
 

Vrije Universiteit Brussel

Prokaryote toxin-antitoxin modules: complex regulation of an unclear function
De Bruyn, Pieter; Girardin, Yana; Loris, Remy

Published in:
Protein Sci

DOI:
10.1002/pro.4071

Publication date:
2021

License:
CC BY-NC-ND

Document Version:
Final published version

Link to publication

Citation for published version (APA):
De Bruyn, P., Girardin, Y., & Loris, R. (2021). Prokaryote toxin-antitoxin modules: complex regulation of an
unclear function. Protein Sci, 30(6), 1103-1113. https://doi.org/10.1002/pro.4071

Copyright
No part of this publication may be reproduced or transmitted in any form, without the prior written permission of the author(s) or other rights
holders to whom publication rights have been transferred, unless permitted by a license attached to the publication (a Creative Commons
license or other), or unless exceptions to copyright law apply.

Take down policy
If you believe that this document infringes your copyright or other rights, please contact openaccess@vub.be, with details of the nature of the
infringement. We will investigate the claim and if justified, we will take the appropriate steps.

Download date: 26. May. 2023

https://doi.org/10.1002/pro.4071
https://cris.vub.be/en/publications/prokaryote-toxinantitoxin-modules-complex-regulation-of-an-unclear-function(d21c0efc-2c6c-4262-8765-32ee50694b83).html
https://doi.org/10.1002/pro.4071


R E V I EW

Prokaryote toxin–antitoxin modules: Complex regulation of
an unclear function

Pieter De Bruyn | Yana Girardin | Remy Loris

VIB-VUB Center for Structural Biology,
Vrije Universiteit Brussel and Vlaams
Instituut voor Biotechnologie, Brussels,
Belgium

Correspondence
Remy Loris, VIB-VUB Center for
Structural Biology, Vrije Universiteit
Brussel, Pleinlaan 2, B-1050 Brussel,
Belgium.
Email: remy.loris@vub.be

Funding information
Fonds Wetenschappelijk Onderzoek,
Grant/Award Numbers: 1164620N,
G.0033.20N, G.0226.17N, FWOTM961;
Vrije Universiteit Brussel, Grant/Award
Number: SPR13

Abstract

Toxin–antitoxin (TA) modules are small operons in bacteria and archaea that

encode a metabolic inhibitor (toxin) and a matching regulatory protein (anti-

toxin). While their biochemical activities are often well defined, their biologi-

cal functions remain unclear. In Type II TA modules, the most common class,

both toxin and antitoxin are proteins, and the antitoxin inhibits the biochemi-

cal activity of the toxin via complex formation with the toxin. The different TA

modules vary significantly regarding structure and biochemical activity. Both

regulation of protein activity by the antitoxin and regulation of transcription

can be highly complex and sometimes show striking parallels between other-

wise unrelated TA modules. Interplay between the multiple levels of regula-

tion in the broader context of the cell as a whole is most likely required for

optimum fine-tuning of these systems. Thus, TA modules can go through great

lengths to prevent activation and to reverse accidental activation, in agreement

with recent in vivo data. These complex mechanisms seem at odds with the

lack of a clear biological function.
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bacterial stress response, conditional cooperativity, rejuvenation, toxin–antitoxin, transcription
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1 | INTRODUCTION

Toxin–antitoxin (TA) modules are small genetic elements
that are abundant on the chromosomes as well as on the
mobile genetic elements of bacteria and archaea. TA
modules have been classified into seven main types based
on the nature and mode of action of the antitoxin.1,2

Among these, Type II TA modules, where toxin and anti-
toxin are both proteins and where the antitoxin counter-
acts the toxin via direct interaction, are the most
widespread and will be the focus of this review. Most

often, the antitoxin gene precedes the toxin gene. The
antitoxin typically contains a toxin neutralizing domain
preceded by a DNA binding domain that regulates tran-
scription of the entire operon. This we will refer to as the
canonical organization. However, other genetic organiza-
tions involving three genes or where the order of the
genes are swapped also exist.3

TA systems were originally discovered as elements
that stabilize low copy number plasmids via a mecha-
nism of post-segregational killing,4 but it has been
argued that TA modules may equally stabilize non-
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essential parts of chromosomes such as cryptic pro-
phages.5 Another suggested function involves stress
response where they slow down or halt cell growth via
Lon-mediated activation of toxins, potentially leading
to persister cells. This mechanism was nevertheless
recently disproven.6 Still, a direct link was identified
between alarmone signaling and the recently discov-
ered ToxSAS-AntiToxSAS family of TA modules.7 A fur-
ther often proposed function is protection against
bacteriophages. This is supposed to involve altruistic
killing of the host cell,8 a mechanism that is nonethe-
less debated.9 Finally, TA modules might be essentially
selfish entities whose first function is self-preserva-
tion.10 The other biological effects could then just be
side effects of this selfish behavior, explaining the per-
ceived inconsistencies of their functions in the
literature.

Regardless of their potential function, the biochemi-
cal activities of toxins are diverse and always interfere
with basic cellular functions such as transcription, trans-
lation or cell wall synthesis, granting them a bactericidal
or bacteriostatic character. The corresponding antitoxins
are at least as diverse than the toxins and their folds and
mechanism of action can differ a lot. Even between mem-
bers of the same TA family, different DNA binding
domains and transcription regulation mechanisms can be
found (e.g., the DNA binding domains of VapB antitoxins
can have an AbrB fold, HTH, Phd/YefM fold, or even
RHH fold). In the last years, the function and regulation
of TA modules has been a point of focus for many
research groups. The regulation involves all possible
levels including transcription, translation, protein activ-
ity, and degradation. Here, we will focus on transcription
regulation and activation/deactivation of TA modules.

FIGURE 1 Direct inhibition of toxic activity by antitoxin binding. Toxins are shown in blue surface representation with the active site

colored red. For dimeric toxins, two shades of blue are used. Antitoxins are shown as green cartoon representations. (a) E. coli yoeB/yefM

(PDB entry 2A6Q). The toxin-neutralizing intrinsically disordered (IDP)-domain wraps around the toxin, thereby blocking its active site. No

conformational change in the toxin is induced. (b) E. coli relBE (PDB entry 4FXE). Binding by the IDP region of the antitoxin induces a

conformational change in the toxin: the C-terminal α-helix of RelE (light blue) becomes unfolded, which cripples the active site. (c) E. coli

hicAB (PDB entry 6HPB). The antitoxin HicB is a fully folded protein that upon binding HicA covers its sole known catalytic residue, His23

(red). (d) P. vulgaris higB (PDB entry 4MCX). A. The fully folded antitoxin HigA is an allosteric inhibitor of toxin HigB. It binds on the

opposite side of the catalytic site (red) and likely inhibits HigB by preventing it to dock on the ribosome. (e) F-plasmid ccdAB (PDB entry

3HPW). Toxin CcdB forms a dimer that is inhibited by a single copy of the IDP region of CcdA. The latter wraps around the waste of the

CcdB dimer close to the dimer interface. This interaction induces a 12� relative rotation of the CcdB monomers, which prevent CcdB to dock

onto the GyrA14 fragment of GyrA. The GyrA14 binding region on CcdB (red) is located on the opposite side of the CcdB dimer relative to

the binding groove for CcdA. (f) B. subtilis mazEF (PDB entry 4ME7). MazF and CcdB likely share a common ancestor and the MazF dimer

strongly resembles the CcdB dimer. A single copy of the IDP region of the MazE antitoxin from Bacillus subtilis binds in a way similar to the

binding of CcdA to CcdB. It prevents a crucial MazF loop (ref) to adopt a conformation that is competent for substrate binding and catalysis.

(g) H. influenzae vapXD (PDB entry 6ZN8). VapD forms a V-shaped dimer with its catalytic site located in a deep cleft near the dimer

interface. The antitoxin VapX inserts into this cleft, covering the active site and breaking the symmetry of the complex
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2 | REGULATION OF TOXIN
ACTIVITY BY THE ANTITOXIN

2.1 | Direct inhibition by the antitoxin

A hallmark feature of all Type II TA modules is that the
antitoxin neutralizes the toxin via direct interaction. The
affinity between toxin and antitoxin is typically in the
nM to pM range, but cases of even fM affinity are
known.11 Most typical is a toxin-neutralizing domain that
is intrinsically disordered (IDP) and folds upon binding
the toxin (Figure 1a,b). This IDP domain then wraps
around the toxin, covering a large surface including at
least part of the site for interaction with its target, a situa-
tion found for ccdAB,12 mazEF,13–15 phd/doc,16 vbhAT,17

parDE,18 ataTR,19–21 vapBC,22 relBE,23 yoeB/yefM,24 dinJ/
yafQ,25 and certain higBA modules.26 While this is an effi-
cient mechanism of inhibition, antitoxin binding often
also induces conformational changes in the toxin that
induce an inactive state. Examples are the expulsion of
an α-helix in Escherichia coli RelE that disrupts the active
site,23 or the sliding of a β-strand in Vibrio cholerae HigB2
that has a similar effect.26 Also in the MazF family, anti-
toxin binding results in the reorientation of a catalytic
loop. The latter change is even conserved in the structur-
ally very similar but functionally divergent CcdB
family.15

While the antitoxins of all of the earlier studied TA
modules indeed bind their toxin via folding upon bind-
ing, more recently it has become clear that there are also
several antitoxin families that are fully folded globular
proteins. Notable examples are mqsRA, hicAB, hipAB,
and two distinct classes of higBA modules. These typically
interact with the toxin by covering the active site
(Figure 1c).27–31 In the case of Proteus vulgaris higBA and
the closely related Pseudomonas putida graTA, the folded
antitoxin does not cover the active site, but still inhibits
its ribonuclease activity via an allosteric mechanism
(Figure 1d).32,33 Also HigB from E. coli and Shigella
flexneri are inhibited in a similar way, although the
corresponding antitoxin structurally diverges from those
in the P. vulgaris and P. putida systems.34–36

2.2 | Stoichiometry of toxin
neutralization

For monomeric toxins such as RelE, HigB, HicA, ParE,
Doc, or VbhT, each toxin is fully inhibited when it binds
one antitoxin monomer equivalent. For CcdB and MazF
on the other hand, which form stable dimers, only one
antitoxin equivalent needs to interact with a dimer to
achieve full inhibition (Figure 1e,f).12,14,15 In the case of

CcdB, CcdA prevents gyrase binding via allosteric action
combined with steric hindrance. In the case of MazF, the
IDP domain of MazE prevents substrate binding simulta-
neously in both catalytic sites of the MazF dimer.

VapD toxins form a conserved dimer with their cata-
lytic site located in a deep cleft near the dimer inter-
face.37,38 Haemophilus influenzae VapD is inhibited by
VapX via the formation of a pseudo-symmetric VapD2-
VapX heterotrimer (Figure 1g).38 In this arrangement,
the active sites of both VapD monomers interact with the
single VapX. The ataRT and related kacAT modules
equally require the formation of a dimer for activity.39,40

Here the antitoxin AtaR prevents dimer formation of
AtaT and a 1:1 binding stoichiometry is achieved.20,41

Some TA pairs form higher order structures. This has
been described multiple times for VapBC complexes,
which are frequently hetero-octamers (for a review see
Bendtsen and Brodersen, 2017).42 Higher order associa-
tion of toxin–antitoxin complexes outside the context of
transcription regulation has since then been reported for
hicAB, vapXD, and parDE.28,30,31,38,43 In the case of
hicAB, these higher order complexes differ between dif-
ferent species with heterotetramers, heterohexamers as
well as hetero-octamers being observed.28,30,31 It is tempt-
ing to speculate that such higher order structures carry
some functionality, for example, further harnessing the
activity of the toxin, as was recently suggested.28 Never-
theless, in the case of the E. coli PaaA2-ParE2 pair, dis-
ruption of the higher order assembly does not affect
antitoxin activity in vivo.43

2.3 | Chemical modification of the toxin

For some toxins, there is a further layer of post-
translational control: they can be controlled via auto-
inhibition or auto-activation. This was first discovered for
E. coli HipA that is inactivated via autophosphory
lation.44 In contrast, Pseudomonas fluorescens Fic-1 and
Neisseria meningitidis NmFic require auto-AMPylation as
an activation step. AMPylation of Fic-domain containing
toxins prevents binding of an α-helix in their active
site.45,46 Thus, self-modification will result in either a
reduced time window for activity or in lag time before
the toxin becomes active.

A second example of inactivation via post-
translational modification is the poly-adenylation found
in the mntA-hepT family.47,48 In this case, binding of anti-
toxin MntA is insufficient to fully inhibit HepT toxicity
and the antitoxin MntA additionally functions as an
adenylyltransferase. The toxic activity of the HepT RNase
is neutralized by MntA via modification of a tyrosine resi-
due close to the toxin's active site.
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2.4 | Rejuvenation mechanisms

Restoration of normal growth often just requires produc-
tion of fresh antitoxin and assumes that a basal amount
of protein synthesis still continues in cells where a TA
toxin is activated.49 In many cases, the freshly produced

antitoxin just needs to inhibit the corresponding toxin. In
other cases, the “restart” mechanism is more complex.
The ccdAB module presents such a case (Figure 2a).
When Gyrase is poisoned by CcdB, the end product is a
ternary Gyrase-DNA-CcdB complex that needs to be
resolved before DNA and RNA synthesis and chromo-
some segregation can occur. The antitoxin CcdA needs to
actively remove CcdB from the ternary CcdB-Gyrase-
DNA complex in a process called rejuvenation, and
which is dependent on the C-terminal end of the IDP
domain of CcdA.12

Sometimes, additional components need to be rec-
ruited. For example, RelE toxins stall ribosomes by
cleaving mRNA in a codon-dependent manner while it
is being translated. Neutralization of RelE by RelB anti-
toxin will prevent further ribosomes to be affected but
will not allow already stalled ribosomes to be rejuve-
nated. Therefore, tmRNA is required for rapid recovery
of translation and resuscitation of RelE-inhibited cells
(Figure 2b).50

A second TA module that requires an additional com-
ponent to restart growth is Salmonella enterica tacAT
(Figure 2c). TacT inhibits translation by acetylation of
the primary amine group on charged tRNA molecules.39

A reversal of toxic activity is instated by peptidyl-tRNA
hydrolase (Pth), which recycles the acetylated aa-tRNAs.
In this unusual Type II TA module, the neutralization
activity of the antitoxin TacA itself is also modulated by
the toxin via acetylation on a specific lysine residue. In
its non-acetylated from, TacA inhibits TacT. But TacT is
nevertheless capable of also acetylating TacA next to its
aa-tRNA substrate, the first toxin shown to do so. TacA
acetylation enhances TacT activity in vitro as well as
in vivo and is reversed by the activity of NAD+-
dependent CobB sirtuin deacetylase.51

FIGURE 2 Rejuvenation mechanisms of TA modules. Toxins

are colored blue and antitoxins are colored in green. Thinner lines

represent intrinsically disordered (IDP) domains and thicker shapes

represent folded regions. (a) ccdAB. Binding by CcdB (blue) poisons

gyrase. Gyrase is liberated by binding of the antitoxin CcdA (green),

the IDP domain of which folds upon binding to CcdB. (b) relBE.

RelE (blue) cleaves mRNA at the A-site of the ribosome. Binding by

the antitoxin RelB (green) removes the toxin from the ribosome

and renders it inactive, but the resulting ribosome remains stalled

due to the bound damaged mRNA. Protein synthesis can be

resumed by the action of tmRNA. (c) tacAT. Toxin TacT (blue)

acetylates amino acids on charged tRNAs. This prevents these

amino acids to be incorporated in the growing polypeptide chain

thus stalling the ribosome. The tRNAs are recycled via

deacetylation by Pth (cyan)
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3 | REGULATION OF
TRANSCRIPTION

3.1 | Lack of autoregulation and
regulation via external transcription
factors

Many antitoxins repress transcription of the TA operon
via their DNA-binding domain. Nevertheless, a number
of TA modules exist where the antitoxin does not contain
a DNA binding domain but solely consists of a toxin-
neutralizing segment and for which no mechanism for
transcription regulation is obvious (Figure 3a). Such
highly basic TA modules include relBE homologues from
the archaea Methanococcus jannaschii (MjRelBE) and
Pyrococcus horikoshii (PhRelBE).52,53 Here, in absence of
other factors encoded outside the TA operon that may
influence expression, regulation occurs only at the level
of translation and degradation.

For some such TA systems, an external regulator is
recruited (Figure 3b). For example, the antitoxin SaMazE
from the Staphylococcus aureus SamazEF module only
consists of a toxin-neutralizing IDP domain. The
SamazEF module can both be transcribed as part of the
sigB operon but also as a smaller transcript encoding only
SaMazE and SaMazF.54 Both are negatively regulated by
SigB and positively regulated by SarA, making it the only
known TA module entirely under control of transcription
factors that respond to stress.

Other TA modules are so-called three-component sys-
tems where in addition to a toxin-neutralizing antitoxin
without DNA binding function, the operon contains a third
gene that encodes a transcription regulator (Figure 3c). The
best-known examples hereof are the Streptococcus pyogenes
plasmid-encoded ω-ε-ζ zeta module55 and three-component
versions of parDE modules found on the chromosome of E.
coli O157:H7.56 Only the case of ω-ε-ζ has transcription reg-
ulation been studied in some detail. The ω protein was
shown to act as a simple repressor of the operon and its
activity is not influenced by ε or ζ.57 The situation for the
PaaR2 regulator is not studied in detail but may be more
complex as the paaA2 and parE2 genes are inserted within
the immunity region of a cryptic λ-like prophage.

3.2 | Antitoxin as the sole repressor

In the majority of cases, the antitoxin contains a separate
DNA-binding domain next to its toxin neutralizing
domain. The antitoxin then is involved in autoregulation
of transcription of the operon. In a few cases the anti-
toxin is the only factor that influences transcription of
the operon (Figure 3d). One such example is the E. coli

higBA module, where operator binding by HigA does not
seem to be influenced by the presence of HigB, as both
HigA and the HigBA complex bind the operator with a
similar nanomolar affinity.58 This may be somewhat sur-
prising given that HigB binding induces a large confor-
mational change to HigA.

A more intricate situation is observed for the E. coli
dinJ-yafQ module.25 Equally to E. coli HigBA, antitoxin
DinJ represses the operon and this activity is not affected
by YafQ. However, the module is also controlled exter-
nally by LexA, a transcription repressor that is activated
through the SOS response system.

3.3 | Toxin is required as a co-repressor

In some cases, the affinity of the antitoxin alone is insuf-
ficient to form a stable complex with the operator, and
the toxin acts as a co-repressor (Figure 3e). This is
a.o. observed for the vapBC modules. For both Neisseria
gonorrhoeae fitAB and Salmonella enterica vapBC it was
found that the toxin increases the affinity of the antitoxin
for its operator59,60 as is also observed in the first step of
conditional cooperativity (see below). Some other other-
wise unrelated TA modules may be regulated in the same
way, for example, prlF-yhaV.61

3.4 | Toxin diminishes DNA binding
activity of antitoxin

Most antitoxins exhibit a combination of toxin neutraliza-
tion and DNA repression activity, which typically results
in the toxin influencing the DNA binding potential of the
antitoxin. In its simplest case, the toxin reduces the affin-
ity of the antitoxin for its operator (Figure 3f). This situa-
tion is typically observed for a number of TA modules
where the antitoxin is a fully folded protein. Well-studied
examples are E. coli mqsRA, P. putida graTA, and E. coli
hicAB.31,33,62

The MqsA antitoxin contains two folded domains:
a HTH-XRE domain for operator binding and a
Zn2+-stabilized domain that neutralizes MqsR.27 As the
binding sites partially overlap, binding of DNA and MqsR
to MqsA is mutually exclusive, resulting in de-repression
of the operon when MqsR titrates out MqsA.62

Transcriptional repression of the graTA operon
occurs via cooperative binding of two GraA antitoxin
dimers at opposite sides of the operator DNA.33 Binding
of GraT to GraA abolishes DNA binding. Most likely, a
short 22 amino acid N-terminal IDP stretch of GraT acts
as an entropic barrier that impedes the formation of a
GraTA-DNA complex. The toxin from the closely related
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higBA module from P. vulgaris plasmid Rts1 does not
contain such an N-terminal IDP region32 and the HigBA
complex binds only two-fold weaker to the operator than
HigA,63 indicating that even closely related TA modules
can differ significantly in their regulation.

Also for the Burkholderia pseudomallei hicAB module
such a mechanism seems to be in place.31 HicA-HicB com-
plexes with 1:2 stoichiometries show strong operator bind-
ing that is not significantly different from what is observed
for the antitoxin on its own. However, at a 1:1 ratio, this

affinity drops 200-fold. For Streptococcus pneumoniae hicAB
as well, the complex with 1:2 stoichiometry binds with simi-
lar affinity as the antitoxin on its own.29 Unfortunately, no
data are available here for a complex of 1:1 stoichiometry.

3.5 | Conditional cooperativity

For antitoxins that neutralize their corresponding toxin
via folding upon binding of an IDP region, the

FIGURE 3 Overview of the simpler mechanisms of transcription regulation of TA modules. Toxins are colored blue and antitoxins

green. Thin lines are used to indicate intrinsically disordered (IDP) regions and solid shapes represent folded domains. Activation of

transcription is indicated by an arrow and repression by a vertical line at the promoter/operator site. (a) A TA module without (auto)

regulation. The antitoxin is IDP and lacks a DNA binding domain. Toxin and antitoxin are translated at constant rates, with the gene order

ensuring excess production of antitoxin. Such a situation is encountered for relBE modules in some Archaea. (b) The antitoxin again lacks a

DNA binding domain and transcription regulation is performed by an external repressor (red). (c) In three-component TA modules, the

antitoxin lacks a DNA binding domain as well, but transcription regulation is performed by a repressing regulator (beige) of which the gene

is located directly upstream of the antitoxin gene. (d) The antitoxin gene possesses a DNA binding domain and acts as a transcriptional

repressor of the TA operon without aid of te toxin. (e) The antitoxin has a DNA binding domain but requires bound toxin to repress

transcription. (f) The antitoxin acts as a repressor of transcription. Binding by the toxin prevents operator binding, thus alleviating

repression and inducing transcription
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autoregulation tends to be more complex. The antitoxin
is often not an effective repressor because of its low affin-
ity for the DNA. This weak affinity can be owing to an
inefficient DNA binding motif of the antitoxin such as in
F-plasmid CcdA,64 or due to an entropic exclusion effect
of its IDP C-terminus as seen in Phd from bacteriophage
P1.65 In presence of the toxin, effective repression is
observed but is dependent on the molar ratio between
toxin and antitoxin. Typically, at a toxin: antitoxin ratio
around 1:1, DNA binding is most tight. At larger ratios
de-repression is observed. This mechanism has been ter-
med “conditional cooperativity.”66 In each case, the
switch is caused by the formation of a toxin–antitoxin
complex of different stoichiometry than the one that
binds to the operator. This complex fails to bind at adja-
cent operator sites due to steric exclusion.

Conditional cooperativity involves two or more
evenly spaced operator sites. The antitoxin dimers are
bridged by toxins, leading to an increased affinity due to
avidity. This is the case for F-plasmid ccdAB (Figure 4a)

and bacteriophage P1 phd/doc (Figure 4b).12,16,64 The
toxin dimer or monomer has two antitoxin binding sites
that differ several orders of magnitude in affinity. Excess
toxin then allows derepression by switching from the low
to the high affinity interaction. In this situation, an addi-
tional toxin is added that disrupts the alternating
antitoxin–toxin–antitoxin chain. This prevents binding of
the resulting toxin–antitoxin complex to adjacent opera-
tor sites.16,64 In the case of phd/doc, an additional mecha-
nism of entropic exclusion prevents high affinity binding
of isolated Phd in absence of Doc.65 In the case of ccdAB,
the affinity of the antitoxin for its operator is inherently
very weak in absence of toxin.64

Alternatively, antitoxins bind cooperatively on adja-
cent sites, with the toxin blocking the sides of the opera-
tor complex (Figure 4c). The bound toxin may even
increase the affinity of the toxin for its operator some-
what by stabilizing its folded, DNA-binding competent
state. Such a situation is observed for E. coli RelBE that
binds to its operator as a 2:1 complex.67 Titration of

FIGURE 4 Conditional cooperativity-based transcription regulation of TA modules. Color coding and symbols are as in Figure 3.

(a) ccdAB. The affinity of the antitoxin for its operator is low and does not lead to repression. At T:A ratios around 1, binding is increased

because of an avidity effect and transcription is repressed. At higher ratios, a low to high affinity switch occurs which relieves repression due

to steric hindrance. (b) phd/doc. Entropic exclusion prevents simultaneous binding of two Phd dimers to the operator. The presence of a

bridging Doc toxin increases allows simultaneous binding of two Phd dimers and transcription is repressed. Titration of additional toxin

results in TA complexes of different stoichiometry. This introduces steric hindrance and abolishes DNA binding thus activating

transcription. (c) relBE. Conditional cooperativity is not mediated by a low to high affinity switch. Two RelB dimers bind cooperatively to

adjacent sites and this complex is further stabilized by two RelE monomers that flank the RelB dimer of dimers. Titration of additional RelE

results in steric hindrance that abolishes DNA binding and activates transcription. (d) ataRT. AtaR has a weak affinity for its operator DNA.

The binding between the AtaT toxin and the AtaR antitoxin positions the DNA-binding domain of AtaR in a favorable orientation that binds

the operator with high affinity. Activation of transcription is achieved by higher toxin to antitoxin ratios, resulting in a TA complex with

lower affinity for the operator DNA
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additional RelE toxin breaks the contacts between the
adjacent RelB dimers and sterically prevents two RelB
dimers to bind simultaneously to the operator. More
recently, the E. coli yoeB/yefm module was shown to fol-
low exactly the same mechanism.68 YoeB is a RNase
toxin that belongs to the RelE superfamily, but the
corresponding antitoxin YefM has a structure similar
to Phd.

Related but somewhat more complex behavior is seen
for the recently discovered GNAT-toxin–antitoxin mod-
ules such as E. coli ataRT and Klebsiella pneumoniae
kacAT (Figure 4d). Like for E. coli relBE, the repressing
TA complex consists of two contacting antitoxin dimers
flanked on each side by a toxin monomer.19–21 The AtaR-
AtaT complex is kinetically stable and binds the operator
with high affinity, resulting in repression of the ataRT
operon. This requires that the repressing AtaR-AtaT com-
plex is formed in vivo before AtaT has a chance to form
homodimers, which is its active state. Further titration of
the repressing AtaR-AtaT complex with AtaT leads to dis-
sociation from the operator and the formation of different
complex that harbours a catalytically competent AtaT
dimer that nevertheless remains inhibited by AtaR.19

3.6 | Double promoter mechanisms for
TA modules with inverse gene order

In its most typical incarnation, TA modules encode the
antitoxin upstream of the toxin. As a consequence of
translation of the corresponding bicistronic transcript, an
excess of antitoxin is produced, which is essential to con-
trol the activity of the toxin. For TA modules with an
inverse gene order, where one would expect that more
toxin than antitoxin is produced, this poses a problem as
how the cell can cope with this.

For E. coli hicAB, a mechanism is discovered that
allows production of excess of antitoxin. E. coli hicAB is
transcribed from two promotors (Figure 5).69 The
upstream promoter allows for expression of both toxin
and antitoxin genes. It contains a CRP-S motif and is acti-
vated by Sxy. The downstream promoter on the other
hand produces an mRNA that only allows for expression
of the antitoxin HicB. This promotor is repressed by
HicB, and this repression is relieved upon excess of HicA.
This mechanism allows for the specific production of
antitoxin when the toxin to antitoxin ratio becomes too
high and thus prevents activation of the system under
normal growth conditions.

More recently, an identical regulation mechanism
was proposed for H. influenzae toxTA based on RNA-seq
experiments,70 indicating that this or similar mechanisms
might be common in TA modules with inverse gene
order. Also for mqsRA, two additional promoters were
identified that are located in the toxin sequence and drive
the constitutive expression of the antitoxin MqsA.71

Again, this allows for excess production of the MqsA
antitoxin compared to the MqsR toxin. Taken together,
these data suggest a common mechanism of regulation
for TA modules with an inverse gene regulation.

4 | PROTEOLYTIC DEGRADATION
OF ANTITOXINS

Already 25 years ago, it was established that Lon-
dependent degradation of F-plasmid CcdA accounts for
the shorter lifetime of CcdA relative to CcdB, a key given
to explain post-segregational killing.72 This, together with
the identification of antitoxins from various other TA
families as Lon (and sometimes ClpXP) substrates, led to
the widespread notion that during episodes of stress TA

FIGURE 5 Transcription regulation of the E. coli hicAB module. The inverse genetic organization of this module requires a dual mode

of regulation via two promoter/operator sites. (a) An upstream promoter is activated by Sxy (red) and induces transcription of both toxin and

antitoxin. (b) A secondary promoter is recognized by the antitoxin HicB, which acts as a repressor of the hicAB operon. Binding of the toxin

HicA to HicB abolishes DNA binding and activates transcription from this secondary promoter. The resulting transcript solely allows the

production of HicB antitoxin
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toxins are activated by Lon-dependent proteolysis of
antitoxins.

Recently, this notion has been challenged.6 It was
shown that stress-induced transcription of TA operons
indeed follows from antitoxin degradation, showing the
relevance of the mechanisms for transcription regulation
discussed above. But at the same time, it does not lead to
activation of the toxins. These findings are supported by
earlier observations that the interaction between toxin
and antitoxin is often very tight, making it difficult for a
protease such as Lon to differentially degrade the toxin-
bound segment of the antitoxin. This is best illustrated
in vivo as well as in vitro for the S. pneumoniae pezAT
module where the TA complex is unusually stable.11
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