Hiq links translation repression to
stress-induced mutagenesis in E. coli
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Mismatch repair (MMR) is a conserved mechanism exploited by cells to correct DNA replication errors both in
growing cells and under nongrowing conditions. Hfq (host factor for RNA bacteriophage Qp replication), a bacterial
Lsm family RNA-binding protein, chaperones RNA-RNA interactions between regulatory small RNAs (sSRNAs) and
target messenger RNAs (mRNAs), leading to alterations of mRNA translation and/or stability. Hfq has been reported
to post-transcriptionally repress the DNA MMR gene mutS in stationary phase, possibly limiting MMR to allow
increased mutagenesis. Here we report that Hfq deploys dual mechanisms to control mutS$ expression. First, Hfq
binds directly to an (AAN); motif within the mutS 5’ untranslated region (UTR), repressing translation in the absence
of sSRNA partners both in vivo and in vitro. Second, Hfq acts in a canonical pathway, promoting base-pairing of ArcZ
sRNA with the mutS leader to inhibit translation. Most importantly, using pathway-specific mutS chromosomal
alleles that specifically abrogate either regulatory pathway or both, we demonstrate that tight control of MutS levels
in stationary phase contributes to stress-induced mutagenesis. By interacting with the mutS leader, Hiq serves as a
critical switch that modulates bacteria from high-fidelity DNA replication to stress-induced mutagenesis.
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Mismatch repair (MMR) systems are conserved from bac-
teria through higher eukaryotes, and mutation in MMR
genes leads to hypermutation (Kunkel and Erie 2005; Li
2008; Fukui 2010). While most mutations in the genome
are neutral and even harmful, a small portion of mutations
allow better adaptation to selective pressures and thus are
beneficial for adaptation, diversity, and evolution (Dena-
mur and Matic 2006). Therefore, cells may adjust muta-
tion rates according to their environment to optimize
their adaptability. In bacteria such as Escherichia coli,
the idea that cells elevate mutation rates in response to
stress for better survival through accumulating beneficial
mutations has been extensively studied and debated
(Denamur and Matic 2006; Foster 2007). In particular,
analysis of molecular pathways for adaptive mutagenesis
(also known as stress-induced mutagenesis), in which
the frequency of a mutation increases as cells are incubat-
ed for long periods (days), suggests that it is a regulated
complex process that involves the MMR system (Dena-
mur and Matic 2006; Foster 2007). An essential compo-
nent of MMR is MutS, which initiates the repair process
by recognizing mismatched bases in the DNA duplex. In
E. coli, the cellular level of MutS was depleted in station-
ary phase, dependent on the RNA chaperone Hfq (host fac-
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tor for RNA bacteriophage Qp replication) (Feng et al.
1996; Tsui et al. 1997).

Hfq, a bacterial homolog of the eukaryotic and archaeal
Lsm family RNA-binding proteins (Schumacher et al.
2002; Sun et al. 2002}, is involved in many aspects of bac-
terial RNA metabolism (Vogel and Luisi 2011; Sobrero
and Valverde 2012). Best characterized as a chaperone
for regulatory small RNAs (sRNA), Hfq binds both
sRNA and its cognate messenger RNA (mRNA) to pro-
mote intermolecular base-pairing interactions, resulting
in alterations of mRNA translation and/or stability (Upde-
grove et al. 2016).

Hfq forms a ring-shaped homohexamer with three
RNA-binding surfaces (proximal, distal, and lateral) and
a flexible C-terminal tail (Updegrove et al. 2016). The
proximal face binds the oligo U tract present at the 3’
end of the Rho-independent terminator of Hfq-dependent
sRNAs, and this binding is essential for sSRNA stability
and function (Otaka et al. 2011). The distal face of E.
coli Hfq binds A-R(A/G)-N (any nucleotide) triplet repeats
found in many mRNA 5 untranslated regions (UTRs)
(Link et al. 2009; Robinson et al. 2014; Tree et al. 2014).
Moreover, some sSRNAs bind both the proximal and distal
face, and, in these cases, E. coli Hfq can also use its highly
positively charged lateral face as an auxiliary binding site
for mRNAs; this lateral (or rim) site has also been
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implicated in duplex formation and RNA exchange (Panja
et al. 2013; Schu et al. 2015).

Dozens of sSRNAs and hundreds of mRNAs, including
many characterized targets of SRNA regulation, are en-
riched by Hfq immunoprecipitation (Zhang et al. 2013;
Bilusic et al. 2014; Tree et al. 2014; Holmgqvist et al.
2016; Melamed et al. 2016). mutS mRNA, encoding the
MMR initiator MutS, was highly enriched by Hfq immu-
noprecipitation in E. coli (Zhang et al. 2013; Melamed et
al. 2016), and its expression was repressed by Hfq through
an undefined mechanism (Feng et al. 1996; Tsui et al.
1997), suggesting that Hfq-dependent sSRNAs are likely
involved. In this study, we explored the mechanism and
biological significance of Hfq-mediated mutS repression
in E. coli. We found that two sSRNAs repress mutS expres-
sion: SdsR, previously reported (Gutierrez et al. 2013), and
ArcZ. More interestingly, we determined that the major
repression of mutS in stationary phase by Hfq is SRNA-in-
dependent via direct Hfq action. We further demonstrated
the importance of this translation repression in enabling
elevated mutagenesis in stationary-phase cells.

Results

ArcZ, an Hfq-dependent SRNA, represses mutS
expression through direct base-pairing interactions

In experiments to probe RNAs coimmunoprecipitated
with Hfq in E. coli (Zhang et al. 2013), we observed a sig-
nificant enrichment in the Hfq immunoprecipitation
samples of dozens of known mRNA targets as well as ad-
ditional mRNAs that have not been reported previously as
targets. One highly enriched mRNA was mutS$ (17-fold
compared with total mRNA). Reinforcing the suggestion
that mutS might be subject to regulation by Hfq and
sRNAs, levels of the mutS transcript were modestly in-
creased in strains carrying a mutant of Hfq unable to
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bind sRNAs (1.5-fold compared with wild type) (Zhang
et al. 2013). These data suggested that Hfg-dependent
sRNAs are likely to contribute to mutS repression, consis-
tent with previous reports by Tsui et al. (1997) and Gutier-
rez et al. (2013). Many mRNAs are regulated by multiple
sRNAs (Mandin and Guillier 2013; Mika and Hengge
2013), and, given the importance of MutS in bacterial
physiology, we further examined mutS regulation by
Hfq and sRNAs.

To search for sRNA regulators of mutS mRNA, we
constructed an L-arabinose-inducible mutS-IlacZ chromo-
somal translational fusion reporter (Fig. 1A) and screened
for sSRNA regulators in the reporter strain by overproduc-
tion of each of 27 individual sSRNAs from an sRNA library
(Mandin and Gottesman 2010). mutS-IlacZ expression was
determined by p-galactosidase activity assay in strains—
each overexpressing a single SRNA—and compared with
that of the vector plasmid control (Fig. 1B). Overproduc-
tion of ArcZ or SdsR down-regulated mutS-lacZ expres-
sion more than twofold. ChiX, an efficient Hfq titrator
when overexpressed (Moon and Gottesman 2011; Ellis
et al. 2015), increased mutS-lacZ expression by 1.8-fold.

ArcZ sRNA was predicted by TargetRNA2 (Kery et al.
2014) to base-pair with mutS close to its ribosome-binding
site (RBS) (Fig. 1C). To confirm the putative pairing, ArcZ
mutations (ArcZ*) and compensatory mutS mutations
(mutSA™%"), each of which disrupts but together restore
this predicted pairing, were generated (Fig. 1C). Mutations
in ArcZ completely abolished mutS-lacZ repression; the
compensatory mutS**% -lacZ fusion was largely resistant
to wild-type ArcZ overexpression but was efficiently re-
pressed by ArcZ* (Fig. 1D), demonstrating that ArcZ
sRNA represses mutS expression through direct base-
pairing.

Interestingly, our sSRNA library screen also identified
SdsR as a post-transcriptional mutS repressor. SdsR has
been reported previously to base pair with mutS deep

Figure 1. ArcZ sRNA represses mutS expression
through direct base-pairing interactions. (A) Sche-
matic representation of mutS-lacZ chromosomal
translational fusion. (B) Assays of mutS-lacZ report-
er strain JC1006 in the presence of individual sSRNAs
overproduced from an E. coli sSRNA library to identi-
fy sRNA regulators (shaded; greater than twofold
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O Vector !
pArcZ changes compared with the vector control). The re-
& pArcZ! porter strain harboring the sRNA-expressing plas-

mids was grown in Lennox broth (LB) ampicillin
medium and induced with 0.01% L-arabinose and
50 pM IPTG for 6 h at 37°C before assaying p-galac-
tosidase activity (in specific units). p-Galactosidase
activities from each strain were normalized to that
N B of the vector control pBRplac, set at 1. The vector
control strain gave a level of ~15 specific units. (C)
TargetRNA2-predicted RNA duplex formed be-

67%

tween nucleotides —26 and —15 relative to the ATG of the mutS 5 UTR and nucleotides 67-78 of ArcZ sRNA, including G-U base pairs
(colon). ArcZ numbering is based on the full-length transcript; ArcZ is rapidly processed at position 67. Point mutations that generate com-
pensatory mutants ArcZ* and mutS“™#" are shown. (D) sSRNA and compensatory mRNA mutagenesis analyses for ArcZ regulation of mut$
JC1008) transformed with wild-type (pArcZ) or mutant (pArcZ*) ArcZ
or the empty vector were induced with 0.01 % arabinose and 50 pM IPTG for 6 h at 37°C before assay of f-galactosidase activities (in Miller
units). Biological triplicates were assayed, and data are plotted as mean = SEM.

expression. Bacterial reporter strains (wild type: JC1006; mutSA™%":
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within the coding sequence, based on in vitro annealing
(Gutierrez et al. 2013), and this pairing region is absent
in the translational fusion reporter used here, suggesting
that SdsR can either base-pair with a different site in
the mutS leader or indirectly affect mutS-lacZ transla-
tion. Overproduction of ArcZ or SdsR in a strain deleted
for both endogenous sRNA genes down-regulated both
reporter and endogenous MutS proteins similarly (Supple-
mental Fig. S1A,B), demonstrating that these two sRNAs
can act independently of each other. ArcZ overproduction
reduced the fusion and the endogenous protein by 6.3-
fold, whereas SdsR down-regulated the fusion by 2.4-fold
and the endogenous protein by 2.9-fold, further suggesting
that the effects of both sRNAs are likely mediated primar-
ily through the leader and initial translated region of
mutS; both the promoter and most of the coding sequence
are missing in this reporter fusion.

A possible pairing region for SdsR close to the mutS RBS
was predicted, and mutations in either SdsR or mutS alle-
viated SdsR repression (Supplemental Fig. S1C). However,
the mutSS®*R" mutation did not restore repression by the
compensatory SdsR* derivative. Northern blot analysis
detected high-level expression of the SdsR* (Supplemental
Fig. S1D). Possibly, high levels of SdsR* compete for Hfq.
Therefore, while it is clear that SdsR can negatively regu-
late mutS expression within the leader, the precise mech-
anism or site of interaction remains to be proven.

Hfq is required for ArcZ accumulation and regulation of
several targets (Papenfort et al. 2009; Mandin and Gottes-
man 2010; Soper et al. 2010), and thus we expected it to be
essential for ArcZ-mediated mutS repression as well. To
confirm this, we compared the effect of ArcZ overexpres-
sion on mutS-lacZ expression in the presence and absence
of Hfq. ArcZ is rapidly processed from the primary tran-
script (120 nucleotides [nt]) to a functional sSRNA (55 nt)
by RNase E (Soper et al. 2010; Chao et al. 2017). As expect-
ed, the strong repression of mutS-lacZ by overproduction
of ArcZ was completely abolished in the Ahfq strain; the
base-pairing-defective ArcZ* was inert in both wild-type
and Ahfq strains (Supplemental Fig. S2A). Northern blot
analysis (Supplemental Fig. S2B) showed that the short,
but not the long, isoform of ArcZ was undetectable in
the Ahfq strains, consistent with previous findings that
the short isoform of ArcZ was the major functional unit,
and its accumulation is Hfq-dependent (Soper et al.
2010; Chao et al. 2017). Collectively, these results demon-
strate that ArcZ sRNA, working together with the sSRNA
chaperone Hfq, represses mut$ expression through direct
base-pairing interactions. Notably, the expression level
of the mutS-lacZ fusion was high in the absence of Hfq
(Supplemental Fig. S2A), and this is further explored
below.

Endogenous ArcZ sRNA is sufficient to down-regulate
mutS expression in stationary phase

To determine whether endogenous ArcZ and SdsR repress
mutS expression, we compared mutS expression in wild-
type cells and cells deleted for arcZ, sdsR, or both sSRNAs
for chromosomal mutS-lacZ reporter expression and
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endogenous MutS protein levels (Fig. 2A,B). Deletion of
ArcZ modestly increased mutS-lacZ expression and
MutS protein levels in stationary phase (1.5-fold [P<
0.01]and 2.4-fold [P < 0.05], respectively). In contrast, dele-
tion of SdsR had a nonsignificant effect on reporter expres-
sion (1.1-fold) but did lead to a moderate increase (2.2-fold
[P <0.05]) in MutS protein levels. Such discrepancy be-
tween reporter fusion and endogenous proteins could be
attributed to higher expression of the fusion. It is also pos-
sible that the previously reported SdsR-pairing site (Gu-
tierrez et al. 2013) contributes to MutS repression of the
endogenous protein. The arcZ sdsR double deletion did
not significantly increase either the fusion or protein lev-
els compared with the deletion of arcZ (Fig. 2A,B). ArcZ is
expected to indirectly affect sdsR transcription through
stimulation of rpoS translation; SdsR is transcribed by
RpoS (Supplemental Fig. S3A; Frohlich et al. 2012). In-
deed, deletion of ArcZ significantly decreased endogenous
levels of SdsR (Supplemental Fig. S3B). Therefore, ArcZ
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Figure 2. Endogenous ArcZ sRNA is sufficient to repress mutS
expression in the stationary phase of bacterial growth. (A) B-Gal-
actosidase activity assay to monitor mutS-lacZ expression in
wild-type (JC1060) and isogenic mutant cells with deletion of
hfq (JC1072), arcZ (JC1061), sdsR (JC1071), or arcZ sdsR
(JC1073). Note that in these strains, the promoter for the mutS-
lacZ translational fusion is a constitutive synthetic CP12b pro-
moter (Jensen and Hammer 1998) rather than the Pgap promoter
used in Figure 1. Bacterial cells were grown in LB for 16 h at 37°C
before assay of p-galactosidase activity (in Miller units). Biological
triplicates were assayed, and data are plotted as mean = SEM. (B)
Western blot analysis of whole-cell lysates from wild type
(NM525) and isogenic mutants with deletion of hfg (JC1090),
arcZ (JC1042), sdsR (JC1021), or arcZ sdsR (JC1069). Bacterial
cells were grown in LB for 16 h at 37°C before Western blot anal-
ysis. Experiments were repeated four times; a representative blot
is shown at the left, and MutS quantification, first normalized to
the protein loading control EF-Tu and then to the normalized val-
ue of MutS for wild type, is at the right. Mean = SEM. (C) Western
blot analysis of whole-cell lysates from wild-type (JC1081) and
mutSA™% (JC1083, carrying mutations of ArcZ base-pairing se-
quence in the mutS 5 UTR) or AarcZ sRNA (JC1042) cells. Bacte-
ria grown in LB were collected at ODggg of 0.7 (exponential) and
4.5 (stationary), respectively. Representative blots from one of
two experiments are shown. Relative MutS levels were calculat-
ed, with the wild-type sample for each group (exponential or sta-
tionary) set to 1. Unpaired Student’s t-test was used to calculate
statistical significance. (ns) Not significant, P > 0.05; (*) P < 0.05;
() P <0.01; (***) P<0.001.
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likely represses mutS both directly by pairing and indi-
rectly by stimulating the synthesis of SdsR, explaining
the lack of additivity for the arcZ sdsR double deletion.

We further engineered the mutS compensatory mutant
(mutSA™%’) used in the fusion (Fig. 1D) into the native
mutS$ leader to determine the effects of ArcZ direct pairing
on endogenous mutS expression. Both mutSA™4" and
AarcZ increased MutS protein to similar extents (1.8-
fold and 1.9-fold, respectively) (Fig. 2C), compared with
wild type in stationary phase, when ArcZ expression
was high (Supplemental Fig. S3C). In contrast, such in-
creases were not observed in exponentially growing cells
(Fig. 2C) when ArcZ levels were low (Supplemental Fig.
S3C). The observation that mutation of the ArcZ-pairing
site in mutS is almost as effective as deletion of arcZ in de-
repressing MutS levels also suggests that ArcZ’s other
roles—for instance, in stimulating synthesis of RpoS and
thus SdsR (Supplemental Fig. S3)—are relatively minor
under these conditions. Taken together, our data demon-
strate that endogenous ArcZ is sufficient to down-regulate
mutS expression in stationary phase in a sequence-specif-
ic manner.

Hfq represses mutS beyond sRNAs

Our results showed a modest repression from endogenous
ArcZ and SdsR on mutS expression (Fig. 2A,B), which is
significantly less than the increase in an hfq insertion mu-
tant described previously by Tsui et al. (1997). Indeed,
deletion of Hfq had a significantly greater impact on
mutS expression than deleting either or both sRNAs
(Fig. 2A,B), increasing the mutS-lacZ fusion and MutS pro-
tein levels by eightfold in the Ahfq strain. These data sug-
gested that other Hfq-dependent regulatory pathways also
contribute to mutS repression. Such a pathway could in-
volve other sRNAs not included in our sRNA library
(Fig. 1B) or possibly other Hfq-dependent but sSRNA-inde-
pendent mechanisms.

The Hfq proximal face is used for sSRNA binding and sta-
bilization, and the distal face is used preferentially for
mRNA association (Updegrove et al. 2016). We reasoned
that if other sSRNA regulators were responsible for the re-
maining mutS repression, then mutations in the proximal
face of Hfq would phenocopy the hfqg deletion in terms of
mutS expression. Therefore, we compared mutS expres-
sion in cells carrying chromosomal mutations in the na-
tive hfq locus that disrupt the function of different Hfq
faces (Fig. 3A,B; Zhang et al. 2013). The proximal face mu-
tation (Q8A), which destabilizes Hfq-dependent sRNAs
(Zhang et al. 2013; Schu et al. 2015), only modestly in-
creased mutS expression (Fig. 3A,B), to a level comparable
with that seen in the absence of ArcZ and SdsR sRNAs
(see Fig. 2, which uses an independent set of wild-type
and mutant strains) even though the Hfq Q8A protein
was poorly detected by Western blot (Fig. 3B), possibly re-
flecting loss of epitopes important for antibody recogni-
tion. Mutation in the lateral face (R16A) showed an
effect on fusion expression similar to that of Q8A and no
increase of MutS protein levels (Fig. 3A,B). As expected,
overexpression of ArcZ sRNA in the Q8A proximal face

Dual mechanisms for mutS control by Hiq
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Figure 3. The canonical mRNA-binding distal face of Hfq is es-
sential for mutS repression, but the SRNA-binding proximal face
isnot. (A) p-Galactosidase activity assays to determine mutS-lacZ
expression in isogenic strains carrying various hfg alleles in the
native chromosomal locus (wild type: JC1103; Ahfg: JC1104;
Q8A: JC1105; Y25D: JC1106; R16A: JC1107), where Q8A is an
Hfq proximal face mutant, Y25D is a distal face mutant, and
RI6A is a lateral face mutant. These strains were generated by
moving the kan-Cp12b-mutS-lacZ reporter into various Hfq al-
lele strains reported previously (Zhang et al. 2013) and thus are
similar to but independently derived from those used in Figure
2 (Supplemental Table S1). Bacterial cells were grown in LB for
6 h at 37°C before assaying for p-galactosidase activity (in Miller
units). Biological triplicates were assayed for p-galactosidase ac-
tivities, and data are plotted as mean + SEM. (B) Western blot
analysis of whole-cell lysates from the same set of strains as A.
Bacterial cells were harvested at ODgoo of ~3.0. For Western
blot, a representative figure from biological duplicates is shown,
and relative MutS§ levels are shown.

mutant did not repress mutS-lacZ expression; in the
R16A lateral face mutant, repression was significantly re-
duced (Supplemental Fig. S2A). Both mutant hfq alleles re-
duced or eliminated processed ArcZ sRNA (Supplemental
Fig. S2B).

Strikingly, mutation in the distal face (Y25D), which
binds to ARN motifs in mRNA targets (Link et al. 2009;
Tree et al. 2014), significantly increased mutS expression
for both the fusion and the endogenous protein to a level
similar to that in the hfg null strain (Fig. 3A,B). Interest-
ingly, ArcZ sRNA down-regulated mutS-lacZ expression
in the Y25D distal face mutant almost as well as in the
wild-type strain (sixfold vs. fourfold) (Supplemental Fig.
S2A), indicating that the distal face of Hfq is not essential
for ArcZ-mediated mutS repression, at least under condi-
tions of ArcZ overexpression. Taken together, the require-
ment of the distal face but not the proximal face of Hfq for
mutS repression strongly suggests that the major mutS re-
pression by Hfq is independent of sSRNAs, as Hfq-depen-
dent sRNAs are destabilized in the proximal face (Q8A)
mutant (Zhang et al. 2013; Schu et al. 2015).

An (AAN)3; motif in the mutS 5’ UTR is essential
for Hfqg-mediated mutS repression in vivo

The distal face of Hfq binds to A tracts or (ARN), (53¢
motifs frequently present in mRNA 5 UTRs (Link et al.
2009), with a preference for (AAN), repeats (Robinson
et al. 2014). Such binding can rearrange the mRNA
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secondary structure and modulate the efficiency of
mRNA translation (Geissmann and Touati 2004; Sonn-
leitner and Blasi 2014; Ellis et al. 2015). Given the critical
role of the Hfq distal face for mutS repression, we searched
for Hfq distal-face-binding elements (ARN repeats) in the
104-nt-long mutS leader and initial translated region (74-
nt-long 5 UTR plus the first 10 codons of mutS). The
Find Individual Motif Occurrences (FIMO) algorithm
(Grant et al. 2011) identified two perfect (ARN);z repeats
(ARN1 from —50 to —42 and ARN3 from +9 to +17) and
one (ARN); repeat with one nucleotide mismatch
(ARN2 from —26 to —18), which overlaps the ArcZ-pairing
sequence (Fig. 4A) and was mutated in the mut$A™*%" mu-
tant (Fig. 1D). There is a modest decrease in expression of
mutS when ARN? is disrupted in the mutS*™4" mutant,
and the mutSA™# is repressed well by the complementary
ArcZ* sRNA (Fig. 1D), suggesting that the ARN2 motif is
not needed for repression by Hfq or ArcZ. Mutation of
ARNI1 (ARN1*) increased mutS-lacZ expression by 5.8-
fold compared with that of wild type (Fig. 4B, cf. lanes 3
and 1), indicating that the ARN1 motif has a strong repres-
sive effect on mutS expression. More importantly, dele-
tion of hfq in the ARNI* background only slightly
increased mutS-lacZ expression (1.4-fold) compared with
that of the wild-type hfg ARN1* control (Fig. 4B, cf. lanes
4 and 3) and comparable with the effect of deleting arcZ
(Fig. 2). Therefore, the ARN1 motif is required for Hfg-me-
diated mutS repression in vivo. Mutation of ARN3
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Figure 4. The ARNI1 motif in the mutS 5" UTR is essential for
Hfg-mediated mutS repression in vivo. (A) Nucleotide sequence
of E. coli mutS$ leader from the transcription start site (—74) to
+30ntin the coding sequence. Sequence elements are highlighted
in bold, with a single bar above the ArcZ base-pairing site, boxes
around the RBS and the start codon (AUG), and double underline
belowthe ARN sites. The ARN1and ARN3 mutant sequences are
shown with the mutated nucleotides in italic lowercase above. (B)
B-Galactosidase activity assays to determine mutS-lacZ expres-
sion in cells containing different mutS ARN alleles in the pres-
ence or absence of Hfq. Bacterial cells (wild type: JC1060; wild-
type Ahfq: JC1072; ARN1*: JC1111, ARNI1* Ahfgq: JC1116;
ARN3*: JC1112; ARN3* Ahfg: JC1114; ARNI* +3*: JC1113;
ARN1* + 3* Ahfq: JC1115) were grown in LB for 6 h at 37°C before
assaying for p-galactosidase activity (in Miller units). Biological
triplicates were assayed, and data are plotted as mean + SEM.
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(ARN3*), changing the initial translated region of mutS,
decreased rather than increased mutS-lacZ expression
(Fig. 4B, cf. lanes 5 and 1), presumably by affecting the ini-
tial codon usage in the fusion. Deletion of hfg in the
ARNBS3* background led to a significant increase (4.3-fold)
of mutS-lacZ expression (Fig. 4B, cf. lanes 6 and 5), sug-
gesting that ARN3 is not required for Hfg-mediated re-
pression of mutS. An ARNI1 and ARN3 double mutant
(ARN1* + 3*) expressed mutS-lacZ at a level comparable
with that of ARN3* in an hfq mutant, and deletion of
hfq had very little additional effect (Fig. 4B, cf. lanes 7,8
and 6), further supporting the importance of the ARN1
motif in Hfg-mediated mutS repression. Collectively,
these results support a model in which Hfq binds via its
distal face to the ARNI1 site in the mutS 5 UTR, leading
to mutS repression.

When Hfq catalyzes sRNA-mediated gene regulation,
Hifq binds both the sSRNA and the mRNA target using dif-
ferent faces (Schu et al. 2015). We tested whether the
ARNI1 or ARNS site was required for ArcZ to repress
mutS expression by overexpressing ArcZ in cells carrying
the ARN1*, ARN3*, or ARN1* + ARN3* mutS-lacZ fu-
sions (Supplemental Fig. S4B). In all of these mutS mu-
tants, ArcZ repression was retained. These data were
consistent with the observation that ArcZ efficiently re-
pressed mutS-lacZ in the Hfq distal face mutant (Supple-
mental Fig. S2A), suggesting that ArcZ-mediated mutS
repression requires different Hfq faces (proximal and later-
al) and may use a different Hfq-binding site in mutS$.

Similar experiments were performed to investigate the
cis and trans elements required for SdsR-mediated mutS$
repression (Supplemental Fig. S4D,E). As expected, the
Hifq proximal face mutation (Q8A) abolished SdsR repres-
sion. However, unlike ArcZ (Supplemental Fig. S2A), the
distal face mutation (Y25D) but not the lateral face mu-
tant (R16A) significantly reduced repression (Supplemen-
tal Fig. S4D). Consistent with the requirement for the
distal face of Hfq, SdsR repression was partially affected
in mutants containing ARN1 mutations (ARN1* and
ARNI1* + 3*) (Supplemental Fig. S4E). These data suggest
that SdsR-mediated mutS repression uses the Hfq distal
face, and, most likely, the mutS ARN1 motif contributes
to SdsR repression.

The ARN1 motif in the mutS & UTR is important
for efficient Hfq binding and repression in vitro

Our data suggest that Hfq-mediated, sSRNA-independent
mutS repression is the major repression pathway in E.
coli (Fig. 2). We further examined this regulation in vitro
through electrophoretic mobility shift assays (EMSAs),
in vitro translation assays, and in vitro structure probing
and footprinting analysis. EMSA analyses with different
mut$ alleles showed Hfq tightly bound to wild type or
the ARN3* mutS leader, with apparent binding affinities
(Kq) of ~13 and 19 nM, respectively. Mutating the
ARN1 motif (ARN1*) decreased the binding affinity by ap-
proximately threefold (Fig. 5A,B), demonstrating the im-
portance of the ARN1 motif for efficient Hfq binding in
vitro. Notably, the ARNI1* mutation also decreased
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Hfq. mutS'-Flag mRNAs, including wild
type, the ArcZ-pairing mutant (mutS*7%’),
ARNI*, and the mutSA™* ARN1* double
mutant, were in vitro transcribed, and
equimolar amounts (2.5 pmol) of purified
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to corresponding RNA amounts to determine the translation efficiencies. Relative translation inhibition for each mutS allele in the pres-
ence of Hfq was determined by normalizing the translation efficiency to that in the absence of Hfq. (D) In vitro footprinting and structure
probing of 5’ end-labeled mutS wild-type and ARN1* mRNAs (30 nM in 10 uL; total 0.3 pmol) by RNase T1, RNase ITI, or lead acetate (Pb)
cleavage in the presence (concentrations as indicated) or absence of Hfq. The Hfq footprints on mutS mRNA are highlighted by vertical
bars and underlined in the wild-type and ARN1* sequences, shown at the left and right, respectively. ARNI sequences and AUG are in
boxes, and ARN1* mutant changes are shown with lowercase letters. G residues are shown in bold. A 21-nt sequence between nucleo-
tides —41 and —21 (CATCACACCCCATTTAATATC), not affected by Hfq, is shown as an ellipsis to allow the rest of the sequence to be
readable. (UT) Untreated 5’ end-labeled mutS RNA in the presence (300 nM) or absence (—) of Hfq proteins. Lanes OH and T1 show al-
kaline or RNase T1 ladders of denatured mutS RNA. (E) Secondary structure of wild-type mutS leader based on top hit for Nucleic Acid
Package (NUPACK) (Zadeh et al. 2011) and RNA Structure Web server (http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/
Predictl/Predict].html) predictions; this structure also agrees well with chemical and enzymatic (RNase T1, RNase III, and lead) struc-
ture probing ( shown in D). An alternative structure in the presence of Hfq is shown in Supplemental Figure S9.

cooperative binding compared with wild type, reducing
the Hill coefficient from 4.5 in wild type to 2.5 in ARN1*.

To determine the outcome of reduced Hfq binding, we
carried out in vitro translation assays using purified Hfq
protein and in vitro transcribed mutS’-Flag RNA variants
(described in Supplemental Fig. S5A). In the presence of
increasing amounts of Hfq, we observed a dose-dependent
inhibition of mut§ translation, with a fourfold reduction
in MutS'-Flag production in the presence of equimolar

amounts of Hfq hexamer and wild-type mutS mRNA
(Supplemental Fig. S5B). Thus, Hfq can effectively inhibit
mut$ translation in the absence of sSRNA and endonucle-
ases. Most importantly, this Hfq-mediated translation in-
hibition was dependent on the ARNI1 site. Mutating the
ARN1 motif (ARN1* or mutS#*4" ARN1*) restored robust
translation in the presence of Hfq compared with the wild-
type ARNI alleles (wild-type and mutS**#’) (Fig. 5C, cf.
lanes 7,9 and 3,5). Neither the mutS*™% nor the ARN1*
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Chen and Gottesman

mutation itself substantially affected mutS translation in
the absence of Hfq (Fig. 5C, cf. lanes 2 and 4,6,8), and sim-
ilar levels of total RNA and proteins were present in each
reaction (Fig. 5C, bottom). Based on these results, we con-
clude that Hfq can directly inhibit mutS translation in vi-
tro dependent on the ARN1 motif and largely independent
of RNA degradation.

We further explored the basis for Hfq-mediated direct
repression on mutS by performing in vitro structure prob-
ing and footprinting analyses using wild-type and ARN1*
mut$ leaders with and without purified Hfq (Fig. 5D). The
ARNI1 site is far (~40 nt) upstream of the RBS, and a direct
blockade of ribosome loading is unlikely. Instead, we favor
a model in which Hfq binding at the ARN1 motif restruc-
tures the mutS leader, leading to the observed repression.
Our results from chemical (lead acetate) and enzymatic
(RNase T1 and RNase III) cleavage agreed well with the
Nucleic Acid Package (NUPACK) prediction (Zadeh
et al. 2011) for the secondary structure of the mutS leader
in the absence of Hfq and are summarized in Figure
5E. The mutS ARNI1 motif (from —50 to —42) is single-
stranded in the absence of Hfq and was strongly protected
by Hiq from lead (Pb) cleavage in the wild-type mutS lead-
er (Fig. 5D [cf. lanes 7,8 and 5], E [cf. red star {with Hfq} and
black star {no Hfq}]); this protection was completely lost in
the ARN1* RNA (Fig. 5D, cf. lanes 18 and 17). Besides the
ARNI site, an upstream region (—72 to —55) was also pro-
tected by Hfq from lead cleavage in both the wild type and
ARN1* mutS leader. Therefore, this U-rich 5’ region is an
ARNI1-independent Hfq-binding site that likely contrib-
utes to the remaining binding of Hfq to the ARNI1*
mutS leader seen in Figure 5A. Deletion of this site (A5')
(Supplemental Fig. S4A) increased mutS-lacZ expression
by 1.7-fold (Supplemental Fig. S4C, cf. lanes 9 and 1) and
decreased Hfq repression from 8.5-fold to 2.6-fold (Supple-
mental Fig. S4C, cf. lanes 1,2 and 9,10), suggesting that it
also contributes to Hfg-mediated mutS repression. Nota-
bly, this site was not required for ArcZ-mediated mutS re-
pression (Supplemental Fig. S4B). Strikingly, addition of
Hifq drastically changed the pattern of cleavage by RNase
III, which cleaves dsRNA, decreasing double-stranded re-
gions formed at the 5’ end of the mutS leader and increas-
ing double-stranded structures at the 3’ end of the RNA
(Fig. 5D [lanes 11,12], E [cf. red squares and black squares]).
In the ARN1* mutant, the changes from RNase III cleav-
age upon Hfq addition were less dramatic, and a new re-
gion of RNase III cleavage was seen at the ARNI1* site
(Fig. 5D, cf. lanes 21,22 and 11,12). Collectively, these
data support the ARN1 motif as a major site of Hfq bind-
ing, and binding to this site by Hfq remodels the mutS
leader in a manner that leads to mutS repression.

Hfq-mediated mut$ repression contributes to bacterial
mutagenesis

Our results demonstrate that Hfq deploys dual mecha-
nisms to control mutS expression: repression via ArcZ
and SdsR sRNA and direct repression by Hfq. Here we fur-
ther explored the contributions of both repression path-
ways to bacterial mutagenesis. Deletion of mutS in E.
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coli significantly increases mutation rates (LeClerc et al.
1996; Bjedov et al. 2003), with a >50-fold increase com-
pared with wild type in the frequencies of spontaneous
mutagenesis to rifampicin resistance and reversion of a
lac ochre mutation to Lac® (Supplemental Fig. S6A,B).
MMR proteins have also been implicated in bacterial
adaptive or stress-induced mutagenesis (Harris et al.
1999; Bjedov et al. 2003; Denamur and Matic 2006; Foster
2007). Using a classic assay for stress-induced mutagene-
sis that measures correction of a +1 frameshift mutation
in lacl-lacZ fusion by growth on lactose minimal agar
over many days (Cairns and Foster 1991), we observed
that the level of Lac* colonies over 6 d increased by >30-
fold in AmutS compared with wild type (Supplemental
Fig. S7B).

MutS levels are high in rapidly growing E. coli cells and
decrease significantly in stationary phase (Supplemental
Fig. S8A; Feng et al. 1996). Mutation frequencies also in-
creased in stationary phase compared with exponential
phase (Supplemental Fig. S6C), suggesting that MMR pro-
teins, including MutS, may become limiting in stationary
phase, thus allowing accumulation of spontaneous muta-
tions (Feng et al. 1996). Notably, the negative regulators of
mutS$ discussed here, including Hfq, ArcZ, and SdsR, are
all higher in stationary phase (Supplemental Figs. S3C,
S8A).

Deletion of arcZ and sdsR reduced mutagenesis (Sup-
plemental Figs. S6D, S7A,B); such decreases could be at-
tributed to derepression of mutS, and/or effects on other
targets of these sSRNAs. While deletion of hfg also de-
creased mutagenesis (Fig. 6B; Supplemental Figs. SG6E,
S7A,B), it significantly affected cell growth (Supplemental
Fig. S8C; Tsui et al. 1994) and had broad effects on gene ex-
pression (Guisbert et al. 2007). Deletion of rpoS decreased
stress-induced mutagenesis only slightly more than delet-
ing sdsR (Supplemental Fig. S7A, B).

We made use of the pathway-specific mutS alleles
(mutSA™%, ARN1*, and mutSA™4 ARN1*) in the native
locus in the mutS leader to investigate the effects of
mutS repression on mutagenesis. These mutants have im-
portant advantages over deletion of sSRNAs or Hfq. They
overcome pleiotropic effects from sRNA or hfq deletions
and did not interfere with bacterial growth (Supplemental
Fig. S8C). In early stationary phase, cells carrying the
mutSA*%" or ARN1* allele increased MutS levels by 1.8-
fold and 3.9-fold, respectively, and the double mutant
mut§A™4 ARN1* increased Mut$ levels by 5.7-fold, com-
parable with that in the hfg deletion mutant (Fig. 6A).
These data suggest that these two pathways are responsi-
ble for Hfg-mediated mutS repression in stationary-phase
cells. Notably, these mutS allele mutants did not change
the levels of RpoS and Hfq proteins compared with wild
type (Fig. 6A). When MutS levels were measured during
bacterial growth, the ARNI*, mutS®™* ARNI1*, and
Ahfq mutants expressed high and comparable levels of
MutS$ at all stages of growth, and the mutSA*4" mutant
had little or no effect (Supplemental Fig. S8D).

We then investigated how this increase in MutS in the
leader mutants contributed to stationary-phase mutagen-
esis using the three assays for spontaneous and adaptive
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Figure 6. Hfq-mediated mutS repression contributes to stress-
induced mutagenesis. (A) Bacterial cells (wild type: JC1081;
Ahfq: JC1090; mutSA%": JC1083; ARNI*: JC1129; mutSA™%
ARNT1*: JC1130) were grown in LB to stationary phase (ODggg
~2.5; ~6 h for JC1090 and 4 h for the other strains), and whole-
cell lysates from these cells were analyzed by Western blot using
antibodies for MutS, RpoS, Hfq, and EF-Tu. EF-Tu served as a pro-
tein loading control. Representative blots from biological dupli-
cates are shown with the relative MutS levels compared with
wild type. (B) The same set of strains was grown overnight (16
h)in LB at 37°C and tested for spontaneous resistance to 50 ng/
mL rifampicin. The frequencies for rifampicin resistance were de-
termined by normalizing the number of colonies grown on selec-
tive LB rifampicin agar to that grown on nonselective LB agar.
Data from three independent experiments were plotted as mean
+ SEM. (C) E. coli cells carrying a chromosomal lacZ ochre muta-
tion (C70T) (wild type: JC1156; mutSA™%": JC1157; ARNI*:
JC1158; mutSA*% ARN1*: JC1159) were grown in LB to station-
ary phase (ODggp ~3.5) and plated on M63 minimal lactose agar
to measure Lac” reversion. The reversion frequencies were deter-
mined by normalizing the number of Lac* colonies grown on M63
minimal lactose agar to that of total viable cells grown on M63
minimal glucose agar. Data from four independent experiments
were plotted as mean + SEM. (D) Cells carrying a revertible lacl-
lacZ frameshift mutation on the F episome as well as mutant al-
leles mutSA™%" or ARN1* in the mutS$ leader (wild type: JC1238;
mutSA": JC1239; ARN1*: JC1240; mutSA™%" ARN1*: JC1241)
and isogenic scavenger allele variants (wild type: JC1234;
mutSATZ: JC1235; ARN1*: JC1236; mutSA™% ARN1*: JC1237)
were grown to saturation in M9 with 0.1% glycerol and assayed
for adaptive mutation frequencies to Lac* as described in the Ma-
terials and Methods. (E) Dot plot of the total number of Lac* col-
onies per 10® viable cells on day 6 from the same set of strains as
in D. Two independent isolates (five cultures each) for each con-
struct were assayed, and data were plotted as mean + SEM. Un-
paired Student’s t-test (two-tail) was used to calculate statistical
significance. (*) P <0.05; (***) P <0.001.

Dual mechanisms for mutS control by Hiq

mutagenesis discussed above. In stationary phase, all
mutS mutants (mutSA*%’, ARN1*, and mutSA™4 ARN1*)
showed significantly lower frequencies of rifampicin re-
sistance compared with wild type, and the level was com-
parable with that in the Ahfg strain (Fig. 6B). In the
lac ochre reversion assay, mutS mutants ARN1* and
mutSA% ARN1* showed significantly lower frequencies
compared with wild type, comparable with that observed
in the absence of Hfq, and the mut$*™%" mutant showed
somewhat lower but statistically similar mutagenesis fre-
quencies compared with wild type (Fig. 6C; Supplemental
Fig. SG6E). In the stress-induced Lac® reversion assay,
ARNI1* and mutSA™4" ARN1* mutations significantly de-
creased the number of Lac* colonies at all time points,
leading to a more than twofold decrease at day 6; the
mutSA™%" mutation also significantly reduced mutation
accumulation but less than the ARN1* strains (Fig. 6D,
E). Thus, the mutagenesis levels, particularly in the Lac
reversion assays, agreed well with MutS protein levels
and suggest that MutS is limiting in wild-type cells, con-
tributing to higher levels of mutagenesis.

Lac* revertant frequencies in the stress-induced muta-
genesis assay on day 2 were generally assumed to have ac-
cumulated during cell growth and thus could be used as a
measure of mutagenesis during growth. Deletion of mutS
significantly increased mutation frequencies at day 2, and
deletion of hfq, rpoS, arcZ, or sdsR decreased mutation
frequencies, although ArpoS was not statistically different
from wild type (Supplemental Fig. S7C). The mutS$ leader
mutants showed mutation frequencies similar to wild-
type cells (Supplemental Fig. S7D). While the numbers
of Lac* colonies were low at day 2, the results suggest
that MutS may not be limiting during exponential growth.
Collectively, these results demonstrate that mutS repres-
sion by Hfq and ArcZ sRNA contribute significantly to
stress-induced mutagenesis in E. coli.

Discussion

The idea that mutation rates can be modulated in re-
sponse to stress has been hotly debated over the last 30
years. Here we provide evidence that two distinct Hfg-de-
pendent mechanisms control cellular MutS levels and
thus contribute to E. coli stationary-phase mutagenesis.

Noncanonical role of Hfq in direct translation inhibition
of mutS

Hfq is an RNA chaperone that binds to hundreds of
mRNAs and dozens of sRNAs in E. coli (Zhang et al.
2013; Bilusic et al. 2014; Tree et al. 2014; Melamed et al.
2016). Our studies of Hfq-mediated mutS repression
have highlighted a noncanonical role of Hfq that can func-
tion in the absence of SRNA regulators.

Hfq strongly represses mutS-lacZ and endogenous
mutS expression in stationary-phase cells (Figs. 2,3; Tsui
et al. 1997). This repression was largely dependent on an
(AAN); motif in the mutS leader (ARN1) (Figs. 4, 6A).
Two known sRNA regulators, ArcZ and SdsR,
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contributed modestly to mutS repression (Fig. 2). The Hfq
proximal face is critical for binding all known Hfg-depen-
dent sRNAs, and mutating Q8 on the proximal face to al-
anine leads to sSRNA destabilization and loss of sSRNA-
dependent regulation (Supplemental Figs. S2, S4D; Zhang
et al. 2013; Schu et al. 2015) but did not eliminate Hfq re-
pression of mutS (Fig. 3). An Hfq distal face mutation
(Y25D), which impairs ARN-dependent target mRNA
binding and regulation by Hfq (Ellis et al. 2015; Schu
et al. 2015), mimicked the effect of deleting hfq on mutS
(Fig. 3). These in vivo data strongly suggest that SRNA
binding plays a relatively minor role in mutS repression
and rule out models in which we failed to find additional
important sSRNA regulators. Our in vivo results were con-
firmed and extended in vitro. Purified Hfq is sufficient to
inhibit mutS translation in an ARN1-dependent manner
(Fig. 5C). As the in vitro system is free of endonucleases,
the primary role of Hfq can be attributed to translation in-
hibition rather than mRNA decay.

This is not the first report for Hfq regulation of gene ex-
pression on its own. Sonnleitner and Blasi (2014) demon-
strated a role for Hfq in mediating carbon catabolite
repression in Pseudomonas dependent on its distal face
but independent of its proximal (SRNA-binding) face. Ellis
et al. (2015) reported that Hfq represses IS10 transposition
by binding to the RBS of transposase mRNA, also inde-
pendent of the sSRNA-binding face. Other studies show re-
pression by Hfq in vivo and Hfq binding in vitro but have
not examined the requirements for the sRNA-binding
face of Hfq and therefore have not fully ruled out the par-
ticipation of sSRNAs (Vecerek et al. 2005; Salvail et al.
2013). In a variation on the ability of Hfq to repress, Hfq
repressed sdhC translation but was recruited to its bind-
ing site by a second interaction: pairing of Spot42 sRNA
to the sdhC 5" UTR upstream of the RBS (Desnoyers
and Masse 2012).

B

Hfq limiting

ArcZ-dependent Hfq regulation

Low oxygen

/1 Hfq

DNA pollV SdsR

mutagenesis

Hfg-mediated translational inhibition of mutS is some-
what different from what has been proposed in the cases
discussed above. In previous reports, the Hfg-binding sites
overlap the RBS sequence, and therefore Hfq directly com-
petes with the ribosome 30S subunit to inhibit transla-
tion. The Hfq-binding mutS ARNI motif is ~40 nt
upstream of the RBS sequence, beyond the distance for a
direct interference with ribosome function (Huttenhofer
and Noller 1994). The ARN1 motif itself did not affect
translation in the absence of Hfq in vivo or in vitro (Figs.
4B, 5C). Therefore, unlike other examples of repression
from a distant site, Hfq is not blocking a translational en-
hancer or ribosome standby site (Darfeuille et al. 2007;
Yang et al. 2014). Rather, our structure-probing data (Fig.
5D) support a model in which binding of the (AAN); motif
by the Hfq distal face rearranges the secondary structure of
the mutS leader, leading to occlusion of the RBS and/or
the initiation codon for translation inhibition (Fig. 7A,
bottom left; Supplemental Fig. S9). We suggest that Hfq
binding releases the flexible binding of the 5 end of the
mutS to the translation initiation region (Fig. 5E), allow-
ing a tighter inhibitory structure to form (Supplemental
Fig. S9). Such a role of Hfq in restructuring mRNAs has
been reported, although, in many cases, this restructured
mRNA still requires sSRNAs for regulation (Geissmann
and Touati 2004; Soper et al. 2011; Ellis et al. 2015).

What makes the mutS ARN1 motif such an effective
site for repression by Hfq? Recent studies (Robinson
etal. 2014) suggest that the distal face of E. coli Hfq prefers
AAN repeats, and the mutS ARN1 is a perfect AAN triplet
sequence, tightly bound by Hfq with low nanomolar affin-
ity; the upstream AU-rich Hfg-binding site (Fig. 5) may
contribute to the cooperative binding and does contribute
to Hfq repression (Supplemental Fig. S4). A systematic
evolution of ligands by exponential enrichment (SELEX)
screen for genomic sequences that tightly bind Hfq also

Figure 7. Models of Hfg-mediated mutS repression
and underlying regulatory circuits of bacterial muta-
genesis in E. coli. (A) The mutS leader folds into one
strong [(AAN);-containing] and two intermediate
Hia stem loops based on NUPACK prediction and our
structure probing. (Top Ileft panel) When Hfq is limit-
ing (expression low or occupied by other RNAs), the
mutS leader adopts an open or flexible structure
that allows ribosome loading and translation initia-
tion from AUG, leading to maximal MutS produc-

Hfq sponge?

Muts tion. When Hfq, ArcZ, or SdsR is abundant, Hfq can

mediate repression of mutS by (1) binding to (AAN);
and upstream AU-rich regions through the distal
face of Hfq, restructuring the mutS leader, forming
an inhibitory hairpin in the translation initiation re-
gion (Supplemental Fig. S9), and significantly down-
regulating mutS translation (bottom left panel); (2)

binding to the mutS leader and ArcZ, leading to ArcZ pairing interfering with 30S ribosome loading and dampening translation (top right
panel); or (3) binding to the mutS leader at the (AAN); site or elsewhere in the coding sequence and binding to SdsR, leading to SdsR-me-
diated translation inhibition or mutS mRNA decay (bottom right panel). These multiple layers of regulation allow potent MutS control
with great flexibility. (B) Hfq-mediated complex regulatory networks contribute to bacterial mutagenesis. Hfq can down-regulate MutS
levels by direct translation inhibition (thick lines) as well as by promoting ArcZ or SdsR sRNA-mediated repression. Moreover, Hfq and
ArcZ can increase the error-prone DNA polymerase IV through up-regulation of RpoS, leading to elevated mutagenesis in stationary phase

or starvation conditions. See the text for references.
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identified a similar motif (Lorenz et al. 2010). The site pro-
tected by Hfq in the Pseudomonas amiE gene includes a
perfect (AAN])s repeat (Sonnleitner and Blasi 2014), al-
though the IS10 site for Hfq repression of transposition
is not quite as close to consensus (Ellis et al. 2015).

Canonical role of Hfq in stabilizing ArcZ sRNA
and assisting regulation

Our work started by searching for sSRNA regulators of
mutS from a library of Hfq-dependent sRNAs. We identi-
fied two sRNA repressors: ArcZ and SdsR (Fig. 1). While
this library was missing some of the recently identified
sRNAs encoded at the 3’ ends of genes, a transcriptome-
wide mapping of sSRNA-mRNA interactions after Hfq
coimmunoprecipitation found only ArcZ and SdsR
directly interacting with mutS mRNA on Hfq (Melamed
et al. 2016), suggesting that there may not be any other
sRNA regulators for mutS. SdsR was reported previously
to base-pair with mutS deep in the coding sequence, based
on in vitro studies (Gutierrez et al. 2013).

ArcZ is a conserved Hfg-dependent sRNA found in en-
terobacterial species (Papenfort et al. 2009; Mandin and
Gottesman 2010). Unlike the sSRNA-independent regula-
tion of mutS, ArcZ repression requires the proximal and
lateral faces of Hfq (Supplemental Fig. S2). ArcZ pairs
with a sequence close to the mutS RBS, and this pairing
likely blocks ribosome binding and translation initiation
by a canonical repression mechanism. Deletion of arcZ in-
creased MutS levels and decreased mutagenesis in station-
ary-phase cells (Fig. 2; Supplemental Fig. S6D), and
mutation of the ArcZ-binding site in mutS had similar ef-
fects (Fig. 6). Therefore, ArcZ plays a significant role in
mutS repression, although, under our test conditions,
not as important as that of Hfq binding to ARNI.

The second sRNA, SdsR, is transcribed in stationary
phase, dependent on the RpoS stationary phase/stress o
factor (Frohlich et al. 2012). Gutierrez et al. (2013) reported
that SdsR, which can be induced by low-dose ampicillin
depending on RpoS, contributes to elevated mutagenesis
presumably through down-regulating MutS levels. In-
deed, overexpression of SdsR in the AarcZ AsdsR strain
significantly reduced both endogenous MutS levels as
well as the mutS-lacZ fusion (Supplemental Fig. S1A,B),
suggesting that a critical site for SdsR repression is within
the mutS leader and initial translated region.

Integration and regulation of multiple roles of Hfq
in mutS repression

Our results revealed multiple modes of Hfg-mediated
mutS repression (Fig. 7A): (1) direct inhibition of mutS
translation by Hfq, dependent on the Hfq distal face and
mutS ARNI site; (2) ArcZ-mediated translation inhibi-
tion dependent on the proximal and lateral faces of Hfq
and pairing between ArcZ and the mutS leader; and (3)
SdsR-mediated mutS repression via the proximal and dis-
tal faces of Hfq and a site on the mutS leader and/or a pre-
viously reported site in the coding sequence. The first two
pathways appear to act entirely independently, as our re-

Dual mechanisms for mutS control by Hiq

sults suggest that they use distinct mutS sites and Hfq
faces. Mutations in ARN1 do not affect ArcZ-mediated
repression, and mutations in mutS sites necessary for
ArcZ repression do not disrupt direct repression by Hfq
(Supplemental Fig. S4B; Fig. 5C). These independent
mechanisms suggest that turning on either pathway can
modulate cellular MutS levels. It is worth noting that
the mutS leaders are not well conserved and that the
ArcZ site as well as the ARN motif are present in only a
limited number of bacterial species, including Entero-
bacter and Klebsiella; thus, these Hfg-mediated regulato-
ry mechanisms may not be conserved in other organisms.
Indeed, a search for SdsR-regulated mRNA targets in Sal-
monella enterica identified >20 targets but did not identi-
fy mutS$ (Frohlich et al. 2016). The SdsR-mediated mutS
repression and Hfq direct inhibition are interconnected,
as they both use the Hfq distal face as well as the mut$
ARNI site (Figs. 3, 4; Supplemental Fig. S4D,E); they are
likely mutually exclusive.

Regulation by sRNAs generally correlates with con-
ditions that induce sRNA expression. SdsR transcription
is dependent on RpoS and thus should be expressed
when the cells are experiencing an RpoS-inducing stress
such as starvation, oxidative stress, or, as reported previ-
ously, sublethal doses of antibiotic (Gutierrez et al.
2013). ArcZis negatively regulated by the two-component
ArcB histidine kinase and ArcA response regulator, active
anaerobically, and thus will be higher under aerobic con-
ditions (Mandin and Gottesman 2010); it is highly ex-
pressed in stationary phase (Supplemental Fig. S3C).
ArcZ positively regulates RpoS translation (Fig. 7B; Man-
din and Gottesman 2010). Therefore, conditions that in-
duce ArcZ will also induce SdsR via RpoS, and we noted
lower levels of SdsR in cells deleted for arcZ (Supplemen-
tal Fig. S3B). These results suggest that under RpoS-induc-
ing conditions, these sRNAs can collaborate to lower
cellular levels of MutS.

Relatively little is known about how Hfq repression in
the absence of sSRNAs is regulated. Hfq levels are higher
in stationary phase (Supplemental Fig. S8A), but mutating
the ARNI site is sufficient to increase MutS protein
throughout growth, with the greatest effect seen in sta-
tionary phase (Supplemental Fig. S8D). Therefore, Hfq is
presumably sufficient to repress MutS in both exponential
growth and stationary phase. Possibly, Hfq-dependent re-
pression simply provides a lower level of MutS protein,
which can be further modulated in response to growth
stresses. Even in the mutSA™% ARN1* mutant, MutS lev-
els decreased in late stationary phase (Supplemental Fig.
S8D), suggesting that yet other mechanisms may exist
that keep MutS levels low in stationary phase.

Roles of SRNAs and Hfq in regulation of bacterial
mutagenesis

Transient increases in mutation rates have been suggested
to be a response to a variety of stresses (Galhardo et al.
2007), including stationary-phase stress. It has been sug-
gested this is a bet-hedging strategy, allowing exploitation
of mutations that may allow bacteria to deal with stress.
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One of the well-studied mutagenesis assays, referred to
as adaptive or stress-induced mutagenesis, involves the ac-
cumulation of Lac* reversions of a frameshift mutation
over many days of incubation (Foster 2007). Stress-induced
mutagenesis depends on a variety of regulatory pathways,
leading to up-regulation of error-prone polymerases (Foster
2007; Al Mamun et al. 2012). Less clear is to what extent
these mutations depend as well on a regulated decline in
MMR (Harris et al. 1999). Certainly, in either growing or
stationary-phase cells, deletion of MMR components sig-
nificantly increases the level of mutagenesis (Supplemen-
tal Figs. S6A,B, S7B). Experiments overexpressing MMR
genes from plasmids and testing for stress-induced muta-
genesis have led to conflicting results (Foster et al. 1995;
Foster 1999; Harris et al. 1999; Gutierrez et al. 2013), al-
though, overall, the results suggest either that MMR is
limiting in stationary phase or, possibly, that overproduc-
ing the MMR proteins blocks processes needed for stress-
induced mutagenesis. Our results demonstrate that
MutS levels are controlled by multiple Hfq-dependent
mechanisms, and this down-regulation contributes signif-
icantly to elevated mutagenesis in stationary phase (Fig. 6).

RpoS$ has been implicated in stress-induced mutagene-
sis (Bjedov et al. 2003; Al Mamun et al. 2012; Gutierrez
et al. 2013). The two sRNAs found to down-regulate
MutS are both intimately involved in the RpoS stress re-
sponse. ArcZ is one of three SRNAs that positively induce
rpoS$ translation (Mandin and Gottesman 2010), and the
second sRNA, SdsR, is transcribed by RpoS (Fig. 7B; Froh-
lich et al. 2012). In our stress-induced mutagenesis assay,
deletion of SdsR or RpoS led to similar declines in the mu-
tagenesis frequencies (Supplemental Fig. S7), suggesting
that an important role of RpoS is for SdsR synthesis. Given
the well-known role of RpoS in stimulating synthesis of
error-prone polymerases (Layton and Foster 2003), the
SdsR deletion effect is somewhat surprising, but possibly
these polymerases are not rate-limiting for mutagenesis
unless MutS is also decreased. Presumably because both
sRNAs are highly expressed as cells enter stationary phase
(Supplemental Fig. S3C), the effect of these SRNAs on
MutS levels is likely exerted in stationary-phase cells
(Fig. 2C). Other conditions that lead to increased expres-
sion of either sSRNA (for instance, any signal leading to in-
duction of RpoS or conditions relieving the ArcB/ArcA
repression of ArcZ [Mandin and Gottesman 2010]) are ex-
pected to lower MutS levels. Using a mutS allele that spe-
cifically blocks ArcZ pairing, we observed a moderate
increase in endogenous Mut$ protein (Fig. 2) and a signifi-
cant decrease in all of our mutagenesis assays (Fig. 6).

The stronger mode of mutS repression is via Hfq binding
to the upstream region of the leader in the absence of
sRNAs. While deletion of hfg leads to a dramatic decrease
in mutagenesis (Fig. 6; Supplemental Figs. S6E, S7), this
mutation has pleiotropic effects on cells, decreasing syn-
thesis of RpoS, leading to elevated synthesis and activity
of RpoE and significantly slowing cell growth (Supple-
mental Fig. S8C; Tsui et al. 1994; Muffler et al. 1997; Guis-
bert et al. 2007). Importantly, we were able to specifically
address the effect of Hfq on mutS by assays of cells carry-
ing the mutSA™N" allele. In those cells, ArcZ is able to
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act, but the sSRNA-independent repression of mutS is abro-
gated. The ARN1* mutation reduced mutagenesis signifi-
cantly in all three mutagenesis assays, with the most
significant effect (a fivefold reduction) seen in reversion
of a lac ochre mutation (Fig. 6C). What was striking is
that the effect of ARN1* on producing Rif® and Iac ochre
reversion mutants was very similar to that of deleting hfg
(35% of wild type for Rif® in ARN1*, 33% in Ahfq; 20% of
wild type for lac ochre reversion, and 24% for Ahfq) (Fig.
6B,C; Supplemental Fig. S6E), suggesting that MutS re-
pression is likely the most important Hfq-dependent pro-
cess in allowing mutagenesis. Unlike the effects of
deleting hfq, the ARN1* cells grow normally but have el-
evated levels of MutS throughout growth (Supplemental
Fig. S8D). What is less clear, however, is whether MutS
is limiting for repair during exponential phase growth or
whether Hifq repression leads only to less efficient MMR
in stationary-phase cells. Our results support the latter,
as increased MutsS levels led to a decrease of mutation fre-
quencies seen on day 6 but not day 2 (Fig. 6E; Supplemen-
tal Fig. S7D).

It is certainly likely that other sSRNAs may also partici-
pate in regulation of mutagenesis and repair. OxyS, an
Hfg-dependent sSRNA induced after oxidative stress, was
reported toreduce expression of RpoS and also reduced mu-
tagenesis when overproduced (Altuvia et al. 1997). The
decrease in RpoS is proposed to reflect titration of Hfq
(Moon and Gottesman 2011), and certainly both less
RpoS and less available Hfq could lead to higher levels of
MutS and therefore less mutagenesis, consistent with a
loss of the OxyS anti-mutator effect in mutS mutants
(Altuvia et al. 1997). Interestingly, the GevB sRNA was
shown recently to promote mutagenic break repair in E.
coli, indirectly assisting the RpoS response by dampening
membrane stress-induced o competition (Barreto et al.
2016). We anticipate that the RNA chaperone Hfq as well
as sSRNAs play a significant role in balancing bacterial mu-
tation rates, a role rarely appreciated for bacterial SRNAs.

Materials and methods

Bacterial strains and culture conditions

Bacterial strains used in this study were derivatives of E. coli K-12
MG1655. Strains and plasmids are listed in Supplemental Table
S1, and strain constructions are described in the Supplemental
Material. Primers, probes, and synthetic gene fragments (Integrat-
ed DNA Technologies) are listed in Supplemental Table S2.
Transductions were carried out using phage Plvir as described
by Miller (1972).

Bacterial strains were grown in Lennox broth (LB) medium with
antibiotics where appropriate, unless otherwise indicated. M63
glucose or lactose agar (KD Medical) was used for strain construc-
tion and lac ochre reversion assay; M9 glycerol or lactose medium
was used for adaptive mutagenesis experiments. When supple-
mented with glucose or lactose, a final concentration of 0.1%
or 0.2% was used. Arabinose (0.01%) was used for induction of
Ppap-mutS-lacZ expression, and a final concentration of 50 or
100 uM IPTG was used for sSRNA induction from plasmids. The
concentrations of antibiotics used were 100 ng/mL ampicillin,
10 pg/mL chloramphenicol, 25 ng/mL kanamycin, 25 pg/mL zeo-
cin, and 50 pg/mL rifampicin.
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Bacterial sSRNA library screen

The sRNA plasmid library screen was carried out as described by
Chen and Gottesman (2016) with the modification of 0.01 % arab-
inose used for mutS-lacZ induction. The B-galactosidase activi-
ties were determined as specific units calculated by V.«
normalized to ODggg (Zhou and Gottesman 1998) and are signifi-
cantly lower than Miller units. The effect from individual SRNA
overexpression on mutS-lacZ expression was determined by com-
parison with the vector control (pBRplac).

B-Galactosidase activity assay

In general, bacterial cultures were either grown in LB for a given
time (6 h) at 37°C or assayed at a similar optical density (ODggg
~3.0) for B-galactosidase assay as described by Miller (1972). Ex-
periments were done in biological duplicates or triplicates, and
mean and standard error are presented.

Western blotting

Western blotting was carried out using standard procedures as de-
scribed in detail by Chen and Gottesman (2016). Antibody dilu-
tions used were polyclonal rabbit anti-MutS antibodies (1:2500;
Gene Check, Inc.), monoclonal mouse anti-EF-Tu antibody
(1:10,000; LifeSpan BioSciences, Inc.), polyclonal rabbit anti-
RpoS antibodies (1:5000) (Battesti et al. 2015), polyclonal mouse
anti-RpoD antibodies (1:5000), polyclonal rabbit anti-Hfq anti-
bodies (1:2500) (Moon and Gottesman 2011), anti-rabbit AP-con-
jugated IgG (1:5000; Cell Signaling Technology), and anti-mouse
AP-conjugated IgG (1:10,000; Santa Cruz Biotechnology). West-
ern blot images were acquired by capturing the chemifluorescent
signals using the Image Analyzer LAS-3000 (Fujifilm Life Sci-
ence), ensuring signals in the linear range. The intensity of bands
was quantified by using ImageStudio software and normalized to
the signals of EF-Tu as a loading control.

RNA EMSA

Various mutS RNAs with 5" end 32P labeling were prepared as de-
scribed in the Supplemental Material. Purified Hfq protein was a
gift from Dr. Sarah Woodson’s laboratory (Johns Hopkins Univer-
sity), and preparation was as described previously (Zhang et al.
2002). Binding reactions of Hfq with various mutS RNAs were
carried out in a volume of 10 pL as described (Lease and Woodson
2004) by combining 1 uL of 10 nM (10 fmol) **P RNA, 2 nL of
Tris-EDTA buffer (KD Medical), 1 pL of 1 mg/mL yeast tRNA
(Ambion), 1.5 pL of 20% glycerol, 2 pL of 5x EMSA buffer
(50 mM Tris-HCl at pH 8.0, 250 mM NaCl, 250 mM KCl),
2 uL of various doses of Hfq protein or Hfq dilution buffer (50
mM Tris-HCI at pH 7.5, 1 mM EDTA, 250 mM NH,CI, 10%
glycerol), and 0.5 pL of DEPC water. Reaction mixtures were
incubated for 8 min at room temperature, and then samples
were directly resolved on 6% (w/v) native polyacrylamide gel in
0.5x TBE buffer at 112 V for 1.2 h on ice. Resolved radiolabeled
RNAs were exposed to film, and band intensities were quantified
by using ImageStudio software (LI-COR, Inc.). Band intensity of
free labeled RNA and ribonucleoprotein (RNP) was normalized
to total signal in each lane and plotted using Prism 5 software
(Graphpad) as the fraction of RNA bound (fzmutS) versus the
concentration of Hfqe. Binding affinity (Ky) and Hill coefficient
were calculated using Graphpad. Data from two independent
experiments were plotted as mean + SEM.

In vitro translation

The RNA templates were in vitro transcribed using the MEGA-
shortscript T7 transcription kit (Ambion) according to the manu-
facturer’s instructions from PCR products consisting of a T7
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promoter sequence, mutS 5 UTR plus the first 300 codons, and
a C-terminal flag amplified by using primers JC108/JC116. The
transcribed RNAs were treated with Turbo DNase (Ambion)
and purified over a MEGAclear purification column (Ambion).
The purified RNAs were checked on 6% TBE-urea gel (Invitro-
gen) before 0.8 pg (2.5 pmol) of RNA plus 2.5 pmol of Higg
were used for in vitro translation using the standard protocol of
PURExpress in vitro protein synthesis kit (Biolabs, Inc.). In vitro
translated proteins were resolved on 4%-12% NuPAGE Bis-Tris
gel (Invitrogen) and either stained with InstantBlue (Expedeon)
for total proteins or probed with anti-Flag antibody (1:2500;
Sigma, A9469 ) for MutS’-Flag proteins.

In vitro RNA structural probing and footprinting

Hfq and mutS leader interactions were measured by RNA foot-
printing and structure probing using ~0.3 pmol of 5’ end 3*P-radio-
labeled mutS leader in 10-puL reactions as described previously
(Sharma et al. 2007). RNA was denatured for 1 min at 95°C and
then chilled for 5 min on ice before mixing with 1 pg of yeast
RNA, 10x structure buffer [for Lead(IT) and RNase T1] or 10x short-
cutbuffer/10x MnCl, (for RNase ITI) and 3 pmol of Hfqs or Hfq buff-
er. The Hfq-mutS$ leader-binding reactions were incubated for 10
min at room temperature before 2 pL of 25 mM fresh solution of
lead(II) acetate (Fluka), 2 uL of 0.01 U/uL RNase T1 (Ambion), or
1 pL of 2 U/pL RNaselll (Biolabs, Inc.) was added. Lead(II) and RN-
ase T1 cleavage reactions were stopped after 4 min at 37°C, and
RNase III reaction was stopped after 5 min at 37°C by adding 20
L of inactivation/precipitation buffer (RNase T1 kit, Ambion).
Cleavage products were precipitated, washed, vacuum-dried,
and resuspended in 10 pL of loading buffer I (Ambion). RNase
T1 ladders were generated using 0.3 pmol of denatured RNA and
incubation with 0.1 Uof RNase T1 for 5minat37°Cin 1x sequenc-
ing buffer (Ambion). OH ladders were generated by incubating 0.3
pmol of RNA for 5 min at 95°C in the alkaline hydrolysis buffer
(Ambion). Final samples were resolved on 8% polyacrylamide/7
M urea sequencing gel at 60 W for 1.2 h after heat denaturing for
5minat 95°C. Gels were vacuum-dried for 1 h at 80°C and exposed
to a phosphorimager overnight. Scanned images were analyzed
using ImageQuant software (GE Healthcare).

Bacterial mutagenesis assays

Wild type or mutS or hfqg mutants were grown in LB to late sta-
tionary phase for 16 h at 37°C. Rifampicin-resistant clones were
selected on 50 pg/mL LB + Rif agar plates, and the number of total
viable cells was determined by plating serial dilutions of cultures
on nonselective LB agar plates. Colonies on selective or nonselec-
tive plates were counted after incubation for 48 and 24 h, respec-
tively, at 37°C. The frequency of rifampicin resistance was
calculated by dividing the mean of Rif® cells by the total number
of viable cells. For measuring mutation frequencies of reverting a
lacZ ochre mutation (C70T) in various mutS allele or Ahfq
strains, bacterial overnight cultures were reinoculated (1:200)
into fresh LB medium and grown for 6 h at 37°C before plating
on M63 minimal lactose or glucose agar plates to measure Lac*
revertants or total viable cells, respectively. Plated cells were
grown for 3 d at 37°C before counting, and Lac* reversion frequen-
cies were calculated by dividing colony-forming units (CFUs)
grown on M63 lactose with CFUs on M63 glucose agar (except
for Ahfq cells, which were plated on LB agar for counting total vi-
able cells due to poor growth on minimal glucose agar). For each
experiment, two strains for each construct were used, and biolog-
ical duplicates or triplicates were assayed. Data are presented as
mean plus standard error, and an unpaired Student’s t-test was
used to calculate statistical significance (P <0.05 [*]).
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Adaptive mutagenesis assay

An E. coli adaptive mutagenesis assay was carried out as de-
scribed by Cairns and Foster (1991) using derivatives of strains
provided by P. Foster. Strains with F (lacI33-lacZ) (revertible) or
¥ A(lacIZ) (scavenger) were grown in 1 mL of M9 minimal medi-
um with 0.1% glycerol overnight at 37°C. Overnight cultures
were diluted 10°-fold into the same fresh medium, and five 1-
mL aliquots were grown to saturation in 24-48 h. At the end of
bacterial growth, the ODggg of cultures was measured, and
~0.6 x 10® revertible cells (~30 uL of saturation cultures) were
then mixed with 1.6 x 10° scavenger cells (~800 uL of saturation
cultures), pelleted, resuspended with 75 pL of M9 salts, and
spread on M9 plates containing 0.1% lactose. Meanwhile, the
number of total revertible viable cells was numerated by plating
on LB agar after serial dilution. Here, all scavenger cells were in
the same genetic background as the revertible counterparts to
eliminate viability issues, and these cells served to consume
any contaminating carbon sources on the selecting agar, which
otherwise might support the growth of revertible strains. M9 lac-
tose plates were incubated for 7 d at 37°C, and the number of re-
vertants were counted from day 1 to day 6. In this experimental
setup, only 10-100 new Lac" colonies appeared each day from
day 3 through day 6. The post-plating mutation rates to Lac*
were calculated as the mean of Lac* colonies each day from
days 2 to 6 per 10® total viable cells. Two independent isolates
for each construct were assayed, and data were plotted as mean
plus standard error. The normal distribution of data sets was de-
termined, and unpaired Student’s t-test was used to calculate
statistical significance (P <0.05 [*] and P <0.01 [**]).
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