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Small RNA are very important post-transcriptional regu-
lators in both, bacteria and eukaryotes. One of such
sRNA is Gral, encoded in the greA leader region and
conserved among enteric bacteria. Here, we conducted
a bioinformatics search for Gral's targets in trans and
validated our findings in vivo by constructing fusions of
probable targets with lacZ and measuring their activity
when Gral was overexpressed. Only one target’s activity
(nudE) decreased under those conditions and was thus
selected for further analysis. In the absence of GraL and
greA, the nudE:lacZ fusion’s B-galactosidase activity was
increased. However, a similar effect was also visible in
the strain deleted only for greA. Furthermore, overpro-
duction of GreA alone increased the nudE:lacZ fusion’s
activity as well. This suggests existence of complex reg-
ulatory loop-like interactions between GreA, GraL and
nudE mRNA. To further dissect this relationship, we per-
formed in vitro EMSA experiments employing GraL and
nudE mRNA. However, stable GraL-nudE complexes were
not detected, even though the detectable amount of un-
bound GraL decreased as increasing amounts of nudE
mRNA were added. Interestingly, GralL is being bound
by Hfqg, but nudE easily displaces it. We also conducted
a search for genes that are synthetic lethal when deleted
along with Gral. This revealed 40 genes that are ren-
dered essential by GraL deletion, however, they are in-
volved in many different cellular processes and no clear
correlation was found. The obtained data suggest that
Gral’s mechanism of action is non-canonical, unique and
requires further research.
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INTRODUCTION

Regulatory RNAs that control gene expression post-
transcriptionally are commonly found in prokaryotic and
eukaryotic worlds. In eukaryotes, they are called non-
coding RNAs and are represented by miRNA and siR-
NA. In prokaryotes, such RNAs are referred to as small
RNA (sRNA) (Gottesman, 2004; Gottesman & Storz,

2011). In recent years a growing number of sRNA has
been reported, reaching over 900; this includes about 90
sRNA in Escherichia coli alone (according to sSRNAmap, a
small RNA database (Huang e a/, 2009)). It is evident
that sSRNA are crucial for bacterial regulation of many
processes, for example by controlling expression of ma-
jor transcriptional factors (like RpoS in E. w/i (Gottes-
man, 2004; McCullen e# al., 2010)), outer membrane pro-
tein genes (Guillier & Gottesman, 2006; Valentin-Hans-
en et al., 2007), quorum sensing (Tu & Bassler, 2007),
iron homeostasis (Masse ¢# al., 2005; Masse et al., 2007,
Vecerek ez al., 2007), LPS modification (Moon & Gottes-
man, 2009) and pathogenicity (Romby ez al., 2006; Tole-
do-Arana et al., 2007).

sRNA are 50-500 nucleotides long and may act either
in ¢s or in frans (Storz et al., 2011). Cis-acting SRNA ex-
ert their effects directly on the gene in the locus that
encodes them and include riboswitches and anti-sense
RNAs. Riboswitches are embedded in the mRNA struc-
ture whose expression they regulate; upon binding of an
effector molecule or responding to an environmental sig-
nal, secondary structure of the riboswitch changes and
often either allows or blocks transcription or translation
(Gottesman & Storz, 2011; Kortmann & Narberhaus,
2012; Hoe et al., 2013). Anti-sense RNAs require perfect
base pairing with their targets (Pedersen & Gerdes, 1999;
Kawano ez al., 2002).

On the other hand, #rans-acting sRNA exert their ef-
fects on genes localized in a different locus than the one
that encodes them. Such regulation is usually dependent
on imperfect base pairing between a given sRNA and its
target mRNA(s) (Gottesman, 2004; Storz et al., 2011).
One sRNA may regulate many genes, for example DsrA
targets resA, hns, rpoS, #vH and argR mRNA  (Sledjeski
& Gottesman, 1995; Lease ¢t al., 1998; Majdalani ez al.,
2005). The mechanism of action may exert a positive ef-
fect on gene expression and involve uncovering of the
ribosomal binding site; or negative, where ribosomal
binding site might be blocked or the mRNA might be
targeted for degradation (Gottesman & Storz, 2011). Of-
ten, but not always, base pairing requires an additional
factor, i.e. Hfq protein that is thought to stabilize the
RNA-RNA interactions (Beisel ez al., 2012; Faner & Feig,
2013).

The majority of sRNA are #ans-acting. Still, only a
fraction of those sSRNA have known mRNA targets (ac-
cording to sSRNAmap database only about half of E. co/i
sRNA have known targets). Gral,, a small regulatory
RNA that we discovered while investigating greA regula-
tion (Potrykus ez al., 2010), is an example of SRNA whose
targets still remain elusive. GreA is a protein transcrip-
tional factor that binds directly to RNA polymerase and
affects the initiation and elongation steps of transcription
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(Laptenko ez al., 2003; Borukhov ez al., 2005; Potrykus ez
al., 20006). Thus, greA regulation is of substantial general
interest, especially in the light of a discovery that there is
a tight interplay between three transcriptional factors of
similar structure — GreA, GreB, and DksA (Potrykus ef
al., 2006; Aberg et al, 2008; Vinella ez al., 2012).

In our previous work (Potrykus e al., 2010), we found
that gred promoter region contains two very strong
overlapping promoters (¢”° dependent P1 promoter, and
o dependent P2 promoter, whose transcription start
sites are 10 bp apart) and an unusual terminator, local-
ized in this gene’s 149 nt leader region (Fig. S1 at www.
actabp.pl). The terminator causes premature transcription
termination of about 2/3 of the overall transcripts initi-
ating from the P1 and P2 greA promotets (only 1/3 of
transcripts reads through the terminator and yields greA
mRNA). Such transcripts were observed to appear both,
under iz vitro and in vive conditions, and the short tran-
scripts were termed Gral (for greA leader region) (Pot-
rykus et al. 2010).

The effect of overproducing Gral. was assessed by fit-
ness assays and transcriptional microarrays (Potrykus ez al.,
2010). In mixed populations, Gral.-overexpressing cells
were found to overtake wild type cells subjected to several
cycles of growth in liquid medium until stationary phase
and then diluting back into a fresh medium, as compared
to cells where a scrambled version of the Gral. sequence
was being overproduced. This indicated that the Gral. ef-
fect is sequence specific. However, it is unclear at which
phase of growth Gral. conferred this fitness advantage.
On the other hand, microarray data revealed that Gral
significantly affects expression of over 100 genes, which
includes genes for motility, iron homeostasis and amino
acid metabolism. However, bioinformatics search for se-
quence complementarity among the affected mRNAs did
not point to any one of them as being the direct target of
this sSRNA, and so the role and precise function of Gral.
still remained unsolved. A bioinformatics search with the
program TargetRNA, the first program specifically de-
signed to elucidate sSRNA targets (Tjaden e al, 2000),
gave no satisfactory results as well.

Here, we took advantage of a more recently released
software called sTarPicker that is thought to largely out-
perform TargetRNA (Ying e¢f al, 2011; Faner & Feig,
2013). With the help of this program we were able to
predict 13 highly probable targets of Gral.. LacZ fusions
were constructed for each of the predicted target sites
and the effect of GralL on their B-galactosidase activity
was measured 7z vivo. Among them, one predicted tar-
get (nudE) gave the most promising results and was fur-
ther tested 7z vitro. We have also undertaken a search for
genes that are synthetic lethal with Gral,, in hopes of
defining a biological role for this sSRNA. The results ob-
tained point to 40 genes in the absence of which Gral.
seems to become essential for the E. w/i cells.

MATERIALS AND METHODS

Bacterial strains and plasmids. The backgrounds,
genotypes, and sources of the E. ¢/ strains used in this
study are listed in Table S1 (at www.actabp.pl) in the
supplemental material. All strains used ate derivatives of
MG1655. Mutant alleles were introduced into this back-
ground 2z standard P1 transduction (Miller, 1972), se-
lecting transductants with the appropriate antibiotic re-
sistance.

To construct predicted Gral. target region translation-
al fusions with /7, PCR amplifications of chromosomal

DNA from the MG1655 strain were carried out using
the primer pairs listed in Table S2 (at www.actabp.pl).
The fusions contained native promoter regions of each
putative target gene. The PCR products were digested
by EcwRl/BamHI and cloned into pRS414 (Simons ez
al, 1987). When single-copy fusions were employed,
the fusions were introduced into the bacterial chromo-
some of strains CF15617 (MG1655 AlacZ) and CF15615
MG1655 AlacZ ArelA AspoT) using the RS45 lambda
phage; we verified that the strains were monolysogens as
described in (Powel ez al, 1994). The single-copy fusions
were also confirmed by sequencing to contain the proper
promoter region.

The AgreA:em and AgreAd AGral.cem  strains were
constructed by employing lambda Red recombination
system, supplied on the pSim19 plasmid (Sharan ez al,
2009). Plasmid pLysE (Studier, 1991) setved as a source
of the chloramphenicol resistance cassette, which was
amplified with the primers listed in Table S2 (at www.
actabp.pl).

Plasmids pGral. and pScr (expressing corresponding
GraL. or Scr RNA) were constructed by using dsDNA
fragments obtained by mixing appropriate, partially over-
lapping primer pairs (final concentration of each prim-
er was 1 uM), with a PCR master mix containing Taq
polymerase, dN'TPs and buffer (GoTaq 2X Master Mix
Green, Promega; reaction final volume was 200 pl) fol-
lowed by denaturation (95°C, 1 min), cooling at 0.1°C/s
to 55°C, incubation at 55°C for 1 min, and 1 cycle of
extension at 72°C for 1min. Thus prepared DNA frag-
ments were purified with an Amicon Ultra 10K device
(Merck), digested by EwRIl/Hindlll and cloned into the
pHM1786 plasmid (Potrykus e al, 2000), under ptac
promoter. Plasmid pHM1786 is a pGB2 derivative (077
pSC101, Spck; (Churchward e al., 1984)). Primers used
are listed in Table S2 (at www.actabp.pl). When need-
ed, pHM1883 (Vinella ¢ al, 2012) was used as a vec-
tor control. pRC-Gral. was constructed by cloning the
same dsDNA fragment as for pGral., but using pRC7 as
the recipient vector (de Boer ¢# a/., 1989; Bernhardt & de
Boer, 2004). Plasmid used for GreA overexpression was
pHM1873 (Vinella e al., 2012), which is a pGB2 deriva-
tve.

B-galactosidase assays. B-galactosidase assays were
performed as described previously (Miller e# a/, 1972).

Electrophoretic mobility shift assays (EMSA).
These assays were performed basically as described in
(Motita et al., 2012). GralL was labeled at the 5 end
with Cy5 (labeled RNA oligo ordered from IDT DNA).
RNA (nudE and JacZ mRNAs) was synthesized using
MAXITscript™ T7 Transcription Kit (Thermo Scientific),
and purified by PAGE according to the manufacturer’s
protocol. In an instance when labeled mRNA was em-
ployed, fluorescein-12-UTP (Roche) was used for nudE
and /acZ mRNA synthesis 7z vitro. DNA templates for in
vitro transcription were prepared by PCR (Hybrid DNA
polymerase, EURx) using E. c/i MG1655 suspension as
source of DNA template for #u#dE probes, and pUC19
plasmid as a source of /Z, and then purified with Gen-
Elute PCR Clean-Up Kit (Sigma/Merck). Primers used
are listed in Table S2 (at www.actabp.pl).

Assays without Hfq: Gral. and mRNA were mixed on
ice, denatured at 70°C for 5 min., incubated at 30°C for
1 hour and applied on a running non-denaturing 4.5%
polyacrylamide gel (0.5 TBE running buffer, 250V,
60 min). Gral. final concentration was 10 nM, and the
mudE and /acZ mRNA concentrations varied accordingly
(Gral:mRNA ratios in most cases were 1:2; mRNA ti-
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tration experiment was done with 1:2, 1:4, 1:8 or 1:16
ratios).

Assays with Hfq: Gral. was mixed with Hfq and
mRNA on ice, incubated for 20-30 min. at 37°C and
applied on a running non-denaturing 6% polyacrylamide,
5% glycerol gel (0.5X TBE running buffer, 250V, 90
min). Final concentrations were: Gral. — 7.5 nM, Hfq —
300 nM (monomers, corresponding to 50 nM Hfq hex-
amers). The nudE and /acZ mRNA concentrations varied
accordingly (GraL:mRNA ratios in most cases were 1:2;
mRNA titration experiment was done with 1:2, 1:4, 1:8
or 1:16 ratios). Purified native Hfq was a generous gift
received from Dr. Grzegorz M. Cech.

Construction of a library of strains that are syn-
thetic lethal with GraL. The library of synthetic lethal
strains was constructed basically as described in (Bern-
hardt & de Boer, 2004). Strain ECMZ1506 (ppGpp’
AgreA AGral /pRC-Grall) was used as the recipient
strain. EZ-Tn5™ <KAN-2>Tnp Transposome Kit
(Epicentre) was used according to the manufacturet’s
instructions. Transposon insertions were identified by
RATE-PCR (Ducey &Dyer, 2002), with primers listed in
Table S2 (at www.actabp.pl).

RESULTS

In silico prediction of Gral’s putative targets and their
assessment in vivo

With the use of the sTarPicker software we were able
to identify putative targets of Gral., employing standard
parameters suggested at the software webpage (Figs S2
and S3 at www.actabp.pl). A separate search was done
for the P1- and P2- promoter initiated Gral. transcripts.
Nine top rated results for P1 (flgA, gadB, nudE, panD,
poS, rsxC, xanP, ydeC, yhdl”) and five top rated results
for P2 (rz0Q, xanP, yjfP, yjfX, yk¢R) were chosen for fur-
ther research. One target (xazP) was common for both
variants, although it is assumed full length Gral. would
still interact with both types of targets, as the P2 origi-
nated transcripts are encompassed in the Pl-initiated
ones. For the P2 initiated transcript the program mainly
predicted targets that would presumably interact with the
polyU tail of GralL and which we deem to be nonspe-
cific to GraL. Still, we constructed 13 /zcZ fusions of the
regions bearing the predicted target sites, with the caveat
that the fusion also had to contain the putative gene pro-
moter, any leader region (if applicable) and the sequence
corresponding to the first 10 codons of the given gene
(Table S2 at www.actabp.pl). The promotet region/target
site — /acZ fusions were constructed with the use of the
pRS414 plasmid, as described in the Materials and Meth-
ods section. The interaction of Gral. with putative tar-
gets was monitored by measuring 3-galactosidase activity
during growth in LB medium, in the presence of a plas-
mid overproducing Gral. (pGral)), its scrambled version
(pScr), or a vector control with no insert (pHM1883).

It was anticipated that an interaction of Gral. with
its target would cause a change in the target fusion’s
B-galactosidase activity, corresponding to an increased
or decreased ribosome binding site accessibility. Alterna-
tively, the target mRNA stability might have been also
affected due to the GralL/mRNA interactions. When
present, IPTG was added to 1mM.

Since our previous microarray data indicated that over
100 genes are affected by Gral. overexpression in a
ppGpp’ background, and only very modest effects were
observed in the ppGpp* strains (Potrykus e al, 2010),

here, we performed initial experiments in the wild type
MG1655 AlacZ, ie. CF15617) and ppGpp’ MG1655
AacZ ArelA AspoT, ie. CF15615) strain backgrounds.
The ppGpp® strains are fully devoid of ppGpp (guano-
sine-3’,5’-bisdiphosphate), a crucial mediator of bacterial
stringent response (Potrykus & Cashel, 2008)).

Among all 13 fusions (tested in both strain back-
grounds, each carrying pGral,, pScr or the vector con-
trol), we found only one where Gral'’s presence on a
multicopy plasmid affected a given target fusion’s activity
(Fig. 1A, and data not shown). That fusion encompassed
nudl region and Grall’s effect was evident only in the
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Figure 1. B-galactosidase activity of the nudE:lacZ fusion in
ppGpp° AlacZ strains under different conditions.

Differential plots are depicted, with B-galactosidase activity plot-
ted on the y-axis, and ODy,, on the x-axis. The slope of each curve
corresponds to Miller units (specific B-galactosidase activity, tabu-
lated in Table S3 (at www.actabp.pl for panels A & B), Table S4 (at
www.actabp.pl for panels C & D) and Table S5 (at www.actabp.
pl for panels E & F)). Cells were inoculated into LB, grown at 30°C
with shaking, and samples were removed in time. When present,
IPTG was added to 1 mM at ODg,, ~ 0.1. (A) Multicopy nudE:lacZ
fusions were employed and activity was monitored under condi-
tions of wt GralL (pGral, circles) or scrambled Gral (pScr, squares)
overproduction. The vector control used was pHM1883 (triangles).
Closed symbols indicate addition of IPTG. (B) The same as in (A)
but with single copy fusions. (C) Multicopy nudE:lacZ fusions
were employed and activity was monitored in AgreA (squares)
and AgreA AGral (circles) strains. As control, ppGpp® AlacZ strain
was used (triangles). (D) The same as in (C) but with single copy
fusions. (E) Single copy nudE:lacZ fusions were employed and the
effect of Gral's overproduction from the pGraL plasmid was moni-
tored. Control strain — ppGpp° AlacZ (triangles); AgreA AGral (cir-
cles); AgreA (squares). Closed symbols indicate addition of IPTG.
(F) The same as in (E), but the effect of GreA overproduction from
the pGreA plasmid was monitored.
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ppGpp? background, where Gral’s overproduction from
the plasmid (either in the presence or absence of IPTG)
caused a notable, 30% decrease in the B-galactosidase
activity (decrease in the average Miller units measured
over the course of growth, Table S3 at www.actabp.pl
and data not shown). The pScr plasmid did not confer
such an effect (only about 10% decrease in the absence
of IPTG, and no effect in its presence), indicating the
observed inhibition was specific to Gral. and did not re-
sult simply from titrating out Hfq or some other regu-
latory factor, since otherwise overproduction of a ran-
dom RNA sequence would also cause a drop in activity.
Surprisingly, when the nudE::lacZ fusion was then intro-
duced in a single copy on the chromosome, the effect of
Gral. disappeared (Fig. 1B, Table S3 at www.actabp.pl).

Since the lack of Gral’s effect on nudE::lacZ activity,
when present in single copy, could be due to the pres-
ence of chromosomally encoded Gral,, we repeated the
above experiment with the multicopy and single copy
nudE::lacZ fusions but in the AgreA AGral. background.
A deletion of only Gral. would affect the cellular lev-
els of GreA and thus such construct was avoided, as
GreA is an important transcription factor. An otherwise
ppGpp? MG1655 AlacZ ArelA AspoT) and AgreA strains
were used as control. As can be seen in Fig. 1C and 1D,
removal of Gral. together with gre caused an increase
in the multicopy nudE::lacZ fusion activity (about 44%
increase in the average Miller units measured over the
course of the growth curve, Table S4 at www.actabp.
pl). When present in single copy, a much more mod-
est although discernable effect was observed (12% in-
crease). Unexpectedly, the removal of only greA also had
an upregulating effect on the nudE::lacZ fusion activity,
which was even stronger for the multicopy fusion than
the one observed in the AgreAd AGral. background (80%
and 13% increase for the mulicopy and single copy fu-
sions, respectively). No differences were observed in sin-
gle copy fusion between AgreA and AgreA AGral. strains.

To further test whether GreA itself could affect the
mudE::lacZ fusion activity, we employed the same single
copy nudE::lacZ fusion strains as above, but this time
either GreA or Gral. were overproduced from a mul-
ticopy plasmid. Again, a strain with chromosomally en-
coded greAd and Gral. was used as control. As depicted
in Fig. 1F and Table S5 (at www.actabp.pl), GreA over-
production had only a very modest effect when 1 mM
IPTG was added, regardless of whether Gral. was pre-
sent or not (about 13% increase in all cases). Conversely,
when GralL was overproduced from a multicopy plasmid
(either in the presence or absence of 1 mM IPTG), the
activity of the wudE::lacZ fusion was lower in the pres-
ence of chromosomally encoded greA than in its absence
(in the greA™ background, the fusion’s activity was de-
creased by about 15.5% when compared to the AgreA
and AgreA AGral. backgrounds, Fig. 1E and Table S5
at www.actabp.pl), indicating that to some extent GreA
might be involved in the Gral. mediated downregulation
of the nudE::lacZ B-galactosidase activity.

In vitro approach to validate GraL-nudE interactions

In order to validate the above tresults, we decided to
employ electrophoretic mobility shift assays (EMSA)
with the use of fluorescently labeled Gral. (region span-
ning from +1 of the gred P1 promoter to +59) and
unlabeled ##dE mRNA (see Materials and Methods for
details). In the initial experiment, three different nudE
mRNA fragments were used — two spanning the pre-
dicted Gral. binding site (“long” nudlZ mRNA, spanning

2018
r -72 -53 +1 nudE sequence
AUG
GralL
53 #1115 Short
-180 +115

Medium

-308 +115  Long
lacZ +114__+318

Figure 2. A schematic representation of nudE mRNA fragments
used for EMSA assays, with predicted Gral target site indicated;
lacZ mRNA (fragment spanning +114 to +318, based on lacZ
present in pUC19) was used as a negative control.

The fragment positions are calculated relative to the first AUG
codon of nudE and lacZ mRNAs, respectively. The putative tran-
scription start site is depicted by an arrow, and corresponds to
the most upstream putative promoter of nudE (nudEp9); the other
four putative promoters are downstream of that region (nudEpé6,
nudEp8, TSS_3996, nudEp1). The long fragment is spanning the
whole region included in the nudE-lacZ fusion.

from —308 to +115, where +1 is A in the first AUG
codon of nudE; “medium” nudEE mRNA spanning from
—180 to +115); and the other excluding this site (“short”
mdlE mRNA, spanning from —53 to +115) which we
treat as a negative control providing the predicted target
site is correct (Fig. 2). As an additional negative control,
lacZ mRNA (spanning +114 to +318) was used since
Gral. is not predicted to interact with this mRNA in
any way. This would also validate our experiments using
the /acZ fusions. Gral. was incubated with either of the
RNA fragments at a 1:2 ratio, in the absence or presence
of Hfq.

As can be seen in Fig. 3, in the absence of Hfq there
is an evident decrease in the amount of detectable un-
bound Gral. when either of the n#dE fragments is added
(about 80% drop in all cases). On the other hand, no
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Figure 3. EMSA experiments with GraL and nudE mRNA in the
absence of Hfq.

Three nudE mRNAs of different lengths were used (“short” (168
nt), “medium” (295 nt) and “long” (423 nt), as depicted in Fig. 2);
lacZ mRNA (204 nt) was used as a negative control . GraL was la-
beled at the 5 end with Cy5. The ratio of GraL:nudE mRNA was
1:2. “Control” indicates a control reaction carried out with GraL
but without any additional mRNA. (A) A representative EMSA gel;
arrow indicates the position of unbound GralL. (B) The amount of
unbound Gral is plotted. The data was normalized to the amount
of unbound GraL in the absence of any additional mRNA (set as
100%). The experiment was done in triplicate. Error bars represent
S.EM.
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Figure 4. EMSA experiments with GraL and nudE mRNA in the
presence of Hfq.

Three nudE mRNAs of different lengths were used (“short”, “me-
dium” and “long”, as depicted in Fig. 2); lacZ mRNA was used as a
negative control. GralL was labeled at the 5" end with Cy5. The ra-
tio of GraL:nudE mRNA was 1:2. “Control” indicates a control reac-
tion carried out with Gral but without any additional mRNA. (A) A
representative EMSA gel; arrow indicates the position of unbound
GraL (B) The amount of unbound Gral is plotted. The data was
normalized to the amount of unbound Gral in the absence of Hfg
and any additional mMRNA (set as 100%).The experiment was done
in triplicate. Error bars represent S.E.M.

discernable complexes are detected. Also, a similar effect
is observed with the /acZ negative control, which indi-
cates the observed effect is nonspecific. Possibly, due to
a high number of such nonspecific Gral-mRNA com-
plexes (spread out throughout each lane), they are below
the limit of detection.

Since GralL was recently reported to interact with Hfq
in Salmonella enterica as it was detected among plethora of
other sSRNAs interacting with this chaperone (Smirnov,
2016), a similar experiment as above was performed in
the presence of Hfq (Fig. 4). In the absence of any ad-
ditional mRNA, about 95% of Gral. is bound by Hfq.
Surprisingly, upon adding #zdlE mRNAs, Gral. does not
form any additional complexes with slower electropho-
retic mobility — instead, Gral. seems to be released from
the Hfq complexes. This would mean that Hfq has high-
er affinity towards the ##dE fragments used than towards
Gral. itself and it does not mediate in the Gral-nudE in-
teractions. Indeed, when employing fluorescently labeled
mdE. mRNA, we found that Hfq binds to those RNA
fragments, and Gral. is excluded from those complexes
(data not shown). When quantitating unbound Gral,, it
is evident that the strongest effect is observed for the
“medium” and “long” n#dE. RNAs (about 74% and 60%
release of Gral. from the Hfq complexes, respectively),
than for the “short” and /Z RNAs (only about 16%
and 12% release, respectively). Thus, this effect seems to
be sequence specific, however, it is unclear why Gral.-
mudE complexes of slower electrophoretic mobility again
are not being detected. One possibility is that these com-
plexes are too unstable to withstand EMSA conditions.

In another attempt to try to resolve the observed phe-
nomenon, we employed increasing GralL-mRNA ratios,
using the “short” and “long” nudE variants (Fig. 5). In
the absence of Hfq, as in Fig. 3, we observe a decrease
in the unbound Gral. amount, which roughly stays at
the same level throughout all ratios tested (from 1:2 to
1:16). There are only modest differences between the
“short” and “long” nudE RNA. On the other hand, in
the Hfq presence, increasing ##dlE RNA concentrations
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Figure 5. Titration of two nudE mRNA variants in the presence
or absence of Hfq.

Gral was labeled at the 5’ end with Cy5. “Short” and “long” nudE
variants were used (see Fig. 2). The ratios of GraL:nudE were
1:2, 1:4, 1:8 and 1:16. (A) Representative EMSA gels; arrow indi-
cates the position of unbound GralL (B) The amount of unbound
GralL obtained in the absence or presence of Hfq is plotted. The
data was normalized to the amount of unbound GralL at the 1:0
GraL:nudE ratio (set as 100%). The experiment was done in dupli-
cate. Error bars represent S.E.M.

Arbitrary cou

seem to trelease more Gral. from the Gral.-Hfq com-
plexes (Fig. 5). As in Fig. 4, this effect seems to be se-
quence specific, since “long” nudE RNA is far better at
competing out Hfq than the “short” version (especially
when present at the 1:2, 1:4 and 1:8 ratios). However,
as before, the presumable Gral-n#dE complexes are not
discernable.

Search for genes that are synthetic lethal with GralL

Screens for synthetic lethal genes help to define net-
works of interactions between genes whose products
might be involved in the same processes such that one
can compensate for the other under certain circum-
stances. Such screens are especially important for genes
whose deletion (or inactivation) on their own does not
confer an apparent phenotype, or the phenotype is mi-
not, as is the case for Gral..

In our screen, we had employed a low copy number,
unstable plasmid (pRC7 (Bernhardt & de Boer, 2005))
which is easily lost by the cells in the absence of antibi-
otic pressure (i.e. ampicillin, as the plasmid confers am-
picillin resistance). In addition, the pRC7 plasmid also
carries /acZY A, so that its presence can be monitored
in E. coli cells lacking /acZ on the chromosome by sim-
ply plating cells on a medium supplemented with X-gal.
We had cloned GralL into this plasmid under p, pro-
moter. GralL overproduction from the resulting pRC-
GralL plasmid was confirmed by Northern blot analysis
(data not shown).

In our initial experiments we wanted to test whether
pRC-Gral. would be indeed easily lost by bacterial cells
in our experimental setup. The strains we employed,
besides having deleted /zcZ on the chromosome, were
also either AgreA (control) or AgreA AGral.. In addition,
we also tested the effect of overproducing GreA from
a plasmid (pGreA), as originally we assumed we would
perform our screen in the AGral. greA*™ background.
ppGpp* and ppGpp° strains were employed, bringing
the number of the tested combinations to 16 strains, in-
cluding controls (Table S1 at www.acyabp.pl).

Appropriate strains were inoculated into liquid LB me-
dium without ampicillin to obtain OD,,~0.05. Growth
was continued with aeration for 3 hrs, and samples were
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withdrawn every 30 min. The cells were then plated on
LB with X-gal, incubated at 30°C for 48 hrs and the
color of colonies was scored. Completely white colonies
indicated that the initial cells plated on the medium had
already lost the plasmid; completely blue colonies were
those where each cell had retained the plasmid through-
out growth on plate; sectioned colonies (partly white,
partly blue), corresponded to an instance when some
of the cells had lost the plasmid while the colony was
growing on the plate.

As depicted in Figs S4 and S5 (at www.actabp.pl),
the strains that lost the pRC-Gral. plasmid the most
casily were ppGpp? AgreA AGral. and ppGpp’ AgreA
(81% and 78% of colonies were fully or partly devoid
of pRC-Gral. after 3 hr cultivation in LB without ampi-
cillin, respectively). Surprisingly, overproduction of GreA
from a plasmid seemed to stabilize pRC-Gral. in these
strains, as more of the completely blue colonies formed
in its presence (19% and 21% without pGreA us 65%
and 63% with pGreA, respectively), and thus pGreA was
omitted in further studies.

In order to search for genes that are synthetic lethal
with Gral,, we performed random transposon inser-
tion mutagenesis with the Tn5:kan transposon and the
ppGpp° AgreAd AGral/pRC-Gral strain (see Materials
and Methods section). The mutant library was first plat-
ed on LB containing kanamycin and ampicillin (to select
for clones carrying both, Tn5:kan and pRC-Gral), and
was estimated to have 18,440 individual clones. Thus ob-
tained colonies were collected, pooled and then plated
on LB without any antibiotic, but containing X-gal. The
assumption is that if the transposon happened to disrupt
a gene whose lack of function renders Gral. to be es-
sential, a completely blue colony would arise, as the plas-
mid would have to be maintained in all cells of a given
colony.

The screen was carried out twice, in the first instance
screening about 10000 colonies, and screening about
20000 colonies in the second one. After initial plating
on X-gal plates, 80 and 100 insertion mutant clones
qualified for further analysis, in the first and second
screen, trespectively. Upon subsequent restreaking, done
twice for each selected clone, 20 and 30 mutant strains
maintained pRC-GraL in all cells of all of their colonies
in streaks on plates, in the first and second screen, re-
spectively. The genes where the transposon was inserted
were then identified by RATE-PCR and subsequent se-
quencing. This approach was successful for 18 and 29
clones, in the first and second screen, respectively. Al-
together, we found that 40 genes seem to be synthetic
lethal with Gral.. In four instances the same gene was
found to be disrupted in both screens (epC, feo.A, xanP,
yial), and in three instances the same gene was identified
twice in the same screen (feoA, narZ, ybfT). The results
are presented in Table 1.

DISCUSSION

In the work presented here, we have undertaken to
identify the regulatory role of Gral. i trans to substan-
tiate its biological significance that has been previously
demonstrated with microarray and fitness assays (Pot-
rykus e al., 2010). Here, we identified #udE as a poten-
tial target of Gral. 7z vivo, as we show that Gral. over-
production decreases the nudE::/acZ fusion activity, when
the fusion is present in multicopy. For the single copy
fusion, this effect is observed only in cells devoid of
GralL on the chromosome (in this case, nudE::lacZ ac-

tivation is observed). This could indicate the amount of
Gral. supplied from the chromosomally encoded sRNA
is enough to exert regulation. Surprisingly, GreA seems
to play a part in the #udE regulation as well, since delet-
ing only greA also upregulates $-galactosidase activity of
the nudE:flacZ fusion. On the other hand, GreA over-
expression also has an upregulatory effect. This could
indicate the existence of a feed-back regulatory loop in-
volving GralL and GreA. More research is needed to un-
derstand this possible phenomenon. The fact that GraL
is encoded in the greA leader region and regulates the
amount of grel mRNA that is transcribed, further com-
plicates this matter.

In an effort to confirm our i vivo observations, we
performed a series of 7 witro experiments employing
electrophoretic mobility shift assays (EMSA). We found
that Hfq binds to Gral., which is in line with a recently
published report on Salmonella enteritica sSRNA that bind
Hfq or ProQ (a newly discovered sRNA chaperone pro-
tein) (Smirnov ez al, 2016). There, by employing gradi-
ent profiling of protein-bound sRNA, Gral. was identi-
fied among sRNA that are bound by Hfq. Since GraL
is highly conserved in the enteric bacteria (Potrykus ez
al., 2010), it could be expected that binding of Hfq to
GraL. would also hold true for E. /. Still, in our EMSA
experiments we found that Hfq which was pre-bound to
Gral. could be easily out-competed by nudlZ mRNA, al-
though we did not detect any recognizable Gral.-nudE
complexes, while at the same time the added mRNA did
shift with Hfq itself (this complex did not include Gral;
data not shown). This is also in line with evidence that
sRNAs may actively compete with each other for bind-
ing to Hfq (Fender e al, 2010; Moon & Gottesman,
2011). Overall, we take the results obtained here by us
to mean that although Gral. is bound by Hfq, this chap-
erone does not mediate the Gral.-zu#dE interactions.

The nudE gene, identified in our in silico search and
in vivo tests as a possible target for Gral,, encodes an
adenosine nucleotide hydrolase, which is a nudix enzyme
whose substrates include NADH, ADP-D-ribose, and
5’,5"”-diadenosine triphosphate (Ap3A) (O’Handley et
al., 1998). A decrease in nudE expression could possibly
lead to an imbalance in the NADH/NAD* ratios and in
effect have broad cellular implications, as NAD serves
as a cofactor in over 300 red-ox reactions (Foster e# al.,
1990). On the other hand, it could be also imagined
that decreased nudE expression would yield increased
levels of ADP-D-ribose in the cell, which in turn could
lead to increased non-enzymatic protein glycation and
thus protein inactivation and/or enhanced degradation
(O’Handley e# al, 1998). In that second instance, how-
ever, a disadvantage to cells would have been expected,
while cells overexpressing Gral. were characterized by
better fitness than wild type cells (Potrykus e/ al, 2010).

Our search for genes that are synthetic lethal with
Gral,, ie. in the absence of which Gral. becomes es-
sential for the cell, returned 40 genes that could be
roughly divided into 5 major categories: metabolism
(carbohydrate, amino acid, energy and lipid metabo-
lism — 14 genes), environmental information process-
ing (signal transduction and membrane transport — 6
genes), transporters (7 genes), transcription factors (5
genes) and enzymes (12 genes; among them, transferases
seem to be the most abundant — 6 genes). Evidently, no
clear correlation between the functions of these genes is
found. Instead, Gral. indeed seems to affect many dif-
ferent processes, as would be expected if the NADH/
NAD* ratios were altered. It is possible that in the ab-
sence of Gral.,, NADH levels would decrease in the cell
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Table 1. Genes identified as synthetic lethal with GralL.

*Descriptions are provided according to the KEGG Pathway and KEGG BRITE annotation (http://www.genome.jp/kegg/); 1Several genes are
annotated in multiple ways, thus they are listed more than once; Sgenes found twice in the same screen; *genes found in both screens;
genes in parenthesis — not classified in KEGG, but listed here according to EcoGene (www.ecogene.org (Zhou & Rudd, 2013))

Description*

Gene'

Environmental Information Processing

Signal Transduction

cpxR, gInA, narZs

Membrane transport

fecC, tauA, yhbG

Enzymes

Hydrolases yhbG
Ligases glnA
Lyases fabA

Oxidoreductases

adhek, bisC, narZs

Transferases cysD, maa, pfD, tdcE, waaP, yahl
Lipopolysaccharide biosynthesis proteins waaP
Metabolism

Amino acid metabolism

Alanine, aspartate and glutamate metabolism glnA
Arginine biosynthesis glnA, yahl
Metabolism of other amino acids cysD
Tyrosine metabolism adhE
Carbohydrate metabolism

Galactose metabolism gatZ
Glycan biosynthesis and metabolism waaP
Glycolysis/gluconeogenesis adhE
Glyoxylate and dicarboxylate metabolism glnA

Pyruvate metabolism

adhE, eutD, pfID, tdcE

Energy metabolism

Nitrogen metabolism

glnA, narZs, yahl

Nucleotide metabolism cysD, yahl
Sulfur metabolism cysD, tauA
Lipid metabolism adhE, fabA
Metabolism of cofactors and vitamins bisC

Transcription factors

cadq, frIR, (perR), tdcA, (yahB)

Transporters
ABC transporters fecC, tauA, yhbG
Other transporters bisC, feoAs*, glcA, xanP*

Secretion system

ecpC*

Other/ unclassified

rbbA, rclC, rnlA, sslE, yaiO, ydeP, ydft, ygaU, ygbT, yhfTs, yiaF*, yjbG,
yjcH, ypjA

which would be lethal to cells carrying mutations in the
genes that we identified in our screen. Providing Gral
on a plasmid would decrease nu#dEl expression, return-
ing NADH/NAD* ratios to a relatively normal level and
thus rescuing cell growth. On the other hand, it should
be kept in mind that disruption of a given gene by trans-
poson insertion might have polar effects on expression
of the neighboring genes, and in fact disturbance in their
expression and not of the genes identified here might be
key to rendering Gral. as essential for the cell. Future
work should focus on testing non-polar deletions of the
genes identified here, as well as testing whether gre-1 de-

letion is required for the observed synthetic lethality to
occur.

Recently, a report was published where a RIlL-seq
method was used to identify E. cw/ sRNA-mRNA tar-
get pairs that require Hfq to mediate their interaction
(Melamed e al., 2016). This method relies on immuno-
precipitation of Hfq bound with both RNA molecules.
The experiments were performed under three different
conditions: logarithmic phase of growth, stationary phase
and iron limitation. Thousands of sSRNA-mRNA inter-
actions were scored, and among them one seems to in-
volve Gral.. That interaction was detected under station-
ary phase conditions for +34 to +54 nts of Gral. and
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an intergenic region between gwH and gewP (Melamed ef
al., 2016). The gevP gene encodes glycine dehydrogenase,
and it could be imagined that Gral’s pairing with the
gevH-gevP intergenic region mRNA might affect gwP ex-
pression by affecting the mRNA stability. Still, although
very intriguing, this interaction involves the so-called
BOXC, ie. a GC rich intergenic repeat, likely involved
in genome instability (Holder ¢ al, 2015). When we used
IntaRNA software (Wright ef al, 2014) to predict Gral.-
mRNA interactions with this region, no possible inter-
actions were found. Therefore, we take the result ob-
tained in the (Melamed e a/., 2016) search as an artifact,
although it cannot be excluded that Gral. pairs with its
targets in a non-canonical way.

One intriguing possibility is that Gral. acts as an ap-
tamer, directly binding to RNA polymerase and affecting
its activity, as has been recently shown for a set of small
RNAs (Sedlyarova e al., 2017). There, the inhibitory ap-
tamers were ds-encoded, however, it cannot be excluded
that aptamers acting 7z frans also exist. This could explain
Gral’’s pleotropic effects and the fact that this sSRNA’s
deletion is synthetic lethal with genes whose products
participate in many different processes.

We had also performed additional 7 silico searches
with more recently released software, such as CopraRNA
(Wright ez al., 2014) and TargetRNA2 (Kery e al., 2014).
However, we did not obtain any satisfactory results, i.c.
the targets in each search were multiple and very dif-
ferent, often relying on interactions with Gral’s polyU
tail, which we deem to be nonspecific; we did not find
any significant putative Gral. targets that would be in
common for those programs, other than what we ini-
tially obtained by using the sTarPicker software (data not
shown). The CopraRNA results were especially disap-
pointing since this program relies on search made within
related organisms, assuming that if an sRNA is con-
served, the targets should be also conserved, and thus
the obtained results could be classified as highly prob-
able. We found significant differences depending on how
many strains were included in the search (it is required
to include at least three and at most five different spe-
cies), and what is more, all of the results but one re-
turned with a very high false discovery rate index (0.95;
the following strains were compared: E. co/i as the ref-
erence strain and then — Shigella dysenteriae, Shigella boydi,
Salmonella enterica, Yersinia pestis; data not shown). The
one result that could be of any significance was 7S,
which we had already tested in our zz vive assays and
which turned out not to be a target for Gral. (above and
data not shown).

One might say that since Gral. is highly conserved
among enteric bacteria, it cannot be excluded that Gral.’s
role 7n cis is the one that is highly conserved (i.e. greAd
expression regulation) rather than its role 7 #rans. Still, as
has been demonstrated previously, Gral. affects expres-
sion of many E. ¢/ genes in frans, and as we show here,
its deletion is synthetic lethal with a number of genes
participating in different processes, indicating Gral. it-
self plays an important role in the cell. All of the above
seem to indicate that Gral. acts in a non-canonical way
and further research is necessary to elucidate the mecha-
nism of its action.
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