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Toxins MazF and MqsR cleave Escherichia coli rRNA precursors at multiple sites
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ABSTRACT

The endoribonuclease toxins of the E. coli toxin-antitoxin systems arrest bacterial growth and protein
synthesis by targeting cellular mRNAs. As an exception, E. coli MazF was reported to cleave also 16S rRNA
at a single site and separate an anti-Shine-Dalgarno sequence-containing RNA fragment from the
ribosome. We noticed extensive rRNA fragmentation in response to induction of the toxins MazF and
MgsR, which suggested that these toxins can cleave rRNA at multiple sites. We adapted differential RNA-
sequencing to map the toxin-cleaved 5'- and 3’-ends. Our results show that the MazF and MqsR cleavage
sites are located within structured rRNA regions and, therefore, are not accessible in assembled ribosomes.
Most of the rRNA fragments are located in the aberrant ribosomal subunits that accumulate in response to
toxin induction and contain unprocessed rRNA precursors. We did not detect MazF- or MgsR-cleaved rRNA
in stationary phase bacteria and in assembled ribosomes. Thus, we conclude that MazF and MqsR cleave
rRNA precursors before the ribosomes are assembled and potentially facilitate the decay of surplus rRNA
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transcripts during stress.

Introduction

Bacterial toxin-antitoxin (TA) systems consist of a stable toxin
and an unstable antitoxin that neutralizes its cognate toxin. If
the levels of antitoxins drop, toxins become free from inhibition
and target essential bacterial functions such as translation,
DNA synthesis and energy production. In this way, TA systems
are potentially able to regulate bacterial growth and prolifera-
tion.! Despite their wide distribution among prokaryotes, the
exact role of TA systems has remained elusive.” According to a
core concept in the field, antitoxins are degraded and toxins are
liberated in response to stress and hunger.”” On the other
hand, their benefit on recovery from the stress has not been
demonstrated.” During the last decade, TA systems have gained
attention due to their role in the formation of persister bacteria,
which are the minor subset of the bacterial population that is
not killed by bactericidal antibiotics.”” Possibly, stochastic acti-
vation of TA toxins causes transient growth inhibition of a frac-
tion of microbial cells that become persisters, whereas the bulk
of proliferating bacteria are killed by antibiotics.* '

The toxins of many well-studied TA systems are endoribo-
nucleases. Some of them (e.g., RelE and HigB) are cotransla-
tional endoribonucleases that cleave mRNA during translation.
Others (e.g., MazF, MgsR, and HicA) cleave single-stranded
RNA independently of the ribosome and translation. The cleav-
age of the latter group may be sequence-specific, as has been
shown for MazF, which cuts single-stranded RNA at **ACA*
sites,'’ and MgsR, which cuts at > G*CU?, but also at *G*CC?,

“G'CA* and “G'CG®.*" Overproduction of ribonuclease
toxins of either group leads to rapid inhibition of protein
synthesis.'*

mRNA has been considered the primary target of both co-
translational and ribosome-independent TA-endoribonu-
cleases." However, during past few years, several toxins of the
MazF- and VapC families were demonstrated to target non-
coding RNA. Certain VapC toxins of the enterobacterial, myco-
bacterial and spirochaetal vapBC systems cleave tRNA within
the anticodon stem-loop,">® while VapC20 and VapC26 of M.
tuberculosis cleave the sarcin-ricin loop (SRL) of 23S rRNA at
the same position as a-Sarcin and other fungal ribotoxins.'®"”
All these VapC family toxins are very specific endoribonu-
cleases and cleave structured RNA: their inhibitory effect on
translation and growth is based on cleavage of one unique tar-
get site within a stem-loop in tRNA or rRNA.'”'” SR loop is
essential to the ribosome function®”** and cleavage by VapC20
takes place in the context of assembled ribosomes: this toxin
cleaves effectively 23S rRNA in vivo and within purified ribo-
somes, but does not cleave purified total RNA in vitro."’

Among the toxins of the MazF family, MazF-mt9 from
Mpycobacterium tuberculosis cleaves the tRNA""* D-loop and
the tRNA™** anticodon loop.® Both MazF-mt3 and MazF-
mt6 from the same organism cleave 23S rRNA within the
helix/loop 70 in the ribosomal A site.”**> MazF-mt3 also
cleaves the anti-Shine-Dalgarno (aSD) sequence (C'utccuu?)
within the unpaired 3'-end of 16S rRNA.** Differently from the
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aforementioned VapC toxins, tRNA and rRNA are not unique
targets of these MazF toxins: they all cleave mRNA and princi-
pally should target all single-stranded targets that bear their
cognate nucleotide sequence. Although the cleavage site of
MazF-mt3 and MazF-mt6 within 23S rRNA is essential to the
ribosome function, this site is accessible only in purified total
RNA and in dissociated 50S subunits but not in the 70S ribo-
somes.”> Cleavage of the aSD sequence by MazF-mt3 in vivo
was first detected within 16S rRNA precursor, although this
cleavage site is unpaired and potentially accessible within
assembled ribosomes.”* Resolved structures of 2 MazF-RNA
complexes (of Bacillus subtilis and Escherichia coli) convinc-
ingly explain why toxins of the MazF family can cleave only
non-structured targets, which fit into the deep RNA-binding
channel of MazF, whereas 5 adjacent bases of the target are fac-
ing toward the protein and the backbone phosphate moieties
project outward.”**’

In Escherichia coli, MazF is the only toxin that, besides frag-
menting mRNA, has been reported to cut rRNA. It was shown
to cleave 16S rRNA at *"*’ACA, close to the 3'-end.”® The
cleaved-off 43 nt-fragment contains an anti-Shine-Dalgarno
sequence and is separated from the ribosome. The ribosomes
that have trimmed 16S rRNA are thought to preferentially
translate  MazF-processed mRNAs.”*>*  According to the
authors’ initial hypothesis, these 708*** ribosomes selectively
translate leaderless mRNAs (ImRNAs) that lack a Shine-Dal-
garno (SD) sequence, which also has been cleaved off by
MazF.”® That enables the synthesis of a specific set of proteins
encoded by leaderless transcripts.”®*® Further study by the
same authors showed that this hypothesis was exaggerated and
that a diverse pool of mRNA is associated with the 70S ribo-
somes upon MazF induction.”” When MazF was incubated
with purified ribosomes in vitro, it was shown to cleave 16S
rRNA also at a second site, at *'***ACA in the ribosomal
decoding center. Cleavage at this site is thought to be detrimen-
tal to ribosome activity.”® Considering the structure of the com-
plex of E. coli MazF with its substrate,”’” cleavage at both of
these sites is surprising, because C1395, A1396 and C1501 are
base-paired (E. coli 16S rRNA, http://rna.ucsc.edu/rnacenter/
ribosome_images.html).

Upon checking the quality of the RNA from E. coli cells that
over-express MazF, we noticed large rRNA fragments on gel
electrophoresis,” suggesting that MazF also cleaves rRNA else-
where and/or initiates cleavage by other RNases. To further
examine rRNA fragmentation by E. coli toxins, we induced
MazF and MqsR, and mapped the cleavage sites adapting a ver-
sion of differential RNA sequencing®® that was used in recent
studies from the Woychik Lab, where the authors defined the
cleavage specificities of MazF-mt3 and MazF-mt9 by overex-
pressing them in Escherichia coli.”>** The method leverages the
fact that E. coli MazF>> and several other toxins.>>*****° yield
5-OH and 2',3'-cyclic phosphate (2',3'-cP) ends, while the
processing endoribonucleases of E. coli (e.g., RNases E, H, P
and I11) generate 5'-P and 3’-OH ends®” Thus, we mapped the
5'-OH and 2',3'-cP termini at the toxin cognate target sites
upon MazF and MgsR induction. Mapping the 5'-ends is suffi-
cient to detect the toxin cleavage sites because E. coli does not
have any 5'-to-3’ exoribonucleases, while mapping the 3’-ends
would show what happens with the RNA after the cleavage. We
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imply that if rRNA is cleaved within assembled ribosomes, the
3’-ends must reside close to the cleavage sites, while cleavage of
the rRNA precursors is probably followed by 3'-to-5" exonu-
cleolytic degradation.

To test for the rRNA cleavage under natural stress condi-
tions, we sequenced RNA from stationary phase bacteria. It is
noteworthy that the same conditions of stress and hunger that
liberate the TA system toxins," trigger also ribosome degrada-
tion. According to current understanding, ribosomes are stable
in proliferating bacteria, but become subject to degradation
while cultures are approaching stationary phase.”®*’ An endo-
nucleolytic cleavage within rRNA by unknown RNase(s) is
believed to initiate ribosome degradation.41 Thus, the TA toxins
may be culprits for triggering ribosome decay and it is worth
looking for the marks of toxin cleavage in the stationary phase
rRNA. The cleaved RNA from decayed ribosomes is rapidly
recycled and may go unnoticed. Therefore, we also sequenced
the stationary phase RNA of an exoribonuclease mutant strain
(exo0-) where rRNA cleavage products accumulate.”®

Results

Induction of MazF and MqsR causes fragmentation of
E. coli rRNA

As with our former observations,’" we saw extra RNA bands on
electrophoresis upon induction of MazF and MgsR that indi-
cate TRNA cleavage and/or incomplete rRNA processing
(Fig. 1A). Northern hybridization revealed considerable frag-
mentation of both 16S rRNA and 23S rRNA in response to
both toxins (Fig. 1B, C). MazF and MqsR produce different pat-
terns of rRNA fragments that suggest either sequence-specific
cleavage by the toxin or toxin-specific induction of secondary
rRNA fragmentation. We noted extra bands indicating rRNA
fragmentation also in the stationary phase, both in the wt and
exo strains (Fig. 1A). Besides MazF and MgsR, we overex-
pressed also HicA of E. coli but did not detect any rRNA frag-
ments (data not shown).

RNA-seq experimental setup

To identify the rRNA cleavage sites, we mapped the 5'- and 3'-
ends of the RNA by differential RNA-sequencing. The 5'-end
mapping is based on ligation of RNA adaptors to the cellular
RNA molecules, which requires 5'-monophosphates (Fig. S1A).
The 3’-end mapping is based on poly(A) tailing of cellular
RNA, which requires 3-OH groups (Fig. S1B). Transcription
initiation, RNA processing, and toxin cleavage yield different
types of RNA ends (Table 1). Most of the cellular RNases that
take part in RNA processing and degradation produce 5'-P and
3’-OH,” which do not require modification before the adaptor
ligation or polyadenylation. E. coli MazF,* several other tox-
ins,****?¢ and RNase I’ produce 5-OH ends that must be
phosphorylated before the adaptor ligation and 2’,3'-cyclic
phosphates that must be dephosphorylated before polyadenyla-
tion. While planning experiments, we supposed that MqsR also
yields 5-OH and 2/, 3'-cP termini, although this had not been
formally demonstrated. Both phosphorylation and dephosphor-
ylation can be performed by T4 Polynucleotide Kinase (PNK)**
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Figure 1. Expression of MazF and MqsR leads to appearance of rRNA fragments. (A) Analysis of RNA samples by capillary electrophoresis. Total RNA was extracted from a
log phase culture without toxin induction (no toxin control), the cultures after 2 hours of induction of either MgsR or MazF, and from the 24 h stationary phase cultures
of the wt and exo™ strains. The same RNA samples were used for preparation of the cDNA libraries for sequencing. (B) and (C). Northern blot analysis of rRNA fragments.
Cultures of E. coli BW25113 contained plasmids for MazF and MqsR expression. Toxins were induced and RNA was extracted prior to induction (—1 min) and 15, 60, and
120 min after induction; RNA was separated on a 1.5% agarose (B) or a 6% PAA gel (C), transferred to a membrane, and hybridized with the oligoprobes provided below

each panel. The graph at the top shows the location of the probes on the rRNA.

and may occur to some extent also within bacterial cells as the
MazF-cleaved 43-nt 16S rRNA fragment was detected by 5’
RNA-seq without in vitro phosphorylation of RNA.*

We isolated RNA from a log phase culture without toxin
induction (no toxin control), cultures of MazF or MqsR induc-
tion, and stationary phase cultures of wt and exo™ strains. As
our aim was rRNA analysis, we did not deplete rRNA before
cDNA synthesis. From each RNA sample we prepared T4
PNK-treated (PNK+) and no treatment (PNK-) 5-cDNA
libraries (Fig. S1A) and 3’-cDNA libraries (Fig. S1B). Besides
that, Tobacco Acid Pyrophosphatase (TAP)-treated 5-end
libraries were made as controls. TAP converts the 5'-triphos-
phate ends of primary transcripts to monophosphates; if the
cDNA preparation and sequencing are technically sound, the
TAP-treated and no treatment libraries must yield similar 5'-
end counts because of a lack of internal transcription start sites
within the rRNA genes.

[lumina sequencing and data analysis were performed as
described in Materials and Methods. Overview of the sequence
read mapping statistics is provided in Supplement (RNA-seq
Mapping Statistics and Fig. S2-S4). The first base of each
mapped 5'-read corresponds to the 5'-end of an RNA molecule
and the last base of each mapped 3'-read corresponds to the
3’-end of an RNA molecule. For every position in a genome, we
determined 5'-end count (the total number of 5'-reads whose
first base aligns to this position) and 3’-end count (the total
number of 3'-reads whose last base aligns to this position). We
compiled all the sequence reads mapped on seven E. coli rRNA

operons and aligned them to composite 16S rRNA and 23S
rRNA sequences. We then identified sites for which the 5'-end
count in the toxin induction PNK+ library was at least 30-fold
higher than in the no toxin control PNK+ library. All the sites
that passed this threshold and were located at the toxin recogni-
tion sequences (°*ACA® for MazF and *G'CN® for MgsR)
were considered primary toxin cleavage sites (Fig. 2, Fig. S5).
For further analysis, different experimental conditions or treat-
ments were compared between each other using MA scatter
plots where the M values on y-axis show the fold change and
the A values on x-axis show amount of the cleaved RNA termini
at different rRNA positions (Fig. S6-S9 and interactive plotter).
Such comparison of the TAP-treated and no treatment 5-end
libraries demonstrates that cDNA preparation and sequencing
have been reliable (Fig. S9). Finally, to make the cleavage data
comparable between several different libraries, we normalized
the 5'- and 3’-end counts at every rRNA position to the end
counts of mature full-length rRNAs (Fig. S10). RNA-seq results
(the 5'- and 3'-end counts at each rRNA position) are available
in Supplement and can be visualized using an interactive plotter
(http://www.tuit.ut.ee/en/research/downloads).

MazF and MgqsR cleave rRNA at multiple sites

RNA-seq revealed that both MazF and MgsR cut 16S rRNA
and 23S rRNA at several sites (Fig. 2, Fig. S5, $6). These cleav-
age sites became detectable only after the T4 PNK treatment,
verifying that the cleaved ends were indeed 5-OH ends

Table 1. Distinct phosphorylation status enables identification of toxin-cleaved RNA termini using RNA sequencing.

5-end Treatment before 5'-adaptor ligation 3’-end Treatment before 3’-polyadenylation
Typical RNase cut site P — OH —
Toxin and RNasel cut site OH T4 PNK + ATP 2/,3/-cP T4 PNK
Native transcript P-P-P TAP OH —



http://www.tuit.ut.ee/en/research/downloads

RNA BIOLOGY 127

165 rRNA 235 rRNA
L]
=
1000 2
s 5
,E 2004 % E
[-] w
< ¥
prad BOO: - o
5 g S
2w i
0 o
0 w
2004 | = o B = o
' oo a2 3 T i @ i
0 1 = 11 1 l 1 |
1 [ 1 [ [ [ I [ [
500+
o
2
S
E
S
3 300 3
& -
200 -
2 5 3
o ¢ 1 8 gl. 3
= 100 ~ T B & R S
@ o - NN b &
9 : | & | ]
oLl | l 1l I
i [ [ I I T i i 1 i
1 500 1000 1500 1 500 1000 1500 2000 2500 nt

Figure 2. Detected MazF- and MqsR-cleavage sites. Histograms show the ratios of the 5'-end counts observed at each rRNA position in the PNK+ libraries of the toxin

induction (MazF, MgsR) and the no toxin control.

(Fig. S8). Mapping of these cleavages sites onto rRNA second-
ary and tertiary structures shows that RNA is cleaved within
regions that are at least partially base-paired in the assembled
ribosomes (Fig. 3A) and/or buried within the ribosomal subu-
nits and likely inaccessible in mature ribosomes, as exemplified
in Fig. 3C. Therefore, almost certainly, rRNA at these sites was
cleaved within rRNA precursors, before secondary structure
formation and ribosome assembly. A clear example of detection
of a cutting site within rRNA precursor by 5-RNA-seq is the
cleavage of 16S rRNA by MazF at *'**?ACA, which is charac-
terized by a big fold change (but low 5-end count). As the
length of our sequencing reads was 100 nt, the 43-nt distance
between the cutting site and the mature 16S rRNA 3'-end indi-
cates that RNA-seq has identified cleavage of the rRNA precur-
sor before its processing into mature form. Also, a MazF
cleavage site was identified within the 5’-precursor sequence of
16S rRNA (at *~**ACA; Fig. 2, Fig. S5).

At most of the cleavage sites, we detected only the 5'-ends,
which indicates 3'-to-5' exonucleolytic trimming of the 3'-ends
and agrees well with the notion that the toxins cleave rRNA precur-
sors. However, at several MazF-cleaved sites, for example at U1393
and C1395 within 16S rRNA 3'-region, we observed also 2',3'-cP
ends (Fig. S7). We did not detect a 3'-end at A1499 in 16S rRNA
(at the MazF *"*ACA cutting site) neither in response to MazF
induction nor in the stationary phase and thus could not verify the
presence of the stress ribosomes.”® Also, we did not identify any
other potentially toxin-cleaved 5-OH and 2/,3'-cP termini at the
MazF and MqsR target sites in the stationary phase. The cleaved
5'-ends at C806 and A981 within 23S rRNA in the stationary phase
cultures of exo- strain (Fig. S5) were 5'-P ends and the 3'-ends at
U1393 and C1395 within 16S rRNA were 3'-OH ends (Fig. S10).
Thus, most probably, the rRNA that originates from decaying ribo-
somes is often cleaved at these sites but MazF and MqsR play no
role in these cleavages.

In conclusion, RNA-seq allowed us to map the toxin-cleaved
5- and 3'-ends and identify the toxin cleavage sites within

rRNA (Fig. 1). In spite of the presence of several 3'-to-5 exori-
bonucleases in E. coli, 3’-RNA-seq identified several MazF-
cleaved 3’-ends. We also verified that MqsR produces 5'-OH
ends, as we had hypothesized.

MazF and MqsR induce secondary rRNA cleavages

In addition to the sequence-specific primary cleavages, expres-
sion of MazF and MgsR induced secondary cleavages at sites
that lack the toxin-specific sequence motives. The products of
these secondary cleavages have 5'-P and 3’-OH ends which are
detectable independently of the PNK treatment (Fig. S10). Sev-
eral of these secondary cleavage sites are the same sites where
rRNA is cleaved during ribosome degradation in the stationary
phase. For example, 16S rRNA is extensively cleaved 5 of A919
in response to MazF production and in the stationary phase.
Cleavage at this site was readily detected in the exo- strain,
where the rRNA fragments from degraded ribosomes accumu-
late, and was formerly identified in studies of ribosome degra-
dation.*®** In secondary and tertiary structure, this cleavage
site is located near the ribosome decoding center (Fig. 3B), as
well as the cleaved or trimmed 3'-OH ends at C1382, U1393
and C1395, which were abundant in the stationary phase RNA
of the exo- strain (Fig. S10).

MazF- and MqsR-cleaved rRNA precursors build up in
aberrant ribosome subunits

During production of new ribosomes, the rRNA gene tran-
scripts are at first cleaved by RNase III to produce precursors
that are longer than the rRNA in mature ribosomes.*' After
that, mature ends of rRNA are formed in the translating ribo-
somes.*>** Our RNA sequencing data show clearly that induc-
tion of MgsR causes accumulation of the 5'- and 3’-precursors
of 16S rRNA and 23S rRNA (Fig. 4A). Accumulation of the
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Figure 3. Locations of the cleavage sites on rRNA secondary structures and in the 30S ribosomal subunit. (A) MazF and MqsR cleavage sites on rRNA secondary structures
(according http://rna.ucsc.edu/rnacenter/ribosome_images.html). (B,C) The major cleavage sites near the ribosome decoding center (B) and in the 5'-domain of 165 rRNA
(Q) in the 30S ribosomal subunit (PDB 4U1U).%% RNA is colored in gray and proteins in yellow. The helices that make up the decoding center (A) are colored in yellow
(h1), teal (h2), purple (h28), green (h44), and blue (h45). The cleaved MazF YACA cutting sites are highlighted in red and the MqsR G'CU cutting site in green. The black
spheres depict nucleotides at the 3’-ends (G76, G79, C1382) or 5'- ends (C90, A919) of the stationary phase cleavage fragments.

rRNA precursors was confirmed by Northern analysis and
primer extension mapping (Fig. S11).

As MgsR and MazF repress the synthesis of ribosomal pro-
teins, the precursor rRNAs are produced in excess and may
end up in aberrant ribosomal subunits. Indeed, sucrose density
gradient centrifugation showed that irregular subribosomal

particles accumulate in response to both MqsR and MazF
induction (Fig. 4B). We isolated 70S ribosomes and the smaller
particles from a sucrose density gradient and analyzed their
RNA by Northern hybridization. The aberrant subribosomal
particles contained much more fragmented RNA than the 70S
ribosomes (Fig. 4C). Also, the MgsR-induced 16S rRNA
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Figure 4. Accumulation of the rRNA precursors and aberrant ribosomal subunits. (A) The ratios of the 5'-end counts and 3’-end counts of the mature- and precursor rRNA
ends. Comparison of the PNK+ toxin induction (MazF, MqsR) and wt stationary phase libraries to the no toxin control. (B) Sucrose density gradient centrifugation profiles
of the no toxin control and the cultures after 2 hours of induction of either MgsR or MazF. Peaks of irregular subunits (*50S, *30S, and **30S) are marked by asterisks.
(C) The irregular ribosomal subunits contain fragmented rRNA. RNA from the sucrose gradient fractions was analyzed by Northern hybridization. RNA (2 1.g per lane) was
separated on a 1.5% agarose gel, transferred to a membrane, and hybridized with the oligoprobes 16S P1 and 23S P. Total RNA of the MgsR induction culture was used
as a control. Bands that occur in all 70S lanes due to the RNA cleavages during ribosome preparation are marked by arrowheads (>).

precursors accumulated in the aberrant particles (Fig. S11A).
This indicates that most of the rRNA cleavages take place
before the ribosomes are fully assembled and is in good agree-
ment with the observation that MqsR and MazF cleave rRNA
at the sites that are accessible only prior to the ribosome
assembly.

The RNA fragmentation patterns in the aberrant ribo-
somal particles match the fragmentation patterns of total
RNA, implying that this fragmentation has occurred in vivo
and is not an artifact, while several bands that are common
to all 70S preparations but missing in total RNA lanes
(Fig. 4C) indicate non-physiological RNA fragmentation
during ribosome preparation and/or sucrose gradient runs,
which has been observed also by other researchers."”

Validation of the RNA-seq results

To validate the findings of RNA-seq, we mapped the toxin
cleavage sites by primer extension. Because we knew the
expected locations of the 5-ends beforehand, we used the
labeled oligonucleotides (Table S2) as size markers instead of
the sequence ladder (explained in Fig. S12). We verified the
MazF-cleaved 5'-ends at ***'ACA, *"**ACA, Y**'ACA in 23S
rRNA, and at YWACA, Y ACA, Y7'ACA, YPTACA,
V3% ACA, YP°ACA in 16S rRNA (Fig. S12). In 16S rRNA, we
also verified the MazF-cleavage sites at ''*ACA and
V1227 ACA, which were identified by 3' RNA-seq (Fig. S7) but

remained below the 30-fold change threshold using 5" RNA-
seq. The MgsR-cleaved 5'-ends were verified at C507 in 16S
rRNA and at C2628 in 23S rRNA (Fig. S13). All these cleavage
sites were detectable in total RNA but not in the RNA extracted
from the 70S fraction (Fig. S12, S13).

To identify the 16S rRNA 3'-ends which are formed in
response to MazF induction, we adapted 3-RACE (Rapid
Amplification of cDNA Ends). We performed poly(A) tailing
of total RNA and the RNA from 70S fractions before and after
the T4 PNK treatment, synthesized cDNA, PCR-amplified the
3’-end fragments, separated them by electrophoresis and
sequenced. The PCR products fall into two size categories. The
longer products captured the 16S rRNA 3’-precursor, which
was detected in all the total RNA samples and also in the 70S
fraction of the MazF-expressing bacteria (Fig. 5A, Fig. S14A).
Presence of the unprocessed rRNA precursors in the 70S frac-
tion is uncommon; however, this is in agreement with the
results of primer extension analysis that revealed the 23S rRNA
5-precursor in the 70S fractions of the MazF and MgqsR
expressing bacteria (Fig. S11B). Ribosomes that contain unpro-
cessed rRNA are not unique as the last steps in rRNA process-
ing that occur in polysomes,”” are not obligate for the
formation of 70S ribosomes.*>*®

The shorter PCR products captured the MazF-cleaved 3'-
ends at U1393 and C1395 from the MazF induction samples.
These 3'-ends were amplified only from the T4 PNK-treated
samples, verifying that we captured 2',3’-cP ends, and were
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ends. Total RNA was isolated from the no toxin control and after the MazF induc-
tion. Ribosomes were isolated after the MazF induction and RNA was extracted
from the 70S sucrose gradient fraction (Fig. 4B). Poly(A) tail was synthesized either
before or after the T4 PNK treatment. 0.5 p1g-aliquots of the amplified 3’-end frag-
ments were subjected to electrophoresis in a 1.5% agarose gel. DNA was visualized
by EtBr staining, purified from the gel, and sequenced. The longer fragments corre-
spond to the 3’-end of 165 rRNA precursor at 1575. The shorter fragments corre-
spond to the MazF-cleaved 3’-ends at 1393 and 1395, upstream of the MazF
cleavage sites at *"***ACA and *"***ACA. (B) Northern blot analysis of the total
RNA and the RNA from 70S fractions. Total RNA and ribosomes were isolated
two hours after induction of either MazF or MgsR, from the no toxin control and
from the 24h-stationary phase cultures. Ribosomal particles were separated by
sucrose density gradient centrifugation (Fig. 4B) and RNA was isolated from the
70S fraction. RNA was separated on a 6% PAA gel, transferred to a membrane, and
hybridized with the oligoprobes 16S P2 (complementary to nucleotides 1520...
1542) and 16S P4 (1473...1494). The 43-nt fragment produced by MazF cleavage
at V°®ACA is marked by an arrowhead (>) and the 48-nt fragment produced by
the cleavage between G1494 and U1495 in the stationary phase is marked by 2
arrowheads (>>).

detected in both total RNA and 70S fraction (Fig. 5A,
Fig. S14B). We suggest that, in the latter case, the rRNA is
cleaved in unprocessed 70S ribosomes, but not in regular
mature ribosomes. As 3'-RNA-seq, 3’-RACE did not detect the
anticipated 16S rRNA 3'-end of the 70S** stress ribosomes at
A1499. Here we must consider that both 3'-RACE and 3'-
RNA-seq favored detection of precursors and trimmed 3’-ends
over mature 16S rRNA 3’-end because the methylated nucleoti-
des downstream of the '"**ACA and ‘"°ACA sites
(m*Cm1402, m°C1407, m’U1498, m*G1516, m®,A1518, and
m®,A1519) block reverse transcription and detection of the
mature 3'-end.

The results of RNA sequencing, primer extension mapping,
and 3'-RACE were validated with Northern hybridization
focusing on the 16S RNA 3'-region. MazF induction produced
fragments of approximate sizes 150-nt and 180-nt, which were
present in both total RNA and the 70S fraction and were
formed by cutting the mature 16S rRNA and the 16S rRNA
precursor, respectively, at *'***ACA and/or ''**°ACA site
(Fig. 5B). Two fragments with approximate sizes of 50 and
80 nt that occurred in total RNA but were missing in the 70S
fraction (Fig. 5B) correspond to the 43-nt and 76-nt products
of MazF cleavage at *'**’ACA within the mature 16S rRNA
and the precursor, respectively. Lack of these fragments in the
708 ribosomes is expected, because the 43-nt fragment dissoci-
ates from the ribosome.”® Thus, the Northern blot data agree
with our 3'-RACE results and demonstrate one more time that
the 70S ribosome fraction of toxin-expressing bacteria contains
unprocessed rRNA precursors.

In conclusion, we confirmed several MazF and MgsR clea-
vages that were identified by RNA-seq with conventional meth-
ods. As much as we can corroborate, rRNA at these sites is
cleaved prior to ribosome assembly and is intact in mature
ribosomes. The 70S sucrose gradient fractions of toxin-express-
ing bacteria contain unprocessed rRNA precursors and even if
we spot MazF-cleaved rRNA in this fraction, it may originate
from these unprocessed or immature 70S ribosomes.

rRNA fragmentation in stressed bacteria

Electrophoresis (Fig. 1A) and RNA-seq (Fig. S10) indicated
rRNA fragmentation in the stationary phase cultures of wild
type and exo- E. coli. RNA-seq did not identify any potentially
toxin-cleaved sites in the stationary phase rRNA but neverthe-
less detected two cleavage sites in wt E. coli, where 5-and 3'-
ends are in close proximity suggesting that the cleavages may
potentially occur within intact ribosomes. One of these sites is
within the hypervariable region V1, a.ka. “spur” in helix 6 of
16S rRNA (3/-OH ends at G76 and 79 (A or G); 5'-P end at
90 (C or U) (Fig. 3C) and the other is located within helix 45
of 23S rRNA (3’-OH end at 1170 (A or G); 5-P end at
C1171) (Fig. S10). Cutting at these sites did not depend on
the primary sequence and the transcripts of all rRNA operons
were cleaved to some extent (data not shown). Both sites are
exposed on the surface of the ribosome and the cleavage
within helix 6 of 16S rRNA in the stationary phase ribosomes
was recently reported.*’

As activation of MazF,”>*! and the cleavage of 16S rRNA at
V390 ACA® were reported in stress conditions, we expected to
identify the truncated 3’-end of 16S rRNA at A1499 and verify
the presence of the stress ribosomes upon stress. Therefore, we
applied 3'-RACE and Northern hybridization to analyze the
RNA from stationary phase cells, CAM treated cultures and
cultures where amino acid starvation was induced by mupiro-
cin (MUP). 3’-RACE did not identify 16S rRNA 3’-end at
A1499 in these conditions, but detected 3'-termini at several
locations between C1397 and G1405 (data not shown). Trun-
cated 3’-ends at these positions were also identified in the A10
strain where all TA endonuclease genes are deleted,” thus show-
ing that TA systems are not required for such truncation.



Northern blots of the MUP- and CAM-treated samples
show rRNA fragmentation but no MazF-specific cleavage prod-
ucts of the 16S rRNA 3’-end, even when we used a sensitive
ECL (enhanced chemiluminescence) detection method and
performed these treatments in the exo- strain, where cleavage
products accumulate (Fig. S16).

Northern analysis of the stationary phase RNA revealed a
small fragment of the 16S rRNA 3’-end that was slightly larger
than the 43-nt MazF-cleaved fragment and was present in total
RNA but not in the 70S fraction (Fig. 5B). The 5'-end of this
fragment was mapped to U1495 (Fig. S15C,D), indicating a
cleavage site between G1494 and U1495 in helix 44 of 16S
rRNA, next to the cutting site of colicin E3 between A1493 and
G1494.>> To our knowledge, this stationary phase-specific
cleavage site has not been previously described. The 48-nt
cleavage fragment was abundant in the exo- strain as well as in
the AmazEF and AmgqsRA deletion strains constructed in the
exo- background (Fig. S15A,B). Thus, it is generated indepen-
dently of MazF and MqsR.

Discussion

The vast majority of the ribosome studies are conducted on
ribosomes from growing cultures and it is silently assumed that
ribosomes are structurally and functionally similar under all
physiological conditions. In contrast with this assumption, a
study from Isabella Moll’s Lab reported that MazF cleaves off
the anti-Shine-Dalgarno (aSD) sequence from the 3’-end of
16S rRNA in stressed E. coli cells. The authors concluded that
these cells contain a distinct subpopulation of 70S** stress
ribosomes.***

Our work shows that the toxins MazF and MgsR cleave
rRNA also in many other sites. Considering the structure of
MazF in complex with its target,”’ it is clear that this toxin can
cleave only single-stranded and unstructured RNA. As the
newly identified cleavage sites are buried inside the ribosomal
subunits (Fig. 3C) and/or are partially base-paired (Fig. 3A),
these sites must have been cleaved before the ribosome assem-
bly. Analysis of the sucrose gradient fractions is supporting this
notion because we found fragmented rRNA in the aberrant
ribosomal subunits, not in mature 70S ribosomes (Fig. 4C,
Fig S12-13). Formation of these aberrant subunits may be
caused by the deficit of ribosomal proteins, as it happens in the
presence of protein synthesis inhibiting antibiotics™> or by
direct cleavage of the rRNA precursors by MazF and MgsR.
The inhibition of protein synthesis is not always accompanied
by cleavage of rRNA precursors; while the toxins RelE and
HicA shut down protein synthesis as well, their overexpression
did not cause any rRNA fragmentation (data not shown).
Toxin GraT of Pseudomonas was recently shown to cause a
cold-sensitive ribosome biogenesis defect. GraT induced accu-
mulation of free 50S and 30S subunits that contained unpro-
cessed and unmodified rRNA but did not cause rRNA
fragmentation.>

Why have the fragmentation of rRNA precursors and for-
mation of aberrant ribosomal subunits in response to MazF
gone unreported earlier'"**>’? We suggest that this can be
explained by differences in the experimental conditions, first of
all the growth phase of the culture where toxin was induced.
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We induced toxins in fast-growing and dilute cultures, where
the synthesis of new rRNA is most active. Details of the experi-
mental setup may also have an effect on the extent of RNA
cleavage by MazF during stationary phase, amino acid starva-
tion and antibiotic treatments, where we did not find MazF-
cleaved rRNA. We do not think that our current observations
principally contradict the results of other labs and hope that
additional studies under diverse culture conditions will explain
these discrepancies.

We identified the toxin cleavage sites using differential RNA
sequencing.”> This method enables to observe toxin activity
directly, if the toxin-cleaved RNA fragments are stable enough
and the cleaved ends are not rapidly converted into 5'-P and
3’-OH ends. Therefore, it would be a suitable method to detect
for toxin liberation during different stresses, which so far has
been detected indirectly, using transcriptional activation of the
TA operons as a marker.>”**® Differently from what was done
in the studies, which used RNA-seq to define the cleavage spe-
cificities of mycobacterial MazF-mt3 and MazF-mt9,>** we
sequenced also the 3’-ends and did not degrade the 5-mono-
phosphate-bearing transcripts. The 5-P ends allowed us to
identify the non-toxin rRNA cleavage sites (secondary and sta-
tionary phase cleavage sites). Dephosphorylation of the 2',3"-cP
ends by T4 PNK allowed us to specifically detect the toxin-
cleaved 3’-ends by 3’-end sequencing and 3’-RACE (Fig. 5A,
Fig. S8E,F). The 3’-ends of the endonucleolytically cleaved
RNA are not necessarily located at the cleavage sites but may
be subject to 3'-to-5’ trimming by exonucleases and, therefore,
must be mapped separately. For example, we readily identified
the MazF-cleaved 5-end at *'**’ACA in 16S rRNA (Fig. 2,
Fig. S12). We also detected the respective MazF-cleaved frag-
ment of 16S rRNA precursor and the 43-nt cleavage fragment
of mature 16S rRNA, as well as 48-nt stationary phase-specific
cleavage fragment of 16S rRNA (Fig. 5B). However, in both
cases, we did not find the newly formed 3’-ends at respective
cleavage sites. Thus, further studies that apply 3’-end mapping
under various relevant conditions are needed to clarify the issue
of MazF-generated 70S**? stress ribosomes.

In contrast to the toxin-cleaved sites, the rRNA cleavage
sites within helix 45 of 23S rRNA and helix 6 of 16S rRNA in
the stationary phase wt E. coli are exposed on the ribosome sur-
face and are very probably cleaved within mature ribosomes
(Fig. 3C). It was recently shown that cleavages within the helix
6 of 16S rRNA reduce the performance of stationary phase
ribosomes.*® At the same time, in many bacterial species, rRNA
is normally discontinuous and is formed through excision of
intervening sequences (IVS) which are located in the same vari-
able helices.”®' Sequence tags have been inserted into these
helices with no deleterious effects,’> ®> and when a Salmonella
IVS was inserted into the helix 45 of E. coli 23S rRNA, it was
excised by RNase III while the ribosomes retained functional-
ity.* Therefore, it is possible that the stationary phase-specific
cleavages at these sites do not disrupt ribosome function.

The most important conclusion of this study is that detec-
tion of the rRNA fragments does not necessarily indicate frag-
mentation of the RNA in mature ribosomes and a set of
different experiments is needed to characterize the state of
rRNA. Summarizing our findings, we suggest that the principal
outcome of the cleavage of rRNA precursors by toxins is the
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clean-up of unnecessary rRNA in stressed bacteria. Toxins help
to decay surplus rRNA precursors that have been synthesized
in growth-promoting conditions when a large amount of the
resources are dedicated to the making of new ribosomes. New
ribosomes are not required under unfavorable conditions and
it is beneficial to first recycle the excessive building components
before starting to demolish complete ribosomes. In this way,
TA systems would help to scale down the translational machin-
ery and work in concert with the stringent response which
reduces the synthesis of the ribosomal components.®®

Materials and methods
Bacterial cultures

Lysogeny broth (LB) and LB agar plates were used for growth.
Liquid cultures were grown on Infors HT Multitron shaker, at
190 RPM, at 37°C. Antibiotics were used at the following con-
centrations: ampicillin, 30 ©g/ml or 100 pug/ml; chlorampheni-
col, 50 pg/ml, and kanamycin, 25 pug/ml.

Expression of MazF and MgsR was induced in BW25113 and
MG1655ex0-, harboring plasmids pSC228 and pSC3326 for the
induction of MazF and MazE or pTX3 and pAT3 for the induc-
tion of MqsR and MgsA. The overnight medium was supple-
mented with 0.2% glucose to avoid the toxin leakage and 1 mM
IPTG to induce the antitoxin. The overnight cultures were
started from a fresh colony and diluted 1000-fold into 200 ml of
LB in 1 I flasks. At ODggonm =~ 0.2, 1 mM L-arabinose was added
to induce the toxin and incubation was continued for 2h. Under
these conditions, MazF and MqsR do not kill E. coli and all bac-
terial cells restart growth, although some do this with a delay.*

Total RNA of the log phase control-, stationary phase-,
CAM-treated and MUP-treated samples was isolated from the
wild type strain MG1655 and the mutant strains listed in
Table S1. For growing the logarithmic phase and stationary
phase samples, the 16-17h overnight cultures were diluted
1000-fold into 100 ml of LB in 1 I flasks. At ODgyopm =~ 0.2,
25 ml of the culture was used for the log phase RNA extraction.
The remaining culture was grown for 24 h and used for the sta-
tionary phase RNA extraction. For the chloramphenicol
(CAM) and mupirocin (MUP) treatments, the overnight cul-
tures were diluted 1000-fold into 200 ml of LB in 1 1 flasks. At
ODgoonm ~0.2, 25 pg/ml CAM or 30 pg/ml MUP was added,
and incubation was continued for 2h.

Primer extension analysis

Primer extension was performed according to a modification of
the protocol used by Kasari, et al.”* To verify the 5'-ends identi-
fied by RNA-seq, labeled marker oligonucleotides that corre-
spond to the anticipated extension products were loaded as the
size markers instead of the sequencing reactions. Primers and
markers (Supplementary Table S2) were labeled with [y**P]
ATP by T4 PNK (Thermo Scientific) and purified using Oligo
Clean & Concentrator Kit (Zymo Research). RNA samples
(5 ng) were mixed with labeled primer, incubated for 2 min at
75 °C and slowly cooled down to 47 °C. Extension reactions
with primers 16S:1530— 1504_ext and 16S5:943— 924 _ext were
performed in HY buffer (45 mM Tris-HCl pH 8.4, 30 mM

KCl), while all the other extension reactions were performed in
HB buffer (45 mM Hepes-KOH pH 7.0, 90 mM KClI) at 42°C
for 30 min, using 20 units of AMV reverse transcriptase (Prom-
ega). cDNA was precipitated with ethanol overnight, resus-
pended in 12 ul of formamide loading buffer and subjected to
electrophoresis in a 12% PAA, 7M urea gel.

3 RACE

RNA (10 pg) was incubated with T4 PNK (Thermo Scien-
tific) in a lack of ATP for 30 min at 37°C, to remove the
2'-3’-cyclic phosphate groups, and purified using RNA
Clean & Concentrator-5 kit (Zymo Research). Poly(A) tail-
ing of the T4 PNK-treated or untreated RNA (5 ug) was
performed using Poly(A) Tailing Kit (Applied Biosystems).
RNA was incubated with 0.01 U/ulof E. coli Poly(A) poly-
merase at 37°C for 1h, and purified using RNA Clean &
Concentrator-5 kit (Zymo Research). During the course of
purification, the RNA was treated with DNase according to
the manufacturer’s instructions. First-strand cDNA synthe-
sis was primed with poly(T) primer (Supplementary
Table S4) and performed by AMV reverse transcriptase (15
U) for 1h at 42 °C. Recombinant RNasin Ribonuclease
Inhibitor (Promega) was added to all enzymatic reactions.
The RNA was hydrolyzed and the single-stranded cDNA
was purified as described in the manual of DNA Clean and
Concentrator-5 kit (Zymo Research). ¢cDNA was PCR
amplified (30 cycles) using primers 16S_3prime and Arb2,
and subjected to electrophoresis in a 1.5% agarose gel in
1xTBE buffer. EtBr-stained bands were cut out; DNA was
purified with a Zymoclean Gel DNA Recovery kit (Zymo
Research) and sequenced using primer 3race_SEQI. The
last nucleotide matching 16S rRNA and preceding a run of
A-s indicates the position of a 3'-end.

Isolation and sucrose gradient analysis of ribosomes

Bacteria were grown, harvested, and stored as for RNA isola-
tion. Bacterial pellets were suspended in TNM-10 buffer
(10 mM MgCI2, 100 mM NH4CI, 20mM Tris-HCI pH 8.0,
and 6mM f-mercaptoethanol). After addition of lysozyme
(final concentration of 1 mg/ml) and DNase I (final concen-
tration of 50 units/ml), the cells were disrupted by glass
beads in Precellys 24 homogenizer (Bertin Technologies)
(program: 6000 rpm, 4°C, 3x 1 min, pause 1 min). S30 lysate
was prepared by centrifugation at 12,000 g for 20 min. 30-
50 A260 units of S30 lysate was loaded onto a 10-25%
sucrose gradient in TNM-10 buffer, followed by centrifuga-
tion at 21,000 rpm for 16 h in a Beckman SW 28 rotor. The
absorbance of the fractions at 260 nm was monitored with
an UVis-920 UV monitor (GE), fractions containing ribo-
somal particles were collected and precipitated by addition
of 2.5 volumes of ice-cold ethanol. Ribosomal pellets were
suspended in TNM-10 buffer and stored at —80C.

cDNA library preparation and next-generation sequencing

cDNA libraries were constructed and sequenced by vertis Biotech-
nologie AG (Germany). To construct the 5'-fragment cDNA



library, the total RNA samples were first treated with either T4
PNK (NEB), TAP (Epicentre), or left untreated. An RNA adaptor
was ligated to the 5-monophosphates of the RNA fragments.
First-strand cDNA synthesis by M-MLV reverse transcriptase was
primed with an N6 randomized primer. Then, Illumina adaptors
containing barcode sequences were ligated to the 5'-ends of the
antisense cDNA. The adaptors had 2 random nucleotides at the 3'-
end to diminish the ligation bias. The cDNA was amplified with
PCR (14 to 18 cycles) using a 5'-biotinylated primer and a proof
reading enzyme. The cDNA preparations were degraded using
NEBNext dsDNA fragmentase and the 5-cDNA fragments were
then bound to streptavidin magnetic beads. The bound cDNAs
were blunted and the 3’ Illumina sequencing adaptor was ligated to
the 3’-ends of the cDNA fragments. The bead-bound cDNAs were
finally PCR-amplified (4-7 cycles).

To construct the 3'-fragment ¢cDNA library, the total RNA
samples were first treated either with T4 PNK or mock treated
without the enzyme. This was followed by poly(A)-tailing
using poly(A) polymerase. The samples were then fragmented
with ultrasound (4 pulses of 30 sec at 4°C). The 3'-RNA frag-
ments, which carry poly(A)-tails, were captured using oligo-
dT chromatography. The newly generated 5-ends were
dephosphorylated using Antarctic Phosphatase (NEB) and
rephosphorylated with PNK. Then, RNA adaptors containing
barcode sequences were ligated to the 5-phosphates of the
3’-RNA fragments. First-strand ¢DNA synthesis was per-
formed using an oligo(dT)-adaptor primer and M-MLV
reverse transcriptase. The resulting cDNA was PCR-amplified
using a high fidelity DNA polymerase (13-15 cycles).

For Illumina sequencing, the 5 and 3’ cDNAs were first
pooled separately in approximately equimolar amounts. The
300-500 bp fragments of 5 ¢cDNA (carrying 123 bp flanking
adaptor sequences) and the 250-350 bp fragments of 3’ cDNA
(carrying 148 bp flanking sequences) were isolated for Illumina
sequencing using the Agencourt AMPure XP kit (Beckman
Coulter Genomics). This set the lower limit of detectable
5-RNA fragments near 150 bases. The 5" and 3’ ¢cDNA pools
were finally combined in equimolar amounts and single end-
sequenced on an Illumina HiSeq2000 system using 100 bp read
length. Flanking sequences were trimmed and sequence reads
were sorted by the service provider.

RNA-seq data analysis

Before mapping, the sequence reads were processed as
described in Supplementary Materials and Methods. The poly
(A) tails of the 3’-reads were trimmed until the first non-A
nucleotide. Processed 5'- and 3'- reads were aligned with the E.
coli strain MG1655 genome (NC_000913.3) using bowtiel
(-v1-k7-p2-S -best —strata).® 5'-end positions were deter-
mined as the first positions of the mapped 5'-reads and 3'-end
positions as the last positions of the 3’-reads. Total 5-end
counts and 3’-end counts were calculated for each genomic
position using Samtools®” executed via Python scripts using
pysam (https://github.com/pysam-developers/pysam). The
5’- and 3’-end counts of the 7 rRNA operons were compiled to
composite 16S rRNA and 23S rRNA sequences. The sites where
the 5'-end count in the toxin induction PNK+ library was at
least 30-fold higher than in the no toxin control PNK+ library
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and which were located at the MazF and MqsR cognate recog-
nition sequences were considered primary toxin cleavage sites.

Reproducibility of experiments

Northern blots and sucrose gradient centrifugation were
repeated at least twice with similar results. RNA sequencing
was performed once and the RNA from replicate bacterial cul-
tures was used to verify the RNA-seq results by primer exten-
sion and 3’ RACE.

Data accession code

The RNA sequencing data are available in the ArrayExpress
database (www.ebi.ac.uk/arrayexpress) under accession num-
ber E-MTAB-4204.
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