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ABSTRACT
In Staphylococcus aureus, peptidoglycan metabolism plays a role in the host inflammatory response and
pathogenesis. Transcription of the peptidoglycan hydrolases is activated by the essential 2-component
system WalKR at low cell density. During stationary growth phase, WalKR is not active and transcription of
the peptidoglycan hydrolase genes is repressed. In this work, we studied regulation of expression of the
glycylglycine endopeptidase LytM. We show that, in addition to the transcriptional regulation mediated by
WalKR, the synthesis of LytM is negatively controlled by a unique mechanism at the stationary growth
phase. We have identified 2 different mRNAs encoding lytM, which vary in the length of their 50
untranslated (50UTR) regions. LytM is predominantly produced from the WalKR-regulated mRNA transcript
carrying a short 50UTR. The lytM mRNA is also transcribed as part of a polycistronic operon with the
upstream SA0264 gene and is constitutively expressed. Although SA0264 protein can be synthesized from
the longer operon transcript, lytM cannot be translated because its ribosome-binding site is sequestered
into a translationally inactive secondary structure. In addition, the effector of the agr system, RNAIII, can
inhibit translation of lytM present on the operon without altering the transcript level but does not have an
effect on the translation of the upstream gene. We propose that this dual regulation of lytM expression, at
the transcriptional and post-transcriptional levels, contributes to prevent cell wall damage during the
stationary phase of growth.

KEYWORDS
Autolysin; cell wall; LytM;
peptidoglycan;
peptidoglycan hydrolase;
post-transcriptional
regulation; RNAIII;
Staphylococcus aureus

Introduction

Staphylococcus aureus has evolved multiple strategies to
respond to both environmental changes and to colonize/sur-
vive within the host. Modulation of the bacterial cell surface
composition is expected to play a direct role in these adap-
tive processes as well as in pathogenesis.1,2 The cell wall of
Gram-positive bacteria contains the peptidoglycan (PG)
layer, secondary polymers such as teichoic acid, and many
anchored proteins, which are directly involved in adhesion,
invasion and in sensing external signals. Although the PG
layer is quite rigid, its synthesis and turnover are tightly
regulated. The complex regulation coordinates a constant
cell wall remodeling during cell growth.3,4 This dynamic
property of PG is required for several essential functions
such as cell growth, to maintain the cell shape, to prevent
osmotic lysis, to anchor proteins (some of which have direct
roles in virulence) and to facilitate the uptake of nutrients
and the export of numerous exotoxins.5,6 Furthermore, PG
turnover generates powerful virulence effectors in a variety
of pathogenic bacteria such as Streptococcus pneumoniae,

Listeria monocytogenes, Helicobacter pylori, Neisseria menin-
gitidis1 and S. aureus.7 Remodeling of the PG in S. aureus
is in part achieved by different PG hydrolases (also known
as autolysins)8,9 whose functional redundancy may explain
why individually, none of them are essential.10-12 The PG
hydrolases have also been associated with cell division and
separation, protein secretion, biofilm formation13-19 and
with the bacterial programmed cell death (reviewed in20).

Within S. aureus, expression of the autolysins is repressed by
the action of the 2-component systems ArlSR21 and LytSR,22 and
the transcriptional regulator MgrA.23,24 The cidAB and lrgAB
operons add another level of regulation since they control the
transport of peptidoglycan hydrolases to the membrane
(reviewed in6). Conversely, during exponential growth WalKR
was identified as a positive regulator that activates the synthesis
of the 2 major S. aureus autolysins AtlA (that has amidase and
glucosaminidase activities) and LytM (a glycylglycine endopepti-
dase), as well as 9 other proteins involved in cell wall modifica-
tion.8,9 Of interest, WalKR is the only essential 2-component
system within S. aureus.9 WalKR is not only required for
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peptidoglycan biosynthesis and turnover but its activity also leads
to the stimulation of the 2 component system SaeRS.25 The SaeRS
system enhances expression of virulence factors that are involved
in biofilm, host-pathogen interaction, and innate immune eva-
sion.26 Hence, WalKR is considered to be a major regulatory sys-
tem for cell wall metabolism, which may play an important role
in switching commensal S. aureus to the pathogenic lifestyle.9,25

The regulatory RNAIII is one of the effectors of the quorum-
sensing induced accessory gene regulator (agr) and a major regu-
lator of virulence in S. aureus.27,28 Of interest, we have previously
predicted that the 30 domain of RNAIII might form basepairing
interactions with the ribosome binding sites of the mRNAs
encoding for the autolysins, SsaA (staphylococcal secretory anti-
gen A), SA2353 (SsaA homolog) and LytM.29 Interestingly, SsaA
and LytM are the only 2 proteins that can by-pass WalKR essen-
tiality by modifying the peptidoglycan cross-peptide bridges.30

Other findings have indicated that the translation of lytM
mRNA is regulated through RNAIII binding.31 Therefore, in
addition to the regulation of several virulence factors,29 RNAIII
coordinates the repression of several cell wall hydrolases at the
late-exponential phase of growth. As the WalKR system is inac-
tive in the stationary phase of growth, one could argue that an
additional level of regulation would not be required to turn off
the synthesis of the peptidoglycan hydrolases. However, we
show here that post-transcriptional regulation of lytM is required
to reinforce the transcriptional regulation mediated byWalKR.

In this work, we have identified 2 different lytM mRNAs,
which vary in the length of the 50 untranslated (50UTR) regions.
LytM is predominantly produced from the mRNA that has a
short 50UTR, which is under the control of WalKR and thus, is
growth phase regulated. Additionally, we show that the lytM
mRNA is also constitutively produced as part of a bicistronic
operon together with the upstream gene SA0264, which enco-
des a putative penicillin amidase. However, LytM encoded
from this operon is poorly translated as evidenced by in vivo
and in vitro data. This inhibition is the result of a combination
of events that involve both RNA structural changes and RNAIII
binding. This unique regulatory mechanism contributes to pre-
vent the synthesis of LytM during the stationary growth phase,
which could be detrimental to the cell due to the inappropriate
alteration of cell wall structure. We show here that control of
one of the major autolysins in S. aureus, LytM, is mediated
both at the transcriptional and post-transcriptional levels.

Results

Two lytM transcripts originate from different promoters

The transcription of lytM is activated by WalKR during the
exponential phase9 and shuts down during the stationary phase
of growth as soon as WalKR is inactivated.32 RNAIII, on the
other hand, is predominantly expressed at high cell density, i.e.
during the stationary phase of growth27 and was proposed to
control the synthesis of LytM at the translational level.29,31 This
dual regulation led to the following question: why is there a
need for RNAIII-dependent translational repression of lytM in
stationary growth phase where lytM levels drop dramatically?
In the present study, we have re-evaluated lytM expression dur-
ing growth in different S. aureus strain backgrounds.

First, we have monitored the steady state levels of lytM
mRNA in the RN6390 wild type (wt) strain and in a mutant
strain carrying a deletion of rnaIII gene (DRNAIII, strain
LUG950) using an RNA probe specific to lytM (Fig. 1).
RN6390 wt strain expresses high RNAIII levels at the stationary
phase of growth due to a mutation inactivating partially sB.33

The DRNAIII mutant strain was subsequently transformed with
the vector pLUG274 (strain LUG1662) or with the same vector
expressing RNAIII under the control of its own P3 promoter
(vector pLUG298, strain LUG1855) (Fig. 1). Total RNA extracts
were prepared at 2 h and 6 h of growth in BHI medium. In paral-
lel, we monitored the expression of RNAIII and of 5S rRNA
using appropriate probes. The results show an abundant level of
a lytM transcript around 1000 nts corresponding to the reported
WalKR regulated lytM mRNA, called lytM49 as it carries 49 nts
in its 50-UTR.9 This transcript was expressed in all strains during
exponential growth phase (EP) and its levels dropped dramati-
cally at stationary phase (SP) (For quantitation of transcript
amounts, see Fig. S1B). Of note, we observed a reduction in the
steady-state levels of lytM49 transcript in all DRNAIII mutant
strains as compared to the wt strain in EP (Figs. 1, S1B). This
effect is not a consequence of the absence of RNAIII, as comple-
mentation with RNAIII in SP of growth does not affect lytM lev-
els (Fig. 1, 6h, lane 4). Unexpectedly, in both phases of growth
(EP and SP), we detected a much longer transcript (> 2600 nts)
that could correspond to an operon containing lytM together
with the upstream gene, annotated as SA0264 in S. aureus strain
N315, encoding a putative penicillin amidase. The levels of this
long lytM transcript, called SA0264-lytM, varied very little in the
strains expressing or not RNAIII (Figs. 1, S1B). We then probed
the same samples using an RNA probe specific to SA0264. The
data were well correlated with the experiment performed with
the lytM probe. Indeed, a transcript was detected with a size (>
2600 nts) similar to SA0264-lytM strongly suggesting that the 2
genes are co-transcribed as part of the same operon. As men-
tioned above, the expression of this transcript is almost constitu-
tive during growth (Figs. 1, S1B). In another experiment, we also
analyzed DRNAIII strain complemented with RNAIII lacking
the regulatory hairpin 13 (RNAIII-DH13, strain LUG1663) that
forms basepairings with lytM mRNA,29,34 or complemented
with the 30 domain of RNAIII (hairpins 13 and 14, strain
LUG1126) (Fig. S1A). Again, we only observed marginal differ-
ences on SA0264-lytM levels between strains carrying or not dif-
ferent versions of RNAIII. The same experiment was performed
with the NCTC8325-4 strain35,36 and the corresponding
DRNAIII mutant strain (WA40037) transformed with the plas-
mid expressing or not RNAIII (Fig. S1B). The Northern blot
data shows very similar expression patterns for lytM49 and
SA0264-lytM mRNAs during growth phase as compared to
RN6390 (Fig. S1B), and no significant effect of RNAIII was
observed on the levels of lytM49 or lytM-SA0264.

We independently evaluated the results by performing qRT-
PCR analysis to monitor the expression of lytM in the
RN6390 wt and mutant strains (Table 1). For this experiment,
we used primers that hybridized either to the coding sequence
of lytM (OSA218/OSA219) or between SA0263 and SA0264
(OSA547/OSA548). The qRT-PCR data reproducibly showed
that the expression of SA0264-lytM is slightly enhanced at the
SP of growth compared to the EP in both the wt and mutant
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strains whereas lytM49 was 3 times more abundant at the EP
than at the SP in the wt strain (Table 1). The overall yield of
the lytM49 mRNA in the mutant strains in EP was found
decreased compared to the wt strain in agreement with the
Northern blot experiment (Fig. 1 and S1B).

To characterize the 50 start of the larger SA0264-lytM tran-
script, we used primer extension assays performed in strains
RN6390, WA400 and HG001 (the latter has sB levels restored36

and expresses lower levels of RNAIII compared to RN6390)
(Fig. S2). The experiment was also conducted onDrnc strain car-
rying a deletion of the double-stranded RNA specific endoribo-
nuclease III (RNase III). RNase III often acts conjointly with
RNAIII to regulate expression of virulence factors,29,34 therefore

we analyzed the possible impact of RNase III on lytM expression.
At the EP of growth, all strains expressed the previously reported
C1 transcriptional start of lytM499 (Fig. S2A). As expected, this
transcript was not detected by primer extension at the late EP
(Fig. S2A). In strains WA400 and HG001, a signal correspond-
ing to a longer transcript was in addition visualized (lytM411,
Fig. S2A). The 50 end of this transcript was mapped within
SA0264, at C-411 with regard to the AUG start codon of lytM
(Fig. S2B). We additionally performed RACE analysis on total
RNA extracts prepared from WA400 strain in SP of growth.
Unexpectedly, we identified a long transcript originating
upstream SA0264 at position ¡3242 with regard to the lytM
starting codon. This latter transcript begins within SA0262

Table 1. Expression of the 2 different lytM transcripts assessed by qRT-PCR in different strains and different phases of growth.

lytM49 SA0264-lytM
Mean expression ratio (a.u.)1 § SD Mean expression ratio (a.u.)1 § SD

WT DRNAIII DRNAIII/p DRNAIII/pRNAIII WT DRNAIII DRNAIII/p DRNAIII/pRNAIII

EP2 3.534§0.25 0.982§0.07 1.969§0.13 0.960§0.08 0.630§0.05 0.275§0.01 0.302§0.03 0.169§0.03
SP2 1.000§0.7 0.500§0.10 0.715§0.06 1.898§0.36 1.000§0.09 0.505§0.08 0.841§0.08 0.765§0.16

1Mean expression ratios (arbitrary units, a.u.) were calculated using the gene expression of the wild type strain in stationary phase as the reference condition.
2 EP: exponential phase; SP: stationary phase.

Figure 1. Analysis of lytM expression. (A) Northern blot experiments showing the steady-state levels of lytMmRNA in various strains. Total RNAs were prepared after 2 and
6 h of culture in BHI at 37�C: lane 1, RN6390 WT strain; lane 2, DrnaIII mutant strain (LUG950); lane 3, DrnaIII mutant strain transformed with the vector with no insert
(LUG1662); lane 4, DrnaIII mutant strain transformed with the vector expressing wild type RNAIII (LUG1855). RNA probes were used to detect either lytM or SA0264. The
transcription of RNAIII and 5S rRNA was also probed. (B) Schematic diagram of the genomic organization at the lytM locus of the S. aureus strain N315. The arrows below
the figure indicate the WalKR dependent start site (320203 nts position on the genome, corresponding to lytM49), the primer extension (319841, LytM411), the Northern
experiment (»318700, bicistronic operon) and the 50RACE (317010, bicistronic operon) identified C1 start sites, respectively. A red box between SA0264 and lytM indi-
cates the position of the previously annotated WalR binding motif and PlytM promoter. 9 The end of the 30UTR of lytM (321202) is also indicated. The position of the
nucleotides is based on the annotation given for S. aureus N315 strain.
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(encoding a hypothetical protein) and is antisense to SA0263
(encoding a hypothetical protein, similar to proton antiporter
efflux pump). A sA promoter consensus was found centered 10
nts upstream the C1 start of the transcript originating at nt
¡3242. This longer transcript correlates with recent transcrip-
tomic data,38 corroborating our findings that LytM is expressed
as part of a large operon including SA0264 (SA0264-lytM).
Additionally, we identified a transcript starting at C-356 with
regard to the lytM AUG. We suggest that the transcripts with 50
ends at C-411 and C-356, that were identified by primer exten-
sion and RACE, respectively, correspond to processed tran-
scripts from the longer SA0264-lytM transcript (Fig. 1B).

All in all, our data support the existence of 2 mRNAs con-
taining lytM. As expected the WalKR regulated promoter9 leads
to a mRNA with a short 50UTR (lytM49 mRNA) that is primar-
ily expressed during exponential growth. In addition, we show
that lytM is also transcribed as part of a polycistronic operon
together with SA0264 at both the EP and SP of growth. The
steady-state levels of the 2 mRNAs are not significantly depen-
dent on RNAIII.

LytM is mainly synthesized from the short lytM49
transcript

We monitored the levels of LytM protein in the different
growth phases using a FLAG-tagged version of LytM expressed
from its native locus on the chromosome of S. aureus. We engi-
neered strain HG001 to accept directly DNA from Escherichia
coli. The two restriction modification systems reported to
inhibit uptake of foreign DNA have been deleted, resulting in
strain BCJ100 (DhsdR DTcpeiii/.39 Subsequently, a FLAG-tag
was introduced in the C-terminus of LytM (strain EL100) to
monitor the synthesis of LytM by Western blotting. The same
experiment was performed on RN4220 (strain EL101), which is
capable of accepting foreign DNA,39,40 and which produces low
levels of RNAIII.41

First, we have verified by Northern blot analysis the levels of
lytM mRNA in backgrounds HG001 and RN4220 (Fig. 2A).
RNAIII and 5S RNA levels were analyzed in parallel using spe-
cific probes. As described above, the WalKR driven lytM49
transcript was also the most abundant mRNA observed during
exponential growth (Fig. 2A, lanes 1–2) in strain BCJ100, and
its yield decreased progressively (Fig. 2A). In the RN4220 back-
ground, lytM49 levels were significantly lower compared to the
HG001 background (Fig. 2A, lanes 3–4), in agreement with
previously published data.30 A much longer transcript with a
size corresponding to SA0264-lytM was detected at all growth
phases with slight variation in the 2 genetic (HG001 and
RN4220) backgrounds (Fig. 2A, lanes 1–12). We noticed that
strain EL100 expressed lower levels of RNAIII at the beginning
of the growth than its parent background BCJ100 (Fig. 2A,
lanes 2 and 6), while the levels were identical after 6 h of growth
in both strains (Fig. 2A, lanes 9–10).

In vivo expression of LytM was evaluated by Western blot-
ting using an anti-FLAG antibody. LytM was clearly detected
during exponential and post-exponential growth phases in the
HG001 background (Fig. 2B, lanes 2 and 6, EL100 strain), and
its synthesis strongly decreased at the entry into SP (Fig. 2B,
lane 10). LytM could also be detected in the RN4220

background after 4 and 6 h of growth but only after prolonged
exposure of the blot (data not shown). This observation corre-
lates with the very low levels of lytM49mRNA in RN4220 back-
ground while the level of the longer SA0264-lytM transcript
remained almost unchanged in the various strains (Fig. 2A). A
non-specific signal was detected on the western blot, which
may correspond to protein A (lanes 7–8 and 11–12).

All in all, we suggest that the detected LytM protein in
HG001 background (EL100 strain) is mainly produced from
the lytM49 transcript while the longer SA0264-lytM mRNA is
most likely poorly translatable in vivo. We propose that the
very low levels of LytM observed at the late exponential phase
of growth (6 h) may correspond to the early expressed protein
that remained stable.

Translation of the long lytMmRNA is not efficient and is
repressed by RNAIII in vitro

We evaluated the in vitro translational efficiency of lytM
mRNAs carrying 50 UTRs with various sizes, because the in

Figure 2. Analysis of LytM synthesis in various strain backgrounds. (A) Northern
blot experiments showing the steady state levels of lytM mRNAs (top), of RNAIII
(middle) and of 5S RNA (loading control, bottom). Total RNAs were prepared after
2 h (lanes 1 to 4), 4 h (lanes 5 to 8) and 6 h (lanes 9 to 12) of culture in BHI at 37�C
from 2 strain backgrounds, BCJ100 (HG001, DhsdR Dtype III) and RN4220. A FLAG
tag was introduced at the 30 end of lytM gene in BCJ100 (EL100) and in RN4220
(EL101) to analyze the synthesis of LytM in the 2 strain backgrounds. Experiments
were performed on samples prepared from BCJ100 (lanes 1, 5, 9), EL100 (lanes 2,
6, 10), RN4220 (lanes 3, 7, 11) and EL101 (lanes 4, 8, 12). lytM49, corresponds to
the WalKR-induced lytM mRNA. (B) Western blot performed using monoclonal anti-
bodies against FLAG tag on protein extracts prepared from the same strains as
described for the Northern experiment (see also Material and Methods). For the
2 h samples, the equivalent of 0.8 OD units was loaded, while for the 4 and 6 h
samples, the equivalent of 1 OD unit was loaded in order to visualize LytM. As a
control, a gel run in parallel with the same samples was stained with Coomassie
blue to verify that each lane contained comparable amounts of protein (not
shown). The legend is the same as for Fig. 2A. Lanes 7–8 and 11–12: protein A
reacted with the anti-Flag antibody in RN4220 and EL101 because RNAIII is weakly
expressed. RNAIII is known to repress the translation of spa mRNA encoding pro-
tein A through basepairing interactions.34
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vivo data suggested that LytM is poorly synthesized from the
long SA0264-lytM transcript,. In addition, we studied the for-
mation of a possible RNAIII-lytM interaction and its conse-
quence on translation (Fig. 3). Four lytM transcripts of various
lengths were produced by in vitro T7 transcription. The first
transcript (lytM49) begins at the WalKR-dependent transcrip-
tion start (-49 with respect to the AUG). The second transcript
(lytM211) carries a longer 50-UTR which adds 160 nts to the

lytM transcript (-211). The third, corresponding to the proc-
essed transcript (lytM411), starts at position C-411 mapped by
primer extension, increasing the 50UTR of lytM by 360 nts. The
fourth transcript comprises the SA0264-lytM operon starting
80 nts upstream the start codon of SA0264.

The translation efficiency of the different mRNAs was evalu-
ated in vitro using translation assays (Figs. 3A, 3B). The Pure-
system is a coupled transcription-translation system that allows

Figure 3. RNAIII-dependant repression of lytM mRNA translation. (A) In vitro translation assays using the PURESYSTEM performed with lytM mRNAs (100 nM) carrying vari-
ous lengths of the 50 untranslated regions (lytM49, lytM211) or with the SA0264-lytM operon (200 nM). A Flag tag was introduced at the C-terminal of LytM or of SA0264
to analyze the synthesis of the corresponding proteins. (Left) For LytM translation, the experiments were done on the mRNAs alone (lanes 1, 6) or in the presence of
increasing concentrations of the 30 domain of RNAIII: 100 nM (lanes 2, 7), 250 nM (lanes 3, 8), 500 nM (lanes 4, 9) and 1 mM (lanes 5, 10). (Right) For SA0264 translation,
the following amounts of the 30 regulatory domain of RNAIII were used: 200 nM (lane 2), 500 nM (lane 3) and 1 mM (lane 4). A control assay, performed without SA0264-
lytM mRNA, shows an unspecific signal (lane 5, (�)). (B) In vitro translation assays with a PCR fragment corresponding to lytM211 (1 nM). Translation on lytM211 alone
(lane 1) or in the presence of increasing quantities of wild type RNAIII or of RNAIII deleted of the hairpin 13 (RNAIII-DH13): 30 nM (lane 2), 60 nM (lane 3), 120 nM (lane
4), 240 nM (lane 5), 360 nM (lane 6) and 480 nM (lane 7). The same experiment was performed with YFP protein as the negative control. The proteins were separated on
a SDS-PAGE 10% and were revealed using FLAG-specific antibodies. Northern blot experiments verified the quality of lytM mRNA and RNAIII using DNA-DIG labeled
probes prepared with the primers LytM-EcoRI-T7/LytM-FlagR and RNAIII sense/RNAIII antisense, respectively. (C) Formation of the initiation ribosomal complex monitored
by toeprinting using lytM49 and lytM411 as mRNAs. Lane 1: incubation control of lytM mRNAs; lane 2: formation of the initiation ribosomal complex containing lytM
mRNA, the initiator tRNA, and S. aureus 70S; lane 3: formation of the initiation ribosomal complex in the presence of the 30 domain of RNAIII (50 nM); lane 4: formation of
the initiation ribosomal complex in the presence of RNAIII deleted of the hairpin H13 (RNAIII-DH13; 50 nM); lanes U, C, G, A: sequencing ladders. For the reverse transcrip-
tion reaction, the oligonucleotide LytM-REV3 was used.
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monitoring of protein synthesis by Western blot analysis. We
performed the assays using RNA templates that were tran-
scribed and purified before the addition of the Puresystem mix
(Fig. 3A) or PCR fragments that were transcribed in vitro by
the Puresystem T7 polymerase (Fig. 3B). For all of the con-
structs, we added a FLAG epitope to the C-terminus of LytM to
facilitate detection by an anti-FLAG antibody. We additionally
introduced a FLAG-tag at the C-terminus of SA0264 in the
long transcript including LytM (Fig. 3A). The Western blot
experiments revealed that the WalKR-dependent lytM49
mRNA is significantly more efficiently translated than lytM211
(Fig. 3A) while LytM was not translated from the SA0264-lytM
transcript (result not shown). Therefore, increasing the length
of lytM 50UTR had a strong negative impact on translation effi-
ciency. In contrast, the synthesis of SA0264 was efficient. This
result suggests that LytM synthesis is not coupled to that of
SA0264 (Fig. 3A).

To analyze the effect of RNAIII on lytM mRNA translation,
we added increasing amounts of RNAIII to the in vitro transla-
tion assays. The assays were also performed in the presence of
the 30 regulatory domain of RNAIII or RNAIII deleted of hair-
pin 13 (RNAIII-DH13) (Figs. 3A, 3B). The data show that the
synthesis of LytM was dramatically decreased by the addition
of RNAIII or its 30-domain (Figs. 3A, 3B). Conversely, LytM
levels were only mildly affected at the highest concentration of
RNAIII-D13 (Fig. 3B). The inhibitory effect of RNAIII and the
30 domain on lytM translation is specific because the synthesis
of Yfp protein was not altered (Fig. 3B). Northern blot analysis
was also performed on lytM211 mRNA and RNAIII (Fig. 3B)
to demonstrate the absence of RNase contamination in the
assays. These data also showed that full RNAIII-dependent
repression is obtained when the concentration of lytM is
approximately equal to the highest amount of RNAIII
(480 nM). Contrary to the effect on LytM, the translation of
SA0264 within the SA0264-lytM operon was only slightly
altered by the addition of increasing amounts of the 30 domain
(Fig. 3A).

To measure the efficiency of the formation of translation ini-
tiation complexes, toeprinting assays were used.42 Briefly,
primer extension is performed on a complex formed by 30S
ribosomal subunits, lytM mRNA and the initiator tRNAMet.
Reverse transcription stops when it encounters the 30S initia-
tion complex. The data shows a toeprint at C16 relatively to
the AUG of the various forms of lytM mRNAs (Fig. 3C). In
agreement with the in vitro translation assays, the toeprint
formed with lytM411 was strongly decreased as compared to
lytM49 mRNA (Fig. 3C). Thus, increasing the length of the
50UTR has most likely altered the accessibility of the ribosome-
binding site. The addition of increasing concentrations of the 30
domain of RNAIII strongly decreased the formation of the toe-
print and concomitantly reverse transcriptase pauses occurred
at U-10 and G-11, which are the signatures of RNAIII-lytM
mRNA duplex formation (Fig. 3C). Conversely, the addition of
RNAIII-DH13, which fails to bind lytM mRNA, did not alter
the yield of the toeprint (Fig. 3C).

All in all, we confirmed that the lytM49 transcript originat-
ing from the WalKR regulated promoter has the potential to be
efficiently translated in vivo, but the extension of the 50UTR
(lytM211, lytM411, SA0264-lytM) decreased considerably the

translation efficiency. The 30 domain of RNAIII is sufficient to
bind lytM mRNA and to occlude ribosome binding.

Increasing the 50 UTR region of lytM changes the
accessibility of ribosome binding site

To analyze whether the extension of the 50UTR of lytM changes
the accessibility of the ribosome binding site, we probed the
secondary structure of the 50 untranslated regions of lytM49,
lytM211 and lytM411 using enzymatic (Fig. S3) and chemical
probes (Fig. S4). The conformation of the mRNAs was analyzed
using RNase T1 (specific for single-stranded guanines), RNase
T2 (specific for unpaired nucleotides with a preference for
adenines) and RNase V1 (specific for double-stranded regions).
As chemicals, we used DMS to map the reactivity of adenines
at N1 and cytosines at N3, as well as the selective 20-hydroxyl
acylation of ribose by 1M7 to gain knowledge on the flexibility
of ribose for each nucleotide of lytM49 and lytM411 RNAs.43

The secondary structure models for the 50UTR of lytM49 and
lytM411 mRNAs were built taking into account experimental
data (Fig. 4).

In the short 50UTR of lytM49 mRNA transcript, the SD
sequence is engaged in an unstable stem-loop structure. This
hairpin motif is well supported by the enzymatic cleavage pat-
terns and the reactivity of the N1 position of adenines located
primarily in the loop regions. The AUG initiation codon is
found in an unpaired region, which is susceptible to cleavages
by the single-strand specific RNase T2 (Figs. 4A, S3). The same
experiments were performed with lytM411 mRNA. The enzy-
matic and chemical probing showed that the long 50UTR is
composed of several long hairpin structures (H1 to H3).
Indeed, the stems are susceptible to RNase V1 cleavages while
the apical loops are sensitive to single-strand specific RNases
(Figs. 4B, S3). In the proposed model, the SD sequence and
part of the coding sequence are engaged in interactions with
upstream nucleotides of the long 50UTR of lytM411 (Fig. 4).
We however do not exclude the possible existence of alternative
structures that would allow the ribosome binding site to form
either basepairing interactions with the 50UTR (Fig. 4B) or a
local hairpin structure as found in lytM49 mRNA (Fig. 4A).

Using footprinting assays, we analyzed the binding of
RNAIII or of its 30 domain to lytM49 and lytM411 mRNAs
(Figs. 4, S3, S4). Increasing concentrations of RNAIII or the 30
domain induced the same reactivity changes at distant regions
of lytM mRNA transcripts. For the short lytM49 transcript, the
main interaction site is around the SD sequence consistent with
bioinformatic predictions that revealed complementary
sequences to hairpin 13 (H13) of RNAIII.29 Strong protections
against DMS and single-strand specific RNases were observed
in the apical loops encompassing A-24 to A-18 and in the
unpaired region containing the initiation codon (AC1 to
UC9). Concomitantly, enhanced RNase V1 cuts were observed
at AC6 to AC9, and the N1 position of adenines ¡30, ¡34 to
¡37 became more reactive toward DMS (Fig. 4). For the
lytM411 mRNA, binding of RNAIII or its 30 domain modified
the cleavage and reactivity patterns toward chemicals (DMS,
Selective 20-hydroxyl acylation analyzed by primer extension
(SHAPE)) in 3 distinct regions of the mRNA (Fig. 4C). The first
site involves a G-rich motif at U-112 to G-120, which was also
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strongly protected against RNase T1 hydrolysis (Fig. 4, motif
1). In this region, several RNase V1 cuts were enhanced, and
riboses were also protected against SHAPE (Fig. 4B, S4). Inter-
estingly, the GGGAAUAUU sequence is strictly complemen-
tary to the C-rich motif found in the unpaired region between
H13 and H14 of RNAIII (Fig. 4C). Furthermore, RNAIII bind-
ing also caused strong protections of riboses in region C1 to
C5 (motif 2) while position ¡14 became more reactive. These
protections were specifically attributed to the formation of
base-pairings with H13 because the deletion of this domain in
RNAIII caused no effect on lytM411 mRNA (Fig. S4). In some
experiments, the RBS was only weakly protected by RNAIII
binding and a third site of interaction was observed 168 nucleo-
tides downstream of the translation initiation site in the coding
sequence (motif 3) where RNAIII or its 30 domain protected a
G-rich region against RNase T1 cleavages (Fig. S3). This third
site contained the UGGGGA sequence, which is fully comple-
mentary to the apical loop of H13 (Fig. 4C). Therefore, we pro-
pose that 2 different complexes might form with the long lytM
mRNA leading to the formation of either motifs 1 and 2, or

motifs 1 and 3 (Fig. 4C). These data resulted most probably
from the formation of alternative structures of the RBS in
lytM411.

Taken together, our data showed that the extension of the 50UTR
of lytMmodified the structure of the RBS to decrease the translation
efficiency and provided additional binding sites for RNAIII.

Deregulation of lytM during stationary phase growth
causes cell wall perturbation

We searched for cell envelope related phenotypes as a conse-
quence of the regulatory effect of RNAIII. To evaluate mem-
brane integrity, we utilized the Live/Dead staining assay
(BacLight bacterial-viability assay, Molecular Probes). This
assay allows distinguishing intact from damaged membranes
by fluorescence microscopy. Only cells that have compro-
mised membranes are stained with the red fluorescent dye
propidium iodide. At early exponential phase of growth, S.
aureus RN6390 and WA400 (DRNAIII) cells grown in BHI
were almost completely stained in green indicating that the

Figure 4. Secondary structure models of lytM mRNA carrying a short (lytM49) and long (lytM411) 50 untranslated region. (A and B) Summary of the enzymatic cleavages
for lytM49 and lytM411, respectively: strong and moderate RNase V1 cuts are represented by black and gray arrowheads, respectively. RNase T1 cuts are shown by black
arrows and RNase T2 by open arrows. For RNases T1 and T2 cleavages, plain and dashed lines represent strong and moderate cuts, respectively. Changes induced by the
binding of RNAIII or its 30 domain are indicated as follows: black circles denote strong protection, enhancements and new RNase V1 cleavages are represented by aster-
isks. Summary of the DMS modifications performed on lytM49: circled nucleotides are reactive toward DMS; plain and dashed lines represent moderate and weak reactiv-
ities, respectively. Protections induced by RNAIII or its 30 domain are shown by black circles. Binding of the 30 domain of RNAIII to lytM411 induces protection of riboses
against SHAPE (gray squares). (C) The secondary structure of the 30 domain of RNAIII is given. RNAIII binding protected 3 regions of lytM411 mRNA, they are given as
motifs 1 to 3. The Shine and Dalgarno (SD) sequence and the AUG codon are in green. Nucleotides in red can potentially form basepairing interactions between lytM
mRNA and the 30 domain of RNAIII.
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cell membranes were not altered (data not shown). However,
during the late exponential growth phase, a significant num-
ber of cells from WA400 strain were stained in red
(Fig. S5A), indicating damaged membranes. We analyzed
whether the major autolysin LytM could be responsible for
the observed phenotype. The Live/Dead staining showed that
the deletion of lytM in WA400 mutant strain partially
restored the wt phenotype (Fig. S5A). Indeed, statistical anal-
ysis was performed on 2 independent experiments where the
cells from 3 to 4 frames were analyzed for each strain. In the
late exponential phase, only 1.29 % of the cells were dam-
aged (red) in the wt background, while in the WA400 strain
5.79 % of the cells were affected. The lytM deletion in
WA400 slightly ameliorated this phenotype, as 3.67 % of the
cells were stained in red. The deletion of lytM in the WT
background (strain LUG1420) mirrored the WT phenotype.
Reproducible data were obtained from at least 5 independent
experiments.

As the agr system was found to affect autolysis of S.
aureus,44 we have analyzed the potential role of RNAIII in the
regulation of autolysis using Triton X-100 treatment of the dif-
ferent strains (Fig. S5B). The DRNAIII mutant exhibited a
lower Triton induced autolysis rate as compared to RN6390
strain. Interestingly, complementation of cells with a plasmid
expressing the 30 domain of RNAIII restored the autolysis phe-
notype of the WT strain even though the 30 domain is less sta-
ble than RNAIII (Fig. S5B). The RN6390 strain carrying a
deletion of the lytM gene had a phenotype similar to the iso-
genic WT strain. In addition, the autolysis rate of the WA400-
DlytM strain was identical to the parental WA400 strain show-
ing that the absence of LytM did not cause any effect on Triton
induced autolysis.

Taken together these data collectively suggest that deletion
of RNAIII induces perturbation in the cell envelope that can be
partially restored by the deletion of lytM gene. This perturba-
tion however, does not result into higher autolysis rates.

Discussion

Genome-wide mapping of bacterial transcriptional start sites
facilitated by advanced next-generation sequencing technolo-
gies revealed in many cases multiple promoters derived from
the same genetic locus. This leads to complex RNA profiles in
genomes including S. aureus.45-47 Such information is helpful
to further analyze the regulation of individual genes. Here, we
have defined how LytM expression is regulated during growth.
We showed that lytM mRNA is produced from at least 2 differ-
ent transcriptional start sites. In addition to the transcriptional
control, we demonstrated that LytM synthesis is regulated at
the post-transcriptional level through different mechanisms
involving both the quorum sensing-induced RNAIII and
mRNA structural changes mediated by the length of its 50UTR
(Fig. 5).

In many microorganisms, including S. aureus, the processes
of synthesis and hydrolysis of the covalent peptidoglycan bonds
during cell growth are intimately balanced. This suggests that
expression of both cell wall biosynthetic- and hydrolytic-
enzymes has to be tightly and coordinately regulated during
growth.9,48 LytM and other peptidoglycan hydrolases are

strongly repressed during the stationary phase of growth.4 At
the transcriptional level, lytM expression is activated by the 2-
component system WalKR during early exponential growth.9

WalKR-dependent activation of lytM expression gives rise to a
mRNA carrying a short 50-UTR of 49 nucleotides that is effi-
ciently translated (Figs. 1 and 2). During the stationary growth
phase, the WalR regulatory protein becomes inactive and lytM
transcription is additionally repressed by several other regula-
tors like the 2 component systems ArlSR and LytSR, and the
transcriptional regulator MgrA (Fig. S6).21-24 However, very
recent data suggest that in B. subtilis prolonged activation of
WalR can occur due to alternate phosphorylation by a eukary-
otic-like Ser/Thr kinase. This can lead to enhanced activation
or repression of WalR targets at stationary phase.49 As this Ser/
Thr kinase is conserved in S. aureus (PknB), alternate expres-
sion profiles of WalR targets could also occur. Intriguingly, we
have observed that lytM is also produced from a bicistronic
operon, which includes the upstream SA0264 gene encoding
for a protein similar to penicillin amidase. The same transcrip-
tional start site was also observed in S. aureus 15981 strain38

indicating that the presence of a weakly expressed bicistronic
operon encompassing SA0264 and lytM is conserved in S.
aureus strains. We observed this longer lytM transcript at both
the exponential and stationary growth phases and found that
the steady state yield does not depend on RNAIII levels (Fig. 1,
S2 and Table 1). In agreement with this observation, the level
of lytM mRNA did not significantly vary in a transcriptomic
analysis of an agr mutant.50 Using different experimental
approaches such as primer extension and RACE, we detected
various RNA fragments emanating from the >3kB long tran-
script. Notably, the total RNA samples that were used for the
RACE experiment were treated with Tobacco Acid Pyrophos-
phatase (TAP) to remove processed RNA. However, we have
previously found that TAP treatment does not completely
remove processed RNA.51 The 2 shorter transcripts carrying a
411 nts and 356 nts long 50UTR, respectively, that were identi-
fied in DRNAIII and in HG001 strains are most likely products
of a processing event of the longer bicistronic operon and not
primary transcripts for the following reasons. First, there is no
obvious promoter preceding the 50 ends of these transcripts.
Second, a recent RNA sequencing study evaluating the biologi-
cal functions of RNases J1/J2 in S. aureus revealed several 50-
monophosphorylated RNAs within SA0264. These cleaved
products were only observed in the J1 and J2 deletion strains
but not in the WT strain.52 Taken together, these transcripts
are most likely generated by cleavages and are further removed
by RNase J. The various RNA fragments we observed reflect a
complex degradation pattern of the long SA0264-lytM
transcript.

We show here that the bicistronic mRNA and the processed
transcript are translated less efficiently than the WalKR-depen-
dent lytM mRNA (Figs. 2 and 3). This finding correlates well
with the observation that the levels of LytM drop considerably
during stationary growth phase.53 Probing the structure of the
large mRNA revealed that the RBS could form alternative base-
pairing interactions with upstream nucleotides located in the
50UTR to occlude ribosome binding. In vitro translation assays
suggested that the synthesis of LytM is not coupled to SA0264
and that the bicistronic operon generates a translationally
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inactive lytM mRNA (Fig. 3). In addition, we have observed a
second level of regulation during the late exponential phase of
growth when the cell division slows down (Fig. 5B). The regula-
tory RNAIII, and more precisely its 30 domain, behaves as an
antisense RNA that binds to several sites of lytM mRNA and
prevents translation (Figs. 4, 5B). Therefore both RNA struc-
tural changes and the quorum sensing-induced RNAIII con-
tribute to prevent the synthesis of LytM during stationary
phase. Regulation at both the transcriptional and the transla-
tional levels has the advantage to generate a tight regulation of
synthesis particularly when leaky gene expression could be det-
rimental to the cell.34

We have observed that the cell membrane integrity was com-
promised in many cells of the DRNAIII strain during the late
exponential growth phase. This phenotype was partially allevi-
ated in the double mutant DRNAIII DlytM strain (Fig. S5A).
These data suggest that the deregulation of LytM synthesis
caused by the deletion of RNAIII contributes to cell envelope
perturbation during stationary phase. Alterations in the mem-
brane could affect cell wall synthesis and morphology by affect-
ing access to precursors, as well as binding and transport of cell
wall modifying enzymes. We searched to identify whether possi-
ble alterations in cell wall could lead to altered resistance in lysis.
We used Triton-X as the lysis reagent. However, somehow non-
intuitively, we observed that deregulation of cell wall homeosta-
sis due to the absence of RNAIII results in cells that are less sus-
ceptible to lysis (Fig. S5B), in agreement to previous results.44

LytM does not seem to contribute to the observed lysis

phenotype consistently with previous work.54 The effect of
RNAIII on autolysis appears to be restricted to its 30 domain,
which is the main repressor and conserved domain of
RNAIII.29,34,55

The observed phenotypic outcomes related to the deletion of
RNAIII may be due to the deregulation of several other cell-
wall modifying enzymes. Recent data has shown that the V8
exo-protease (SspA, indirectly activated by RNAIII through the
Rot regulator56) cleaves and deactivates AtlA (Fig. S6) resulting
in decreased biofilm formation.17 Therefore, it is possible that
the quorum sensing RNAIII-mediated synthesis of proteases
may impact the production of biofilm to favor cell dissemina-
tion.27 Besides LytM, it was previously shown that RNAIII
repressed the synthesis of SA2353, encoding an amidase.29 In
addition, conserved base-pairing interactions among S. aureus
strains have been predicted between the 30 domain of RNAIII
and several mRNAs encoding enzymes involved in cell wall
metabolism, namely the protein SA2093 (an homolog of the
staphylococcal secretory antigen SsaA) and the 2 transglycosy-
lases SceD and IsaA (Fig. S7). In S. epidermidis RNAIII
represses the expression of one of the major hydrolases, AtlE,
though the mechanism was not studied.57 A recently published
work defines an important function of LytM for the release of
protein A from the cell wall into the extracellular milieu.58 Pre-
viously we have shown that RNAIII is repressing the produc-
tion of protein A34 and here we show that RNAIII additionally
represses LytM. As a result, RNAIII controls not only expres-
sion of protein A but also its release from the cell surface

Figure 5. Model of the regulatory mechanism of LytM synthesis. (A) During exponential growth, the response regulatory protein WalR activates the expression of lytM49
mRNA to generate a mRNA with a short 50 untranslated region (50UTR). The Shine and Dalgarno (SD) sequence colored in green is involved in an unstable hairpin struc-
ture allowing translation by the ribosome. A long bicistronic operon SA0264-lytM is also weakly produced. This long RNA transcript adopts a secondary structure that
sequesters the SD sequence and part of the coding sequence into a more stable structure. In vitro probing revealed the presence of an alternative structure where the SD
sequence could be engaged in a hairpin structure similar to lytM49. This structure is not efficiently recognized by the ribosome. Our data confirm that the pool of LytM
present during exponential growth is predominantly produced from the highly expressed lytM49. (B) During late-exponential phase, WalR is inactive and the expression
of lytM49 is abolished while the bicistronic operon is constitutively expressed. Although LytM is weakly translated from the bicistronic operon, RNAIII is able to bind at 2
distinct sites of the 50UTR of lytM411 to inhibit translation. Hence, LytM synthesis is regulated at both the transcriptional and post-transcriptional levels. The 30 domain of
RNAIII contains 2 sequences (in red) which are complementary to mRNA regions in red: H13 forms basepairing interactions with the SD while the C-rich motif located in
the interhelical region of the 30 domain is complementary to a G-rich motif of the 50UTR. The 30S subunit is shown in blue.
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(Fig. S6). Therefore, in addition to its known role in the regula-
tion of virulence factors, RNAIII emerges as a major player in
cell wall metabolism either through direct base-pairing interac-
tions with mRNAs (as for lytM) or indirectly through the pro-
duction of proteases (Fig. S6).

This work highlights the functional consequences that the
varying lengths of the 50UTRs of lytM mRNA have on both the
RNA folding and the translation efficiency of LytM. Such RNA
structural changes mediated by the length of the 50UTR have
previously been shown to favor the choice of an alternative ini-
tiation codon59 or to affect the mRNA stability.51,60 Hence,
diverse 50UTR-dependent regulatory mechanisms are expected
to be more widespread than previously anticipated due to the
complexity of the RNA profiles observed in bacterial genomes.

Materials and methods

Strains and plasmids

Staphylococcus aureus strains and plasmids used in this study are
listed in Table S1. Escherichia coli strains DH5a or XL1-Blue were
used as host strains for plasmid constructions. S. aureus strain
RN4220 was used as the recipient strain of constructed plasmids
to avoid the endogenous modification systems. The deletion/
replacement DlytM/aphA-3 mutant of S. aureus RN6390
(LUG1420) and of S. aureus WA400 (LUG1432) were obtained
by using pMAD, a thermosensitive plasmid, which contains a con-
stitutively expressed ß-galactosidase gene. This allows positive
selection for the double crossover by following the ß-galactosidase
activity on X-gal agar plates.61 The kanamycin resistance gene
(amplified from the pCRTM2.1 plasmid, INVITROGEN) was
cloned in pMAD between 2 DNA fragments corresponding
respectively to the chromosomal regions upstream and down-
stream the lytM coding sequence. Primer pairs LytM1186/
LytM1626 and LytM2679/LytM3241 were used to amplify the 2
regions. The resulting plasmid, pLUG759, was transformed by
electroporation successively into RN4220, and RN6390 or
WA400. Transformants were grown at the non-permissive tem-
perature (37�C) to select cells that have the plasmid integrated
into the chromosome by homologous recombination. To favor
the second recombination event, a single colony was grown at
30�C for 10 generations and plated at 37�C overnight. Cells that
lost the plasmid through a double cross over event were selected
on Xgal agar plates. PCRwas used to confirm the loss of lytM gene.

We constructed a strain of S. aureus HG001 that could be
transformed with plasmids isolated from E. coli by deleting the
endogenous restriction barriers using the targetron
approach.39,62 The targetron plasmids pNKL62-hsdR and
pNKL62-type III were a kind gift from P. Linder and A.R. Cor-
vaglia. We verified that the genome of HG001 encodes both the
putative hsdR and type III genes by sequencing PCR fragments
amplified from the genome using appropriate oligonucleotides
(o15–16 and o18–19) (Table S2). Targetron plasmids were
passed successively through RN4220 and HG001 strains. The
final strain that could be transformed with plasmids isolated
from E. coli (BCJ100) was constructed by combining the 2
mutations (hsdR and type III) into a single strain by performing
2 sequential rounds of the mutagenesis protocol using the 2 dif-
ferent targetron plasmids.

To express a Flag-tagged version of LytM, the vector pMutin-
FLAG was used. First, lytM was amplified from RN6390 geno-
mic DNA using oligonucleotides LytM-fw-HindIII/LytM-rev2-
KpnI and cloned into the pJet 1.2 vector resulting in plasmid
pEL90. The lytM gene was then eluted from pEL90 as a HindIII/
KpnI fragment and cloned into the corresponding sites of pMu-
tin-FLAG resulting in plasmid pEL93 (Table S1). Direct trans-
formation of pEL93 into BCJ100 and RN4220 gave strains
EL100 and EL101, respectively (Table S1). A strand overlap PCR
approach was used to produce a template for an in vitro RNA
transcript that would include SA0264-flag and lytM. Briefly, pri-
mers SA0264-T7/SA0264-flag and LytM-overhang/LytM-rev2-
KpnI were used to amplify SA0264 and lytM, respectively. The
purified PCR fragments were used as template for PCR using
external primers SA0264-T7/LytM-rev2-KpnI. This assembled
PCR fragment was then cloned into pJet 1.2 giving plasmid
pEL103. For the second subclone, the PCR fragment containing
SA0264 and lytM-flag was amplified using primers SA0264-T7/
LytM-rev-EcoRI and cloned into pJet 1.2 resulting in plasmid
pEL104. The operon cassettes SA0264-flag-lytM and SA0264-
lytM-flag were eluted from subclones as either BamHI-KpnI or
BamHI-EcoRI fragments and cloned into the corresponding
sites of vector pUT7,63 which is a pUC119 derivative carrying
the T7 promoter to facilitate in vitro transcription. This resulted
in plasmids pEL105 and pEL106, respectively.

S. aureus was grown either on blood-agar plates or in brain-
heart infusion medium (BHI) supplemented with erythromycin
(10 mg/ml) or chloramphenicol (10 mg/ml) when appropriate.

Preparation of RNAs

The various lytM RNAs (lytM49, lytM211 and lytM411, the
number corresponding to the length of the respective 50-UTR,
see Results section) were transcribed in vitro using T7 RNA
polymerase from PCR fragments, which included the T7 pro-
moter sequence on the forward primer. To amplify lytM49,
lytM211 and lytM411, the forward oligonucleotides LytM-T7c,
LytM-EcoRI-T7 and 497-T7 were used, respectively, while in
all cases the same reverse oligonucleotide LytM-FlagR was used
(Table S2). RNA fragments SA0264-flag-lytM and SA0264-
lytM-flag were transcribed using the TranscriptAid T7 High
Yield Transcription kit (ThermoScientific) from pEL105 and
pEL106 after linearization with EcoRI. RNAIII and derivatives
were in vitro transcribed as described previously.29,64. The
RNAs were purified by 8% polyacrylamide-8 M urea gel elec-
trophoresis. After elution in 0.5 M ammonium acetate/1 mM
EDTA buffer, the RNAs were precipitated twice with ethanol.
Before use, RNAs were denatured by incubation at 90�C for
2 min in the absence of magnesium and salt, chilled 1 min on
ice, then renatured at 37�C for 15 min in TMN (20 mM Tris-
acetate pH 7.5, 10 mM magnesium-acetate, 150 mM Na-ace-
tate) or TMK (10 mM Tris-HCl pH 8, 10 mM MgCl2, 100 mM
KCl) buffer.

Northern, primer extension and RACE experiments

Total RNAs from various phases of growth were isolated for
Northern, primer extension and RACE experiments as
described previously.51 Total RNA samples were separated on
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5% polyacrylamide gels containing 8 M urea or 1.2 % agarose
gels containing 20 mM guanidine thiocyanate. Hybridizations
with specific digoxigenin-labeled RNA or DNA probes and
detection were carried out as described previously.51 For all
experiments, the quantity of 5S rRNA was verified using a
digoxigenin-labeled RNA probe (prepared from the respective
PCR template that was amplified with oligonucleotides 5S-
T7trans/5S-T7trans rev).

Primer extension was carried out on 10–20 mg of total RNA
prepared from S. aureus strains as described.51 The 50 start and
the size of the RNA was evaluated by running sequencing lad-
ders in parallel. Sequencing was performed either on purified
RNAs or on DNA fragments.

The 50 end of the lytM mRNAs was determined by rapid
amplification of cDNA ends (RACE) using the First Choice
RLM-RACE kit (Ambion). Briefly, total RNA was first treated
with Tobacco Acid Pyrophosphatase (TAP) to remove proc-
essed RNA. Then a 50-RACE Acceptor oligo provided by the
manufacturer was ligated to the RNA. Subsequently, reverse
transcription was performed with random primers to obtain
cDNA. Finally, a nested PCR was performed: the first PCR
reaction was done with primers 50-RACE_outer and LytM PE
and the second with primers 50-RACE_inner and LytM
RACE2, respectively. The PCR products were purified and
cloned. Sequencing was performed on 9 colonies.

Quantitative RT-PCR analysis

The RN6390 wild type and the mutant strains LUG950
(DRNAIII), LUG1662 (DRNAIII/p) and LUG1855 (DRNAIII/
pRNAIII) were grown in BHI rich medium until OD600nm �1.2
for the exponential phase (EP) study and 5 for the stationary
phase (SP) study. RNA extractions were performed as previ-
ously described,65 followed by a DNase I treatment with the
TURBO DNA-free reagent (Ambion, Austin, TX) to eliminate
residual genomic DNA. cDNAs (cDNAs) were synthesized
using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA),
in a 20 ml reaction volume containing 1 mg total RNA. Oligo-
nucleotides were designed for 100–200 bp amplicons using
BEACON Designer 4.02 software (Premier Biosoft Interna-
tional, Palo Alto, CA). qRT-PCRs, critical threshold cycles
(CT) and n-fold changes in transcript levels were performed
and determined as previously described9 using the SsoFast

TM

EvaGreen Supermix (Bio-Rad, Hercules, CA) and normalized
with respect to 16S rRNA whose levels did not vary under our
experimental conditions. The expression of 16S RNA was
probed using oligos OSA161, OSA162. All assays were per-
formed using quadruplicate technical replicates and repeated
with 2 independent biological samples. The data are presented
as the mean values and standard deviation (SD).

In vitro translation assays and western analysis

The in vitro translation assays were carried out using lytM49,
lytM211, lytM411, SA0264-flag-lytM and SA0264-lytM-flag
PCR fragments or RNA transcripts, and the PURESYSTEMII
classic kit (Cosmo Bio Co, Japan). All constructs carry an addi-
tional sequence corresponding to the Flag peptide, which was
inserted at the 30 end of lytM, SA0264 or Yfp. The reaction was

done at 37�C for 1 h in the presence of 1 pmol of mRNA.
Experiments were also carried out in the presence of increasing
concentrations of RNAIII or its derivatives (1 to 10 pmoles).
Briefly, the 2 RNAs were denatured separately, chilled on ice,
diluted in 1X TMK containing 1 mM DTT and then renatured
separately. The two RNAs were then mixed and incubated at
37�C for 10 min. Then 7 ml of the Puresystem reaction mix was
added (5 ml of the solution A and 2 ml of the solution B) and
the samples were incubated at 37�C for 1 h. The final volume
of the reaction was adjusted to 10 ml if necessary by addition of
1X TMK buffer. The tubes were placed on ice to stop the reac-
tion, and the proteins were detected by western blot using anti-
bodies against the FLAG tag. Each experiment was repeated at
least 3 times with different samples.

Toeprinting

The preparation of the S. aureus 30S subunits, the formation of
a simplified translational initiation complex with mRNA, and
the extension inhibition conditions were performed as previ-
ously described.42 Experimental details are given in the Supple-
mentary Information.

Structure probing

Formation of lytM mRNA-RNAIII complex was carried out at
37�C for 15 min in the TMN buffer. Enzymatic hydrolysis was
performed on cold lytM (1 pmole) in 10 ml of TMN, in the
presence of 1 mg carrier tRNA at 37�C for 5 min, RNase T1
(0.0025 units), RNase V1 (0.5 units) and RNase T2 (0.05 U).
DMS modifications of positions N1 of adenines and N3 of cyto-
sines were done in the presence of 1 ml DMS diluted in ethanol
(1:8) for 5 min at 37�C. Ribose modifications were done with
benzoyl cyanide for 1 s as described.66 The enzymatic reactions
were stopped by phenol extraction followed by RNA precipita-
tion. The enzymatic cleavages and ribose modifications were
detected by primer extension with reverse transcriptase as
described.67

Autolysis assays

To eliminate possible variations due to growth in nutrient
media, Triton X-100 was used to lyse the S. aureus strain sets
according to Fujimoto and Bayles.44 In brief, cells were grown
to mid-exponential phase, pelleted by centrifugation, washed
and resuspended in equal volume of 10 mM Tris-HCl (pH 8)
containing 0.1% of Triton X-100 and incubated at 30�C with
agitation. Cellular lysis was measured by determining the
changes in OD570nm as a function of time and expressed as per-
centage of the initial OD570nm.

LIVE/DEAD staining of cells

S. aureus cells were harvested by centrifugation (13 000 g, 10min,
4�C) after 2 and 5 h of growth, resuspended in 0.85% NaCl and
incubated at 20�C for 1 h. Cells were re-pelleted and stained with
a mixture of propidium iodide and SYTO 9 (nucleic acid stains)
according to the manufacturers instructions (LIVE/DEAD Bac-
Light Bacterial Viability kit, L7012, Molecular probes). Bacterial
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cells were visualized in an Axioplan 2 imaging microscope.
Images from 2 independent experiments were analyzed with the
Quantity One software (Biorad) to count the red and green cells
and the percentage of damaged cells was calculated accordingly.
The experiment was reproduced at least 5 times.
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