), as seen in Fig 2. In

contrast, the ChiX-∆ARN mutant was rapidly turned over in both

the WT and the R16A mutant backgrounds (5 min half-life). The

observation that turnover in both the WT and rim mutant back-

grounds was equally slow for ChiX and equally rapid for ChiX∆ARN

suggests that ChiX does not bind the rim, even in the absence of

ARN motifs. In contrast, the rate of turnover of ChiX and the

ChiX∆ARN mutant were very similar in the Y25D mutant (Fig 4B

and C). This result suggests that mutations in the distal face of Hfq

make ChiX turnover independent of the ARN motifs, and points to

the distal face as the interaction surface with the ARN-binding

motifs found in ChiX.

The abilities of ChiX and ChiX∆ARN to repress a chiP-lacZ fusion

were also compared (Fig 4D). In these experiments, in which the

ChiX derivatives were overproduced, both ChiX and ChiX∆ARN

effectively repressed expression of the fusion, although ChiX was

slightly more effective. More striking differences between ChiX and

ChiX∆ARN-mediated regulation were observed when the sRNA was

expressed from its native chromosomal locus rather than from a

plasmid (Appendix Fig S4). In this experiment, the kinetics of chiP

repression were analyzed after wild-type, chiX∆ARN, and ∆chiX

strains were treated with rifampicin. The chiP signal is barely detect-

able in cells expressing the wild-type ChiX, but is easily detected in

either the absence of ChiX or in cells in which chromosomally

expressed ChiX is deleted for its ARN sequences. By 10 min, there is

some reduction in chiP levels in the chiX∆ARN background, while

there is no change in the ∆chiX strain. Thus, while ChiX is still

partially functional in the absence of ARN sequences, this region is

required for efficient repression.

We next compared the stabilities of MgrR and MgrR∆ARN in

WT, R16A, and Y25D mutant cells after washout (Fig 4F and G) or

after cells were treated with rifampicin (Fig 2, Appendix Fig S3). In

the washout experiments, MgrR was equally unstable with or with-

out ARN motifs in WT cells or in a Y25D mutant. This suggests that

for wild-type MgrR, binding to the distal face is not sufficiently

strong to prevent displacement from Hfq after washout, and thus,

stability is unchanged by either deleting the ARN motifs or mutating

the distal binding site. However, while MgrR sRNA was stabilized in

the R16A mutant (Fig 4F and G), this was not observed for the

MgrR∆ARN mutant, suggesting that stabilization by the rim mutant

requires interaction with the distal face. As for ChiX, deletion of the

ARN motifs from MgrR did not significantly reduce the ability of this

sRNA, when overexpressed, to repress expression of a target fusion,

eptB-lacZ (Fig 4H).

Given that the ARN motifs in MgrR are shorter and less A rich

than those in ChiX (Fig 4E), we also examined the effects of extend-

ing these sequences. Replacement of the AGC sequence with AAU

and/or the addition of a fourth ARN (mutation of ACA to AAA)

increased the stability of MgrR (Appendix Fig S2D–F), consistent

with the role of these sequences in stabilizing ChiX.

Overall, for both ChiX and MgrR, the ARN motifs in these

Class II sRNAs are not essential for function, at least when the

sRNAs are expressed at high levels. However, the ARN motifs do

improve the stability and efficacy of the Class II sRNAs (Fig 4 and

Appendix Figs S2 and S4).

The addition of ARN motifs stabilizes RyhB but inactivates

the sRNA

We observed that ARN motifs contribute to stabilization of the

Class II sRNAs ChiX and MgrR. To ask whether these motifs could

stabilize an unstable Class I sRNA, we fused the ARN-binding motifs

◀
Figure 4. Role of ARN motifs in Class II sRNAs.

A Reported secondary structure of the wild-type ChiX (Rasmussen et al, 2009) and predicted secondary structure of the corresponding ARN deletion mutant

(ChiXDARN). Predicted RNA structures in all figures were determined as described in Reuter and Mathews (2010). Color codes show the ARN motifs in blue, the base-

pairing region to the chiP target (Rasmussen et al, 2009) in yellow, and the U-rich region of the rho-independent terminator in red.

B Northern blot analysis of washout experiments comparing the wild-type ChiX to the ChiXDARN mutant. These experiments were carried out in wild-type and

isogenic mutant derivatives of SG30200, each carrying DchiX::kan [WT hfq+ (DJS2784), hfqR16A (DJS2786), and hfqY25D (DJS2789)] and harboring a plasmid that

expressed the wild-type ChiX (pBR-ChiX) or the ChiXDARN mutant (pDJS2211). The washouts were carried out similarly to the experiments in Fig 2, with the

exception that 5 lg of total RNA was analyzed for each sample.

C Quantitation of the Northern blot in (B). Quantification was carried out as for Fig EV2. Wild-type ChiX results are shown with a solid line and ChiXDARN with dotted

lines and WT in black, R16A in purple, and Y25D in blue.

D b-Galactosidase activity measured in a PBAD-chiP-lacZ DchiX::kan strain (DJS2991) carrying a plasmid expressing wild-type ChiX (pBR-ChiX), ChiXDARN (pDJS2211), or a

vector control (pBR-plac). Strains were grown in LB medium containing 100 lg/ml ampicillin, 10 lM IPTG, and 0.002% arabinose at 37°C to early stationary phase

(OD600 ~ 1.0) and assayed for b-galactosidase activity. Data are average of three assays, and error bars denote the standard deviation of the mean. Percent activity

compared to the vector control strain is indicated.

E Predicted secondary structure of the wild-type MgrR and the corresponding full ARN deletion mutant (MgrRDARN) without central predicted stem-loop for MgrR.

Color codes are as for Fig 4A, with pairing to the eptB target (Moon & Gottesman, 2009) in yellow.

F Northern blot analysis of washout experiments comparing wild-type MgrR to the MgrRDARN mutant. These experiments were carried out in wild-type and isogenic

mutant derivatives of SG30200, each carrying DmgrR::kan [WT hfq (DJS2963), hfqR16A (DJS2965), and hfqY25D (DJS2966)] and harboring a plasmid that expressed the

wild-type MgrR (pBR-MgrR) or the MgrRDARN mutant (pDJS2225). The washouts were carried out as for Fig 2, with the exception that 5 lg of total RNA was

analyzed for each sample.

G Quantitation of the Northern membrane in (F) as for Fig EV2.

H b-galactosidase activity measured in a PBAD-eptB-lacZ DmgrR::kan strain (DJS3003) carrying a plasmid expressing wild-type MgrR (pBR-MgrR), MgrRDARN (pDJS2225),

or a vector control (pBR-plac). Samples were treated and analyzed as in (D), except that the LB contained 0.2% arabinose. Data are average of three assays, and error

bars denote the standard deviation of the mean. Percent activity compared to the vector control strain is indicated.

Source data are available online for this figure.
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from ChiX to the Class I sRNA RyhB. In the chimera considered

here, the 50 region of ChiX harboring an initial stem-loop followed

by the ARN-binding motif was fused to RyhB truncated at the 50

end, replacing the 50 stem-loop usually found on RyhB (ChiX-RyhB)

(Fig 5A). Washout experiments were carried out with RyhB and the

ChiX-RyhB chimera in WT, R16A, and Y25D Hfq backgrounds

(Fig 5B and C). The chimera harboring the ARN-binding motif

demonstrated increased stability compared to WT RyhB (> 20 min

half-life compared to 5 min for RyhB). This stabilization further

supports the conclusion that the ARN-binding motif is responsible

for the increased stability of Class II sRNAs. Most strikingly, the

distal site mutant, Y25D, which stabilized WT RyhB, had the oppo-

site effect in the chimera, modestly destabilizing the sRNA. In the

Y25D strain, the stability of the chimera was quite similar to that of

WT RyhB, consistent with lack of distal site binding similarly

affecting both of these sRNAs.

The stable ChiX-RyhB chimera was also tested for repression of a

sodB-lacZ translational fusion (Fig 5D). Repression was markedly

reduced (from 16-fold for the WT RyhB to 2-fold for the chimera),

even though the pairing region was preserved and the chimeric

sRNA is very abundant (Appendix Fig S5A). Thus, although the

addition of the ChiX ARN sequences conferred increased stability to

a Class I sRNA, the motif interfered with the ability of RyhB to regu-

late its native target sodB.

The mRNA requirements for regulation by Class I and Class II

sRNAs differ

To further understand why the RyhB RNA with the added ARN

motifs was inactive for sodB regulation, we generated several addi-

tional chimeric and mutant sRNAs based on RyhB and ChiX; all

were engineered to have the region for base pairing with sodB.

Previous work has shown that RyhB contains several sequence

elements that contribute to stability, including the rho-independent

terminator and a UA-rich Hfq-binding site, a possible rim-binding

site, upstream of the terminator (Ishikawa et al, 2012). Plasmid-

expressed RyhB carrying a mutation of this UA-rich sequence,

highlighted in purple, to CCGC (RyhBDUA, Fig 6A), regulated

slightly less efficiently than WT RyhB, but better than the ChiX-

RyhB chimera (Fig 6B), even though the levels of these mutant

sRNAs are similar (Appendix Fig S5A). The same mutation was

A

B

C

D

Figure 5. Addition of ARN motifs to a Class I sRNA.

A Reported secondary structure of the wild-type RyhB (Geissmann & Touati,

2004) and the predicted secondary structure of the chimera in which the

5
0 end of ChiX was fused to truncated RyhB (ChiX-RyhB). Color codes are as

for Fig 4A, with region of pairing to the sodB target (Geissmann & Touati,

2004) in yellow and the ARN motifs in blue. Red nucleotides correspond to

bases from RyhB, and black nucleotides correspond to bases from ChiX.

B Northern blot analysis of washout experiments to compare the stability of

the wild-type RyhB to the ChiX-RyhB chimera. These experiments were

carried out in hfq+ ∆chiX::kan (DJS2784), hfqR16A ∆chiX::kan (DJS2786) and

hfqY25D ∆chiX::kan (DJS2789), harboring a plasmid that expressed the wild-

type RyhB (pBR-RyhB) or the ChiX-RyhB mutant (pDJS2219) under control

of a plac promoter. The washouts were carried out as in Fig 2, with the

exception that 5 lg of total RNA was analyzed for each sample.

C Quantitation of the Northern membrane in (B) as in Fig EV2.

D b-Galactosidase activity measured in NRD537 (PBAD-sodB-lacZ) carrying a

plasmid expressing wild-type RyhB (pBR-RyhB), ChiX-RyhB (pDJS2219), or a

vector control (pBR-plac). Samples were treated and analyzed as in Fig 4D.

Data are average of three assays, and error bars denote the standard

deviation of the mean. Percent activity compared to the vector control

strain is indicated.

Source data are available online for this figure.
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introduced in the ChiX-RyhB chimera to create ChiX-RyhB∆UA. This

mutant chimera, like the ChiX-RyhB sRNA, was also defective for

sodB regulation (Fig 6B).

In another derivative, the RyhB terminator stem-loop of ChiX-

RyhB was replaced by the terminator stem-loop from ChiX (ChiX-

RyhB-ChiX); this was nearly as defective for regulation of sodB as

A

C

B

D

Figure 6.
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was the original ChiX-RyhB chimera (Fig 6B). In a final construct,

the ARN repeats (blue highlighted region in Fig 6A) were deleted

from the ChiX-RyhB-ChiX chimera to give ChiX∆ARN-RyhB-ChiX.

Interestingly, the deletion of the ARN repeats partially restored the

ability of the chimera to regulate sodB (Fig 6B), even though

the stability of the ChiX∆ARN-RyhB-ChiX construct was less than

the ChiX-RyhB-ChiX chimera (Appendix Fig S5B). Therefore, the

difference in activity is not consistent with a difference in stability.

From these results, we conclude that the presence of the ARN

repeats on RyhB precludes regulation of sodB. Other sequences

within the chimera (initial stem-loop, the UA-rich binding site as

well as the specific RyhB terminator stem-loop) are not essential for

regulation under these overproduction conditions.

We hypothesized that the ARN repeats in the RyhB chimeras

prevent regulation of sodB because they prevent binding of Hfq to

ARN sequences in the target mRNA. If so, and assuming mRNA

binding to Hfq is a prerequisite for regulation, Class II targets may

have sites other than ARNs recognized by Hfq. Rim-binding sites

were a possible alternative, suggested by a number of observa-

tions. As noted above, Class I sRNAs were stabilized in the distal

site Y25D mutant, while the Class II sRNAs MgrR and CyaR were

stabilized in the R16A rim mutant (Figs 2, 4F and EV2). If stabi-

lization reflects lack of target mRNA binding to Hfq, preventing

coupled turnover of the sRNA, this observation suggests that

mRNA targets of Class II sRNAs require a functional rim to bind

to Hfq and be regulated by Class II sRNAs. Additionally, in our

previous assays of the effects of various Hfq mutants on function

[table 1 of Zhang et al (2013)], it was striking that rim mutants

were very defective for Class II sRNA-dependent regulation (ChiX

regulation of chiP; McaS regulation of flhD), while the rim mutants

were not as defective for regulation by Class I sRNA (particularly

for RyhB).

We thus predicted Class I mRNA targets require distal face bind-

ing and might have decreased Hfq interactions in distal site mutants

like K31A, while Class II mRNA targets require rim binding and

would be defective in Hfq interactions in rim mutants like R16A.

This prediction was examined using the previous genome-wide

co-IP experiments with wild-type, R16A, and K31A Hfq (table S4 of

Zhang et al (2013)). mRNAs known to be regulated by Class I or

Class II sRNAs or both were selected and examined for the ratio of

the mRNA captured by co-IP with R16A Hfq to that captured by

K31A Hfq. In agreement with our predictions, the summary of the

co-IP data suggests that Class II target mRNAs are somewhat

enriched for those with a low ratio of R16AIP/K31AIP (Table EV2;

ratio < 0.5), the opposite of what was observed for the Class II

sRNAs (Table EV1).

The possibility of alternative mRNA-binding sites for Class II

targets was tested using our chimeric ChiX-RyhB sRNAs. If a Class II

target such as chiP has sequences other than ARN that recognize

Hfq, it seemed possible that the chimeric ChiX-RyhB sRNA, while

inactive on wild-type sodB, would be able to regulate an mRNA that

includes these alternative Hfq-binding sites. We thus created a

chimeric target translational fusion in which the region for chiP pair-

ing to ChiX was replaced with the region for sodB pairing to RyhB

(Fig 6C). The chiP+sodBbp-lacZ fusion was then assayed for repres-

sion by ChiX, RyhB, and the chimeras described above (Fig 6D). As

expected, ChiX no longer regulated the fusion as it no longer has the

ability to base-pair with the target mRNA. In contrast, wild-type

RyhB as well as all of the chimeras were able to regulate the

chiP+sodBbp-lacZ fusion. The regain of function by the chimeras

indicates that possible alterations in secondary structure are not the

reason for the reduced regulation of the sodB-lacZ fusion. The regu-

lation of the chiP+sodBbp-lacZ fusion was still fully Hfq dependent

(Appendix Fig S5C). Strikingly, the presence of the ARN motifs no

longer interfered with regulation. These observations are consistent

with this Class II-like target having sites other than ARN motifs for

Hfq interaction and regulation.

Deletion of the internal UA-rich potential Hfq rim-binding site in

the sRNAs only slightly lessened regulation by RyhB and ChiX-

RyhB-ChiX (Fig 6D). The results are consistent with the ability of

ChiX deleted for ARN motifs to still regulate chiP (Fig 4D). Overall,

the physiological role of the ARN motif in Class II sRNAs may be to

stabilize the sRNA to make it a more efficient regulator, and one

that is not turned over with each use. At the same time, the pres-

ence of ARN motifs in Class II sRNAs means that mRNA targets of

these sRNAs use other motifs to bind Hfq.

UA-rich sequences and the Hfq rim are needed for regulation of

Class II target mRNAs

The importance of ARN sequences for regulation by Class I sRNAs

has been demonstrated for a number of mRNAs (Salim & Feig,

2010; Soper et al, 2010; Beisel et al, 2012; Salim et al, 2012). The

experiment in Fig 6 demonstrated that a site within chiP, a target

of the Class II sRNA ChiX, is needed for regulation by sRNA deriva-

tives carrying an ARN motif. In addition, our previous results

showed that the R16A mutant, with an inactivated rim-binding site,

was defective for regulation by Class II sRNAs (Zhang et al, 2013).

We thus hypothesized that mRNAs need UA-rich rim-binding sites

in order to be targets of Class II sRNAs. To test this hypothesis, we

examined the ability of RyhB to regulate the sodB-lacZ (carrying an

ARN distal site binding motif) and chiP+sodBbp-lacZ (carrying a

Figure 6. Activity of ChiX-RyhB chimeras in context of a Class II mRNA target.

A Secondary structures of the wild-type RyhB and the corresponding predicted secondary structures of the various ChiX/RyhB chimeras as in Fig 5A.

B b-Galactosidase activity measured in NRD537 (PBAD-sodB-lacZ) carrying a plasmid expressing a vector control (pBR-plac), wild-type RyhB (pBR-RyhB), wild-type ChiX

(pBR-ChiX), ChiX-RyhB (pDJS2219), RyhBDUA (pDJS2227), ChiX-RyhBDUA (pDJS2226), ChiX-RyhB-ChiX (pDJS2229), or ChiXDARN-RyhB-ChiX (pDJS2230). Samples were

treated and analyzed as in Fig 4D. Data are average of three assays, and error bars denote the standard deviation of the mean. Percent activity compared to the

vector control strain is indicated.

C Sequences from the 50 UTR of PBAD-sodB-lacZ and PBAD-chiP+sodBbp-lacZ fusions. Color codes show the sequence for the base-pairing region to the mRNA target sodB

to the sRNA RyhB highlighted in yellow and the UA element from chiP in purple. Red text represents bases from sodB, and black text represents bases from chiP.

D b-Galactosidase activity measured in DJS2985 (PBAD-chiP+sodBbp-lacZ) carrying the same set of plasmids as in (B). Samples were treated and analyzed as in Fig 4D.

Data are average of three assays, and error bars denote the standard deviation of the mean. Percent activity compared to the vector control strain is indicated.

Source data are available online for this figure.
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potential rim-binding site) fusions in WT, R16A, and Y25D

mutants. The results of these assays show a complete change in

the requirement for distal versus rim residues dependent on the

nature of the target (compare Fig 7A and B). RyhB regulated

the sodB-lacZ fusion well in the R16A rim mutant, but less well in

the Y25D distal site mutant (Fig 7A), as previously reported (Zhang

et al, 2013). However, regulation of the chiP+sodBbp-lacZ fusion

was lost in the R16A mutant but was even better in the Y25D

mutant than in hfq+ cells (Fig 7B). This increased activity in the

Y25D mutant may reflect the effects of blocking the binding of

other RyhB targets, which should all carry ARN motifs, to Hfq;

RyhB levels increase (Fig 1), and no other target can compete for

pairing with RyhB.

Some mRNAs are regulated by both Class I and Class II sRNAs;

possibly these mRNAs contain both ARN and UA-rich binding

sites. One such target mRNA is csgD, regulated by multiple sRNAs,

including the Class I sRNA OmrA and the Class II sRNA McaS

(Holmqvist et al, 2010; Jørgensen et al, 2012; Thomason et al,

2012). UA-rich sequences and an ARN motif are seen in the 50 UTR

of csgD (Appendix Fig S6A). The dependence of OmrA and McaS on

rim and distal Hfq sites was tested for csgD expression (Fig 7C). In

agreement with the results for regulation of sodB and chiP+sodBbp,

regulation by the Class I sRNA OmrA was most defective in the

distal site mutant, while regulation by Class II RNA McaS was defec-

tive in the rim mutant.

Examination of chiP (target of ChiX) and eptB (target of MgrR)

identified possible UA-rich sites within these targets. Mutations in

these sites were constructed for chiP, the chiP+sodBbp chimera, and

for eptB (Appendix Fig S6B) and tested for regulation by the corre-

sponding sRNAs (Fig 8). In each case, regulation was reduced by

A

C

B

Figure 7. Sensitivity to rim and distal mutants depends on the sRNA-mRNA pair.

A Derivatives of NRD537, each with PBAD-sodB-lacZ [WT hfq (DJS2683), hfqR16A (DJS2686), and hfqY25D (DJS2687)] and carrying a plasmid expressing wild-type RyhB

(pBR-RyhB) or a vector control (pBR-plac), were grown and assayed as in Fig 4D.

B Derivatives of DJS2985, each with PBAD-chiP+sodBbp-lacZ [WT hfq (DJS3009), hfqR16A (DJS3010), and hfqY25D (DJS3011)] and carrying a plasmid expressing wild-type

RyhB (pBR-RyhB) or a vector control (pBR-plac). Samples were treated as in Fig 4D.

C Derivatives of MPK0379, each with PBAD-csgD-lacZ DmcaS::kan DpgaA::cat [WT hfq (DJS3017), hfqR16A (DJS3018), and hfqY25D (DJS3019)] and carrying a plasmid

expressing wild-type McaS (pBR-McaS), wild-type OmrA (pBR-OmrA), or a vector control (pBR-plac), were grown and assayed as in Fig 4D except that the LB

contained 0.02% arabinose.

Data information: Data are average of three assays, and error bars denote the standard deviation of the mean. Percent activity compared to the vector control strain is

indicated.

Source data are available online for this figure.
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deletion of the UA-rich region in the mRNA, consistent with the

proposal that Hfq binding to the target via the rim is important for

regulation by Class II sRNAs and that these UA sequences mediate

that binding. In all cases, the DUA mutant had a somewhat lower

level of expression in the absence of the sRNA (white bars in each

set), particularly for chiP+sodBbp-lacZ (Fig 8B), indicating the UA

sequence (or Hfq binding) may also contribute to mRNA stability or

translation.

Finally, we asked whether addition of an ARN-binding site to an

mRNA deleted for the rim-binding site (and therefore no longer

well-regulated by an sRNA) could restore regulation, presumably by

restoring the interaction with Hfq. While the location and extent of

the ARN motifs will undoubtedly affect activity and translation, the

well-characterized ARN motifs from rpoS (Soper & Woodson, 2008)

were inserted at the site of the mutated UA-rich rim-binding site in

chiP+sodBbp (Fig 9A), and the ability of both RyhB and the ChiX-

RyhB sRNAs to regulate this chimeric target was tested. The results

in Fig 9B were consistent with our expectations; introduction of the

rpoS ARN into the chiP∆UA+sodBbp mRNA improved regulation by

RyhB (from 1.4-fold to 2.2-fold), but not regulation by ChiX-RyhB

(1.4-fold to 1.2-fold).

Discussion

The work reported here has demonstrated an unexpected flexibility

in the ways in which Hfq interacts with sRNAs and mRNAs to bring

about pairing. These alternative modes of Hfq action lead to dif-

ferent outcomes, in terms of the fate of the sRNA, the requirements

of the mRNA targets of these sRNAs, and possibly the physiological

roles for the sRNAs. While we emphasize two very different behav-

iors of sRNAs (designated as Class I and Class II sRNAs) and the

effects of these different binding modes on target requirements, it is

clear that there is a continuum of properties spanning from purely

“Class I-like” to purely “Class II-like” sRNAs.

Class I sRNAs use proximal and rim sites of Hfq and base pair

with mRNAs with distal face-binding sites

The majority of E. coli Hfq-binding sRNAs (16/24 examined) belong

to Class I. Based on the work here, Class I sRNAs are dependent on

the proximal face and rim sites of Hfq for their intrinsic stability,

presumably reflecting a role for each of these faces in binding the

sRNA (Fig 3). Binding to these faces is consistent with previous

in vivo and in vitro work (Schumacher et al, 2002; Mikulecky et al,

2004; Link et al, 2009). However, the rim-binding site in Class I

sRNAs was not essential for activity, and mutations in the rim of

Hfq (R16A) were not defective for regulation by RyhB (Figs 6 and 7,

and Zhang et al, 2013). In these assays, RyhB overexpression may

overcome the decreased stability of the sRNA. Further studies under

A

B

C

Figure 8. Deletion of UA element in mRNA targets of Class II sRNAs leads

to a loss of regulation.

A b-Galactosidase activity measured in DJS2979 (PBAD-chiP-lacZ), DJS2982

(PBAD-chiP∆UA-lacZ), and the DchiX derivatives (DJS2991 and DJS2994,

respectively). Samples were treated as in Fig 4D.

B b-Galactosidase activity measured in DJS2985 (PBAD-chiPsodBbp-lacZ) or

DJS2998 (PBAD-chiP∆UA+sodBbp-lacZ) carrying a plasmid expressing wild-

type RyhB (pBR-RyhB) or a vector control (pBR-plac). Samples were treated

as in Fig 4D.

C b-Galactosidase activity measured in DJS3003 (PBAD-eptB-lacZ DmgrR::kan)

or DJS3004 (PBAD-eptBDUA –lacZ DmgrR::kan) carrying a plasmid expressing

wild-type MgrR (pBR-MgrR) or a vector control (pBR-plac). Samples were

treated as in Fig 4D, except that the LB contained 0.2% arabinose.

Data information: Data are average of three assays, and error bars denote the

standard deviation of the mean. Percent activity compared to DchiX (A) or the

vector control strain (B, C) is indicated.

Source data are available online for this figure.
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conditions of limiting sRNA expression are needed to understand

the physiological effect of sRNA binding to the rim.

Previous work suggested that A-rich sequences (ARN motifs)

found in mRNAs would bind to the distal face of Hfq and that this

binding was necessary for proper regulation (Soper & Woodson,

2008; Salim & Feig, 2010; Beisel et al, 2012; Salim et al, 2012; Peng

et al, 2014). Here, we show that ARN motifs introduced into the

Class I RyhB sRNA blocked the ability of the chimeric RNA to regu-

late the target mRNA (Figs 5D and 6B). These results are all consis-

tent with a model in which, for Class I sRNAs, binding of mRNAs to

the distal face is essential for pairing and regulation (Fig 3). Block-

ing access of the mRNA to the distal face either by mutation (Y25D)

or by including ARN motifs in the sRNA itself both blocks sRNA

function and stabilizes the sRNA. This also implies that, at least

under the conditions assayed, an mRNA with ARN motifs cannot

successfully compete with an sRNA for productive binding to the

same Hfq hexamer, when both contain ARN motifs.

Class I sRNAs, while stable in hfq+ cells in the absence of

transcription (measured in the presence of rifampicin), are unstable

when transcription is ongoing (Fig 2 and Massé et al, 2003). The

stabilization of these sRNAs by a distal site mutant defective

in target binding (Figs 2 and EV2) supports the model that turnover

is coupled to pairing. Such a coupled turnover process provides

an OFF switch for regulation by these sRNAs, ensuring rapid

disappearance of the sRNA in the absence of the signals that allow

transcription. In fact, tight transcriptional regulation in response to

environmental and nutritional signals has been identified for most

Class I sRNAs (reviewed in Hoe et al, 2013). These sRNAs may thus

be considered emergency response regulators that are generally only

needed for a limited time.

Class II sRNAs use proximal and distal sites of Hfq and base pair

with mRNAs with rim-binding sites

A subset of Hfq-binding sRNAs showed a very different pattern of

accumulation in hfq mutants; these were defined as Class II sRNAs.

The four sRNAs assigned to this group are dependent upon the prox-

imal and distal sites for full accumulation. For this class of sRNAs,

rim mutations led to stabilization and distal mutants led to instabil-

ity, the opposite of what was observed for Class I sRNAs. These

results suggest a model in which Class II sRNAs bind to the proxi-

mal and distal sites (Fig 3). Consistent with these sRNAs binding to

the distal site of Hfq, ARN motifs were found in regions predicted to

be single stranded in each of the Class II sRNAs; deleting or improv-

ing ARN sequences affected sRNA stability (Fig 4, Appendix Fig S2).

Our results are consistent with the results of others showing distal

site interactions for RprA and OxyS (Updegrove et al, 2008;

Olejniczak, 2011), both in the intermediate class of sRNAs in our

tests, and distal face binding to A-rich sequences in ChiX (Ellis et al,

2015; Małecka et al, 2015). We observed that deletion of the ARN

A

B

Figure 9. Addition of ARN sequences to Class II mRNA targets restores regulation by Class I but not Class II sRNAs.

A Sequences from the 50 UTR of PBAD-chiP∆UA+sodBbp-lacZ and PBAD-chiP∆UA+sodBbp+rpoSARN-lacZ fusions. Color codes show the sequence for the base-pairing region

to the mRNA target sodB to the sRNA RyhB highlighted in yellow, remaining sequence of the mutated UA element from chiP in purple, and ARN motifs from the 5
0

UTR of rpoS in blue. Black text represents bases from chiP, and red text represents bases from sodB.

B b-Galactosidase activity measured in DJS2998 (PBAD-chiP∆UA+sodBbp-lacZ) or DJS3015 (PBAD-chiP∆UA+sodBbp+rpoSARN-lacZ) carrying a plasmid expressing wild-type

RyhB (pBR-RyhB), ChiX-RyhB (pDJS2219), or a vector control (pBR-plac). Samples were treated as in Fig 4D, except that the LB contained 100 lM IPTG.

Source data are available online for this figure.
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motifs only partially affected function of the two Class II sRNAs

tested under overexpression conditions (Fig 4D and H). Thus, as for

the rim-binding site with the Class I sRNAs, this second site of sRNA

interaction with Hfq affected Class II sRNA stability more than activ-

ity. When a Class II sRNA deleted for its ARN motifs is expressed in

single copy, however, this loss of stability is correlated with a

decrease in regulation (Appendix Fig S4).

Given that the Class II sRNAs have distal site-binding motifs, we

imagined that their target mRNAs might not be free to bind to the

distal site, and in fact, there were no clear ARN motifs in some

Class II target mRNAs. Our results indicate a critical role for the Hfq

rim for regulation of these mRNA targets. Cells expressing the

HfqR16A mutant inhibited Class II regulation, as well as the ability

of a Class I sRNA to regulate a chimeric target that depends on a

rim-binding site (the chiP+sodBbp fusion in Fig 7). In addition, rim

mutants stabilized MgrR and CyaR in washout experiments (Fig 2),

suggesting, in parallel with Class I behavior, that barring target

mRNA binding may inhibit sRNA decay by inhibiting pairing.

Rim binding has been observed in Hfq crystals with the RydC

Class I sRNA (Dimastrogiovanni et al, 2014) and appears to select

UA-rich sequences (Sauer et al, 2012). UA-rich regions were identi-

fied in chiP, a target of ChiX, and eptB, a target of MgrR; mutation of

these sites significantly interfered with regulation by these Class II

sRNAs and blocked the ability of a chimeric ChiX-RyhB RNA to

regulate chiP+sodBbp (Fig 8). While our data indicate a requirement

for Hfq binding to targets is conserved for Class I and Class II

sRNAs, it is less clear whether the geometry of binding (relative

arrangement of pairing region and binding regions) is different for

the targets of the two sRNA classes. However, inserting ARN sites in

place of rim-binding sites in chiP+sodBbp modestly restored regula-

tion by RyhB (no ARN sites), but not regulation by ChiX-RyhB

(carrying ARN motifs) (Fig 9), suggesting flexibility in location of

Hfq-binding motifs. Similar flexibility has been seen in experiments

in which Hfq-binding regions in the rpoS leader were moved to

other locations in the mRNA (Peng et al, 2014).

The distal face binding of Class II sRNAs is likely to have impli-

cations for their functions. It is noteworthy that Class II, particu-

larly ChiX and McaS, show greater overall stability in washout

experiments (Fig 2). Unlike the tested Class I sRNAs, ChiX is not

degraded upon binding most of its mRNAs (Figueroa-Bossi et al,

2009; Overgaard et al, 2009a). This suggests that tethering of the

ChiX and other Class II sRNAs to the proximal and distal faces is

not easily displaced upon pairing with the mRNA target. The loss

of coupled degradation means that there is no intrinsic mechanism

for shutting off regulation by these sRNAs. ChiX sRNA is turned off

by an RNA decoy, made under specific growth conditions, that

interacts with the sRNA, destabilizing the sRNA terminator and

leading to degradation of the sRNA. In growing cells, ChiX levels

are high enough to fully repress its target(s); repression is only

relieved in response to signals that induce the decoy, making ChiX

more of a silencer than an emergency response sRNA. The same

may be true for other Class II sRNAs. Although McaS is induced by

specific stationary phase growth conditions (Thomason et al,

2012), its stability suggests it will only disappear slowly after

growth conditions change. Possibly, a decoy RNA or adapter

protein that increases the degradation of this sRNA remains to be

found. Consistent with a silencing role for McaS, cells lacking the

sRNA have altered biofilm formation, a process of a long duration.

The two other Class II sRNAs, CyaR and MgrR, were somewhat

unstable in washout experiments, suggesting that interactions with

Hfq proximal and/or distal sites may not be as strong. However,

MgrR, whose expression is regulated by the PhoQP two-component

system, is unusually insensitive to repression by magnesium and

thus silences the eptB target mRNA under many growth conditions

(Moon & Gottesman, 2009). In fact, the EptB protein is only

synthesized when the promoter for eptB is stimulated (by rE), and

the newly transcribed mRNA outstrips the repression by MgrR

(Moon et al, 2013). Thus, overcoming Class II sRNA regulation

could also occur by specifically inducing target synthesis; as soon

as inducing signals disappear, sRNA regulation would resume.

These features are consistent with Class II sRNAs acting more as

silencers and requiring mechanisms other than target-mediated

sRNA turnover for relief of the silencing.

sRNAs and mRNAs have a continuum of rim and distal face-

binding sites, but some conserved features are required for

effective regulation

For much of this study, we have classified the sRNAs as one class or

the other, but as noted for ArcZ, RprA, OxyS, and SgrS, there is

likely to be a continuum for sRNAs and for mRNAs as well, with

stronger or weaker binding to the Hfq rim or distal face depending

on the location and length of ARN and UA-rich sequences. In addi-

tion, some mRNAs are regulated by both Class I and Class II sRNAs.

For instance, csgD is subject to negative regulation by a number of

Class I sRNAs (OmrA, OmrB, RydC, RprA, GcvB) as well as the

Class II sRNA McaS (reviewed in Mika & Hengge, 2014), and we

find that regulation by a Class I sRNA is disrupted more by a distal

site mutant then a rim mutant, while the reverse is true for the Class

II sRNA (Fig 7).

Our experiments suggest that a Class I sRNA, while it usually

uses targets with ARN motifs, can also regulate targets with rim

sites. For example, we observed RyhB repression of the chiP-sodBbp

target (Fig 6D). This suggests that target rim sites may be able to

bind in concert with or displace sRNA rim binding. However, we

suggest that Class II targets do not easily regulate mRNAs that solely

have ARN motifs. Presumably both classes of sRNAs will be able to

act if both ARN and rim motifs are present. However, in some cases,

an sRNA from one class may interfere with recognition of a critical

mRNA site for the other class.

Despite the continuum of binding sites, a number of characteris-

tics are required for all effective regulation. sRNAs are anchored at

two types of sites within Hfq, with the proximal site likely the

primary one. The secondary interactions (rim for Class I and distal

for Class II) contribute to stability but are not essential for in vivo

function, at least when the sRNAs are abundant. However, these

secondary interactions will limit Hfq accessibility to mRNAs. As a

consequence, Class II sRNAs can exclude Class I targets from Hfq,

as seen in Fig 6. Coupled with the observation that some Class II

sRNAs are less subject to displacement after pairing, these findings

may explain why ChiX was most effective in competing with other

sRNAs for regulation (Moon & Gottesman, 2011). It is less clear

whether the rim interactions of Class I sRNAs can exclude Class II

mRNAs. Our results also demonstrate that targets of both classes of

sRNA require interactions with Hfq. Rapid decay of the sRNA is only

observed when the Hfq-binding sites for the mRNA are present,
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although not every sRNA will decay with each use. We assume that

rapid decay reflects displacement from Hfq after pairing, but exactly

how this occurs remains to be explored. Finally, the requirement

that the mRNA target requires Hfq-binding sites distinct from those

the cognate sRNA binds provides strong support for the regulation

occurring on a single hexameric Hfq ring.

We have focused on the tertiary complex formed between Hfq,

an sRNA, and its mRNA targets. This complex also interacts with

other proteins such as ribonuclease E and polynucleotide phospho-

rylase (De Lay & Gottesman, 2011), and it is likely that these inter-

actions are impacted by the different modes of sRNA binding.

Although we have not explored it here, different RNA-binding con-

figurations additionally impose topological constraints that may or

may not facilitate base pairing. Overall, the flexibility in Hfq binding

to both sRNAs and their mRNA targets allows for increased permu-

tations for sRNA-mediated regulation as well as a hierarchy of use.

It will be interesting to see whether this flexibility is conserved for

other organisms as well as for the eukaryotic Sm and Lsm protein

counterparts.

Materials and Methods

Bacterial strains and plasmids

The bacterial strains and plasmids used in this study and their

construction are listed in Appendix Tables S1 and S2. All strains

used in this study are derivatives of the E. coli K12 strain MG1655.

Mutations were introduced into strains by k-Red-mediated recombi-

neering and P1 transduction as described (Zhang et al, 2013). The

sequences of the oligonucleotides obtained from Integrated DNA

Technologies (IDT) used for strain and plasmid construction are

given in Appendix Table S3.

Strains carrying pBAD-translational lacZ fusions were

constructed in PM1205 (Mandin & Gottesman, 2009). This strain

carries a counter-selectable sacB gene as well as a catR gene inserted

between pBAD and lacZ at the chromosomal lacZ site, it also carries

a temperature-inducible mini-lambda carrying k-Red recombination

genes at the k att site. For the fusions constructed for this study,

gBlocks gene fragments (IDT) with 40 bp of homology to the PBAD
promoter followed by the specific gene sequence starting at the tran-

scription start site through codon 9, followed by 40 bp of homology

to lacZ, were introduced into the PM1205 chromosome using k-Red

recombination (Yu et al, 2000). Successful recombinants were

obtained by selection for growth in the presence of sucrose, and the

resulting fusions were verified by PCR and sequencing.

Plasmids expressing sRNAs and chimeric sRNAs of interest were

constructed by annealing complementary primers with AatII and

EcoR1 sites for ligation into the digested pBR-plac vector (Guillier &

Gottesman, 2006). The ligation products were transformed into

strain DJ624, and plasmids were selected on Luria–Bertani (LB)

plates containing ampicillin. Inserts were confirmed by sequencing.

Bacterial growth conditions

Bacterial strains were grown at 37°C in LB rich. Ampicillin (50–

100 lg/ml) and kanamycin (30–50 lg/ml) were added where

appropriate. IPTG was added at a final concentration of 100 lM or

10 lM, and L-arabinose was added at a final concentration of

0.002% or 0.2%.

To examine RNA stability, cells were grown in LB with ampicillin

(100 lg/ml) at 37°C to an OD600 of ~ 0.4, and 100 lM IPTG was

added for 15 min. Aliquots (15 ml) of culture were pipetted into a

clean flask (+ rifampicin samples) or across a filter membrane

(wash out samples). Rifampicin (250 lg/ml final concentration)

was added to the culture in the clean flask. The culture on the filter

membrane was washed with two volumes of LB and then resus-

pended in 15 ml LB with ampicillin. Cultures were returned to 37°C,

and samples were removed at the intervals indicated.

RNA isolation

Total RNA was extracted by the hot phenol method described previ-

ously (Massé et al, 2005) or using the TRIzol Reagent (Invitrogen)

followed by isopropanol precipitation.

Northern blot analysis

Northern blot analysis was performed by fractionating indicated

amounts of total RNA for each sample on 8% polyacrylamide urea

gels containing 8 M urea in 1× TBE buffer at 300 V for 90 min. The

RNA was transferred to a Zeta-Probe GT membrane (Bio-Rad) at 20 V

for 16 h in 0.5× TBE. The RNA was cross-linked to the membrane by

UV irradiation, and the membrane was probed with the 50-32P-end-

labeled primer specific to the indicated genes as listed in Appendix

Table S3 in ULTRAhyb-Oligo Hybridization Buffer (Ambion) at 45°C

overnight and washed as in Zhang et al (2003). Phosphoimages of the

Northern membranes were analyzed by using GE Typhoon imaging

scanner and ImageJ software. Graphs were plotted with Prism soft-

ware. All quantitation is shown in the Source Data for each figure.

Primer extension analysis

Primer extension analysis was performed using oligonucleotides

listed in Appendix Table S3 specific to the indicated genes as previ-

ously described (Zhang et al, 1998). RNA samples (5 lg of total

RNA) were incubated with 2 pmol of 50-32P-end-labeled primer at

80°C and then slow-cooled to 42°C. After the addition of dNTPs

(1 mM each) and AMV reverse transcriptase (10 U, Life Sciences

Advanced Techologies Inc.), the reactions were incubated in a 10-ll

reaction volume at 42°C for 1 h. The reactions were terminated by

adding 10 ll of Stop Loading Buffer, and cDNA products then were

fractionated on 8% polyacrylamide urea gels containing 8 M urea in

1× TBE buffer at 70 W for 70 min.

b-Galactosidase assays

Unless stated otherwise, samples were grown in LB medium

containing 100 lg/ml ampicillin, 10 lM IPTG, and 0.002% arabi-

nose at 37°C to early stationary phase (OD600 ~ 1.0–1.2), and

assayed for b-galactosidase activity using o-nitrophenyl-b-D-

galactopyranoside as a substrate. All assays were carried out in

triplicate with data shown in Source Data for each figure.

Expanded View for this article is available online:

http://emboj.embopress.org
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