The small RNA SraG participates in PNPase homeostasis
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ABSTRACT

The rpsO-pnp operon encodes ribosomal protein S15 and polynucleotide phosphorylase, a major 3'-5" exoribonuclease involved
in mRNA decay in Escherichia coli. The gene for the SraG small RNA is located between the coding regions of the rpsO and pnp
genes, and it is transcribed in the opposite direction relative to the two genes. No function has been assigned to SraG. Multiple
levels of post-transcriptional regulation have been demonstrated for the rpsO-pnp operon. Here we show that SraG is a new factor
affecting pnp expression. SraG overexpression results in a reduction of pnp expression and a destabilization of pnp mRNA; in
contrast, inhibition of SraG transcription results in a higher level of the pnp transcript. Furthermore, in vitro experiments
indicate that SraG inhibits translation initiation of pnp. Together, these observations demonstrate that SraG participates in the
post-transcriptional control of pnp by a direct antisense interaction between SraG and PNPase RNAs. Our data reveal a new

level of regulation in the expression of this major exoribonuclease.
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INTRODUCTION

Polynucleotide phosphorylase (PNPase) is a 3’5’ exoribonu-
clease that is conserved from bacteria to plants and metazo-
ans (Zuo and Deutscher 2001). PNPase plays many roles in
RNA metabolism. Together with RNase II, it is responsible
for eliminating the small nonfunctional RNA fragments gen-
erated by endonucleases (Andrade et al. 2009). In addition, it
is required in many RNA processing reactions to generate
mature transcripts and in mRNA surveillance mechanisms
to eliminate aberrant transcripts (Braun et al. 1996; Reuven
etal. 1997). PNPase is a phosphorylase that uses a phosphate
residue to attack the single-stranded 3’-end of RNAs and to
liberate a nucleoside-diphosphate. Alone it is capable of
degrading secondary structures of moderate stability that
are resistant to RNase II. PNPase exists as a homotrimeric
complex, and it is part of the degradosome in Escherichia
coli (Carpousis et al. 1994). Its association with the RhIB heli-
case, another component of the degradosome, allows PNPase
to disrupt very stable secondary structures that cannot be de-
graded by the free enzyme in E. coli (Régnier and Hajnsdorf
2009). PNPase degrades certain small RNAs (sRNA)
(Andrade and Arraiano 2008; Andrade et al. 2012), but it
can also interact with sSRNAs in a nondestructive mode to-
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gether with Hfq in E. coli or in complex with Rsr protein in
Deinococcus radiodurans, where Y RNA act as adaptors be-
tween the two proteins (Chen et al. 2013; Bandyra et al.
2016).

PNPase also has a template-independent 3’-oligonucleo-
tide polymerase activity in vitro (Grunberg-Manago et al.
1955). PNPase activity is dependent on the metabolic state
of the cell since it is inhibited by magnesium-chelated citrate
and ATP, while it is activated by c-di-GMP (Del Favero et al.
2008; Nurmohamed et al. 2011; Tuckerman et al. 2011).

PNPase is not necessary for growth at optimal tempera-
tures, but it is essential for growth of E. coli, Bacillus subtilis,
and Yersinia enterocolitica at low temperatures (Luttinger
et al. 1996; Goverde et al. 1998; Zangrossi et al. 2000).
PNPase is a cold-shock protein (CSP) that is required for
selective degradation of CSP mRNAs, allowing the transition
from the acclimatization phase to cell growth resumption af-
ter cold shock (Yamanaka and Inouye 2001). PNPase-defi-
cient cells are less viable than wild-type to H,O,-mediated
killing (Wu et al. 2009). It can also be noted that PNPase is
necessary for bacterial virulence in some well-known patho-
gens, including the Salmonellae and the Yersiniae (Clements
et al. 2002; Rosenzweig et al. 2007; Numata et al. 2014). In
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addition, it has been proposed that the
pool of nucleoside diphosphates generat-
ed by PNPase-mediated degradation of
RNA plays an important role in the ap-
pearance of spontaneous mutations in
E. coli (Becket et al. 2012).

The pnp gene is part of the rpsO-pnp
operon (Fig. 1A). Transcription from a
promoter (P1), upstream of rpsO, encod-
ing S15, generates two transcripts: a
monocistronic rpsO transcript, which
terminates at a Rho-independent termi-
nator (T1) between the two open reading
frames (ORFs), and a polycistronic rpsO-
pnp transcript, which terminates at T2
downstream from the pnp gene (Fig.
1A). In addition, a monocistronic pnp
mRNA is initiated at a promoter (P2)
located downstream from the rpsO
terminator (Fig. 1A). The rpsO-pnp
intergenic region is crucial for the ex-
pression and stability of the rpsO and
pnp transcripts.

The general model for mRNA degrada-
tion in E. coli postulates that transcripts
are irreversibly inactivated by an endo-
nucleolytic cleavage near their 5'-end,
predominantly by RNase E, followed
by a wave of further endonucleolytic
cuts and 3'-5’ exonucleolytic degradation
of the generated mRNA fragments
(Carpousis et al. 2009). However, the
degradation of the rpsO and pnp tran-
scripts does not fit to this model. RNase
E initiates the decay of the rpsO transcript
by cleaving near its 3’ extremity, upstream
of the transcription terminator (T1) (Fig.
1C [1]). It also cleaves the polycistronic
rpsO-pnp transcript at the T1 site and
downstream from the rpsO terminator
hairpin, generating an upstream rpsO
transcript identical to the one derived
from the monocistronic transcript (Fig.
1C [2]; Régnier and Hajnsdorf 1991).
Degradation of pnp mRNA is initiated
by RNase III, which very efficiently
cleaves both the pnp monocistronic tran-
script and the dicistronic rpsO-pnp
mRNA within a long stem—loop included
in the pnp mRNA leader that is down-
stream from the T1 terminator (Fig. 1C
[1,2]). These cleavages trigger the

PNPase-mediated degradation of the processed 5'-end of
the pnp mRNA and the rapid attack by RNase E at the begin-
ning of the pnp coding sequence, which leads to the irrevers-
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FIGURE 1. Two forms of SraG RNA. (A) Genomic context of sraG. The gene encoding SraG
(shaded in gray) is located between the coding regions of the psO and pnp genes (encoding ri-
bosomal protein S15 and PNPase, respectively). The sraG and pnp genes are expressed divergently
but the 5'-ends of these transcripts overlap. Promoters P1, P2, and P, as well as terminators T1,
T2, and T for rpsO, pnp, and sraG, respectively, are indicated. Note that T1 and T are the same
bidirectional terminator. (B) Two forms of SraG. Wild-type N3433 and bacteria lacking SraG
(mutation in the —10 sequence of SraG promoter [Ps ,Gmud identified in this study) were harvest-
ed in exponential and stationary phase and RNA extracted and separated on an acrylamide gel.
Northern blots were probed to detect SraG RNA using an antisense RNA probe equivalent to po-
sitions 43—179 of the full size SraG identified here and to 5S RNA. Size of the SraG transcripts was
estimated by comparison with radiolabeled markers. (C) Schematic representation of the pro-
cessing of the rpsO and pnp primary transcripts. The monocistronic rpsO, pnp (1), and sraG
(3) transcripts and the dicistronic rpsO-pnp mRNA (2) are shown with the black circle indicating
their 5'-triphosphate extremities corresponding to P1 (rpsO promoter), P2 (pnp promoter), and
P (sraG promoter). Processing sites by RNase E (RE) and RNase III (RIII) on the primary tran-
scripts are indicated by gray and black scissors, respectively. Data on SraG are from experiments
shown in Supplemental Figure SS5A—C. Potential hairpins within the transcripts are shown: T1
and T2 are the rpsO and pnp terminators, and R is the stem—loop in the 5'-region of pnp subject
to RNase III cleavage. (D) SraG primary transcript is 216 nt long. The sequence corresponds to the
(+) strand (as shown in A) from the beginning of the pnp ORF to the rpsO termination codon.
The sequence highlighted in gray corresponds to the SraG primary transcript identified by
cRT-PCR. A total of 76 RT-PCR sraG clones were sequenced. Vertical arrows denote extremities
located by cRT-PCR. Arrows in boxes 1 and 2 correspond to the positions of 5'-ends and in boxes
3 and 4 to 3'-extremities. In most cases, numerous clones were detected at each single position.
The transcription initiation site (underlined T in box 1) was only detected in samples after poly-
phosphatase treatment (see Supplemental Fig. S2). Both the previously annotated 5 -extremity
and the newly described +1 transcription start site are shown in bold and underlined. The —10
and the —35 sequences are underlined. The 3’-extremity of the terminator, which is the major
3’-extremity, is shown in bold and underlined, but a few clones harbor 3’-ends downstream, in-
dicating that some read-through occurs. The 190-nt long RNA should correspond to a population
of RNA molecules, with different 5'- and 3’-extremities. While a fraction of these RNA fragments,
which starts at Ps,,g or very close (panel D, box 1), have their 3’-ends in box 3 (176- to 185-nt
long fragments), the rest of the shorter SraG transcripts could correspond to a 5'-end in box 2
(panel D) and a stop at the terminator (174- to 189-nt long fragments) (panel D, box 4).
These RNA fragments of ~190 nt are hereafter collectively designated as SraGp. Boxes TTG
and TAA in gray indicate the pnp START codon and rpsO STOP codon located on the (—) strand,
respectively. The pnp transcription initiation site and the pnp ribosome-binding site (RBS) located
on the (—) strand are also indicated in gray.

ible inactivation of the pnp message and a decreased synthesis
of polynucleotide phosphorylase (Fig. 1C; Portier et al. 1987;
Hajnsdorf et al. 1994a; Jarrige et al. 2001; Carzaniga et al.
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2009). Translation of pnp is also tightly regulated. In the ab-
sence of RNase III cleavage, PNPase controls its own expres-
sion at the translational level, and this repression does not
require the catalytic activity of the enzyme (Carzaniga et al.
2015). This RNase III-independent negative control may re-
sult from a competition between PNPase and S1 for pnp
mRNA binding (Carzaniga et al. 2015). Higher expression
of PNPase after a cold shock results from both a slight tran-
scriptional induction from the P2 promoter and the stabiliza-
tion of the pnp transcript (Zangrossi et al. 2000). The
destabilizing effect of PNPase on its own mRNA is also less
efficient at low temperatures, leading to a decrease in re-
pression and an increase in the expression level (Beran and
Simons 2001; Mathy et al. 2001). In addition, CsrA binds
two sites in the pnp 5'UTR, after its processing by RNase I1I
and PNPase, where one CsrA site overlaps the pnp Shine-
Dalgarno sequence (SD) such that CsrA binding inhibits
pnp translation (Park et al. 2015).

Although an antisense RNA (asRNA) has been described,
called SraG, which is encoded between rpsO and pnp genes
and convergently transcribed toward rpsO, no evidence of
an effect on rpsO or pnp regulation by this noncoding RNA
was reported (Fig. 1A; Argaman et al. 2001). Most of the
sRNAs discovered in bacteria modulate gene expression at
the post-transcriptional level by base pairing to mRNAs.
This class of sSRNAs includes asRNA transcribed from the
complementary DNA strand of their targets and sSRNAs tran-
scribed at loci distant from their targets. These latter sSRNAs
usually require the Hfq protein to interact with their targets
(Vogel and Luisi 2011). In an hfg null mutant, the pnp
mRNA level was not affected, suggesting that control by a
trans-acting Hfq-dependent small RNA is unlikely (Le
Derout et al. 2010). However, the SraG transcript, which
originates within the upstream untranslated sequence of
pnp, could act as an asRNA controlling expression of either
or both rpsO and pnp because it is complementary with the
intergenic RNA sequences, which control the expression of
S15 and PNPase (Fig. 1A).

Many of the first cis-acting asRNAs identified were regula-
tors of plasmid copy number and replication (Brantl 2007).
Some of the best known examples of antisense RNA regula-
tion in E. coli come from the type I toxin—antitoxin (TA) sys-
tems, where the antitoxin is an asRNA and the toxin
promotes cell killing, cell stasis or long-term cell persistence
(Gerdes et al. 2005; Gerdes and Wagner 2007). In each of
these cases, the asRNA affects the translation of its target
(Wagner et al. 1992; Kawano et al. 2007). In other cases,
the primary role of asRNAs is to either positively or negatively
alter the RNA stability. For example, overexpression of the
GadY sRNA results in the processing of the gadXW mRNA,
giving rise to separate gadX and gadW transcripts that are
more stable and that accumulate to higher levels than the
full-length mRNA (Opdyke et al. 2004). The RyeA/SdsR
sRNA pair is cleaved by RNase III and then degraded,
with the result that SdsR expression is inversely correlated

1562 RNA, Vol. 22, No. 10

with RyeA expression (Vogel et al. 2003). Another possible
mechanism of gene expression inhibition by asRNAs involves
transcriptional inhibition of the genes encoded on the
opposite strand by converging transcriptional interference
(Thomason and Storz 2010).

To investigate a possible role of SraG on the expression
and/or stability of rpsO and pnp, we analyzed the expression
and function of SraG. We found that SraG RNA is transcribed
from a different promoter than that previously described,
producing a 216-nucleotide (nt) transcript and an ~190-nt
transcript. SraG RNA overproduction affected both the
stability and the translation of pnp. In vitro experiments
showed that interaction of SraG with pnp mRNA modifies
RNase III cleavage of both SraG and pnp, and it does not al-
low the 30S ribosome to interact physically with the Shine-
Dalgarno sequence. In addition, we looked for other possible
targets of SraG, but we were unable to find other genes poten-
tially regulated by SraG. Altogether, we show that SraG acts as
an asRNA to pnp mRNA to modulate its expression.

RESULTS

Characterization of the SraG sRNA

SraG has been described as a 174-nt transcript that is cleaved
to produce a 147-nt processed RNA that is potentially poly-
adenylated at its 3’ extremity (Argaman et al. 2001). We first
examined the abundance of both transcripts by Northern
blots and unexpectedly detected bands of ~215 and ~190
nt, i.e., distinctly longer than the previously described tran-
scripts (Fig. 1B). Transcripts of the same size were reproduc-
ibly found in exponential and stationary phase and in N3433
and MG1655 strains (Fig. 1B; Supplemental Fig. S1). We per-
formed circular RT-PCR (cRT-PCR) and found no clones
starting at the previously annotated transcription initiation
site (Fig. 1D). Comparisons of RNA treated or not by poly-
phosphatase allowed us to identify the SraG transcription
initiation site at 42 nt upstream of the previously annotated
5’-extremity of SraG (Fig. 1D, box 1 marked with asterisk;
Supplemental Fig. S2). Interestingly, this transcription-initi-
ation start (Ps,g, P in Fig. 1A) was originally predicted by
bioinformatic analysis (Argaman et al. 2001). Most tran-
scripts were found to harbor 3’-extremities at the previously
described terminators (box 4, Fig. 1D). Altogether, this indi-
cated that the longest transcript detected on Northern blots
was a primary transcript of 216 nt starting at Ps,, and ending
at the terminator. The 190-nt long RNA corresponded to a
population of RNA molecules with different 5 and 3’ extrem-
ities. These RNA fragments of ~190 nt are hereafter collec-
tively designated as SraGp. They might result from
maturation events at either the 5'- or 3’-end of the 216-nt pri-
mary transcript.

Mutation of the —10 box of Pg,g (giving Ps;aGmu:) elimi-
nated the 216-nt long SraG and decreased by ninefold the lev-
el of SraGp (Fig. 1B), confirming that Pg,; promoted
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transcription of SraG and that the 190-long SraGp RNA was
produced by processing of this primary transcript. The resid-
ual SraG signal detected when Pg.,c was inactivated could
correspond to the maturation of a longer transcript predicted
to initiate 339 nucleotides upstream of Pg,g.

RNase I, RNase E, and PNPase are involved
in maturation and degradation of SraG

We investigated whether the endoribonucleases involved in
maturation and degradation of E. coli mRNAs and sRNAs,
namely RNase III (rnc), RNase E (rne), and RNase G (rng),
were involved in SraG sRNA processing to generate the
SraGp forms (Fig. 1B). Isogenic strains deficient for each of
these RNases were used as well as strains with combinations
of double and triple mutations. The effect of RNase E inacti-
vation was examined by using the rne3071" allele. For com-
parison, RNAs from all strains were prepared from bacteria
grown at 30°C and shifted to 42°C to inactivate the thermo-
sensitive RNase E. SraG and SraGp both accumulated in rne
and rnc mutants, suggesting that both RNase IIT and RNase E
played a role in SraG degradation (Fig. 2A). However, the rel-
ative intensity of the two bands did not change, which there-
fore excluded the direct involvement of RNase III or RNase E
in the cleavage of the primary transcript to generate SraGp.
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FIGURE 2. RNase III, RNase E, and PNPase are involved in SraG deg-
radation. Northern blot analysis of SraG sRNA. N3433 strains carrying
mutations in the genes indicated at the fop of the autoradiograph were
grown at 30°C in LB medium and shifted to 42°C for 15 min (A) or
grown at 37°C (B). Total RNA (10 pg) was separated on acrylamide
gels and analyzed by Northern blotting. Blots were probed for SraG
and 5S rRNA.

Similarly, none of the exoribonucleases RNase II, PNPase,
or RNase R individually modified the ratio between SraG
and SraGp (Fig. 2B, data not shown). We observed in the
rnc and rne mutants additional shorter bands of ~160, 147,
and 120 nt (Fig. 2A,B). While in the pnp mutant a significant
accumulation of fragments of ~147, 120, and 110 nt were ob-
served, and their level was even higher in the double rnc-pnp
mutant, suggesting that RNase III was not responsible for
their generation and that the rnc effect was superimposed
on the pnp effect (Fig. 2B). Only the 160-nt fragment was ab-
sent in the double rnc-pnp mutant, suggesting a processing by
PNPase of SraG in the rnc mutant.

We also tested the role of other RNases such as RNase BN
(elaC or rbn), RNase P (rnpA), and YbeY (ybeY), which is a
metal-dependent single-strand-specific endoribonuclease
(Davies et al. 2010; Pandey et al. 2011). Their inactivation
had no effect on the level or the balance between SraG and
SraGp (Supplemental Fig. S3), indicating that none of these
RNases were involved in SraG maturation and degradation.

Finally, we investigated whether other factors, such as Hfq
(hfq), poly(A) polymerase (PAP I) (pcnB), and Yhb]J (rapZ2),
which is involved in the regulation of GImS (Gopel et al.
2013), affected the level of SraG and/or SraGp production
(Massé et al. 2003; Reichenbach et al. 2008). Yhb]J inactiva-
tion had no effect. Hfq and PAP I inactivation had only a
small effect on the level of SraG and on its processing
(0.94- and 1.27-fold compared to wt, respectively) (Fig. 2B;
Supplemental Fig. S3A). The cRT-PCR experiments showed
that 24 of the 76 clones with 3’-extremities close to the termi-
nator (Fig. 1D, box 4) contained one to four noncoded aden-
osine residues, which were presumably added by PAP I. We
concluded that polyadenylation of SraG did not facilitate
the exoribonucleolytic degradation of the sSRNA.

In conclusion, none of the mutations tested affected the
relative abundance of the long and processed SraGp forms,
implying that none of the tested RNases was responsible
for the maturation events producing the 190-nt transcripts.
The only conditions where the ratio between SraG and
SraGp (usually 50% of each) was modified were the replace-
ment of the TTG pnp start codon for a TGA stop codon or
when the stringent response was provoked. This suggested
that pnp translation could modify SraG maturation. This
point will be discussed later.

Regulation of sraG expression

To attempt to characterize the biological role of SraG, we first
investigated the regulation of its transcription. Both SraG
forms are poorly expressed compared to rpsO and pnp
mRNAs in LB medium in both exponential and stationary
phases and in minimal media (data not shown). It has been
reported that the levels of both 174- and 146-nt SraG were
higher at 42°C and 15°C (Argaman et al. 2001). We have con-
firmed this observation for the 216-nt and 190-nt long SraGs
detected in our experiments (data not shown). It has also
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been reported that SraG is up-regulated at the exterior of a
biofilm when compared to the interior, suggesting that
SraG expression may be regulated by differential stress condi-
tions like nutrient availability (Ito et al. 2009). In order to in-
vestigate a possible role of nutrient starvation, we induced the
stringent response by adding serine hydroxamate (SHX).
SHX acts as a competitive inhibitor of serine aminoacid-
tRNA synthetase, and thereby it induces the stringent re-
sponse by starving ribosomes for tRNA>*". We found that ad-
dition of SHX in the exponential phase for 30 min increased
the relative level of the long SraG by about twofold. This
suggested that SraG transcription and/or stability, as
well as SraGp production/stability, may be modulated as a
consequence of the induction of the stringent response
(Supplemental Fig. S1).

To examine the potential role of SraG as an asRNA af-
fecting rpsO and/or pnp expression, the SraG sRNA was ec-
topically expressed from the inducible Pp,.o.; modified
promoter (Guillier and Gottesman 2006). SraG DNA, start-
ing at the transcription start site and ending at the tran-
scription terminator identified by cRT-PCR, was cloned
into the pBRplac plasmid (to give pBRSraG). As a control,
we cloned the SraG short form that had 42 nt deleted from
the 5’-end (pBRSraG-S); this corresponded to the previously
annotated 5 -extremity described by Argaman et al. (2001).
Overexpression of SraG or SraG-S had no effect on growth
in rich medium in either liquid culture or on plates incubated
at 37°C or 18°C, nor in response to heat shock or cold shock,
nor on motility or biofilm formation (data not shown).
Overexpression for 20 min resulted in about a 30-fold and
40-fold enhancement of SraG and SraG-S, respectively
(Supplemental Fig. S4). Surprisingly, very low levels of
SraGp relative to SraG (respectively indicated by [**] and
[*] in Supplemental Fig. S4) were detected when the sRNA
was ectopically transcribed from a foreign promoter. Also,
the levels of plasmid-expressed SraG and SraG-S were five
and three times more abundant, respectively, in the rnc mu-
tant (Supplemental Fig. S4). In the case of full-size SraG, but
not for SraG-S, this increase in the level of RNA was associ-
ated with a longer half-life in the rnc mutant (Table 1).

TABLE 1. Overexpression of the 216-nt SraG transcript (SraG) and SraG-S has opposite
effects on the stability of the pnp messenger, without impact on rpsO

SraG overexpression affects maturation of the rpsO-pnp
mRNA and the levels of pnp mRNA

The levels of rpsO and pnp mRNAs were determined 7 min
after addition of IPTG to cells containing the empty plasmid
or the SraG-expressing constructs to limit the level of SraG
overexpression (Fig. 3A). SraG had no significant effect on
the abundance of the rpsO transcripts (404 nt and 500 nt)
(Fig. 3A, fragments 0 and 1; Table 1). The levels of the
rpsO transcript were lower in the rnc mutant. This is presum-
ably because the level of PNPase was higher in the rnc strain
and because PNPase was responsible for the poly(A)-depen-
dent degradation of the rpsO transcript (Hajnsdorf et al.
1994b; Robert-Le Meur and Portier 1994). This decrease
was partly rescued by overproduction of either SraG or
SraG-§, suggesting that they could negatively control the level
of PNPase. However, there was no significant modification of
rpsO stability upon SraG overproduction in the wt or in the
rnc mutant (Table 1). This indicated that the possible pairing
of SraG-S$ or SraG to rpsO and rpsO-pnp transcripts did not
affect the RNase E cleavage of the mRNA upstream of the ter-
minator T1 (Fig. 1C), which is the limiting step in the degra-
dation of the rpsO transcript (Régnier and Hajnsdorf 1991;
Hajnsdorf et al. 1994b). In addition, asRNA overproduction
did not significantly affect RNase III cleavage efficiency at the
RIIIT site (Figs. 1C, 3A, fragment 1).

In the absence of RNase III, the rpsO-pnp transcript was
cleaved downstream from the hairpin recognized by RNase
II (Fig. 3A giving the 560-nt processed fragment 2)
(Régnier and Grunberg-Manago 1990). Overproduction of
either SraG or SraG-S produced cleavages at new positions
that generated the 580-nt and 620-nt processed rpsO-pnp
transcripts (Fig. 3A, processed forms 3 and 4).

SraG-S and SraG have opposite effects on the accumula-
tion of pnp mRNA. SraG-S overproduction slightly increased
the level of pnp mRNA in the wt and the rnc mutant, presum-
ably as a consequence of an increased stability (Fig. 3B,C;
Table 1). On the other hand, SraG overproduction decreased
the level of pnp and its half-life in the wt (Fig. 3B,C), although
in the rnc mutant, the decreased level of pnp mRNA did not
correlate with the half-life of the pnp
transcript (Fig. 3B; Table 1). When
SraG was overexpressed, RNase III still
cleaved pnp RNA at the RNase III2

wt® downstream site (Fig. 1C), but new stops
pBR DBRSraG-S  pBRSraG PBR PBRSraG-S  pBRSraG of reverse transcriptase were observed,
which could correspond to additional
pnpb 1.19+£0.11 2.26+0.10 0.78+0.17 6.95+0.08 7.82+0.08 8.34+0.07 cleavages by RNase III or by another
rpsOb 1.11+0.14 0.94+0.09 1.05+0.13 1.42+0.08 1.29+0.10 1.96+0.09 RN Fig. 3C
SraGP 1314012 132+0.14 1172014 5.46+0.07 ase (Fig. 3C).

“Strains used are FF4 (wt) and FF19 (rnc) carrying pBR, pBRSraG-S, or pBRSraG grown at

37°C. At ODgo 0.4, SraG expression was induced by IPTG and rifampicin was added

7 min later (time 0). RNA was extracted at different times.

PNorthern blots were probed for pnp, rpsO, SraG, and 55 RNA. Half-lives (min) of pnp,
rpsO (404 nt mRNA), and SraG transcripts were calculated. Values are the mean with stan-

dard deviation of three independent experiments.
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SraG overexpression decreases
pnp expression

We analyzed the effect of SraG-S and
SraG overproduction on pnp expression
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by adding increasing amounts of IPTG at the beginning of the
culture. Expression of pnp was determined by using a trans-
lational pnp-lacZ fusion and by Western blot analysis. Figure
4 shows that under these conditions SraG overexpression de-
creased slightly the expression of pnp-lacZ and PNPase, while
SraG-S had no effect on -galactosidase activity but increased
by twofold the level of PNPase. The effect of SraG overpro-
duction on pnp-lacZ expression was slightly stronger in the
rnc mutant (about twofold decrease) when pnp mRNA was
10 times more abundant than in the wt, while SraG-S had
nearly no effect. We concluded that the 5-part of the
sRNA was essential to modulate PNPase expression and
pnp mRNA stability. Hfq inactivation had no effect on
SraG and SraG-S control of pnp-lacZ expression (data not
shown).

processed
rpsO-pnp

T B
4 SE | 620 nt
3 ii ii 580 nt
24?__]? 560 nt

Binding of SraG to pnp induces a new RNase Il cleavage
of the mRNA in vitro

These results suggested that upon SraG overexpression,
new RNase III cleavages might occur when pnp is hybrid-
ized with SraGs and/or that translation initiation could be
modified. To test these hypotheses, we performed in vitro
experiments. RNase III cleavage is the crucial first step in
the control of PNPase expression. It cleaves the stem
loop (R) present in the pnp leader sequence at two sites,
RIII and RIII2, located 39 and 77 nt downstream from
the P2 transcription start site (Fig. 1C). These cleavages
trigger pnp mRNA decay resulting in a decreased synthesis
of PNPase. Since SraG was antisense to the 5" region of pnp
carrying the RNase III processing sites, base pairing of pnp
UTR with SraG could interfere with
RNase III processing of pnp. SraG could
also be a substrate of RNase III because
endogenous and overexpressed SraG
were more abundant in the rnc strain
and the overexpressed SraG was more
stable in rnc than in wt strains
with half-lives of 5.46 min and 1.32

1— St | soont min, respectively (Table 1; Supplemen-
| £ -H R "55 o— 5 404 nt tal Fig. S4).
B N T BT S T 3 We examined whether SraG affected
sO(0) 100 116 103 100 148 150 & & the cleavage of pnp mRNA by RNase III
C: SR &Q&Q 3"2\ in vitro and whether SraG was itself a
B wt e : ad -Rill2 substrate for RNase III. We used a pnp
& o & o ol S RNA fragment ( pnp*, Fig. 5), which starts
s & Q,Q@\ Q,Q?‘ & Q;e?} Q;z?& = ] at the transcription start site P2 and ex-
< < < < < < 1478 . .
- = tends into the open reading frame.
RNase III was shown to cleave the pnp
' mRNA at two sites, RIII1 and RIII2,
m‘ s P both in vivo and in vitro (Fig. 5A,B;
oo 128 v5 100 12 40 1104 " Supplemental Fig. S5E; Hajnsdorf et al.
1994a). SraG and SraG-S alone were
100124 100 111 &9

FIGURE 3. Overexpression of SraG affects the abundance of pnp, but not rpsO mRNAs.
Northern blot analysis of 7psO (A) and pnp (B) RNA in FF4 (wt) and FF19 (rnc) containing
the pBRplac (pBR), pBR-SraG (pSraG), and pBR-SraG short (pSraG-S) plasmids. Expression
of SraG was induced by adding IPTG (100 uM) for 7 min. Radioactivity corresponding to each
transcript was quantified and normalized relative to 5S and compared to the strain carrying
the empty pBRplac plasmid. The mean value (in arbitrary units) of three independent experi-
ments relative to the corresponding pBR containing cells is indicated below the gel. The
Northern blot showing prp detection in the rnc mutant was underexposed compared to wt to al-
low comparison. In A, the arrows indicate the various processed forms containing rpsO derived
from the dicistronic transcript, which are numbered according to their size and schematically rep-
resented on the right side of the Northern blot. Cleavage by RNase III on the left side of the R
secondary structure (RIII1 site) generated rpsO-pnp processed form 1 is detected in the wt strain.
In the rnc strain, longer transcripts (2,3,4) are detected corresponding to cleavages within or
downstream from the R secondary structure. (C) Total RNA from N3433 (wt), N3433 lacking
SraG (mutation in SraG promoter Pg.gmuw) (left panel), and FF4 transformed with pSraG,
pSraG-S, and empty pBRplac vector (same RNA preparations as in A and B) were used as tem-
plates for reverse transcription primed with the radiolabeled RNX1 primer. Reverse transcripts
corresponding to the RNase III2 cleavage site (Fig. 1) are indicated, the asterisk (*) and bracket
indicate other reverse transcriptase stops. Radioactivity corresponding to RNase III-processed
pnp transcript was quantified and compared to the wt strain without plasmid or carrying the emp-
ty pBRplac plasmid. These values (in arbitrary units) are indicated below the gel.

cleaved by RNase III at sites called
RIN1 and RII2’, which are the mirror
of sites RIII1 and RIII2 on the pnp tran-
script (Fig. 5B; Supplemental Fig. S5B,
GC,E). This indicated that SraG formed
the same stem—loop structure as pnp
mRNA, as predicted by several RNA fold-
ing programs/algorithms. SraG was also
cleaved by RNase III at a site RIII3’ in
the SraG terminator, which was a se-
quence outside the duplex with pnp
mRNA (Figs. 1C, 5B; Supplemental Fig.
S5B,C,E). RNase III was also tested on
the pnp and SraG RNAs together, under
conditions where all the molecules were
fully engaged in a duplex (Supplemental
Fig. S5A). After duplex formation with
SraG or SraG-S, RNase III cleaved
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FIGURE 4. Overexpression of SraG represses pnp expression. Isogenic
FF4 (wt) and FF19 (rnc) strains carrying the pnp-lacZ fusion were
transformed with the pBRplac (pBR), pBR-SraG (pBRSraG), and
pBR-SraG short (pBRSraG-S) plasmids. SraG and SraG-S synthesis
were induced by addition of IPTG at the beginning of the cultures.
Samples were taken in the middle of the exponential phase to deter-
mine [B-galactosidase activity and PNPase levels. (A) B-Galactosidase
activity is the mean value of three independent cultures with standard
deviation. (B) Western blot analysis of PNPase and L20 has been made
on FF4 strain (wt). Quantification of PNPase normalized to L20 is in-
dicated below the gel.

the pnp RNA at a new site close to its 5'-end (RIIIA) (Fig. 5A,
B; Supplemental Fig. S5E). RNase III enzyme can cut both
strands of double-stranded substrates (Court et al. 2013); ac-
cordingly a cleavage was also detected on SraG and SraG-S
(site RIIIA") (Fig. 5B; Supplemental Fig. S5B,D,E). In addi-
tion, SraG and SraG-S in the duplex were also cleaved by
RNase III at sites near their 5" extremities (sites RIIIB’ and
C’ for SraG and RIIID' for SraG-S), while no corresponding
cleavages in the pnp RNA were observed (Fig. 5B;
Supplemental Fig. S5B,D,E). These results showed that
RNase III cleaved in vitro both the SraG-pnp and SraG-S-
pnp duplexes at new positions. Among them, one site was
close to the 5'-end of the pnp mRNA, in a region predicted
to be single stranded in the transcript. We propose that this
cleavage by RNase III in the pnp-SraG duplex may facilitate
further cleavage by another ribonuclease, such as RNase E,
as previously shown (Hajnsdorf et al. 1994a). The SraG
RIII3" cleavage site, outside the duplex, was as efficiently
cleaved in the absence or presence of pnp mRNA (Fig. 5B;
Supplemental Fig. S5B,E). However, these results do not ex-
plain why SraG, but not SraG-S, induced a decrease in the
level of pnp mRNA (Fig. 3) and PNPase expression (Fig. 4)
in the wt strain.

Binding of SraG to pnp mRNA prevents
the formation of the translational initiation complex

SraG binding to the pnp leader region was close to but did not
overlap the Shine-Dalgarno sequence (Fig. 1C,D), so it was
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not obvious that SraG binding should affect pnp mRNA
translation. In order to look for an SraG-dependent inhibi-
tion of pnp translation, we used a toe-printing assay. In the
presence of initiator tRNAfMﬂ, 30S ribosomal subunits
blocked reverse transcription of the pnp RNA at 15 nt from
the pnp initiation codon (UUG) (Fig. 6, lanes 11,16). This
signal provided a measure for the formation of the initiation
complex, since it was dependent on both 30S subunits and
initiator tRNA. Performing the toe-print reaction with
SraG RNAs in the absence of 30S/tRNA™¢" allowed us to
detect the 5'-end of SraGs hybridized to the pnp RNA (Fig.
6, lanes 2-5, 7-10). The addition of increasing amounts of
SraG in the reaction with 30S and tRNA™ resulted in the
disappearance of the pnp toe-print. However, the presence
of SraG-S did not affect the pnp toe-print. This result showed
that SraG (but not SraG-S) annealing to the messenger inter-
fered with the formation of the ternary initiation complex
by preventing the 30S subunit from loading onto the pnp
transcript, and thus this impeded pnp translational initiation.
As a consequence, SraG could specifically affect the level of
pnp RNA as shown in Figure 3B when SraG was overpro-
duced because untranslated mRNAs are usually subject to
degradation.

A possible reciprocal regulation between PNPase
and SraG

So far we have shown that SraG modifies (i) rpsO-pnp mat-
uration in the absence of RNase III; (ii) the decay-rate of pnp
mRNA and its cleavage by RNase III; and (iii) the initiation
of pnp translation in vitro (Figs. 3—5; Table 1) and hence the
PNPase level. We next investigated whether pnp transcrip-
tion or translation affected sraG expression. To gain insight
into a possible reciprocal regulation of SraG by pnp, we per-
formed a Northern blot analysis with RNA harvested from a
wt strain and strains where the pnp P2 promoter was inacti-
vated (P2,,,;) or the TTG pnp start codon was mutated to
TGA (TTG,,,,). We also checked the effect of inhibiting
SraG expression (Pg,Gm,: With a mutation in the —10 box
of Pg.g) on pnp expression. None of the substitutions af-
fected the overall secondary structure of SraG and/or the
5'-part of the pnp mRNA (mFold predictions) so that pnp
autoregulation would not be affected. The mutation in
PsraGmur Was close to, but did not overlap, the pnp Shine-
Dalgarno (Fig. 1D; Portier and Régnier 1984). Figure 7A
shows that initiation of pnp transcription at P2 had no im-
pact on the levels of SraG since SraG and SraGp were equally
abundant in the wild-type strain and in the P2,,,. Both
strains exhibited similar levels of pnp mRNA since pnp
was still transcribed from the P1 promoter as a dicistronic
rpsO-pnp transcript. The Pg,,c mutation eliminated SraG ex-
pression and led to a 30% increase in the amount of pnp
RNA and the level of PNPase. In the absence of pnp trans-
lation (strain TTG,,,,), the pnp mRNA was degraded. This
mutation almost eliminated production of SraGp, but
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A B Does SraG have any other roles?
pnp* pnpfSraG  pnp*SraG-S iz
o S8 g@”@@&f;g‘:\e\@\@@’uﬁg i PR eIk > We wanted to determine whether SraG
SraG-S could also control expression of other
22?242 i e targets in E. coli. One characteristic of
180 SraG € ;;3, W ° sRNAs acting in trans in E. coli is a re-
o quirement for Hfq. Hfq has been shown
A to stabilize many sRNAs and to facilitate
" 5w > their interaction with their mRNA target
i (Vogel and Luisi 2011), although in some
- a & A _ cases Hfq may be dispensable (Darfeuille
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FIGURE 5. Both SraG and SraG-S promote new RNase III cleavages in pnp mRNA in vitro. (A)
RNase III hydrolysis of 5’'-end-labeled pnp mRNA (pnp*) free or in the presence of a molar ratio
of SraG or SraG-S. Increasing amounts of RNase I1T (107°~5.107> units) were added to the pnp*
RNA alone or in complex with SraG or SraG-S. Lanes T1 and NaOH indicate RNase T1 and al-
kaline ladders, respectively, of pnp*. See Supplemental Figure S5 for cleavages on the SraG RNAs.
(B) Schematic representation of the RNase III processing sites on pnp (light gray), SraG (black),
and SraG-S (dark gray), and pnp-SraG and pnp-SraG-S duplexes. Light gray crosses represent
cleavages observed on both the single RNA molecules and when they are in duplex, black crosses
indicate cleavages only observed after duplex formation. A dot represents the 5 -triphosphate ex-

tremity of the various RNA molecules.

abundant shorter transcripts were generated. Such a differ-
ence was not observed with a pnp null mutant that was dis-
rupted by a Tn5 transposable element in the coding
sequence (Fig. 2B). This indicated that pnp translation was
correlated with, or was required for, the processing of SraG
into SraGp. Another line of evidence supported this observa-
tion; addition of SHX, which inhibits translation and induces
the stringent response, also reduced processing of SraG
(Supplemental Fig. S1). How this control was achieved re-
mains to be determined.

Interestingly, in the SraG promoter mutant (PgaGmur)>
there was a small (1.3-fold) increase in pnp mRNA and
PNPase levels (Fig. 7), which was probably caused by the ab-
sence of the negative regulation by SraG on pnp maturation
and/or translation. Altogether, these results showed that ex-
pression of pnp and SraG mutually affected each other
with, on the one hand, SraG controlling pnp maturation/
translation and, on the other hand, pnp translation affecting
SraG processing to SraGp.

A

etal. 2007). We investigated the ability of
o SraG and SraG-S to bind purified Hfq.
The dissociation constants for Hfq on
SraG and SraG-S were 0.49 nM and
1.08 nM, respectively, as assessed by gel
retardation assay with purified Hfq
(Supplemental Fig. S6; Hajnsdorf and
Régnier 2000). These binding constants
are consistent with previous results
showing that Hfq immunoprecipitates
with SraG sRNA (Zhang et al. 2003).
However, as shown above, Hfq deletion
had no impact on either the level of SraG
or on its processing (Fig. 2B). Moreover,
Hfq deletion did not affect the level of
pnp mRNA (Le Derout et al. 2010) nor
SraG-mediated inhibition of pnp expres-
sion, as assessed by pnp-lacZ expression
(data not shown).

SraG of Yersinia pseudotuberculosis has
been shown to regulate the YPK_1206-
1205 operon (Lu et al. 2012). We investi-
gated a possible role of SraG on RNA tar-
gets transcribed from elsewhere on the E.
coli chromosome by using various strate-
gies. We first showed that there was no difference in the func-
tional expression of transcripts by looking at the pattern of
total protein labeling in bacterial cultures after SraG or
SraG-S overexpression for 1-24 min (Supplemental Fig.
S7). To look for specific targets, we performed a computa-
tional search for potential SraG and SraG-S targets and con-
ducted a microarray analysis of RNAs prepared after
overexpression of SraG or SraG-S for 7 min in exponential
phase (see Materials and Methods). Under these conditions,
the level of pnp was reduced after overexpression of SraG but
not that of SraG-S, which validated the experimental ap-
proach. Ten potential targets, highly ranked by both meth-
ods, were further tested; alx, araH, dadA, dsbC, fadH, efeO,
ydiY, fhuC, deaD, dksA. However, none of them exhibited a
significant variation in levels of mRNA by Northern blot
analysis after 7 min of SraG overexpression (data not shown).
Taken together, our findings show that SraG function seems
to be restricted to controlling pnp in E. coli, at least under our
experimental conditions. However, it was still possible that
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FIGURE 6. SraG blocks 30S binding to the pnp 5'-leader in vitro. In vitro synthesized pnp RNA
fragment (positions 1-234 relative to the transcription start) was used in a toe-print assay in the
presence and absence of SraG and SraG-S RNAs. pnp RNA was incubated with increasing concen-
trations of SraG or SraG-S (as a control RNA) giving a molar ratio SRNA:pnp RNA of 0 (lanes 1, 6,
11, 16), 0.5 (lanes 2, 7, 12, 17), 1 (lanes 3, 8, 13, 18), 2 (lanes 4, 9, 14, 19), and 5 (lanes 5, 10, 15,
20). Addition of tRNA™t and 30S ribosomal subunits is indicated by (+) (lanes 11-20). GATC
lanes are sequencing ladders obtained by asymmetric PCR using the same labeled primer. The
TTG start codon of pnp is shown. The arrow indicates the 30S toe-print on the pnp RNA.

low abundance mRNAs and/or genes only expressed under
specific (stress) conditions could be targeted.

Finally, we addressed a possible indirect effect of reducing
levels of PNPase by SraG overproduction since a previous re-
port showed that loss-of-function mutations in pnp resulted
in an increased level of tRNA™® precursors (Maes et al. 2012).
Various amounts of IPTG were added at the beginning of cul-
tures of the strain carrying the pBRSraG plasmid to produce a
graduated variation in pnp expression. Supplemental Figure
S8 shows that the steady-state level of tRNA"® precursor
was unaffected in cells expressing SraG-S from the plasmid,
while a slight increase was detected in cells expressing SraG.
This finding was in agreement with a reduction in PNPase
activity resulting from an increased expression of SraG.

DISCUSSION

We demonstrate here that the SraG sRNA, which is tran-
scribed from the antisense strand in the intergenic region be-
tween rpsO and pnp, is longer than was previously annotated
at the 5'-end. We have located the promoter driving its ex-
pression in vivo and confirmed by mutagenesis that the
shorter form of SraG (SraGp) is a processed product of the
primary transcript. Processing of the primary sraG transcript
occurs at both the 5'- and 3’-ends. We show that overexpres-
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sion of SraG decreases the level of the pnp
transcript. Consistently, mutating the
Ps;ac promoter on the chromosome re-
sults in an increase in the levels of pnp
mRNA and in PNPase, and we show
that addition of SraG prevents the forma-
tion of the pnp translation initiation
complex in vitro and also induces cleav-
ages at new positions within the pnp
mRNA in the region base paired with
SraG. By systematically comparing the ef-
SraG fects of the expression of full-size SraG
hybridization and the RNA transcribed from the previ-
ously annotated 5-end (42 nt down-

stream), we show that the 5'-part of the

sRNA is essential to modulate PNPase

SraG-S
hybridization

L expression and pnp mRNA stability. In
G conclusion, SraG RNA controls PNPase
expression by a direct antisense interac-

oe-print

tion, which affects the processing and
the translation of the pnp messenger.
However, SraG overexpression does not
completely shut off pnp expression. For
example, it is unable to mimic the cold-
sensitive phenotype of a pnp mutant.
But our results demonstrate that SraG is
a new player that fine-tunes PNPase
regulation.

Antisense regulation of an endo-
ribonuclease (SymE) that forms the toxin
component of the SymE/SymR TA type I pair has been char-
acterized (Kawano et al. 2007), but the antisense regulation of
the expression of PNPase is, as far as we know, the first exam-
ple of such a mode of regulation of a major exoribonuclease
conserved from bacteria to plants.

Half of the SraG RNA exists in a form lacking ~30 nt from
either the 5'- or the 3'-ends. The long and short forms are al-
ways observed and in approximately equal molar amounts.
The identity of the nuclease(s) responsible for the generation
of these truncated forms is still unknown. We tested various
ribonucleases (RNase E, RNase III, RNase G, RNase II,
PNPase, RNase R, RNase BN, and RNase P), and other
factors [poly(A) polymerase, Hfq, YbeY, YhbJ] that are
known to modify processing and accumulation of sRNA,
and we were unable to define a nucleolytic activity generating
SraGp. This recalls the situation for the GadY-dependent
processing of gadX-gadW where, in addition to RNase III, an-
other unidentified endoribonuclease is involved in generat-
ing the monocistronic gadX and gadW transcripts (Opdyke
etal. 2011). However, events occurring in cis, such as prema-
ture termination of SraG or transcriptional interference
between SraG and pnp, could be involved in SraGp produc-
tion since only a low level of SraGp is detected from ectopi-
cally overexpressed SraG (Supplemental Fig. S4). Similarly,
the level of SraGp is decreased when prp translation initiation
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FIGURE 7. Reciprocal regulation of pnp and SraG expressions. (A)
Northern blot analysis of SraG and pnp mRNA and (B) Western blot
analysis of PNPase in N3433 wild-type, sraG (Ps;agmue) and pnp mutants
(P2 and TTGyyy,). Quantifications of pnp radioactivity and PNPase
levels (arbitrary units) normalized relative to 5S and L20, respectively,
are indicated below the gels.

is inhibited by mutating the pnp start codon (Supplemental
Figs. $4, S7). Likewise, inhibiting translation by SHX also re-
duces processing of SraG to SraGp (Supplemental Fig. S1).
One attractive hypothesis would be a competition between
pnp translation initiation and the interaction between pnp
mRNA-SraG. We propose that initiation of pnp translation
requires unfolding of the 5UTR of the messenger, which
enables an initial interaction to occur between the two
RNA molecules. Once the ribosome leaves the SD sequence,
this interaction can extend back to the 5-end of SraG.
Consequently, the 5" part of the SraG sRNA is paired very
close to the pnp SD sequence (Fig. 1D), and it can further in-
hibit initiation of pnp translation, as shown by in vitro toe-
printing (Fig. 6). Another consequence of the pairing be-
tween pnp mRNA and SraG could be that SraG adopts an al-
ternative structure allowing its cleavage by an RNase, which
remains to be identified, and could require a ribosome-asso-
ciated factor. This cleavage would remove the 5'-end of SraG
and generate an RNA unable to regulate the expression of
pnp. In the absence of translation, the pnp mRNA is degraded

(Fig. 7B), SraG cannot interact with this messenger and re-
mains in its initial structure, which does not allow the pro-
cessing, giving rise to SraGp. In addition to an effect on
pnp translation, the generation of SraGp could also depend
upon PNPase catalytic activity (Fig. 2).

RNase III is the primary actor in pnp regulation since it ini-
tiates a cascade of events involving RNase E and PNPase (re-
quiring its catalytic activity) that leads to the degradation of
the pnp messenger. Cleavage by RNase III is also required
for CsrA to repress pnp translation (Park et al. 2015). On
the other hand, when RNase III is absent, PNPase can inhibit
its own translation by competing with the binding of S1 on its
own mRNA (Carzaniga et al. 2015). In the case of SraG, we
observed regulation of pnp in the presence or absence of
RNase I1II; this indicates that CsrA and SraG regulation might
be independent. The role of SraG sRNA as another player in
pnp regulation was not suspected before, probably because of
the annotation error of its transcription start site. But a pre-
viously described mutation reducing PNPase autoregulation
was located in the —10 sequence of the SraG promoter we de-
scribed here, implying that SraG expression does impact pnp
expression in vivo (Robert-Le Meur and Portier 1992).

Both SraG and pnp transcripts are more abundant in the
absence of RNase III: pnp because of the absence of RNase
I1I-dependent PNPase autoregulation and CsrA repression,
and SraG because of its higher stability; SraG inhibition of
pnp expression was strongest in the rnc strain (Fig. 3B).
These results suggest that the SraG-mediated regulation of
pnp may act as an additional factor in the control of PNPase
expression to supplement its autoregulation and CsrA-depen-
dent control of translation. The physiological role of SraG
might be more important in conditions where RNase III activ-
ity is down-regulated, e.g., in response to stresses (Kim et al.
2008). This interplay in the control of SraG processing and
PNPase expression thus contributes to PNPase homeostasis.

Potential SraG homologs located between the pnp and
rpsO genes exist in various enterobacteria, such as Salmonella
typhimurium, Shigella flexneri, and Klebsiella pneumoniae
(Hershberg et al. 2003; Sridhar et al. 2009). All the Yersinia
species exhibit the rpsO-pnp synteny (i.e., gene co-localiza-
tion), but in Yersinia pestis an insertion element is annotated
in the intergenic region of the rpsO-pnp operon. In Listeria
monocytogenes, despite the same localization between the
pnpA and rpsO genes, the RliD sRNA does not share high-se-
quence homology with SraG (Mandin et al. 2007). In
Enterococcus faecalis, ref41 is transcribed from the opposite
strand to the highly conserved pnpA gene, and it includes a
potential translatable 43 amino acids ORF (Fouquier
d’Herouel et al. 2011). The synteny of rpsO and pnp genes
exists in the majority of bacteria (Supplemental Fig. S9).
However, there is no colocalization in the order of
Campylobacterales (Epsilon proteobacteria) and in many spe-
cies of the Firmicutes. The regulation of pnp expression and a
possible function of the sSRNA has not been investigated in
any of these bacteria.
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The function of SraG was studied in Yersinia pseudotuber-
culosis. While no effect on pnp was reported, SraG was shown
to negatively regulate the YPK_1206-1205 operon, which en-
codes genes that have no homologs outside the Yersinia genus
(Luetal. 2012). Other potential candidates were identified by
proteomic analysis of the wt and AsraG mutant in this species
but without further confirmation. Although we tried various
strategies, we were unable to identify other putative SraG tar-
gets in E. coli. SraG may have additional targets in E. coli,
which were not detected in our experimental conditions.

In spite of the redundancy in 3'-5’ exoribonucleases in E.
coli, a pnp mutant exhibits specific phenotypes as compared
to mutants deficient in RNase II or RNase R. In addition,
PNPase is a component of the E. coli degradosome. A pnp
mutant accumulates numerous RNA fragments produced
by endoribonucleic cleavages due to a major defect in poly
(A)-dependent degradation (Braun et al. 1996; Coburn and
Mackie 1998). PNPase is involved in the turnover of
sRNAs, the modulation of RNase II expression and in the
processing of RIiD-CRISPR in Listeria (Zilhao et al. 1996;
Andrade and Arraiano 2008; De Lay and Gottesman 2011;
Andrade et al. 2012; Sesto et al. 2014). PNPase enzymatic ac-
tivity is dependent on magnesium-chelated citrate, ATP and
c-di-GMP, thereby creating a network between metabolism
and RNA turnover (Del Favero et al. 2008; Nurmohamed
et al. 2011; Tuckerman et al. 2011). PNPase availability is a
determinant for growth when bacteria are submitted to
cold-shock, and for survival under oxidative stress, for UV
radiation and for mitomycin C exposure (Zangrossi et al.
2000; Yamanaka and Inouye 2001; Haddad et al. 2009; Wu
et al. 2009; Rath et al. 2012). PNPase is a global regulator
of virulence and persistency in Salmonella enterica, and it
has an impact on the physiology of Campylobacter jejuni
(Clements et al. 2002; Haddad et al. 2012). It is clear that
PNPase has specific roles in bacteria that cannot be fulfilled
by the other 3'-5’ exoribonucleases. A tight control of the lev-
el of PNPase seems to be required for its pluripotent role in
bacteria, and the results reported here indicate that SraG
has a role in this fine-tuning in E. coli.

MATERIALS AND METHODS

Bacterial strains and plasmids

Bacterial strains, primers, and plasmids used in this work are listed
in Supplemental Table S1. All constructions and mutations, de-
scribed in the Supplemental Material, were confirmed by sequenc-
ing. Strains are derived from E. coli K12 MG1655 and N3433.
Strains were grown in Luria-Bertani (LB) medium at 37°C or 30°
C with appropriate antibiotics when needed.

B-Galactosidase activity

Twenty to 100 uM IPTG was added either at the beginning of the
culture after diluting an overnight preculture to ODgg = 0.025 or
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during the exponential phase in cells containing pBRSraG or
pBRSraG-S. Expression of the lacZ fusions was measured during
the exponential phase. The cells were lysed in 800 pL Z buffer
with 15 pL 0.1% SDS and 30 pL chloroform. B-Galactosidase activity
was assayed as described by Miller (1972).

RNA extraction

Aliquots of 10 mL of cultures were mixed with 10 mL cold ethanol
and stored at —20°C. After centrifugation, pellets were resuspended
in 750 pL lysis buffer (0.5% SDS, 20 mM sodium acetate, 10 mM
EDTA), 500 pL hot acid phenol (pH 4.5) was added, and samples
were incubated at 65°C for 10 min. This step was repeated twice fol-
lowed by a final extraction with chloroform. RNA were precipitated
with ethanol, pellets were washed with 70% ethanol and resuspend-
ed in water. To determine RNA stability, rifampicin (500 pg/mL)
was added to bacteria (ODgso = 0.4) and samples were taken at dif-
ferent times.

Northern blot analysis

RNA samples were separated on 6% polyacrylamide-urea gel and
blotted to Hybond N+ membranes (Hajnsdorf et al. 1994b) to
detect SraG and rpsO transcripts or on 1% agarose-formaldehyde
gel (Hajnsdorf et al. 1994a) to detect pnp mRNA. Riboprobes
were generated by in vitro transcription of PCR fragments with
T7 RNA polymerase in the presence of [a-*?P]UTP (Hajnsdorf
and Régnier 2000). Primers used to generate PCR fragments with
a T7 promoter are listed in Supplemental Table S1. 55 rRNA was
used as a loading control.

In vitro processing by RNase IlI

DNA templates carrying a T7 promoter sequence for in vitro tran-
scription were generated by PCR using the primers mT7-pnpl and
RNXI1 for pnp, T7mSraG2 and sraGter2 for SraG-S, and T7mSraG1
and sraGter2 for SraG (Supplemental Table S1). RNA substrates
were obtained by transcription of the PCR fragments using T7
RNA polymerase and purified on denaturing 6% polyacrylamide-
urea gels (Folichon et al. 2005). pnp, SraG, and SraG-S RNA sizes
were 237, 216, and 177 nt, respectively, with additional GGG at
the 5'-end. 5'-end labeling was performed with [y->*P]-ATP and
T4 polynucleotide kinase (Folichon et al. 2005), 3’-end-labeling
was performed with [**P]-pCp and T4 RNA ligase in 50 mM
HEPES (pH 7.5), 20 mM MgCl,, 3 mM DTT, 0.1 mM ATP, 10%
DMSO, 10 mg/mL BSA at 16°C for 16 h. The purified labeled
RNAs in 1x TE were denaturated and incubated 30 min at 37°C
with the unlabeled complementary strand to allow them to anneal.
Hybridization efficiency between pnp mRNA and SraG RNAs was
controlled on nondenaturing polyacrylamide gels (Folichon et al.
2005). RNase III digestion was conducted in 50 mM Tris-HCI
(pH 8.0), 100 mM NaCl, 10 mM MgCl,, 0.1 mM DTT with increas-
ing concentrations of RNase III (Epicentre) at 37°C for 30 min. After
precipitation, addition of loading buffer and heat denaturation,
samples were analyzed on 6% polyacrylamide-urea gels. Cleavage
positions were identified by running radiolabeled DNA fragments,
and RNase T1 and alkaline ladders of the same end-labeled RNA
(Folichon et al. 2003).
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Mapping of 5’- and 3'-extremities of RNA

To map RNase III cleavages on pnp mRNA, reverse transcription
was performed with the radiolabeled RNX1 oligonucleotide and 5
pg total RNA by using Superscript II RT (Invitrogen). cDNAs
were separated on a 6% polyacrylamide-urea gel.

To map 5'- and 3'-extremities of SraG, circular RT-PCR was per-
formed with total RNA extracted from N3433 transformed by the
pB15.6 plasmid to increase the gene dosage of the whole nusA-infB
and rpsO-pnp operons (Plumbridge and Springer 1983; Braun
et al. 1996). Plasmid DNA contamination was removed by DNase
RQ1 digestion according to Promega’s instructions. RNAs were re-
extracted with phenol—-chloroform and precipitated with ethanol.
Five micrograms of RNA was treated with 20 units of 5'-polyphos-
phatase (Epicentre) to convert 5'-triphosphorylated RNA into 5'-
monophosphorylated RNA. Five hundred nanograms of RNA treat-
ed or untreated by 5'-polyphosphatase were circularized with T4
RNA ligase (Biolabs) in denaturating buffer (50 mM HEPES, pH
7.5, 20 mM MgCl,, 3 mM DTT, 0.1 mM ATP, 10% DMSO, 10 pg/
pL BSA) and subjected to RT-PCR across the 5'/3’ junction using
the m423—442 primer to prime RT, then the oligonucleotide pair
ml and rpsO441 was used with the Triple Master Polymerase
(Eppendorf) to generate PCR products, which were purified on
agarose or acrylamide gels (Supplemental Fig. S2) and cloned
into TOPO vector (Zero Blunt TOPOII Cloning, Invitrogen).
Altogether, a total of 93 clones were sequenced and analyzed.

Toe-print analysis

The RNA fragments are the same as those used in the RNase I1I in vi-
tro maturation assay. 1.2 pmol unlabeled pnp mRNA fragment (237
nt) and 4.8 pmol 5’-Cy5-end-labeled primer RNX1, an oligonucleo-
tide complementary to nts 62-79 of pnp ORF were mixed with
various amounts of SraG-S or SraG RNAs (0, 0.6, 1.2, 2.4, or
6 pmol). Two hundred and fifty micromolars dNTPs and 2.5 pM
of initiator tRNA™*" were added with 0.5 UM 30S subunits, and
the mixtures were incubated at 37°C for 10 min. One unit AMV RT
(Finnzymes) was then added and cDNA synthesis was performed at
37°Cfor 20 min (Coornaertetal. 2013). A sequencingladder was pro-
duced by asymmetric PCR with the pnp PCR fragment (15 fmol/pL)
amplified in the presence of 5'-Cy5-end-labeled primer RNX1 and
one of the 4 ddNTP mixes (at a ratio ddNTP:dNTP of 25:1 except
for ddGTP which was at a ratio of 2.5:1). cDNAs and sequence lad-
ders were separated on a 6% polyacrylamide-urea gel and visualized
using a Typhoon fluorescent scanner set up for Cy5 detection.

Computational SraG target search

We performed a target search for SraG using the RNAup program
from the Vienna package (http:/www.tbi.univie.ac.at/RNA/
RNAup.html). The SraG and SraG-S sequences were compared to
each annotated E. coli CDS plus 50 nt 5 to include the putative
5'UTR. Predicted sRNA/target pairs were ranked by free energy val-
ues, as estimated by RNAup.

Transcriptome analysis

Three independent cultures of FF4 cells transformed with the
pBRplac (pBR), pBR-SraG (pSraG), and pBr-SraG short (pSraG-

S) plasmids were grown to exponential phase. SraG and SraG-S syn-
thesis was induced with 100 uM IPTG addition at ODgg = 0.4 for
7 min. RNA was extracted and incubated with DNase RQI1
(1 U/3 pg RNA). cDNAs were generated and labeled with either
Cy3 or Cy5-Mono-Reactive Dye (Amersham) using the FairPlay
III Microarrays Labeling Kit (Stratagene). Transcriptome experi-
ments were performed with E. coli Gene Expression Microarrays
8 x 15 K (Agilent). Results were analyzed using two different statis-
tical tests: Bonferroni and BH.

Western blotting

Frozen cells were resuspended in 0.1 M Tris-HCI (pH 8), 0.4 M
NaCl, 0.1 mM EDTA, 1 mM 2-B-mercaptoethanol and lysed by son-
ication on ice. Protein concentrations were determined by the BCA
protein assay (Pearce). Cellular proteins (10 pg) were separated on a
10% SDS-PAGE gel and transferred to Hybond C-super
(Amersham) by electroblotting. Membranes were probed at the
same time with 1/10,000 dilution of polyclonal PNPase antibodies
and of polyclonal L20 antibodies followed by incubation with hRP
anti-rabbit IgG in 5% milk. The membrane was developed using
the kit Super Signal West Femto (Thermo Scientific).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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