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ABSTRACT

A crucial bacterial strategy to avoid killing by an-
tibiotics is to enter a growth arrested state, yet the
molecular mechanisms behind this process remain
elusive. The conditional overexpression of mazF, the
endoribonuclease toxin of the MazEF toxin—antitoxin
system in Staphylococcus aureus, is one approach
to induce bacterial growth arrest, but its targets re-
main largely unknown. We used overexpression of
mazF and high-throughput sequence analysis follow-
ing the exact mapping of non-phosphorylated tran-
scriptome ends (hEMOTE) technique to reveal in vivo
toxin cleavage sites on a global scale. We obtained a
catalogue of MazF cleavage sites and unearthed an
extended MazF cleavage specificity that goes beyond
the previously reported one. We correlated transcript
cleavage and abundance in a global transcriptomic
profiling during mazF overexpression. We observed
that MazF affects RNA molecules involved in ribo-
some biogenesis, cell wall synthesis, cell division
and RNA turnover and thus deliver a plausible ex-
planation for how mazF overexpression induces sta-
sis. We hypothesize that autoregulation of MazF oc-
curs by directly modulating the MazEF operon, such
as the rsbUVWV genes that regulate the sigma fac-
tor SigB, including an observed cleavage site on the
MazF mRNA that would ultimately play a role in entry
and exit from bacterial stasis.

INTRODUCTION

The occurrence of antibiotic resistant bacteria is reaching
worrying proportions and it is especially disturbing that
the number of new antibiotics that reach the market is di-
minishing. Understanding how bacteria avoid killing by an-
tibiotics will contribute to future development of new an-
timicrobial drugs. Notably, one mechanism that was ob-
served decades ago and still remains poorly understood
relates to avoidance of killing by antibiotics (1) wherein
exposure to lethal concentrations of an antibiotic reveals
the survival of a bacterial subpopulation which neverthe-
less remains genetically susceptible. Upon drug exposure,
most of the growing cells in the bacterial population will be
rapidly killed by the antibiotic and the remaining fraction
of non-growing cells will survive because of a slowed-down
metabolism within these cells (2).

Antibiotic tolerance in non-growing cells is explained
by the inactive state of antibiotic targets and their associ-
ated biological processes and not by heritable genetic mu-
tations of the bacterial population. In fact, upon antibiotic
removal, non-growing cells regrow and re-exposure to an-
tibiotics leads again to a rapid killing of the majority of the
bacteria population (2-4). The antibiotic tolerance in non-
growing bacteria may explain the clinical occurrence of bac-
terial chronic and relapsing infections, which emphasizes
the urgent need to better understand the molecular path-
ways leading to the development of this state (5).

The bacterial non-growing state has been linked in some
studies to expression of toxin—antitoxin systems (TAS) in
various organisms that interferes with replication (6,7), ri-
bosomal activity (8), cell wall synthesis (9) and cell divi-
sion (10). However, the role of TAS on antibiotic toler-
ance in non-growing bacteria is still debated (11). One of
the best characterized TAS inducing bacterial growth ar-
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rest is MazEF. Homologs of this type II TAS operon are
found in clinically important bacteria such as Escherichia
coli, Mycobacterium tuberculosis and Staphylococcus au-
reus. MazF toxin activity is inhibited by a stoichiomet-
ric complex formed with the MazE antitoxin during nor-
mal growth conditions. Upon stressed conditions, MazE
is degraded by cellular proteases, thereby liberating MazF
toxin endoribonucleolytic activity that induces a growth ar-
rest (11). In E. coli and M. tuberculosis, MazF specifically
cleaves single-stranded RNA molecules and the identifica-
tion of specific cleaved targets has led to a model, that
MazF activity reduces overall translation and consequently
inhibits bacterial growth (12-16). Unless otherwise stated,
MazF in this study refers to the S. aureus toxin.

To understand the general function of MazEF in S.
aureus, several studies first focused on the regulation of
MazEF expression. The mazEF gene is chromosomally en-
coded and located upstream and co-transcribed with the
sig B operon that encodes for the alternative stress sigma fac-
tor B (0®) and its regulators RsbUVW. MazEF transcrip-
tion is activated by sub-inhibitory concentrations of ery-
thromycin and tetracycline and it is regulated negatively and
positively by the transcriptional regulator o® and SarA, re-
spectively. Its cognate antitoxin MazE is regulated by prote-
olysis through ClpCP proteolytic complex primed with the
adaptor protein TrfA (17,18) (Figure 5B). In vitro analy-
sis of MazF cleavage activity on an exogeneous transcript,
found that MazF toxin is a sequence-specific endoribonu-
clease that recognizes the pentad sequence U"ACAU (" in-
dicates MazF cleavage site) of mRNAs and cleaves indepen-
dently of ribosomes (19,20). The MazF cleavage motif was
further used to predict MazF target genes. A link between
MazEF and virulence was proposed based on the identifica-
tion and in vitro cleavage of selected virulence genes such as
hla (a-hemolysin), spa (Protein A virulence factor), o® and
sraP (adhesion factor) (19,21). MazF expression was also
shown to inhibit biofilm formation and to increase antibi-
otic tolerance allowing transition of S. aureus from acute to
chronic infections (22).

In S. aureus, stasis is induced upon overexpression of
MazF toxin (21,23), yet whether transcripts are cleaved in
vivo to prevent growth and which ones are targeted prefer-
entially is still unknown. Bioinformatic prediction of tar-
gets based on the MazF pentad recognition sequence is
not feasible since this motif is found across the genome. In
this study, we have used a genome-wide high-throughput
method to identify bona fide MazF targets in vivo and iden-
tified an extended and variable, but robust sequence recog-
nition specificity beyond the canonical UACAU motif for
MazF RNA cleavage. The identification of hundreds of pre-
cise cleavage sites now provides a snapshot of the extensive
collection of genes affected by the MazF endoribonucle-
ase and permits a refined model explaining toxin-mediated
growth arrest.

MATERIALS AND METHODS

Induction of mazF and growth arrest

The pRABI11-mazF plasmid (AR1880), expressing mazF
under control of an anhydrotetracycline (ATc) inducible
promoter was constructed by amplification of S. aureus

HGO003 mazF using primers carrying Bglll and EcoRI re-
striction sites (Supplementary Table S1). The amplified
product was cut with BglIl and EcoRI and ligated the into
pRABI11 (24). To induce the expression of MazF, ATc was
added at a final concentration of 0.2 wM to the cell cultures
and incubated for 10-60 min at 37°C with shaking. ATc was
freshly prepared and aliquoted since aged ATc was found
in pilot experiments to produce toxic breakdown products,
which affected interpretation of viability assays.

S. aureus HG003 (RS123) and S. aureus HG003 AmazEF
(RS125) were electroporated with ATc inducible pPRABI11
(RS212, RSI191) and pRABIl1-mazF (RS124, RS126).
Strains carrying pRABI11 were always grown in presence
of chloramphenicol (15 wg/ml). Overnight cultures were
diluted 1:1000 in 10 ml of Mueller—Hinton broth (Difco)
and incubated at 37°C with shaking. At ODgy 0.3, ATc
was added at a final concentration of 0.2 wM. At each
time point (0, 15, 30, 60 min post-induction) the samples
were 10-fold serially diluted in 96-well plates using sterile
saline solution (0.9% NaCl) and 10 pl aliquots were spot-
inoculated in Mueller-Hinton agar plates and incubated at
37°C overnight. Colonies were then counted.

MazF antibody production

The mazE antitoxin gene fused to its cognate toxin gene
(i.e. the mazEF genes) was PCR amplified using a synthetic
fragment as template (IDT company; Supplementary Ta-
ble S1). The resulting fragment was digested by Ndel/Scal
and ligated into the expression vector pCWRS547 (25) di-
gested by the same restriction enzymes. The resulting plas-
mids were used to transform competent E. coli strains. All
the constructions were verified by PCR and validated by
sequencing. His6-SUMO-MazEF proteins were expressed
from pCWR547 in E. coli C41 (DE3) strain and puri-
fied under standard native conditions using nickel chelate
chromatography. The proteins were then excised from a
15% SDS polyacrylamide gel to immunize rabbits (Josman
LLC, Napa, CA, USA). Polyclonal antibodies were ob-
tained and used for MazF western blot analysis at a dilution
of 1:2500 and revealed by HRP-conjugated goat-anti-rabbit
secondary antibodies.

Protein extraction

Cells cultures were grown until exponential phase (O.Dgg
0.4-0.8). The induction of the MazF expression by ATc
was performed for 10-60 min, as needed. Cultures of 10
ml with ODgyy of 24 were collected and washed three
times with 1 ml of phosphate-buffered saline (PBS). Cells
were lysed in the presence of lysis buffer (LB) (PBS, 200
pg/ml lysostaphin, 200 wg/ml DNase I, protease inhibitors
(Roche) 20 pl per 1 OD unit for 20 min at 37°C). Samples
were 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 x g at 4°C. Total
protein concentration was measured in supernatants by the
Bradford protein assay. Samples were mixed with Laemmli
sample buffer and analyzed by SDS polyacrylamide gel
electrophoresis (SDS-PAGE) 16.5% tris—tricine peptide gels
(BioRad). Gels were analyzed further by western blot using
polyclonal antibodies described above.



RNA extractions for n[EMOTE and RNA-seq

Overnight cultures were diluted 1:50 in 20 ml of Mueller—
Hinton broth and incubated at 37°C without shaking until
ODyg 0.3. ATc was added to a final concentration of 0.2
wM and incubated at 37°C during 10 min. Aliquots of 8
ml of bacterial culture were immediately transferred to 40
ml of ice-cold ethanol:acetone (1:1), and centrifugated at
5000 rpm and 4°C during 10 min. The supernatant was dis-
carded, and pellet was washed with 1x TE. The pelleted
cells were treated with lysostaphin (200 wg/ml) and RNasin
Plus (Promega) in a final volume of 100 wl TE then placed
in a heat block at 37°C during 10 min. RNA extractions
were done on the same day using the ReliaPrep (Promega)
following the manufacturer’s instructions. Total RNA was
frozen and kept at —80°C.

nEMOTE library preparation and sequencing

RNA was quantified using a Nanodrop 1000 and integrity
was assessed with a Bioanalyzer (Agilent Technologies).
The nEMOTE protocol was employed as in Kirkpatrick,
2016 (26-28). Briefly, mono-phosphorylated RNA was di-
gested from 8 pg of high-quality total RNA with XRN-
1 (New England Biolabs). XRN-1 was removed with a
phenol-—chloroform-isoamyl alcohol 25:24:1 (Sigma) ex-
traction, and the aqueous phase was recovered using MaX-
tract High Density (Qiagen) tubes. The recovered RNA
was split into two pools, one pool was treated with T4
polynucleotide kinase (+PNK) and the other was sub-
ject to the same treatment without PNK (—PNK) and
used to establish a background signal. Rp6 RNA oligonu-
cleotide was ligated with T4 RNAse ligase to the 5-
phosphorylated RNA followed by an ethanol precipitation.
Reverse transcription was carried out using semi-random
primer DROAA and the cDNA was purified using Wiz-
ard SV Gel and PCR clean-up system (Supplementary Ta-
ble S1) (Promega). Second-strand synthesis and barcode
incorporation (D6A-D6Q barcodes) were performed us-
ing Q5 Hot Start High Fidelity DNA polymerase (New
England Biolabs). The PCR products were purified (Qia-
gen PCR clean-up columns), mixed and size-selected be-
tween 300 and 1000 bp on agarose gels. The sample was
then quantified by fluorometry using Qubit (Invitrogene)
and sequenced in an Illumina HiSeq 2500 sequencer us-
ing 50 bp single-read cycle. Two independent replicates were
performed.

RNA-seq library preparation and sequencing

Total RNA was quantified using Qubit (Life Technologies)
and RNA integrity was assessed with a Bioanalyzer (Ag-
ilent Technologies). Total RNA (1 pg) was ribo-depleted
with the bacterial Ribo-Zero kit from Illumina. The Truseq
total RNA stranded kit from Illumina was used for the li-
brary preparation. Library quantity was measured by the
Qubit and quality was assessed with a Tapestation on
a DNA High sensitivity chip (Agilent Technologies). Li-
braries were pooled at equimolarity for clustering. Single-
read sequencing (100 bases) was performed using the SBS
chemistry on an Illumina HiSeq 4000 sequencer.
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Bioinformatic analysis of nNEMOTE, RNA-seq and annota-
tion of targets

The nEMOTE reads were processed with the R package
EMOTE v0.2 (https://github.com/pradosj/EMOTE). This
package checks the quality of reads and parses them to ex-
tract the mapping sequence as well as the unique molecular
identifier (UMI) sequence; it then aligns the reads to the ref-
erence genome S. aureus NCTC 8325-4 (with Rbowtie pack-
age) and quantifies the number of reads with the unique
UMI starting at each genomic position. The genomic po-
sitions with less than 4 UMI in both AmazEF pRABI11-
mazF+PNK replicates used, were not further considered.
A beta-binomial model was then used to estimate the prob-
ability that +PNK condition is significantly enriched com-
pared to the corresponding —PNK control condition (back-
ground noise removal). The P-values obtained for the two
replicates are combined with Fisher’s method, and the false
discovery rate (FDR) computed to correct for multiple test-
ing. To determine confident 5’-OH ends generated by MazF,
each genomic position had to match the following crite-
ria: an FDR <0.1 for AmazEF pRABI11-mazF condition,
and an FDR >0.1 in AmazEF condition. Genomic posi-
tions mapping onto a rRNA feature were excluded. rRNA
cleavage site analysis was performed separately with sin-
gle rRNA sequences to avoid multiple mapping sites. The
MazF cleavages were further annotated with genomic infor-
mation (DNA sequence around the position, nearest gene),
taken from both NCBI and Aureowiki (https://aurecowiki.
med.uni-greifwald.de/) (29).

The functional characteristics of the MazF-affected
genes were obtained by mapping the cleavage sites to
genes on the reference genome and performing gene ontol-
ogy (GO) enrichment analysis using in-house scripts writ-
ten in R programming language. The script retrieves GO
terms annotations from Uniprot for the reference organism
STAAS. Then, ancestors of the GO terms were inferred us-
ing < is_a > and < part_of > relationships of the ontology
go-basic.obo available at http://geneontology.org. The anal-
ysis was corrected by identifying the GOs that are enriched
in genes containing a MazF cleavage relatively to the 1000
most expressed genes on the genome. A hypergeometric test
is performed to determine if a given GO term is enriched in
the 260 MazF-affected genes out of the 1000 most expressed
genes.

RNA-seq reads 500 bp before and after an nEMOTE-
detected site were aligned on the reference genome with
‘bwa mem’ command and ‘samtools’ to generate files in
BAM format. The BAM files are further processed to quan-
tify the number of read in genes with the method ‘sum-
marizeOverlaps(mode = ‘IntersectionStrict’,inter.feature =
FALSE)’ from R package GenomicAlignments. Quantifi-
cation around the cleavage sites were obtained with the
method ‘coverage()’ of the R package ‘GenomicAlign-
ments’.

Flow cytometry to determine dead and alive bacterial cells

Cell preparation was as above for nNEMOTE and RNA-seq
protocols. At 10 min postinduction, the cultures were cen-
trifuged, and the pellet was washed three times with 0.2
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pm filtered 1x PBS. Cells were standardized to McFar-
land 0.5 (1.5 x 108 CFU/ml) using a Densimat appara-
tus (bioM¢érieux) then diluted 1:100 in 1x PBS. The cells
were stained using the BacLight RedoxSensor Green Vital-
ity Kit (Invitrogen) following the manufacturer’s instruc-
tions. Dead (propidium iodide permeable) and alive cells
(positive for bacterial reductase activity) were then counted
on a Gallios flow cytometer (Beckman Coulter). Results
were analyzed using FlowJo v. 10.6.1 software.

Cell sorting of living bacterial cells

To purify live cells, we used the same cell preparation
as above but using a MoFlo Astrios (Beckman—Coulter)
cell sorter. Purified live cells were spot inoculated on
Mueller Hinton agar plates. In parallel, an equal volume of
2x Mueller—Hinton broth and 10x the ciprofloxacin mini-
mum inhibitory concentration (5 pg/ml) was added to live
sorted cells and incubated at 37°C overnight (18 h) with-
out shaking. Cells were then centrifuged at 8000 rpm for
3 min, supernatant was discarded, and cells were washed
three times using filtered 1x PBS. Cells were stained again
using the BacLight RedoxSensor Green Vitality Kit and
dead and live cells were quantified on a Gallios flow cytome-
ter. Results were analyzed using FlowJo v. 10.6.1 software.
Significant difference between the strain carrying the empty
plasmid (p) and the strain carrying the mazF-plasmid (pF)
was analyzed using one-tailed, paired Student’s 7-test.

RNA extractions for qRT-PCR

Cells (1 ml) were collected at ODgg 0.3, centrifuged for 3
min at 8000 rpm, supernatant was discarded, and the pellet
was washed with 1 ml 1x TE buffer. The pellet was resus-
pended in 100 w1 lysostaphin buffer composed of 200 pg/ml
lysostaphin, 200 pwg/ml DNase I, 40 U RNasin Plus Ri-
bonuclease inhibitor (Promega) in 1 x TE buffer and placed
at 37°C for 10 min. RNA was then extracted using RNeasy
Plus Mini Kit (Qiagen) following the manufacturer’s in-
structions and adding two modifications: cell homogeniza-
tion was performed with QIAshredder (Qiagen) columns af-
ter adding RTL Plus lysis buffer and DNase treatment using
RNase-Free DNase Set (Qiagen) was applied after the first
column wash.

Quantitative reverse transcription PCR (qRT-PCR)

Primers and probes were designed using PrimerExpress
software (Applied Biosystems) and obtained from Euro-
gentec. Absence of DNA contamination in total RNA ex-
tractions was assessed by qPCR using 2x Takyon probe
assay (Eurogentec). Optimal concentration of primers and
TagMan® hydrolysis probes was assessed by using 4 ng of
total RNA per well and a final concentration of primers of
probes between 0.05 and 0.2 wM to determine an efficiency
of 100% (amplification factor of 2). mRNA levels of each
gene were determined by quantitative reverse transcription
PCR (qRT-PCR) using the Platinum qRT-PCR Thermo-
Script One-Step system (Invitrogen). The mRNA levels of
each gene were normalized to gyrB RNA levels, which were
assayed in each round of qRT-PCR as internal controls.

To quantify qRT-PCR data the 2-22t method was used
(30), where fold change of target gene expression in a target
(treated) samples relative to a reference (non-treated) sam-
ples was normalized to the reference gene gyrB. Thus, the
relative gene expression in non-treated samples was set to
1. The errors for the AACt were obtained by least square
error propagation of the standard deviation for the individ-
ual qRT-PCR measurements performed in triplicates. The
statistical significance of strain-specific differences in nor-
malized cycle threshold (Cr) values of each transcript was
evaluated by paired Student’s #-test, and data were consid-
ered significant when P was <0.05.

RESULTS
Effect of mazF overexpression on S. aureus growth

To identify sites targeted and cleaved by MazF endori-
bonuclease in vivo, we applied conditional overexpression of
MazF toxin in S. aureus. We first confirmed that our MazF
expression plasmid induces the characteristic growth defect
observed upon mazF overexpression in S. aureus (21). Since
MazF toxin activity is mitigated in the presence of MazE
antitoxin, we analyzed the effect of mazF overexpression
in the presence and absence of MazE antitoxin using wild-
type, trfA-deleted (a condition previously shown to stabilize
MazE antitoxin by reducing its proteolytic turnover (17))
or mazEF-deleted strains (20). All strains were transformed
with a tightly regulated anhydrotetracycline (ATc) inducible
plasmid carrying MazF toxin gene (pF) (Supplementary
Table S2) and western blot analysis confirmed MazF pro-
tein (13.4 kDa) upon ATc induction (Figure 1A). In control
strains lacking pF plasmid, MazF was not detected in the
mazEF-deleted strain while MazF was detected at low lev-
els in both the wild-type and #rf4-deleted strain (as expected
easily observed upon over-exposure of the immunoblot de-
tection system, Supplementary Figure S1).

We observed a decrease in bacterial colony counts (effi-
ciency of plating) at different time points after mazF overex-
pression (Figure 1B and C). This effect was enhanced in the
absence of MazE antitoxin. Stabilization of MazE antitoxin
through deletion of the ClpCP adaptor protein TrfA abol-
ished the growth defect caused by the induction of MazF ex-
pression and restored colony formation comparable to wild-
type control strain (Figure 1B and C). Collectively, these re-
sults show that MazF can be conditionally expressed and
such cells show reduced ability to form colonies on agar
plates in accordance with Fu ez al. (21).

To further analyze the effect of mazF overexpression on
growth, bacterial populations with and without mazF in-
duction and in the presence (wild-type) and absence of
MazE antitoxin (mazEF-deleted strain) were analyzed by
flow cytometry to quantify cell viability. Interestingly, no
difference in the percentage of live (RedoxSensorGreen la-
beled) or dead (propidium iodide labeled) bacteria was ob-
served after 30 or 60 min of MazF induction in either the
presence or absence of MazE antitoxin (Figure 2A). In all
conditions tested, we counted 50 000 cells and detected
overall 95% live and 5% dead bacteria. These live/dead
measurements are in sharp contrast with the absence of de-
tectable bacterial colony counts observed after 30 or 60 min
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Figure 1. (A) Western blot analysis of MazF protein produced in S. aureus strains with or without the mazF overexpression plasmid (pF). After mazF gene
induction with anhydrotetracycline (+ATc) or in non-induced cells (—ATc), total soluble protein extracts from S. aureus strains were loaded in SDS 16.5%
polyacrylamide gels and MazF protein (13.4 kDa) was detected using a rabbit-polyclonal anti-MazEF antibody (top) and Ponceau S staining (bottom). A
Coomassie Brilliant Blue stain on same samples loaded above is shown in Supplementary Figure S2. (B) Effect of mazF overexpression on S. aureus growth.
Colony forming units (CFU) counts at five time points (between 0 and 60 min) after mazF-induced (+ATc) or uninduced (—ATc) S. aureus strains. Data
are represented as mean & SD of three independent experiments. (C) Representative image showing the spot (10 wl) serial dilutions of bacterial cultures on
agar plates, after 60 min of mazF-induced (+ATc) and uninduced (—ATc) S. aureus strains. Serial dilutions are indicated at the right margin. CFU counts
of S. aureus carrying an empty vector with and without ATc is shown in Supplementary Figure S3.



8550 Nucleic Acids Research, 2020, Vol. 48, No. 15

A 1 Dead
—_ = Live
X
S 100 — 100 —
@
=]
o
©
o
B 50 50
[
k-]
°
c
O]
20 — ° '
= p pF p PF p pF C p pF p PF p pF C
10 min 30 min 60 min 10 min 30 min 60 min
Wild type AmazEF
B
Wild type AmazEF Wild type AmazEF Wild type AmazEF Wild type AmazEF
p PF p pPF p pF p pF p PpPF p ©pF p pF p pF
; E 10E0
10E-1
10E-2
10E-3
10 min 10 min 60 min 60 min
No ATc ATc + No ATc ATc +
C
c
S 304 30 —*
2 21.6
2
S
- 204 20 ;
.%*g [ Live
@ E N.S 11.6
ﬂ E D
T [ —
= 5 104 10
2 43 5.0
S
S
=]
n
p PpF P PF
Wild type AmazEF

Figure 2. (A) Cell cytometry analysis showing the percentage of live and dead bacteria present after mazF overexpression. S. aureus wild-type and mazEF-
deleted strains carrying a control (p) or mazF (pF) plasmid were subject to ATc induction during time. Bacteria were subsequently labeled using RedoxSen-
sorGreen and propidium iodide. Live and dead bacterial counts were determined by fluorescence detection using cell cytometry. Fluorescence detection of
heat-killed bacteria was used as a control (c). The percentage of live or dead bacteria from a total of 50 000 bacterial counts is reported. Data is represented
as mean + SD of three independent experiments. (B) Bacterial growth of sorted live bacteria after mazF overexpression. Wild-type and maz EF-deleted
strains carrying a control plasmid (p) or a mazF plasmid (pF) were treated or not with ATc. After 10 min (left panel) or 60 min (right panel) of ATc
treatment, bacteria were washed, labeled and sorted to obtain 8 x 103 live cells and were serially diluted (top to bottom 10° to 1073), 10 wl of diluted
bacteria were immediately spot-inoculated on Mueller-Hinton agar plates. (C) Wild-type and mazEF-deleted strains carrying a control (p) or a mazF
(pF) plasmid were treated with ATc during 10 min. Cell were labeled and sorted and a purified live population of bacteria (8 x 10° cells) was exposed to
ciprofloxacin overnight. The remaining bacteria were again labeled, and live cells were counted by cell cytometry. Results are presented as means + SD of
three independent experiments; N.S. is not significant; * P < 0.05 significant differences between the strain carrying the empty (p) or mazF (pF) plasmid.



of MazF induction (Figure 1C). These observations suggest
that after MazF induction, bacteria remain alive but cannot
divide, resulting in reduced colony formation observed on
agar plates.

To further confirm that after MazF induction bacteria
were alive but unable to divide, a second analysis was per-
formed by sorting a fixed number of live bacteria (8 x 10°)
from each condition: MazF induced or uninduced cultures
in the presence or absence of MazE antitoxin. Sorted live
bacteria were immediately spotted on agar plates (Figure
2B). In the absence of MazE antitoxin, induction of MazF
in the AmazEF strain, we observed that despite viability
measured by FACS analysis, bacteria were unable to divide
to form visible bacterial colonies on agar plates. In contrast,
live bacteria after MazF induction but carrying MazE anti-
toxin could divide and give rise to visible bacterial colonies
on agar plates. We conclude from these analyses that un-
der our conditions mazF overexpression induced bacterial
growth arrest corroborating the characteristic mazF overex-
pression phenotype in S. aureus.

We next verified that under our conditions of MazF in-
duction, bacteria were indeed in a growth arrested state by
evaluating bacterial survival when challenged with the bac-
tericidal antibiotic ciprofloxacin. As antibiotics targeting
active growth processes Kkill less efficiently during growth
arrest (31,32), we expect an increased survival to antibi-
otic treatment upon mazF overexpression. Wild-type and
AmazEF cells carrying mazF-expression plasmids or con-
trol plasmids, were induced with ATc. Ten minutes post in-
duction (mpi), cells were labeled, and the population was
sorted to obtain 8 x 10° live bacteria. These live cells were
exposed to 10X the ciprofloxacin minimum inhibitory con-
centration (MIC) overnight. After washing, the remaining
bacteria were again labeled, and live and dead cells were de-
termined by flow cytometry. In the presence of MazE an-
titoxin (wild-type strain background), we recovered ~5%
of the original live population and no significant difference
was found between the population carrying an empty plas-
mid or overexpressing mazF. In contrast, upon mazF over-
expression in the absence of the antitoxin (AmazEF strain
background), we recovered on average nearly twice as many
cells (21.6%) of the original population than in the popula-
tion carrying an empty plasmid (11.6%) (Figure 2C). These
results suggest that induction of active MazF in the absence
of MazE antitoxin increases bacterial survival towards the
antibiotic ciprofloxacin. All together, these results confirm
that MazF induction in our experimental conditions in-
duces bacterial growth arrest.

MazF cleavage sequence recognition identified by nEMOTE

To determine the molecular link between mazF over-
expression and the observed growth arrest, we identi-
fied MazF-cleaved targets on genome-wide scale using
nEMOTE (non-phosphorylated exact mapping of tran-
scriptome ends) coupled to high-throughput sequencing
analysis. The nEMOTE procedure detects toxin endori-
bonuclease cleavages that produce 5°-OH transcript-ends
in vivo and in the native host. Briefly, total RNA was iso-
lated from mazEF-deleted strain carrying the overexpres-
sion plasmid with or without mazF gene following a 10 min

Nucleic Acids Research, 2020, Vol. 48, No. 15 8551

treatment with ATc. The nEMOTE protocol was then ap-
plied to enrich for 5°-OH transcripts-ends and the result-
ing library was sequenced. MazF specific cleavage sites were
identified by comparing 5’-ends enriched in mazF induced
strain compared to the control condition after elimination
of background noise using internal nEMOTE controls (see
materials and methods).

Our nEMOTE analysis detected 416 different RNA sites
cleaved by MazF toxin (Supplementary Table S3) that
we have precisely mapped on the S. aureus NCTC 8325
genome. The sequence logo plot of the 416 RNA sequences
around the detected cleavage sites is shown in Figure 3A.
The experiment recovered the MazF canonical sequence
recognition UM ACAU previously identified in vitro for coa
and spa genes (20). This strict canonical motif explains only
44.7% (n = 186) of all detected MazF cleavages, leaving
other cleavage sites showing a variation in the motif at +3
position. The remaining sequences display an alternative
extended MazF recognition sequence (motif U*"ACNUA).
Compared to the canonical motif, the alternative extended
motif shows a decrease in base conservation at positions —1
and +3 and concomitantly, a conserved +5 position emerges
(Figure 3A). As shown in Figure 3B, this alternative mo-
tif overlaps with the canonical motif because the RNA se-
quence UACAUA (cleaved n = 38 times) matches both pat-
terns (i.e. UACAU and UACNUA). The extended motif
UACNUA was identified 168 times, although other varia-
tions were also detected (n = 62). To better understand the
exact cleavage sites that compose the motifs and their over-
lap, we show in Figure 3C motifs with a single variable posi-
tion (blue squares) linked to the cleavage site sequence, and
the number of times observed (white circles), which explain
the motif.

The MazF cleavage motifs determined by nEMOTE al-
low prediction of other potential MazF cleavage sites by
bioinformatics. Transcriptome-wide scan of the S. aureus
2.4 MB genome for canonical and extended alternative mo-
tifs, predicted a total of 3584 and 2181 potential MazF
cleavage sites (Figure 3D), but nNEMOTE detected 186 and
230 cleaved sites, respectively (Figure 3B). Although poten-
tial cleavage sites are widespread throughout the transcrip-
tome, we were able to positively identify just a small fraction
of these sites. We did not expect all recognition sequences to
be cleaved because other factors involved might impede or
determine cleavage at these sites (33). They may be also lo-
calized in genes with low expression levels that would avoid
capturing by the nEMOTE technique.

RNA-seq expression profile and cleavage sites

To further validate and evaluate the limits of detection of
the nEMOTE technique in our experimental conditions,
we correlated RNA-seq expression data with the identified
cleavage sites. RNA-seq was conducted on AmazEF strains
carrying mazF overexpression plasmid or the empty vector.
A global comparison of gene expression between the two
conditions indicates an overall decrease of expression when
mazF is overexpressed in the cell (Figure 3E and Supple-
mentary Table S4). By overlapping the expression levels and
the 416 nEMOTE cleavage sites we observed that cleavages
are mostly detectable for highly expressed genes.
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Figure 3. (A) Logo plot obtained from the alignment of the 416 MazF cleavage sites detected by nEMOTE and the base frequency at each position is
indicated in the table below. A logo plot with the strict canonical motif (previously identified) was extracted from the 416 MazF cleavage sites revealing
a second extended alternative motif. (B) Venn diagram showing the number of MazF cleavage sites detected by nEMOTE. (C) Diagram showing motifs
with a single variable position (blue square) and the cleaved sequences composing each blue motif are shown in white circles. (D) Venn diagram showing
the number of predicted canonical and extended alternative MazF recognition sequence along the S. aureus transcriptome based on the nEMOTE results.
(E) Overlap of RNA-seq global expression profile (blue dots) of mazEF-deleted strain overexpressing mazF (pF) and control (p) and nEMOTE cleavage
sites (orange dots). (F) RNA-seq read coverage profiles 500 bp before and after the nEMOTE-detected sites between mazEF-deleted strain overexpressing
or not mazF (logy mazEF-pF /maz EF-p). Profiles obtained around the MazF cleaved sites detected by nEMOTE (black line), around nEMOTE predicted
canonical (red line) and alternative extended (green line) sites and around random genome positions (blue line). The y-axis positioning of the curves reflects

the average impact of MazF activity on the genes.

We reasoned that we would detect fewer reads across a
MazF cleavage site in the presence of MazF than in its
absence. We analyzed the RNA-seq read coverage profiles
500 bp before and after a nEMOTE-detected site between
mazEF deleted strain carrying or not mazF overexpres-
sion plasmid (log, maz EF-pF /maz EF-p) (see Material and
Methods). Aggregated analysis of transcriptomic regions

containing MazF sites detected by nEMOTE shows that
500 bp before the cleavage site there is no discernible read
count changes between the strain carrying or not the MazF
toxin, while a decrease in read counts is observed approach-
ing nEMOTE MazF cleavage site (black line, Figure 3F).
In contrast, no decrease was observed in genomic regions
without detected cleavage by MazF or lacking predicted



MazF cleavage motifs (blue line, Figure 3F). The analysis
of regions containing the predicted canonical (red line, Fig-
ure 3F) or alternative MazF motifs (green line, Figure 3F)
similarly shows a decrease in fragment ratios approaching
nEMOTE MazF cleavage site. These results suggest that
MazF is also cleaving sites we did not detect by nEMOTE
because the expression level was too low or because of bi-
ases in labeling the 5-OH ends in the nEMOTE procedure.
RNA-seq data corroborated the identified nEMOTE cleav-
age sites by clearly showing a marked decrease in number of
reads crossing MazF cleavage sites.

MazF cleaves motifs present in coding and non-coding regions

To further characterize MazF toxin cleavage sites, we ana-
lyzed the position of nEMOTE-detected cleavages relative
to coding sequences (CDSs). As shown in Supplementary
Figure S4A, MazF recognizes RNA sequences present in
coding (n = 372) or non-coding (n = 44) regions with a
higher frequency in coding regions. From the 44 cleavages
in non-coding regions, 31 and 13 are located in 5’ promoter
or 3’ regions, respectively. Moreover, MazF cleaves both
canonical and alternative sites in all three reading frames
(In-frame or 0, frame +1 or frame +2). As shown in Sup-
plementary Figure S4B, no preference of cleavage was ob-
served taking into account the relative position of the motif
inside a gene. This analysis shows that MazF cleaves inside
and outside open reading frames and does not show a read-
ing frame preference.

Global MazF target cleavage and its correlation with S. au-
reus growth arrest

To understand the molecular link between mazF over-
expression and the observed growth defect, we analyzed
MazF targets according to their global functional role.
An overview of nEMOTE MazF cleaved targets highlights
the effect on different mRNAs that are transcribed from
essential or non-essential genes corresponding to several
metabolic pathways involved in mRNA turnover, trans-
lation, transcription, replication, cell division, cell wall
metabolism among others (Supplementary Table S3).

The functional characteristics of the MazF-affected
genes were obtained by performing gene ontology (GO) en-
richment analysis. To avoid the functional analysis to reflect
the function of highly expressed genes instead of MazF-
affected genes, we limited the analysis to the 1000 most ex-
pressed genes, according to the gene-expression given by
the AmazEF RNA-seq data (measured as read per kilobase
pair per million), and assume that the presence of a cleav-
age is equally likely to be detected in each of them. Out of
the 315 genes affected by a MazF cleavage (Supplementary
Table S3), 260 (82%) are in the top 1000 most expressed
genes. The analysis using gene ontology biological process
classifications showed that the most commonly found an-
notations were metabolic process resulting in cell growth
(GO:0008152) and related categories such as generation
of precursor metabolites and energy (GO:00006091), ADP
metabolic process (GO:0046031) and ATP generation from
ADP (GO:0006757). Similarly, molecular function classi-
fications identified affected categories such as RNA bind-
ing (GO:0003723), translation factor activity, RNA binding
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(GO:0008135), endoribonuclease activity (GO:00004521)
and translation elongation factor activity (GO:00003746),
among others. The complete set of GO enriched categories
can be found in Supplementary Table S6.

The increased interest to understand bacterial growth has
also pinpointed protein synthesis as an important metabolic
pathway to regulate growth (34-36). Interestingly, MazF is
known to affect translation-related genes in other species
(16). Accordingly, we observed by nEMOTE (Table 1)
that in our conditions, MazF cleaves several transcripts in-
volved in protein synthesis. We found transcripts cleaved
by MazF at canonical or alternative sequence recogni-
tion sites that are present once or multiple times per tran-
script (Table 1). RNA-seq confirmed the MazF cleavage
of translation-related transcripts. Fragment counts between
AmazEF strain carrying or not mazF overexpression plas-
mid (log, mazEF-pF/mazEF p), show a clear decrease in
fragment ratios detected at or near nEMOTE MazF cleav-
age sites (Figure 4). More specifically, MazF cleaves tran-
scripts encoding translation initiation factors (IF-1 and IF-
2), translation elongation factors (Ts, P, Tu, G), termina-
tion factors (peptide release factors 2 and 3), several tRNA
synthetases required for amino acid loading on tRNAs, an
uracil tRNA methyltransferase required for tRNA matura-
tion and a r/mB methyltransferase affecting the posttran-
scriptional modification of 23S rRNA essential for peptidyl-
tRNA ribosomal recognition. Moreover, as recently ob-
served for E. coli (16), we observed MazF cleavage on sev-
eral ribosomal protein-related mRNAs (Table 1) that pre-
dict altered ribosomal protein production that will disrupt
ribosome biogenesis. We identified canonical and alterna-
tive cleavage sites in 5S, 16S and 23S rRNAs that would also
predict to affect ribosome biogenesis (Supplementary Table
S5).

Another set of important transcripts that we identified in
our nEMOTE analysis and confirmed by RNA-seq data are
those encoding cell division and cell wall synthesis genes.
These two cellular processes drive growth of the cell enve-
lope and thus reproduction. As such, defects in these path-
ways may lead to growth arrest and a reduction in colony
formation. As shown in Table 2 and Figure 4, division-
related transcripts of fts4 and ftsZ that are required for
Z-ring formation, the pbpl and pbp2 transcripts, the diviC
late division transcript, the mraZ transcript encoding and
transcriptional regulator of cell division, the sle/ transcript
encoding an autolysin and /ytM transcript encoding a cell
wall hydrolase are detected as MazF-cleaved messages. Pep-
tidoglycan synthesis or teichoic acid-related transcripts in-
cluding fmhB, uppS, glmM, femAB, murE and mur A2, murl,
mprF (fmtC), dltA, oatA, tagB and tagG are detected (37—
40). Cell morphology-related mRNAs such as ssaA and alr
and the division localized mreD transcripts were found to
be cleaved by MazF The link of mreD cleavage and cell di-
vision is unknown as recently it has been shown that mreD
has no effect on cell morphology, cell volume or peptidogly-
can composition (41).

The regulation of mRNA turnover can be an important
pathway to modulate the transcriptional demand that must
be imposed to establish a bacterial growth stasis. Deletion
of mRNA degradation genes has been shown to reduce
growth, suggesting that mRNA turnover is an essential pro-
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Table 1. nEMOTE detected cleavage sites in genes involved in protein synthesis

MazF motif and
Gene Gene number Gene description® localization® GO category®
rlmB SAOUHSC.00513 23S rRNA (guanosine(2251)-2-0)- [290/UACUUA] RNA methylation [GO:0001510]
methyltransferase
RImB
rplK SAOUHSC.00518 50S ribosomal protein L11 [233/UACUUA] Structural constituent of
ribosome [GO:0003735]
rplA SAOUHSC.00519 50S ribosomal protein L1 [1104/UACCUA Structural constituent of
ribosome [GO:0003735]
rpsG SAOUHSC_00528 30S ribosomal protein S7 5/UACAUU] Structural constituent of
ribosome [GO:0003735]
SAOUHSC_00580 SAOUHSC_00580 Hypothetical protein [9/UACAUU] n/a
prfB SAOUHSC_00771 Peptide chain release factor 2 [492/UACAUU] n/a
trpS SAOUHSC.00933 Tryptophanyl-tRNA synthetase [372/AACAUA] tRNA aminoacylation for
protein Translation
[GO:0006418]
prfC SAOUHSC_-00956 Peptide chain release factor 3 [590/UACAUU] Regulation of translational
Termination [GO:0006449]
pheS SAOUHSC.01092 Phenylalanyl-tRNA synthetase [100/UACUUA] Phenylalanyl-tRNA
subunit alpha aminoacylation [GO:0006432]
ileS SAOUHSC_01159 Isoleucyl-tRNA synthetase [188/UACAUA] n/a
rpsP SAOUHSC.01208 30S ribosomal protein S16 [114/UACUUA] Ribosome [GO:0005840]
Gid SAOUHSC_01223 tRNA (uracil-5-)-methyltransferase [526/UACUUA] tRNA wobble uridine
Gid modification [GO:0002098]
infB SAOUHSC.01246 Translation initiation factor IF-2 [1257/UACUUA] Translational initiation
[GO:0006413]
rpsA SAOUHSC.01493 30S ribosomal protein S1 [253/UACAUC] Structural constituent of
ribosome [GO:0003735]
Efp SAOUHSC_01625 Elongation factor P [310/UACUUA] translation elongation factor
activity [GO:0003746]
aspS SAOUHSC.01737 Aspartyl-tRNA synthetase [1362/UACAUC] Aspartyl-tRNA aminoacylation
[GO:0006422]
queA SAOUHSC.01749 S-adenosylmethionine:tRNA [457/UACAUC] n/a
ribosyltransferase-isomerase
valS SAOUHSC.01767 valyl-tRNA synthetase [229/UACUUA] Valyl-tRNA aminoacylation
[GO:0006438]
rpsD SAOUHSC_01829 30S ribosomal protein S4 [175/UACUUA] Structural constituent of
ribosome [GO:0003735]
leuS SAOUHSC.01875 Leucyl-tRNA synthetase [575/UACUUA] Aminoacyl-tRNA editing
activity [GO:0002161]
SAOUHSC_02248 SAOUHSC_02248 Hypothetical protein [417/UACAUC] n/a
SAOUHSC_02297 SAOUHSC.02297 S1 RNA-binding [1662/UACAUC] Structural constituent of
domain-containing protein ribosome [GO:0003735]
rpsl SAOUHSC.02477 30S ribosomal protein S9 [314/UACUUA] Structural constituent of
ribosome [GO:0003735]
rpsE SAOUHSC_02494 30S ribosomal protein S5 2/UACAUGQGI] Structural constituent of
ribosome [GO:0003735]
rplX SAOUHSC_02501 50S ribosomal protein L24 [2/UGCAUA] Structural constituent of
ribosome [GO:0003735]
rplP SAOUHSC.02505 50S ribosomal protein L16 [169/UACAUG] Structural constituent of
ribosome [GO:0003735]
rpsC SAOUHSC_02506 30S ribosomal protein S3 [570/UACUUA] Structural constituent of
ribosome [GO:0003735]
SAOUHSC_02512a SAOUHSC_02512a 30S ribosomal protein S10 [145/UACACA] n/a
SAOUHSC.02519 SAOUHSC.02519 Hypothetical protein [406/UACAUA] n/a
SAOUHSC_02827 SAOUHSC.02827 Hypothetical protein [167/UACUUA] n/a
rpmH SAOUHSC_03055 50S ribosomal protein L34 [12/UACUUA] Structural constituent of
ribosome [GO:0003735]
rpsF SAOUHSC_00348 30S ribosomal protein S6 [6/AACAUA] Structural constituent of
[22/UACAUC] ribosome [GO:0003735]
fusA SAOUHSC.00529 Elongation factor G 2/UACAUGI] GTPase activity [GO:0003924]
[829/UACUUA]
SAOUHSC_01091 SAOUHSC.01091 SpoU rRNA Methylase family [665/UACCUA] n/a
protein [1186/UACUUA
Tsf SAOUHSC.01234 Elongation factor Ts [466/UACUUA] Translational elongation
[548/UGCAUA] [GO:0006414]
asnC SAOUHSC.01471 Asparaginyl-tRNA synthetase [789/UACAUC] Asparaginyl-tRNA
[559/UACUUA] aminoacylation [GO:0006421]
queG SAOUHSC.01989 Hypothetical protein [867/AACAUA] Epoxyqueuosine reductase

[839/UACGUA]

activity [GO:0052693]




Table 1. Continued
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MazF motif and

Gene Gene number Gene description® localization® GO category®
infA SAOUHSC_02489 Translation initiation factor IF-1 [201/UACUUA] Translation initiation factor
[130/UACAUU] activity [GO:0003743]
rpIN SAOUHSC_02502 50S ribosomal protein L14 [115/UACAAA Structural constituent of
[226/UACAUC] ribosome [GO:0003735]
cysS SAOUHSC_00511 Cysteinyl-tRNA synthetase [540/UACAUU] Cysteinyl-tRNA aminoacylation
[665/UACAUG] [GO:0006423]
[1017/GACAUA]
rpsL SAOUHSC_00527 30S ribosomal protein S12 [185/UACGUA] Structural constituent of
[235/UACAUC] ribosome [GO:0003735]
[251/GACAUA]
rpsS SAOUHSC_02508 30S ribosomal protein S19 [234/UACAUU] Structural constituent of
[137/GACAUA] ribosome [GO:0003735]
25/CACAUA[]
Tuf SAOUHSC_00530 Elongation factor Tu [591/UACUUA] Translational elongation
[595/UACAUU] [GO:0006414]
[743/UACAUG]
[928/UACGUA]
rplC SAOUHSC.02512 508 ribosomal protein L3 [324/UACUUU] Structural constituent of
ribosome [GO:0003735]
tadA SAOUHSC_00541 Hypothetical protein [18/UACAUA n/a
trnaT SAOUHSC_T00055 tRNA-Thr 7/UACAUA[] n/a
hemA SAOUHSC.01776 Glutamyl-tRNA reductase [455/CACAUA] Glutamyl-tRNA reductase
activity [GO:0008883]
SAOUHSC_00526 SAOUHSC_00526 50S ribosomal protein L7Ae-like [90/UACAUC] Ribosome [GO:0005840]
protein
ychF SAOUHSC_00346 GTP-dependent nucleic [152/UACUUA] Ribosome binding
acid-binding protein EngD [846/AACAUA] [GO:0043022]
hflX SAOUHSC_01283 Hypothetical protein HAX [422/UACCUA] Ribosome binding
[GO:0043022]

2Gene product as annotated in Aureowiki for NCTC8325 genome

bBrackets represent the ORF; number inside brackets indicate The MazF cleavage position relative to the ATG codon; while brackets before or after the cleavage position

indicates cleavage outside the ORF, downstream or upstream respectively.
¢Complete gene ontology enrichment analysis in Supplementary Table S6.

cess for growth (42-44). From the 31 genes annotated as in-
volved in transcription, MazF was found to cleave 12 im-
portant mRNAs coding for both RNA polymerase sub-
units B and B’ (rpoB and rpoC), termination factor rho to-
gether with endo and exoribonucleases such as RNase 111
(mrnc) and RNase R (rnr) respectively, mRNAs coding for
CshA, J1, J2 and RNase Y proteins that are part of the
S. aureus RNA degradation machinery (cshA, rnjA, rnjB
and rny genes), regulating RNA decay in bacteria (Table
3). We found canonical or alternative sequence recognition
sites and the majority are found cleaved inside open read-
ing frames. To visualize the MazF-dependent cleavage of
mRNA turnover transcripts, we again used RNA-seq tech-
nique as described above. As shown in Figure 4, a decrease
in the number of sequenced reads across the MazF cleav-
age site is observed in cells expressing MazF compared to
cells in which MazF is not expressed, showing a MazF-
dependent cleavage of selected mRNA turnover genes.

MazF-dependent cleavage of candidate genes potentially
modulating MazF toxin

To clarify if MazF can also modulate its own production
or activity, we searched for MazF cleavage sites present on
transcripts spanning the mazEF locus or that may modu-
late MazF activity (Table 4 and Figure 5). Transcription of
the maz EF locus was previously shown to be negatively and

positively regulated by ¢® and SarA transcriptional regu-
lators, respectively (45). We therefore analyzed in detail the
MazF sequence recognition and cleavage in the transcrip-
tomic product of o operon and sar4 genomic regions (Fig-
ure SA). MazF recognition sequences were detected or pre-
dicted in sarA, in o8 /rsbV/rsbW operon and mazF tran-
scripts while no motif sequence was present in mazE or rsbU
transcripts. qRT-PCR was used to confirm MazF cleavage
of selected transcripts, using TaqMan® hydrolysis probes
hybridizing exactly over the selected MazF recognition se-
quence. We expected a reduced target-probe hybridization
and detection of mRNA levels present upon mazF over-
expression due to MazF cleavage. qRT-PCR analyses were
normalized using gyrB, which does not have a MazF recog-
nition sequence (21).

The mRNA levels of selected genes were analyzed upon
mazF overexpression in the presence (wild type strain
background) or absence (AmazEF strain background) of
MazE antitoxin (Figure 5A). As expected, mazF overex-
pression did not affect mRNA levels of mazE gene lacking a
MazF recognition sequence. However, >2-fold reduction in
mRNA levels was observed upon induction of MazF toxin
in the presence or absence of MazE antitoxin for the rsbV/,
rsb W and sigB transcripts. As previously observed, despite
the presence of a canonical motif in sar4 mRNA (UACAU
motif at position 124), no decrease of sar4A mRNA level was
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Table 2. nEMOTE detected cleavage sites in genes involved in cell wall and cell division

MazF motif and

Gene Gene number Gene description® localization® GO category®
Alr SAOUHSC_02305 Alanine racemase [839/UACCUA] Alanine racemase activity [GO:0008784]
capF SAOUHSC_00119 Capsular polysaccharide biosynthesis [988/GACAUA] Catalytic activity [GO:0003824]
protein Cap8F
capJ SAOUHSC_00123 Capsular polysaccharide biosynthesis [434/UACCUA] n/a
protein Cap5J
diviC SAOUHSC_00482 Hypothetical protein [313/UACUUA] n/a
dltA SAOUHSC_00869 D-Alanine—poly(phosphoribitol) ligase [1077/UACAUA] Cell wall organization or biogenesis
subunit 1 [GO:0071554]
femA SAOUHSC_01373 Methicillin resistance factor FemA [993/UACAUC] n/a
femB SAOUHSC_01374 Methicillin resistance factor [453/UACAUC] Cell wall organization or biogenesis
[GO:0071554]
fmhB SAOUHSC_02527 Peptidoglycan pentaglycine interpeptide [952/UACUUA] Cell wall organization or biogenesis
biosynthesis protein FmhB [GO:0071554]
fmtC SAOUHSC_01359 Hypothetical protein [2089/UACUUA] Lysyltransferase activity [GO:0050071]
ftsA SAOUHSC_01149 Cell division protein [1257/UACUCA] Cell division site [GO:0032153]
[1322/AACAUA]
ftsZ SAOUHSC.01150 Cell division protein FtsZ [477/UACAUU] Cell division site [GO:0032153]
glmM SAOUHSC_02405 Phosphoglucosamine mutase [446/UACAUU] Cell wall organization or biogenesis
[GO:0071554]
IytM SAOUHSC_00248 Peptidoglycan hydrolase [237/UACAUU] Cell wall organization or biogenesis
[GO:0071554]
mraZ SAOUHSC.01142 Cell division protein MraZ transcriptional [173/UACCUA] Regulation of biosynthetic process
regulator [GO:0009889]
mreD SAOUHSC_01758 Cell-wall related protein [130/UACAUA n/a
murA2 SAOUHSC_02365 UDP-N-acetylglucosamine [470/CACAUA] Cell wall organization or biogenesis
1-carboxyvinyltransferase [GO:0071554]
murE SAOUHSC_00954 UDP-N-acetylmuramoylalanyl-D- [1330/GACAUA] Cell wall organization or biogenesis
glutamate-L-lysine [GO:0071554]
ligase
murl SAOUHSC_01106 Glutamate racemase [94/UACUUA] Cell wall organization or biogenesis
[GO:0071554]
oatA SAOUHSC_02885 O-Acetylation of cell-wall peptidoglycan [49/UACUUA] Integral component of membrane
[GO:0016021]
pbpl SAOUHSC_01145 Penicillin-binding protein 1 [1095/UACUUA] Cell wall organization or biogenesis
[GO:0071554]
pbp2 SAOUHSC.01467 Penicillin-binding protein 2 [1660/UACAUG] Cell wall organization or biogenesis
[1761/UACUUA] [GO:0071554]
slel SAOUHSC_00427 Autolysin [753/UACUUA] Cell wall organization or biogenesis
[GO:0071554]
ssaA SAOUHSC_02576 Secretory antigen SsaA, autolysin [159/UACAUC] n/a
tagB SAOUHSC_00643 Teichoic acid biosynthesis protein TagB [304/UACCUA] n/a
[469/UACUUA]
tagG SAOUHSC_00642 Teichoic acid biosynthesis protein [431/UACAUA] n/a
uppS SAOUHSC_01237 Undecaprenyl pyrophosphate synthase [211/UACUUA] Isoprenoid biosynthetic process

[GO:0008299]

2Gene product as annotated in Aureowiki for NCTC8325 genome

bBrackets represent the ORF; number inside brackets indicate the MazF cleavage position relative to the ATG codon; brackets before or after the cleavage position indicates

cleavage outside the ORF, downstream or upstream respectively.
¢Complete gene ontology enrichment analysis in Supplementary Table S6.

observed upon mazF overexpression in either wild type or
mazEF-deleted strain backgrounds (21).

The sarA sequence recognition site may potentially be
protected by RNA-binding proteins such as CshA or form-
ing a double strand RNA structure precluding its cleavage
as previously proposed (33). The nNEMOTE detected cleav-
age of mazF mRNA at the alternative sequence recogni-
tion U"ACUUA at position 277, showing that MazF in
S. aureus is prone to autoregulation as recently shown for
MazF in E. coli (46). As the same mazF alternative recogni-
tion sequence (UACUUA) is found in sarS mRNA at posi-
tion 273, we predicted a MazF-dependent cleavage of sarsS.
Both nEMOTE and TagMan®) qRT-PCR analyses show a
MazF-dependent cleavage of sarS mRNA (Figure 5A).

MazF toxic activity can be modulated by activation of
antitoxin production or stabilization, as antitoxins inher-
ently block toxin activity (47-49). We further hypothesized
that production or stabilization of the MazE antitoxin can
be achieved through cleavage of trfA, clpP, clpC and spx
transcripts. These transcripts encode factors promoting the
proteolytic degradation of the MazE antitoxin (Figure 5B
and Table 4) and they carry predicted MazF recognition
sequence. However, qRT-PCR shows only a decrease of
clpC mRNA levels upon mazF overexpression in both strain
backgrounds. All together these results show that under our
growth conditions of mazF overexpression, transcripts of
the o2 operon, clpC and mazF itself are targets of MazF
cleavage.
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DISCUSSION

Controlled overexpression of some toxins in TAS, is one
of the experimental tools used to induce a non-growing
state and to identify key metabolic pathways potentially in-
volved. This strategy has yielded important insights in sev-
eral model organisms despite the artificial nature of the
toxin induction (14,48,50). In this study, we used condi-
tional overexpression of maz F endoribonuclease toxin to fa-
cilitate a global in vivo identification of genes involved in S.
aureus growth arrest. Using the nEMOTE transcriptome-
wide mapping technique, we provide an extensive catalog of
targets, including its own transcript, identified an extended
MazF recognition sequence and revealed insights into the
MazF cleavage mechanism.

MazF cleavage mechanism

MazF is a toxin present across phylogenetically distant bac-
terial species including E. coli, M. tuberculosis and S. aureus.
In general, MazF was described as a ribosome-independent
and sequence specific endoribonuclease recognizing a spe-
cific sequence in RNA molecules such as mRNA, tRNA
and rRNA (14-16,51-54). The ACA RNA sequence is
recognized by E. coli MazF toxin while in M. tuberculo-
sis MazF toxin recognizes sequences such as UGGCU or
UuCcCu.

In this study, the nEMOTE technique detected the pre-
viously recognized MazF sequence specificity (U"ACAU),
showing that nEMOTE is a reliable technique to detect
global toxin cleavage sites in vivo. The massive quantity of
RNAs analyzed in parallel and in vivo by the nEMOTE
procedure has proven advantageous in also identifying a
new extended alternative recognition sequence, previously
unrecognized by in vitro studies that used single-molecule
testing. We could detect that cleavages outside the canoni-
cal UMACAU sequence have an extended recognition speci-
ficity. It is interesting to point out that E. coli MazF has also
been found to have extended recognition beyond its canoni-
cal ACA motif (16). As for E. coli, we found MazF cleavage
on transcripts within the coding sequence, but also in the
untranslated regions.
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Our finding that MazF has different sequence recogni-
tion sites might have implications related to cleavage pref-
erences or the need of other factors for full functional-
ity, such as structural or protein factors helping MazF se-
quence recognition and/or cleavage, as recently suggested
in other bacterial species. Indeed, whole-genome studies on
E. coli MazF activity have shown that not all ACA sites are
cleaved. While reasons for uncleaved E. coli ACA sites re-
main unknown, studies concerning MazF-mt9 of M. tuber-
culosis show that the RNA structure is a key element that
can determine MazF toxin cleavage, as MazF-mt9 preferen-
tially cleaves tRINA carrying a MazF specific sequence and
structure (14). In S. aureus, MazF recognition sites may also
be targets of other RNA binding proteins that can promote
or inhibit MazF cleavage. We observed that not all MazF
recognition sites in highly expressed genes are cleaved and
accordingly, S. aureus CshA RNA helicase has been pro-
posed to confer protection to specific mRNAs from MazF
cleavage (33). Interestingly, despite the in vivo MazF activity
measurement using nEMOTE, this technique identifies the
same canonical MazF motif previously observed with clas-
sical in vitro techniques, suggesting that at least for cleav-
age at the MazF canonical recognition site no other fac-
tors are apparently required. We do not exclude the pos-
sibility of the activation of a second mazF-dependent TAS
that could be cleaving RNA, although we do not have ev-
idence that other S. aureus TAS are induced transcription-
ally upon mazF overexpression. Further studies will deci-
pher whether structural and/or other proteins and/or RNA
post-transcriptional modifications are involved in MazF en-
doribonuclease activity in S. aureus.

Analysis of the S. aureus genome shows that 700 genes
do not carry any MazF cleavage site and that they are es-
sentially short genes (414 bp average length). These genes
might have evolved to avoid being cleaved by MazF, and
they might be indicative of the core functions that al-
low the cell to survive in a non-growing state triggered by
MazF toxin and/or necessary for regrowth. The functional
analysis of the 100 longest genes that do not carry MazF
recognition sequence reveals that these genes are impli-
cated in oxidoreductase activity [GO:0016491] and tRNA
methylation [GO:0032259]. Whether oxidoreductase and
methylation activity are necessary for S. aureus survival
during growth arrest remains to be studied. However, de-
fects in methylation-related genes in other bacteria are re-
lated to growth defects or shown to be essential for life
(55-57).

Identified MazF targets and correlation with growth stasis

The overexpression of MazF used in this study allowed the
identification of a thorough set of MazF target transcripts,
but currently we can only speculate about the correlation
between them and the observed MazF-induced growth sta-
sis phenotype. However, it is worth mentioning that several
other studies observed defects in growth upon deletion of
gene targets that we also found cleaved by MazF: such as
spa (protein A) or the sigB transcriptional regulator using
other technical methods (21). We also found transcripts pre-
viously related to MazF function such as CshA (33) and
others that can be intuitively linked to the MazF induced
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Table 3. nEMOTE detected cleavage sites in genes involved in RNA turnover

MazF motif and

Gene Gene number Gene description® localization® GO category®
nusG SAOUHSC_00517 Transcription antitermination protein [42/UACAUA] Regulation of transcription,
DNA-templated [GO:0006355]
rnr SAOUHSC_00803 Ribonuclease R [1677/UACAUC] 3'-5" exonuclease activity [GO:0008408]
nusA SAOUHSC_01243 Transcription elongation factor NusA [413/UACUUA] Transcription regulator activity
[GO:0140110]
rnjB SAOUHSC_01252 RNAse J2 [936/UACAUU] Exonuclease activity [GO:0004527]
rpoB SAOUHSC_00524 DNA-directed RNA polymerase subunit [2697/UACAUU] 5’-3 RNA polymerase activity
beta [2836/UACUUA] [GO:0034062]
rnjA SAOUHSC_01035 RNAse J1 [1160/UACCUA] exonuclease activity [GO:0004527]
[275/UACCUA]
rho SAOUHSC_02362 Transcription termination factor Rho [18/UACAUC] DNA-templated transcription,
39/UACUUA][] termination [GO:0006353]
rny/cvfA SAOUHSC_01263 RNAse Y phosphodiesterase [1004/UACUUA] Hydrolase activity, acting on ester bonds
[1097/UACAUG] [GO:0016788]
[1233/UACAUC]
rpoC SAOUHSC_00525 DNA-directed RNA polymerase subunit [1205/UACUUA] 5'-3 RNA polymerase activity
beta’ [1286/UACAUC] [GO:0034062]
[2801/UCCAUA]
[3209/UACGUA]
mrnC SAOUHSC_00512 Hypothetical protein RNAse 111 [131/UACAUC] Ribonuclease 111 activity [GO:0004525]
cshA SAOUHSC_02316 DEAD-box ATP dependent DNA [972/UACACA] RNA helicase activity [GO:0003724]
helicase
chsB SAOUHSC_01659 DEAD-box helicase-magnesium [730/UACUUA] RNA helicase activity [GO:0003724]

homeostasis

2Gene product as annotated in Aureowiki for NCTC8325 genome
bBrackets represent the ORF; number inside brackets indicate the MazF cleavage position relative to the ATG codon; brackets before or after the cleavage position indicates
cleavage outside the ORF, downstream or upstream respectively.

¢Complete gene ontology enrichment analysis in Supplementary Table S6.

Table 4. MazF cleavage on potential MazEF TAS regulatory circuit

MazF motif and
Gene Gene number Gene description® localization® Detection method
sigB SAOUHSC_02298 RNA polymerase sigma factor SigB [317/UACAUG] Predicted, probe
rsbW SAOUHSC_02299 Serine-protein kinase RsbW [135/UACAUA] Predicted, probe
rsbV SAOUHSC_02300 STAS domain-containing protein [232/UACAUU] Probe, NEMOTE
rsbU SAOUHSC_02301 Phosphatase RsbU No motif -
mazF SAOUHSC_02303 Hypothetical protein [277/UACUUA] nEMOTE
mazE SAOUHSC_02304 Hypothetical protein No motif -
clpC SAOUHSC_.00505 Endopeptidase [293/UACAUC] Probe, NEMOTE
clpP SAOUHSC_00790 ATP-dependent Clp protease proteolytic [187/UACAUU] Predicted, No experimental detection
subunit
SpXA SAOUHSC_00934 Transcriptional regulator Spx [341/UACCUA] nEMOTE
trfA SAOUHSC_00935 Adaptor protein MecA [191/UACAUG] Predicted, no experimental detection
sarA SAOUHSC_00620 Accessory regulator A [124/UACAUC] Predicted, no experimental detection
sarS SAOUHSC_00070 Accessory regulator-like protein [273/UACUUA] Probe, N(EMOTE

2Gene product as annotated in Aureowiki for NCTC8325 genome

bBrackets represent the ORF; number inside brackets indicate the MazF cleavage position relative to the ATG codon; brackets before or after the cleavage position indicates

cleavage outside the ORF, downstream or upstream respectively.

non-growing state (e.g., cell wall, division or protein trans-
lation genes).

As shown by Culviner et al. in E. coli, our analysis iden-
tified some MazF targets affecting ribosome biogenesis,
however we also observed cleavage of mRNAs involved
in protein translation (see Table 1). Intriguingly, we ob-
served cleavage of RNA encoding the HIX GTPase, a fac-
tor shown in S. aureus to be involved in disassembly of 100S
ribosomes (70S homodimeric) (58). The 100S ribosomes
are assembled upon stress conditions and promote bac-
terial survival by sequestering ribosomes, protecting them
from degradation and preventing their use for translation.
The 100S ribosome assembly and disassembly is reversible

(58,59). Based on our data, the predicted GTPase HflIX
cleavage by MazF argues for the role of MazF to maintain
ribosome dimers, decreasing translation and contributing
to growth stasis. This hypothesis is in agreement with our
unpublished results, showing that upon mazF overexpres-
sion formation of S100 ribosomes is observed.

Identified MazF targets and correlation with regrowth

Genes non-targeted by MazF may be essential for survival
under growth arrest and others may be essential to promote
regrowth (60-64). Interestingly, among the transcripts not
targeted by MazF are the antitoxin mazE (171bp) and the
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Figure 5. (A) Steady state transcript levels recorded by qRT-PCR for ten genes in wild-type or mazEF-deleted strains carrying the empty plasmid (p)
compared to mazF-plasmid (pF) 10 mpi with ATc. Results are presented as means + SD of three independent experiments; ** P < 0.01; * P < 0.05 significant
differences between the strain carrying the empty plasmid (p) and the strain carrying the mazF-plasmid (pF). The gyrB gene was used to normalize for
RNA content. Gene hydrolysis probes hybridize specifically onto the MazF detected site. The MazF recognition sequence and position within the gene is
indicated in the gene diagram below. (B) Diagram showing MazF effect on proteins involved in MazE antitoxin proteolysis and containing MazF cleavage
motifs. MazF can potentially cleave spxA, trf4, clpC and clpP transcripts (denoted by dashed arrows). SpxA regulates transcription of TrfA adaptor
protein, TrfA adaptor in turn is responsible of presenting MazE substrate for degradation to the ClpCP proteolytic system.

sigB-related rsb U (991bp) transcripts. MazE and RsbU may
be seen as key proteins to decrease MazF activity and to
promote exit from the MazF-induced growth stasis. RsbU
may be necessary to ensure production of MazE antitoxin
by affecting the negative regulator SigB. Indeed, SigB is a
negative transcriptional regulator of mazEF transcription
whose activity is modulated by an upstream pathway in-
volving the RsbU phosphatase (65). RsbU inactivation will
result in SigB sequestration by its anti-sigma factor RsbW
and predicting a decrease amount of SigB and de-repression
of mazEF transcription. The exact mechanism of RsbU-
dependent control of mazEF transcription to restore re-
growth remains to be determined.

Besides guaranteeing production of MazE antitoxin by
maintaining its transcription and avoiding cleavage, anti-
toxin stabilization or an induced imbalance between MazE
and MazF concentrations may be another mechanism to re-
store growth (47-49). While antitoxin stabilization is mod-
ulated by affecting proteolytic systems involved in anti-

toxin degradation, toxin—antitoxin equilibrium is modu-
lated through autoregulation of mazEF gene expression
by transcriptional and post-transcriptional mechanisms as
shown in E. coli (46,66). Recently, a mazF gene post-
transcriptional autoregulation has been observed, where
MazF cleaves its own transcript, producing pulsed MazF
levels and affecting bacterial division and a higher antitoxin
protein synthesis (46,66).

In S. aureus, ClpCP proteolytic system degrades MazE
antitoxin, and interestingly, we identified a MazF motif
present and cleaved in ¢/pC transcript. This will predict an
increase in stability of MazE antitoxin through disruption
of ClpC chaperone. Moreover, our nEMOTE and qRT-
PCR techniques detected an alternative extended MazF
recognition site cleaved inside the mazF coding sequence.
This observation suggests a possible post-transcriptional
MazF autoregulation in S. aureus through cleavage of mazF
transcript, similar to E. coli. We can propose that de-
creased mazF transcript and protein levels will produce a
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toxin—antitoxin imbalance favoring antitoxin concentration
needed for regrowth.

The small subset of transcripts lacking a MazF sequence
recognition motif argue for their importance for survival
and regrowth during and after stasis. A major future task is
to identify whether precise targets are linked to the induc-
tion of stasis and whether this is entirely stochastic. Evolu-
tion must have led to fine tuning to not compromise all cells
in order to support the re-establishment of the population.
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