Mechanism and physiological significance of autoregulation
of the Escherichia coli hfq gene
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ABSTRACT

The RNA chaperone Hfq plays a critical role in sSRNA-mediated gene regulation in enteric bacteria. The major role of Hfq is
to stimulate base-pairing between sRNAs and target mRNAs by binding both RNAs through three RNA-binding surfaces.
To understand the post-transcriptional network exerted by Hfq and its associated sRNAs, it is important to know how the
cellular concentration of Hfq is regulated. While an early study showed that hfq translation is repressed by Hfq, the detailed
mechanism and biological significance of the hfq autoregulation remain to be studied. Here, we show that the synthesis of
Hfq is strictly autoregulated to maintain the cellular concentration of Hfq within a limited range even when the hfg mRNA is
overexpressed from a plasmid-borne hfq gene. Mutational and biochemical studies demonstrate that Hfq represses its
own translation primarily by binding to the hfg mRNA through the distal face. The growth of cells harboring the hfq plasmid
is markedly inhibited due to an increased Hfq level when the distal face of Hfq is mutated or the 5’-UTR of hfq is mutated. A
mutation in the rim suppresses the growth inhibition caused by the distal face mutation, suggesting that the interaction of
Hfq with undefined RNAs through the rim is responsible for the growth inhibition by the increased Hfq level. In addition,
the data suggest that the hfq autoregulation operates not only in cells harboring a multicopy hfq gene but also in the wild-
type cells.
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INTRODUCTION sRNAs continue to be found (Kavita et al. 2018). The
sRNA-mRNA base-pairing leads mostly to inhibition and
sometimes to activation of translation of target mRNAs.
In addition, Hfq interacts with several proteins including
RNase E and polynucleotide phosphorylase, affecting
the activities of the associated proteins. For example, the
Hfg—RNase E interaction causes RNase E-dependent de-
stabilization of the mRNAs/sRNA duplex (Massé et al.
2003; Morita et al. 2005). Hfq has been shown to mediate
transcription antitermination at p-dependent terminators
by interacting with p (Rabhi et al. 2011; Sedlyarova et al.
2016).

Hfg is a bacterial homolog of the eukaryotic Sm-like
(LSm) proteins and forms a donut-shaped homo-hexamer
(Schumacheretal. 2002; Sun etal. 2002). The Hfg hexamer
has three RNA-binding surfaces: proximal face, distal face,
and lateral face (rim), along with a flexible C-terminal tail
(Updegrove et al. 2016). The proximal face binds the
poly-uridine stretch at the 3’-end of the p-independent ter-
minator of Hfg-dependent sRNAs (Otaka et al. 2011; Sauer
and Weichenrieder 2011). The distal face preferentially
binds the A-R(A/G)-N repeats found in the 5'-untranslated

The RNA-binding protein Hfq was originally identified as a
host factor required for the replication of bacteriophage
QB in Esherichia coli (Franze de Fernandez et al. 1968). It
is now recognized that the protein acts as a pleiotropic reg-
ulator to modulate the stability and the translation of a
number of RNAs in bacteria. In particular, Hfq plays the
key role in the post-transcriptional control of gene expres-
sion, acting as an RNA chaperone, along with its associat-
ed regulatory small RNAs (sRNA) in gram-negative bacte-
ria (Vogel and Luisi 2011; Sobrero and Valverde 2012;
Updegrove et al. 2016; Kavita et al. 2018). The Hfg-depen-
dent sRNAs are induced in response to specific physiolog-
ical/stress conditions and stabilized by Hfg. In addition,
modulation of transcription termination also contributes
to an efficient generation of functional sRNAs (Morita
etal. 2015, 2017). The major role of Hfq in sRNA-mediated
gene regulation is to facilitate base-pairing between
sRNAs and target mRNAs by binding both RNAs although
additional layers of RNA-based regulation by Hfq and
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Mechanism of autoregulation of hfq gene

regions (5'-UTR) of many mRNAs and in certain sRNAs (Link
etal. 2009; Robinson etal. 2014; Tree et al. 2014). The pos-
itively charged rim of the Hfq hexamer binds a uridine-rich
internal sequence of some sRNAs and mRNAs, and has
been shown to be involved in the duplex formation and
RNA exchange (Panja et al. 2013; Schu et al. 2015). The
binding of an sSRNA and its cognate mRNA to Hfq acceler-
ates the base-pairing between two RNAs by affecting
multiple steps such as changing the structures of RNAs,
bringing two RNAs into proximity, neutralizing the nega-
tive charge of two RNAs, and stimulating the annealing
of two RNAs, although the actual molecular mechanism
underlying for this event is not fully understood (Storz
et al. 2004; Updegrove et al. 2016).

The fundamental role of Hfg in sSRNA-mediated gene
regulation has prompted many researchers to investigate
the function and properties of Hfg. To fully understand
the post-transcriptional network exerted by Hfq and its
associated sRNAs, it is also important to know how the
cellular concentration of Hfq is regulated. However, the
regulation of Hfg synthesis has been less actively ad-
dressed and only several early studies focused on thisissue.
It is reported that there are about 10,000 Hfg hexamers in
rapidly growing E. coli cells (Kajitani et al. 1994; Ali Azam
et al. 1999). The level of Hfg was shown to increase at
slow growth rates or at stationary phase (Tsui et al. 1997;
Vytvytska et al. 1998), although other studies claimed that
the level of Hfq decreases at stationary phase (Kajitani et al.
1994; Ali Azam etal. 1999). The synthesis of Hfq appears to
be regulated at both transcriptional and post-transcrip-
tional steps (Tsui et al. 1994, 1996, 1997). The hfq gene is
part of a super-operon and its transcription is driven from
several promoters including ¢** heat shock promoter
(Tsui et al. 1996). Furthermore, it was suggested that Hfq
modulates the rate of its own synthesis by causing a
decrease in mRNA stability and/or translation (Tsui et al.
1997). In fact, a later study demonstrated that Hfg controls
its own synthesis at the translational level by binding to the
5'-UTR of hfg mRNA (Vecerek et al. 2005). However, no fur-
ther studies have been reported regarding the mechanism
and biological significance of the autoregulation of hfg
gene.

The aim of the present study is to gain further insights
into the mechanism and the physiological significance of
the hfq autoregulation, considering the recent progress re-
garding the functional and structural studies on Hfq. Here,
we show that the cellular Hfq level is maintained within a
limited range even when the hfg mRNA is overproduced
in cells harboring a plasmid carrying the hfq gene. Then,
we investigate the effects of mutations in the three RNA-
binding sites of Hfq on the hfq autoregulation. The trans-
lational autorepression was alleviated significantly by a
mutation in the distal face. We conclude that the hfq trans-
lation is tightly autoregulated by the binding of Hfq to the
5"-UTR of hfg mRNA primarily through the distal face of

Hfq. The cell growth was markedly inhibited due to the in-
creased level of Hfq caused by the distal face mutation or
by mutation in the 5'-UTR of hfq. We further demonstrated
that the rim mutation suppressed the growth inhibition
caused by the distal face mutation. The physiological sig-
nificance of the hfq autoregulation is to maintain the cellu-
lar Hfq levels within a limited range to avoid the toxicity
caused by unnecessary excess Hfqg.

RESULTS

Hfq synthesis is tightly autoregulated in vivo

It was reported that the expression of Hfq is autoregulated
at the translational level (Vecerek et al. 2005). However, it
remains to be studied how strictly the hfq autoregulation
operates in intact cells. We first addressed this question
by using cells harboring a multicopy plasmid carrying the
hfg gene. The plasmid pQE-Hfg-His is a derivative of
pPQES8OL and carries the hfq region from the nearest pro-
moter P3¢ and the sequence encoding His-tag (6xHis)
before the termination codon followed by a p-indepen-
dent terminator derived from rplL (Post et al. 1979) at the
3’-end (Fig. 1A). We showed previously that the addition
of His-tag at the C terminus of Hfq polypeptide does not
affect the function of Hfq (Kawamoto et al. 2006). The
hfg-His, gene is under the control of an IPTG inducible
Ps promoter. TM589 (Ahfq) cells harboring pQE-Hfg-His
were grown in LB medium containing various concentra-
tions of IPTG to mid-exponential phase. Total RNAs and
proteins were prepared and analyzed by northern blotting
and western blotting, respectively. The hfg-Hiss mRNA
and its protein product, Hfg-His,, were expressed in the
presence of IPTG (Fig. 1B). The anti-His-tag monoclonal
antibody was used to detect Hfg-His, in this experiment.
As expected, the hfg-Hiss mRNA levels were increased
with increasing concentration of IPTG up to 1 mM IPTG
(Fig. 1B). Interestingly, the Hfg-His, protein levels reached
to a plateau at 0.1-0.2 mM IPTG. The quantitation of the
bands showed that the Hfg-His, level was increased only
moderately (1.4-fold) from 0.1 to 1 mM IPTG, while the
hfg-His, mRNA was increased by near threefold under
the same conditions (Fig. 1B, lanes 4-7). In other words,
the accumulation of Hfg-His, is rather moderate even
when the hfg-His, mRNA is overexpressed. Thus, the hfg
autoregulation is quite strict to prevent overexpression of
the Hfg protein.

We further investigated the hfqg autoregulation by using
IT1568 (hfq+) cells harboring pQE-Hfg-His. The anti-Hfq
polyclonal antibodies were used to detect simultaneously
the endogenous Hfg and Hfg-His, in this experiment (Fig.
1C). When the cells were grown in the absence of IPTG,
only endogenous Hfq was detected (Fig. 1C, lane 1) while
Hfg-Hise was induced with increasing concentrations of
IPTG showing again a plateau at 0.1 mM IPTG (Fig. 1C,
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FIGURE 1. Hfq expression in cells harboring a multicopy hfg-His, plasmid. (A) The upper di-
agram represents the chromosomal hfg region and promoters. The hfg gene is part of a com-
plex operon and the transcription of hfq is driven from at least three promoters (Tsui et al.
1994). Two promoters (P14¢q and P2,s) are located in the coding region of the upstream
miaA gene while the adjacent P3¢ is located just upstream of the hfq coding region (black
box). The lower diagram is the schematic drawing of the hfg-His, gene on pQE-Hfg-His.
The native P34 is replaced with the IPTG-inducible Prs. The original 5'-UTR of hfq is retained
in the hfg-His,. The sequence corresponding to éxHis tag (open box) is followed by the p-in-
dependent terminator derived from the rplL (Post et al. 1979). (B) Expression of Hfg-His, and
hfg-Hise mMRNA. TM589 (Ahfq) cells harboring pQE-Hfg-His were grown in LB medium contain-
ing indicated concentrations of IPTG to Aggo = ~0.3. Total proteins and RNAs were prepared.
Protein samples equivalent to 0.0125 or 0.0025 A¢qg units were subjected to western blotting
using anti-His, monoclonal antibody or anti-GroEL polyclonal antibodies, respectively. One ug
or 0.25 ug of RNA samples was subjected to northern blotting using hfg or tmRNA probes, re-
spectively. Relative Hfg-Hise levels and relative hfg-Hiss mRNA levels are calculated, with the
protein and mRNA samples at 0.1 mM IPTG set to one, respectively. (C) Expression of Hfg-His,
in wild-type cells. [T1568 cells harboring pQE-Hfg-His were grown in LB medium containing
indicated concentrations of IPTG to Aggg = ~0.6 and total proteins were prepared. Protein sam-
ples equivalent to 0.05 Agg units were subjected to western blotting using anti-Hfq polyclonal
antibodies. Relative Hfg-His, and endogenous Hfq levels are calculated, with the endogenous
Hfq level without IPTG set to one.

The distal face of Hfq hexamer
is responsible for the hfq
autoregulation

It was shown previously that Hfq binds
to the 5-UTR of the hfg mRNA to
inhibit the hfg translation in vitro
(Vecerek et al. 2005). Thus, the bind-
ing of Hfq to the hfg mRNA is expect-
ed to cause directly the translational
inhibition of hfg mRNA. However, it
is possible that certain sRNAs are
also involved in the translational inhi-
bition of hfg mRNA by Hfg. To gain
further insights into the mechanism
by which Hfq inhibits its own transla-
tion, we investigated the effects of
mutations in the RNA-binding surfac-
es of Hfq on the autoregulation. The
Hfg hexamer has three RNA-binding
surfaces: the proximal face, distal
face, and rim (Updegrove et al. 2016).
To examine the roles of three RNA-
binding surfaces in the hfg autoregu-
lation, a series of point mutants were
constructed on pQE-Hfg-His. K56A,
Y25D, and R16A are representatives
for Hfg variants in which the RNA-
binding sites in the proximal, distal
and rim faces are impaired, respec-
tively (Zhang et al. 2013; Schu et al.
2015). The positions of these muta-
tions on three RNA-binding surfaces
of the Hfq hexamer are schematically
shown in Figure 2A. The K56A variant
is defective in sRNA binding, while
the Y25D variant is defective in most
mRNA binding (Zhang et al. 2013;
Schu et al. 2015). The R16A mutation
is known to modestly affect the bind-
ing of Hfg to certain sRNAs and
mRNAs (Schu et al. 2015).

We first examined the effects of
these mutations on the accumula-
tion/stability of SgrS and on the ability
to support the regulatory function of
SgrS. Each pQE-Hfg-His variant was

lanes 2-4). Thus, the maximum Hfg-His, level observed at
1 mM IPTG was only 1.6-fold higher than the endogenous
Hfq level in the absence of IPTG. Strikingly, the level of en-
dogenous Hfq was strongly reduced with the induction of
Hfg-Hise (Fig. 1C, lanes 2-4). Taken together, we conclude
that the hfq is tightly autoregulated at the translational
step to maintain the cellular Hfq concentration within a lim-
ited range.

266 RNA, Vol. 25, No. 2

introduced into TM589 (Ahfq) cells carrying a compatible
plasmid pP-SgrS in which SgrS is constitutively ex-
pressed. Cells were grown in the presence of 0.05 mM
IPTG to exponential phase and total RNAs were prepared.
SgrS and ptsG mRNA were analyzed by northern blotting
(Fig. 2B). The Hfq levels are similar to the endogenous lev-
els in this condition. The level of SgrS was elevated in cells
expressing the Hfg-His, reflecting the Hfg-dependent
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FIGURE 2. (A) A schematic drawing of the Hfq hexamer and location of three representative
mutations on RNA-binding surfaces. (B) Properties of the Hfg-His, derivatives carrying muta-

tions in RNA-binding surfaces. TM589 (Ahfq) cells harboring indicated

in LB medium containing 50 pM IPTG to Agpp = ~0.6 and total RNAs were prepared. Ten mi-
crograms or 1 pg of RNA samples was subjected to northern blotting using ptsG probe or
SgrS probe, respectively. (C) Effects of mutations of RNA-binding surfaces on Hfg-His, expres-
sion. Overnight cultures of TM589 (Ahfq) cells harboring indicated plasmids were inoculated
(1/100-fold) into LB medium containing 1 mM IPTG. Incubation was continued for 90 min
and then total proteins were prepared. Protein samples equivalent to 0.0125 Ao units
were subjected to westemn blotting using anti-His, monoclonal antibody. Relative levels of
Hfg-Hise derivatives are calculated, with the pQE-Hfg-His sample set to one.

stabilization of SgrS, resulting in the dramatic degradation
of the ptsG mRNA (Fig. 2B, lanes 1 and 2). The results in-
dicate that Hfg-His, retains the function of wild-type Hfq.
When K56A Hfg-His, was expressed, SgrS did not accumu-
late and the rapid degradation of ptsG mRNA no longer
occurred (Fig. 2B, lane 5), indicating that K56A Hfg-His,
is defective in SgrS binding; therefore it loses the ability
to support the down-regulation of ptsG mRNA by SgrS.
When Y25D Hfg-Hise was expressed, SgrS accumulated
and the ptsG mRNA was partially degraded (Fig. 2B,
lane 4), reflecting that the Y25D Hfg-His, is defective in
binding to ptsG mRNA but not to SgrS. The R16A mutation
impacted only slightly the properties of Hfg-His, (Fig. 2B,
lane 3). Thus, we confirmed that the three representative
Hfg-His, variants possess the expected properties.

rim mutation R16A little affected the
protein level (Fig. 2C, lane 2). We
also examined the effects of the dou-
ble mutations, R16A Y25D, Y25D
K56A, and R16A K56A, and the triple
mutation, R16A Y25D K56A, on the
Hfg-Hise level. The Hfg-His, level was
increased significantly when the vari-
ants contain the Y25D substitution
(Fig. 2C, lanes 5-8). Collectively,
these results indicate that the distal
face of Hfg plays a key role in the
translational inhibition of hfg mRNA
by Hfg. The previous work demon-
strated that Hfq specifically binds
two sites in the 5-UTR of hfg mRNA
in vitro (Vecerek et al. 2005). The
downstream Hfg-binding site con-
tains a sequence corresponding to an
(ARN);3 repeat (Fig. 3A) that are ex-
pected to be recognized by the distal
face of the Hfq hexamer. Thus, it is
likely that the interaction of the Hfq
hexamer with the hfg mRNA through
the distal face is primarily responsible
for the translational inhibition of hfg
mRNA by Hfg. In addition, the K56A
mutation in the proximal face also has a moderate effect
on the Hfg-His, level. This mutation is known to eliminate
the binding of Hfq to sRNAs through the proximal face that
is critical for sRNA action (Zhang et al. 2013), suggesting
that undefined Hfg-dependent sRNAs are also involved,
to some extent, in the translational inhibition of hfg
mRNA by Hfq.

plasmids were grown

The 5’-UTR of hfq is involved in the hfq
autoregulation

It is known that Hfq binds two sites, the upstream site A
and the downstream site B, in the 5'-UTR of hfg mRNA in
vitro and Hfq binding to both sites is required for efficient
translational repression by Hfq (Vecerek et al. 2005). Site A
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FIGURE 3. Effects of mutations in 5'-UTR on hfg-His, expression. (A) RNA sequences of 5'-UTR of the wild-type and mutated hfq genes. The
SD sequence is represented by bold letters while the initiation codon is boxed. The two Hfg-binding sites identified previously (Vecerek et al.
2005) are indicated by closed triangles. The sequence corresponding to the (ARN); repeat is underlined. The internal U-stretch along with the
upstream sequence is deleted in the AU mutant. Three nucleotides corresponding to the (ARN); are mutated in the ARN* mutant as shown by
small letters. (B) Overnight cultures of TM589 (Ahfq) cells harboring indicated plasmids were inoculated (1/100-fold) into LB medium contain-
ing 1 mM IPTG. Incubation was continued for 90 min and then total proteins were prepared. Protein samples equivalent to 0.0125 or 0.0025
Agoo units were subjected to western blotting using anti-His, monoclonal antibody or anti-GroEL polyclonal antibodies, respectively. Relative
levels of Hfg-His, derivatives are calculated, with the pQE-Hfg-His sample set to one. (C) Protein samples mentioned above (Fig. 3B) equiv-
alent to 0.0125 Aggo units (lanes 1 and 2), 0.0188 Aggo units (lanes 3 and 4), and 0.0313 Agoo units (lanes 5 and 6) were subjected to western
blotting using anti-His, monoclonal antibody. The relative expression level of Hfq(Y25D)-Hise to Hfg-Hise in each 5’-UTR variant is shown be-

low the gel.

corresponds to the U stretch at position —55 to —50 relative
to the initiation AUG codon while site B, located at position
—20 to +4 encompassing the ribosome binding site, con-
tains an (ARN); repeat (Fig. 3A). To examine the roles of
these sites in the hfg autoregulation in vivo, we construct-
ed two variants, pQE-Hfg(AU)-His and pQE-Hfq(ARN*)-
His. Site A was deleted in pQE-Hfg(AU)-His, while the
(ARN)3 repeat in site B was mutated in pQE-Hfq(ARN*)-
His (Fig. 3A). Then, the AU or ARN* mutation was com-
bined with the Y25D mutation to construct pQE-Hfq(AU
Y25D)-His and pQE-Hfq(ARN* Y25D)-His. First, we ana-
lyzed the effect of the AU or ARN* mutation on the expres-
sion of Hfg-Hise. The ARN* mutation markedly decreased
the Hfg-Hise level while the effect of the AU mutation on
Hfg-Hise expression was marginal (Fig. 3B). It is likely that
the ARN* mutation reduces the efficiency of translation
because the sequence around the ribosome-binding site
is changed in this mutant. Then, we examined how the
Y25D mutation affects the Hfg-His, level in the AU or

268 RNA, Vol. 25, No. 2

ARN* background. The Y25D mutation elevated the Hfg-
His, level by more than 2.5-fold in pQE-Hfg-His possess-
ing the intact 5-UTR. Importantly, the extent of increase
in Hfg-His, level by the Y25D mutation is significantly
reduced (to 1.6-fold) in the ARN* background (Fig. 3C).
The increase in Hfg-Hise level by the Y25D mutation ap-
pears to be little affected in the AU background. These
results suggest that the downstream Hfg-binding site B
containing the (ARN); repeat is primarily responsible for
the interaction with the distal face of Hfq to achieve trans-
lational autoregulation.

Overexpression of sSRNAs alleviates the hfq
autoregulation

We expect that RNAs possessing a high affinity to Hfq
compete with the hfg mRNA regarding Hfg binding result-
ing in alleviation of the autoregulation. If this is the case,
the Hfq level derived from the endogenous hfg gene
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may increase when these RNAs are overexpressed. To test
this, we examined the effect of overproduction of RyhB or
ChiX on the endogenous Hfqg protein level. RyhB is a rep-
resentative of class | SRNAs that bind to the proximal and
rim surfaces of the Hfg hexamer through the polyU tail
and internal U-rich sequence, respectively. ChiX, an effi-
cient Hfg titrator (Mandin and Gottesman 2010; Ellis
etal. 2015), belongs to class Il SRNAs that bind to the prox-
imal and distal faces of the Hfq hexamer through the polyU
tail and internal ARN repeats, respectively (Schu et al.
2015). These sRNA genes were placed under the Py, con-
stitutive promoter on a plasmid. Each plasmid was intro-
duced into IT1568 (hfg") and cells were grown to
exponential phase. Total proteins were subjected to west-
ern blotting using anti-Hfg antibodies. As shown in Figure
4A, the Hfq protein level was significantly (2.1-fold) in-
creased when ChiX was overexpressed (Fig. 4A, lane 2).
The effect of RyhB overproduction was less significant
(Fig. 4A, lane 4). The results suggest that ChiX effectively
competes with the hfg mRNA resulting in alleviation of
the hfq autoregulation primarily through the ARN repeat.
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FIGURE 4. Effect of overexpression of sRNAs on Hfq expression in
wild-type cells. (A) IT1568 cells harboring indicated plasmids were
grown to Aggp = ~0.3. Protein samples equivalent to 0.025 or 0.0025
Agoo units were subjected to western blotting using anti-Hfg polyclon-
al antibodies or anti-GroEL polyclonal antibodies, respectively.
Relative Hfq levels are calculated with the pMW218 sample set to
one. (B) IT1568 cells harboring indicated plasmids were grown to
Agoo =~0.3, and to Aggo=~1.9. Protein samples equivalent to 0.025
Agoo Units were subjected to western blotting using anti-Hfq polyclon-
al antibodies. Relative Hfq levels are calculated, with the pMW218
sample at exponential phase set to one.

If so, the competition by ChiX would be impaired when
its ARN repeat is removed. In fact, we found that overex-
pression of the ChiX derivative lacking the ARN repeat,
ChiXAARN (Schu et al. 2015), did not affect the level of en-
dogenous Hfq protein (Fig. 4A, lane 3). We also found that
the Hfqg protein level was significantly increased when the
RyhB derivative containing the ARN repeat derived from
ChiX, ChiX-RyhB (Schu et al. 2015), was overexpressed
(Fig. 4A, lane 5). Taken together, we conclude that class |l
sRNAs efficiently compete with the hfg mRNA through
the interaction of their internal ARN repeats with the distal
face of Hfq to alleviate the hfg autoregulation. In this re-
gard, it should be noted that the increase of Hfq level,
though derived from the plasmid-borne hfg gene, by over-
production of OxyS was previously observed (Moon and
Gottesman 2011). Itis known that the level of endogenous
Hfq increases when cells enter into stationary phase (Tsui
et al. 1997; Vytvytska et al. 1998). We confirmed this by
showing that the Hfq level increases by about twofold in
stationary phase (Fig. 4B, lanes 1 and 3). We also found
that ChiX overproduction still affects the Hfq level though
less significantly at stationary phase (Fig. 4B, lanes 3 and
4). The results suggest that the increase of Hfq at stationary
phase would be achieved at least in part through the allevi-
ation of the hfgautoregulation by RNAs containing ARN re-
peats including sRNAs generated during stationary phase.

Effects of Hfq levels and Hfq mutations
on cell growth

To explore the physiological significance of the hfq auto-
regulation, we analyzed the effect of expression of the
plasmid bome hfg on cell growth. IT1568 (hfg") and
TM589 (Ahfq) cells harboring pQE-Hfg-His or the vector
pPQEB8OL were grown in LB medium supplemented with dif-
ferent concentrations of IPTG. It is known that an hfqg inser-
tion mutant displays a decreased growth rate compared
with the hfg™ strain (Tsui et al. 1994). We confirmed this
early observation by showing that the Ahfq cells harboring
pQEB8OL grow slowly compared with the hfg™ cells harbor-
ing pQEB8OL (Fig. 5A, open and closed circles). The growth
of Ahfq cells harboring pQE-Hfg-His is better than that of
Ahfq cells harboring pQE8OL (Fig. 5A, open square). This
is consistent with the observation that Hfg-His is ex-
pressed, though ata lower level, even without IPTG in cells
harboring pQE-Hfg-His (Fig. 1B). The addition of 0.1 mM
IPTG to Ahfq cells harboring pQE-Hfg-His restored almost
completely the growth (Fig. 5A, closed square). The level
of Hfg-Hise in Ahfq cells in this condition is slightly higher
than the endogenous Hfq level in the hfg™ cells (Fig. 1B,
C). Interestingly, the growth of Ahfq cells harboring pQE-
Hfg-His was slightly inhibited when 1 mM IPTG was added
(Fig. 5A, open triangle). In this condition, the Hfg-His, level
is higher by only 1.6-fold compared with the endogenous
Hfq level in the hfg™ cells, while the hfg mRNA is highly
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FIGURE 5. (A) Effect of expression of the plasmid borne hfg-His, gene on cell growth. Overnight cultures of TM589 (Ahfq) cells harboring indi-
cated plasmids were inoculated (1/1000-fold) into LB medium supplemented with indicated concentrations of IPTG. Incubation was continued for
300 min by measuring Agao. (B) Effect of expression of the plasmid borne mutated hfg-Hiss gene on cell growth. Overnight cultures of TM589
(Ahfq) cells harboring indicated plasmids were inoculated (1/1000-fold) into LB medium supplemented with 1 mM IPTG. Incubation was contin-
ued for 300 min by measuring Aggo. (C) The rim mutation suppresses growth inhibition caused by the distal mutation. Overnight cultures of TM589
(Ahfq) cells harboring indicated plasmids were inoculated (1/1000-fold) into LB medium supplemented with 1 mM IPTG. Incubation was contin-

ued for 300 min by measuring Agoo.

overexpressed (Fig. 1B). This implies that Hfg-His, accu-
mulates beyond the wild-type Hfq level by partially escap-
ing the autoregulation when the hfg-His, mRNA is
overexpressed. This moderate increase of Hfg-His, level
may lead to the moderate growth inhibition of Ahfq cells
harboring pQE-Hfg-His. We expected that the distal face
mutation Y25D would lead to a more severe growth inhibi-
tion because the Hfg-His, level is further increased in cells
harboring pQE-Hfq(Y25D)-His under IPTG induction (Fig.
2B). Indeed, the cell growth was markedly inhibited when
the hfg-His, gene containing the Y25D variant was ex-
pressed by the addition of 1 mM IPTG (Fig. 5B, open
square). On the other hand, the introduction of proximal
mutation K56A into the hfg-His, gene increased Hfg-His
level only moderately and little affected the cell growth
(Figs. 2B, 5B, closed square). Interestingly, the growth
became apparently better when the R16A rim mutation
was introduced (Fig. 5B, closed circle). This suggests that
the rim is somehow involved in the growth inhibition by
increased Hfq levels.

270 RNA, Vol. 25, No. 2

Increased Hfq level leads to inhibition
of cell growth

The results mentioned above suggest that the distal face
mutation Y25D leads to the severe growth inhibition pre-
sumably by increasing the Hfq level. To examine this, we
constructed plasmids pQE-Hfq(SDm)-His and pQE-Hfq
(SDm Y25D)-His in which the hfg 5-UTR was replaced
with the 5-UTR containing SD sequence derived from
the plasmid pQE (Fig. 6A). These plasmids along with
pQE-Hfg-His and pQE-Hfq(Y25D)-His were individually in-
troduced into TM589 (Ahfq) cells. Cells were grown under
IPTG induction and total proteins were analyzed by west-
emn blotting. The Hfg-His protein level was increased
about by 2.1-fold of the SDm mutation (Fig. 6B, lane 3).
This increase of Hfq level is comparable to that by
the Y25D mutation (Fig. 6B, lanes 2 and 4). Then, we exam-
ined the effect of expression of Hfg-His and Hfq(Y25D)-
His on cell growth. The growth of cells harboring
pPQE-Hfq(SDm)-His was significantly inhibited in the
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FIGURE 6. Effects of replacement of the 5’-UTR of hfg mRNA with an unrelated 5’-UTR. (A) RNA sequences of 5'-UTR of the wild-type and the
mutated hfg gene. The initiation codon is boxed and the sequence corresponding to the SD sequence derived from the plasmid pQE8OL is un-
derlined. (B) Overnight cultures of TM589 (Ahfq) cells harboring indicated plasmids were inoculated (1/100-fold) into LB medium containing 1 mM
IPTG. Incubation was continued for 60 min and then total proteins were prepared. Protein samples equivalent to 0.0063 or 0.0025 Agqg units were
subjected to western blotting using anti-Hiss monoclonal antibody or anti-GroEL polyclonal antibodies, respectively. Relative levels of Hfg-Hise
derivatives are calculated, with the pQE-Hfg-His sample set to one. (C) Effect of expression of the wild-type and mutated hfg-Hiss genes on cell
growth. Overnight cultures of TM589 (Ahfq) cells harboring indicated plasmids were inoculated (1/1000-fold) into LB medium supplemented with

1 mM IPTG. Incubation was continued for 300 min by measuring Aggo.

presence of IPTG (Fig. 6C). This is consistent with the view
that a significant increase in the Hfq protein level beyond
the wild-type level is harmful to cell growth. It should be
noted, however, that the patterns of growth inhibition by
pQE-Hfq(SDm)-His and pQE-Hfq(Y25D)-His are clearly
different each other. The pQE-Hfq(Y25D)-His inhibits the
cell growth more strongly at the initial stage of growth,
suggesting that the unique nature of HfqY25D protein it-
self may contribute to the toxicity by pQE-Hfq(Y25D)-His
(Fig. 6C). In addition, pQE-Hfq(SDm)-His but not pQE-
Hfq(Y25D)-His or pQE-Hfq(SDm Y25D)-His leads to cell ly-
sis finally (Fig. 6C). This suggests that the distal face of wild-
type Hfq is somehow involved in cells lysis.

A mutation in the rim suppresses the growth
inhibition caused by the distal mutation

Because the rim mutation improves the growth inhibition
caused by the modest increase of the wild-type Hfg-His,
it is interesting to examine the effect of the rim mutation
on the severe growth inhibition caused by the Y25D distal
mutation. Therefore, we examined the cell growth of R16A
Y25D and Y25D K56A double mutants when the hfg-His,
gene harboring each double mutation was expressed in
the presence of 1 mM IPTG. Interestingly, the R16A rim

mutation greatly suppressed the growth inhibition caused
by the Y25D distal mutation (Fig. 5C, closed circle). On the
other hand, the growth inhibition caused by the Y25D mu-
tation was not affected by introducing the K56A proximal
mutation (Fig. 5C, open square). It should be noted that
the increased Hfg-Hiss level due to Y25D mutation is not
affected by the second R16A or K56A mutation (Fig. 2B).
Thus, the suppression of growth inhibition by R16A is not
due to the reduction of Hfg-Hiss level. These results sug-
gest that the interaction of excess Hfg with undefined
RNAs through the rim is responsible for the growth inhibi-
tion by increased Hfq levels.

DISCUSSION

It was shown previously that the hfqtranslation is repressed
by Hfq (Vecerek et al. 2005). In the present study, we inves-
tigated the detailed mechanism and physiological signifi-
cance of the hfg autoregulation. We first addressed a
question of how strictly the hfg autoregulation operates
in cells. We showed that the concentration of Hfg-His, is
increased only modestly even when the hfg-His, mRNA
is overproduced in Ahfq cells harboring the hfg-His,
gene on a multicopy plasmid (Fig. 1A,B). The maximum
level of Hfg-His, is less than twofold compared with the
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endogenous Hfq level in hfg™ cells (Fig. 1C). Hfg-His, ex-
pressed from the plasmid strongly inhibits the Hfq synthe-
sis from the chromosomal hfg gene (Fig. 1C). We conclude
that the translational repression by Hfq is operating quite
strictly in vivo to maintain the cellular Hfgq concentration
in a limited range.

The inhibition of hfq translation by Hfq can be achieved
by two different mechanisms. Firstly, Hfq could inhibit the
hfq translation by binding to the 5’-UTR of hfg mRNA in the
absence of any sRNA. In this case, Hfq acts directly as a
translational repressor for the hfg gene. Secondly, Hfq
could inhibit the hfq translation by supporting the action
of Hfg-dependent base-pairing sRNAs. In this case, the
base-pairing itself rather than Hfq is responsible for the
translational repression (Maki et al. 2008). The major con-
clusion in the present study is that the interaction of the
Hfg hexamer with the 5’-UTR of hfg mRNA through the dis-
tal face is primarily responsible for the translational inhibi-
tion of hfg MRNA by Hfq. We demonstrated that the distal
face Y25D mutation of the Hfg hexamer markedly allevi-
ates the tight repression of Hfg synthesis by Hfg, while
the proximal face K56A mutation does not have a strong
effect on the autoregulation (Fig. 2B). Interestingly, it is ob-
served that the cellular Hfq level is significantly increased
by the Y25D mutation in the chromosomal hfg gene
(Chen and Gottesman 2017).

The hfq autoregulation was the first example for transla-
tional repression by direct binding of Hfq to the 5’-UTR of
the target mRNA (Vecerek et al. 2005). Recent studies have
demonstrated that there are several cases in which Hfq
acts on mRNAs to inhibit translation in an sRNA-indepen-
dent manner. For example, the translation of Tn10 trans-
posase MRNA is repressed by Hfg binding at the
ribosome binding site that directly blocks ribosome entry
(Ellis et al. 2015). Similarly, Hfq was shown to bind near
ribosome binding sites to inhibit the translation of cirA
mRNA (Salvail et al. 2013) and amiE mRNA in Pseudomo-
nas aeruginosa (Sonnleitner and Blasi 2014). More recent-
ly, it was shown that Hfg inhibits the translation by binding
to the 5-UTR of mutS mRNA (Chen and Gottesman
2017). In this case, Hfq binds a specific site containing
ARN repeats located upstream of the ribosome-binding
site presumably by altering the RNA structure resulting
in translational repression. In addition, Hfg-dependent
sRNAs are also involved in the translational inhibition of
mutS by Hfq (Chen and Gottesman 2017).

Our mutational study supports the previous view
(Vecerek et al. 2005) that the 5'-UTR of the hfq is required
for the autoregulation (Figs. 2B, 3C). The binding of Hfq
to the downstream site B through the distal face of the
Hfg hexamer is expected to directly block ribosome access.
The role of Hfg binding at the upstream site A is not clear at
this moment though it could contribute to the translational
inhibition by changing the RNA structure as in the case of
mutS (Chen and Gottesman 2017). It remains to be studied
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which RNA-binding surface is involved in Hfqg binding to
the upstream U-rich stretch and how the interaction be-
tween Hfg and the U-rich sequence contributes to the
translational repression of the hfg by Hfqg. In any case, it is
apparent that Hfg represses its own translation by binding
the 5'-region of the hfg mRNA primarily through the distal
face. This conclusion is supported by the finding that over-
expression of an sRNA possessing ARN repeats signifi-
cantly increases the endogenous Hfq levels (Fig. 4A). We
also showed that the proximal face K5S6A mutation moder-
ately alleviates the repression of Hfq synthesis by Hfq (Fig.
2B). This suggests that undefined sRNAs are also involved
in the hfq autoregulation in part as observed in the transla-
tional repression of mutS by Hfg (Chen and Gottesman
2017) because the action of Hfg-dependent sRNAs re-
quires the interaction between the proximal face of Hfq
and the polyU tail of sRNAs (Otaka et al. 2011). In fact,
IntaRNA (Freiburg RNA tools) analysis of the RIL-seq data
(Melamed et al. 2016) suggest that several sRNAs
including 3'-UTR of ibpB are partially complementary to
the translation initiation region of the hfg mRNA. It is cer-
tainly interesting to examine experimentally whether these
sRNAs are involved in the hfq autoregulation.

We focused here on the translational inhibition of hfg
mRNA by Hfg as the major mechanism of the hfg auto-
regulation. However, we do not exclude the possibility
that destabilization of hfg mRNA by Hfq also contributes
to the hfqg autoregulation as suggested in an early study
(Tsui et al. 1997). In fact, we demonstrated previously
that Hfq interacts with a specific site within the C-terminal
region of RNase E resulting in RNase E-dependent rapid
degradation of target mRNAs of Hfg-binding sRNAs
(Morita et al. 2005; lkeda et al. 2011). It is an interesting
possibility that Hfgq destabilizes the hfqg mRNA through
the direct Hfq binding to hfg mRNA. Studies on how Hfq
affects the stability of its own mMRNA are certainly important
to fully understand the molecular mechanism of the hfg
autoregulation.

It is known that the Hfq level increases at slow growth
rates or at stationary phase (Tsui et al. 1997; Vytvytska
et al. 1998). However, the mechanism by which the Hfq
level varies depending on the growth phase is totally un-
known. The present study has shed a light on this question.
We demonstrated that overexpression of ChiX containing
ARN repeats significantly increases the Hfq level in wild-
type cells at exponential phase (Fig. 4B). An intriguing
idea is that the increase of Hfq at stationary phase would
be achieved at least in part by the alleviation of the hfg
autoregulation by RNAs containing ARN repeats including
sRNAs generated during stationary phase. In this regard, it
is interesting to note that some sRNAs including ChiX
(SroB) seem to be more expressed at stationary phase
(Vogel et al. 2003; Zhang et al. 2003). We believe that
the translational repression of hfg mRNA by Hfq operates
not only in cells harboring a multicopy hfq gene but also in
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the wild-type cells. Further studies are necessary to fully
elucidate the mechanism by which Hfq level varies de-
pending on the physiological status.

Cells lacking the hfg gene are known to grow slowly
compared to hfg™ cells (Tsui et al. 1994). We showed
here that the moderate elevation of Hfq level by overex-
pression of hfg mRNA also negatively affects cell growth
(Fig. 5A). The cell growth is markedly inhibited when the
Hfq level is further increased by the distal mutation (Fig.
5B) or by replacing the hfg 5’-UTR with an unrelated SD se-
quence (Fig. 6). Thus, it is apparent that excess cellular Hfq
is toxic to cells. However, the inhibitory effect of excess
HfqY25D protein is stronger compared to excess wild-
type Hfq at the initial stage of growth, suggesting that
the unique nature of HfqY25D protein also may contribute
to the toxicity (Fig. 6). Another difference between two
proteins is that wild-type Hfq but not HfqY25D leads to
cell lysis finally. The distal face of Hfq is apparently respon-
sible for cell lysis under excess expression of wild-type Hfq.
The physiological significance of the hfq autoregulation
would be to prevent unnecessary increase of Hfq resulting
in an optimum Hfq level in a given physiological condition.
An additional interesting finding is that the growth inhibi-
tion caused by the Y25D mutation is suppressed by a rim

TABLE 1. Bacterial strains and plasmids used in this study

mutation (Fig. 5C). This suggests that the interaction of ex-
cess Hfg with certain cellular RNAs through the rim are
harmful to cells. The identification of such RNAs would
be certainly interesting and should contribute to under-
standing why the excess Hfq is toxic to cells.

MATERIALS AND METHODS

Bacterial strains and plasmids

The E. coli K12 strains and plasmids used in this study are listed
in Table 1. The DNA primers used for the plasmid construction
are listed in Table 2. To construct pQE-Hfg-His, the hfg-His, se-
quence was amplified with primers 1450 and 1451 using genomic
DNA derived from W3110mlc as a DNA template. The amplified
DNA fragment was digested with EcoR| and Hindlll and cloned
into pQE8OL. A series of derivatives of pQE-Hfg-His in which
one or more of the three RNA-binding surfaces of Hfq are mutat-
ed were constructed as follows. DNA fragment 1 containing the
hfq(R16A)-Hiss sequence was amplified with primers 1450 and
1457 using pQE-Hfg-His as a DNA template. DNA fragment 2
containing the hfq(R16A)-His, sequence was similarly amplified
with primers 1451 and 1456. Then, the DNA fragments 1 and 2
were used to amplify the entire hfq(R16A)-His, region with prim-
ers 1450 and 1451. The amplified DNA fragment was digested

Strain/plasmid

Relevant genotype and property

Source/reference

Strain
IT1568
TM589

Plasmid
pQESOL
pQE-Hfg-His
pQE-Hfq(R16A)-His
pQE-Hfq(Y25D)-His
pQE-Hfq(K56A)-His
pQE-Hfq(R16A Y25D)-His
pQE-Hfq(Y25D K56A)-His
pQE-Hfq(R16A K56A)-His
pQE-Hfq(R16A Y25D K56A)-His
pQE-Hfg(AU)-His
pQE-Hfq(Y25D AU)-His
pQE-Hfq(ARN*)-His
pQE-Hfq(Y25D ARN®)-His
pQE-Hfq(SDm)-His
pQE-Hfq(SDm Y25D)-His
pMW218
PPiac-SgrS
PPac-ChiX
pPic-RyhB
PPac-ChiXAARN
pPiac-ChiX-RyhB

W3110mlc
W3110mlc Ahfg

High-copy-number plasmid vector

Derivative of pQE8OL carrying hfg-His,

Derivative of pQE8OL carrying hfq(R16A)-His,
Derivative of pQE8OL carrying hfq(Y25D)-His,
Derivative of pQE8OL carrying hfq(K56A)-His,
Derivative of pQE8OL carrying hfq(R16A Y25D)-His,
Derivative of pQE8OL carrying hfq(Y25D K56A)-His,
Derivative of pQE8OL carrying hfq(R16A K56A)-His,
Derivative of pQE8OL carrying hfq(R16A Y25D K56A)-His,
Derivative of pQE8OL carrying hfq(AU)-His,
Derivative of pQE8OL carrying hfq(Y25D AU)-His,
Derivative of pQE8OL carrying hfq(ARN*)-His,
Derivative of pQE8OL carrying hfq(Y25D ARN*)-His,
Derivative of pQE8OL carrying hfq(SDm)-His,
Derivative of pQE8OL carrying hfq(SDm Y25D)-His,
Low-copy-number plasmid vector

Derivative of pMW218 carrying Piac-sgrS

Derivative of pMW218 carrying Piac-chiX

Derivative of pMW218 carrying Piac-ryhB

Derivative of pMW218 carrying Piac-chiXAARN
Derivative of pMW218 carrying Piac-chiX-ryhB

Laboratory stock
Morita et al. (2005)

QIAGEN
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
NIPPON GENE
This study
This study
This study
This study
This study

www.rnajournal.org 273



Morita and Aiba

TABLE 2. DNA primers used for construction of plasmids

Primer Sequence Plasmid

1450 CCCGAATTCGTATCGTGCGCAATTTTTTC pQE-Hfg-His and its derivative (F)

1451 CCCAAGCTTAAAAAAGGCTGGTGACTAAAAAGTCACCAGCCATCAGAGTTAGTG pQE-Hfg-His and its derivative (R)
ATGGTGATGGTGATGTTCGGTTTCTTCGCTGTCCT

1456 AACGCACTGGCTCGGGAACG R16A (F)

1457 CGTTCCCGAGCCAGTGCGTT R16A (R)

1454 TTCTATTGATTTGGTGAATG Y25D (F)

1455 CATTCACCAAATCAATAGAA Y25D (R)

1458 GGTTTACGCGCACGCGATTT K56A (F)

1459 AAATCGCGTGCGCGTAAACC K56A (R)

2020 CCCGAATTCCAGAATCGAAAGGTTC AU (F)

2019 CCCGAATTCGTATCGTGCGCAATTTTTTCAGAATCGAAAGGTTCAAAGTACAAATA ARN* (F)
AGCATATAAGGATATCAGAGAATGGCTAAG

2011 CCCGAATTCTGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGT PPrac-RyhB (F)
GAGGCGATCAGGAAGACCCTC

1145 CCCAAGCTTTGAGAACGAAAGATCAAAAA PPtac-RyhB (R)

1978 CCCGAATTCTGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGT PPtac-ChiX (F)
GAGACACCGTCGCTTAAAGTGA

1979 CCCAAGCTTGCGCTAAAAAAATGGCC PPtac-ChiX (R)

2009 CCCGAATTCTGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGT PPtac-Sars (F)
GAGGATGAAGCAAGGGGGTGC

1839 CCCAAGCTTAGAATAAAAAAAACCAGCAGGTATAATCTGC PPrac-SarS (R)

2039 GTGACGGAAATTCCTCTTTGACGGGCCAATAGCGA PPtac-ChiXAARN (F)

2040 AGGAATTTCCGTCACTTTAAGCGACGGTGTCTCAC PP:ac-ChiXAARN (R)

2041 ATGCCGTCACTTTAAGCGACGGTGTCTCACAATTCCACACATTAT PPtac-ChiX-RyhB (R)

2042 TTAAAGTGACGGCATAATAATAAAAAAATGGAAAGCACGACATTGCTCAC PPtac-ChiX-RyhB (F)

2043 ATTAAAGAGGAGAAATTAACTATGGCTAAGGGGCAATCTTT pPQE-Hfq(SDm)-His (F), pQE-Hfq

(SDm Y25D)-His (F)
2044 TTTCTCCTCTTTAATGAATTCTGTGTGAAATTGTT PQE-Hfq(SDm)-His (R), pQE-Hfq

(SDm Y25D)-His (R)

with EcoRIl and Hindlll and cloned into pQE8OL to construct
pQE-Hfq(R16A)-His. Similarly, pQE-Hfq(Y25D)-His and pQE-Hfq
(K56A)-His were constructed by using the corresponding DNA
primers. The pQE-Hfg-His derivatives carrying the double and tri-
ple mutations were constructed by using the corresponding DNA
primers and pQE-Hfg-His derivatives as DNA templates. Plasmids
PQE-Hfq(AU)-His and pQE-Hfq(Y25D AU)-His were constructed
as follows: pQE-Hfg-His and pQE-Hfq (Y25D)-His were used
to amplify the hfq(AU)-His, and hfg (Y25DAU)-His, sequences
with primers 2020 and 1451, respectively. The amplified DNA
fragments were digested with EcoRl and Hindlll and cloned
into pQE8OL. Similarly, pQE-Hfq(ARN*)-His and pQE-Hfq(Y25D
ARN*)-His were constructed by using primers 2019 and 1451.
Plasmids pPic-RyhB, pPic-SgrS, and pPy,~ChiX were construct-
ed as follows: pRyhB, pSgrS (Otaka et al. 2011), and chromosomal
DNA of W3110mlc were used to amplify the DNA fragment con-
taining ryhB, sgrS, and chiX sequence with primers 2011/1145,
2009/1839, and 1978/1979, respectively. The amplified DNA
fragments were digested with EcoRI and Hindlll and cloned into
pPMW218. Plasmids pPi,-ChiXAARN, pP;,~ChiX-RyhB, pQE-Hfq
(SDm)-His, and pQE-Hfq(SDm Y25D)-His were constructed by in
vitro recombination using the In-Fusion HD Cloning kit (Takara
Bio USA). pPic-ChiX and pPi.-RyhB were used to amplify the
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DNA fragment containing chiXAARN and chiX-ryhB sequence
with primers 2039/2040 and 2041/2042, respectively. pQE-Hfg-
His and pQE-Hfq(Y25D)-His were used to amplify the DNA frag-
ment containing hfq(SDm)-His and hfq(SDm Y25D)-His sequence
with primers 2043/2044, respectively.

Media and growth condition

Cells carrying indicated plasmids were grown at 37°C in LB medi-
um supplemented with ampicillin (50 pg/mL) and/or kanamycin
(15 pg/mL) when necessary. Overnight cultures were diluted
1000-fold (for growth experiments) or 100-fold (for protein or
RNA analyses) into the same fresh medium supplemented with in-
dicated concentrations of IPTG. Cell growth was monitored by
determining the absorbance at 600 nm.

Western blotting

The cultures (500 pL) were centrifuged and the cell pellets were
suspended in SDS-PAGE loading buffer (6.25 mM Tris-HCl at pH
6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.1% bromo-
phenol blue). The sample was heated for 5 min at 100°C and
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subjected to a 15% (for Hfq and Hfg-His,) or 10% (for GroEL) poly-
acrylamide-0.1% SDS gel electrophoresis and transferred to an
Immobilon membrane (Millipore). The membranes were treated
either with anti-Hfq polyclonal antibodies (Morita et al. 2005), an
anti-His, monoclonal antibody (Wako), and anti-GroEL polyclonal
antibodies (MERCK). Signals were visualized by the Lumi-Light
Western Blotting Substrate (Merck). Multi Gauge ver. 3.1 software
(Fujifilm) was used to quantify protein bands on the films. In terms
of Figures 4 and 6B, the culture (1 mL) was centrifuged and pellets
were suspended in LDS loading buffer (Invitrogen). The sample
was heated for 10 min at 95°C, subjected to a 12% Bis-Tris gel
electrophoresis (Invitrogen), and transferred to a nitrocellulose
membrane (Invitrogen). The membranes were treated either
with anti-Hfg polyclonal antibodies (Moon and Gottesman
2011), an anti-Hisq monoclonal antibody (Wako), and anti-GroEL
polyclonal antibodies (MERCK). StarBright Blue 700 Goat Anti-
Rabbit IgG (BioRad) and DyLight800 Goat Anti-Mouse IgG
(BioRad) were used as secondary antibodies for detection in fluo-
rescence western blotting. Images were obtained with a
ChemiDoc MP imaging system (BioRad). ImageQuant TL software
(GE Healthcare) was used to quantify protein bands.

Northern blotting

Total RNAs were isolated as described by Aiba et al. (1981). RNA
samples were resolved by 1.5% (for hfg-His, mMRNA, tmRNA, and
SgrS) or 1.2% (for ptsG mRNA) agarose gel electrophoresis in the
presence of formaldehyde and blotted onto Hybond-N" mem-
brane (GE healthcare). The RNAs were visualized using digoxi-
genin (DIG) reagents and kits for nonradioactive nucleic acid
labeling and a detection system (MERCK) according to the proce-
dure specified by the manufacturer. The following DIG-labeled
DNA probes were prepared by PCR using DIG-dUTP: a 309-bp
fragment corresponding to the coding region of hfqg (hfq probe);
363-bp fragment corresponding to the tmRNA (tmRNA probe);
305-bp fragment corresponding to the 5 region of ptsG (ptsG
probe); 227-bp fragment corresponding to the sgrS (SgrS probe).
Multi Gauge Ver. 3.1 software (Fujifilm) was used to quantify RNA
bands on the films.
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