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ABSTRACT

Global RNA profiling studies in bacteria have pre-
dicted the existence of many of small noncoding
RNAs (sRNAs) that are processed off mMRNA 3’ ends
to regulate other mMRNAs via the RNA chaperones Hfq
and ProQ. Here, we present targets of SdhX (RybD),
an Hfq-dependent sRNA that is generated by RNase
E mediated 3’ processing of the ~10 000-nt mRNA of
the TCA cycle operon sdhCDAB-sucABCD in enteric
bacteria. An in silico search predicted ackA mRNA,
which encodes acetate kinase, as a conserved pri-
mary target of SdhX. Through base pairing, SdhX re-
presses AckA synthesis during growth of Salmonelia
on acetate. Repression can be achieved by a nat-
urally occurring 38-nucleotide SdhX variant, reveal-
ing the shortest functional Hfg-associated sRNA yet.
Salmonella SdhX also targets the mRNAs of fumB
(anaerobic fumarase) and yfbV, a gene of unknown
function adjacent to ackA. Instead, through a slightly
different seed sequence, SdhX can repress other tar-
gets in Escherichia coli, namely katG (catalase) and
fdoG (aerobic formate dehydrogenase). This study il-
lustrates how a key operon from central metabolism
is functionally connected to other metabolic path-
ways through a 3’ appended sRNA, and supports the
notion that mRNA 3'UTRs are a playground for the
evolution of regulatory RNA networks in bacteria.

INTRODUCTION

The development of the operon concept was a landmark
event in the history of molecular biology. Originally pro-
posed as a regulatory mechanism for the lac genes in Es-
cherichia coli (1), an operon nowadays tends to be more sim-

ply defined as a cluster of genes that are transcribed into
a single mRNA molecule. This type of gene organization
enables organisms to simultaneously turn on or off a set
of structural genes of related function, which can be ad-
vantageous when the encoded proteins are involved in the
same protein complex, function in common pathways, or
share substrates and transporters. Operons are the major
gene expression units in bacterial genomes. According to
global gene expression studies in diverse organisms (2-4) as
well as in silico prediction platforms (5,6), typically >60%
of a bacterium’s genes are part of an operon. However, these
numbers refer to protein-encoding cistrons only and largely
ignore the possibility that the operon mRNA itself, either
in its primary form or upon processing, may also have a
protein-independent function (7-9).

Recent evidence for abundant noncoding functions of
operon mRNAs has come from studies of two major bac-
terial RNA binding proteins (RBPs), Hfq and ProQ, in
Escherichia coli and Salmonella Typhimurium. Specifically,
the in vivo target suites of these RBPs were found to con-
tain dozens of abundant small noncoding RNAs (sSRNAs)
that are processed off the 3" end of mMRNAs (10-16). Almost
half of these SRNAs stem from polycistronic transcripts of
operons and are likely to extend or complement the phys-
iological function of the operon’s proteins by base pairing
with other transcripts. For example, SroC sSRNA is made
from the g/tI/JKL operon mRNA (7) and acts to promote
the decay of GevB sRNA (17). Here, the operon-derived
SroC sRNA is functionally related to the operon’s proteins:
the gltIJKL genes encode an amino acid transporter while
GcevB is a major post-transcriptional regulator of amino
acid-related genes (18). However, whether such functional
relatedness is the rule or the exception requires knowledge
of the targets of those many other operon-derived sRNAs
that are currently of unknown function.
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The present work addresses the elusive function of SdhX
(previously RybD (15), renamed in agreement with the
Gottesman group (19), which is an exceptionally strong can-
didate of a functional 3’ end-derived SRNA. Originally pre-
dicted in a pioneering global screen for Hfq interacting tran-
scripts in E. coli (15), SdhX presented as an abundant RNA
species from a variable region downstream of the sdh-suc
genes (Figure 1A). The sdh-suc operon encodes three en-
zyme complexes that catalyse successive reactions in the tri-
carboxylic acid (TCA) cycle (Figure 1B). It becomes fully
expressed during aerobic growth on acetate or fatty acids
(20) and displays a complex regulation, involving the activ-
ity of different transcription factors, Crp, ArcA/ArcB and
RpoS, at the upstream sdhC promoter (21-24), internal ter-
mination and an additional promoter in the region between
sdhB and sucA (4,25), as well as processing of the ~10-kb
long mRNA by RNase 111 and RNase E (26-28). Impor-
tantly, available data (11,29) suggest that both the expres-
sion of SdhX and its strong enrichment with Hfq are con-
served in Salmonella. However, SdhX’s function and how it
might be related to the operon’s proteins has remained un-
known.

SdhX is of particular interest for additional reasons.
Since its shortest form is predicted to be only 38 nu-
cleotides in length (11), a functional SRNA that compact
could help to finally obtain a crystal structure of an Hfg—
sSRNA-mRNA complex (30). Moreover, since the sdhX re-
gion varies considerably even amongst closely related bacte-
ria (Figure 1A), this sSRNA may be an excellent example to
understand how an otherwise conserved operon has used a
flexible RNA component to adapt its function during mi-
crobial evolution. With these considerations in mind, we
have predicted and experimentally validated SdhX targets
in Salmonella and E. coli. Besides conserved mRNA tar-
gets, we have identified regulation that is specific to one or
the other species and arose through either synonymous mu-
tations in the target genes or a mutation in the 3’ UTR of the
sdh-suc operon. The targets we identify suggest that SdhX
connects the sdh-suc operon to other central metabolic
pathways. Furthermore, our findings support the growing
notion that mRNA 3’ UTRs serve as an ‘evolutionary play-
ground’ to generate new regulatory RNAs (31,32).

MATERIALS AND METHODS
Bacterial strains and growth conditions

Salmonella enterica serovar Typhimurium strain SL1344
(JVS-1574) and E. coli strain BW25113 were used as a wild-
type strain. The strains used in this study are listed in Sup-
plementary Table S1. Bacterial cells were grown at 37°C
with reciprocal shaking at 180 rpm in LB Miller medium
(BD Biosciences) or MOPS minimal medium (33), sup-
plemented with 0.2% glucose or 40 mM sodium acetate.
Throughout the growth, optical density (OD600) was mon-
itored at every 10 min using OD-MonitorC&T (TAITEC).
Where appropriate, media were supplemented with antibi-
otics at the following concentrations: 100 pwg/ml ampicilin
(Ap), 50 pg/ml kanamycin (Km) and 20 pg/ml chloram-
phenicol (Cm).

Plasmid construction

A complete list of all plasmids and oligonucleotides used
in this study can be found in Supplementary Tables S2
and S3. Expression plasmids of SdhX from Salmonella and
E. coli, pLM1 and pLLM48, were constructed by cloning
the PCR fragment amplified with JVO-7189/JVO-5376 and
JVO-7499/IV0O-13379, respectively, into pZE12-luc as de-
scribed previously (34). Salmonella SdhX?2 expression plas-
mid pLM30 was constructed by PCR amplification with
JVO-12421/JVO-13329 and self-ligation. Translational fu-
sion plasmids based on pXG10-sf and pXG30-sf plasmids
were constructed as described previously (34,35). Single-
nucleotide mutations were introduced by inverse PCR us-
ing overlapping primers followed by Dpnl digestion (Sup-
plementary Tables S2 and S3).

Strain construction

Deletion strains were constructed by the lambda Red sys-
tem (36). The sucD 3UTRs in between the stop codon
and Rho-independent terminator were deleted using pKD4
as a template and primer pairs, JVO-7178/ MMO-0182 for
Salmonella and JVO-13380/MMO-0183 for E. coli, respec-
tively. The resulting Km resistant strains were confirmed by
PCR and the mutant loci were transduced into appropriate
genetic backgrounds by P22 and P1 phages in Salmonella
and E. coli, respectively. To eliminate the resistance genes
from the chromosome, strains were transformed with the
temperature-sensitive plasmid pCP20 expressing FLP re-
combinase (36).

Chromosomal single-nucleotide mutants of SdhX were
constructed by scar-less mutagenesis through a two-step
lambda Red recombination (37). DNA fragments contain-
ing a CmR resistance marker and a I-Scel recognition site
were amplified with primer pairs JVO-7178/JVO-12240 us-
ing pWRG100 plasmid as a template, and were integrated
into the chromosomal sucD 3'UTR by lambda Red recom-
binase expressed from pKD46 (36). The resultant mutants
were transformed by pWRG99, and the mutant allele am-
plified from pLMI1 derivatives (Supplementary Table S2)
with JVO-7499/JVO-5376 were integrated by the lambda
Red recombinase expressed from pWRG99. To eliminate
the CmR I-Scel allele, I-Scel endonuclease was subsequently
expressed from the same plasmid and selected the resultant
recombinant on LB agar plate supplemented with Ap and 2
wg/ml of anhydrotetracyclin. The successful recombinants
were confirmed by Cm sensitivity, PCR, and sequencing.

The 3xFLAG epitope tag at the C-terminus of ackA4 was
amplified with primer pairs JVO-13308/JVO-13309 using
pSUBI1 (38) as a template, and was introduced into the
chromosome by the lambda Red system (36). The result-
ing Km resistant strains were confirmed by PCR and the
mutant loci were transduced into appropriate genetic back-
grounds by P22 phage.

GFP fluorescence quantification

Single colonies (triplicates) of Salmonella and E. coli AsdhX
strains harboring super folder GFP (sfGFP) translational
fusions and sRNA expression plasmids were inoculated in
1 ml LB containing Ap and Cm, and were grown overnight
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Figure 1. (A) Genetic structure of sdhCDAB-sucABCD operon and alignment of sucD 3'UTRs of selected enterobacterial species. Nucleotide sequences
were obtained from the following genomes: Eco, E. coli MG1655 (NC_000913); Cko, Citrobacter koseri ATCC BAA-895 (NC_009792); Sal, Salmonella
Typhimurium SL1344 (NC_016810); Eae, Enterobacter aerogenes KCTC 2190 (NC_015663); Kpn, Klebsiella pneumoniae 342 (NC_011283); Csa, Cronobac-
ter sakazakii ATCC BAA-894 (NC_009778); Sma, Serratia marcescens FGI94 (NC_020064); Ype, Yersinia pestis CO92 (NC_003143). Red letters indicate
conserved nucleotides. The stop codons of the sucD open reading frame are boxed. The conserved seed region and E. coli-specific region complementary to
katG are highlighted. The Rho-independent terminator is indicated by inverted arrows. RNase E cleavage sites in Salmonella identified by (26) are indicated
by arrow heads, the major and minor sites of which are in black and grey, respectively. (B) Acetate catabolic pathway into TCA cycle. The enzymes encoded
on sdhCDAB-sucABCD operon are shown in orange. The enzymes regulated by SdhX in Salmonella are shown in red. (C) Expression profile of TCA cycle
proteins and sucD mRNA 3'UTR-derived sSRNAs. Salmonella Typhimurium strain SL1344 was aerobically grown in LB medium or minimal medium
supplemented with 0.2% glucose (Glu) or 40 mM acetate (Ace). Salmonella cells were collected at the indicated ODg values and whole cell samples and
total RNA samples were analyzed on western and northern blots. The size is estimated by DynaMarker RNA Low II ssRNA fragments.

at 37°C. 100 pl of the overnight cultures were dispensed in
96-well optical bottom black microtiter plates (Thermo Sci-
entific #165305), and OD600 and fluorescence (excitation at
476 nm and emission at 510 nm, using emission cutoff filter
of 495 nm) were measured using SpectraMax M5 (Molecu-
lar Devices).

Western blot analysis

Western blot was performed following a previously pub-
lished protocol (34). Briefly, bacteria culture was collected
by centrifugation for 2 min at 16 100 g at 4°C, and the
pellet was dissolved in 1x protein loading buffer to a fi-
nal concentration of 0.010D/pl. After heating for 5 min
at 95°C, 0.0020D of whole-cell samples were separated on

10% TGX gels (Bio-Rad). Proteins were transferred onto
a PVDF membrane for 30 min at 10V using a semi-dry
blotter in transfer buffer (25 mM Tris, 190 mM glycine,
20% methanol, pH 8.3). Membranes were blocked for
1 h in 1x Block-Pro buffer (Wako Pure Chemical Indus-
tries) and rinsed in 1x TBST buffer (20 mM Tris, 150
mM NacCl, 0.1% Tween20, pH 7.6). After blocking, mem-
branes were incubated overnight at 4 °C with monoclonal
a-FLAG (Sigma-Aldrich #F1804; 1:5000), polyclonal «-
SucB (provided by Kan Tanaka, Tokyo Institute of Tech-
nology; 1:10 000), polyclonal a-SucLG1 (Sigma-Aldrich
#SAB2700409; 1:1000), polyclonal a-OmpA (1:10 000) or
polyclonal a-GroEL (Sigma-Aldrich #G6532; 1:10 000) an-
tibodies diluted in IxXTBST buffer containing 3% BSA or
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skim milk, and were washed three times for 15 min in
1x TBST buffer. Then membranes were incubated for l1h
at RT with secondary a-mouse or a-rabbit HRP-linked
antibodies (Cell Signaling Technology #7076 or # 7074;
1:5000) diluted in 1x TBST buffer containing 3% BSA
or skim milk, and were washed three times for 15 min in
1x TBST buffer. Chemiluminescent signals were developed
using Amersham ECL Prime reagents (GE Healthcare), vi-
sualized on LAS4000 or Imager 600 (GE Healthcare) and
quantified using Image Quant TL software (GE Health-
care).

Northern blot analysis

Bacterial culture was mixed with 0.2 (v/v) of stop solu-
tion (95% ethanol and 5% phenol) and immediately frozen.
Total RNA was isolated using the TRIzol reagent (Invit-
rogen), treated by TURBO DNase (Invitrogen), and pre-
cipitated by cold ethanol. RNA was quantified using Nan-
oDrop One (Invitrogen). 5 g of total RNA was denatured
at 95°C for 5 min in RNA loading buffer (95% v/v for-
mamide, 10 mM EDTA, 0.1% w/v xylene cyanole, 0.1% w/v
bromophenol blue) and separated by gel electrophoresis on
8% polyacrylamide/7 M urea gels in 1XTBE buffer for 3h
at 250V using Biometra Eco-Maxi system (Analytik-Jena).
RNA was transferred from the gel onto Hybond-N+ nylon
membrane (GE Healthcare) by electroblotting for 1h at 50V
using the same system. The membrane was crosslinked by
120 mJ/cm? UV light. After prehybridization in Rapid-Hyb
buffer (Amersham), a [*’>P]-labeled probe was hybridized
at 42°C overnight. Membrane was washed in three 15-min
steps in 5x SSC/0.1% SDS, 1x SSC/0.1% SDS and 0.5x
SSC/0.1% SDS buffers at 42°C. Oligonucleotides MMO-
0315 and MMO-0317 for SdhX, JVO-0322 for 5S rRNA
and JVO-13619 for tRNAP™ were 5'-end-labeled with [**P]-
v-ATP by T4 polynucleotide kinase and purified over G25
columns (GE Healthcare). The Mspl-digested pUC19 ds-
DNA (Fermentus) or DynaMarker RNA Low II ssSRNA
fragments (BioDynamics Laboratory Inc.) was similarly la-
beled with [*?P]-y-ATP by T4 polynucleotide kinase and
was used as a size marker. Signals were visualized on Amer-
sham Typhoon scanner and quantified using Image Quant
TL software (both GE Healthcare).

RESULTS
Expression characteristics and major forms of SdhX

Signals from the sdh.X region after the sucD stop codon are
readily detectable on northern blots under several growth
conditions of Salmonella (Figure 1C, upper part). The two
most abundant SdhX species were designated SdhX1 and
SdhX2. The steady-state levels of SdhX were highest in
Salmonella grown in rich medium to late exponential phase
(ODggp of 1), and generally much lower in a minimal growth
medium containing glucose or acetate as the sole carbon
source. Interestingly, SdhX levels were rather lower dur-
ing growth on acetate than on glucose and their accumu-
lation does not necessarily correlate with the levels of pro-
teins from the same operon, such as SucB or SucD (Fig-
ure 1C, lower part), which increases the previously reported

complexity of output from the sdh CDAB-sucABCD operon
(25,27,39).

Biogenesis of SdhX by RNase E dependent operon mRNA
processing

In principle, SdhX could be generated by two different
mechanisms: by operon-independent transcription start-
ing within sucD and ending at the operon’s terminator,
analogously to E. coli MicL sRNA whose promoter lies
within the cutC coding region (40); or by co-transcription
and mRNA 3’ processing of the sdh-suc operon. In favour
of the former mechanism was the observed incongruent
accumulation of SucD and SdhX (Figure 1C). However,
since the 5 positions of SdhX1 or SdhX2 are preceded
by neither a known transcription start site (4,29,41) nor
a conserved promoter-like element (Figure 1A), biogene-
sis through mRNA processing seemed more likely. In ad-
dition, our previously published global predictions of pu-
tative cleavage sites of the major endonuclease RNase E
in the Salmonella transcriptome (26) suggested processing
upstream of the sucD stop codon and in the 3’'UTR that
matched the 5’ ends of SdhX1 (87 nt) and SdhX2 (38 nt),
respectively (Figure 1A). The 5’ status and sizes of these two
SdhX species are fully supported by other diverse RINA-
seq data sets we have obtained for Salmonella Typhimurium
strain SL.1344 (12,26,42,43).

To corroborate the hypothesis that SdhX biogenesis
occurs by RNase E-mediated operon mRNA process-
ing, we used Salmonella strain rne3071 which expresses a
temperature-sensitive RNase E protein (44,45). Comparing
to the Salmonella rne* control strain, the rne3071 mutant
at non-permissive temperature (44°C) exhibited a clear re-
duction of both SdhX species (Figure 2A, lanes 1-4). This
indicates that mRNA processing by RNase E is essential to
make SdhX.

To better understand the order of processing events,
we used a Salmonella rneRI69K strain (17) with a 5
sensor-deficient R Nase E which stops the enzyme preferring
processed 5’-monophosphate over primary 5'-triphosphate
transcripts (46). For example, this strain is deficient in 5’
end-dependent processing of 5SS rRNA but remains profi-
cient in direct entry-mediated processing of tRNAF™ (Sup-
plementary Figure S1). As shown in Figure 2A, lanes 5-6,
the 5" sensor mutation hardly affected the levels of SdhX1
while it did diminish the SdhX2 signal. In addition, a ~300-
nt long mRNA processing fragment which likely contains a
good part of the sucD coding region accumulated. We in-
terpret these observations to mean that SdhX2 is processed
from SdhX1 by RNase E via the 5’ end dependent pathway,
whereas SdhX1 can be generated by direct entry of RNase
E or other ribonucleases (Figure 2B).

Predicted mRINA targets of SdhX in Salmonella

Hfg-dependent sSRNAs repress or activate mRNA targets
by a variety of mechanisms (47), with a major mechanism
being that they base-pair near the ribosome binding site
(RBS) of mRNAs to compete with 30S ribosome bind-
ing and therefore translation initiation (48,49). Most com-
monly, this involves the structurally accessible, conserved
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Figure 2. SdhX is processed by RNase E. (A) Salmonella rne+ (WT: lanes 1-2) and rne3071 (TS: lanes 3-4) strains were grown to ODggp of 0.5 at 28°C,
split into two flasks, and further incubated at either 28°C (lanes 1, 3) or 44°C (lanes 2, 4) for 30 min. Sa/monella rne+ (WT: lane 5) and rneRI69K (R169K:
lane 6) strains were grown to ODgqg of 0.5 at 37°C. The size is estimated by pUC19 Mspl dsDNA fragments. (B) Predicted secondary structures of SdhX1
and SdhX2. Hfg-bound regions identified by CLIP-seq analysis (12) are indicated by red letters, and the mutations induced by crosslinking to Hfq are

highlighted in yellow. See also Supplementary Figure S1.

seed region of an SRNA, a candidate of which in the present
case of SdhX is the UUCGACAUGGU stretch that pre-
cedes the terminator stem—loop of this SRNA (compare
Figures 1A and 2B).

To predict conserved mRNA targets, we ran in silico
searches with the comparative CopraRNA algorithm (50)
in six enterobacterial genomes, using the SdhX2 sequence
as query (Supplementary Figure S2A). Interestingly, of sev-
eral conserved mRNA targets predicted in this search, al-
most all would be recognized through the assumed seed se-
quence of SdhX (Supplementary Figure S2B and C). Most
of them would involve complementarity of the SdhX seed
with the AUG start codon and a UCG codon (serine) at the
second mRNA position.

For preliminary evaluation of these predictions, we
cloned the top 10 targets as gene fusions to sfGFP in
reporter plasmids pXG-10sf or pXG-30sf (35). These fu-
sions were introduced in Sal/monella together with a ColE1-
derivative plasmid that constitutively expressed SdhX1. Of
the 10 genes tested, we observed that ackA, yfbV and
JfumB were significantly repressed by SdhX1 (Figure 3A).
Of note, ackA is the first gene of the ackA-pta operon
that encodes the metabolic pathway converting acetate
and acetyl-CoA via a high-energy intermediate compound,
acetyl-phosphate (acetyl-P) (51). Interestingly, the ackA-pta
operon is located adjacent to the yfb ) gene, which encodes
a cytoplasmic protein predicted to be involved in chromo-
some segregation in E. coli (52). The third validated target,
fumB encodes one of the three fumarases that is induced
under anaerobic condition. Here, SdhX is predicted to base-

pair with the intergenic spacer within the bicistronic dcuB-
fumB operon.

To confirm that SdhX1 regulates these mRNAs by direct
base pairing, complementary mutations were introduced
into the two expression plasmids. A G4;— C mutation in
SdhX1 (mutation at the 41st nucleotide after the stop codon
of sucD) invariably reduced the repression of ackA4, yfbV
and fumB (Figure 3B). Importantly, the mutation did not
affect the expression levels of SdhX1 and SdhX2 (data not
shown). However, a compensatory mutation (C5G; non-
synonymous mutation changing the second codon from ser-
ine to tryptophan), although slightly decreasing the expres-
sion of each of the three GFP translational fusions (Fig-
ure 3B), rendered all of them susceptible to regulation by
the mutant SRNA. These successful compensatory base pair
changes strongly support our prediction that SdhX recog-
nizes the RBS of these mRNAs to cause translational re-
pression.

SdhX represses ackA mRNA during growth on acetate

The reporter assays above confirmed that several of the pre-
dicted targets can be regulated by SdhX but did not prove
that regulation occurred with physiological concentrations
of the sSRNA. To establish proof-of-principle for endoge-
nous regulation, we selected ackA for its SdhX site is con-
served amongst the Enterobacteriaceae. In the absence of
a specific antibody for western blot analysis, we rendered
the AckA protein detectable through adding a C-terminal
FLAG tag in the Salmonella chromosome. Likewise, we
generated two chromosomal mutations in the sucD 3YUTR,
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Figure 3. The ackA, fumB and katG mRNAs are regulated by Salmonella SdhX. (A) The 5UTRs or intergenic regions of candidate target mRNAs were
cloned into pXG-10sf and pXG-30sf vectors, respectively. Salmonella AsdhX strain was transformed by pXG derivative plasmids along with pJV300 control
vector (-) or SdhX1 expression plasmid (+). GFP expression on the plate was visualized by LAS4000 imager. (B) Predicted interactions of Salmonella
SdhX1 with target mRNAs. Mutated nucleotides (G41C in sdhX and C5G in target mRNAs) were indicated by red letters. The start codon of target
mRNAs is underlined. (B) SdhX regulates the target mRNAs by base-pairing mechanism. Salmonella AsdhX strain was transformed by combinations of
pXG plasmids along with pJV300 control vector (-), SdhX1 expression plasmid (+) or SdhX1 mutant expression plasmid (*) as indicated. GFP expression
in the LB liquid medium was quantified by a plate reader and normalized by ODgp. Since each translational fusion exhibited various GFP intensities, the
graphs are shown at different scales. Error bars indicate standard deviations (n = 3).

either replacing the whole 3'UTR but the Rho-independent
terminator with an unrelated FRT sequence (A49), or in-
troducing the afore described G4;— C point mutation into
the SdhX seed region. Importantly, these modifications of
the 3’'UTR did not influence the translation of SucD (Fig-
ure 4A), while deletion of the whole 3'UTR significantly re-
duced SucD protein level and impaired growth on acetate
(data not shown).

Salmonella ackA::FLAG bacteria with wild-type or the
mutated sdhX regions were grown on two different pri-
mary carbon sources, glucose or acetate. While AckA lev-
els showed no SdhX-specific variation under growth in
glucose-containing media, growth on acetate resulted in a 2-
fold decrease in AckA level in wild-type Salmonella as com-
pared to the A49 strain (P < 0.01) (Figure 4A). The AckA
level exhibited no statistically significant difference between
the A49 and G4, — C strains by 7-test (P > 0.05), suggesting
that SdhX regulated ack4A mRNA through the base-pairing
mechanism. Interestingly, both the levels of SdhX sRNA

and the AckA protein were comparable on both carbon
sources (Figure 4B), although in contrast to Figure 1C we
observed a slight increase of SdhX during growth on acetate
that we attribute to the ackA::FLAG genetic background.
This indicates that there might be another factor that aids
SdhX-mediated regulation in the acetate condition (or pre-
vents it when Salmonella is grown on glucose).

Seeking conditions to further increase SdhX levels from
the chromosome to test an expected higher repression of
AckA, we genetically inactivated three predicted transcrip-
tional regulators of the sdh-suc operon, based on knowl-
edge from E. coli (22-24). Overexpression of SdhX was in-
deed observed in a Salmonella strain inactivated for the
aerobic/anaerobic response regulator protein ArcA dur-
ing exponential growth in LB medium (Figure 4C). In this
background, AckA levels showed the expected further re-
duction (by 3-fold; P < 0.05) but only if sdh X was intact, i.e.,
ArcA-dependent regulation was not seen in the A49 mu-
tant lacking functional SdhX (Figure 4D). Altogether, these
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terminal ackA::FLAG fusions (sdhX WT, JVS-11249; sdh XG41C, JVS-11250; sdh XA49, MMS-0005) were grown to exponential phase in MOPS minimal
medium supplemented with 0.2% glucose (Glu) or 40 mM sodium acetate (Ace). The whole cell samples were analysed by western blot. Expression level
of AckA was normalized by that of GroEL, and relative expression levels in sdhX WT and G41C strains to that in A49 mutant were plotted. Error bars
indicate standard deviations (n = 5). Asterisk indicates P < 0.01. NS indicates not significant (P > 0.05). (B) RNA samples extracted from the cells grown as
in (A) were analysed by northern blot using >2P-labelled oligonucleotides for SdhX2 (MMO-0315) and 5S rRNA (JVO-0322). The G41C mutant exhibited
weaker signals when MMO-0317 containing the single mismatch was used (data not shown). The size is estimated by DynaMarker RNA Low II ssRNA
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to exponential phase in LB medium, and analysed by northern blot using MMO-0317 and JVO-0322. A pUCI19 Mspl dsDNA ladder was used as size
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intact sdh X region (sdhX WT; MMS-0015) or a mutant thereof (sdhXA49; MMS-0014) were grown to exponential phase in LB medium, and analysed by

western blot with anti-FLAG and anti-GroEL antibodies.

condition-specific regulations argue that the ackA mRNA is
a physiologically relevant target of SdhX.

Target divergence between Salmonella and E. coli

As powerful experimental alternatives to in silico target
finders, recently developed in vivo methods have predicted
sRNA targets globally in E. coli through sequencing RNA-
RNA hybrids that copurify with Hfq (13) or RNase E (53).
Interrogating the available E. coli RIL-seq data (13), we
observed on the one hand that the sucD 3’ region indeed
formed hybrids with many other transcripts including the
ackA mRNA; on the other hand, hybrids with fumB and
yfbV as observed in Salmonella were missing (Supplemen-
tary Table S4). In the latter two cases, synonymous nu-
cleotide changes (UCG in Salmonella, UCA in E. coli) in
the serine codon that follows the start codon would lead to
slightly altered SdhX-target hybrids in the two organisms
(Figure 5A). Interestingly, in the case of fumB the differ-
ence in predicted duplex strength (change in free energy,
Figure 5A) was seemingly negligible, but translational fu-
sions of the E. coli fumB and yfblV mRNAs were refractory
to either Salmonella SAhX (Figure 5B) or E. coli SdhX (data
not shown), contrasting with the 2-4 fold repression of the
Salmonella fusions.

To test whether these subtle mutations could explain the
observed resistance to regulation by SdhX, we changed the
corresponding nucleotides of Salmonella target mRNAs to

those of E. coli and vice versa. The repression of fumBs, and
Vfb Vs by SdhX was strongly abrogated by a synonymous
Gg— A mutation, whereas an inverse Ag— G mutation ren-
dered fumB., and yfb V., susceptible to SdhX (Figure 5B).
In the case of yfbVy,, however, the G¢— A change in the
second codon did not fully abolish the repression by SdhX.
Therefore, the nucleotides upstream of fumB and yfbV start
codon were also mutated (Figure 5A). Both a AC.;— U mu-
tation of fumBg, and a C,—G mutation of yfbVg, sub-
stantially reduced the repression level, and fully abrogated it
when combined with the G¢— A mutation. In contrast, the
G_,—C mutation in yfb V., conferred repression by SdhX
and this was further strengthened by the C,—G/G¢—A
double mutation (Figure 5B). These results suggest that al-
though the seed sequence of SdhX is conserved between E.
coli and Salmonella (Figure 1A), in E. coli the regulation of
the fumB and yfbV mRNAs was lost due to synonymous
mutations around their start codons.

Conversely to pointing to loss of regulation, the RIL-seq
data also listed putative E. coli mRNA targets not predicted
by the conservation-based bioinformatics approach (Sup-
plementary Table S4), several of which were predicted by
the IntaRNA program (54) to interact with SdhX (Supple-
mentary Figure S3). Constructing fusions for seven of these
mRNAs, we were able to demonstrate regulation by the E.
coli SdhX sRNA in E. coli itself for three of these putative
targets, namely ack A, fdoG and katG (Figure 6A).
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fdoG 1is the first gene of fdoGHI operon encoding aero-
bic formate dehydrogenase (55) and is the most highly en-
riched RNA fragment with SdhX in vivo (13). fdoG regula-
tion was abolished by SdhX Gg,— C mutation (at the 62nd
nucleotide from the end of sucD CDS) (Figure 6B, left). In
line with this result, Salmonella SdhX (in which Gg; of E.
coli SdhX is a U; Figure 1A) failed to repress fdoG (data
not shown) despite a strong conservation of the fdoG trans-
lation start region. However, a complementary mutation
of fdoG C_13— G restored the regulation by SdhX Gg—C
(Figure 6B, left), substantiating the prediction that SdhX
represses fdoG through base pairing. The other new target,
katG, encodes a bifunctional catalase-peroxidase (56). In-
terestingly, its Shine-Dalgarno sequence was predicted to
base-pair with the variable region between sucD CDS and
the conserved seed region of SdhX; in other words, up-
stream of the conserved SdhX2 sequence (Figure 6B, right).
Compensatory point mutations demonstrated that SdhX
represses katG translation using this non-conserved region
(Figure 6B, right). This katG-targeting region of SdhX is ab-

sent in Salmonella (Figure 1A), and katG was not repressed
by SdhX in Salmonella (Figure 3A).

The minimal 38-nucleotide SdhX2 sRINA is a functional reg-
ulator

The strong variation amongst sdh X sequences makes it dif-
ficult to settle on the actual regulator. Our results so far
had shown that the conserved SdhX2 region was required
for the regulation of most targets, but was it also suffi-
cient? To address this, we compared ackA mRNA repres-
sion upon overexpression of one or the other SdhX species
and found almost equal repression by SdhX1 and SdhX2,
despite the fact that SdhX2 seemed to be less abundant (Fig-
ure 7, lanes 1-3). This suggested that the terminal 38-nt
SdhX2 sRNA carries all the information to repress at least
this conserved target. Nonetheless, when we interfered with
RNase E processing of SdhX1 into SdhX2 by introducing
a UUU— CCC mutation at the processing site (Figure 1A),
target regulation was still observed (Figure 7, lanes 4 and 5).
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This result suggests that RNA processing which leaves a 5’
monophosphorylated SdhX2—a 5 end status that would
potentially favour RNase E-mediated target mRNA degra-
dation (57)—is dispensable for activity, at least under a con-
dition of overexpression.

Finally, to be able to assess the potency of SdhX2 in
its natural form, i.e. its 5 monophosphorylated form (as
compared to the 5 triphosphorylated form as the product
of transcription; lane 3, Figure 7), we fused its sequence
to the upstream part of ArcZ, an sRNA that is similarly
matured by RNase E (26,58). This chimeric ArcZ::SdhX2
sRNA construct in which the SdhX2 region follows at the
ArcZ processing site effectively expressed a 5 monophos-
phorylated SdhX2 (Supplementary Figure S4). And while
the wild-type ArcZ had no effect on AckA, this chimeric
sRNA repressed AckA synthesis to the same degree as if it

was released from SdhX1 (Figure 7, lanes 6 and 7). This re-
sult supports a view that the conserved 38-nt SdhX2 part
is a fully functional Hfg-dependent sSRNA, with the rest of
the 3’'UTR of sucD being variable extensions. Importantly,
previous CLIP-seq analysis (12) inferred at least three Hfq
contacts in SdhX from UV crosslinking-induced mutations
(Figure 2B), suggesting contacts with both internal and 3'-
terminal uridines. We therefore expect an Hfq-SdhX2 com-
plex to be very compact and rigid, which could help to over-
come the difficulty in crystallization-based analysis of Hfg-
sRNA complexes in the past (30).

DISCUSSION

Hfq and its associated SRINAs have increasingly been found
to play important roles in modulating nutrient uptake as
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well as primary and secondary metabolic pathways in en-
teric bacteria (59,60), and as part of this, the sdhCDAB-
sucABCD operon mRNA has emerged as a prominent tar-
get of post-transcriptional control (Supplementary Figure
S5A). No fewer than three SRNAs, i.e. RyhB, Spot42 and
RybB, have been shown to target sdhC in E. coli (61,62).
In addition, the CopraRNA algorithm predicts conserved
interactions of the CyaR, FnrS and RyhB sRNAs with the
third cistron, sdh A (50). The same study experimentally val-
idated a predicted base pairing of the Spot42 sSRNA with the
5" end of sucC (50). Notably, Spot42 is induced by glucose
(63,64), which offers an explanation for the strong repres-
sion of SucD relative to SucB during growth on glucose ob-
served here (Figure 1C). By contrast, the present work in
Salmonella shows that this long operon mRNA with a cen-
tral function in primary metabolism is not only a target but
also an active regulator in the Hfq network of enteric bacte-
ria. Complementary studies of SdhX in E. coli by others (19)
further highlight some of the similarities and differences in
SdhX regulation in these closely related organisms.

trans regulation via the 3’ ends of metabolic mRNAs

Intrinsic transcription terminators found at the 3’ end of
many operon mRNAs are composed of a stem-loop struc-
ture followed by a uridine-rich stretch, and are preferred
targets of Hfq (65,66). Add an endonucleolytic 3’ cleavage
event, which is common in both monocistronic and poly-

cistronic mRNAs (26), and a potential seed sequences, a
new Hfg-dependent sSRNA may be born (31,32).

Regulatory base pairing functions have already been
demonstrated for several mRNA 3’end-derived sRNAs
(11,13,17,40,67-72). Most of these SRNAs represent highly
conserved 3'UTRs, with the extreme being the CpxQ sRNA
whose sequence is far more conserved than the coding re-
gion of the parental cpxP mRNA (68). By contrast, SdhX
exhibits a remarkable lack of conserved nucleotides with the
exception of its core seed region (CGACAU) that is comple-
mentary to the first two codons of ack 4 and its terminal uri-
dine stretch (Figure 1A). We argue that this type of SRNA
is particularly informative as to how regulators continue to
evolve in the Hfg network after manifestation of a founding
target, here most likely ackA.

Assuming ackA to be the founding target of SdhX, it
is remarkable that most of the additional targets con-
firmed are similarly involved in carbon flow and respira-
tion. This poses the question whether other operon mRNAs
for metabolism have had their functions expanded through
3’ end-derived sRNAs. Indeed, an analysis of 127 regions
in mRNA 3'UTRs that are bound by Hfq in Salmonella
(12) readily predicts several additional strong candidates
for cross-connection of metabolic pathways. For example,
the glnA mRNA encoding glutamine synthetase processes
STnc800 from its 3'UTR (73) (Supplementary Figure S5B).
In silico analysis identified potential base pairing between
STnc800 and the intergenic region between sdhB and sucA.
A repression of sucA by STnc800 may serve to maintain
C/N balance under nitrogen limitation which is when the
glnA mRNA is most highly expressed. This prediction sup-
ports the idea that metabolic mRNAs extend their functions
through riboregulators released from their 3’ ends.

Physiological meaning of regulation by SdhX

We have shown that SdhX regulates the acetate kinase gene
ackA, for which post-transcriptional regulation is reported
for the first time in Salmonella (this study) and in E. coli by
others (19). AckA activates acetate into a high-energy inter-
mediate acetyl-P using ATP (Figure 1B). Acetyl-P is con-
verted into acetyl-CoA by phosphotransacetylase (Pta), an
enzyme encoded by the same ackA-pta bicistronic mRNA.
To utilize acetate as the sole source of carbon, the AckA—
Pta pathway is the predominant route when the concentra-
tion of acetate is high (>25 mM), while acetyl-CoA syn-
thetase (Acs) is required for growth when acetate is low
(<10 mM) (74). As AckA synthesis is repressed ~2-fold
by SdhX during growth on 40 mM acetate (Figure 4A),
we expected that an inactivation of sdhX would alter bac-
terial growth. While we have not observed a growth dif-
ference with Salmonella even when the sdhX and acs loci
inactivated together (Supplementary Figure S6), mutations
in sdhX that abolish regulation of ackA strongly alter the
growth behaviour of E. coli when acetate is the sole avail-
able carbon source (19).

The lack of a robust phenotype as opposed to a clear con-
servation of the SdhX-ackA base pairing interaction may
be due to the previously noted robustness of metabolism
in this organism (75). Yet, it also echos previous observa-
tions with 3’ end-derived sSRNAs where strong conserva-



tion of the regulatory interaction contrasted with the ab-
sence of strong physiological consequences after mutating
this region (17,40,68-69). This demands for both, more sen-
sitive detection methods and more complex growth condi-
tions, in order to understand the immediate consequence
of SdhX activity. For example, PinT is a conserved SRNA
of Salmonella that is highly induced when these bacteria
replicate inside eukaryotic cells. While standard virulence
assays failed to detect a measurable phenotype, profiling the
transcriptomes of both Salmonella and infected host cells
in tandem showed a pervasive function of the PinT sSRNAs
as a post-transcriptional timer of virulence gene expression
(43). Similar approaches applied to transition phases of spe-
cific carbon source availability, as pioneered in functional
analysis of the E. coli Spot42 sRNA (64) may be neces-
sary to fully understand the physiological contribution of
SdhX. Potential leads also include the facts that the re-
versible AckA-Pta pathway mediates excretion of acetate
and generates ATP in the overflow metabolism or during
anaerobic growth (51), and that ackA-pta operon impacts
Salmonella virulence through SPI1 expression by modulat-
ing excreted short-chain fatty acids (SCFAs) (76,77). Since
expression of Pta was not significantly altered even when
SdhX was overexpressed (data not shown), repression of
the first gene in the operon results in discoordination of
the metabolic pathway, which may result in accumulation
of acetyl-P and non-enzymatic acetylation of many proteins
(78-80).

One of the additional target in Salmonella, the yfbV gene
is located adjacent to the ackA-pta operon, but its role in
the central metabolism is unknown. The yfbV transcript is
overlapped with the divergent operon mRNA since one of
its transcriptional start sites is located in the ack4 CDS
(29), implying that yfb) mRNA is involved in the regu-
lation of ackA-pta operon in cis. Another verified target
in Salmonella is the fumB gene encoding one of the three
fumarases that is induced in anaerobic conditions under
the control of ArcA and Fnr (81). On the contrary, since
the sdhC promoter is repressed by ArcA and Fnr (24), we
could not detect SdhX sRNAs when Salmonella was anaer-
obically grown in LB medium. Physiological regulation of
fumB by SdhX might occur only during a shift from aero-
biosis to anaerobiosis. In E. coli, both the additional targets
fdoG and katG are involved in tolerance to oxidative stress
(56,82), in line with an increased sensitivity to hydrogen per-
oxide by SdhX overexpression in E. coli (19). The environ-
ment of SdhX at work has apparently been altered between
the two enterobacteria depending on oxygen availability.

Implications for target predictions

The SdhX targets identified here highlight both, the
strengths and weaknesses of in silico predictions. Upon
querying the highly conserved 38-nucleotide SdhX2 se-
quence, we were able to experimentally confirm 3 of the
top 10 predicted targets in Salmonella, among which fumB
and yfbV had not been predicted by the E. coli RIL-seq
data (13). When CopraRNA was run on SdhX from E. coli
strains only, katG was the top candidate, likely because its
hybrid with SdhX is more stable than the SdhX-ack4 inter-
action (Supplementary Figure S3). However, it is puzzling
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that most of the SdhX partners in the RIL-seq data (Supple-
mentary Table S4) would not be predicted by CopraRNA
or their expression levels were unaffected when tested with
reporter fusions (Figure 6A). It remains an intriguing pos-
sibility that some of these potential interactors function as
RNA sponges, titrating SdhX (83).

Mutational analysis demonstrated that the synonymous
mutation in the second codon of fumB and yfbV was critical
for regulation by SdhX where a single nucleotide mutation
G¢— A abrogated the base-pairing with the seed region of
SdhX2 located at its 5’ end (Figure 5). Moreover, a wob-
ble base-pairing with U_; of fum B, was one of the reasons
why it was not regulated by SdhX in E. coli (fumBe., U-1AC;
Figure 5B). In contrast, E. coli SdhX acquired regulation
of fdoG by U—G mutation at the SdhX2 processing site
(Figures 1A and 6B). These results are consistent with the
case of regulation of Salmonella effector proteins by SgrS
(84) and suggest that mismatches and G:U pairs are critical
for differentiation of post-transcriptional regulation among
bacterial species.

The 14-base pair nearly perfect SdhX-katG duplex is
found only in the Escherichia/Shigella clade, but those re-
gions outside the SdhX seed is not predicted to base pair
with katG in the other enterobacterial species (Figure 1A).
Interestingly, Ribo-seq analysis identified fumB, fdoG and
katG as RyhB targets in E. coli (85), so these mRNAs may
be repeatedly sampled as targets as the Hfq regulatory net-
work evolves. There is a growing tool box for target predic-
tions, running the gamut from in silico algorithms (50,86)
to experimental searches for either individual SRNAs or in
global interactomes (13,87-90), complemented by growing
information about where Hfq and RNase E bind in bac-
terial transcriptomes (12,14,26,53). Running these targets
predictions in a comparative manner for representative en-
teric bacteria seems promising to achieve an understanding
of how 3’ UTRs evolve into regulatory RNA molecules.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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