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ABSTRACT

Antibiotic resistance is a serious problem which
may be caused by bacterial dormancy. It has been
suggested that bacterial toxin—antitoxin systems in-
duce dormancy. We analyzed the genome-wide role
of Staphylococcus aureus endoribonuclease toxin
MazF using RNA-Seq, Ribo-Seq and quantitative pro-
teomics. We characterized changes in transcriptome,
translatome and proteome caused by MazF, and pro-
posed that MazF decreases translation directly by
cleaving mRNAs, and indirectly, by decreasing trans-
lation factors and by promoting ribosome hiberna-
tion. Important pathways affected during the early
stage of MazF induction were identified: MazF in-
creases cell wall thickness and decreases cell di-
vision; MazF activates SsrA-system which rescues
stalled ribosomes, appearing as a result of MazF
mRNA cleavage. These pathways may be promising
targets for new antibacterial drugs that prevent bac-
teria dormancy. Finally, we described the overall im-
pact of MazF on S. aureus cell physiology, and pro-
pose one of the mechanisms by which MazF might
regulate cellular changes leading to dormancy.
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INTRODUCTION

Staphylococcus aureus is a Gram-positive human pathogen,
colonizing about one third of the world’s population and
causing a variety of diseases, from minor skin infections to
life-threatening diseases (1). Antibiotic treatment is one of
the main approaches of modern medicine used to combat
bacterial infections; however, the effective use of antibiotics
is constantly undermined due to the emergence of resistant
pathogens, posing a serious public health problem (2).
Antibiotic resistance typically evolves via natural selec-
tion through random mutation or horizontal gene trans-
fer, generating resistant cells that survive in the presence
of antibiotics. It is now widely appreciated that bacterial
cells may escape the bactericidal activity of antibiotics with-
out undergoing genetic change (3). These cells are genet-
ically identical to susceptible bacteria but have entered a
non-growing quiescent or dormant state in which cells are
metabolically inactive, and, thus, recalcitrant to antibiotics.
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Dormancy, latency, stasis, quiescence and persistence are
conceptually related terms used to describe the propensity
of bacteria to arrest their growth in response to environmen-
tal or host-imposed stress (3—6). The molecular mechanisms
underlying bacterial dormancy are not well understood.

Bacterial toxin—antitoxin systems (TASs) have been pro-
posed as factors primarily responsible for the formation of
cell dormancy; however, their role in this process is still un-
clear. TAS is a two-component ubiquitous module found in
almost all bacteria, which is composed of a toxin and an an-
titoxin counteracting the toxin activity (7-9). By decreasing
cell growth, toxins may help to maintain a population of
dormant cells, which are not killed by antibiotics in an oth-
erwise sensitive culture. In S. aureus MazEF is a type I1 TAS
that consists of two proteins: a stable toxin MazF, and un-
stable antitoxin MazE (10,11). MazF is an endoribonucle-
ase that preferentially cleaves mRNAs at UACAU sites (12—
14). In our recent work, MazF cleavage preference has been
studied, extending the previously reported cleavage motif
(15). The endonucleolytic activity of MazF is neutralized
when it binds stoichiometrically to antitoxin MazE (16).
Preferential digestion of MazE by stress-inducible ATP-
dependent ClpCP proteolytic unit frees MazF to exert its
toxicity (17,18).

MazF was extensively investigated in E. coli, where it was
shown to block protein synthesis (19,20) and is involved
in reversible growth inhibition, drug tolerance and persis-
tence generation (21). Later works demonstrated that the
role of E. coli MazF in cell dormancy, however, is not yet
fully clear (reviewed in (22)). Much less is known about S.
aureus MazF, where its properties and function could dif-
fer from its E. coli homolog. Not only the MazF cleavage
motifs do not entirely coincide, but also the total number of
TASs is vastly different: unlike E. coli with numerous TASs,
S. aureus has only three type II TASs. In S. aureus, MazF
may be activated by stress (23), the activation of MazF leads
to bacteriostasis (15,24) and alters susceptibility to antibi-
otics (14). Recently, it has been demonstrated that MazF
promotes S. aureus biofilm antibiotic tolerance leading to
transition from an acute to chronic infection that cannot be
eradicated with antibiotics and is less virulent (25). It has
been suggested that MazF not only made the bacteria more
tolerant to antibiotics but also made the bacteria more tol-
erant to the host (25). Thus, the MazEF system may con-
ceivably be one of the important players in S. aureus dor-
mancy and antibiotic tolerance.

Endoribonuclease toxins, when activated, would pre-
dictably substantially change gene expression, which can be
measured genome-wide by high throughput RNA sequenc-
ing (RNA-Seq). However, diverse studies have shown that
mRNA levels only partially explain protein levels in the cell
because of the complexity of protein translation, which is
the most common toxin target. The development of ribo-
some sequencing (Ribo-Seq) has allowed the global analy-
sis of translation in vivo (26-28). Ribo-Seq is based on se-
quencing of ribosome-protected mRNA fragments (RPFs).
In contrast to RNA-Seq, Ribo-Seq only captures those mR-
NAs that are being actively translated. However, although
Ribo-Seq provides information on which proteins are be-
ing translated in the cell and at first approximation on their
translation levels, it remains an indirect method to estimate

protein abundance. Only a combination of all three tech-
niques, RNA-Seq, Ribo-Seq and quantitative proteomics
can provide definite information about gene expression.

In S. aureus, the genome-wide role of MazEF TAS has
not been investigated, although RNA- and Ribo-Seq have
been applied to explore MazF toxin in Eschrichia coli (29).
Herein, we used RNA-Seq, Ribo-Seq and quantitative pro-
teomics to analyze the effect of MazF toxin on the tran-
scriptome, translatome and proteome of S. aureus. We char-
acterized the correlation between transcription, translation,
and protein levels and demonstrated that MazF decreases
translation directly by cleaving mRNA, and indirectly, by
decreasing levels of translation factors, like rrf/frr, levels
of genes responsible for amino acid biosynthesis, tRNA
aminoacylation and modifications and by promoting ribo-
some hibernation. Our results suggest a plausible model
where MazF not only suppresses transcription and transla-
tion but rather changes the translational program in a way
that the cell is prepared for dormancy, for instance, pro-
moting ribosome hibernation, increasing cell wall thickness,
and decreasing cell division.

MATERIALS AND METHODS
Bacteria strains and plasmids

In this study we use HGO003 strain, either wild-type (30),
or deleted for mazEF (14). The mazEF deleted strain was
constructed as described in (14), without affecting the sigB
locus located downstream of the mazEF genes. Briefly, the
mazEF knockout mutant was generated by replacing the
mazE and mazF open reading frames with a Jox flanked
erythromycin resistance cassette, without affecting the up-
stream transcriptional promoter and the downstream rho
independent transcriptional terminator. The resistant cas-
sette was further removed, generating a markerless HG003
mazEF deleted mutant (14). Strains were transformed either
with an empty pRABI1 vector (31), or a vector carrying
HGO003 mazF gene under control of inducible anhydrotetra-
cycline (ATc) promoter (pRAB11-mazF) (15,23). Cultures
were grown on Mueller Hinton Broth media in the pres-
ence of 15 wg/ml of chloramphenicol (Cm) until ODggy of
0.5-0.7 at 37°C with shaking. To induce mazF expression,
anhydrotetracycline (ATc) was added up to a final concen-
tration 0.2 wM and cultures were incubated 10-180 min at
37°C with shaking.

RNA-Seq

Cultures with either the empty vector or the vector con-
taining mazF were grown untill ODggo of 0.5 at 37°C with
shaking. ATc induction was done for 10 min. For total
RNA isolation 8 ml of culture were immediately mixed
with 40 ml of —80°C cold ethanol-acetone mixture (1:1).
Cells were collected by centrifugation for 10 min at 4000
g, 4°C. Pellets were washed with 1 ml of cold TE buffer
(10 mM Tris-HCI, 1 mM EDTA, pH 8.0), resuspended in
100 wl of TE with 1 mg/ml of lysostaphin (AMBI) and 2
.l of RNasinePlus (Promega), and incubated for 5 min at
37°C. Total RNAs were purified with the ReliaPrep RNA
kit (Promega) in biological duplicates. Ribosomal RNAs



were depleted with RiboZero rRNA Removal Kit for Bac-
teria (Illumina). Libraries were created using the Illumina
TruSeq stranded mRNA kit. First strand cDNAs were syn-
thesized with random hexamer primer. Libraries were se-
quenced at Fasteris SA (Geneva, Switzerland) on an Illu-
mina HiSeq 3000/4000, single-reads, 1 x 50 bp.

Analysis of RNA-Seq

Results of RNA-Seq were aligned to RefSeq assembly
GCF_000013425.1 (NCTC 8325) combined with pRABI11
sequence (accession JN635500.1) using STAR aligner. The
aligned reads were associated with the RefSeq gene an-
notations (the tmRNA region was added to the annota-
tions manually using the location from AureoWiki). A typ-
ical library contained 24-34 million of reads per sample
aligned to genome, with a high correlation between biolog-
ical replicates (Supplementary Figure S1B, Table S1). Only
genes with more than 40 reads per sample (average over
samples) were retained for further analysis. Read counts
were normalized by the total number of reads excluding
reads aligned to ribosomal RNA, and differential gene fold
changes and P-values were obtained by limma/voom (32).

RNA-Seq results were validated using TagMan reverse
transcription real-time quantitative polymerase chain reac-
tion (RTqPCR) with MGB Double-Dye probes (Supple-
mentary Table S4) as described in supplementary methods.

Detection of MazF cleavage sites

The potentially cleaved genes were identified in the genome
by the dips in RNA-Seq coverage similar to published meth-
ods (29). First, RNA-Seq coverage was constructed from
single end sequencing assuming length of fragments to be
equal to 200 nt. Gene coverage was analyzed including 50
nt upstream. Second, cleavage ratio was constructed as ra-
tio of the normalized RNA-Seq coverage of AmazEF+F
to AmazEF samples. The genes were defined as potential
MazF cleavage targets if the difference between minimum
and maximum of cleavage ratio along the gene was >8-fold,
creating the ‘dip” (Supplementary Figure S2B). The genes
with RNA-Seq coverage in AmazEF sample below 10 near
the cleavage minimum were ignored to evade false positives
in low expressed genes. The method described here differs
from that of (29), where only the cleavage ratio in the min-
imum along the gene was used. This difference makes our
approach less biased toward detecting down regulated, but
not cleaved, genes.

To verify that this method detects mRNA cleavage, we
checked that the detected cleavage minima predominantly
had a UACAU cleavage motif in the 150 nt vicinity (Sup-
plementary Figure S2C). With the uncertainty on the length
of the mRNA fragments in the library, we cannot expect a
more precise association of the cleavage minima with cleav-
age site in each particular gene.

Ribo-Seq

To obtain S. aureus polysomes 1 ml of an overnight culture
was diluted in 250 ml of media and grown until an ODg of
0.5 at 37°C. ATc induction was done for 10 min. To block
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translation Cm was added up to a final concentration of 0.3
mM, and culture was incubated for 2 min at 37°C and then
quickly chilled. After centrifugation pellets were washed in
2 ml of cold Resuspension Buffer (RB) (20 mM Tris (pH
8.0), 10 mM MgCl,, 5 mM CaCl,, 100 mM NH4Cl, 1| mM
Cm), and resuspended in 0.8 ml of cold Lysis Buffer [RB
plus 0.1% IGEPAL, 0.4% Triton X-100, 100 U/ml RNase-
free DNase I (Roche), 0.5 U/l SUPERaseln (Ambion),
Protease Inhibitors (Roche)]. Suspension was incubated on
ice for 5 min and frozen in drops in liquid nitrogen. Drops
were milled five times with 1-min cycles at 30 Hz in Cry-
oMill MM400 (Retsch) in a 10 ml grinding jar with 15 mm
grinding ball.

For cell extract preparation, cell powder was thawed in
50 ml tube and centrifuged at 4000 g, 4°C for 1 min. Su-
pernatant (SN) was clarified at 16 000 g, 4°C for 1 min and
centrifuged in a new tube at 16 000 g, 4°C for 10 min.

To obtain ribosome footprints 1000 U of S7 Micrococ-
cal Nuclease S7 (Roche) was added per 1 mg of nucleic
acids. Samples were incubated for 1 h at 25°C with rota-
tion at 190 rpm. Reactions were quenched by the addi-
tion of EGTA up to a final concentration 6 mM. Nucleic
acids (0.5 mg) were loaded onto a linear 10-50% sucrose
gradients prepared on Gradient Buffer [20 mM Tris (pH
8.0), 10 mM MgCl,, 100 mM NH4CI]. Tubes were cen-
trifuged at 217 000 g (35 000 rpm, SW41 Ti rotor, Beck-
man Coulter) for 3 h at 4°C. Fractions were collected using a
UA /6 detector (ISCO). After centrifugation fractions (750
pl) were incubated with 10 wl of proteinase K (NEB, 800
U/ml) and 10 pl of SDS 10% overnight at 4°C. RNAs were
isolated with phenol-chloroform extraction. Libraries were
prepared as described (26,33) and sequenced on an Illumina
HiSeq 3000/4000, single-reads, 1 x 50 bp.

Analysis of Ribo-Seq

Reads were aligned by STAR, with the adap-
tor sequence removed using ‘—clip3pAdapterSeq
CTGTAGGCACCATCAATAGATCGGAAGAGC

ACACGTCTGAACTCCAGTCAC option. The position
of the P-site was determined by the study of the distribution
of the positions of the fragments around the beginning
of the ORFs, as described (26) using only ORFs without
other annotated features 50 nt upstream in the genome
(to exclude possible complications of translation of genes
within operons). Alignment of the first significant peak
of the distribution with the AUG codon corresponded to
3’-end of the fragment being in the nucleotide position 16
of the open reading frame, so the P-site was further defined
as the 3’-position of the read minus 15, and only RPF with
the length 25-31 were used. The translational signal was
defined by the number of RPF with the P-site within gene
CDS, excluding first 30 and last 6 nucleotides, to remove
the effects of translational initiation and termination. Only
genes with >40 reads on average were retained for analysis.
The signal was normalized by the total number of reads
aligned to the genome (excluding plasmid and rRNA
reads). Fold changes were computed by limma/voom (32).
Typical number of Ribo-Seq reads corresponding to coding
genes was about 4 million per sample with very good re-
producibility between biological replicates (Supplementary
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Figure S7B, Table S1). Translational efficiency (TE) was
defined as the ratio of Ribo-Seq and RNA-Seq signals in
RPKM. TE and its fold change was calculated using Xtail
(34) allowing to identify the statistical significance of the
result.

TMT-MS2 quantitative proteomics

ATcinduction was done for 10 min. For total protein extrac-
tion 25 ml of cultures with ODyg, of 0.7 were collected and
washed three times with 1 ml of phosphate-buffered saline
(PBS) buffer. Cells were lysed in the presence of 400 pl of
lysis buffer (LB) [PBS, 200 pg/ml lysostaphin (AMBI), 200
wg/ml DNAse I, protease inhibitors (Roche)] for 20 min at
37°C, chilled on ice, and sonicated 10 times with 30-s cycles
using Cell Disrupter B-30 (Branson). Extracts were clari-
fied by centrifugation for 10 min at 14 000 g, 4°C. Total
protein concentration was measured in supernatants by the
Bradford protein assay. This method permitted to obtain of
about 1 mg of total protein with a concentration of about
2.5-3.0 mg/ml. Samples were mixed with Laemmli Sam-
ple Buffer (SB) and analyzed by SDS polyacrylamide gel
electrophoresis (SDS-PAGE) followed by Coomassie Blue
staining or western blot.

Tandem Mass Tags Mass Spectrometry (TMT-MS2) was
done at the Proteome Sciences R&D GmbH&Co KG. Sam-
ples were digested with trypsin, TMT-labeled, and sub-
jected to Strong Cation Exchange (SCX) chromatogra-
phy. Each fraction was analyzed by nano LC-MS/MS and
MS2 (Thermo LTQ-Orbitrap Velos mass spectrometer).
Data were analyzed with the MASCOT and SEQUEST
databases. Filtering, normalization and quantification was
achieved using Proteome Discoverer (Thermo Scientific). P-
values and the log-fold change was further obtained using
limma package.

Transmission electron microscopy (TEM)

AmazEF cells carrying either empty vector or vector con-
taining mazF were grown at 37°C until an ODgqy of 0.5-
0.6. After ATc induction cultures were incubated for 0, 10,
60 and 180 min at 37°C with shaking. 2 ml of cell cultures
were collected by centrifugation for 1 min, 10 000 g, 4°C.
Pellets were washed with 1 ml of PBS and then resuspended
in 1 ml of fresh 4% (v/v) glutaraldehyde in PBS. After 15
min incubation samples were spun for 1 min, 10 000 g, 4°C
and washed with 1 ml of PBS. Samples obtained in two in-
dependent experiments were analyzed on Morgagni TEM
(FEI) at the Microscopy PFMU core platform, CMU, Uni-
versity of Geneva. Cell wall thickness measurements were
done using TEM image software: six measurements per cell
in 10 different cells of each strain with nearly equatorial cut
surfaces were averaged. The P-values were computed us-
ing two-sided Wilcoxon signed-rank test. Cell size was an-
alyzed using ImagelJ software. For analysis of cell division
the Fisher’s exact test was used to compare the number of
cells with and without division septum.

Antibodies

Polyclonal rabbit anti-MazF antibodies were described in
(15) and used in dilution 1:500. Polyclonal rabbit anti-

Hpf antibodies were described in (35) and used in dilution
1:4000. Polyclonal rabbit anti-Pbp4 antibodies were used in
dilution 1:5000. Goat anti-rabbit [gG—HRP conjugate (Bio-
Rad) were used in dilution 1:5000.

RESULTS
Transcriptome analysis after MazF induction

We expected that MazF modifies S. aureus physiology di-
rectly by cleavage of mRNA at a specific motif, and/or glob-
ally by indirect regulation. This global effect is expected to
modify the activation of pathways relevant to dormancy.
Using conditional expression of mazF (Supplementary Fig-
ure S1A) we explored in detail how MazF toxin affects cel-
lular physiology (Figure 1A).

First, we analyzed the effect of mazF induction on the
S. aureus transcriptome by RNA-Seq. The RNA-Seq li-
braries showed high correlation between both biological
replicates (Supplementary Figure S1B, Table S1). In the S.
aureus genome (NCTC 8325) there are 2843 genes anno-
tated as open reading frames (ORFs). 1684 (60%) of them
contain in total 3406 UACAU sequences that are potentially
cleaved by MazF. The distribution of this motif over coding
gene sequences (CDS) does not have any preferential posi-
tion bias (Supplementary Figure S2A). In WT both MazE
and MazF proteins are present, and even though MazF is
neutralized by MazE we cannot exclude some level of en-
dogenous MazF activity, as reported (14). We analyzed the
RNA-Seq read coverage 500 nucleotides (nt) before and af-
ter each of UACAU sequences (Figure 1B), and observed
a decrease of reads around the potential MazF cleavage
sites when MazF expression was induced, while no global
changes were found between WT and AmazEF strain. This
result provides evidence that in WT MazF activity is gen-
erally neutralized by MazE, while, in the absence of MazE,
MazF leads to mRNA cleavage on UACAU on a genome-
wide level.

Recently, we identified MazF cleavage motifs in vivo us-
ing the nEMOTE (non-phosphorylated exact mapping of
transcriptome ends) technique (15). This method allows de-
tection of the exact cleavage sites with nucleotide precision.
However, it has limitations, and it was possible to identify
cleavages only in highly expressed genes. In our analysis
herein, we applied a different approach similar to (29,36).
We identified MazF cleavages by the pronounced dips in the
ratio between AmazEF+F and AmazEF RNA-Seq cover-
age (Supplementary Figure S2B and C). By this method 339
genes that may be directly cut by MazF were detected (Sup-
plementary Table S2). These cleavages mostly corresponded
to the significantly down-regulated genes and have only 10%
overlap with the genes identified by nEMOTE in (15) (Sup-
plementary Figure S2D).

In previous studies, it was proposed that E. coli MazF
cleaves closely upstream of the AUG start codon and gen-
erates leaderless mRNAs, which are translated by ‘stress-
ribosomes’ lacking anti-Shine-Dalgarno sequence also cre-
ated by MazF (36,37). Later, this finding was argued
(29). We analyzed whether S. aureus MazF created such
transcripts, and found only one gene (SAOUHSC_01137),
which was cleaved by MazF in the proximity of the start
codon and which was translated slightly better after MazF
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Figure 1. Analysis of transcriptome by RNA-Seq after mazF induction. (A) Experimental design. S. aureus wild type (WT) cells or cells deleted for
mazEF (AmazEF), were transformed with an empty vector or a vector carrying inducible mazF (AmazEF+F). Cells were collected after 10 min of mazF
induction when MazF protein had been produced, but cell growth was not yet inhibited (15,23), and analyzed by RNA-Seq, Ribo-Seq and quantitative
mass spectrometry. (B) MazF expression leads to mRNA cleavage on UACAU on genome-wide level. Comparison of RNA-Seq coverage 500 nt before
and after UACAU sequences: WT to AmazEF (green) and AmazEF+F to AmazEF (red). (C) logy-fold change (log-FC) in RNA levels of WT compared to
AmazEF (left) and of AmazEF+F compared to AmazEF (right). RNA-Seq is expressed in counts per million reads (CPM). Upregulated genes (P < 0.05),
downregulated genes (P < 0.05) and non-differentially expressed genes (non-DE) (P > 0.05) are marked in red, blue and grey, respectively. Only genes with
more than 40 reads per gene averaged per sample (above the grey highlighted region) were retained for the further analysis. (D) Distribution of the log-FC
of RNA-Seq between WT and AmazEF (left) and AmazEF+F and AmazEF (right). The genes with identified MazF cleavage site are indicated in cyan.
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induction. We concluded that MazF does not create trans-
lated leaderless transcripts in S. aureus.

Principal Component Analysis (PCA) allows to sum-
marize the systematic patterns of variations in the data.
PCA demonstrated close similarity of biological duplicates
(Supplementary Figure S3A). AmazEF cluster is closer to
WT cluster, while Amaz EF+F is notably different from the
WT and AmazEF groups, indicating that mazF induction
leads to larger gene expression changes than deletion of
mazEF. Clustering was similar for PCA limited to only high
(RPKM > 2°) or low (RPKM < 2°) expressed genes, and
even limited to only transcripts with or without UACAU
motifs, suggesting that MazF changed expression not only
of cleaved genes, but rather impacted the entire transcrip-
tome.

We compared changes in transcriptomes when mazEF
was deleted (WT versus AmazEF) and when mazF was
induced in a AmazEF background (AmazEF+F ver-
sus AmazEF) (Figure 1C, Supplementary Table S1). Sim-
ilar number of genes were up- and down-regulated (569
and 573 genes, respectively) in WT compared to AmazEF,
while transcription of 1685 genes was unchanged. In con-
trast, we observed that MazF caused considerable pertur-
bation in the transcriptome. Upon mazF induction only 8§67
genes were not changed, while 488 and 1474 genes were up-
and down-regulated, respectively, corresponding to about
17% and 52% of analyzed genes. Importantly, upon mazF
induction, many genes were significantly down-regulated
(with log,-fold change (log-FC)<-2). 17% of up-regulated
genes indicates that, even if MazF decreased transcription
and inhibited cell growth, the cell remained biologically ac-
tive. RNA-Seq data were validated by RTqPCR in indepen-
dent experiments for 18 transcripts (vrasS, lytR, rsbW, htrAl,
frr/rrf, murAl, tagA, purR, pbp2, pbp4, stpl, yjbH, fusA,
hup, trfA, spx, trxA, hpf) differently affected by MazF (Sup-
plementary Figure S4, Table S4).

The distribution of the RNA-Seq log-FC for the WT to
AmazEF comparison showed one peak with the average of
zero (Figure 1D, left). In the comparison of AmazEF+F to
AmazEF, however, the histogram of the RNA-Seq log-FC
was bimodal with two pronounced peaks, indicating that
there are two families of genes (Figure 1D, right). One group
—with the average log-FC of zero, and a second group of sig-
nificantly down regulated genes with average log-FC -2.5.
This distribution suggests that there are two mechanisms
of gene regulation by MazF. The genes in the first group
did not display an overall decrease of expression, but had a
variance in expression change, indicating an indirect effect
of MazF on them. For comparison, the distribution of the
RNA-Seq log-FC between replicates showed a very narrow
peak around zero (Supplementary Figure S3B). The tran-
scripts in the second group probably correspond to those
directly cleaved by MazF, leading to strongly reduced ex-
pression. Indeed, distribution of the genes that we identified
as cut by MazF (Supplementary Table S2), explicitly corre-
late with the second peak supporting the idea of two mech-
anisms of gene regulation by MazF (Figure 1D, right). Not
all genes from the second group were identified as cleaved,
due to the strict criteria of our analysis, chosen to avoid false
positive artifacts. It is certainly possible that more genes, if
not all, from the second group are MazF targets.

To examine if MazF may generally affect the stability
of mRNAs besides it direct cleavage targets we analyzed
if the change in mRNA levels upon mazF induction can
be attributable to the change of mRNA stability. We per-
formed an RNA stability assay by adding rifampicin to halt
de novo mRNA synthesis in AmazEF cells expressing ei-
ther empty vector or inducible MazF after 10 min of ATc
induction. The decay of the mRNAs was monitored by
RTgPCR at different time points of rifampicin treatment
(Supplementary Figure S5). For transcripts that were not
affected by MazF (gyrB), and for transcripts that were de-
creased upon mazF induction (frr/rrf, hup, fusA), we ob-
served slightly increased mRNA degradation. For the tran-
scripts that were increased upon mazF induction (spx, hpf)
we observed slight mRNA stabilization. Although individ-
ual decay rates varied for each gene tested, we found evi-
dence of both increased and decreased decay. Thus, there
appears to be no global non-specific effect on RNA decay,
but rather a gene specific effect.

Analysis of S. aureus translatome

Global impact of MazF on translation was studied by
Ribo-Seq (Figure 2A). Ribosome profiles from AmazEF
cells slightly differed from the WT. Ribosome profiles af-
ter MazF expression in AmazEF background showed de-
creased polysomes and the appearance of a pronounced
100S peak, representing ribosome dimers (38). The 100S
ribosomes are translationally inactive and correspond to
the resting form in the ribosome cycle, hence, the process
of 100S formation has been named ‘ribosomal hiberna-
tion’. 100S peak was not affected by RNase treatment and
was not observed in Alpf strain (Supplementary Figure
S6). Thus we concluded that MazF expression led to ap-
pearance of hibernating ribosomes that are sequestrated
from active translation and are preserved in a form of
dimers.

The quality of Ribo-Seq analysis depends on the size and
homogeneity of ribosome protected fragments (RPFs) ob-
tained after nuclease digestion. Optimal digestion was ob-
tained with 1000 U of S7 nuclease per 1 mg of total RNA
(Supplementary Figure S7A). Libraries were prepared from
digested RPFs and, after quality control, subtraction of
rRNA and plasmid reads, showed good reproducibility be-
tween biological replicates (Supplementary Figure S7B, Ta-
ble S1). The length distribution of RPFs ranged from 22
to 40 nt and showed a single peak with a maximum at 27
nt and well-defined three-nucleotide periodicity which is a
characteristic property of protein coding ORFs (Figure 2B
and Supplementary Figure S7C). This was larger than E.
coli (24 nt) and smaller than eukaryotic (28-32 nt) RPFs.
RPFs of length 25-31 nt, demonstrating good correlation
with the 1% nt of codons, were selected for subsequent anal-
ysis (Figure 2C).

When MazF cleaves mRNA it creates stop-less tran-
scripts, where ribosomes reaching the end of prematurely
truncated mRNA stall because of the absence of a complete
codon in the A-site, as was reported for E. coli (29). We an-
alyzed changes in RPFs near the MazF cleavage site, and
indeed observed accumulation of ribosomes at the position
preceding UACAU sequences (Figure 2D).
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In bacteria the stop-less transcripts are rescued by
the SsrA-tagging system, consisting of transfer-messenger
RNA (tmRNA) and protein SmpB, in the process called
trans-translation. tmRNA is a bifunctional molecule that
has tRNA-like domain (TLD) acting as a tRNA, and
messenger-like domain (MLD) acting as a mRNA. Elon-
gation factor Tu with the help of SmpB delivers tmRNA to
the A-site of the stalled ribosome, where mRNA template
is changed with MLD, and translation continues. Most of
the knowledge about the bacterial translation rescue sys-
tems derives from E. coli (39,40). In S. aureus, there is only
one translation rescue system, which is essential. It termi-
nates translation by a normal stop codon and contributes to
degradation of partially synthesized proteins by proteases
(17,41). We observed increase of tmRNA transcription, in-
crease of RPFs on MLD of tmRNA and increase of SmpB
protein production after MazF induction (Figure 2E). We
concluded that the SsrA-tagging system, playing an impor-
tant role in the rescue of stalled ribosomes and in the re-
sumption of protein synthesis, was activated by MazF in S.
aureus. MazF induction resulted in about 50% decrease of
ribosome footprints at the 3’ end of transcripts, due to the
ribosomes running off from the 3’ end of cleaved transcripts,
but did not significantly change the ribosome occupancy at
the 5’ end of transcripts and within the transcripts (Figure
2E, right). The PCA for Ribo-Seq (Supplementary Figure
S8) was similar to those of RNA-Seq, confirming the con-
clusion that MazF causes indirect regulation of translation
of many genes.

Comparison of the Ribo-Seq of WT versus AmazEF and
AmazEF+F versus AmazEF (Figure 3, Supplementary Ta-
ble S1) led to the results similar to RNA-Seq. We found sim-
ilar numbers of up- and down-regulated genes, 443 and 543,
respectively in WT compared to AmazEF, while translation
of 1781 genes was not changed. MazF led to substantial de-
crease of RPFs. Only 250 genes had more RPFs, while 1187
genes had less RPFs when MazF was induced, correspond-

ing to 9.0% and 43% of analyzed genes. 1330 genes were
unchanged. Many genes were significantly down-regulated
with log-FC<-2, indicating the substantial reduction of
translation.

Correlation between transcriptome, translatome and pro-
teome

At the first approximation, the change in number of RPFs
in Ribo-Seq corresponds to the change in translation and
is more directly related to the change in protein levels,
than RNA-Seq. However, translation does not always oc-
cur with the same speed and outcome. Translation is further
modified by additional factors, which may influence pro-
tein production, as, e.g. the presence of co-translational fac-
tors or chaperones assisting folding of nascent chains. Thus,
changes in translation alone also do not necessarily imply
changes in the abundance of the translated proteins. By this
reasoning, the relation between RNA-Seq, Ribo-Seq and
quantitative proteomics data should be analyzed.

Protein abundance was estimated by Tandem Mass Tags
Mass Spectrometry (TMT-MS2) under the same conditions
of mazF induction as before (Supplementary Figure S9A).
PCA showed that WT, AmazEF and Amaz EF+F duplicates
form separated clusters (Supplementary Figure S9B).

To study the relation between RNA-Seq, Ribo-Seq, and
proteomics we compared the changes of these parameters
between either WT and AmazEF (Figure 4, left), or between
AmazEF+F and AmazEF (Figure 4, right). Use of the dif-
ferential expression allowed to avoid the possible biases as-
sociated with overall gene expression or CDS length, and is
the only possible approach for proteomics data, which does
not provide reliable absolute measurements.

First, we studied the relation between transcriptome and
translatome (Figure 4, top). For the case of WT vs AmazEF
the Pearson correlation was rather small (0.29) and overall
shape of the distribution was round. This indicates, that the
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Figure 4. Correlation between changes in RNA-Seq, Ribo-Seq and proteomics. log-FC in RNA-Seq, Ribo-Seq, and proteomics in WT compared to
AmazEF (left) and AmazEF+F compared to AmazEF (right). Comparison of Ribo-Seq versus RNA-Seq, RNA-Seq versus proteomics, and Ribo-Seq
versus proteomics, are indicated. The scales are the same for the graphs on the right and left side of the picture for the clear comparison. Pearson correlation
is indicated above each panel. The numbers of the genes in each group are shown. The genes are defined as differentially expressed for log-FC larger than
0.3 for RNA- and Ribo-Seq, and larger than 0.2 for proteins and P < 0.05. Colors indicate the homodirectional change (red), opposite change (green),
change only in x-axis (blue), change only in y-axis (violet), no change (gray). Genes which were identified as a directly cleaved by MazF are indicated by

black dots.

difference caused by removal of mazEF is not pronounced,
and the correlation is mostly dominated by random noise.
We can still see, that the number of genes that changed
homodirectionally in a statistically significant way (up or
down regulated in both RNA- and Ribo-Seq, in red) was
larger, than of those that changed in opposite directions (up
in RNA- and down in Ribo-Seq, or vice versa, in green), in-
dicating that the changes were indeed related.

The effect of mazF induction, on the contrary, caused
significant modification of both translatome and transcrip-

tome, with a large number of downregulated genes. With
the large changes, the Pearson correlation was higher (0.63),
confirming the strong relation between RNA- and Ribo-
Seq. The subset of genes showing opposite changes such
as increased mRNA but decreased Ribo-Seq, may be ex-
plained by mRNA preservation in a translationally inactive,
but stable form. Genes showing decreased mRNA levels
but increased Ribo-Seq, may be translated more efficiently.
More complex scenarios could involve combination of tran-
scriptional and translational regulatory events.
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Middle and bottom panels of Figure 4 demonstrated the
relation between RNA- and Ribo-Seq and protein levels.
Both RNA- and Ribo-Seq clearly correlate with the pro-
tein levels (Pearson correlation 0.45 and 0.4) in AmazEF+F
vs Amaz EF comparison, even if this correlation was, as ex-
pected, weaker than between RNA- and Ribo-Seq (0.63).
Quite a lot of genes were significantly changed only in
RNA- and Ribo-Seq but not in proteome (genes marked in
violet). A possible explanation for these genes is the exper-
imental timing. Probably 10 min of mazF induction caused
changes in RNA levels, but was not enough for the pro-
teome to fully respond. Also, we did not examine protein
stability, only steady-state protein levels.

An important observation is that the transcripts identi-
fied as cleaved by MazF (marked by black dots) mainly cor-
respond to the genes downregulated at all stages of gene
expression: transcription, translation and protein produc-
tion. However, we noticed that not all transcripts which
were decreased upon mazF induction were cleaved by MazF.
To demonstrate the spectrum of possible relations between
RNA-Seq, Ribo-Seq and MazF cleavage activity we com-
piled the plots of RNA-Seq and Ribo-Seq density maps
and MazF cleavage map in AmazEF and AmazEF+F sam-
ples for several representative situations: transcripts which
we identified as cleaved by MazF (lytR, pyrR); transcripts
which have both RNA- and Ribo-Seq signals decreased
but no cleavage detected (vrasS, frr/rrf); transcripts which
have RNA-Seq signal increased and Ribo-Seq signal in-
creased or not changed (epiE, hpf), transcripts which have
RNA-Seq increased and Ribo-Seq decreased (ilvC), and,
finally transcripts which have RNA-Seq decreased and
Ribo-Seq increased (SAOUHSC_02842) (Supplementary
Figure S10).

Quantitative data for both transcript abundances (RNA-
Seq) and protein synthesis rates (Ribo-Seq) enabled us to
infer the relative translation efficiency (TE). To explain bet-
ter the crosstalk of transcription and translation, it was
proposed to calculate TE as the ratio of Ribo- and RNA-
Seq signals (26), which corresponds to the number of ribo-
somes per length of mRNA, or ribosome density. In our
data set changes in TE had very low or even anti-correlation
with proteins (0.091 for WT versus AmazEF and -0.22
for AmazEF+F versus AmazEF) (Supplementary Figure
S11). Thus, TE, calculated in this way, cannot fully explain
protein abundance. Indeed, TE depends on many factors
such as codon usage, availability of the tRNAs, sequence-
dependent determinants (like Shine-Dalgarno sequences)
and mRNA secondary structures (42). TE can also change
over time and conditions for a given mRNA, reflecting dy-
namic regulation at the level of translation. However, in
some particular cases in our data set (see below) TE corre-
lated with protein levels and may explain increased protein
even when transcription was decreased.

MazF affects expression of many specific groups of genes, in
particular, genes involved in cell wall biosynthesis and cell di-
vision

We identified several functional groups of genes where
transcription, translation or protein level were changed

upon MazF expression (Figure 5, Supplementary Table S3).
MazF cleaves mRNA and reduces polysomes, indicating
that translation and protein synthesis are reduced. The de-
creased translation can be seen, in particular, for the groups
connected to protein synthesis, tRINA aminoacylation, sig-
nal transduction, transport and binding proteins, energy
metabolism, cell envelope and cell division (Figure SA, Sup-
plementary Table S3). Translation of many others groups
of genes, such as amino acid biosynthesis, translation and
ribosome recycling factors, tRNA and rRNA modification
was reduced (Supplementary Table S3), that is also in agree-
ment with the general translation inhibition. We observed,
however, that the translation of some groups of genes was
increased upon mazF induction: e.g. groups of genes of the
arginine deiminase (ADI) pathway (Figure 5A), ATP de-
pendent chaperones, TCA cycle, glycolysis, gluconeogen-
esis and the pentose phosphate pathway (Supplementary
Table S3), indicating that particular pathways were acti-
vated upon MazF induction. Interestingly, upregulation of
the ADI pathway was associated with cell wall biosynthe-
sis and increased cell wall thickness (43,44), observed in
vancomycin-intermediate S. aureus strains (45).

While overall transcription and translation correlated
well with protein levels we observed several examples of
the opposite behavior. For example, genes of ribosomal
proteins, pyrimidine and purine ribonucleotide biosynthe-
sis, and genes of ATP synthase (Figure 5B, Supplementary
Table S3) had decreased translation but increased protein
level. In some cases, this may be explained by increased
TE, as observed, e.g. for ATP synthase and pyrimidine and
purine biosynthesis genes. However, for genes encoding ri-
bosomal proteins the protein levels were increased even
without increase in TE.

We found that many genes involved in cell wall biosyn-
thesis, cell division, and fatty acid metabolism were affected
upon MazF expression. Some of these genes were cleaved
by MazF (Supplementary Table S2) and (15). To address
the role of MazF in cell wall structure we examined genes in
the S. aureus cell wall biosynthetic pathway (Supplementary
Figure S12) (44,46-49). Translation and/or protein levels
of many key enzymes involved in cell wall biosynthesis and
several side pathways connected with cell wall biosynthesis,
such as ADI pathway, pyrimidine biosynthesis, TCA cycle,
glycolysis were increased by MazF (Supplementary Figure
S12, Table S3). Simultaneously MazF suppressed expres-
sion of many genes involved in cell division (Supplementary
Table S3).

To further verify the effect of MazF on cell wall and cell
division we examined cell morphology changes after dif-
ferent times of mazF induction by transmission electron
microscopy (TEM) (Figure 6 and Supplementary Figure
S13). Without induction no visible difference was detected
in AmazEF cells carrying either the empty vector or the
plasmid expressing MazF. After 180 min of MazF induc-
tion, we observed an increase of cell wall thickness and a
decrease in the number of dividing cells, as determined by
the number of cells with a division septum. These effects
were also visible after 60 min of induction (Figure 6B, C
and Supplementary Figure S13). We concluded that MazF
increased cell wall thickness and decreased the number of
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Figure 5. MazF affects specific pathways. (A) Example of groups of genes with decreased and increased translation (log2-FC) represented as a box plot.
Comparison of WT to AmazEF (blue) and AmazEF+F to AmazEF (red). The other groups of genes are present in Supplementary Table S3. (B) Examples
of groups of genes with decreased translation, but increased protein levels. Changes in transcription (RNA-Seq), translation (Ribo-Seq), translational
efficiency (TE), and protein levels for WT compared to AmazEF (blue) and for AmazEF+F compared to AmazEF (red). Genes of ribosomal proteins,
purine and pyrimidine biosynthesis and ATP synthase are presented. The P-values for the group of genes being overall differentially expressed are indicated
above each group, and were computed using two-sided Wilcoxon test.
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dividing cells, in agreement with the inhibition of the cell
growth and bacteriostasis (15).

DISCUSSION

In this work, we have used multiple techniques to probe
the effects of MazF toxin on S. aureus physiology in an ef-
fort to understand how this toxin might regulate cellular
changes leading to dormancy. Understanding the causes of
dormancy is critical for the management of antibiotic resis-
tance. Presently, it is not known how many distinct mech-
anisms culminate in S. aureus dormancy, and it is certainly
possible that there exists more than one pathway, or that
there are redundancies among multiple pathways. Our study
now contributes a more comprehensive understanding of
the link between MazF toxin and its relation to dormancy.
We have summarized our collective observations in a work-
ing model (Figure 7) demonstrating examples of the path-
ways that may be regulated by MazF and lead to bacterial
dormancy.

Role of MazF in translation inhibition

Whereas we identified only 339 cleaved genes, MazF expres-
sion caused a decrease of about 50% of transcripts accord-
ing to both RNA- and Ribo-Seq. The cleaved transcripts
belonged to many different gene families without any sta-
tistically significant enrichment. We concluded that MazF
cleaves a wide range of mRNAs as it was described for E.
coli (29), affecting the entire transcriptome and translatome
and causing global changes in cell metabolism.

Even if MazF inhibits cell growth, we did not observe
complete drop of polysomes (Figure 2A), showing that the
cell remained active, similar to what was reported in E. coli
(50). We found that about 17% of transcripts were increased
upon MazF induction, indicating that some pathways were
upregulated. Notably, in E. coli MazF selectively enabled
the synthesis of about 10% of proteins that either promoted
cell death or ensured the survival of small subpopulation
under stress conditions (20). We conclude that in S. aureus
MazF activity does not lead to a complete inhibition but
rather to an alteration of the translation program, thereby
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potentially preparing the cell for long-term survival. In this
work, we demonstrated three examples of such pathways
that may be activated by MazF, namely translation rescue
and co-translational quality control, ribosome hibernation
and recycling, and finally, cell division and cell wall thick-
ness (Figure 7).

Role of MazF in translation rescue and co-translational qual-
ity control

Cleavage by MazF results in the formation of stop-less
transcripts, where stalled ribosomes are accumulated. We

observed that MazF activated the SsrA system that res-
cues stalled ribosomes and resolves non-stop translation.
MazF also increased the levels of the ATP-dependent chap-
erones, which deal with partially synthesized peptides ap-
pearing during translation rescue. Both the SsrA system
and ATP-dependent chaperones are important players in
co-translational quality control mechanisms. Thus, we con-
cluded that in S. aureus MazF induction leads to activation
of co-translational quality control mechanisms that resume
protein synthesis to maintain cell survival upon dormancy
and possibly to facilitate the exit from dormancy state later
(Figure 7).
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Role of MazF in ribosome hibernation and recycling

A role for MazF in translation inhibition was discussed
in several studies mostly performed on E. coli, and sev-
eral targets of MazF were proposed. It was suggested that
E. coli MazF reduces translation through cleavage of both
mRNAs and rRNAs (19,29,36,37). In particular, it cleaves
rRNA and mRNAs encoding ribosomal proteins, lead-
ing to disruption of rRNA maturation and ribosome bio-
genesis, and, thus, decreases cell growth (29). Earlier we
also found that MazF cleaves mRNAs encoding ribosomal
proteins in S. aureus (15). In this study, we observed re-
duced translation of these mRNAs, but, surprisingly, with-
out reduction of the protein levels. We observed, however,
a significant decrease of factors responsible for translation,
tRNA aminoacylation, ribosome disassembly, and increase
of hibernation-promoting factor, Hpf (Supplementary Fig-
ure S14).

In bacteria the majority of non-translating ribosomes hi-
bernate in the form of 100S dimers, which sequester ri-
bosomes away from active translation, and prevent ribo-
some degradation by an unknown pathway. In S. aureus
Hpf mediates ribosome dimerization and is required for a
long-term survival (51). On the one hand, Hpf suppresses
translation through titrating active ribosomes. On the other
hand, Hpfs, decreases ribosome turnover and preserves
them, thereby the dimers can be dissociated and reassem-
bled into active ribosomes upon the exit of quiescence (38).
To resume translation ribosome hibernation is reversed by
100S dissociation. Recently, it was shown that in S. au-
reus ribosome recycling factor (Rrf, also known as Frr) and
elongation factor G (EF-G, also known as FusA) syner-
gistically split 100S dimers and, in certain conditions, this
process may include activity of HAIX GTPase (52). No-
tably, we observed that MazF decreased levels of rrf (Sup-
plementary Figure S14A). Levels of EF-G and hflX were
also decreased but to a lesser extent (Supplementary Table
S3), and both these mRNAs were cleaved by MazF (15).
Increased levels of hibernation factor and decreased lev-
els of dimer disassembly factors favors ribosome hiberna-
tion. These observations are consistent with a model that
in S. aureus MazF suppresses translation mainly acting at
the level of translation and ribosome hibernation factors,
rather than ribosomal proteins (Figure 7). Such a mecha-
nism allows the cell to rapidly decrease translation but also
rapidly restart it if needed, e.g. to exit from the dormant
state.

Role of MazF in cell wall thickness

MazF affected translation and protein levels of many genes
involved in cell wall biosynthesis as illustrated schemati-
cally (Supplementary Figure S12). MazF also altered sev-
eral side metabolic pathways involved in the synthesis of
the cell wall. Namely, translation of ADI pathway genes,
arcRCDBA, where ArcR is the transcription activator of
arc operon, were significantly increased. Upregulated ADI
pathway is associated with elevation of ammonia and ac-
tivation of Glm pathway, which produces UDP-N-acetyl-
glucosamine (GIcNAc), the cardinal precursor metabolite
for cell wall peptidoglycan (43), and with elevation of ATP,
a substrate necessary for Mur ligases in cell wall synthesis

(44). Both pathways culminate in increased cell wall thick-
ness. Accordingly, increased cell wall thickness, observed
in vancomycin-intermediate S. aureus strains (VISA), was
linked to arcB upregulation and elevation of ammonia and
ATP (45).

Another example of pathways altered upon MazF ex-
pression are purine and pyrimidine biosynthesis and path-
ways connected to it. Upon MazF expression glycolysis,
TCA cycle and pentose phosphate pathway were mostly up-
regulated in both RNA- and Ribo-Seq, providing substrates
for de novo synthesis of nucleotides. We observed that many
genes involved in purine and pyrimidine biosynthesis were
cleaved by MazF and decreased in both RNA- and Ribo-
Seq when mazF was expressed. However, TE of those genes
was increased, and accordingly, protein abundance also. In-
creased purine biosynthesis might be needed to maintain at
certain level ATP production for the needs of cell wall syn-
thesis, as it was observed for VISA strains where genes in-
volved in purine biosynthesis were upregulated (53), or for
S. aureus persistence to rifampicin (54). Increased pyrim-
idine biosynthesis provides UMP, which is an important
substrate for UDP-GIcNAc, required for the cell wall syn-
thesis. Consistent with our observation, metabolomic anal-
ysis revealed that MazF in E. coli increases NMP and NDP
levels (50).

Several other observations also connect MazF activity
to the cell wall thickness. First, increase of cell wall thick-
ness was observed in a AyjbH mutant (55), where MazF
was activated (23). Second, deletion of trf4, which stabi-
lized MazE (17), restored sensitivity of cells resistant to cell
wall antibiotics (56). Moreover, in other bacteria a possible
role of MazF in cell wall biogenesis was also noticed. For
example, in E. coli mRNAs isolated from polysomal frac-
tions and responsible for ‘cell structure’ were upregulated
upon MazF induction (36).

Possible role of MazF in bacterial dormancy /persistence

The terms of dormancy and persistence are often confusing
in the literature. Persister cells are non-growing subpopula-
tions tolerant to antibiotics, and often significantly present
in biofilms (5). Persisters arise due to dormancy, defined as a
state in which cells decrease metabolism and arrest growth
(3,5). Dormant bacteria are also often tolerant to antibi-
otics.

It has been suggested that MazF in E. coli is involved in
drug tolerance and persistence generation (21). In S. aureus
activation of MazF leads to quiescence (24) and dormancy
(15) and alters susceptibility to antibiotics (14). In this study
we induced MazF only for 10 min, thus the changes we
observed possibly correspond to a very early stage leading
to the entrance to dormancy. In this regard, our observa-
tions concerning ribosome hibernation and co-translational
quality control systems are very interesting. Both mech-
anisms promote cell survival and, possibly, reversible cell
dormancy instead of cell death (Figure 7).

Ribosome hibernation has emerged as one of the pivotal
cellular processes for entry into dormancy and subsequent
resuscitation. MazF could favor ribosome hibernation by
increasing levels of Hpf, and decreasing ribosome recycling
factors. Mechanisms that cause dissociation of the ribo-



some dimers might decrease cell viability and prevent bac-
terial dormancy. Accordingly, antibiotic tolerance has been
mediated by ribosome dimerization in the absence of My-
cobacterial HAIX (57). Disruption of 100S dimers, either by
decreasing activity of Hpf, or by increasing activity of EF-
G/Rrf/HfIX, makes these factors possible and promising
targets for future antibacterial drug discovery.

Another important connection to dormancy uncovered
in our study is the increased transcription and translation of
ADI and TCA cycle genes. Upregulation of ADI pathway
had been connected to vancomycin resistance (45), while the
increased activity of TCA cycle had been connected to per-
sistence in S. aureus (58). Genes encoding enzymes of TCA
cycle, ribosomal proteins and ADI pathway were also up-
regulated in S. aureus biofilms (59) that may be linked to
persistence.

Increased cell wall thickness and changes in expression
of cell wall related genes caused by MazF, described in this
study, may be connected to bacterial dormancy (15) and
persistence. Accordingly, activation of the cell wall stress
stimulon and peptidoglycan biosynthesis was observed in
intracellular S. aureus persisters upon antibiotic exposure
(60). Taken together, our observations are important in the
regard that approaches leading to MazF inactivation may
synergize bactericidal effects of cell wall antibiotics.

MazEF regulation by stress

MazF endoribonuclease activity is neutralized by anti-
toxin MazE. MazE protein level is controlled by the ATP-
dependent ClpCP protease and requires an adaptor protein
TrfA (17,18). Transcription of TrfA is regulated in part by
activator Spx (61). Spx protein level is, in turn, controlled
by ClpXP protease and requires an adaptor protein YjbH
(62,63). One can imagine, that stress such as antibiotics, that
causes inhibition of transcription and/or translation may
inhibit mazEF expression, and prevent de novo synthesis of
MazE and MazF. The unstable MazE is degraded and nu-
clease activity of MazF is unleashed. It has been suggested
that in E. coli stress induces transcription of TASs without
activating toxins and that transcriptional induction results
from antitoxin degradation and relief of transcriptional au-
toregulation (64). However, the S. aureus MazEF system is
unique because it does not repress its own promoter (65).
Accordingly, recently we demonstrated that YjbH aggre-
gates in response to stress, thereby initiating YjbH-Spx-
TrfA cascade, which results in MazE degradation and, con-
sequently, MazF toxin activation (23). These observations
were confirmed by the fact that inhibition of cell growth
caused by MazF induction was reverted by #rf4 deletion
(15). Therefore, it is very possible that in S. aureus envi-
ronmental stress, such as antibiotics, may modulate MazEF
function and unleash MazF endoribonuclease activity.

CONCLUSION

We characterized changes and correlations in transcrip-
tome, translatome, and protecome caused by MazF. Im-
portant pathways affected during the early stage following
MazF induction were identified. These pathways may be
promising targets for new antibacterial drugs that prevent

Nucleic Acids Research, 2021, Vol. 49, No. 4 2099

bacteria dormancy and synergize the efficacy of conven-
tional antibiotics.
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