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Abstract
Toxin-antitoxin (TA) systems are unique modules that effect plasmid stabilization via post-
segregational killing of the bacterial host. The genes encoding TA systems also exist on bacterial
chromosomes, where they are speculated to be involved in a variety of cellular processes. Interest
in TA systems has increased dramatically over the past five years as the ubiquitous nature of TA
genes on bacterial genomes has been revealed. The exploitation of TA systems as an antibacterial
strategy via artificial activation of the toxin has been proposed and has considerable potential;
however, efforts in this area remain in the early stages, and several major questions remain. This
review will investigate the tractability of targeting TA systems to kill bacteria, including
fundamental requirements for success, recent advances, and challenges associated with artificial
toxin activation.
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Toxin-Antitoxin systems and the induction of bacterial cell death
Type II toxin-antitoxin (TA) systems consist of an antitoxin protein that binds to and
inactivates a toxin protein. In relative terms, the toxin is considerably more stable (longer
cellular half-life) than the antitoxin, as the less ordered structure of the antitoxin makes it
more susceptible to proteolytic degradation. The TA functionality capitalizes on this
differential stability between the two proteins (Figure 1). TA systems were discovered in
1983 to confer plasmid stabilization via toxin-induced post-segregational killing (PSK)
[1-3]. If the plasmid encoding the TA system is not inherited by a daughter cell, the
antitoxin is degraded by cellular proteases and not replenished, liberating the latent toxin to
kill the cell and thereby diminishing the population of plasmid-free cells [4]. Many such
“addiction” modules stabilize plasmids that carry drug-resistance determinants in important
pathogens, notably the axe-txe and ε-ζ TA systems (Box 1) commonly found on vanA
plasmids in vancomycin-resistant enterococci (VRE) [5,6].

Although the role of plasmid-encoded TA systems is clear, there is no such consensus for
chromosomal TA genes, and in fact there are at least ten proposed biological roles for such
systems [7-9]. Once regarded as superfluous genetic material with ambiguous benefit to the
bacterial cell [10], chromosomal TA systems have recently been proposed to be involved in
numerous cellular pathways including starvation-induced cell stasis [11,12], stress response
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[13,14], genetic stabilization [15,16], programmed cell death [17,18], biofilm formation
[19,20], quorum sensing [9], antiphage protection [21,22], virulence [23], persistence
[24,25], and gene regulation [26].

There are many excellent reviews covering the physiological functions of TA systems
[7,8,27-30], their role in stress response [31,32], their mechanism of action [33], their
structures [34,35], their involvement in multicellular bacterial behavior [36], their induction
by antibiotics [37], their applications in biotechnology [38,39], or some combination thereof
[40-43]; these aspects of TA systems will not be discussed here. This review will focus on
recent experiments aimed at exploitation of TA systems as an antibacterial strategy and
challenges therein.

Exploiting TA systems to kill bacteria: an overview
TA genes have no human homologs and appear to be present in the most important bacterial
pathogens (as described below); thus, the corresponding protein products could serve as
ideal targets for novel antibacterial drugs via one of the mechanisms depicted in Figure 2. In
the most straightforward approach, a drug would directly target the TA system proteins and
relieve antitoxin inhibition of the toxin. This could be achieved by disruption of the TA
complex or prevention of complex formation, as shown in Figure 2. Complete disruption
may be required for activation of a toxin such as the ribosome-dependent ribonuclease RelE,
as the RelB-RelE complex is likely too large to access the ribosomal A-site [44]. In contrast,
activation of a toxin such as MazF, which cleaves free mRNA, may not require full
disruption of the complex and instead may be achieved by vacating MazE from the MazF
active site or by allosteric activation of MazF in complex with MazE.

Another mode-of-action that can be envisioned is expedited proteolytic degradation of the
antitoxin (Figure 2). A molecule that binds promoter DNA and inhibits transcription at the
TA locus would prevent replenishment of the antitoxin; there is considerable precedent for
such sequence-specific DNA binders [45]. Degradation of the existing antitoxin by Lon or
Clp proteases would release the toxin, allowing it to kill the cell. It has also been suggested
that toxin activation in response to cellular stress requires increased expression or activity of
Lon or Clp, responsible for degrading the antitoxins [11]. Thus, activation of Lon or Clp
could serve as an indirect mechanism for toxin activation within the cell, and there is recent
precedent for the identification of such compounds in other systems [46,47]. Although this
strategy may be generally toxic to the cell, there is evidence that Lon overproduction
specifically activated the toxin YoeB from its complex with the YefM antitoxin, resulting in
mRNA cleavage and cell lethality [48].

Although the direct and indirect strategies are mechanistically distinct, both artificially
activate the toxin from the inert TA complex to kill the bacterial cell. There are two main
requirements for successful application of this strategy. The first is an understanding of
which TA pairs would serve as ideal targets of an artificial activator. Once specific TA
target systems have been identified, molecules must be found that activate the toxin and lead
to toxin-mediated cell death.

Which TA systems should be targeted?
Recent genome sequencing and bioinformatic studies have revealed a plethora of TA
systems across bacterial species. In 2005, Pandey and Gerdes performed an exhaustive
search of 126 sequenced prokaryotic genomes and reported that genes predicted to encode
TA systems are highly abundant in free-living bacteria but are absent from the genomes of
host-associated bacteria [49]. Shao and co-workers expanded on existing datasets to identify
10,753 putative TA pairs in 1240 sequenced genomes representing 962 bacterial and
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archaeal strains [50]. More recently, Leplae and co-workers revealed 7034 toxins and 10,829
antitoxins in a search for Type II TA systems in 2181 prokaryotic genomes [51,52]. From
this work novel toxins and antitoxins were discovered, some of which were experimentally
validated using a host killing and rescue assay in E. coli [51]. In addition to discovering a
multitude of TA systems and advancing our understanding of the evolutionary relationships
between them, these bioinformatics studies serve as a starting point for more detailed
analyses of TA systems within their respective hosts.

Genes for TA systems have been identified in nearly all bacterial pathogens, contributing to
their attractiveness as potential antibacterial targets, but which ones will make the best
targets? Since many TA systems exist on plasmids or are closely linked with mobile genetic
elements, their presence within a given bacterial species is likely to be heterogeneous. Thus,
studying TA systems within actual clinical isolates is a necessary and complementary
approach to bioinformatics studies. The crucial steps in investigating the tractability of TA
systems as antibacterial targets are to determine (i) if TA systems are present in drug-
resistant bacterial pathogens, (ii) which TA system are most prevalent, and (iii) whether the
TA systems are functional.

In 2007, an examination of TA genes within total genomic DNA from clinical isolates of
VRE was reported. Using a PCR-based screen with gene-specific primers for individual TA
systems, certain TA genes were found to be widespread across the collection of 75 VRE
isolates, namely mazEF (100%), axe-txe (75%), relBE (47%), and ω-ε-ζ (44%) [5]. Many of
these TA systems were present on plasmids carrying the vanA gene cassette. Reverse
transcription PCR (RT-PCR) analysis showed that the ubiquitous TA system, mazEF, was
transcribed in VRE. Furthermore, the mazEF genes, cloned with their native promoter from
a VRE isolate, stabilized the unstable enterococcal plasmid pAM401, demonstrating the
functionality of this TA system [5]. This epidemiological survey was the first to define
which TA systems are most prevalent in clinical isolates of pathogenic bacteria, suggesting
these as a viable target for exploitation. Further examination of six axe-txe-positive VRE
strains from this study revealed that axe-txe was transcribed in all cases, and physical
linkage to the VanA resistance determinant was confirmed by DNA sequencing [53].
Another survey of plasmid DNA isolated from a collection of 93 geographically and
epidemiologically diverse Enterococcus faecium strains revealed that 42 (45%) and 18
(19%) harbor genes for axe-txe and ω-ε-ζ, respectively [6]. A smaller study of VRE strains
carrying VanB-type vancomycin resistance genes, each from different pulse-field gel
electrophoresis (PFGE) types, showed that axe-txe was physically linked to the plasmid
encoding vanB in eight of nine strains [54].

An additional study investigated the prevalence of TA systems in methicillin-resistant
Staphylococcus aureus (MRSA) and P. aeruginosa. This survey demonstrated the ubiquity
of mazEFSa in 78 MRSA clinical isolates, and higBAPa and relBEPa in 42 P. aeruginosa
clinical isolates [55]. It was also shown that these TA systems are transcribed by their
respective hosts, suggesting that they are functional units. Importantly, the PCR-based
screen revealed that the parDEPa TA system was present in only 30% of the clinical
isolates. Inspection of the three sequenced genomes of P. aeruginosa clinical isolates shows
that parDEpa is present in PAO1 and PA7, but not PA14. Furthermore, genotyping of P.
aeruginosa isolates using multi-locus variable number tandem repeat analysis (MLVA)
revealed that the presence of parDEpa did not correlate with genome relatedness. Thus, the
inconsistent presence of parDEPa suggests that activation of ParDEPa would not be a good
candidate for a TA-based therapeutic strategy versus P. aeruginosa. A similar study
revealed the conservation of relBE2Spn in 70 clinical isolates and 30 sequenced strains of
Streptococcus pneumoniae [56].
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A combination of factors will determine whether a given TA system is a good antibacterial
target. Prevalence and functionality within clinical isolates are absolutely required. The
aforementioned epidemiological studies showed that the genes for TA systems were present
and transcribed; however, Western blot analysis using antibodies raised to the specific TA
systems would lend further support for these protein targets. Additional points to consider
revolve around the activity of the toxin itself. The toxin mode of action could influence both
the toxicity of the toxin and the propensity for resistance to toxin-activating molecules to
arise, leading to reduced efficacy of the strategy. For example, resistance to the toxin CcdB
is conferred by a single point mutation within its target, DNA gyrase [57], suggesting
limitations with CcdB activation strategy. However, it is more difficult to envision how
resistance would arise to a toxin like MazF, which cleaves single-stranded mRNA [58].
Mutational inactivation of the toxin could occur, but presumably the cell would incur a
fitness cost associated with such a mutation. While more data must be collected, based on
prevalence, functionality, and mode-of-action, MazEF, RelBE, and HigBA appear to be
reasonable targets for artificial toxin activation that could lead to bacterial cell death [5,55].

Efforts towards discovering toxin activators
Extracellular death factor

E. coli mazEF is one of the best characterized TA systems and has been implicated in cell
stress responses and programmed cell death. A variety of stressors cause MazF-induced cell
death, including short-term exposure to antibiotics that target transcription or translation
[17], DNA damage due to thymine starvation [59], overproduction of ppGpp [60], and
exposure to DNA damaging agents such as mitomycin C or nalidixic acid [13].

The Engelberg-Kulka group has published a series of papers in which they claim to have
identified an endogenous peptidic activator of the MazF [9,61-63]. If confirmed, this would
be a significant discovery and would lend considerable support to the notion that TA
systems are exploitable antibacterial targets. However, as described below, this work is
controversial and awaits independent validation. These studies began with the observation
that the ability of mazEF to mediate cell death in response to stress was dependent on
population size. Brief treatment of cells with rifampicin triggered mazEF-mediated cell
death at densities of 3 × 108 or 3×107 cells/mL, but not when the same culture was diluted to
3 × 105 or 3 × 104 cells/mL [9]. Furthermore, transfer of supernatant from a dense culture to
a dilute culture followed by a short treatment with rifampicin, chloramphenicol, or
trimethoprim resulted in mazEF-dependent cell death. These results suggest that mazEF-
dependent cell death requires an “extracellular death factor” (EDF). Subsequent isolation
experiments identified EDF as a linear pentapeptide quorum-sensing molecule with the
sequence NNWNN. Synthetic NNWNN also induced mazEF-mediated cell death in
response to antibiotic stress [9].

The effect of EDF on MazF activity in vitro was assessed using a continuous fluorometric
assay for MazF, and in this experiment EDF significantly enhanced the endoribonucleotlytic
activity of MazF in both a concentration- and sequence-dependent manner [62]. The
derivatives NNGNN and NWN gave no enhancement of MazF activity, whereas other
residue substitutions, additions, and deletions were well-tolerated. Furthermore, when
increasing concentrations of EDF were mixed with MazE and then added to MazF and
fluorogenic substrate, the ability of MazE to inhibit MazF activity was diminished,
indicating that EDF prevented the inhibition of MazF by MazE in vitro. A structural model
suggests that EDF directly competes with the MazE71-75 sequence IDWGE by placing the
EDF Trp3 in the hydrophobic MazF pocket that is typically occupied by MazE Trp73.
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Given the experimental results, the authors proposed that the endoribonuclease MazF serves
as a cytoplasmic sensor of EDF [9,61,62] and that EDF is required for mazEF-dependent
cell death. A possible model for this phenomenon is shown in Figure 3. It is important to
note that several laboratories have tried to replicate critical elements of the EDF
experiments, but have been unsuccessful [8,29,52]. As such, it is too early to classify EDF
as a bona fide TA system activator; a rigorous validation of the NNWNN peptide in various
bacterial strains by multiple research groups will be required for the EDF phenomena to be
widely accepted.

Inhibitors of the PemI-PemK/MoxX-MoxT interaction
PemK, of the B. anthracis PemIK TA module, cleaves single-stranded RNAs and is
inhibited by the binding of antitoxin PemI [64]. Analysis of PemI deletion variants indicated
that the C-terminus is required to bind to PemK. Based on this information, six hepta- and
octa-peptides, representing fragments of the antitoxin located in a predicted helical region
within the TA binding interface, were analyzed for their ability to inhibit the PemI-PemK
interaction [64]. ELISA results revealed that each designed peptide was capable of
preventing the PemI-PemK interaction to a certain extent, whereas nonspecific 15- and 9-
residue peptides based on the N-terminus of PemI did not affect the PemI-PemK interaction
[64].

The authors then examined the effect of the peptides on PemK ribonuclease activity using a
fluorogenic chimeric DNA-RNA substrate or a fluorogenic rC substrate [64]. The two
peptides that prevented the PemI-PemK interaction to the greatest extent, LLFQHLTE (35%
prevention) and RRGYIEMG (30% prevention), inhibited the PemK ribonuclease activity in
vitro, while the remaining four peptides did not inhibit PemK ribonuclease activity. This
result is not surprising, as one might expect a peptide fragment of the antitoxin to reduce the
activity of the toxin. Recently, this B. anthracis TA system was re-named MoxXT [65]. A
rationally designed octapeptide, SKIGAWAS, which has potential to form an α-helix and is
predicted to occupy the binding interface between MoxX and MoxT, was shown to prevent
the MoxXT complex formation in vitro by 42%. However, this peptide also partially
inhibited the ribonuclease activity of MoxT [65]. These experiments are encouraging in that
they demonstrate that TA interactions can be prevented by peptides; the next step is to
design and identify peptides that prevent the protein-protein interaction without inhibiting
the toxin enzymatic activity.

Disruptors of ε-ζ
A recent publication disclosed the results from a screen of peptides for disruption of the
Streptococcus pyogenes plasmid-derived TA system called ε-ζ [66]. This screen utilized
Luc-ε and ζ-GFP fusion proteins in a bioluminescence resonance energy transfer (BRET)
assay. An extensive collection of various peptide libraries, including over 4.95 × 107 6-
residue peptides, 2.74 × 104 14-residue β-sheet peptides, and 2.74 × 104 17-residue α-helix
peptides were evaluated for their ability to disrupt the interaction between Luc-ε and
ζK46A-GFP in a cell-free extract. Peptides were tested at both 0.6 μM and 7 μM. Hits were
selected based on their ability to decrease the BRET signal relative to untreated controls. No
hits were observed at either concentration with the 6- and 14-residue peptide libraries;
however, two wells containing members of the 17-residue library decreased the BRET
signal [66]. These peptide mixtures were not tested for their ability to activate or inhibit the
ζ toxin. When the number of peptides from the sub-libraries that contained the positives
tested was reduced, the decrease in BRET signal was lost [66]. Thus, the disruption of the
Luc-ε–ζK46A-GFP complex was possibly due to more than one peptide with weak activity.
While this could mean that the ε-ζ interaction can be disrupted, more investigation is
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required to confirm this finding and to determine whether the peptide(s) binds to the
antitoxin or to the toxin and if toxin activity is affected in the process.

Challenges for the discovery of toxin activators
Artificial activation of TA systems is a potentially powerful antibacterial strategy. However,
the three examples discussed above are the state-of-the art for TA activation with a drug-like
compound, thus as of yet there is no molecule convincingly capable of modulating the TA
interaction. Such compounds are needed to fully explore the potential of TA disruption and
toxin activation as an antibacterial strategy. We have identified five key questions regarding
the discovery of an artificial toxin activator.

First, will the strength of the TA interaction preclude disruption with a peptide or small
molecule? Most toxin-antitoxin pairs have strong affinities, mediated by extensive
electrostatic and hydrophobic interactions [67], resulting in KD values on the order of 1 nM
[68,69]. In most cases, the antitoxin wraps around the toxin to form the inactive complex. In
contrast, interactions between other protein-protein pairs that have been successfully
inhibited are characterized by long, shallow pockets that are accessible to small molecules
[70,71]. Perhaps not surprisingly, in all the three examples presented above, peptides were
evaluated as toxin-antitoxin disruptors; a small molecule TA modulator has yet to be
discovered.

Confounding this issue is the relatively limited information on the specifics governing the
TA interaction. Crystal structures have been solved for some TA systems including S.
pyogenes ε2-ζ2 [72], and E. coli MazEF [67], and there is a solution structure of E. coli
RelBE [73]. However, although there is considerable homology between toxins of the same
family and even of different families, the sequence and secondary structure of antitoxins are
much more divergent; thus, more structural data is needed. Additionally, minimal data is
available regarding the amino acid residues that define the ‘hotspots’ between toxin and
antitoxin. Defining these hotspots and minimal TA binding regions through mutational
analysis will facilitate the design of molecules specifically targeting these interactions

Second, can the limitations in current assays for toxin activity be overcome? The process of
searching for toxin activators is hindered by significant limitations in current in vitro
enzymatic assays for toxin activity. Efficient screening of potential activators requires a
robust assay, such as the continuous fluorometric assay developed to monitor MazF
ribonuclease activity [74]. This assay, utilized in two separate examples in this review,
allows for high-throughput analysis of molecules that modulate the enzymatic activity of
toxins that cleave free mRNA, such as MazF and PemK. In contrast, toxins such as the
ribosome-dependent ribonuclease RelE must be evaluated by reconstituting actively
translating ribosomes, which requires a fairly complicated in vitro assay not easily amenable
to high-throughput screening. The development of high-throughput methods of assessing
ribosome-dependent ribonuclease activity would facilitate the discovery of activators of
RelE and HigB.

Additionally, in vitro assays lack key components that exist within the cell, namely the
proteases that naturally relieve antitoxin inhibition of the toxin. Thus, current in vitro assays
are unable to discover compounds that work through an indirect mechanism. For example, a
molecule could increase the proteolytic susceptibility of the antitoxin or modulate TA
expression. Discovery of a molecule that acts by one of these mechanisms would best be
achieved using cell-based assays.

Third, should the toxin or the antitoxin serve as the target? The examples presented in this
review do not give a unified answer. On one hand, EDF (suggested to bind MazF by
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mimicking a region of the MazE antitoxin) is claimed to both enhance MazF activity and
prevent MazE inhibition by directly binding to MazF [62]. On the other hand, peptide
fragments of the antitoxin MoxX bind to and inhibit the ribonuclease activity of the toxin
MoxT [64,65]. Different antitoxin fragments can have varying effects on the toxin;
obviously, if binders to the toxin are developed, they should activate, rather than inhibit. A
compound that binds the antitoxin and modulates its interaction with the toxin is most
desirable; however, the intrinsically disordered structure of the antitoxin makes it a
challenging target for in vitro screens. Nevertheless, a promising new class of molecules that
specifically target intrinsically disordered peptides is being developed [75].

On a related note, is full TA disruption is necessary, or is activation of the toxin sufficient
for an antibacterial effect? EDF is purported to prevent TA complex formation, but was not
shown to activate MazF from the pre-formed MazE-MazF complex [62]. Similarly, the
peptide fragments of MoxX prevented complex formation between MoxX and MoxT but
were not shown to disrupt the interaction between MoxX and MoxT in a pre-formed
complex [64,65]. Is this significant in the cell where the antitoxin is subject to metabolic
turnover?

Fourth, will a toxin-activating compound kill bacteria as a single-entity agent? Toxin-
mediated cell death is typically studied in response to some outside stimulus, such as amino
acid starvation or treatment with an antibiotic. Despite the ability of EDF to enhance MazF
activity in vitro, it is unable to induce MazF-dependent cell death on its own, and requires
prior activation of the mazEF module via an antibiotic such as rifampicin or
chloramphenicol [9,61].

Finally, how does the location of the TA genes (plasmid or chromosomal) influence the TA-
targeting strategy? It seems clear that artificial activation of TA proteins encoded on
plasmids would kill the cell in a manner analogous to antitoxin degradation, toxin activation,
and cell death in post-segregational killing though TA plasmid stabilization mechanisms.
When the TA genes are chromosomally-encoded, however, the copy number of resulting TA
proteins may not be high enough to induce death after toxin activation. Furthermore,
chromosomal TA systems have been implicated in the formation of persister cells (Box 2),
which some believe may contribute to chronic infection. There is concern that artificial
activation of chromosomally-encoded toxins could potentially induce persister cell
formation, an obviously undesirable effect.

Concluding remarks
TA systems present exciting opportunities for the development of novel antibacterial agents.
The first requirement, demonstration of the ubiquity and functionality of TA systems in
clinical isolates, has been satisfied for key pathogens, including VRE, MRSA and P.
aeruginosa and S. pneumoniae. Additional epidemiological surveys and biochemical
analyses of toxins will add to the catalog of potential TA systems to target. Although
potentially significant, the Extracellular Death Factor story needs further clarification and
independent validation. Preliminary work on the disruption of the ε-ζ complex and
prevention of the MoxXT complex suggests that peptides can indeed be used to modulate
the TA system interaction. Development of a toxin activator and extension of the TA
activation strategy to in vivo studies are required to fully assess the potential of this strategy.
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Box 1

Classification of TA systems

There are three known classes of TA systems; however this review focuses exclusively
on the Type II proteic modules. The 10 toxin families within the Type II proteic systems
are listed in Table I, organized by cellular target and toxin mode of action (adapted from
and reviewed in [8,29,40]).

Box 2

Persister cell induction as a caveat for TA-targeting antibacterials

Persister cells are defined as a small fraction of a bacterial population that tolerate
antibiotics not by mutation or acquisition of resistance determinants but by entering a
state of dormancy [30]. Further culturing of these dormant cells restores normal growth,
and subsequent application of antibiotic selects for a new sub-population of persister cells
[76]. One model proposes that persisters arise when a small fraction of cells in a mid-
exponential phase experience stochastic changes in gene expression, producing
individual dormant cells that are recalcitrant to subsequent antibiotic treatment [77,78].
This phenotypic switch has been shown to be induced by activation of chromosomally-
encoded toxin genes [25]. Additionally, upregulation of the transcripts for TA genes have
been observed in persister cells [77], and the occurrence of persister cells progressively
diminished with successive deletion of the ten ribonuclease-encoding toxin genes in E.
coli [25]. A separate model proposes that the SOS response induces persister cell
formation via the Type I TA system tisAB/istR. Treatment with fluoroquinolones induces
the SOS response, causing transcription of the LexA-controlled tisB, which encodes a
membrane acting toxin [79]. TisB decreases the proton motive force, which leads to
decreased ATP levels and a state of dormancy [80]. Although additional work is required
to describe the exact mechanism of persister cell formation and resuscitation, it will be
important to determine whether artificial toxin activators induce persister cell formation
as this may contribute to chronic infections [30].
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Figure 1.
Proteic Type II toxin-antitoxin (TA) systems encode antitoxin and toxin proteins, with both
the antitoxin and the TA complex negatively regulating the TA promoter. The antitoxin is
subject to proteolytic degradation by either Lon or Clp proteases, which releases the toxin
and allows it to act on its cellular target, resulting in growth inhibition or cell death.
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Figure 2.
Introduction of a toxin activator (orange fused ring) can activate the TA complex in either a
direct or indirect manner. Direct activation (left) can be achieved by either disruption of the
TA complex (top) or prevention of complex formation (bottom). Indirect activation (right)
may occur either by modulating the expression of the TA complex at the promoter (top) or
by activating cellular proteases (bottom) responsible for antitoxin degradation.
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Figure 3.
A possible model for mazEF-dependent cell death induced by extracellular death factor
(EDF). EDF production requires primarily the protein Zwf and the protease ClpXP.
Preliminary investigation suggests that EDF freely diffuses in and out of the cell. Treatment
with an antibiotic triggers the stress response, which inhibits transcription of mazEF. EDF
binds to and enhances MazF ribounuclease activity in vitro, although it is not known
whether EDF binds to free MazF or to the MazEF complex (as it is depicted here). MazF
cleaves single-stranded mRNA in a sequence-specific manner, leading to cell death. It
should be noted that there is controversy about EDF, and the role of EDF has not been
independently confirmed by multiple laboratories.
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Table I

The seven toxin families

Activity-based toxin family Activity of toxin Cellular process inhibited

CcdB, ParE DNA-gyrase complex poison Replication

MazF, HicA Ribosome-independent mRNA interferases Translation

RelE, HigB Ribosome-dependent mRNA interferases Translation

ζ Phospohorylates UDP-Glc-NAc* Peptidoglycan synthesis

HipA Phosphorylates EF-Tu† Translation

Doc Binds 30S ribosomal subunit Translation

VapC Cleaves tRNAfMet Translation

*
UDP-Glc-NAC: Uridine diphosphate-N-acetylglucosamine

†
EF-Tu: Elongation factor
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