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Abstract

Toxin-antitoxin (TA) loci are prevalent in bacterial genomes. They are suggested to play
a central role in dormancy and persister state. Under normal growth conditions TA
toxins are neutralized by their cognate antitoxins and under stress conditions toxins are
freed and inhibit essential cellular processes using a variety of mechanisms. Here we
characterize the ataR-ataT, a novel TA locus or system from enterohaemorrhagic
Escherichia coli. We show that the toxin AtaT is a GNAT family enzyme that transfers an
acetyl group from acetyl-coenzyme A to the amine group of the methionyl aminoacyl
moiety of initiator tRNA. AtaT specifically modifies Met-tRNA™Met but not other
aminoacyl-tRNAs including the elongator Met-tRNAMet, We demonstrate that once
acetylated, AcMet-tRNA™Met fails to interact with initiation factor-2 resulting in the
disruption of the translation initiation complex. This work reveals a new mechanism of
translation inhibition and confirms Met-tRNA™Met a5 a prime target to efficiently block

cell growth.

Introduction

Toxin-antitoxin systems (TA) are widespread in bacterial mobile genetic elements and
chromosomes 1-3. They take part in regulation of important processes such as plasmid
stabilization and protection against phages *5. Accumulating evidences indicate that TA
systems are involved in the switch to a persister state (highly tolerant to antibiotic) and
modulate cell growth under stress conditions 47,

TA modules are typically classified according to the nature and mode of action of
antitoxins 89, These ubiquitous modules typically consist of a toxic protein and its
cognate unstable antitoxin preventing toxin activity or synthesis. In type 11 TA modules,

both components are proteins. During normal growth antitoxins form a tight complex
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with their cognate toxins that neutralizes their activity. However once the toxins are
released, they target essential cellular processes, resulting in transient cell growth
arrest.

Type Il toxins present a variety of molecular mechanisms to achieve their functions.
They target peptidoglycan synthesis 19, replication 11-13 and translation. Toxins from the
RelE and MazF families cleave messenger RNAs with little specificity with or without
assistance of ribosomes, respectively 14-16, Toxins from the VapC family are PIN-domain
endonucleases that cleave specifically tRNA and rRNA. Enteric VapCs cleave tRNAMet in
the anticodon stem-loop 17 whereas M. tuberculosis VapC20 cleaves the Sarcin-Ricin
loop of 23S rRNA 18, HipA inhibits glutamyl-tRNA synthetase by phosphorylation
resulting in the inhibition of the production of Glu-tRNAS 19.20 gnd Doc phosphorylates
the elongation factor EF-Tu thereby interfering with the formation of the ternary
complex EF-Tu:GTP:aminoacyl-tRNA21.22,

Here we identify AtaT-AtaR, a novel type Il TA operon found in Escherichia coli 0157:H7
(AtaT-AtaR for Aminoacyl tRNA acetyltransferase Toxin-Repressor). The toxin, AtaT,
contains an N-acetyl-transferase GNAT-domain (Genb-related N-acetyltransferase).
GNAT enzymes modify a myriad of substrates from small molecules such as antibiotics
and metabolites to macromolecules 23. We demonstrate here that AtaT inhibits
translation initiation by specifically acetylating the free amine group of methionine
charged on the tRNA™Met using acetyl coenzyme A {AcCoA) as acetyl group donor.
Acetylation of the initiator Met-tRNAMet prevents interaction with [F2 and formation of
an initiation complex compatible with translation initiation. This results in the efficient
inhibition of protein synthesis and growth arrest.

Results
ataRT is a novel TA system with a putative acetyltransferase toxin



Tl

78

79

80

81

82

83

84

85

86

&7

88

89

90

91

92

93

94

95

96

97

98

99

100

The AtaT (Z4832) from E. coli 0157:H7, predicted to be an acetyltransferase from the
GNAT family accompanies AtaR (Z4833) gene that encodes a putative RHH-domain
protein (Supplementary Results, Supplementary Fig. 1). The predicted 9.9 kDa AtaR
protein is encoded by the ataR gene located 6 bp upstream of the ataT gene coding for
the predicted 19.7 kDa AtaT protein. GNAT domain proteins in similar genetic
organization have been demonstrated to act as toxin-antitoxin pairs 2425, Based on these
observations we hypothesized that this gene pair encoded a TA module.

In order to validate this putative operon as a bona fide TA module we cloned the ORFs in
compatible vectors carrying different inducible promoters and tested their effect on E.
coli D]624 viability. Expression of the putative GNAT toxin caused cell growth inhibition
while co-expression with AtaR, encoding the putative antitoxin restored cell viability
(Fig. 1A).

Next we asked if AtaR-AtaT is a type Il TA system, with the antitoxin AtaR forming a
tight complex with the AtaT toxin that results in the neutralization of the AtaT activity.
To test this hypothesis we expressed the proteins from the ataR-ataT operon with
different affinity tags (his-antitoxin-toxin-strepll) and performed a Ni-sepharose affinity
chromatography purification. The AtaR and AtaT proteins co-purified (Fig. 1B) and a
complex was separated from an excess of antitoxin after size exclusion chromatography
(Fig. 1C). Based on analytical gel filtration we hypothesize that two toxins units and two
antitoxins units associate to form a complex of 60 kDa (Supplementary Fig. 2). Native
mass spectrometry showed that AtaR-AtaT is a heterogeneous mixture of complexes
with different toxin:antitoxin ratios (Supplementary Fig. 3). The predominant species
observed at low collision energy consisted of AtaT:AtaR at 1:1 and 2:2 ratios. TA

complexes with variable stoichiometries are described for other systems 26-29, This is a
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crucial feature in the regulation of transcription of these operons, allowing a link
between toxin neutralization and operon repressions?,

Taken together, these data showed that the ataR-ataT gene pair encoded a functional
type 11 TA system similar to the recently described TacTA module from S. typhimurium

that also contains a GNAT-domain toxin 24,

AtaT inhibits translation in the presence of acetyl-CoA

To determine which cellular process AtaT inhibits, we measured the incorporation of
radiolabeled precursors for replication, transcription and translation upon toxin
expression in vivo. The incorporation of [35S]methionine shown in Fig. 2A was severely
affected, indicating that AtaT inhibits translation in vivo, without interfering with
transcription or replication (Supplementary Fig. 4). As mentioned above, AtaT is
predicted to be an acetyltransferase, and possesses the conserved GNAT family topology
(Supplementary Fig. 5). We therefore reasoned that translation should be functional in
an in vitro transcription-translation system in the absence of its potential substrate,
AcCoA. Indeed, AtaT was produced to a detectable amount in the absence of AcCoA
while upon addition of AcCoA, the protein was no longer synthesized (Fig. 2B) showing
that AcCoA was essential for catalysis. Addition of AcCoA did not interfere with the in
vitro production of the AtaT-AtaR complex or the antitoxin AtaR (Fig. 2B). Moreover in
vitro translation of a reporter protein (GFP-strepll) was tested in different conditions. In
the presence of purified AtaT toxin and AcCoA, GFP-strepll was not produced while
addition of AtaR antitoxin restored GFP-strepll synthesis (Fig. 2C). To validate the
enzymatic activity of AtaT a G108D mutation was introduced in the conserved AcCoA
binding pocket consensus sequence (Q/RxxGxG/A) (Supplementary Fig. 5} 31. The

G108D mutation inactivated AtaT both in vivo and in vitre (Fig.s 14, 2C lane 4).
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Altogether, these data showed that using AcCoA as co-factor, AtaT blocked translation
and that the antitoxin AtaR restored translation completely, even in the presence of
AcCoA (Fig. 2C). Moreover, these data indicated that the target of AtaT was presentin

the in vitro transcription-translation system.

AtaT acetylates tRNAs

We used isotope labeled [1*C]AcCoA to monitor the acetylation reaction catalyzed by
AtaT. The product of the in vitro translation reaction resolved on SDS-PAGE gels
revealed no isotope signal, suggesting that the target was not a protein or the
modification was not stable under the SDS-PAGE conditions. Alternatively, we
performed a size fractionation of the reaction product. The 14C signal dotted on a
nitrocellulose membrane is retained in fractions corresponding to a size between 30
kDa and 50 kDa {Supplementary Fig. 6). This was confirmed by native PAGE
electrophoresis of the in vitro translation reactions treated with AtaT and [1*C]AcCoA
(Fig. 3A). The reaction product was stained with either Coomassie blue or ethidium
bromide, or exposed to obtain an autoradiography image. Interestingly, the 14C
radioactive signal did not match the band pattern from the Coomassie-stained proteins,
but matched the bands corresponding to nucleic acids species stained with ethidium
bromide (Fig. 3A). Based on this migration pattern it stands to reason that substrates of
AtaT are transfer RNAs (tRNAs). To challenge this hypothesis, a purified mixture of
tRNAs from E. coli was treated with AtaT and [1*C]AcCoA and resolved on a native PAGE
gel. Autoradiography confirmed that tRNAs were acetylated by AtaT and that AtaR

specifically inhibited this reaction but was unable to reverse it (Fig. 3B).

AtaT modifies the aminoacyl moiety of tRNA
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tRNAs are extensively modified as part of their post-transcriptional maturation. N4-
acetyl-cytidine is the only known acetylated nucleoside of bacterial tRNAs 32, To test
whether AtaT performed a similar type of modification, an E. coli tRNA mixture
[14Clacetylated by AtaT was subsequently digested with RNAse P1 and the nucleotide
products were resolved by 2D thin layer chromatography (TLC) 33. Intriguingly the
radioactive signal did not correspond to the N4-acetyl-cytidine position and the
migration pattern was significantly different to that observed from cognate nucleotides
(Supplementary Fig. 7). Noteworthy, the aminoacyl moiety at the CCA tail of aa-tRNAs
constitutes an alternative acetylation site to the tRNA nucleotides. In order to test this,
we removed the amino acid moiety from the tRNA mixture by alkaline treatment, known
to disrupt weak ester bonds and de-acylate tRNAs 3 or using CuSO.. The latter
treatment is known to uncharge specifically aminoacyl-tRNA and not peptidyl-tRNAs 35,
A purified E. coli tRNA mixture was subjected to the aforementioned treatments before
and after the acetylation reaction catalyzed by AtaT using [1*C]AcCoA as a substrate (Fig.
4). In both cases, no 14C radioactive signal was detected when the aa-tRNA mixture was
uncharged prior acetylation, indicating that acetylation occurred only on aminoacylated
tRNAs (Fig. 44, lanes 3 and 5). Moreover the signal was also lost when the aminoacyl
moieties were removed from the tRNAs after the acetylation by alkaline treatment. This
indicated that acetylation occurred on the aminoacyl moiety of aatRNAs (Fig. 44, lane 4).
By contrast the CuSQ4 treatment failed to remove the amino acids from AtaT-acetylated
aminoacyl-tRNAs (Fig. 4A, lane 6). This was a strong indication that upon AtaT
treatment, the acetylated-aatRNA species no longer resembled translation-compatible
aminoacyl-tRNA (sensitive to CuSQ4) and were rather closer to species where the amine

group is not free but blocked such as in peptidyl-tRNAs. In addition, chemically
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acetylated aa-tRNAs (by acetic anhydride) treatment were no longer acetylated by AtaT

(Fig. 4A, lane 7), confirming that AtaT acetylated aatRNAs at the free amine group.

AtaT is specific for the methionine on Met-tRNAMet

We produced in vitro aminoacylated-tRNA species for each amino acid and tested them
to identify the target of AtaT (Fig. 4B). We found that AtaT was highly specific to the
initiator tRNA™M™et charged with methionine (Met-tRNA™Met) (Fig. 4B). Only very weak
acetylation was detected for other tRNAs, including the elongator Met-tRNAMet (Fig. 4B).
This suggested that AtaT recognized not only the CCA tail of aa-tRNA but was also able
to discriminate the aa-tRNA species based on the acceptor stem and the aminoacyl
moiety.

The treatment with AtaT and [14C]AcCoA of all possible variants of tRNAMet either in
vitro synthetized or purified from in vivo (not aminoacylated, charged with methionine,
charged with methionine and formylated, charged with methionine and chemically
acetylated) showed that the 14C labeled acetyl group was transferred only to the free
amine group of a tRNAMet charged with methionine (Fig.s 4C, 4D, Supplementary Fig. 8).
Mass spectrometry of Met-tRNAMet before and after acetylation by AtaT confirmed that
the treatment with the enzyme resulted in an increase of mass of approximately 40 Da,
that corresponds (ed?) to the approximate mass of an acetyl group (Supplementary Fig.
9).

To directly confirm these results we performed alkaline treatment on AtaT treated Met-
tRNAMet, AtaT- or acetic anhydride- modified methionine (used as reference), removed
from tRNAMet were analyzed by TLC and mass spectrometry. These results showed that
after AtaT treatment, the recovered methionine was acetylated (Supplementary Fig. 10)

and mass spectrometry showed that the treatment with AtaT resulted in a mass that
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matched the approximate mass of acetyl-methionine (Supplementary Fig. 11). In
addition no acetyl-methionine was detectable from Met- tRNAMet not treated with AtaT

(Supplementary Fig. 10 and 11).

Acetylation of Met-tRNA™Met precludes translation initiation

The interaction between the initiator tRNA and IF2 is crucial for the correct assembly of
the 30S initiation complex (30S-IC). The recent structure of a 70S ribosome in complex
with [F2 and fMet-tRNAMet showed that [F2 recognizes the aminoacyl-moiety of fMet-
tRNAMet 36 Therefore we hypothesized that acetylation of Met-tRNA™Met could disrupt
this interaction and interfere with translation initiation.

To test this we used isothermal titration calorimetry (ITC) to measure the interaction of
[F2 with fMet-tRNAMet and acMet-tRNAMet, In the absence of the other components of
the initiation complex, [F2 bound fMet-tRNAMet with a Kd of ~1 uM (similar to reported
values37:38), By contrast the affinity of IF2 for acMet-tRNA™et was below the detection
level {Fig. 5A). We next tested the effects of acetylation of the initiator tRNA on the
assembly of 30S-IC. The 30S-IC was reconstituted in vitro incubating 30S ribosomes,
mRNA, IF1 and IF2 with formylated or acetylated [35S]Met-tRNA™Met and the efficiency of
complex formation was measured by the incorporation of [3°S]-labelled initiator tRNA.
QOur results showed that there was 10-fold decrease of 30S-IC formation in the presence
of acetylated Met-tRNA™Met {enzymatically with AtaT or chemically with acetic
anhydride) compared to formylated Met-tRNA™et (Fig, 5B). Altogether these data
suggested that AtaT acetylation of the initiator tRNAMet precluded the interaction of
acMet-tRNAMet with IF2 resulting in the inhibition of translation initiation. Furthermore
to assess the validity of this model in vivo, we characterized the ribosomal fractions from

E. coli overexpressing ataT or ataT and ataR. Our results showed that the expression of
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ataT led to extensive accumulation of ribosome assembly intermediates in comparison

to control or to ataR and ataT co-expression (Fig.s 5C, D) in strong support of our model.

Discussion

Bacterial type Il TA modules have been shown to become active under episodes of
stress. They are proposed to assist the stress survival machinery based on their ability
to modulate key cellular processes and reversibly arrest cell growth 6. Translation is a
preferred target of type Il toxins °. They hijack translation at almost every step from
mRNA, tRNA and rRNA cleavage to inactivation of translation factors 17-1921.39, We
unravelled the mechanism of toxicity of the novel type Il TA toxin AtaT. Here we showed
that AtaT inhibited translation by acetylating initiator Met-tRNAMet at the amine group
of the methionine moiety.

AtaT belongs to a new class of bacterial N-acetyltransferases from the GNAT family.
GNAT enzymes are found in all domains of life 2349, These enzymes acetylate a myriad of
targets using AcCoA as a donor group. Knowledge on bacterial GNAT enzymes is scarce,
best-studied cases being aminoglycoside-N-acetyltransferases and three protein
acetyltransferases Riml, Rim] and RimL known to acetylate the N-termini of ribosomal
proteins S18, S5 and L12 respectively 234142, Notably the GNAT enzyme TmcA is
implicated in bacterial translation by modifying the anticodon (CUA) wobble base of the
elongator tRNAMet to prevent misreading of similar AUA codon 32 We showed that,
unlike TmcA, AtaT recognizes(d?) both the aminoacyl-CCA moiety and the double
stranded stem of the initiator tRNAM™et and acetylates(d?) the amino acid moiety, rather
than the tRNA itself (Fig. 4b).

During the formation of the 30S-IC, IF2 and fMet-tRNAfMet must bind to the 30S subunit

to prime the 30S subunit for subunit joining. IF2 recognizes the CCA-fMet end of the

10
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fMet-tRNAMet yig its $-barrel C2 domain3643 (Fig. 6a-c). The structure of the fMet-
tRNAMet - 70S ribosome complex shows the terminal A-fMet docks in the cavity formed
between the B1-2 and 34-5 loops (Fig. 6¢). Noteworthy the fMet moiety is surrounded
by a network of interactions involving the hydrocarbon part of the side chain of R847
and the m-electrons from the F848 ring of IF2. As shown in Fig. 6¢ the formyl group is in
very close proximity to the phenyl group of F848 36, therefore it is not surprising that
when an acetyl group is modeled instead of formyl (Fig. 6d), the additional methyl
moiety introduces clashes likely leading to structural rearrangements (Fig. 6d).
Considering that the simple addition of a formyl-group to the initiation Met-tRNAMet
strongly enhances affinity and selectivity for [F2 44, it is to be expected that a disruptive
modification such as acetylation would have a catastrophic impact on the assembly of
the initiation complex. The latter is particularly relevant since evidence suggests that
simultaneous arrival of [F2 and fMet-tRNAMet tg the 30S-IC, may dominate in vivo 38,
Moreover, since acMet-tRNAfMet js a dead-end product whereas fMet-tRNAMet js
continuously used, the activity of AtaT will irrevocably lead to translation inhibition by
the accumulation of acMet-tRNAM=¢ (Fig, 6a). Indeed we show(ed?) that AtaT-dependent
acetylation of Met-tRNA™et precludes(ed?) binding to IF2, the formation of 30S-IC in
vitro and in vivo the assembly of 70S ribosomes. Based on these data, we propose{d?)
that in vivo AtaT efficiently competes with methionyl-tRNA formyltransferase to modify
the methionine moiety of Met-tRNAMet,

In a recent work (published after submission of this manuscript), TacT, a distant
homologue GNAT toxin from S. typhimurium (24% sequence identity with AtaT), was
shown to acetylate multiple elongation tRNAs thereby inhibiting translation at the
elongation step 24, Although the bases of the inhibition and the impact on ternary

complex formation require further investigation, this work suggests that TacT has a
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broader specificity compared to AtaT, which is highly specific for the initiator Met-
tRNAMet, This constitutes a remarkable functional divergence within this class of
acetyltransferase type Il toxins: a sub-family of toxins targets translation at the initiation
step while another, with relaxed specificity, targets elongation.

This fuzzy or relaxed specificity seems to be a common functional feature within families
of type II toxins. The members of the RelE family show different mRNAs cleavage
specificities 1* and even the dependence on the ribosome for catalysis varies. Different
VapC toxins cleave different tRNAs and even 23S ribosomal RNA 17.1845 More strikingly,
toxins from the Doc/Fic family show versatile molecular mechanisms and targets. While
Doc phosphorylates the translation elongation factor EF-Tu, FicT AMPylates GyrB and
ParE that are subunits of DNA-gyrase and Topoisomerase IV respectively 132146, [t
should be noted that sequence similarity within toxin families is usually low most likely
a contributing factor to the observed broad specificities and activities. However, the
selective pressure driving the divergence in specificity remains to be investigated.

In terms of physiological function, the TacTA system was shown to promote persister
cells formation in S. typhimurium 24 Further work on the impact of AtaT-dependent
translation initiation inhibition in the context of the stress response and persistence will
be needed to unravel the biological roles of the ataRT system. The work presented here

represents a crucial step forward in this challenging endeavour.
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434  Fig.legends

435  Fig. 1: The ataT-ataR genes pair constitutes a type II TA system. (a) Overnight

436  cultures of E. coli strains transformed with pBAD33 and pKK223-3 vectors or

437  derivatives expressing the ataT gene, the ataT G108D mutant, the ataR gene or the ataT
438  and ataR genes were serially diluted (-1 to -8). Dilutions were spotted on LB medium
439  supplemented with appropriate antibiotics and 0.2 % glucose (repression conditions,
440  left panel) and 0.2% arabinose and 1 mM IPTG (induction conditions, right panel). (b)
441  Ni-affinity purification of his-AtaR-AtaT-strepll complex. Elution fractions were resolved
442 by SDS-PAGE and stained with Coomassie blue. Lanes 1 to 6: fractions corresponding to
443 0,20, 50,80, 150 and 500 mM imidazole, respectively. (c) Fraction 6 subjected to size
444  exclusion chromatography resulted in two peaks corresponding to his-AtaR-AtaT-

445  strepll complex and his-AtaR antitoxin as seen on SDS-PAGE and stained with

446  Coomassie blue (lanes 1 and 2) and anti-his (lanes 3 and 4) or anti-strepll (lanes 5 and
447  6) western blots. M: molecular weight marker. Images of all of the full gels are shown in

448  Supplementary Fig. 12.
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Fig. 2: AtaT inhibits translation in an AcCoA-dependent manner. (a) In vivo
translation rate measured by incorporation of [3*S]methionine after 1 hour of
expression of ataT, yoeB or parE2 (type Il toxins inhibiting translation and replication,
respectively) as controls. Translation rate in the different strains is normalized to that
containing the pBAD33 vector. Error bars indicate standard deviation of three
independent experiments. (b) Synthesis of AtaT, AtaR or both proteins expressed from
T7 promoter in the in vitro transcription-translation system supplemented with
[35S]methionine. Reactions were carried out with AcCoA (lanes 2, 5 and 7) or without
AcCoA (lanes 1, 4 and 6). Lane 3 is a control without [35S]methionine. Samples were
resolved by SDS-PAGE and exposed to phosphor storage screen. (c) Synthesis of GFP-
strepll reporter protein expressed from T7 promoter in the in vitro transcription-
translation system. Products of translation reactions were resolved by SDS-PAGE
followed by western blot with anti-strepll tag antibodies. “Mut” indicates the use of the

AtaT G108D mutant. Images of the full gels are shown in Supplementary Fig. 12.

Fig. 3: AtaT acetylates tRNAs. (a) Acetylation reaction in the in vitro transcription-
translation system supplemented with [1#C]AcCoA. Reaction products resolved by native
PAGE in three replicas and stained with Coomassie blue (lanes 1-3) or with ethidium
bromide (lanes 4-6). Gel comprising lanes 7-9 was dried and exposed to phosphor
storage screen. (b) In vitro acetylation reactions of tRNA mixture purified from E. coli
supplemented with [1*C]AcCoA. Reaction products were resolved by native PAGE,
stained with methylene blue (upper panel) and exposed to phosphor storage screen
(lower panel). Lane 1: control tRNAs with [1*C]AcCoA, lane 2: control tRNAs with AtaT

toxin, lane 3: tRNAs with AtaT and [1*C]AcCoA, lane 4: AtaR was premixed with AtaT
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before acetylation reaction, Lane 5: AtaR was added after acetylation reaction (indicated
by *). The reaction was then allowed to continue for 30 min. Images of the full gels are

shown in Supplementary Fig. 12.

Fig. 4: AtaT acetylates the amine group of the methionine charged on the initiator
tRNA. (a) In vitro acetylation reactions of aminoacyl moiety of E. coli tRNA mixture
supplemented with [14C]AcCoA. Products were resolved by native PAGE, stained with
methylene blue (upper panel) and exposed to phosphor storage screen (lower panel).
Lane 1: control, lane 2: addition of AtaT, lane 3: alkaline treatment of tRNA mixture
using Tris-HCl pH 9.5 before acetylation, lane 4: same treatment after acetylation, lane 5:
CuS04 treatment of tRNA mixture before acetylation, lane 6: same treatment after
acetylation, lane 7: acetic anhydride treatment of tRNA mixture before acetylation. (b)
AtaT acetylation reactions with individual aa-tRNA species using [1*C]AcCoA. Products
were resolved by native PAGE, stained with methylene blue {upper panel) and exposed
to phosphor storage screen (lower panel). Lane 1: Charged initiator tRNA (Met-
tRNAMet), Lane 2-21: tRNAs charged with their respective amino acids. tRNA species are
indicated in online methods. (c) Acetylation of synthetic tRNA™Met species with
[1*C]AcCoA and with AtaT or without AtaT (controls). Reaction products were resolved
by native PAGE, stained with methylene blue (upper panel) and exposed to phosphor
storage screen {lower panel). Reactions were carried out using uncharged tRNAMet
(lanes 1, 2), tRNA™Met charged with methionine (lanes 3, 4), tRNAMet charged with
methionine and formylated (lanes 5, 6), tRNAMet charged with methionine and
chemically N-acetylated {lanes 7, 8). (d) Representation of initiator tRNAMet, The arrow
indicates the amine group modified by AtaT. Images of the full gels are shown in

Supplementary Fig. 12.
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Fig. 5: Translation initiation inhibition in vitro and in vivo by AtaT. (a) Interaction of
[F2 with fMet-tRNAMet (left panel), and acMet-tRNAMet (right panel) monitored by ITC.
(b) In vitro formation of 30S-IC using 30S ribosomes, IF1, IF2, mRNA and tRNAMet
charged with [355]-Met and modified as indicated on the X axis. The complex formation
was allowed for 10 min, protein complexes were trapped on nitrocellulose filters and
incorporation of isotope labelled tRNAMet was measured in scintillation counter (the
data represents mean values # s.d, each measurement was repeated at least three times)
(c) Ribosome profiles. Cultures of E. coli strains transformed with pBAD33 and pKK223-
3 vectors (black curve) or derivatives expressing the ataT gene (red curve) or the ataT
and ataR genes (blue curve) were grown to an ODgoo nm of 0.2. Arabinose was added at
0.2% for 1 hour and cultures were treated with 0.5 mg/ml of chloramphenicol for 3 min.
Cell extracts were centrifuged on sucrose gradient, fractions were collected top-down
and OD2s¢ nm was measured. The fractions that were used for rRNA extraction are
indicated with a star (d) to confirm identity of the peaks 1-4 (left to right). rRNA was
analysed by agarose gel electrophoresis followed by staining with ethidium bromide.

Images of the full gels are shown in Supplementary Fig. 12.

Fig. 6:

Proposed mode of action of AtaT. (a) Scheme of translation initiation in bacteria.
During this step of translation, the initiation factors IF1, IF2 and IF3 are tasked with
ribosome subunit dissociation and anti-association, the selection of the initiator aa-
tRNA, the selection of the correct translation start site, and the subunit joining at the
start codon. AtaT (labeled in red) interferes with the initiation process by acetylating the

initiator Met-tRNA™et, (b) Cryo electron microscopy structure of fMet-tRNAMet and IF2
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bound to the E. coli ribosome (PDBID 3]C] 3¢). The 50S and 30S subunits are colored in
blue, IF; is shown in green and fMet-tRNA™et jn magenta. The A-formyl-Met end is
recognized by the C2 B-barrel domain of IF2. {c) Detailed view on the interaction
between IF; and fMet-tRNAMet at the CCA end. The aliphatic side chains of R847 and
E860 together with the aromatic ring of F848 enclose the formyl-Methionine. Notably
the phenyl-group of F848 is in close contact with the formyl- group. (d) If an acetyl
group is modeled on the amine moiety of the Methionine the distances between the

extra methyl group and the ring of F848 become less than 1.54 (black circle).
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Online Methods

Media and general growth conditions

Killing-rescue assays were performed on solid LB (Lennox L broth, Invitrogen) medium.
In vivo translation, transcription and replication assays were performed in liquid M9
medium (KH2PO4 (22 mM), NazHPO4 (42 mM), NH4Cl (19 mM), MgSO. (1 mM), CaCl;
(0.1 mM), NaCl (9 mM)) supplemented with 0.2 % casamino acids {0.05 % in the case of
[35S]-methionine incorporation). Repression medium was supplemented with 1%
glucose prior to induction. At the time of induction, cultures were centrifuged and
pellets were washed and resuspended in medium with glycerol (1%) as carbon source.
Antibiotic concentrations were as follows - chloramphenicol 20 pg/ml, ampicillin 100

ug/ml. Strains used in this work are listed in Supplementary table 1.

Bioinformatic identification of AtaR-AtaT TA system

We have developed a bioinformatics approach to identify novel TA systems (J.
Guglielmini and L. Van Melderen, unpublished). The prediction criteria are based on the
canonical genetic organisation of type Il TAs assuming that they are generally composed
of 2 small ORFs, organized in an operon with small intergenic or overlapping region.
Using this approach, we identified the Z4832-Z4833 gene pair located in the
chromosome of E. coli 0157:H7. The two ORFs located in an operon consist of small
ribbon-helix-helix (RHH)-domain transcription regulator (88 amino acid residues) and

GNAT-family acetyltransferase of moderate size (175 amino acid residues).

Plasmid constructions
Oligonucleotides were synthesized by Sigma-Aldrich and their sequences are listed in

Supplementary table 2. Genes for cloning were amplified by PCR using Q5 polymerase
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(NEB), purified with GenElute PCR Cleanup kit {Sigma-Aldrich), digested with restriction
enzymes (NEB) and ligated with T4 ligase {NEB) with vectors digested with appropriate
restriction enzymes. Ligation mixes were transformed by electroporation in E. coli
D]624Aara. The ataT gene was amplified with ataT-for-Xbal and ataT-rev-Pstl primers
and cloned in pBAD33 vector. The ataR gene was amplified with ataR-for-EcoRI and
ataR-rev-Pstl primers and cloned in pKK223-3 vector. The his-ataR-ataT-strepll operon
was amplified using ataR-for-his-EcoRI and ataT-rev-strepll-Pstl primers and cloned in
pKK223-3 vector. Mutatation in pBAD33-AtaT was introduced by amplifying plasmid
with phosphorylated primers ataT-revM-G108D and ataT-for-G108D and circularizing
the vector with T4 ligase. Sequences of all the constructs were confirmed by sequencing

(Cogenics/Genewiz).

Killing-rescue assay

E. coli D]624Aara strains were transformed with compatible pBAD33 and pKK223-3
vectors encoding toxin and antitoxin respectively or control vectors. Overnight cultures
in LB medium supplemented with appropriate antibiotics and 1% glucose were diluted
serially {(10-fold) and 10 pl of dilutions were spotted on solid LB plates supplied with
antibiotics and 0.2 % glucose (repression conditions) or 0.2% arabinose and 1 mM IPTG
(isopropyl 3-D-1-thiogalactopyranoside) (induction conditions). Plates were incubated

overnight at 37 °C.

In vivo translation, transcription and replication assays
E. coli D]624Aara strain was transformed with pBAD33 vector and derivatives
containing the ataT gene and yoeB or parE2 genes as controls. Strains were grown in M9

minimal medium and arabinose {0.2 %) was added at an ODsgonm of 0.3. Translation
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rates were estimated by measuring incorporation of L-[33S]-methionine (PerkinElmer).
One hour after induction, 1 ml of culture was incubated with 3 pCi of [35S]-methionine
for 5 min. Samples were then precipitated with 5 ml of 10% TCA for 30 minutes at 4°C
and macromolecules were trapped on 0.45um nitrocellulose filters. Filters were washed
with 20 ml of 10% TCA, air dried and immersed in 10 ml of scintillation liquid
(Optiphase Hisafe 2, PerkinElmer). Counts per minute from filter-trapped
macromolecules were detected in liquid scintillation counter (Beckman). In vivo
transcription and replication were followed using the same protocol, except that
cultures were incubated with [2H]-uridine {1 uCi/ml) or [¥H]-thymidine (1 pCi/ml)

(PerkinElmer), respectively.

In vitro translation assays

In vitro translation assays were performed using PURExpress™ (NEB) coupled
transcription-translation system. Reactions were supplied with 250 ng of DNA
fragments containing T7 promoter and genes of interest obtained by PCR using primers
listed in Supplementary table 2. Protein synthesis was estimated by performing
reactions in the presence of 1 uM of [35S]-methionine. Reaction products were resclved
on a 4-20% SDS-PAGE gel {BioRad), which was then dried and exposed to multipurpose
phosphor storage screen {Amersham) overnight and scanned using Storm 860
Phospholmager system (Molecular dynamics). Translation of the reporter protein (GFP-

strepll) was followed by Western Blot using antibodies against strepll affinity tag.

Proteins production and purification
His-AtaR/AtaT-strepll complex and free AtaR antitoxin were purified using AKTA

Explorer FPLC purifier {GE-Healthcare). E. coli D]624Aara strain containing the pKK223-
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3-his-ataR-ataT-strepll plasmid was grown in LB medium to an ODggonm of 0.7.
Expression of the proteins of interest was induced by adding 0.5 mM IPTG, and cells
were grown overnight at 30°C. The culture was then centrifuged and pellet was
resuspended in resuspension buffer (50 mM Tris-HCI pH 8.5, 500 mM NaCl, 2 mM
imidazole, 1 mM TCEP). Cells were disrupted using high pressure homogenizer
(Microfluidics), lysate was centrifuged at 18,000 rpm for 30 min and filtered through a
0.45um filter to remove cell debris. Protein extract was loaded on HisTrapHP column
(GE Healthcare), washed with buffer A (50 mM Tris-HCl pH 8.5, 500 mM NaCl) and
eluted with gradient of buffer B (25 mM Tris-HCI pH 8.5, 250 mM NaCl, 1M imidazole).
AtaT-AtaR complex and excess of free AtaR antitoxin were separated by gel filtration on
HiLoad Superdex 75 PG column (GE Healthcare). Gel filtration was performed in buffer
A. Expression of formyl-methionyltransferase (FMT) and initiation factors [F1 and IF2
were induced with IPTG (0.5 mM) and purified from ASKA collection vectors*” by
histidine affinity chromatography, followed by gel filtration in the same manner as
described above.

AtaT-strepll toxin was produced in vitro with PURExpress™ (NEB) coupled
transcription-translation system and purified using Strep-Tactin Sepharose (IBA). T7-
ataT-strepll DNA fragment was amplified by PCR from E. coli 0157:H7 EDL933
chromosome using primers 5UTR-ataT and 3'UTR-ataT-strepll (table S2). The PCR
product was purified by phenol-chloroform extraction and ethanol precipitation. 250 ul
of transcription-translation reaction was supplied with 2.5 pg of T7-ataT-strepll DNA
template and incubated for 4 hours at 37 °C. Reaction was then diluted 3 times with
binding buffer (100 mM Tris-HCl pH 8.5, 150 mM NacCl, 1 mM EDTA) and loaded on 200
ul of Strep-Tactin Sepharose. Column was washed with 10 column volumes of binding

buffer and protein was eluted with 200 pl of elution buffer {(binding buffer with 10 mM
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desthiobiotin). The eluted protein was then purified on PD SpinTrap G-25 column {GE

Healthcare), aliquoted and stored at -20°C.

Total E. coli tRNA purification

Total E. coli tRNA was extracted from E. coli XL.1-Blue cells as described in 48

tRNA synthesis and aminoacylation

tRNA transcripts were synthesized in vitro using MEGAscript T7 transcription kit
(Thermo Fisher Scientific) from synthetic dsDNA oligonucloetides (Sigma-Aldrich) listed
in Supplementary table 2. When needed the first nucleotide was changed to G to
increase synthesis {tRNAMet tRNA!le, tRNATP, tRNAPre, tRNAAs", tRNAG") and accordingly
nucleotide preceding ACCA at 3’ terminus was changed to C to obtain base pairing and
stabilize the tRNAs. Sense and antisense oligonucleotides were mixed together, heated
at 95°C for 5 min and allowed to cool down at room temperature. T7 transcription
reactions were performed according to manufacturer recommendations. In vivo tRNAMet
containing all modifications was purchased from tRNA Probes. tRNAs were charged
using E. coli S100 fraction as described in #9. Charging was confirmed by using [33S]-
methionine as substrate for tRNAMet and tRNAMet a5 well as some [14C] amino acids for
their respectful tRNAs (Val, Ile). Formylation of Met-tRNAMet was performed as
described in #? using purified formyl-methionyltransferase protein. tRNAs were phenol-

chloroform purified, precipitated in ethanol and dissolved in water.

Acetylation assays
Ten pg of purified E. coli tRNA mixture or 2 ug of a single tRNA species were used for

acetylation reactions. Reactions were performed using 0.2 uM of AtaT-strepll toxin with
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or without 2 uM of AtaR antitoxin. Reactions were supplied either with 100 uM cold or
radiolabeled [1*C]Ac-CoA (60 mCi/mmol). Reactions were incubated at 37 °C for 30
minutes. tRNAs were resolved on 10% native acrylamide (19:1) TBE (Tris-borate
EDTA) gels. Gels were stained with 0.2 % methylene blue solution. Stained gels were
photographed and then dried and exposed for 12 to 36 hours to multipurpose phosphor
storage screen (Amersham) and scanned with Storm 860 Phospholmager system
(Molecular dynamics). Acetylation assays in translation reactions were performed by

supplementing the reactions with AtaT, AtaR and [**C]-AcCoA as described above.

tRNA deacylation and chemical acetylation

Unfractionated tRNA mixture or single tRNA species were deacetylated by incubation in
0.1M Tris-HCl pH 9.5 at 37 °C for 1h. tRNAs were also deacylated using copper(lI)
sulphate as described in 35, Charged tRNAs were chemically N-acetylated using acetic
anhydride as described in 50, After treatments tRNAs were dialysed against water or

precipitated and dissolved in water.

Thin layer chromatography

For nucleotide 2D thin layer chromatography 20 pg of unfractionated tRNA mixture was
acetylated with toxin using [14C]-Acetyl-CoA in 20 pl reaction as described above. After
acetylation reaction, tRNAs were purified by phenol-chloroform extraction and ethanol
precipitation. Reaction was digested with 2U of nuclease P1 (Sigma-Aldrich) overnight
at 37 °C and spotted on cellulose TLC plate (Millipore). First dimension was resolved in
isobutyric acid/ammonia/water (66/1/33). Second dimension was resolved either in
phosphate buffer pH6.8/NH4 sulfate /n-propanol (100/60/2) (Solvent system 1) or in

isopropanol/HCl/water (68/18/14) {Solvent system 2). Positions of canonical
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nucleotides were determined under UV light and plates were exposed to multipurpose
phosphor screen (Amersham) scanned with Storm 860 Phospholmager system
(Molecular dynamics).

For amino acid thin layer chromatography [35S]Methionine from tRNAMet were
uncharged using ammonia and resolved on silica gel plates in butanol /water/acetic acid

(4/1/1) as previously described>°,

Mass spectrometry

Samples of the AtaT-AtaR were prepared at 20 uM of complex in 100 mM ammonium
acetate buffer, pH 6.9. The treated and non-treated Met-tRNA™M™et samples prepared at 10
UM were also prepared in 100 mM ammonium acetate buffer, pH 6.9. All the samples
were introduced into the mass spectrometer using nanoelectrospray ionization with in-
house-prepared gold-coated borosilicate glass capillaries with a voltage of
approximately +1.6 KV. Spectra were recorded on a Synapt G2 Q-TOF in TOF mode
modified for transmission of native, high m/z protein assemblies as described
previously 5! or on a Synapt G2 Q-TOF (Waters, Manchester, UK) in TOF-mode.

The separation of the amino-acyl charge of treated and non-treated Met-tRNAMet was
performed using hydrophilic interaction liquid chromatography (HILIC) on a Waters
Acquity UPLC instrument equipped with an Acquity BEH amide column using 0,1%
formic acid in H20 as solvent A and 0,1% formic acid in acetonitrile as solvent B. The
gradient was run from 7% to 80% A over the course of 8 minutes. Standards for both
methionine and acetylated methionine were observed at around 3.36 minutes and 3.45
minutes respectively. We used Multiple-Reaction Monitoring (MRM) to detect the
presence of acetylated methionine. In a MRM experiment the parent of the compound is

selected for MS/MS fragmentation and then a fragment ion is monitored. These parent
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mass > fragment ion mass transitions were 150>104 m/z for methionine and 192>104
m/z as well as 192>146 m/z for acetylated methionine. These transitions were detected
using a triple quadrupole instrument. The collision energy for the cone and the cell were

15V and 12 V respectively for the 192 to 104 and 192 to 146 transitions.

Isothermal titration calorimetry

ITC titrations were carried out on a PEAK ITC instrument (Malvern). Prior to the
measurement, [F2, fMet-tRNAMet and acMet-tRNAMet were dialyzed to 50 mM MES pH
6.5, 100 mM KCl, 1 mM MgCl; and 0.5 mM TCEP. The samples were filtered and degassed
for 10 min before being examined in the calorimeter and the titrations were performed
at 35 °C. All the experiments consisted of injection of constant volumes of 2 pL of titrant
into the cell {200 pL) with a stirring rate of 750 rpm. Nominal sample concentrations
were between 2 uM and 5 uM in the cell and 40 uM to 50 uM in the syringe. Actual
sample concentrations were determined after dialysis or buffer exchange by
measurement of their absorption at 280 nm. All data were analyzed using the MicroCal

Origin ITC 7.0

30S initiation complex formation

For 30S-IC assays ribosomes were isolated from WT E. coli D]624Aara strain using
sucrose gradient as described in ribosome purification section. 30S peak was pooled and
exchanged to translation buffer using 100K Amicon centrifugation device (Millipore) to
remove sucrose. IF1 and [F2 were purified as described in protein purification section.
mRNA was produced using MEGAscript T7 transcription kit (Thermo Fisher Scientific)
from synthetic dsDNA oligonucloetides template-mRNA-F/R provided in Supplementary

table 2. tRNAMet was charged with [355]-Met and modified as described in
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aminoacylation and acetylation methods sections, and then purified with mini quick spin
RNA columns (Roche). Concentration of each tRNA was adjusted based on A260 and
cpm. 20 pl reactions consisting of 0,6 uM 30S ribosomes, 2,4 uM IF1, 2,4 uM IF2, 1 uM
mRNA, 0,6 uM [35S5]Met-tRNAMet and 1 mM GTP were carried out in translation buffer
(10 mM HEPES pH 7.5, 70 mM NH4Cl, 50mM KCl, 1 mM DTT). The complex formation
was allowed for 10 min at 37°C, protein complexes were trapped on nitrocellulose
filters. Filters were washed with 20 ml of translation buffer, air dried and trapped
isotope was estimated in scintillation counter. Free [33S]Met-tRNAMet passed through

nitracellulose filter was used as a blank. Each reaction was repeated 3-6 times.

Ribosome purification

Ribosomes from E. coli D]624Aara strains were isolated and analyzed by sucrose
gradient centrifugation as described52 with some madifications. Bacterial strains were
grown at 37°C in LB, induction of toxin and antitoxin was induced with 0.2 % arabinose
and 0.5 mM IPTG respectfully at 0D600nm = 0.2 and cultures were collected after 1 h of
induction. 0,5 mg/ml of chloramphenicol was added 3 min before harvesting to fix the
polysomes. Cells were resuspended in cold buffer 1 (20 mM HEPES-KOH pH 7.5, 4 mM (3-
mercaptoethanol, 6 mM MgCl;, 30 mM NH4Cl) and incubated on ice with 0.75 mg/ml
lysozyme. Cells were frozen at -80°C overnight, thawed and centrifuged at 32000g for 30
min at 4°C. 10 A260 units were layered on the sucrose gradient (10-50%) prepared in
buffer 2 (20 mM HEPES-KOH pH 7.5, 4 mM -mercaptoethanol, 10 mM MgCl;, 150 mM
NH4Cl) and centrifuged for 22h at 4°C at 24 000 rpm in SW41Ti rotor (Beckman).
Gradient fractions (250 pl) were collected manually from the top to the bottom using
glass capillary tube connected to a peristaltic pump at 4 rpm and UV absorbance was

monitored at 260 nm. Gradient fractions of interest were extracted with
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phenol:chloroform (1:1) mix and precipitated with ethanol. Resulting rRNA was

dissolved in water and analyzed on 1% agarose gel stained with ethidium bromide.
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