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ABSTRACT

RsaE is a regulatory RNA highly conserved amongst
Firmicutes that lowers the amount of mRNAs asso-
ciated with the TCA cycle and folate metabolism. A
search for new RsaE targets in Staphylococcus au-
reusrevealed that in addition to previously described
substrates, RsaE down-regulates several genes as-
sociated with arginine catabolism. In particular, RsaE
targets the arginase rocF mRNA via direct interac-
tions involving G-rich motifs. Two duplicated C-rich
motifs of RsaE can independently downregulate rocF
expression. The faster growth rate of ArsaE com-
pared to its parental strain in media containing amino
acids as sole carbon source points to an underly-
ing role for RsaE in amino acid catabolism. Collec-
tively, the data support a model in which RsaE acts
as a global regulator of functions associated with
metabolic adaptation.

INTRODUCTION

Staphylococcus aureus is a major human opportunistic
pathogen that is responsible for diseases ranging from mi-
nor skin infections to life-threatening septicemia and toxic
shock syndrome. Its virulence is associated with its abil-
ity to survive in different ecological niches and to coor-
dinate the expression of virulence factors. Two alternative
sigma factors, o and o, contribute to adaptation (1,2),
with o® modulating the expression of numerous virulence
factors and is required for long-term persistence in vivo (3).
The expression of virulence genes is affected by energy re-
sources and the use of carbon sources is tightly regulated

by global regulators such as CcpA and CodY (4-6). Nu-
merous frans-acting regulators, including regulatory RNAs
(sRNAs), contribute to this adaptation (7,8).

sRNAs are highly abundant in bacteria (9,10). Many of
them modulate mRNA translation and stability by base-
pairing with one or several targeted RNAs. They act on al-
most all cellular functions, contributing to adaptation and
bacterial homeostasis (11). In S. aureus, the functions and
targets of most SRNAs are unknown. RNAIII is one ex-
ception; this S14-nucleotide (nt) SRNA has been extensively
studied and is a paradigm for regulatory RNAs affecting
virulence (12). A second 102-nt SRNA, RsaE, drew the at-
tention of researchers because of its high conservation in
the Bacillales order (13). In Bacillus subtilis, the RsaE ho-
molog RoxS downregulates transcripts associated with re-
dox reactions, contributing to the cellular NAD*/NADH
balance (14,15). In S. aureus, RsaE affects the expression
of several genes involved in oligopeptide transport, folate
metabolism and the TCA cycle (16,17). In vitro experiments
on some targets suggested that RsaE and RoxS bind mRNA
Shine-Dalgarno (SD) sequences to prevent the formation
of ribosomal initiation complexes (14,16,17). A C-rich mo-
tif, repeated in RsaE, and present in other staphylococcal
sRNAs, reportedly contributes to an RNA-RNA pairing
mechanism that is common to different SRNAs (17). These
duplex formations generate R Nase I1I cleavage sites that ir-
reversibly prevent translation (7,14). In contrast to numer-
ous Gram-negative bacteria, in B. subtilis and Staphylococ-
cus aureus, the RNA chaperone Hfq is likely not required
for sSRNA-dependent regulations (18-20).

rsaE transcription is induced in mid- or late-exponential
phase as observed in various strains. Its expression is sig-
nificantly reduced post-exponentially in strain N315 and
clinical isolates (16,17,21). rsaE is regulated by the two-
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component system SrrAB (14), which is likely activated in
response to reduced menaquinone (22).

Here, by combining different approaches and selecting
common candidates, we identified new targets of RsaE. We
investigated RsaE mechanism of action and demonstrated
that it exerts direct post-transcriptional regulation on a gene
associated with arginine catabolism. Growth analysis in me-
dia containing amino acids as the only carbon source fur-
ther reveals that the absence of RsaE results in enhanced
growth rate, which is consistent with the up-regulation of
associated catabolic pathways.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions

This study was performed using HG003, a model strain
for S. aureus regulation (23), and constructed derivatives
(Supplementary Table S1). For HG003 gene description,
the NCTC8325 nomenclature retrieved from Genbank
file CP00025.1 was used. Engineered plasmids were con-
structed in Escherichia coli DH5a«, transferred to RN4220
(a strain transformable by exogenous DNA) and subse-
quently to HG003. Chromosomal gene modifications (dele-
tions and point mutations) were performed using pMAD?2
derivatives as described (24). Conditional gene expression
was obtained by cloning genes under the xyl//tetO promoter
in pRMC2 (25). Translational regulations were studied
by gene fusions with untranslated transcriptional regions
(UTRs) + the first codons cloned downstream the rpoB pro-
moter as reported (26) using pTCV-PrpoB-/ac (Supplemen-
tary Table S2), a pTCV-lac derivative (27). Plasmids (Sup-
plementary Table S2) were engineered mainly by the Gib-
son assembly method (28) with the indicated appropriate
primers (Supplementary Table S3).

Staphylococcus aureus strains were routinely grown aero-
bically in Brain Heart Infusion (BHI) broth at 37°C. DH5«
was grown aerobically in Luria-Bertani (LB) broth at 37°C.
Antibiotics were added to media as needed: ampicillin 100
wg/mL, chloramphenicol 20 wg/ml for E. coli; chloram-
phenicol 10 pg/ml and erythromycin 5 pg/ml for RN4220;
chloramphenicol 5 pg/ml and erythromycin 0.5 pg/ml for
HGO003. Expression of rsaE and mutated rsaE under the
control of promoter Pyyi/eio (PRMC2RsaE and mutated
derivatives) was induced by the addition of anhydrotetra-
cycline (aTc, 1 wM) to culture medium.

Growth in complete defined medium (CDM) and metabolite
analyses

S. aureus HG003 and HG003 ArsaE were grown aerobically
(250 rpm and 10:1 flask-to- volume ratio) in CDM lacking
glucose as previously described (29,30). The CDM contains
18 amino acids excluding glutamine and asparagine. For
amino acid analysis, 1 ml of bacterial culture was collected
during growth and centrifuged at 14 000 g to collect super-
natant. Supernatant was subsequently filtered through an
Amicon Ultra Centrifugal filter (Amicon; 3000 molecular
weight cut off). Amino acid concentration was determined
using a Hitachi L-8800 amino acid analyzer at the Univer-
sity of Nebraska Medical Center Protein Structure Core Fa-
cility. Statistical analyses were performed using PC SAS ver-

sion 9.4. The statistical level of significance was set to 0.05
for all analyses. For each amino acid, a general linear model
was fit that included a term for group (ArsaE versus wild-
type) and the continuous covariate OD. Residuals from the
model were tested for normality using the Wilks-Shapiro
test.

Total RNA extraction

Overnight cultures were diluted 1000 times and incubated in
BHI at 37°C. For HG003 and HG003 ArsaE, bacteria were
harvested at ODgg of 6. For HG003 ArsaE pRMC2RsaE,
at ODgqp of 0.5, the culture was split in two halves and aTc
(1 wM) was added to one of them for rsaE induction. In-
duced and non-induced cultures were harvested 5 min af-
ter aTc addition. Total RNAs were extracted as described
(19). Samples were prepared in triplicates and treated with
TURBO DNase (Ambion) according to manufacturer’s in-
structions. Ten microgram of RNA were processed using
MICROBExpress (Ambion) according to manufacturer’s
instructions to remove ribosomal RNA. RNA-seq libraries
were generated with the TruSeq SBS Kit v3 (Illumina) and
sequenced using a HiSeq to generate paired-end 100-nt
reads.

Hybrid-trap-seq

The procedure is summarized in Supplementary Figure S1.
Synthetic RNAs were generated with the T7 MEGAshort-
script kit (Ambion) according to manufacturer’s instruc-
tions, using SRNA genes that were PCR-amplified with spe-
cific oligonucleotides (Supplementary Table S3). Synthetic
RNAs were 3'-end biotinylated as described (31) using bi-
otinamidocaproyl hydrazide (Sigma-Aldrich, B3770). After
the biotinylation reaction, full length RNAs were purified
on 5% urea PAGE as recommended in the T7 MEGAshort-
script kit procedure. Running Hybrid-trap-seq requires a
pool of total RNA extracts to be used as prey. Total RNA
samples were extracted in 16 different biological conditions
(referred to as 16-condition RNA pool): (i) eight samples
grown in BHI at ODgq 0 0.6, 1.8, 3.3,4.5,7.2,9.8 and 12.8,
and late stationary phase (24 h), (ii) seven samples grown
under stress conditions (cold shock, heat shock, oxygen lim-
itation, alkaline stress, peroxide stress, disulfide stress, iron-
depletion) and (ii1) one sample from colonies on BHI-agar
plates. The complete description of the 16-condition RNA
poolis available in the GEO database (GEO accession num-
ber: GSE104971) (10). Twenty pg of each of the 16 total
RNA extracts were pooled to obtain the combined RNA ex-
tract sample used for the procedure. Hybrid-trap-seq exper-
iments were then carried out as follows: MasterBeads pre-
coated with streptavidin (Ademtech, Pessac-France) were
equilibrated in binding buffer (20 mM Tris—HCI, 0.5 M
NaCl pH 8) and incubated 10 min at 20°C with 100 pmol
of biotinylated SRNA. Unbound sRNAs were removed by
magnetic separation, and then sRNA-bound streptavidin
beads were washed twice with binding buffer. Fifty ug of
16-condition RNA pool were mixed with the sSRNA-bound
beads. After 15 min at 45°C, followed by 15 min at room
temperature, unbound RNAs were removed by magnetic
separation. The RNA-bound beads were washed twice with
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wash buffer (7 mM Tris—-HCI pH 8, NaCl 0.17 M). RNAs
were then eluted in RNase-free water. RNA samples were
analyzed by Illumina high throughput sequencing. Five ori-
ented libraries were generated from the four Hybrid-trap
eluted RNA samples and the 16-condition RNA pool de-
pleted of rRNA used as prey, as described (32). Libraries
were sequenced using Illumina Genome Analyzer IIx to
generate single-end 40-nt reads, which were then analyzed.

Read mapping and differential expression analysis

Quality control of all transcriptome samples using FastQC
(v0.10.1) confirmed that the reads could be directly used
for the mapping step. Reads were aligned to the S. au-
reus NCTC8325 chromosome sequence (CP000253.1) using
bowtie2 mapper (v2.1.0) and default values (33). Log-read
coverage profiles were computed using in-house shell scripts
as described (32) and visualized in the Artemis viewer (34).
Uniquely mapped read counts per gene were calculated for
each dataset with feature Counts (1.5.0-p1, with options
specifying paired-end and stranded library) (35) using the
list of CDS retrieved from Refseq CP000253.1. The list
of CDSs differentially expressed between two conditions
(i.e. ArsaE mutant versus wild-type strain; induced versus
non-induced RsaE expression) was supplied by SARTools
v1.3.0 (36) using DESeq?2 (37), with a false discovery rate
(FDR) set at 0.05. Genes with a fold change >1.33 were
considered as differentially expressed. Due to an outlier li-
brary identified by PCA and P-value analysis in the wild-
type versus ArsaE mutant comparison, differential anal-
ysis of these conditions was performed using only repli-
cates 1 and 3 and corrected for batch effect between pairs
of replicates. The differential expression analysis between
with and without induction of the RsaE expression was
done with the three replicates. To identify RNAs specifically
enriched with RsaE as sRNA-bait, Hybrid-trap-seq sam-
ples were analyzed as follow. Mapping was performed on
the list of CDS retrieved from Refseq CP000253.1 and the
44 HGO03 bona fide SRNA list recently established (10) us-
ing bowtie with parameters -p 12 -S -m 1 —q. Read counts
per gene were then calculated with HTSeq-count (http://
htseq.readthedocs.io/). Raw read counts of the four datasets
(namely, RsaE, RsaA, RsaH and RNAIII used as bait) were
normalized using DESeq and fold changes were computed
from normalized read counts of RsaE-bait dataset to nor-
malized read counts of control datasets (i.c. the three other
sRNA datasets). Genes considered as putative SRNA tar-
gets displayed fold changes >10.

Computational analysis of RNA-RNA hybrids

Target RNA-sRNA interactions were predicted using the
IntaRNA package (38); scoring is based on hybridization
free energy and accessibility of the interaction sites in both
RNA molecules (IntaRNA V 2.1.0 through the web in-
terface at http://rna.informatik.uni-freiburg.de with default
parameters). For Figure 2, complete sSRNA sequences were
used as input, and each putative target comprised the re-
gion from the transcriptional start site (TSS) to 150 nu-
cleotides past the start codon. When possible, TSSs were
defined from sequencing of the 16-condition RNA pool as
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described (32). Coordinates of relevant transcripts are pro-
vided (Supplementary Table S4). We searched for consensus
motifs in the twelve putative target sequences and rsaE (in
antisense) using the MEME suite V.4.9.0 (39) run locally
with options -dna -minw 4 -maxw 10. Input sequence frag-
ments were from TSS to ATG+150. The standard SD motif
was identified by MEME using as input the 1114 S. aureus
sequences for which a TSS could be identified by the above
protocol.

Quantitative reverse transcriptase PCR and northern blots

gRT-PCR experiments were performed on a subset of pu-
tative targets selected among the most enriched mRNAs of
RsaE Hybrid-trap-seq set. Experiments were performed on
biological triplicates and data were analyzed as described;
the geometric mean of 4 genes (recA, gyrA, glyA and ftsZ)
was used to normalize the samples (40). All Northern blots
were performed as described in duplicates (41-43). Samples
were separated by either PAGE or agarose gels and probed
with ¥P-labeled PCR probes using the Megaprime DNA
labeling system (GE Healthcare) (for primer used, see Sup-
plementary Table S3).

B-Galactosidase assay

The effect of RsaE on translation was tested by means
of gene fusions with lacZ (pTCV-PrpoB-1138-lac and
pTCV-PrpoB-rocD-lac) by B-galactosidase assays with
two experimental settings: by comparing i) the ArsaE
and its parental strains and ii) the ArseE strain car-
rying pRMC2RsaE with and without RsaE induction.
Overnight cultures grown in BHI supplemented with chlo-
ramphenicol and kanamycin (when necessary) were di-
luted 1000-fold in the same medium at 37°C. ArsaE
and its parental strain were sampled at ODgyy ~7. For
ArsaE carrying pPRMC2RsaE, aTc (1 pM) was added to
the medium at ODgy ~0.5; cultures were sampled af-
ter a 15 min induction and frozen. B-galactosidase activ-
ity was measured with MUG (4-methylumbelliferyl beta-
D-galactopyranoside, Sigma-Aldrich) as described (44).
Briefly, cell pellets were resuspended in 500 wl ABT buffer
(100 mM NacCl, 60 mM K,;HPO,, 40 mM KH;POy, 0.1%
triton X100) and 10 mg/ml MUG. After 1 h incubation
at 25°C, the reaction was stopped by addition of 500 wl
Na,CO; 0.4 M. ODg¢yy and fluorescence (excitation: 365
nm; emission: 455 nm) were measured with CLARIOStar
(Monochromator Microplate Reader). The fluorescence of
each sample was normalized by its ODgo. Translation effi-
ciency was estimated as a percentage of normalized fluores-
cent units of bacterial cells relative to the wild type strain
or to no aTc addition depending on the experiment. Each
condition culture was done in triplicate.

RESULTS

Modulation of RsaE expression uncovers putative RsaE tar-
gets

Most characterized sSRNAs modulate the stability of tar-
geted mRNAs, directly, or indirectly via translation inhi-
bition. To find new RsaE targets, we analyzed the tran-
scriptomes of (i) S. aureus HG003 compared to its isogenic
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ArsaE mutant, and (ii) ArsaE containing rsaE controlled
by an inducible promoter (Pio-rsaE) grown under non-
induced and induced conditions (Supplementary Table S1).
For the first couple (wild-type and ArsaE mutant), both cul-
tures were in steady state and adapted to the presence or ab-
sence of RsaE. In contrast, the short induction time (5 min)
used with the Po-rsaE system enabled us to identify pri-
mary effects of RsaE accumulation, i.e. putative direct tar-
gets, with minimized detection of secondary targets. Tran-
scriptome alterations were determined through differential
expression analysis of RNA-seq data.

Twenty-five mRNAs organized in 20 transcription units
were both up-regulated in the mutant strain and down-
regulated upon RsaE expression and are thus considered
as possible targets (Table 1). Among them, expression
of SAOUHSC_00951, SAOUHSC_01138, folD, fhs, gcvT-
gcvPA-gevPB, rocF, citB and sucC-sucD mRNAs was pre-
viously reported to be modulated by RsaE in RN6390, a
o8 deficient strain, and direct regulation was demonstrated
in vitro for SAOUHSC_00951 and sucD mRNAs (16,17).
The present results confirm that in HG003, a o® repaired
strain, the amounts of transcripts encoding enzymes from
the TCA cycle and folate pathway are also down-regulated
when RsaE is expressed. Interestingly, among the newly
identified mRNAs (Table 1), sucA-sucB, fumC and mqol
mRNAs encode other enzymes of the TCA cycle, namely di-
hydrolipoamide succinyltransferase and 2-oxoglutarate de-
hydrogenase, fumarase and malate quinone oxidoreductase,
thus extending the regulatory role of RsaE on this pathway.
In addition to these, ald2 mRNA, which encodes an ala-
nine dehydrogenase converting L-alanine to pyruvate, was
found to be regulated by RsaE. Also, rocF, encoding the
arginase that converts arginine to ornithine, was among the
mRNAs that were most affected by the absence or accumu-
lation of RsaE (Table 1). These observations suggest that
RsakE is also involved in amino acid catabolism.

In vitro trapping of putative RsaE-targets

We used a genome-wide approach to identify substrates that
interact directly with RsaE, by extending an in vitro method
we previously developed to trap sSRNA targets using sR-
NAs as bait (42). Briefly, a synthetic SRNA was produced,
biotinylated and fixed to streptavidin-associated magnetic
beads. The resulting ‘bait’ was incubated with total RNA
extracts, washed, and RNAs bound to sSRNAs were eluted.
Recovered RNAs were converted to cDNAs and identified
on DNA chips. The method is successful if SRNA targets
are well expressed; otherwise, SRNA-targets may be masked
by RNA background noise. To overcome this difficulty, (i)
RNA-seq rather than DNA-chips was used for target iden-
tification, which improved detection (threshold and linear-
ity) and (ii) we hypothesized that nonspecific RNA signals
recovered by this protocol would be the same with dif-
ferent SRNAs used as baits; therefore, background noise
could be subtracted by a differential analysis of data ob-
tained with several different baits. The modified protocol
is called Hybrid-trap-seq (Supplementary Figure S1). Total
HGO003 RNAs were extracted from 16 growth conditions
and pooled together. Hybrid-trap-seq experiments were run
in parallel with four baits: RsaE, and three other sRNAs,

RNAIII, RsaA and RsaH. The background noise due to
nonspecific RNA binding was filtered out from the RsaE
Hybrid-trap-seq dataset by a differential analysis using the
three other SRNA datasets. This procedure identified eleven
mRNAs and one sSRNA that accumulated more reads (>10-
fold difference) with the RsaE trap than with the three other
sRINAs used as baits (Figure 1 and Supplementary Table
S2).

RsaE targets SD-like motifs

The twelve RNAs selectively trapped by RsaE are putative
primary targets. The regions potentially interacting with
RsaE were therefore investigated in silico. A predominant
motif akin to SD sequences (AAGGGG) was present in
seven out of twelve targets, with at least one motif being
located at the SD site for the mRNAs. The AAGGGG mo-
tif has two exact complementary sequences in RsaE (CC-
CCTT). Interestingly, the putative RsaE binding motif is
present twice in rocD, rocF, icaR and rsaOG, suggesting
a possible double seed contact with these putative targets
(Figure 2A). The anti-SD-like motifs in RsaE are single-
stranded (17) hence accessible to base-pairing, and are lo-
cated in evolutionary conserved regions (Figure 2B).

Altogether, four independent lines of evidence (motif en-
richment, complementarity with sSRNA, accessibility and
conservation) support the idea that RsaE operates through
a seed binding mechanism targeting SD-like regions. A
question raised by the use of an SD-like seed region is how
specific recognition can be achieved. The RsaE motifs in
putative targets (AAGGGG) differ from the canonical S.
aureus SD motif (AAGGAG, Figure 2C). These differences
are matched by specific complementary bases and likely ex-
pand from the seed region to allow substrate discrimination
as suggested by IntaRNA predicted target sites (Figure 2A
and Supplementary Table S4).

Combining experimental approaches to confidently select new
RsaE targets

Hybrid-trap-seq experiments are equivalent to genome-
wide RNA-RNA retardation assays, with the same caveat:
do putative targets uncovered in vitro correspond to real
in vivo targets? Among the eleven putative RsaE mRNA
targets identified by Hybrid-trap-seq (Table 2), levels of
SAOUHSC_1138 and rocF mRNAs were significantly in-
creased in the absence of RsaE and decreased when RsaE
expression was induced (Table 1). rocD, ndh2 and icaR mR-
NAs trapped by RsaE showed significantly decreased lev-
els when RsaE expression was induced (0.36, 0.44 and 0.56,
FDR < 0.05, respectively). RNA duplexes are predicted
in silico between RsaE and each of these mRNAs. Alto-
gether, these results suggest a direct interaction of RsaE
with SAOUHSC_1138, rocF, rocD, ndh2 and icaR mRNAs
(Figure 3).

The level of six other mRNAs identified by Hybrid-trap-
seq was not significantly modulated by the RsaE status.
In these cases, a direct RsaE interaction with these tran-
scripts may modulate their translation without affecting
their stability. However, a complementary sequence with
RsaE was only found for RsaOG and SAOUHSC_02836,
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Table 1. RNAs down-regulated by RsaE

Locus tag* Gene Annotation — RsaE** + RsaE***
TCA cycle

SAOUHSC.01216 sucC Succinyl-CoA synthetase, beta subunit 2.69 0.64
SAOUHSC_01218 sucD Succinyl-CoA synthetase, alpha subunit 2.40 0.63
SAOUHSC.01347 citB Aconitate hydratase 1 1.82 0.38
SAOUHSC.01416 sucB 2-oxoglutarate dehydrogenase, E2 component 1.35 0.53
SAOUHSC_01418 sucA 2-oxoglutarate dehydrogenase, E1 component 1.36 0.48
SAOUHSC_01983 fumC Fumarate hydratase 1.49 0.42
Malate metabolism

SAOUHSC_00698 Putative malate transporter 2.31 0.59
SAOUHSC_02647 mqol Malate:quinone-oxidoreductase 1.38 0.56
Glycine cleavage system

SAOUHSC_01632 gcvPB Glycine cleavage system P-protein subunit 11 1.37 0.35
SAOUHSC.01633 gcvPA Glycine cleavage system P-protein subunit I 1.40 0.28
SAOUHSC_01634 govT Glycine cleavage system T protein 1.42 0.27
Tetrahydrofolate metabolism

SAOUHSC.01007 folD Tetrahydrofolate dehydrogenase 1.38 0.59
SAOUHSC_01845 fhs Formate-tetrahydrofolate ligase 2.32 0.10
Amino-acid metabolism

SAOUHSC_01818 ald? Alanine dehydrogenase 3.09 0.48
SAOUHSC_02409 rocF Arginase 2.28 0.31
Others

SAOUHSC_00094 sasD Cell-wall-anchored protein 1.48 0.34
SAOUHSC_00204 hmp Globin domain containing protein 1.39 0.60
SAOUHSC_00690 Conserved hypothetical protein 1.38 0.63
SAOUHSC_00699 phrB Deoxyribodipyrimidine photolyase 1.82 0.74
SAOUHSC_00838 Truncated conserved hypothetical protein 1.38 0.60
SAOUHSC_00951 Putative RNA ligase or phosphoesterase 2.67 0.56
SAOUHSC_01137 yijG Putative HAD-hydrolase 1.42 0.50
SAOUHSC_.01138 Putative N-acetyltransferase 1.78 0.40
SAOUHSC.01964 traP Signal transduction protein TRAP 1.45 0.43
SAOUHSC_02754 ABC transporter, ATP-binding protein 1.44 0.74

* List of genes differentially expressed (FDR < 0.05, fold change > 1.33 or < 0.75) in both transcriptome comparisons.

** Fold change expression of HG003 ArsaFE relative to wild-type.

*** Fold change expression of HG003 ArsaE pRMC2RsaE induced relative to not induced.

Fold changes and adjusted P-values are available in the GEO database (GEO accession number GSE106457: GSE106456_Supplemental_table_1.txt for the
‘ArsaE relative to wild-type’ comparison; GSE106456_Supplemental_table_2.txt for the ‘ArsaE pPRMC2RsaE induced relative to not induced’ comparison).
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Figure 1. Examples of regions with RsaE-dependent read enrichment. Artemis genome viewer windows showing read density profiles of RsaE-trapped
RNAs obtained with Hybrid-trap-seq (Table 1) and found significantly modulated in at least one of the two transcriptomic studies (GSE106457). The
red-filled coverage corresponds to RNAs trapped by RsaE. Black-filled coverages correspond to RNAs also retained using unrelated sSRNAs (RsaA, RsaH
and RNAIII) used to define the level of background noise resulting from nonspecific association. Bottom panel corresponds to genome annotation with
blue boxes indicating open reading frames.
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Figure 2. Search of putative RsaE binding motifs. A) MEME (39) sequence motif found in RsaE Hybrid-trap seq targets (Table 2) shown as a colored logo.
The motif is connected to its location in target RNAs (colored boxes) and to its complementary site in RsaE. Blue and grey areas in targets correspond to
regions of RsaE interaction predicted by MEME (39) and IntaRNA (38), respectively. Orange arrows indicate the position of translation initiation codons.
Coordinates of the consensus motif positions on the putative SRNA targets are presented in Supplementary Table S4. B) RsaE secondary structure predicted
from a structural alignment of homologous sequences, as provided by the RFAM database (60). Color scale indicates evolutionary conservation at each
position (red: most conserved). Boxes around sequences indicate predicted seed matching regions. Structures are drawn using Varna (61). RsaE RFAM
entries: RF01820. An experimental structure was reported (17). C) Model for the standard S. aureus SD motif, identified by MEME (39) using all HG003

available 5 UTR regions (see Materials and Method).

which encodes a putative acetyl transferase active on phos-
phinothricin, a glutamate analogue (45).

rocF and SAOUHSC_1138 mRNAs, found by three ap-
proaches, are most likely RsaE direct targets (Figure 3).
rocD mRNA encodes the ornithine-oxo-acid transaminase
and RocD acts together with RocF and RocA to intercon-
vert arginine to glutamate (30). rocF and rocD are genet-
ically unlinked but are both down-regulated by RsaE and
their mRNAs were also trapped in vitro by RsaE; this func-

tional convergence reinforces our hypothesis of a direct in-
volvement of RsaE in the control of arginine metabolism.

Two motifs of RsaE contribute independently to the down-
regulation of its substrates

The repetition of identical binding motifs is an unusual
feature for SRNAs. We therefore tested the contribution
of each CCCCUU sequence of RsaE on target degra-
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Table 2. RsaE-trapped RNAs
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Locus tag Gene Annotation Fold change
SAOUHSC_03001 icaR ica operon transcriptional regulator 46.6
rsa0G CcpA regulated sSRNA 31.1
SAOUHSC_01546 Conserved hypothetical phage protein 25.5
SAOUHSC.01016 purN Phosphoribosylglycinamide formyltransferase 20.1
SAOUHSC_02409 rocF Arginase 19.4
SAOUHSC_02836 Acetyltransferase (GNAT) family protein 18.9
SAOUHSC_.01543 Phage phi related protein 16.1
SAOUHSC_01138 Putative N-acetyltransferase 11.9
SAOUHSC_00875 ndh2 Pyridine nucleotide-disulfide oxidoreductase 11.9
SAOUHSC.01017 purH Phosphoribosylaminoimidazolecarboxamide 10.9
formyltransferase / IMP cyclohydrolase
SAOUHSC_0089%4 rocD Ornithine aminotransferase 10.7
SAOUHSC_00819 espC Cold shock domain protein 10.4

Full results are available under GEO accession number GSE106327.
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\ / ndh2”
\\
cspC
purH purN
RsaOG*

SAOUHSC_01543
SAOUHSC_01546
SAOUHSC_02836 "
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Figure 3. Combining experiments to uncover RsaE-targets. Venn dia-
gram showing the overlap between different methods for prediction of
putative RsaE targets: transcriptomic (ArsaE versus HG003, red; ArsaE
pRsaE with versus without induction, green; threshold 1.33, P < 0.05) and
Hybrid-trap-seq experiments (black, min. 10-fold variation). *, RNAs with
G-rich motifs.

dation. For this study, we chose to monitor rocF and
SAOUHSC_01138 mRNAs as the most likely primary
RsaE targets (Figure 3) as well as rocD mRNA which is in-
volved in the same metabolic pathway as rocF mRNA. We
confirmed their down-regulation upon RsaE induction by
Northern blots (Figure 4B) and qRT-PCR (Supplementary
Table S5). Two bands were detected when rocF mRNA was
probed. They may come from either alternative promoters
or processing events. The lower band is predominant and
the higher is moderately affected by RsaE; however, both
were summed for quantification. The first CCCCTT motif
of rsaE was changed to CTCCAA leading to the rsaE1 allele
(Figure 4A). Induction of rsaE1 still resulted in the decrease
of rocF, SAOUHSC_01138 and rocD-gudB mRNAs, show-
ing that the first motif was not essential for RsaE regulatory
activity, although the rsaE1 allele was expressed to a lesser
amount (Figure 4B). Mutations in the first motif likely af-
fect RsaE stability, judging by expression levels. The second

CCCCTT rsaE motif was also changed to CTCCAA to cre-
ate the rsaE2 allele (Figure 4A). Induction of rsaE2 also re-
sulted in the disappearance of rocF, SAOUHSC_01138 and
rocD-gudB mRNAs showing that the second motif was not
essential for RsaE activity against these mRNAs (Figure
4B). However, induction of a rsaFE allele mutated for both
motifs (rsaE1&2) did not affect mRNA quantities of the
three targets (Figure 4B). We concluded that the two RsaE
motifs can act independently against rocF and rocD-gudB
mRNAs. However, on SAOUHSC_1138 mRNA, RsaE mo-
tif 1 was more active than RsaE motif 2 (Figure 4B) indicat-
ing that both motifs may act differently according to sub-
strates.

RsaE targets mRNA SD sequence and translation

Some mRNAs targeted by RsaE have two cognate puta-
tive RsaE binding sites (Figure 2A and Supplementary Fig-
ure S2). We tested whether changes in these sites on the
rocF mRNA alter RsaE activity. The first putative binding
motif is within a non-canonical SD sequence AAGGGGG
(Figure 5A). The motif was changed to TTGGAGG, lead-
ing to rocFl allele (Figure 5B). This modification cre-
ated a canonical SD sequence to maintain rocF transla-
tion. The second putative motif was 141 nucleotides down-
stream from the translational start codon. It was changed
from AAGGGGG to TTGGAGG leading to rocF2 allele
and consequently altering the RocF amino acid compo-
sition (K49L and G50E). The combination of both alle-
les, rocF1&2, was also constructed (Figure 5B). All these
mutations were introduced by allelic replacement at the
rocF locus in HG003 ArsaE. These strains were then trans-
formed with pPRMC2RsaE and the amount of rocF mRNA
was assayed by northern blot (Figure 5C). As for wild-
type rocF mRNA (Figure 4B), two bands were detected
when rocFmRNA was probed, but mutations affecting rocF
mRNA resulted in an increase of the higher band. Mu-
tations may affect rocF mRNA structure and translation,
which in turn affect the ratio between each band. As in-
dicated above, both rocF mRNA bands were summed for
quantification. rocF downregulation by RsaE was effective
for rocF2 but less for rocFI and rocFl&2 carrying strains,
suggesting that RsaE preferentially pairs to the rocF mRNA
SD sequence. One prediction from this pairing is that mu-
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motif 1 motif 2
RsaE WT 5’ -.ACCCCUU.. ..UCCCCUU..-3’
RsaE 1 5’ -..ACUCCAA... ..UCCCCUU...-3’
RsaE 2 5’ -..ACCCCUU... ..UCUCCAA...-3’
RsaE 142 5’ -.ACUCCAA.. ..UCUCCAA..-3’
B .
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Figure 4. Two RsaE repeated motifs contribute independently to its activ-
ity. (A) RsaE mutations introduced in motifs 1 and 2. Wild-type sequence is
in black, mutations are in red. (B) Effect of RsaE and mutated RsaE induc-
tion on rocF, rocD and SAOUHSC_1138 mRNA levels. Total RNAs were
extracted from strains expressing conditionally RsaE upon the addition of
aTc (1 wM) to the medium. (-), without aTc addition; (+), with 5 min aTc
induction. RsaE, rocF mRNA, rocD mRNA and SAOUHSC_1138 RNAs
were visualized by Northern blot experiments as indicated. Hu mRNA was
used as a loading control. Histograms indicate target repression folds ex-
pressed as a ratio of target intensity upon non-induction relative to induc-
tion of rsaE and mutated rsaE. Vertical bars on the right indicate the width
of regions around Northern bands selected to calculate 32P signal intensity
with Image] software. rocF mRNA signals are located between markers
1000 and 1500 nt. Error bars represent standard deviations of the repres-
sion folds calculated using biological duplicates.

tations in rsaE restoring base-pair complementarity with
rocFl1&2 would restore RsaE activity. To test this, HG003
ArsaE rocF1&2 was transformed with pRMC2RsaE1&2.
Induction of RsaE1&2 led indeed to a decreased quantity of
rocF1&2 mRNA (Figure 5C). The effect with the mutated
alleles is less pronounced than with wild-type alleles, possi-
bly due to structural constraints that affect pairing, and/or
susceptibility of the complex to ribonucleases. Altogether,
these experiments demonstrate an in vivo direct pairing be-
tween RsaE and the rocF mRNA SD sequence suggesting
that RsaE acts at the level of translation and indirectly af-
fects stability.

The SD region was also the predicted RsaE pairing site
for other mRNA targets (Figure 2A and Supplementary
Figure S2) suggesting that they are also regulated by RsaE
at the translation level. To determine if this is indeed the
case, translational fusions between SAOUHSC_1138 and
rocD mRNA 5-end region and lacZ were constructed and
introduced in (i) ArsaE and its parental strain and (ii) in
ArsaE pPRMC2RsaE. Absence of RsaFE lead to an increase
of B-galactosidase activity, while a 15-min induction of
rsaE resulted in a significant decrease of B-galactosidase
activity, confirming that RsaE acts negatively on rocD and
SAOUHSC_01138 mRNA translation (Supplementary Fig-
ure S3).

RsaE contributes to amino acid catabolism regulation

Despite being highly conserved within the Firmicutes phy-
lum and having putative and demonstrated targets, no phys-
iological phenotype was thus far associated with an rsaE
deletion. Indeed, no competitive growth difference between
HGO003 and its ArsaE derivative was observed in rich me-
dia. However, if RsaE functions to repress amino acid
catabolism, we would predict that ArsaE would have an in-
creased growth rate in media containing only amino acids
as a carbon source. Indeed, the ArsaE strain had a faster
growth rate than HG003 in CDM, which contains amino
acids as the sole carbon source (Figure 6). Of those amino
acids that are known to be rapidly catabolized in CDM (30),
glutamate (Figure 6) as well as threonine, serine, alanine,
glycine, proline and aspartate were catabolized more rapidly
during exponential phase in the absence of RsaE (Supple-
mentary Figure S4). When percent amino acid consumed
were corrected for growth, the rates of consumption were
not significantly different between ArsaE and WT HGO003
documenting that the amount of amino acid consumed be-
tween the two strains was proportional to the biomass (Sup-
plementary Figure S5). Collectively, these data suggest that
the absence of RsaE leads to the upregulation of enzymes
contributing to amino acid catabolism, which in turn stim-
ulates growth rate.

DISCUSSION

Finding sRNA targets and function remain challenging.
Here, by combining transcriptomic analyses, in vitro trap-
ping and bioinformatics, we bring to light new RsaE fea-
tures.
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Figure 5. RsaE targets the SD sequence of rocF mRNA. (A) Schematic representation of the two duplicated motifs complementary of RsaE in rocF
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mRNA. The first one is within the SD sequence (black and squared), the second one within the coding sequence (blue and squared). (nts), nucleotides.
(B) rocF mutations introduced in motifs 1 and 2. The wild-type sequence is in black, mutations are in red. Mutated rocF alleles were introduced in HG003
chromosome by allelic exchange at the rocF locus. (C) Effect of RsaE and RsaE1&2 induction on rocF and mutated rocF mRNAs. For figure explanation

and experimental conditions see Figure 4 legend.
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Figure 6. Growth and glutamate consumption of HG003 and HGO003 ArsaE. HG003 (white dot) and HG003 ArsaE (black square). Left panel: growth in
CDM. HG003 and HG003 ArsaE doubling time are 69 min (£1.1) and 58 min (£1.8), respectively. Right panel: Glutamate consumption following aerobic
growth in CDM. Glutamate concentrations (ng/ul) were measured in the supernatant at the indicated time of growth. Experiments were performed three

times and the error bars represent the standard deviation of the means.

RsaE is a paradigm for regulatory RNAs in Firmicutes

RsaE is remarkably conserved in the Staphylococcaceae and
Bacillaceae families (Supplementary Table S6) and has been
studied in two representative species S. aureus and B. sub-
tilis, respectively. In S. aureus, RsaE modulates transcripts
of enzymes involved in the TCA cycle, the glycine cleavage
system, and tetrahydrofolate metabolism (16,17). In B. sub-
tilis, the RsaE homolog RoxS downregulates transcripts as-
sociated with oxido-reduction reactions and is proposed to
partly control NAD*/NADH balance (14,15).

Our transcriptomic analyses provide a confirmation of
previously proposed RsaE targets. They also reveal addi-
tional RsaE-regulated steps of the TCA cycle (i.e. sucAB,
fumC and mgqol). All TCA cycle steps except succinate-
fumarate conversion are subject to RsaE downregulation.

In addition, importantly, we provide new evidence that
RsaE regulates arginine catabolism.

RsaE targets the arginine catabolism by a direct interaction
with the rocF mRNA

RsaE affects numerous transcripts, but to date, formal
demonstrations of physiological SRNA/mRNA interac-
tions were limited by difficulties in performing staphy-
lococcal genetic studies. In vitro evidence based on gel
retardation assays and toe-printing experiments, associ-
ated with transcriptomic and proteomic studies, indicated
that RsaE acts by a direct pairing with sucCD, SA0873
(SAOUHSC_00951), opp3B (17) and opp3 A mRNAs (16).
Here, the in vivo effect of RsaE on rocF mRNA was
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demonstrated by transcriptomic, northern blot and qRT-
PCR experiments. Further evidence for a direct interaction
was given in vitro by a RsaE-dependent trapping of rocF
mRNA, and in vivo by a targeted mutagenesis on predicted
intermolecular RsaE/rocF mRNA pairings.

The RsaE duplicated motifs can have common and specific
targets

Some sRNAs exert their regulatory activity by pairing to
targets with two complementary regions [e.g. (46)]. How-
ever, RsaE harbors two identical motifs that may recognize
identical target sequences. In B. subtilis, pairing of RoxS
with its targets was addressed via a mutational study of C-
rich regions (CRR1 to 4) (14,15). RoxS and RsaE sequences
are almost identical (except for their terminators), and two
repeat sequences of 10 nucleotides, referred to here as RsaE
motifs 1 and 2, correspond to CRR1 and CRR3 in B. sub-
tilis, respectively. Motif 1 is within a loop of a stem-loop
structure while motif 2 is an unpaired sequence between two
stems (Figure 3B). Both sequences are predicted to pair to
complementary G-rich sequences and indeed we observed
that both motifs 1 and 2 can exert independent regulatory
functions. However, motif 1 had a stronger effect on one tar-
get (SAOUHSC_01138 mRNA), suggesting that presenta-
tion of the motif by a stem may promote the SRNA/mRNA
pairing. On the contrary, RoxS requires the integrity of
CRR3 (equivalent to motif 2) but not CRR1 to inhibit the
formation of a translation initiation complex on the ppnKB
target mRNA (14). Also, RoxS CRR3 but not CRR1 was
shown to be involved in yfIS RNA recognition (15). The
presence of two conserved motifs in RsaE and its orthologs
is probably not fortuitous, as they can target the same sub-
strate (e.g. motifs 1 and 2 on rocF mRNA) or dedicated sub-
strates (e.g. CCR3 on ppn KB mRNA). Sequences surround-
ing each motif might extend RsaE/mRNA pairing and be
essential for recognition of certain substrates (Supplemen-
tary Figure S2 and Supplementary Table S4). Note that In-
taRNA rank first RsaE motif 2 for interactions with rocF
and rocD mRNAs (Supplementary Figure S2) while both
motifs seem equivalent for down-regulation. Numerous fac-
tors not considered by target prediction software such as
RNA chaperones, RNA helicases, RNA sponges and nu-
cleases strongly affect the SRNA/mRNA interactions.

How RsaE binding leads to substrate regulation remains
to be elucidated. In B. subtilis, RNase Y contributes to RoxS
processing and RoxS-target degradation (14). However, in a
S. aureus strain lacking RNase Y, RsaE quantity was not in-
creased and no significant RsaE-target enrichment was ob-
served (47). In contrast, RsaE and putative substrates where
found associated with RNase III, suggesting a role for this
double strand specific RNase in RsaE-dependent regula-
tions (48).

RsaE and amino acid metabolism

The gevT-gevPA-gevP B operon encodes glycine decarboxy-
lase enzymes providing methylene groups for the one-
carbon metabolism and a/d2 encodes an alanine dehydroge-
nase, a deaminating enzyme converting alanine to pyruvate.
The corresponding mRNAs of both pathways are down-
regulated by RsaE. This observation is also true for the

arginase rocF’ mRNA. In agreement with these results, in
the absence of RsaE, HG003 grows at a faster rate in me-
dia containing amino acids as the sole carbon sources. It is
known that pathways essential to growth on secondary car-
bon sources, such as catabolic pathways generating pyru-
vate from alanine and glycine, and the TCA cycle are reg-
ulated by RsaE. These results, in addition to the demon-
strated rocF regulation, suggest that RsaE is a general reg-
ulator of amino acid catabolism. Besides repressing several
enzymes using NAD as cofactor, RsaE reduces amino acid
catabolism and may consequently limit the feeding of the
TCA cycle (Figure 7). If so, RsaE would contribute to con-
trol the NAD*/NADH ratio, a role proposed for RoxS in
B. subtilis (15) and therefore conserved among distantly re-
lated Firmicutes.

Evidence for overlapping RsaE and SrrAB regulons

RsaE expression requires the two-component system SrrAB
(14). Low oxygen concentrations or the presence of nitric
oxide (NO) is sensed by the membrane protein SrrB, which
activates SrrA via a phosphorelay, consequently stimulat-
ing rsaE transcription. In B. subtilis, RoxS expression is en-
hanced by ResDE (SrrAB orthologs), but also repressed by
Rex, a redox sensing regulator activated by high NAD*/
NADH ratio (14,15). The roxS Rex binding site is strictly
conserved in rsaE, suggesting that in S. aureus, Rex simi-
larly represses rsaE expression (15). If so, full expression of
RsaE would require SrrAB activation (low O, or NO) and a
low NAD"/NADH ratio. High levels of NAD*, which is a
cofactor for many enzymes downregulated by RsaE (Figure
7) would induce Rex-mediated repression of RsaE in low
oxygen conditions. Consequently, these NAD* consuming
metabolic pathways would not be shut down by RsaE.

Disruption of the srrAB operon (also named srhASR)
leads to altered growth in anaerobic conditions (49). A
proteomic study of S. aureus strain WCUH?29 revealed a
number of proteins that significantly increase in the ab-
sence of SrrAB: in aerobic conditions, SucD, RocD, RocF
and SAOUHSC_01138 (alias YIbP) and in anaerobic condi-
tions, SucC, SucD, RocD, RocF, SAOUHSC_01138, LctE,
Ndh, Ald2, CitB, FumC (49). With the exception of LctE,
all upregulated proteins in AsrrAB are also down-regulated
by RsaE. Cross-comparison of Throup et al. with the cur-
rent work suggests that RsaE is the main negative effector
of the SrrAB pathway. Recent studies comparing the srrAB
and wild-type transcriptomes show a limited overlap with
Throup et al. (50,51), but conditions and strains are differ-
ent. As RsaE binds to SDs and its inhibitory activity is first
on translation, proteomics provides an efficient readout of
RsaE activation.

RsaE controls CcpA-regulated genes

CcpA is a key regulator of carbon metabolism adapta-
tion in Firmicutes. It represses genes associated with sec-
ondary carbon source acquisition or utilization, includ-
ing TCA cycle and amino acid related genes (30,52-54).
Many of these genes are also RsaE-regulated (Figure 7).
RsaE, by acting post-transcriptionally, may synergistically
shut off gene expression or ensure a negative control dur-
ing oxygen deprivation on a subset of CcpA-regulated
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Figure 7. Metabolic pathways associated with RsaE regulations. RsaE downregulates mRNAs (blue arrows) associated with the glycine cleavage system,
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genes. The SRNA RsaOG (43,55) [also known as Rsal
(17)] is CcpA-regulated (56, BioRxiv: https://doi.org/10.
1101/278127) and trapped by RsaE (Table 2). Using an
MS2-affinity purification approach, P. Romby, I. Calde-
lari and coworkers recently showed that RsaOG binds to
several sSRNAs including RsaE to possibly regulate them
(BioRxiv: https://doi.org/10.1101/278127). Consequently,
RsaOG could connect RsaFE activity to CcpA regulation.

RsaE function conservation across species

A computer search for putative RsaE targets in Staphy-
lococcus epidermidis (RP62A) and B. subtilis using
RNApredator (58) revealed a remarkable target conserva-
tion, an unusual feature for SRNAs.

In S epidermidis, sucD, ylbP (SERP0741), traP
(SERPI1369), rocD, citB (SERP0921), yjcG (SERP0604)
and icaR mRNAs are among the best matches of SD
regions targeted by RsaE (Supplementary Table S7).

Although B. subtilis is distantly related to S. aureus, some
common targets of RoxS and RsaE, such as sucCD mRNA,
were confirmed in both species. Moreover, sucCD mRNA is
likely an RsaE target also in S. epidermidis. (Supplementary
Table S7). This example in itself supports the idea of a con-
served RsaE function across distant species.

In B. subtilis, the arginine catabolic genes have a different
genetic organization compared to S. aureus: the transcrip-
tion of rocABC and rocDEF operons is o*-dependent and
under the control of RocR and AhrC (59). Interestingly, the
B. subtilis arginine catabolic pathway is possibly controlled
by RoxS. rocA and rocG (alias gudB in S. aureus) mRNAs
are downregulated by RoxS (14). In addition, rocD SD is a
predicted RoxS target (Supplementary Table S7). RoxS ac-
tivity on rocD mRNA likely affect rocF (named argl in B.
subtilis) expression as both genes are in the same operon.
These observations suggest that the RsaE regulation of the
arginine catabolic pathway may also be conserved between
Staphylococcaceae and Bacillaceae.

CONCLUSION

RsaE is a global and highly conserved regulator of cen-
tral metabolic functions, including the TCA cycle, the
glycine cleavage pathway, tetrahydrofolate metabolism and
the catabolism of several amino acids including arginine.
It affects numerous CcpA regulated genes. RsaE would be
a negative effector of the SrrAB regulon, and expectedly
be more expressed when oxygen and NAD™" levels are low
(14,15). RsaE operates via two seed motifs that may act dif-
ferentially according to targets. It is likely that RsaE regu-
lation is conserved and acts on the same pathways in other
Firmicutes.
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