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Neutralize Toxins
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Toxin/antitoxin (TA) systems are present in nearly all bacterial and archaeal
strains and consist of a toxin that reduces growth and an antitoxin that masks
toxin activity. Currently there are six primary classes for TA systems based on
the nature of the antitoxin and the way that the antitoxin inactivates the toxin.
Here we show that there now are at least three additional and distinct TA systems
in which the antitoxin is an enzyme and the cognate toxin is the direct target
of the antitoxin: Hha/TomB (antitoxin oxidizes Cys18 of the toxin), TgIT/TakA
(antitoxin phosphorylates Ser78 of the toxin), and HepT/MntA (antitoxin adds
three AMPs to Tyr104 of the toxin). Thus, we suggest the type VII TA system
should be used to designate those TA systems in which the enzyme antitoxin
chemically modifies the toxin post-translationally to neutralize it. Defining the
type VII TA system using this specific criterion will aid researchers in classifying
newly discovered TA systems as well as refine the framework for recognizing the
diverse biochemical functions in TA systems.

Current TA Classifications

Two basic features that nearly all toxin/antitoxin (TA) (see Glossary) systems share are that they
consist of two neighboring genes and that one gene product is toxic while the other gene product
masks its toxicity. Currently, TA systems are classified into six main categories [1]. All toxins are
proteins, and the antitoxins are either noncoding RNAs or proteins. The antitoxins of type | and
type Il TA systems are noncoding RNAs. The antisense RNA antitoxin binds to the toxin
MRNA to arrest translation of the toxin (type ), and the RNA antitoxin neutralizes the toxin protein
directly via a protein—RNA interaction (type Ill). For the rest, the antitoxins are proteins but they dif-
fer in the way they block the toxicity of the toxin (Figure 1). The type Il TA systems are the most
extensively studied TA modules. The neutralization mechanism of the type Il TA system relies
on direct protein—protein interactions, and the antitoxin forms a TA complex with the toxin,
resulting in its neutralization. The type IV TA system is characterized by the lack of direct interac-
tion between the protein toxin and the protein antitoxin, both of which act on the same target. The
type V TA system, GhoT/GhoS, is distinguished by the enzymatic activity of the antitoxin GhoS
that cleaves specifically the toxin mRNA [2]. In the type VI TA system, SocB/SocA, the antitoxin
SocA acts as a proteolytic adapter, promoting the degradation of the toxin protein [3]. In the
following examples, we discuss the features of the three recently reported TA systems in which
the antitoxin is an enzyme and modifies the cognate toxin to neutralize it, and we propose to
categorize them as type VII TA systems.

Hha/TomB
The first TA system found in which the antitoxin is an enzyme which maodifies the toxin protein
directly is the Hha/TomB system of Escherichia coli [4] and Yersinia enterocolitica [5]. The
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genes encoding Hha/TomB were identified as active in biofims [6], and toxin Hha reduces biofilm
formation by decreasing fimbriae production [4]. Antitoxin TomB in this system transiently
interacts with the toxin Hha to form a stable complex and inactivates Hha by oxidation of Hha
Cys18 to SO,H species (sulfenic, sulfinic, and sulfonic acid) [5]; this oxidation destabilizes Hha
(Figure 2A). In effect, the Hha/TomB TA system acts as an oxygen sensor in that antitoxin
TomB is active in the presence of oxygen; this concept is proposed to have relevance for biofilms
so that cells in anoxic zones would have reduced growth due to Hha activity [5]. We previously
proposed that Hha/TomB constitute a new type VII system [7,8].

*Correspondence:
xxwang@scsio.ac.cn (X. Wang) and
twood@engr.psu.edu (T.K. Wood).
TgIT/TakA (MenT3/MenA3)

Another example of an antitoxin that functions as an enzyme is the Rv1045/Rv1044 TA systemin
Mycobacterium tuberculosis. Toxin Rv1045 shares homology with AbiEii that belongs to a
bacterial abortive infection (Abi) system from Streptococcus agalactiae, and was predicted
to be atype IV TA system as no interaction could be detected between the toxin and the antitoxin
proteins [9]. Two recent studies nicely demonstrated the biochemical activity of the toxin and the
antitoxin and identified a novel neutralization mechanism of this TA pair. In regard to the antitoxin
activity, we demonstrated that Rv1044 (proposed to be renamed as TakA) functions as a novel
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Figure 1. Summary of the Seven Different Types of Toxin/Antitoxin (TA) Systems. In the type | TA system, the antisense RNA antitoxin binds to the toxin mRNA to
arrest translation of the toxin. In the type Il TA system, the antitoxin protein neutralizes the toxin via a direct protein—protein interaction. In the type Ill TA system, the RNA
antitoxin neutralizes the toxin protein via a direct protein-RNA interaction. In the type IV TA system, there is no direct interaction between the toxin and antitoxin; instead, the
antitoxin counteracts the toxic effect of the toxin by interfering with the interaction of the toxin and its target. In the type V TA system, the protein antitoxin inhibits the toxin by
cleaving its MRNA. In the type VI TA system, the binding of antitoxin to the toxin triggers toxin degradation. In the type VII TA system, the antitoxin neutralizes the toxin
protein by chemically modifying the toxin post-translationally. Double-stranded DNA at the top shows the antitoxin gene, shown in green, and the toxin gene, shown in
purple; arrowheads indicate the transcription direction, promoters are indicated by arrows with 90° right turns, and the RNA produced is indicated as a thick gray line
at the 5" and 3' positions. SD indicates the Shine-Dalgarno region of the mRNA, and the proteins produced are indicated as purple notched spheres for toxins (all
seven types produce protein toxins), green notched spheres for antitoxins (for protein antitoxins of the type I, IV, V, VI, and VIl systems), and orange notched spheres
for cellular proteases/RNases. The target of the type IV system is indicated by a pink cloud shape, and chemicals used to modify the toxin by the antitoxin are indicated
as orange spheres.
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atypical serine protein kinase that inactivates toxin Rv1045 (proposed to be renamed as TgIT) by
phosphorylating it at Ser78 [10] (Figure 2B). Furthermore, we found that TakA is a direct target of
TgIT and that there is a transient interaction between TgIT and TakA [10], which makes it
distinctive compared with other type IV TA systems. In regard to the toxin activity, Cai et al. dem-
onstrated that toxin Rv1045 (named MenT3) functions as a tRNA nucleotidyltransferase
(NTase) which added pyrimidines (C or U) to the 3'-CCA acceptor stems of uncharged tRNAs
to prevent tRNA charging [11].

HepT/MntA

The two-gene module encoding the HEPN (higher eukaryotes and prokaryotes nucleotide-binding)
domain protein and cognate MNT (minimal NTase) domain protein has been predicted to represent
one of the most abundant TA systems in archaea and bacteria [12]. The HEPN domain protein as
the toxin and the neighboring MNT domain protein as the antitoxin have been confirmed in the
halophilic bacterium Halorhodospira halophila SL1 [13] and in the model psychrotrophic bacterium
Shewanella oneidensis [14]. Our subsequent work demonstrated that the HEPN domain toxin
functions as an RNase with a RX,_gH active motif and cleaves mRNA in vitro [14,15]. Recently,
we discovered that the MntA antitoxin (MNT-domain protein) acts as an NTase and chemically
modifies the HepT toxin (HEPN-domain protein) in both bacteria and archaea [16] (Figure 2C).
In in vitro enzymatic assays, it was shown that three AMPs are transferred to HepT by MntA in
a consecutive fashion with ATP serving as the substrate. More importantly, structural analysis
revealed that the three AMPs were transferred to the Tyr104 next to the active RNase
domain RX4H in HepT and that polyadenylylating HepT by MntA is crucial for reducing HepT
toxicity. We therefore proposed to classify the HepT/MntA TA system as a type VII TA system
[16]. Furthermore, we found that the GSX;oDXD motif of MntA is the key active motif for
polyadenylylating and neutralizing HepT. Our bioinformatics analysis of HEPN/MNT modules in
both bacteria and archaea revealed that HEPNs with the RX4HXY motif, and neighboring MNTs
with the GSX4oDXD motif, represent a large family of type VII TA systems. The presence of these
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Glossary

Abortive infection (Abi) system:
systems that are activated by phage
infection and limit viral replication by
reducing cell metabolism, thereby
providing protection to the bacterial
population.

Kinase: an enzyme that catalyzes the
transfer of a phosphate group from ATP
to a specified molecule (e.g., protein
phosphorylation).

Motif: a salient recurring feature.
Nucleotidyltransferase (NTase): an
enzyme that adds nucleotides to
substrates such as nucleic acids,
proteins, and antibiotics.
Polyadenylylation: post-translational
modification by the covalent addition of
more than one AMP molecule to a
hydroxyl side chain of a protein or RNA.
Toxin/antitoxin (TA): TA loci comprise
two genes, one coding for a stable toxin
whose overexpression reduces growth
or causes growth stasis, and the other
coding for an unstable (usually) antitoxin
that counteracts the action of the toxin.
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Figure 2. Summary of the Type VIl Toxin/Antitoxin (TA) Systems in Which the Enzyme Antitoxin Chemically Modifies the Toxin to Neutralize It. (A) Toxin
Hha causes cell lysis and reduces biofilm formation. Antitoxin TomB inactivates Hha by oxidation. The neutralized toxin Hha is shown with oxidized Cys18 after it is modified
by TomB (‘SOx' in red indicates sulfenic, sulfinic, or sulfonic acid). (B) Toxin TgIT (MenT3 or Rv1045) blocks translation by preventing tRNA charging. Antitoxin TakA (MenA3
or Rv1044) inactivates TgIT by phosphorylating the toxin with ATP serving as the substrate. The neutralized toxin TgIT is shown with phosphorylated Ser78 after
maodification by TakA. (C) Toxin HepT inhibits cell growth by cleaving mRNAs. Antitoxin MntA neutralizes HepT by polyadenylylation with ATP serving as the substrate.
Neutralized toxin HepT is shown with three AMPs added to Tyr104 after modification by MntA. Symbols as defined in the Figure 1 caption.
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key active motifs also suggests that the adenylylation of the toxin by the antitoxin represents a
common mechanism for these TA pairs.

Criteria for the Type VII TA System

Six different types of TA systems have been reported and are well recognized. With increasing iden-
tification of TA systems with novel features, it could be confusing for many researchers to classify
these new TA pairs. One of the challenges is the lack of a general but specific antitoxin
neutralization-mechanism-dependent criterion for classifying different types of TA systems.
Therefore, using a more specific criterion that includes other TA systems in which the antitoxin is an
enzyme that inactivates the toxin protein by chemically modifying the toxin will simplify the type VII
classification system. In the proposed type VIl TA system, the antitoxin functions as an enzyme,
and the cognate toxin protein is a direct target of the enzymatic activity of the antitoxin. Critically,
the enzymatic reaction results in the neutralization of the toxin. Using this enzyme-based criterion,
type VII TA systems can be easily distinguished from other types of TA systems with protein
antitoxins.

Notably, the type VII TA system is conceptually different from the type Il TA system where the toxin is
an enzyme, but the antitoxin binds the toxin. The typical type Il antitoxin adopts a modular
organization consisting of a DNA-binding domain and a protein-binding domain, but it lacks
an enzymatic-activity domain. The neutralization mechanism of type Il TA systems relies on a direct
protein—protein interaction between the toxin protein and the toxin-binding domain of the antitoxin.
For example, the binding of type Il antitoxin MazE to toxin MazF induces a conformational change
in MazF, thus blocking substate binding to the toxin [17,18]. Similarly, for the type Il TA systems
AtaT/AtaR and KacT/KacA, the binding of the antitoxin blocks the functional hotspots of the Genb-
related N-acetyltransferase (GNAT) toxin and prevents the formation of an active toxin dimer which
is needed to inhibit translation by acetylation of aminoacyl-tRNAs [19-21]. Therefore, a stable inter-
action between the toxin and antitoxin is critical for toxin neutralization in type Il TA systems.
Indeed, the typical type Il antitoxin binds the toxin with high affinity (~ nM binding constants)
to form a stable TA complex [22,23] that precludes antitoxin-specific degradation by proteases
[8]. By contrast, for the type VIl TAs Hha/TomB, TgIT/TakA, and HepT/MntA, toxin neutraliza-
tion relies on a direct post-translational modification of the toxin by the antitoxin, even though
transient or weaker interactions may be observed between the toxin and antitoxin proteins in
these TA pairs. Specifically, the polyadenylylated Tyr104 residue of the HepT toxin is next to
the active RNase RX;H domain of HepT in the HepT/MntA TA pair [16], and the phosphorylated
serine residue of TgIT toxin is also close to the active NTase domain of TgIT in the TgIT/TakA TA
pair [10]. Reactivation of a toxin in a type VII TA system thus requires the reversal of the mod-
ification of the toxin by a separate enzyme (such as a phosphodiesterase to remove phos-
phates added by the antitoxin), while reactivation of a toxin in a type Il TA system requires
degradation of the antitoxin bound to the toxin by proteases (but this is not likely [8]). Therefore,
there are major differences in the neutralization mechanisms for type Il and type VII TA systems.

Similarly, for type Ill TA systems, the RNA antitoxin binds the toxin in a nontransient manner and
does not chemically change the toxin. Moreover, for type IV TA systems, the toxin is not the direct
target of the antitoxin and there is another cellular target upon which both toxin and antitoxin act,
thus making the type IV system distinct from the new type VII TA system. Additionally, in the
type V system, the antitoxin is an enzyme, but it does not interact with the toxin; instead, it acts
on the toxin mRNA. The neutralization mechanism of the type VI TA system relies on the binding
of the antitoxin to trigger the degradation of the toxin instead of chemically modifying it. Therefore,
the type VII TA system, in which the toxin is directly modified post-translationally by the antitoxin
enzyme , makes it distinct from the other six types of TA systems.
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Table 1. Representative List of Antitoxins and Toxins from Different TA Systems That Share the Same Enzy-
matic Activity

Enzyme  Enzymatic antitoxin Enzymatic toxin
Antitoxin Target Toxin Target
RNase GhoT (type V) mRNA of toxin GhoS Type IIl: MgsR, MazF, mRNA, tRNA, rRNA
YafQ, ChpB
NTase MntA (type VI) Y (RX4HXY) of toxin HepT  Fic (type Il), TQIT (type VII) DNA gyrase, Topo IV, tRNA
Kinase TglA (type VII) S (SXDXD) of toxin TgIT Type II: Doc, HipA EF-Tu, GItX

Concluding Remarks and Future Perspectives

Although the first report of TA systems was in the 1980s, for systems found in conjugative plas-
mids, the physiological functions of these small and ubiquitous modules are still controversial [24].
In recent years, many toxin and antitoxin components with novel biochemical functions and
unique neutralization mechanisms have been discovered in various bacterial and archaeal strains
[10,25,26]. Studying the neutralization mechanism of antitoxins in TA modules provides a
valuable means to explore the conditions that lead to toxin activation. For example, inactivation
of type VIl toxins HepT and TgIT by the antitoxins requires ATP as the substrate. Considering
that the TgIT/TgkA TA system belongs to the Abi system, and that the HEPN-domain-containing
proteins are commonly found in phage defense systems [12], it is likely that the activation of toxins
might be closely related to changing ATP levels during phage attack. Critically, phage inhibition is
one of the few demonstrated physiological roles of TA systems [24,27,28].

Equally important, when TA systems are first identified via bioinformatics, the toxin component is
usually identified as the one with enzymatic activity. However, as indicated in this perspective,
increasing evidence shows that antitoxins can also function as enzymes (Table 1). Interestingly,
several antitoxins share similar enzymatic activities with the toxins. For example, the type V anti-
toxin GhoS is an RNase [2] (albeit a highly specific one) and many type Il toxins are RNases [29].
The type Il toxin HipA is a kinase whose target is glutamyl-tRNA synthetase (GitX), and growth
arrest by HipA requires the phosphorylation of the serine residue Ser239 of GItX [30,31]. The
type VII antitoxin TglA also functions as a kinase, and it phosphorylates toxin TgIT at residue
Ser78 [10]. Toxins with NTases have been reported for FicT [32,33] and TgIT, and, in particular,
FicT toxin and MntA antitoxin both share a conserved active motif GSX;oDXD in mediating
adenylylating activities. Noticeably, MntA is the first NTase that can catalyze the transfer of
three AMPs in a consecutive fashion [16]. These discoveries provide important insights about
the origin and evolution of TA modules and suggest that toxins and antitoxins are interconvertible
with a few amino acid changes, as we first demonstrated experimentally [34].

Since many different types of post-translational modification are present in prokaryotes, trans-
ferring other groups, such as methyl groups, acetyl groups, or even more complex polypeptide
groups, by enzymatic antitoxins to their cognate toxins, is expected to be found in the future
(see Outstanding Questions). Therefore, using this criterion for the type VII TA system will sim-
plify TA classification and be helpful for other researchers to classify their TA systems in the
future.
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Outstanding Questions

What physiological conditions activate
type VIl toxins (beyond increases in
transcription during stress), and what
are the physiological roles of these sys-
tems beyond links to phage inhibition
for TgIT/TgkA and links to biofilm for-
mation for Hha/TomB?

Do type VII TA systems act as
antiphage weapons?

Is the intracellular ATP level related to
the activation of type VII toxins?

What is the origin of the type VII anti-
toxins; that is, how do they evolve
from metabolic enzymes?

Do enzymes exist that will reverse the
modifications of the inactivated type
VIl toxin to reactivate it?

Are there additional types of post-
translational modification of toxins;
that is, are there additional enzymatic
activities to be discovered for type VII
TA systems?



Trends in Microbiology

References

1.

Page, R. and Peti, W. (2016) Toxin—antitoxin systems in bacterial
growth arrest and persistence. Nat. Chem. Biol. 12, 208
Wang, X. et al. (2012) A novel type V TA system where mRNA
for toxin GhoT is cleaved by antitoxin GhoS. Nat. Chem. Biol.
8, 855-861

Aakre, Christopher D. et al. (2013) A bacterial toxin inhibits DNA
replication elongation through a direct interaction with the 3 slid-
ing clamp. Mol. Cell 52, 617-628

Garcia Contreras, R. et al. (2008) Protein translation and cell
death: the role of rare tRNAs in biofilm formation and in activat-
ing dormant phage killer genes. PLoS ONE 3, e2394

Marimon, O. et al. (2016) An oxygen-sensitive toxin—antitoxin
system. Nat. Commun. 7, 13634

Ren, D. et al. (2004) Gene expression in Escherichia coli biofims.
Appl. Microbiol. Biotechnol. 64, 515-524

Song, S. and Wood, T.K. (2018) Post-segregational killing and
phage inhibition are not mediated by cell death through toxin/
antitoxin systems. Front. Microbiol. 9, 814

Song, S. and Wood, T.K. (2020) Toxin/antitoxin system paradigms:
toxins bound to antitoxins are not likely activated by preferential
antitoxin degradation. Advanc. Biosyst. 4, 1900290

Dy, R.L. et al. (2014) A widespread bacteriophage abortive
infection system functions through a Type IV toxin-antitoxin
mechanism. Nucleic Acids Res. 42, 4590-4605

. Yu, X. et al. (2020) Characterization of a toxin—antitoxin systemin

Mycobacterium tuberculosis suggests neutralization by phos-
phorylation as the antitoxicity mechanism. Commun. Biol. 3, 216

. Cai, Y. et al. (2020) A nucleotidyltransferase toxin inhibits growth

of Mycobacterium tuberculosis through inactivation of tRNA
acceptor stems. Sci. Adv. 6, eabb6651

. Anantharaman, V. et al. (2013) Comprehensive analysis of the HEPN

superfamily: identification of novel roles in intra-genomic conflicts,
defense, pathogenesis and RNA processing. Biol. Direct 8, 15

. Sberro, H. et al. (2013) Discovery of functional toxin/antitoxin

systems in bacteria by shotgun cloning. Mol. Cell 50, 136-148

. Yao, J. et al. (2015) Identification and characterization of

a HEPN-MNT family type Il toxin—antitoxin in Shewanella
oneidensis. Microb. Biotechnol. 8, 961-973

. Jia, X. et al. (2018) Structure-function analyses reveal the molec-

ular architecture and neutralization mechanism of a bacterial
HEPN-MNT toxin-antitoxin system. J. Biol. Chem. 293,
6812-6823

. Yao, J. et al. (2020) Novel polyadenylylation-dependent neutral-

ization mechanism of the HEPN/MNT toxin/antitoxin system.
Nucleic Acids Res. 48, 11054-11067

. Kamada, K. et al. (2003) Crystal structure of the MazE/MazF

complex: Molecular bases of antidote-toxin recognition. Mol.
Cell 11, 875-884

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

. Simanshu, D.K. et al. (2013) Structural basis of mMRNA recogni-

tion and cleavage by toxin MazF and its regulation by antitoxin
MazE in Bacillus subtilis. Mol. Cell 52, 447-458

. Qian, H. et al. (2019) Toxin—-antitoxin operon kacAT of Klebsiella

pneumoniae is regulated by conditional cooperativity via a
W-shaped KacA-KacT complex. Nucleic Acids Res. 47,
7690-7702

Jurénas, D. et al. (2019) Mechanism of regulation and neutraliza-
tion of the AtaR-AtaT toxin—antitoxin system. Nat. Chem. Biol.
15, 285-294

Jurenas, D. et al. (2017) AtaT blocks translation initiation by
N-acetylation of the initiator tRNA(fMet). Nat. Chem. Biol. 13,
640-646

Overgaard, M. et al. (2009) RelB and RelE of Escherichia coli
form a tight complex that represses transcription via the
ribbon-helix-helix motif in RelB. J. Mol. Biol. 394, 183-196
Mutschler, H. et al. (2010) Assembly dynamics and stability of the
pneumococcal epsilon zeta antitoxin toxin (PezAT) system from
Streptococcus pneumoniae. J. Biol. Chem. 285, 21797-21806
Song, S. and Wood, T.K. (2020) A primary physiological role of
toxin/antitoxin systems is phage inhibition. Front. Microbiol. 11,
1895

Guo, Y. et al. (2014) RalR (a DNase) and RalA (a small RNA) form
a type | toxin—antitoxin system in Escherichia coli. Nucleic Acids
Res. 42, 6448-6462

Zhang, C. et al. (2020) Substrate specificities of Escherichia coli
ItaT that acetylates aminoacyl-tRNAs. Nucleic Acids Res. 27,
7532-7544

Hazan, R. and Engelberg-Kulka, H. (2004) Escherichia coli mazEF-
mediated cell death as a defense mechanism that inhibits the
spread of phage P1. Mol. Genet. Genom. 272, 227-234

Pecota, D.C. and Wood, T.K. (1996) Exclusion of T4 phage by
the hok/sok Killer locus from plasmid R1. J. Bacteriol. 178,
2044-2050

Wang, X. and Wood, T.K. (2011) Toxin—antitoxin systems influ-
ence biofilm and persister cell formation and the general stress
response. Appl. Environ. Microbiol. 77, 5577-5583

Kaspy, . et al. (2013) HipA-mediated antibiotic persistence via
phosphorylation of the glutamyl-tRNA-synthetase. Nat. Commun.
4, 3001

Germain, E. et al. (2013) Molecular mechanism of bacterial
persistence by HipA. Mol. Cell 52, 248-254

Engel, P. et al. (2012) Adenylylation control by intra- or intermolecular
active-site obstruction in Fic proteins. Nature 482, 107-110
Harms, A. et al. (2015) Adenylylation of gyrase and topo IV by FicT
toxins disrupts bacterial DNA topology. Cell Rep. 12, 1497-1507
Soo, V.W.C. et al. (2014) de novo synthesis of a bacterial toxin/
antitoxin system. Sci. Rep. 4, 4807

Trends in Microbiology, May 2021, Vol. 29, No. 5

¢ CellP’ress

393



http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0005
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0005
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0010
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0010
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0010
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0015
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0015
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0015
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0020
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0020
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0020
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0025
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0025
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0030
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0030
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0035
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0035
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0035
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0040
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0040
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0040
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0045
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0045
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0045
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0050
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0050
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0050
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0055
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0055
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0055
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0060
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0060
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0060
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0065
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0065
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0070
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0070
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0070
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0075
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0075
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0075
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0075
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0080
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0080
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0080
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0085
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0085
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0085
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0090
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0090
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0090
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0095
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0095
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0095
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0095
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0100
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0100
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0100
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0105
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0105
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0105
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0110
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0110
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0110
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0115
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0115
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0115
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0120
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0120
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0120
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0125
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0125
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0125
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0130
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0130
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0130
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0135
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0135
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0135
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0140
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0140
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0140
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0145
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0145
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0145
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0150
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0150
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0150
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0155
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0155
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0160
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0160
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0165
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0165
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0170
http://refhub.elsevier.com/S0966-842X(20)30316-4/rf0170

	Type VII Toxin/Antitoxin Classification System for Antitoxins that Enzymatically Neutralize Toxins
	Current TA Classifications
	Hha/TomB
	TglT/TakA (MenT3/MenA3)
	HepT/MntA
	Criteria for the Type VII TA System
	Concluding Remarks and Future Perspectives
	Acknowledgments
	References




