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Abstract

Antisense RNAs (asRNAs) pair to RNAs expressed from the complementary strand, and their
functions are thought to depend on nucleotide overlap with genes on the opposite strand.
There is little information on their roles and mechanisms. We show tisaRNA acts in

trans utilizing a domain outside its target complementary sequence. SprAl sRNA and
SprAlas asRNA are concomitantly expressedStaphylococcus aureu$prAlss forms a
complex with SprAl preventing translation of the SprAl-encoded open reading frame by
occluding translation initiation signals by pagimteractions. The SprAl peptide sequence is
within two RNA pseudoknots. SprAd represses production of the SprAl-encoded cytolytic
peptide intrans their overlapping region being disgale for regulation. These findings
demonstrate that, sometimes, asRNA functional domains are not their gene target
complementary sequences, implying the need for mechanistic re-evaluations of asRNAs

expressed in prokaryotes and eukaryotes.
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INTRODUCTION

In all living organisms, gene expression isdulated by proteins and small regulatory RNAs
(sRNAs). sRNAs were identified in many bacteria and a few act by binding and modulating
protein activity. The majority of SRNAs functions by pairing with target mRNAs, modifying
mRNA transcription, stability or translatibnThese base pairing sRNAs fall into two
categories,trans and cissencoded sRNAs. Thérans sRNAs are encoded at genomic
locations distant from the mRNAs they regulate and share only limited complementarities
with their targets. Theis-encoded antisense RNAs (asRNAs) are transcribed from the DNA
strand opposite another gene and have perfesplemnentarities with their target. Recently,

a considerable amount of natural asRNAs ha& leetected in various organisms, including
human cell&

In bacteria, antisense transcription wast fdemonstrated almost 50 years ago and was
considered to be the exception to the rule. However, accumulating evidence from
transcriptome studies suggests that extensivgsense transcription occurs in bacteria,
producing manycis- SRNAs of various siz&sln the human pathogetielicobacter pylor;
asRNAs were detected for 46% of all annotated open reading fraindiating that
bacterial transcriptomes are unexpectedly cormplde functional relevance of this massive
antisense transcription, however, is poorlyderstood but these asRNAs are predicted to
have significant, as yet largely unexplored, impacts on gene expression. Also, information on
the molecular mechanisms of individual asRNi&sgrowing at a slow pace. In bacteria,
mechanisms of asRNA action include alteration of target RNA stability, transcription
interference or termination, as well as translation modufition

The Gram-positive bacteriunstaphylococcus aureu&S. aureup is a major human
pathogen causing a wide spectrum of nosaaband community-associated infections with

high mortality. S. aureusgenerates a large number of virulence factors whose timing and
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expression levels are precisely tuned by regulatory proteins and sBNAsteusexpresses
at least 91 sRNAsncluding asRNAs. Recent high-resolution transcriptome analysis detected
a large proportion of these asRNAs among the invent@ieireusRNAS™®. In S. aureus
many asRNAs are expressed from Pathogenisiands (PIs) and mobile elements including
plasmids and transposons. Since the SaPls are the repository of toxins, adherence and
invasion factors, superantigens and secretion systems, the location of SRNAs in the Pls
suggests that they play important roles durSgaureusinfections. In addition to all the
Small pathogenicity islandnasg (RNAs expressed from the Pls), at least four asRNAs are
also expressed from the P1©ne of these asRNAs, Teg152, was detected in strain N315 by
high throughput sequencitfgand predicted, based on its overall genomic location, to be
complementary with SprAl 3’-end. Because Tegl52 acts as a functional asRNA against
SprAl as reported here, it was renamed SpgASequence comparison suggest that the
‘SprAl/SprAlss’ pair forms a type | ‘toxin-antitoxin’ (TA) moduté SprAl was identified
by computer searches combined with transcriptomic analysis and its expression verified by
Northern blot& ThesprAgene is in 2-5 copies in the bacterial chromosome and in plasmids,
depending on the strains. We set out to answer the question of the biological roles of the
‘SprAl/SprAlas’ pair in S. aureus

We provide evidence that eissencoded RNA functions irans During S. aureus
growth, SprAks and SprAl are constitutively and concomitantly expressed and the asRNA
forms a complex with SprAin vivo to prevent internal translation of the SprAl-encoded
open reading frame (ORF) by occluding its translation initiation signals by pairing
interactions. Whereas the 60 nt-long Sptdis made of two stem-loops, the 208 nt-long
SprAl contains two RNA pseudoknots including an internal ORF. Polypeptide translation is
naturally disfavoured by the SprAl secondary structure in which its Shine-Dalgarno (SD)

sequence is sequestered within a 5’ stem-loop. The SprAl peptide lyses human cells, and
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upon SprAjs binding, an internal RNA pseudoknot of SprAl unfolds and forms a helix with
SprAlss. Structural evidences supported by mutational analysis of the RNAs indicate that the
functional domain of SprAgk is outside its 3’-complementary sequence with SprAl.
Functional domains of antisense RNAs can be located outside from their target gene
complementary sequences, rendering arduous mechanistic elucidations of asRNA-based gene

regulation in all kingdoms of life.

RESULTS

Expression of SprAl and SprAks

Up to five copies oBprA are detected in th®. aureusstrain$. In strain Newman, a human
clinical isolate, only two copiesprAlandsprA2 are identified. Therefore, that strain is a
simplified model for studying the multicoprA gene. In NewmarsprAlis located in the

S pathogenicity island, between a transposase and a hypothetical protein (Fig. 1a). We
also detected an antisense RNA (asRNA) to SprAl, identified in strain N315 by high-
throughput sequencity The sprAl and sprAlas genes read in opposite directions with a
predicted sequence overlap at their 3’-ends (Fig. 1a). A secondspopy, is detected in the
core genome at position ‘2560389-2560600’, between a HP and a protein from the GtrA
family (not shown). SprAl and sprAZhare 74% nucleotide identity. Using a DNA probe
specific of SprAl, we demonstrate that the RNA is expressed in Newman, as well as its
asRNA, SprA}ls, (Fig. 1b). To distinguish betweeretlexpression of the two copiessgrA
and to assess their functional implications independently one anothgpyAd-SprAlas
deletion mutant (sprAlsprAlag was constructed in Newman by homologous
recombination. SprAl- and SprAgt specific DNA probes confirm the absence of expression
of both SprAl and SprAg in the deletion straifFig. 1b, right panel). Quantification of the

expression levels of SprAl and of SprA2 indicthiat SprAl is expressed two- to three-fold
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more than SprA2 in the Newman strain (not shown). This report focuses on the functional

investigation of the SprAl and SprAsIRNAs.

Nucleotide overlap between SprAl and SprAds

Determining SprAl and SprAd 5 and 3’ boundaries was required for subsequent
functional and structural analysis. Since they are predicted to overlap, the extent of sequence
overlay between the two RNAs was assessed experimentally in Newman. For SprAl, it was
resolved using RACE_dpid anplification of dNA ends), as describ&ly combined with

direct size assessment using Northern ldatpolyacrylamide gels (Fig. 1b, left panel).

SprAl 5’-end maps at positiomn£gese7in strain Newman (at {gseassin strain N315, data not
shown), twelve nucleotides downstream from;AATAAT ; box that is the predicted
promoter (Supplementary Fig. la, boxed). SprAl 3’-end forms an intrinsic terminator
characterized by a stem loop (H6, Supplementary Fig. 1a) followed by an imperfect U-tract
(UUGGUGU). InE. coli, about half of the Rho-independeatminators possess imperfect U-
tract”,

SprAlas ends were very difficult to assess enpeentally because its small size precludes
from using RACE on circularized RNAs Therefore, SprAds transcriptional start site was
resolved by primer extension analysis on total RNAs from wild-type Newman cells
containing a pCN35sprAlxs plasmid expressing SpriAd from its endogenous promoter, to
bypass the obstacle of its small size. We verified that Sygragpressedn vivo from the
plasmid has a similar length that wild-type SpxAISprAlas 5’-end was assigned at position
Guisso770(Supplementary Fig. 2a). Therefore, SpkAB’-end is positioned ten nucleotides
downstream from agTATAAT _s box that is its predicted promoter (Supplementary Fig. 1b,
boxed). SprAls 3’-end forms an intrinsic transcription terminator characterized by a stem

loop (HZs, Supplementary Fig. 1b) followed by a near-perfect U-tract (WUUUUAUU,
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Supplementary Fig. 1b). SprAdis a 60 nt-long asRNA. The experimental determination of

the two RNA boundaries allowed producing them as synthetic transcripts.

Phylogenetic distribution of sprAland sprAlas genes

The phylogenetic distribution afprAl andsprAlas was studied in all sequenced bacterial
genomes. The genes encoding SprAl and Sgyvére identified in two orders of the bacilli

class, the bacillalesstaphylococcaceaegenus staphylococcys and the lactobacillales
(enterococcaceaagenusenterococcus They were distinguished frosprA2 that is in the

core genome by their locations within the Pls. Sequence alignments of xSpnélicate
sequence conservation in the non-overlagpegion of the RNA pair, corresponding t20
nucleotides at the 5'side of the RNA. Within all #hereusspecies in which the RNA pair

was detected, there is conservation of the two genes at the nucleotide level, suggesting
selective pressure (Supplementary Fig. 1, only #aaureussequences shown). Within the

Staphylococcugenus, however, there are differenseattered through the RNA sequence.

SprAl and SprAlas expression profiles during growth

SprAl and SprAds expression levels were monitored by northern blots during growgh of
aureusstrain Newman (Fig. 1c and d). Their eagsion levels were quantified relative to
tmRNA, a ubiquitous eubacterial SRNA exprekaé constant levels during growth. SprAl is
constitutively expressed, detected early and present at all phasesasSigrAtso expressed
early and reproducibly exhibits a peak of egmion at mid-exponential phase and is also
expressed later. Similar expression pattéonghe two RNAs are also observed in SH1000
and N315S. aureusstrains (data not shown). The vivo concentrations of SprAl and
SprAlxs in wild-type Newman strain was determined by including a range of each of the

purified synthetic RNAs in the Northern blots, for quantitative estimations (Fig. 1e). At all
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times during growth, SprA4s is in large excess relative to SprAl, from a 35- t®@ fold

molar excess (Fig. le).

In vivo detection and binding of the ‘SprA1-SprAls’ duplex
Since the two RNA genes are partially overlapping, we tested experimentally if the two
RNAs, SprAl and SprAg are interactingn vivo. For that purpose, a streptomycin-binding
aptamel® was fused at the 5-end of tisprAl gene and cloned into a ‘pCN35TsprAl-
SprAls plasmid expressing 5'ST-SprAl (STSprAl) and Spr@from their endogenous
promoters. The sprAl- sprAlas Newman strain was complemented with the
‘PCN35 STsprAl-sprAds plasmid and Northern blots demonstrated that STSprAl is
expressed in the complemented strain at Ioith-exponential (OD=3) and early stationary
(OD=11) growth phases (Fig. 2a, STSprAl is expressed to higher levels than wtiSprAl
vivo because of the plasmid copy number). Astmls, the expression of SprAl in wt cells,
but not in the deletion strain, was monitored and the size difference between STSprAl and wt
SprAl corresponds to the 46 nt-long ST. Total RNAs extracted from NewnspnAl-
sprAlaspCN35 STsprAl-sprAds cells were loaded on a streptomycin affinity matrix. As
shown by PAGE (Supplementary Fig. 2b), fleev through (FT) contains the non specific
RNAs (tRNAs and ribosomal RNAS), the last two washes cause some loss of STSprAl from
the column and, interestingly, the elution performed with {0 streptomycin contains
STSprAl and SprAk (Supplementary Fig. 2b), indicating that SpgAis in complex with
immobilized STSprAl. As a negative control, total RNAs were extracted from Newman
‘WT-pCN35 sprAlas cells and loaded onto the affinity matrix. Northern blots demonstrate
that in the absence of STSprAivivo, SprAlss cannot bind the column by itself and is only
detected in the FT, together with a non specific SRNA, tmRNA (Fig. 2b). However, with the

* sprAl- sprAlaspCN35 STsprAl-sprAds cells, Northern blots demonstrate that the
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eluted fraction contains both Spr&land STSprAl, but not tmRNA (Fig. 2b). Altogether,
these experiments indicate that SprAl forms a complex with Qpridlvivo and that its
5’'ST does not hamper recognition.

Duplex formation between SprAl and SprAivas analyzed by gel retardation assays. A
‘SprAl-SprAlas’ duplex was detected at a 1:0.3 molar ratio and all SprAl was in complex
with sprAlss at a 1:1 molar ratio (Fig. 2c). Complex formation between labeled SprAl and
SprAlss was also analyzed and nearly all labeled SprAl was in complex at a 1:1 molar ratio
(Fig. 2d). In the two experiments, the bindisgspecific since a 1,000-fold molar excess of
total tRNAs do not displace SprAdor SprAl from preformed ‘SprAg-SprAl’ complexes,
whereas a twenty-fold excess of unlabeled SpsAdr SprAl RNAs does. SprAd binds
SprAl with an apparent Kd of 15nM +5 (Fig. 2c and d), a value that was mandatory for
complex formation between the two RNAs subsequently analyzed by structural probes in

solution.

Structural interaction between SprAl and SprAlLs
We analyzed conformations of free SprAl and SpgABupplementary Fig. 3), as well as
the SprAl-SprAls duplexes (Supplementary Figs. 4 and 5) by structural probes (lead,
RNAse V1 and nuclease S1). The data are summarized onto SprAl and<sSpoAlkls.

SprAlas has two folded stems (lHd. and H2s) separated by an 8 nt-long junction (H1-
H2as). Sequence alignments provide strong phylogenetic support for stegn it much
less for H2s (Supplementary Figs. 1b and 5b). In SprAl, the presence afty with no $
or lead cuts supports the existence of six stems, H1 to H6. Probing data support the existence
of two loops, L1 and L6, capping respectively H1 and H6 (Supplementary Fig. 3b and c).
Internal bulges within H1 and H6 are supported by nucleas:m® lead cleavages. A 5 nt

junction separates H1 from the first pseudoknot, PK1 (H2-L2-H3-L3), followed by PK2 (H4-
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L4 H5-L5). SprAl is a compact RNA made of two tandem pseudoknots flanked by two
stable helices, the second acting as a transcription terminator. Sequence alignments provide
strong phylogenetic support for stem H1-H6 but not for H3 (Supplementary Figs. 1a and 5a).
The structural changes induced by duplex formation between the two RNAs were
examined. Upon SprAl binding, the most striking reactivity changes involve the single-
stranded H1/Hgs junction that is cleaved by RNase V1 and protected from lead cuts,
suggesting that it becomes double strandedn duplex formation (Fig. 3, Supplementary
Figs. 4 and 5c). An overall destabilizationtioé RNA is highlighted by the disappearance of
V1 cuts in Hhs and H2s as well as by the fading of S1 and lead cuts ipsldnd L2s.
Conversely, in the presence of SpgAlall the reactivity changes in SprAl are centred
between lower portion of H1 and PK1, indicating that it turns double-stranded, as it becomes
protected from lead and S1 cuts (Fig. 3 and Sarpphtary Fig. 4a). Interestingly, there are
no structural changes at thes-overlapping region between the two RNAs. Altogether, the
probing data collected on the ‘SprAl-Sprdlduplex support an interaction between the
two RNAs as presented on Figure 3. Comparing sequences from genomes and plasmids

provides phylogenetic support of the iatetion (covariations in Fig. 3b).

SprAl and SprAlas interact by non-overlapping domains

Between SprAl and SprAd, there is an intuitive binding site that involves a 35-nt overlap at
their 3’-ends (Fig. 3c and d, yellow). Experimental evidences support a different, unexpected,
binding site that involves pairings between nucleotides located at their 5’-domains (Fig. 3,
red). To assess the contribution of those binding sites in duplex formation, SprAl and
SprAlss were cleaved in two halves to retain a single binding domain on each RNA variant
(‘5’-SprAl’, ‘3-SprAl’, ‘5’-SprAla.s’ and ‘3’-SprAlss’, Supplementary Fig. 6). Duplex

formation between each of these shorter RNAs was analysed by gel retardation assays (Fig. 4

10
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and Supplementary Fig. 2d). A specific ‘5’SprAl1-Spg&lduplex is detected (Fig. 4a) with

a Ky similar to that observed with wild-type SprAl (Fig. 2c and d), whereas the 3'SprAl
construct is unable to bind SprAsl even at a 20 fold molar excess (Fig. 4b), indicating that
SprAl 5’-domain, including H1-L1 and PK1, isecessary and sufficient to interact with
SprAlas. Also, a specific ‘5’SprAjs-5'SprAl’ duplex is detected (Supplementary Fig. 2d),
with a weaker affinity than that between the two native RNAs (Fig. 2, ¢ and d), probably
because of two conformations for PK1 from 5'SprAl (Supplementary Fig. 2d, two bands in
the control lane) including an open and closed pseudoknotted structures. In addition, a
specific ‘5'SprAlas-SprAl’ duplex is detected (Fig. 4c) but its apparepiskmuch higher

than that between the two native RNAs, probably because of the reduced stability of
5’'sprAlas lacking the HZs terminal helix, and also because of the reduced accessibility of
the folded PK1 in full-length $A1. Reciprocally, the 3'SprAdk construct is unable to bind
SprAl, even at a 200 fold molar excess (Fig. 4d). Overall, the non-overlapping 5’-domains of
each RNA are necessary and sufficient for duplex formation, whereas the complementary 35

nucleotides at SprAl and SprAsl3’-ends are dispensable for duplex formation.

Translation initiates onto SprAl producing a peptide repressed by SprAk 5 non
overlapping domain

In all thesprAlgenomic sequences, an internal ORF was identified (Supplementary Fig. 1a,
green), predicted to encode a 30-33 amino acid-long peptide, starting:@Ués; or
54AUGse initiation codons and ending at;aUAG146 Stop codon. Moreover, an internally
conserved3;7AGGAGG,, Shine-Dalgarno (SD) sequence was identified 8 to 11 nucleotides
upstream the predicted start codons (Fig. 5a). To test whether or not ribosomes can form
translation initiation complexes onto SprAl, toeprint assays were performed on ternary

initiation complexes including purified 70S ribosomes fr®maureusinitiator tRNAM® and

11
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SprAl. In the presence of the purifidaureusibosomes, toeprints are detected onto SprAl

at C65-C69 within L2 from pseudoknot PK1, 14 to 18 nucleotides downstream from the
predicted initiation codons (Fig. 5b). The presence of multiple toeprints suggests that
ribosome loading onto SprAl takes placesateral positions; probably because of two
available initiation codons and also since there is a compact pseudoknot structure at the
loading site that needs opening by the ribosomes. Within SprAl, the predicted SD sequence
was mutated intg;UCCUCGC;; and, to maintain the conformation of helix HCCUAUCU 1

was also mutated intecGGAAGGA;: (Fig. 5a). Ribosomes are unable to load onto this
SprAl variant named ‘SD-mutated sprAl’ (Fig. 5b, right panel), demonstrating that the
37AGGAGG,;, sequence is required for translation initiation. Since the interaction between
SprAlas and SprAl (Fig. 3) coincides with the region covered by the ribosomes during
translation initiation, SprAds should prevent ribosome loading onto SprAl. Indeed, in the
presence of SprAg, SprAl toeprints disappear (Fig. 5b), indicating that the asRNA prevents
ribosome loading onto SprAl. Interestingly, eosg stop is detected at U61 within SprAl
structure likely because RNA duplex formation induces a conformational change (Fig. 3).

In vitro translation assays were performed to provide direct experimental evidence that
SprAl can express a polypeptide predicted to contain 31 amino acids (Supplementary Fig. 7).
In the presence of wild-type SprAl, a 2 to 5 KDa polypeptide is detected (Fig. 5c), in
agreement with its ~3.45 KDa theoretical molecular weight. Remarkably, when sgpsAl
added in the reaction (2-fold molar excess compared to SprAl), SprAl translation is blocked.
We conclude that SprA3 down regulates SprAl translation biyect pairing interactions at
and around the SprAl translation initiation sigr(&ig. 3). A ten-fold molar excess of either
5'SprAlas or 3'SprAlas was added in the translation assays of SprAl (5'SgrAbs a
weaker binding affinity for SprAl than wt SprAdlhas (Figs. 2c, 2d, and 4c). Whereas

5’'SprAlas reduces significantly $A1 translation, 3'SprAds does not (Fig. 5c), providing

12
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direct evidence that SprAd prevents SprAl translation by its 5’-domain, but not by its 3'-
domain. As a negative control, the ‘SD-mutated SprAl’ cannot be tranghatémo (Fig.

5¢c), in agreement with the toeprint data, as it fails to recrutlaireusibosomes (Fig. 5b,
right panel). Altogether, these experiments indicate that Sgrbihds SprAl at its 5 non-
overlapping sequence to block internanslation of SprAl. To assay if Spralalso
regulates SprAl transcription and/or stabilityaddition to its translational control, Spril
was over expressed vivo and the expression levels of SprAl were monitored by northern
blots during bacterial growth. Increagi the expression levels of SprAldoes not
significantly affect SprAlevelsin vivo, ruling out a direct regulation at the RNA level (Fig.

5d).

SprAl-encoded peptide expression is down regulated trans by cis-SprAlasin vivo

With regard to the data presented abovesgrdlandsprAl.sgenes were linked physically.
Decoupling genetically the location and expression of the two overlapping RNAs was
required to demonstraia vivo that acis-SRNA operates infrans The SprAl peptide has
very low immunogenicity (not shown), and its over expres&oRmivo inhibits S. aureus
growth (data not shown). A reporter peptide construct was designed by combining the 5'-
sequence of SprAl including 20 amino acids at N-ter from its internal coding sequence,
merged to a 22 amino acid 3XFlag, for detection. SprAl peptide truncation of its 11 amino
acids at C-ter was required to lower its toxidityvivo. Also, the transcription terminator
sequence of SprAl that overlaps with sprddvas replaced by another unrelated terminator
sequence (blaZz). A low-copy 20 copies per bacterium) vector was used (pCN34) and the
pPpCN34 sprAltagwas transformed into NewmarsprAl- sprAlss Immunoblots using anti-
FLAG antibodies demonstrate that the SprAl fusion peptide is expiiassed (Fig. 6a). To

monitor the impact of SprAt on the SprAl-encoded fusion peptidevivo, strain sprAl-

13
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sprAlas pCN34 sprAltag was transformed with either pCN35 or pCN§&Alas In the
strain containing the two RNAs itrtans each expressed from a different plasmid, SprAl
peptide levels are drastically reduced (Fég), demonstrating the down regulation of the
expression of the SprAl peptide by SpgAin vivo. Northern blots validate the presence of
the SprAl-flagged and SprAd RNAs in the * sprAl- sprAl.s double deletion strain
containing the two plasmids whereas, as expected, there is only the SprAl-flagged RNA in
the sprAl- sprAlas pCN34 sprAltagstrain transformed with the empty pCN35 plasmid
(Fig. 6b).We conclude that SprAg prevent sprAl-encoded peptide expressiotrans in

vivo and that its 3’-overlapping region wi8prAl is dispensable for the regulation.

The SprAl-encoded peptide is cytolytic for human cells

Sequence alignments of the SprAl-encoded peptide indichtdicity and amphipathy
(Supplementary Fig. 7), which are tgai features of performing peptides. The lytic

activity of the SprAl peptide was demonstrabgdadding increasing concentrations of the
chemically synthesized peptide on human erythrocytes (Fig. 7a). The SprAl peptide lyses
human erythrocytes at a 1uM concentration and above, but is less active towards sheep
erythrocytes (Fig. 7b), suggesting a narrow hemolytic range. Some microbial hemolysins
display antibacterial activity. The SprAl peptide has also antimicrobial activity against
Gram negative and positive bacteria (not shown). The bactericidal activity of the SprAl
peptide againss. aureusells gives a rationale as to why SprAls continuously expressed

during bacterial growth, preventing @ translation and toxicity againSt aureusells.

DISCUSSION

Many asRNAs were recently inn®ried in bacteria and eukaryotes but information on the

molecular mechanisms underlying their functions is, for the most part, unknown. By

14
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definition, cisasRNAs regulate the genes encoded on the respective opposite' $ttaigls
commonly accepted thais-asRNA functions are linked to their sequence overlap with genes
transcribed from the opposite DNA chain. We report a case of an asRNA that attsnss a
regulator inS. aureuslt demonstrates that asRNAs can interadtanswith complementary

target genes and possibly also with othgenes at remote genetic loci. Base
complementarities between overlapping RNAs do not necessary imply that they are the
functional unit of the pair. Becauses-RNAs can work inrans the distinction betweetis-
andtrans: RNAs should be revised. Our findings also suggest that the mechanisms of gene
regulations of the identified asRNAs shoble re-evaluated, as some could operateains

on targets. It may be advantageoustfans sSRNAs to be located iois on the chromosome
because, during genomic rearrangements, they will move with their target genes. In many
bacteriatrans-acting sSRNAs require the Hfq RNA chaperone protein for pairings with target
RNAS?. In vivo, SprAl steady-state levels are unaffected by the presence or absence of Hfq
(Supplementary Fig. 2c), suggesting that the protein is dispensable for the interaction
between SprAds and SprAl. Theis-overlap between SprAl and SprAl3’-ends operates

as a bi-directional transcription terminator, presumably for genome compaction and tightness.
Their 5’ non-overlapping domains, however, interacttrems to repress SprAl-encoded
cytolytic peptide synthesis (Fig. 7c).

SprAl has a compact secondary structurdenaf RNA pseudoknots flanked by stable
stem-loops, hindering internal translation initiation signals from the ribosomes. Despite such
structural lock, theés. aureugibosomes can load onto SprAdvitro to produce a 31 amino
acid peptide. SprAik is therefore required to block internal translation onto SprAl, inducing
a conformation rearrangement by pairing intacerst These observatiomase consistent with
a continuous and tight repression of fi@p synthesis that is detrimental f8r aureugrowth

(data not shown). The SprAl peptide is propatitly expressed under restricted, currently
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unknown, physiological conditions by specific environmental clue(s) reducing &prAl
levels. The peak of SprAd expression at mid-exponential phase suggests that translation
repression of SprAl is optimized during the exponential phase, probably to insure that the
lytic peptide is not produced when tBe aureuscells are actively spreading. Alternatively,
SprAlas could have other functions; it might acttrans on other RNAs. Indeed, inisteria
monocytogenesiboswitches that areissRNA elements can also function trans therefore

acting as regulatory RNAS SprAl could have other functions, possibly at the RNA level,

in addition to expressing a peptide. Dual functions, at the transcription and translation levels,
were recently reported for atoyysin (phenol-soluble modulin, PSM) regulating virulence in

S. aureu¥.

The SprAl peptide is a novel virulence factor that lyses erythrocytes and probably other
eukaryotic cell types and organelles, possibdp ahvolved in erasing competing bacteria. Its
function is consistent with its genomic loati within a Pl-containing virulence gene. In
order to exert its cytotoxicity, the SprAl gigle should be released from the bacteria.
AnotherS. aureugytolytic peptide, the-hemolysifi®, is internally encoded within a SRNA,
RNAIIl.  /-hemolysins are .-helical and amphipatic PSMs, as the SprAl peptide
(Supplementary Fig. 7), and active against a wide range of cells and orgahl#eslysin
enables the phagosomal escape of staphylococci in humaff. cEHsrefore, the SprAl
peptide could also be involved in evading the human phago-endosomes, the acidic pH could
lower SprAlLs levels, leading to SprAl peptide expression.

Based on sequence comparisons, SprAl and Spmdre proposed to form a type | TA
module resembling those of the LDR/Fts fartilyType-1 TA modules kill cells usually by
forming pore$', some are involved in the general stress respoosen specific functions
including controlling production of multidrug tolerant cé&lsHere, the toxin is internally

encoded by a sRNA and not by an mRNA, and protein synthesis is prevented by the sSRNA
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antitoxin intrans Bacterial Type-l TA systems are usually found in multiple copies and there
is up to five copies ofprAin someS. aureusstrain$, but the systematic expression of an
associated asRNA with each copy is unknown. However, one difference between the TA
systems and ‘SprAl-SprAd is thatin vivo, SprAl levels are unaffected by increasing
SprAlas expression. The SprAl-encoded pepstiares physico-chemical properties with
aureusPSMs that are small, amphipathic andhelical peptides with significant cytolytic
activity against human neutrophils and erythro&ytestype PSMs also cause chemotaxis
and cytokines release. Therefore, similar biological activities are anticipated for the SprAl
peptide. PSMs are regulated by #weessorygeneregulator A through its direct interaction
with the PSM promotéf. In contrast, SprAl translation is down-regulated by an asRNA, as
for the TA systems.

In conclusion,cis antisense RNAs can officiate imans implying mechanistic re-
evaluations of the identified antisense RNA-mediated target gene regulations in eubacteria,
archeas and eukaryotes. Also, a novel virulence factor expres&dbyeuss reported and
its expression is locketh vivo by an inhibitory sSRNA pair. The next challenges are to
understand when this novel cytolysin is expressed and what its biological functions are

during staphylococcal infections.
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FIGURE LEGENDS

Figure 1 Genomic location, lengths, boundaries, and expressionsgrAland sprAlas.

(a) Location ofsprAl/sprAlsin Pathogenicity IslandaPIn3of S. aureusstrain Newman
genome.(b) Right panels: Northern blots detection of SprAl and SpsAd a wild-type
Newman strain (lane 1) and in an isogespcAl/sprAls double deletion strain (lane 2). Left
panels: Lengths evaluatioof SprAl and SprAds adjoining synthetic labeled RNAs of
known lengths combined to 5-end determinations by RACE mapping. The nucleotide
numberings of SprAl and SprAglends refer to positions 8. aureusNewman genomic
sequenc®. (c-d) SprAl and SprAds expression profiles during. aureusgrowth The
expression levels of SprAl and Sprdlduring a 10-hour growth ob. aureusNewman
strain detected by Northern blots. As loading controls, the blots were also probed for tmRNA.
The growth curves of the Newman strainpiesented, with the quantification of SprAl
(black triangles) and SprAgd (grey diamonds) levels relative to the amount of tmRNA from
the same RNA extraction. AU =arbitrary unitée) Determination of thein vivo
concentrations of SprAl and Spr&lin a wild-typeS. aureusNewman strain during growth
detected by Northern blots. Thyuantification of SprAl and SprAd in vivo levels (left
panels) were performed relatite increasing amounts of synthetic, gel purified SprAl and
SprAlas RNAs (the two right panels)n vivo, the ratios between the SprAl and SprAl

RNAs are 1/35, 1/92, 1/63 and 1/50, respectivelysash of 4, 7, 10 and 12.

Figure 2 Detection of the interaction between SprAl and SprAt in vivo and assessing
their binding constants. (a)Northern blot analysis of SprAl (wild-type or tagged with a ST)
expression at mid-exponential (@ghm = 3) and stationary (Ofgonm = 11) phases in

Newman wild-type (lane 3), isogenic NewmasprAl/sprAjs deletion mutant (lane 2) and

Newman sprAl- sprAlas pCN35 STsprAlsprAlss strain (lane 1).(b) Northern blot
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analysis of the affinity purification fractions from either NewmasprAl- sprAlas
PCN35 STsprAl/sprAds extracts, or Newman wild-typ@CN35 sprAlas extracts, as a
negative control. Labeled DNA probes werged for SprAl (WT and tagged), for Spral

and for tmRNA used as an internal negativetad. FT = flow through, W4 = wash 4, W5 =
wash 5, E = elution(c,d) Complex formation between purified SprAl and Spr@dy native

gel retardation assays. Pueii labeled (asterisks) SprAsl(c) or SprAl(d) with increasing
amounts of unlabeled SprAt) or unlabeled SprAk (d). The diamonds indicate the molar
ratios used to perform the competition assays with a 1000-fold molar excgsasttotal
tRNAs or with a 20-fold molar excess of the indicated unlabeled RNA. The apparent binding

constant between SprAdand SprAl was inferred from these data: Kd =5nM.

Figure 3 Experimental and phylogenetic evidence for the pairings between SpraAd and

SprALl. (a) Proposed pairings between SprAl and SpeASD and GUG/AUG start codons

are in red, the SprAt and SprAl interacting domains are boxed in red. Blue minus signs
indicate the disappearance of the cleavagggdred by the structural probes in the RNA
duplex. Triangles are the V1 cuts, arrows capped by circles are the S1 cuts and uncapped
arrows are the lead cleavages. The intensitthefcleavages is proportional to the darkness

of the symbols. The blue S1 cut appears when the duplex ft)ri2hylogenetic support for

the proposed interaction between SprAl and SpgAdhen comparing the sequences of the
two RNAs located in genomes and plasmids. Covariations are shown in grey, SD and start
codons are boxed(c,d) Experimentally supported structure of SprAl and SpgAl
emphasizing the 3’-overlapping sequence (yellow) as well as the experimentally and
phylogenetically supported interaction regioed box). Covariations are shown in grey. The
other symbols are similar to pane).(Structural changes detected upon complex formation

are indicated in blue. The domains of the RNAs are indicated (SprAl: H1-H6, H1-H2
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junction, L1-L6, PK1-PK2; SprAds: H1-H2xs, Hlas-H2as junction and Llas -L2as). See

also Supplementary Figs. 3-5.

Figure 4 SprAl and SprAlss interact by their 5’ non-overlapping domains. Complex
formation between labeled SprAlwith increasing amounts of unlabeled 5’'Sprf) or
3'SprAl (b) and between labeled SprA1l with increasing amounts of unlabeled 5/gid 1

or 3'SprAlss (d), detected by native gel retardation assay® apparent binding constants
between the RNAs were infeddrom these data. For ‘SprAd5'SprAl’, the Kd is 16+

5nM. For ‘SprAl1-5'SprAjs’, the Kd is 300+ 50nM. There is no duplex formation between
SprAl and 3'SprAis or between 3'SprAl and SprAd The black diamonds indicate the
molar ratios used to perform the competition assays with a 2000-fold molar excess of polyU
RNAs or with a 20-fold molar excess of indicated unlabeled RNA. Asterisks point ttPthe

radiolabeled RNAs. See also Supplementary Fig. 6.

Figure 5 SprAl recruits the S. aureusribosomes, is translatedin vitro and SprAlas

hinders SprAl translation by its 5 non-overlapping domain. (a) SprAl structure
indicating the ribosome toeprints (oval), the reverse transcriptase (RT) pause in the presence
of sprAlas (black arrowhead) and the mutated nucleotides in the ‘SD-mutated SprAl’
construct (rectangles, twelve mutated nucleotides to maintain H1 while modifying the SD
sequence). The predicted initiation and termination codons are framed and the nucleotide
sequence overlapping with sprilis in grey.(b) S. aureugibosome toeprints onto SprAl

(WT SprAl), and the disappearance of the toeprints onto the ‘SD-mutated SprAl'. In the
presence of SprAk at a 2:1 molar ratio, there are no toeprints, indicating that the asRNA
impairs ribosome loading onto SprAl. The toeprints are indicated with a black bar and the

RT pause onto SprAl, in the presence of SpgAit indicated by an arrowhead. ‘T, ‘A’, ‘G’
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and ‘C’ are the SprAl sequencing laddéc$!n vitro translation of SprAl (lane 1), of SprAl

in the presence of SpriAd at a 1:1 molar ratio (lane 2), of SprAl in the presence of
5'SprAlas at a 1:10 molar ratio (lane 3), of SprAl in the presence of 3'Sgratla 1:10
molar ratio (lane 4), of SD-mutated SprAl (lane 5). The translated ‘SprAl-encoded’
polypeptide of 3kDa is indicated by an arrowhedd) Northern blot analysis of SprAl and
SprAlas in Newman pCN35 and isogenic Newman pCN8prAlas during growth. 5S

rRNASs are the controls.

Figure 6 SprAlas cis RNA acts in trans to down-regulate SprAl-encoded peptide
expressionin vivo. (a) Detection of the 5kDa SprAl-encoded flagged peptide at early
(ODsoonn=1) and mid-exponential (Qfbnn=5) phases of growth in strains NewmasBprAl-
(sprAlas pCN34 sprAltag pCN35’ (lanes 1 and 3) and in isogenic NewmadspftAl-
(BprAlas pCN34 sprAltagpCN35 sprAlag strain (lanes 2 and 4) by immunoblots using
anti-FLAG antibodies.(b) Northern blot analysis monitoring SprAl-FLAG RNA (upper
panel) and SprAk RNA (lower panel) expression levels at identical phases of growth. 5S

rRNAs are the internal loading controls.

Figure 7 The SprAl-encoded peptid is lytic for human cells. (a)Hemolytic activity of
synthetic SprAl-encoded peptide compared to a non-hemolytic peptide used as a negative
control. Controls: the minus sign indicates that PBS was added to the RBCs, the plus sign
indicates hypotonic solution was added to RBRBC sedimentation indicates the absence of
hemolysis, whereas a red supernatant implies hemo(3i®ifferential hemolytic activity

of the synthetic SprAl peptide between human and sheep RBCs. The peptide induces a
strong hemolysis on the human RBCs but a weak hemolysis on the sheed & B@posed

model for the down-regulation of SprAl sRNA internal translaiiortrans by the cis-
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encoded SprAds. The SprAl internal ORF is shown in green and the SprAl and spBAl
non-overlapping interacting domains are in red. Their 3’-overlapping domains are in yellow.
Upon duplex formation, SprAt 5’domain pairs at and around the SprAl internal translation
initiation signals (SD sequence and start codon, red) by unfolding pseudoknot PK1.$uring
aureusgrowth, translation of the SprAl-encodedptide is repressed by base pairings in

transwith SprAl.s RNA. See also Supplementary Fig. 7.

METHODS

Strains and plasmids

Strains and plasmids are listed in Table Slaureusstrains were grown at 37°C in brain
heart infusion broth. When necessary, chloramphenicol and erythromycin were added at 10
ug mL?, and kanamycin was added at 200 pg’mL

Genetic manipulations

Primers used for all the constructions are listed in Table S2. In p¥BBlas SprAlas
sequence with 113 nts upstream and 26 nts downstream was amplified from Newman
genomic DNA as a 215-bp fragment, with flanking Pstl/EcoRI sites. The fragment is inserted
in pCN35. In pCN35/STsprAl/sprAjs the sprAl/sprAjs locus was amplified from
Newman genomic DNA (with 48 upstream and 45 nt downstream) with stréSt¢4&ty
aptamer with affinity to streptomycin) incorporated betwsgrAland its promoter. For the
truncated-flagged SprAl construsprAl gene sequence, from positions -171 to +110, was
amplified from Newman genomic as a 368-bp fragirflanked by Pstl and EcoRl restriction
sites in frame with the first 20 amino acidacoded within SprAl, the reverse primer
contains 3XFlag (66-bp, 20 amino acids) daled by two UAG termination codons. The
PCR fragment was inserted into pCK%8nd then digested by Pstl/Narl. The resulting 684-

bp fragment (truncatedprAl ending by 3XFlag followed by thdlaZ transcription

26



Running Title: a cis antisense RNA operates in trans in S. aureus

terminator) was inserted into pCN34 The resulting amino acid sequence of the SprAl
fusion peptide is ‘MLIFVHIIAPVISGCAIAFDYKDHDGDYKDHDIDYKDDDDK'. The
construction of the deletion mutaBt aureusstrain NewmanUSprAl/SprAks was done as
described. Briefly, chromosomal gene disruption srAl/sprAjs locus was constructed

by deletion of targeted locus and insertionesythromycin resistance gene by using the
temperature-sensitive vector pBt2

In vitro transcription and RNA labeling

All the RNAs used in this report were transcribed from PCR-amplified templates using
Newman genomic DNA. Forward primers contain a T7 promoter sequence (Table S2). PCR
generated DNA was used as téatp for transcription using the ‘Ambion T7Megascript’ kit.

For synthesis of short RNAs (Sprisl 5'SprAlas 3'SprAlass), template was produced by
annealing the primers listed in Table S2. A&Nwere gel purified, eluted passively and
ethanol precipitated. 5' and 3’ end labelafghe RNAs were performed as descrifed

Primer extension, RACE mapping

For SprAks 5 end mapping, RNA extracts from Newman pCN3prAls were used.
Primer extension carried out as descriBagsing Superscript Ill reverse transcriptase. 5'-
RACE of SprAl were carried out as descrife@rimers for end determination are listed in
Table S2.

RNA Extraction and Northern Blots

Isolated colonies were suspended in 5 ml of BHI and incubated at 37°C overnight. Culture
was diluted 1:100 then incubated at 37°C with agitation and stopped at various phases of
growth. RNA extraction was performed as describe@ihe DNA probes used to detect
SRNA are listed in Table S2. Total RNA wseparated on denaturing PAGE and transferred

onto a Zeta probe GT membrane (Bio-Rad). Spetifidabeled probes were hybridized with
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ExpressHyb solution (Clontech) for 90 min, washed, exposed and scanned with a
Phosphorimager (Molecular Dynamics).

Streptomycin-streptotag purification

RNA extracts of Newman(sprAl/sprAis pCN35YSTsprAl/sprAis are used for affinity
purification. Streptomycin sepharose preparatmd the affinity purification are performed

as describeld. Eluted RNAs are ethanol-precipitated.

Gel-mobility assays, structural probing and Toeprints

Gel-mobility assays were performed as desclibe@NAs mix were incubated in binding
buffer (80 mM K-HEPES pH 7.5, 4 mM Mg£1330 mM KCI) before native gel separation.
Structural assays wengerformed as describ&d Structural analysis of duplexes between
SprAl and SprAds are prepared by incubating 0.5 pmol of labeled RNA with 1 pmol of
unlabeled RNA in binding buffer 20 min at 30°Qigestions with the various ribonucleases
were performed for 15 min 30°C in the presence pfylof total tRNA from yeast (V1 at
5.10° units; S1 at 5 units, lead acetate at (1W48). The toeprints were done as descriBed

with modifications S. aureuspurified 70S were usednd reverse transcription was
performed using labeled primeprAlToep’ (Table S2).

Protein extractions, western blots andn vitro translation assays.

For proteins extractions during growth, thdlgis were re-gspended in lysis buffer (50mM
Tris-Cl pH7.5, 3mM MgGJ, 0.1 mg mL* lysostaphin and 0.2U pitof Benzonase) incubated

15 minutes at 37°C then transferred into ice. Bradford assays were performed on the samples
and equal amounts of total proteins were used for the Western Blots. The samples were
separated on a 16% Tricine-SDS-PAGHransferred on Hybond™-PVDF membrane
(Amersham) and revealed using the é&asham™ ECL™ Plus detection Kitn vitro
translation using®fS]-methionine was performed usifig coli S30 extract system for linear

templates (Promega) following the manufacturer&ruction. For the assays in the presence
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of SprAlas or other RNAs, the RNA mix was incubated in binding buffer 20min at 30°C. 30
pmol of purified WT SprAl or SD-mutated SprAvere used in the presence or absence of
60 pmol of SprAls or 300 pmol of either 5’'SprAk or 3'SprAl.s. Samples were separated

on a 16% Tricine-SDS-PAGE The gel was fixed, exposed and visualized with
Phosphorimager.

Hemolytic assays

For the titration of hemolytic activity of SprAl peptide, 100uL of serial ¥z dilutions of PBS
containing peptides were pipetted in a V Bottom 96 Well Plate (Sigma). 100uL of PBS
containing 3% (v/v) RBC are added to each welll incubated 1 hour at room temperature.
For hemolysis comparison between human or sheep RBC, RBC were washed and diluted to
3% (v/v) in PBS. Human or sheep RBCs are incubated at 37°C with either 5uL of 50% (v/v)
isopropanol (negative control) or with 5uL of 50% (v/v) isopropanol containing 3nmol of the
chemically synthesized SprAl-encoded peptide.

Ribonucleotides, oligodesoxynucleotides and proteins

SprAl peptide was synthesized by PROTE®IGE (Oberhausbergen, France). Superscript

Il reverse transcriptases, lysostaphin, nBanase were purchesds from Invitrogen.
Restriction enzymes were from New England Biolabs (Berverly, MARTJATP,[ *P]pCp

(3000 mCi mmof) and f°S] methionine at (1150Ci mmiblat 10mCi mL*) were from

Perkin-Elmer (Courtaboeuf, France).
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