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ARTICLE INFO ABSTRACT

Keywords: Toxin-antitoxin (TA) modules are ubiquitous gene loci among bacteria and are comprised of a toxin part and its
Toxin-Antitoxin modules cognate antitoxin part. Under normal physiological conditions, antitoxin counteracts the toxicity of the toxin
Promoter whereas, during stress conditions, TA modules play a crucial role in bacterial physiology through involvement in
g:;ssltg(c’: the post-segregational killing, abortive infection, biofilms, and persister cell formation. Most of the toxins are
Biofilms proteinaceous that affect translation or DNA replication, although some other intracellular molecular targets

PSK have also been described. While antitoxins may be a protein or RNA, that generally neutralizes its cognate toxin
by direct interaction or with the help of other signaling elements and thus helps in the TA module regulation. In
this review, we have discussed the current state of the multifaceted TA (type I-VIII) modules by highlighting
their classification and specific targets. We have also discussed the presence of TA modules in the various
pathogens and their role in antibiotic persistence development as well as biofilm formation, by influencing the
different cellular processes. In the end, assembling knowledge about ubiquitous TA systems from pathogenic
bacteria facilitated us to propose multiple novel antibacterial strategies involving artificial activation of TA

Antibacterial
artificial activation

modules.

1. Introduction

Earlier, it was found that antibiotics, which have the potency to kill
bacteria, are not successful to sterilize cultures (Bigger, 1944; Hobby
et al., 1942). Later, Bigger observed a distinct subpopulation of bacteria
that manage and survive in an intensive antibiotic environment and he
called them persisters. Numerous bacterial infections like Staphylococcus
aureus in prosthetic implant infections, Mycobacterium tuberculosis in
pulmonary infections, etc. are major life-threatening health issues and
are related to the antibiotic treatment defeat due to bacterial persistence
(Fauvart et al., 2011). Persisters are not only resistant to antibiotics but
also often protected from the immune defense of hosts. For example,
they may hide in different niches like the stomach (Helicobacter pylori),
central nervous system (Treponema pallidum), biofilms (Pseudomonas
aeruginosa), macrophages or granulomas (Mycobacterium tuberculosis),
and gallbladder (Salmonella typhi) (Jayaraman, 2008). A streak of sig-
nificant investigations regarding bacterial persistence was done and it
was deduced that the involvement was of intrinsic genetic factors like

toxin-antitoxin (TA) modules (Dorr et al., 2010; Gutierrez et al., 2017;
Moyed & Bertrand, 1983). Therefore, it becomes much important to
investigate the functions of TA modules in various pathogenic bacterial
strains.

Bacterial TA modules are primarily associated with various physio-
logical activities like apoptosis, growth arrest, gene regulation, and
survival (Buts et al., 2005; Gerdes et al., 2005; Hayes & Van, 2011; Kim
et al., 2018). In 1983, TA modules were discovered on the Escherichia
coli plasmid (Ogura & Hiraga, 1983). As an addiction module, these
systems were involved in the maintenance of the genetic element. TA
modules are formed with a toxin part associated with an antitoxin part
and are encoded on the extrachromosomal unit or chromosomal unit.
Extrachromosomal encoded TA modules belong to plasmid stabilization
and cell viability (Magnuson, 2007; Monti et al., 2007), while chromo-
somal encoded TA modules are involved in biofilm formation, persister
cell formation, growth arrest, and multidrug tolerance (Korch & Hill,
2006; Vazquez et al., 2006; Wang & Wood, 2011; Yamaguchi et al.,
2011). A host cell is influenced by the toxin part which inhibits DNA
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replication, protein translation, and cell wall formation, while an anti-
toxin part neutralizes the toxic effect of its associated toxin part (Buts
et al., 2005; Harms et al., 2018; Prysak et al., 2009).

The high prevalence of TA modules in bacteria makes them capable
of slow growth and resulting in a dormant state. A total of 88 TA
modules were carried by pathogenic strain Mycobacterium tuberculosis
(Ramage et al., 2009; Yu et al., 2020), while only 5 TA modules were
harbored by non-pathogenic strain Mycobacterium smegmatis (Robson
etal., 2009; Yu et al., 2020), which is relatively fast-growing. Apart from
human pathogens, an entomopathogen named Xenorhabdus nematophila
has a total of 39 TA modules and helps it for surviving in insects by the
formation of non-replicating persisters (Yadav & Rathore, 2020; Yadav
& Rathore, 2018). Some specific TA systems also have been well char-
acterized in non-human pathogens for example; Agrobacterium tume-
fasciens (Choi et al., 2021; Denkovskiené et al., 2020; McGillick et al.,
2019), Erwinia amylovora (Fineran et al., 2009; Peng et al., 2021;
Unterholzner et al., 2013), Xanthomonas sp. (Granato et al., 2019;
Martins et al., 2016; Triplett et al., 2016), Xylella fastidiosa (Lee et al.,
2014; Merfa et al., 2016; Santiago et al., 2016), and Acetobacter pas-
teurianus (Xia et al., 2019).

Thus, a high number of TA modules act as stumbling blocks for the
treatment of bacterial diseases as they overcome antibiotic stresses. In
this review, we have discussed the TA modules classification, functions,
mode of toxin action, and their possible roles in bacterial physiology. We
have also emphasized the future perspectives of the most abundantly
found type II TA modules in bacterial genomes and followed the recent
shreds of evidence to connect them with bacterial persistence.

2. The paradigm of TA modules

Some of TA modules are prevalent in the bacterial chromosomes as
well as on plasmids and are generally found activated in different stress
conditions (Fraikin et al., 2020; Hayes & Van, 2011; Page & Peti, 2016).
TA modules consist of a toxin gene and another antitoxin gene, where
antitoxin acts as an inhibitor to the toxin and antagonizes its toxic effect
(Fernandez et al., 2016; Hayes & Van, 2011; Page & Peti, 2016). Anti-
toxin generally precedes the toxin gene and this upstream location has
the benefit of its production over the toxin (Yang & Walsh, 2017). Toxin
functions only inside the TA producer cell and is not secreted outside the
cell. Thus, these are different from other exotoxins and endotoxins
(Hayes & Van, 2011; Kedzierska & Hayes, 2016). However, there are
exceptions to this, some toxins are secreted and can be involved in
bacterial-host interactions (Santiago et al., 2016; Triplett et al., 2016).
The toxin and antitoxin are also different from one another in terms of
their stability and lifespan (Buts et al., 2005). Under stressful environ-
ments, antitoxin exhibits shortened lifespan as it can selectively be
degraded. whereas, the toxin has a longer life span and is much more
stable (Brzozowska & Zielenkiewicz, 2013).

Expression of toxins inhibits bacterial cell growth by acting on some
essential cellular processes like membrane integrity, cell wall synthesis,
transcription, translation, replication, and formation of the cytoskeleton
(Unterholzner et al., 2013). On the other hand, toxic effects of toxin are
normalized by interaction with its cognate antitoxin (Hayes & Van,
2011). The antitoxin can also compete and retrieve the toxin from its
target site thus resuming the bacterial growth. Once the cell experiences
normal environmental conditions after stress, it indicates a higher af-
finity towards toxin, as compared to its target (Buts et al., 2005; Mai-
sonneuve & Gerdes, 2014).

TA modules were initially discovered to be present on plasmids
exhibiting plasmid maintenance through post-segregational killing
(PSK) and were described as “addiction modules” because, after cell
division, they confirm the death of daughter cells that do not inherit
such plasmids (Lobato et al., 2016; Van & De, 2009). Later, these
modules were also found on the bacterial chromosome, where they
encouraged programmed cell death of few cells out of the total popu-
lation, in an altruistic manner thus releasing stress reliving components
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for survival in harsh conditions (Carmona & Xavier, 2012). The presence
of TA operons in bacterial chromosomes suggests that they might have
been acquired by horizontal gene transfer. TA modules were also
involved in abortive infection. The mechanism which impairs the
propagation of bacteriophage inside the bacterial host with altruistic
suicide of the infected bacterial cell is known as abortive infection. TA
modules are activated in infected cells before the phage replication,
resulting in cell death, in a way supporting the survival of other cells in
the bacterial population (Dy et al., 2014a; Dy et al., 2014b).

Some non-conventional tripartite TA modules were also identified in
the different bacterial TA contents (Harms et al., 2018). These TA
modules are also derived from type II TA modules. For example, in E. coli
0157: H7, the paaRAE2 TA module contains a parE toxin, a padA anti-
toxin, and an additional regulator protein paaR (Hallez et al., 2010).
Likely, in Streptococcus pyogenes, the w-e-{ TA module is composed of an
e-{ TA module with o as an additional transcriptional regulator (Volante
et al., 2014). Some other examples of tripartite TA modules have been
identified in Bacillus and M. tuberculosis, where a chaperone is included
in the TA module (Bordes et al., 2016; Chan et al., 2016).

3. Classification of TA modules

Till now, several reviews highlighting TA modules stated six primary
classes of TA modules. The classification of TA modules is based on the
type of interaction between antitoxin and toxin or mode of inhibition of
toxin by antitoxin as illustrated in Fig. 1 (Song & Wood, 2020). Recent
advances in this context categorize them into eight different classes
including two newly described classes of TA systems. In type I to type VII
TA modules, the toxins are generally proteins, whereas, in type VIII TA
modules, it is a small RNA (Choi et al., 2018; Song & Wood, 2020). In the
case of type I, type III and type VIII TA modules, antitoxins are small
noncoding RNAs while in type II, type IV, type V, type VI and type VII TA
modules are small proteins (Song & Wood, 2020).

3.1. Typel

In the type I TA module, an antisense RNA is the antitoxin that in-
hibits the translation from mRNA of the toxin, as shown in Fig. 1A. The
first known example in this class is the hok-sok TA module (Gerdes et al.,
1986). Toxins in type I TA modules are mostly small hydrophobic pep-
tides that target the integrity of bacterial membranes, causing obstruc-
tion in membrane potential as well as cell division. These proteins have
predicted conserved domains of a-helical transmembrane proteins and
enable them to form pores in the membrane-like phage holins, while
their mechanism of action and cellular functions are found to be highly
diverse (Brielle et al., 2016). Toxin and antitoxin can either be arranged
in an overlapping manner, convergently transcribing the gene pairs as in
the hok-sok TA system, or can also be located apart divergently, tran-
scribing gene pairs as in the tisB-istR TA system. For the downregulation
of toxin, the antitoxin is expressed as unstable small RNA which acts in
different ways. In the particular case of E. coli, symER, the antisense RNA
base pairs with the region of stable toxin mRNA, overlapping with
Shine-Dalgarno sequence, inhibiting the translation of symE toxin, by
preventing ribosomal binding to Shine-Dalgarno sequence (Kawano,
2012). In, hok-sok and ldrD-rdID systems in E. coli, the antitoxin works by
inhibiting the translation of leader peptides. In the case of hok-sok, sok
(suppression of killing) antitoxin base pairs with the ribosomal binding
site of mok (modulation of killing), which is otherwise an essential
leader peptide and thus, indirectly prevent translation of hok toxin.
Similarly, ldrD overlapping with IdrD toxin is a designated open reading
frame (ORF) like mok. The rdID antitoxin obstructs the translation of the
ldrD leader peptide and inhibits the translation of the IdrD toxin (Brantl
& Jahn, 2015). For tisB-istR TA module in E. coli, is present a hundred
nucleotides upstream of the translation initiation site (TIR) of tisB toxin,
and ribosomal standby, or loading site is located, which is required for
highly structured TIR initiation. istR antitoxin binds to this ribosomal
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Fig. 1. The eight main types and regulatory mechanisms that control the activation of TA modules. (A-H) The illustrations schematically describe modes of action to
neutralize toxins (green) by cognate antitoxins (orange) in type I-VIII TA modules (details are explained in the main text). TA genomic location and promoter
positions are depicted with colored and grey arrows, respectively. RNAs are sketched with curly colored lines.

(A) Type I TA module

B) Type II TA module
(C) Type III TA module
(D) Type IV TA module
(E) Type V TA module
(F) Type VI TA module
(G) Type VII TA module
(H) Type VIII TA module

standby site location, competing with ribosomes in binding and inhib-
iting the translation of tisB toxin (Wagner & Unoson, 2012). In addition
to this translational inhibition, the duplex formed by toxin-antitoxin
RNA is the target for cellular RNases. Therefore, binding of the anti-
toxin ultimately results in the degradation of toxin RNA.

3.2. Typell

The most widely studied class of all TA modules is type-II modules,
where both toxin and antitoxin are small proteins, as illustrated in
Fig. 1B. For neutralization of toxin, the antitoxin forms a protein-protein
complex with the toxin and acts as a tight-binding inhibitor (Goeders &
Van, 2013). The first known example of this class is ccdAB (Ogura &
Hiraga, 1983). Unlike type I, both genes present here are transcribed
under the same promoter. Generally, the antitoxin is located upstream of
the toxin gene but in some cases for example higBA, rlAB, hicAB, and
mgsRA has reverse genetic organization where antitoxin is located
downstream of the toxin gene (Tian et al., 2001). Under stress conditions
such as nutrient deprivation, plasmid loss, high temperature, oxidative
stress, bacteriophage infection, or antibiotic pressure, the cell ensures
proteolytic degradation of antitoxin thus decreasing the antitoxin con-
centration and liberating the toxin (Chukwudi & Good, 2015; Coussens
& Daines, 2016; Wang et al., 2011; Wang & Wood, 2011). Lon, CIpAP,
and CIpXP are some ATP-dependent proteases involved in antitoxin
degradation under these stress conditions. The toxin protein exhibits
toxicity in several ways such as MqsR, MazF, HigB, and RelE toxins act as

sequence-specific endoribonucleases (Christensen & Gerdes, 2003;
Hurley & Woychik, 2009; Zhang et al., 2003), while CcdB and ParE
toxins affect DNA replication through targeting the enzyme DNA gyrase.
Some type II TA modules are categorized into superfamilies based on the
functional and structural characteristics of the toxin, namely, relBE,
mazEF, vapBC, ccdAB, parDE, higAB, hipBA, and Phd-Doc. Earlier each
toxin family was thought to be associated with a specific family of
antitoxin, however recent studies revealed the existence of some hybrid
systems in which a TA locus may contain toxin and antitoxin both from
different families. The active sites of the toxin are found to be sterically
blocked by antitoxin in type II as well as type III TA systems. Thus,
mutations in active sites of the toxin may alter the toxic effect of the
toxin. The mechanism of regulation of TA operons by toxin-antitoxin
ratio at the transcriptional level is termed as “Conditional Coopera-
tivity”. Heteromers of different stoichiometric ratios of toxins and an-
titoxins are formed, whereas the best transcriptional repressor is the
complex with the intermediate ratio of both the proteins. Conditional
cooperativity was quantitatively analyzed in relBE TA loci of E. coli.
When the antitoxin RelB is present in excess over the toxin RelE, it forms
the dimer RelB; which can inhibit the relBE promoter. While the 2:1
complex RelBy: RelE exhibits the strongest transcriptional inhibition of
the relBE promoter, therefore RelE toxin itself acts as a transcriptional
co-repressor. Although, the 2:2 complex (RelBy: RelEy) is unable to bind
to the promoter and thus the transcription remains activated (Cata-
udella et al., 2012). Surprisingly, all the TA systems known so far are
regulated by conditional cooperativity suggesting that it is a common
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characteristic feature of all the TA loci (Cataudella et al., 2013).

The first identified TA module carried on the F plasmid of E. coli was
type II ccdAB and was described to play a vital role in plasmid mainte-
nance through coupled host cell division and plasmid proliferation
(Ogura & Hiraga, 1983). ccdA encodes for a toxin and ccdB encodes for
an antitoxin protein, where CcdA antitoxin is specifically degraded by
Lon protease. CcdA dimers can bind to the operator sequence with low
affinity, CcdB toxin bridges the CcdA dimers and enhances the binding
affinity of complex to the operator showing strong transcriptional in-
hibition (Vandervelde et al., 2017). ccdAB and parDE are well-studied
modules in terms of gyrase poisoning. In comparison to plasmid
encoding CcdB toxin, many non-conserved residues are present in the
antitoxin and gyrase binding sites of the chromosomally encoded toxin.
This suggests that these two CcdB toxins appear to have different af-
finities towards their cognate CcdA antitoxin and gyrase that possibly
indicate distinct cellular roles of plasmid and chromosomally encoded
TA modules (De et al., 2012). Many important and diverse roles are
exhibited by different operons corresponding to type Il modules, such as
different virulence factors are influenced by higAB operon in Pseudo-
monas aeruginosa (Wood & Wood, 2016), whereas some other modules
including yefM-yoeB assists in the survival of bacteria inside the host cell
(Chan et al., 2011), and mqsRA shows involvement in biofilm formation
(Yamaguchi et al., 2009). The toxin HipA contributes to the formation of
persisters (Jayaraman, 2008).

3.3. Type Il

These types of TA systems consist of RNA antitoxin that directly in-
teracts with toxin protein, as depicted in Fig. 1C. There are mainly three
known superfamilies of type III TA modules, which are toxIN, tenpIN,
and cptIN (Blower et al., 2012). The toxIN TA system in the plasmid of
plant pathogen Pectobacterium atrosepticum was the first discovered type
III TA system (Fineran et al., 2009). The ToxN toxin exhibits endor-
ibonuclease activity and can form a macromolecular complex by inter-
acting with the RNA antitoxin (ToxI). Trimeric toxIN complex is formed
through the interaction of three ToxN proteins and three ToxI mono-
mers, resulting in ToxN toxin inhibition (Brantl & Jahn, 2015). An array
of direct repeats and short inverted repeats precedes the toxN gene.
Thus, toxI antitoxin is composed of direct repeats of 36 nucleotides
(AGGTGATTTGCTACCTTTAAGTGCAGCTAGAAATTC). Such antitoxin
repeats are described as the key features of type III TA systems (Goeders
et al., 2016). toxIN TA system was primarily described as a system of
protection against infecting bacteriophages through abortive infection,
by promoting the altruistic suicide of the infected cell (Blower et al.,
2009).

3.4. Type IV

In class type IV, the antitoxin and toxin both are proteins and do not
directly interact with each other, as shown in Fig. 1D. The toxin target
interaction is usually inhibited by the competitive binding of antitoxin
to the toxin. The first reported type IV TA operon found in E. coli was
cbeA-cbtA (Masuda et al., 2012). The functional analysis of cbeA-cbtA
stated that the CbtA toxin is responsible for reducing the polymerization
of MreB and FtsZ (cytoskeleton proteins), thus changing the bacterial
morphology (Masuda et al., 2012). When cells were induced for
expression of CbtA toxin, after several hours they formed swollen round
lemon-shaped cells. These lemon-shaped cells eventually lysed with
excess prolonged-expression (Heller et al., 2017). It was also observed
that the CbeA antitoxin inhibits the toxin interaction with the targets by
stabilizing polymers of MreB and FtsZ.

3.5. TypeV

The enzyme antitoxin of the type V TA module does not directly bind
to the toxin but is capable of degrading mRNAs of the corresponding
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toxin, as illustrated in Fig. 1E. ghoST was first studied as a type V TA
system, which encodes for a small GhoT toxin protein that can damage
the cell membrane, and an antitoxin GhoS exhibiting sequence-specific
endoribonuclease activity towards mRNA of GhoT toxin (Wang et al.,
2012).

3.6. Type VI

The socAB operon in gram-negative bacteria Caulobacter crescentus (it
is now called Caulobacter vibroides) was first identified as a type VI TA
module (Aakre et al., 2013). The protein toxin SocB strongly binds with
the B-sliding clamp, thus repressing the elongation of replication. The
antitoxin SocA acts as a proteolytic adaptor protein that binds to the
SocB toxin and shows protease-mediated degradation of the SocB toxin
as illustrated in Fig. 1F (Aakre et al., 2013; Markovski & Wickner, 2013).

3.7. Type VI

The newly classified type-VII modules involve antitoxins that are
found to be enzymatically modifying the toxins. These enzymatic
modifications are made through transient interactions, instead of pri-
marily through binding as in the type-II TA system. There are few newly
discovered and distinct TA systems where antitoxin is an enzyme
directly targeting the cognate toxin. These TA modules are grouped in a
separate class referred to as type-VII TA systems (Wang et al., 2020).

The first such TA module studied was the hha-tomB system in Yersinia
enterocolitica (Marimon et al., 2016) and E. coli (Garcia et al., 2008). It is
also a part of the first identified group of TA modules in biofilms (Bar-
rios et al., 2006). Hha is a hemolysin expression modulating protein that
results in cell lysis and reduced biofilm formation, but with an increased
dispersal. While antitoxin TomB is a toxin overexpression modulator in
biofilms that previously was known as YbaJ and inactivates Hha toxin in
presence of oxygen. The antitoxin activity of TomB is oxygen-dependent
as it promotes oxidation of Hha single conserved cysteine, Cys18 to
SOxH species (sulfenic RSOH, sulfinic RSO,H, and sulfonic acid RSOsH).
Thus, the oxidation destabilizes the Hha toxin protein as depicted in
Fig. 1G.The Hha/TomB TA system acting as an oxygen sensor (Marimon
et al., 2016) refers to its relevance for biofilms so that the bacterial cells
under anoxic conditions would show reduced growth on account of Hha
toxin activity.

HepT/MntA is another example of an enzyme antitoxin. A set of 2
genes encoding higher eukaryotes & prokaryotes nucleotide (HEPN)
binding domain protein, and its associated minimal NTase (MNT)
domain protein has been anticipated to represent one of the most
abundant TA operons. The antitoxin MNT domain protein followed by
its neighboring toxin HEPN domain protein has been first confirmed in a
halophilic bacterium Halorhodospira halophila SL1 (Sberro et al., 2013),
and then in a cryophilic bacterium Shewanella oneidensis (Yao et al.,
2015). HEPN domain toxin protein with active RX4.¢H motif act as
endoribonuclease (Jia et al., 2018; Yao et al., 2015), whereas MntA
antitoxin (MNT domain protein) functions as an NTase enzyme chemi-
cally modifying HepT toxin (HEPN domain protein) in archaea as well as
bacteria. The in-vitro analysis through enzymatic assay revealed the
transfer of 3 AMPs sequentially by MntA to HepT using ATP as a sub-
strate (Yao et al., 2020). Furthermore, structural studies confirmed the
transfer of 3 AMPs to Tyr104 in HepT, which is next to the active RNase
domain RX4H. Thus, polyadenylation of HepT toxin through MntA re-
duces the HepT toxicity.

Rv1045/Rv1044 in Mycobacterium tuberculosis is also a TA system
having antitoxin, which functions as an enzyme. Rv1045/Rv1044
further proposed to be renamed as Tgl/TakA is a specific module, which
was predicted to be a type-IV TA system as no direct interaction could be
confirmed between toxin and antitoxin (Dy et al., 2014a). Later, the
antitoxin TakA was demonstrated to function as serine protein kinase
neutralizing TgIT toxin through phosphorylation of Ser78 (Yu et al.,
2020). TakA antitoxin acting as an enzyme for toxin inactivation & the
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transient interaction of TakA and TglT makes TglT/TakA system distinct
in comparison to type-IV TA systems. TgIT toxin is a tRNA nucleotidyl
transferase, which is responsible for the addition of pyrimidines (C, U) to
the 3’-CCA acceptor arm of uncharged tRNA (Cai et al., 2020). Thus, the
TgIT toxin prevents the charging of tRNA. TgIT toxin is homology to
AbiFii, which belongs to the abortive infection (Abi) system of Strepto-
coccus agalactiae (Dy et al., 2014a).

3.8. Type VIII

In the most recently described type VIII modules, the antitoxin masks
the activity of the first time found small RNAs toxin by anti-sense
binding as shown in Fig. 1H. The first identified example of this class
is sdsR-ryeA (Choi et al., 2018). SdsR and RyeA are two small RNAs and
located at opposite DNA strands with the same locus. Previously, SdsR
was known as RyeB and classified as the RpoS regulon (Levi et al., 2014;
Peano et al., 2015). The SdsR toxin regulates several mRNA targets, thus
acting as multi-targeting sRNA through repressing mutS and tolC in
Escherichia coli and different genes including crp, stpA, ompD & tolC in
Salmonella (Frohlich et al., 2016; Gutierrez et al., 2013). The highest
expression of SdsR toxin is in the stationary phase. The mutation in the
promoter of antitoxin ryeA shifts sdsR expression to an earlier growth
phase. The ectopic expression of SdsR caused cell death, whereas cell
death was relieved by overexpression of RyeA thus it represented a novel
type of TA module in which both the antitoxin and the toxin are small
RNAs (Choi et al., 2018). The degradation of RyeA antitoxin by RNase
BN is responsible for its lower abundance in the early exponential phase
(Gupta et al.,, 2019). Furthermore, RyeA is found to be an acid
stress-inducible RNA (Gupta et al., 2020). Homologous SdsR/RyeA el-
ements are present in multiple enterobacterial species ((Frohlich et al.,
2012), (Frohlich et al., 2016)). Thus, such TA modules may be wide-
spread throughout the family Enterobacteriaceae.
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4. Specific Targets of TA modules

Several years of extensive research have reported diverse cellular
targets of the TA modules. Many vital processes of the bacterial cell,
including DNA replication, transcription, protein translation, biosyn-
thesis of the cell wall as well as the formation of the cytoskeleton are
altered by active TA modules, as illustrated in Fig. 2 and listed in
Table 1. Protein translation is found to be the most popular target for the
majority of TA modules (Harms et al., 2018). The translation is a com-
plex process involving stepwise ribosomal assembly and harmonized
motion of translational machinery, with the inclusion of each amino acid
to the nascent polypeptide chain. The overall complexity of protein
synthesis comes up with multiple possibilities of intervention, which are
explored by different antibiotics, secreted toxins, and bacteriocins. The
translation is thus targeted by type II TAs in several ways, starting from
cleavage of RNA transcripts before as well as during the process of
translation, to interrupting the tRNA charging or amino acid delivery to
the elongating polypeptide chain. Some toxins may also affect ribosomal
biogenesis.

There are few toxins responsible for mRNA hydrolysis and are either
solvent-exposed or ribosome-linked mRNA. mazEF is one of the well-
studied type II TA operons in E. coli. The majority of MazF toxins spe-
cifically cleaves upstream of the 5’-ACA-3’nucleobases in mRNA tran-
scripts. It behaves as a sequence-specific endoribonuclease, completely
inhibiting the translation (Munoz et al., 2004; Zhang et al., 2003) like
VapC and RelE toxins. Some MazF toxins are manifested to target 23S
rRNA, 16S rRNA, and tRNA (Schifano et al., 2016), as recently described
that MazF-mt9 toxin present in Mycobacterium tuberculosis specifically
targets tRNA substrate (Schifano et al., 2016). Specific RNA pools are
targeted or cleaved selectively by these endoribonuclease toxins and can
be an added advantage to respond against diverse metabolic and envi-
ronmental stimuli (Moll & Engelberg, 2012). The gene names of hicAB
operon owe to their genetic locus linked to hif contiguous (pilus gene
cluster) in Haemophilus influenza. HicA toxin holds a specific

Bacterial Cell

Fig. 2. Intracellular molecular targets for TA encoded Toxins. The illustration depicts how the molecular targets of typical TA encoded toxins influence the vital
processes of bacterial cells. Active free toxins interfere with cellular processes such as cell-wall synthesis, DNA replication, transcription, and translation that ul-

timately may result in the formation of bacterial persisters.
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Table 1
Intracellular molecular activities of TA modules
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S.No. TA types Toxin Antitoxin Toxin targets

1. Type -1 Protein RNA Bacterial membrane

2. Type-IL Protein Protein DNA gyrase
Sequence-specific mRNA
Initiator tRNA
EF-Tu elongation factor
glu-tRNA synthetase

3. Type-IIL Protein RNA mRNA

4. Type-IV Protein Protein MreB and FtsZ (cytoskeleton proteins)

5. Type-V RNA Protein Cell membrane

6. Type-VI Protein Protein p-sliding clamp

7. Type-VII Protein Protein Biofilm

8. Type-VIII RNA RNA Repression

of YheB (inner membrane protein)

Affected cellular processes Examples References
Biosynthesis of cell membrane hoh-sok (K. Gerdes et al., 1986)
tisB-istR (Vogel et al., 2004)
DNA replication ccdAB (Bernard & Couturier, 1992)
Translation parDE (Jiang et al., 2002)
Translation relBE (Christensen & Gerdes, 2003)
Translation mazEF (Yonglong Zhang et al., 2003)
Translation vapBC (K. S. Winther & Gerdes, 2011)
phd-doc (Cruz et al., 2014)
hipBA (Germain et al., 2013)
Translation toxIN (Fineran et al., 2009)
Cell morphology cbtA-cbeA (Masuda et al., 2012)
Biosynthesis of cell membrane ghoST (Wang et al., 2012)
DNA replication SocAB (Markovski & Wickner, 2013)
Biofilm hha-tomB (Marimon et al., 2016)
Cell morphology sdsR-ryeA (J. S. Choi et al., 2018)

double-stranded RNA binding domain (~50 amino acids) and in addi-
tion to binding, all HicA toxins can also hydrolyze RNA. The mRNA
degradation is observed through the HicA toxin in E. coli, whereas no
consensus has been reported for the cleavage (Jgrgensen et al., 2009).
HicA from Sinorhizobium meliloti was experimentally shown to degen-
erate purified rRNA (Thomet et al., 2019). HicA3 from Yersinia pestis
cleaves the in-vitro transcribed mRNA (Bibi et al., 2014). However, RelE
toxins are responsible for cleavage between the 27 anqd 3™ position of
the codon of mRNA in the ribosomal A site. Toxins of the RelE family
describe low sequence identity (11-20%) but retains conserved folds
similar to T1, SA2, and U2 (ribosome independent endoribonuclease)
(Neubauer et al., 2009).

Although all toxins corresponding to type II systems do not cleave
mRNA, some toxins without degrading mRNA can halt the synthesis of
proteins by interfering with the translational machinery. For instance,
glutamate transfer RNA synthetase is phosphorylated by HipA toxin,
causing inhibition of protein synthesis (Germain et al., 2013). Doc toxin
from the phd-doc system is responsible for the inactivation of an
important translation elongation factor EF-Tu through its phosphoryla-
tion (Castro et al., 2013; Cruz et al., 2014). So far, VapC toxin of VapBC
module is characterized for targeting initiation tRNA (tRNAﬂV'et),
distinct elongation tRNA, and SRL (Sarcin-Rich loop) of 23S rRNA
(Winther et al., 2016; Winther et al., 2013; Winther & Gerdes, 2011).
Two GNAT toxins (AtaT and TacT) are newly identified type-II toxins
with acetyltransferase activity (Jurenas et al., 2017). Translation initi-
ation is inhibited by AtaT toxin through acetylation of methionine
charged on initiator tRNA. Whereas, TacT toxin is responsible for the
acetylation of elongator tRNAs.

Classes of TA modules other than type II are not well investigated yet
for their cellular targets. However, the type I Fst toxin disturbs the
membrane integrity (Brinkman et al., 2013), Hok toxin depolarizes the
cytoplasmic membrane inducing cellular damage, and biosynthesis of
cell envelope is disrupted by type I BsrG toxin (Jahn et al., 2015). While
the type III toxIN complex is well defined but the specific intracellular
target of endoribonuclease toxin ToxN is still unknown. The type IV
CbtA toxin reduces the polymerization of cytoskeleton proteins (MreB
and FtsZ), which play an important role in the maintenance of cell
morphology (Masuda et al., 2012). Whereas, the type V GhoT toxin is
found responsible for disrupting the cell membrane thus forming lysed
cells (ghost cells) (Wang et al., 2012), and type VI SocB toxin shows a
strong affinity towards p sliding clamp, which promotes the processivity
of the polymerase during DNA replication (Aakre et al., 2013). In type
VII, Hha toxin is a hemolysin expression modulating protein that results
in cell lysis (Marimon et al., 2016) while in type VIII, SdsR toxin is a
RpoS regulon (Levi et al., 2014; Peano et al., 2015).

Surprisingly, TA modules and some antibiotics share common

cellular targets. For example, both CcdB (Bernard & Couturier, 1992)
and ParE (Jiang et al., 2002) toxin target the DNA gyrase. The enzyme
relaxing the supercoil of DNA has two GyrA subunits and two GyrB
subunits. When a transient break is created in one of the segments of
DNA by two GyrA subunits, another segment passes through it to release
the supercoil (Dao et al., 2005). The toxin binds in between, forming a
dead-end complex and thus blocking DNA polymerase passage, there-
fore halting the replication. Such inhibition of DNA replication is also
observed by the binding of quinolone antibiotics to the DNA gyrase
complex (Kohanski et al., 2010). Another example is the inhibition of
cell wall synthesis by phosphorylation of essential nucleotide sugar
UDP-N-acetyl glucosamine by the action of =zeta toxin of
non-conventional tripartite o-e-{ TA module (Moreno-Del Alamo et al.,
2019). This is very much similar to the mechanism of penicillin anti-
biotic, which inhibits peptidoglycan synthesis (Kohanski et al., 2010).
These remarkably similar targets of antibiotics and TA modules may
indulge in novel insights for developing new antimicrobial drugs.

5. The abundance of TA modules in pathogens

The bacterial TA modules are important factors involved in bacterial
persistence, abortive infection, maintenance of plasmids, and biofilm
formation (Jayaraman, 2008; (Renbarger and Baker, 2017)). All these
biological roles of TA modules support the pathogenicity of bacteria,
neglecting the effects of antibiotics, and giving rise to
multidrug-resistant strains. Multidrug resistance is one of the highest
threats to public health globally. TA modules, particularly type II, are
highly abundant in pathogenic bacteria as compared to non-pathogenic
bacteria (Kang et al., 2018; Lobato et al., 2016). Recent advances in
bioinformatics also revealed that intestinal microbiota shows a high
abundance of type III TA modules (Kang et al., 2018).

In the past few years, a group of bacteria has been highlighted by the
infectious disease society of America and has been named as “ESKAPE
pathogens” (Pendleton et al., 2013). These pathogens are efficient in
escaping the bactericidal action of antibiotics. This specific group of
pathogens acronymically constitutes Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, and Enterobacter species (Pendleton et al., 2013). These
pathogens were extensively studied for the presence of multiple TA
operons. Gram-positive bacteria S.aureus is a virulent pathogen causing
endocarditis, skin infections, pneumonia, and food poisoning. Here, the
worldwide issue was the emergence of methicillin-resistant S. aureus
(MRSA). Mainly three type II TA is present in the genome of S. aureus,
including mazEF, yefM-yoeB, and w-¢-{ operon (Schuster & Bertram,
2016). A member of the Enterobacteriaceae family, K. pneumoniae is
responsible for causing severe damage to human lungs, urinary tract
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infection, and intra-abdominal infections. This Gram-negative oppor-
tunistic pathogen normally resides in the human intestine.
K. pneumoniae isolate exhibits resistance to carbapenem antibiotics. Ten
completely sequenced genomes of K. pneumoniae were analyzed for
distribution of TA operons and a total of 212 putative type II TA locus
were found in K. pneumoniae strains (Wei et al., 2016). A. baumannii is
another Gram-negative opportunistic pathogen, primarily associated
with hospital-acquired infections. This shows a high mortality rate of up
to 75%. In the genomes of A. baumannii, a total of 15 TA operons were
found, out of which five type II TAs were shown to be functional, namely
hicAB, higAB, relBE, splAT, and cheAT (Jurenaite et al., 2013). A
Gram-negative bacteria P. aeruginosa is a leading cause of nosocomial
infections. It affects immune-compromised individuals causing chronic
infections including burn wound infections, bacterial keratitis, and
cystic fibrosis. This pathogen possesses relBE, yefM-yoeB, parDE, mazEF,
higBA, parDE, vapBC-type TA module (Bonnin et al., 2013; Fernandez
et al., 2016; Savari et al., 2016).

Other important pathogens such as Shigella flexneri capable of
causing chronic diarrhea in humans also harbors vapBC, parDE, mazEF,
and relBE type II TA pairs (Dienemann et al., 2011; Hosseini et al., 2019;
Sengupta & Austin, 2011). The pathogenic strain of E. coli, for example,
E. coli 0157 is characterized as a human enterohemorrhagic pathogen
responsible for hemorrhagic diarrhea and renal failure. This particular
pathogenic strain of E. coli retains ccdAB, parDE, higAB, hicAB, mazEF,
relBE and many more TA modules that are not listed here. An acid-fast
bacterium Mycobacterium tuberculosis, which can persist longer in mac-
rophages of the human respiratory system in a non-replicating and
drug-tolerant state also has a total of 88 chromosomally encoded TA
modules, out of which 81 are well known and seven are putative TA
modules (Ramage et al., 2009; Yu et al., 2020). Thus, these pathogens
are highly notable for their overabundance of TA modules.

TA systems have different demonstrated roles; still, there is relatively
less knowledge about the functional significance of these modules in
plant pathogens. A recent survey revealed that Erwinia amylovora which
causes fire blight disease in apple and pear comprises six conserved
type-II and type-IV TA systems. Out of six, only three TA systems (Doc/
PhD, ParE/RHH, and CbtA/CbeA) were validated to be functional
(Shidore et al., 2019). The hok-sok type-I TA module is also well char-
acterized in E. amylovora (Peng et al., 2019). Multiple putative toxins or
homologs of toxins from TA modules are identified from the genome of
widely studied tumor-inducing bacterium Agrobacterium tumefasciens.
The rod-shaped, Gram-negative bacteria causes crown gall disease in
plants. The pemlIK, yoeB-yefM, and mazEF are functionally characterized
TA systems of A.tumefasciens (Choi et al., 2021; Denkovskiene et al.,
2020; McGillick et al., 2019). Xylella fastidiosa is a major pathogenic
bacteria responsible for many plant diseases including alfalfa dwarf,
pony peach, coffee leaf scorch, and economically important pierce’s a
disease in grapes. DinJ/RelE and MgsRA are the two functional TA
systems having different roles in the regulation of X. fastidosa growth
and virulence (Lee et al., 2014; Burbank & Stenger, 2017; Merfa et al.,
2016).

To attain a much better understanding for purpose of such modules
in bacterial cell biology, highly comprehensive strategies for spotting
novel TA loci are essential. A discovery-oriented database is recently
created and named TASmania, in response to this specific need. Re-
searchers annotated over 41000 assemblies out of the Ensembl Bacteria
database, bringing about recognition of >2*10° candidate TA loci
(Akarsu et al., 2019). TASmania allows the identification of a larger
number of putative TA loci (type I-IV) because it has greater flexibility in
comparison to the initially used TAfinder search tool in TADB 2.0.
Therefore, providing initiation for future experimental analysis of TAs in
many other pathogenic bacteria.

6. TA modules conserving resistant genes

TA modules actively participate in the maintenance of resistant
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genes of plasmids as well as genomic islands ((Diaz-Orejas et al., 2017);
Yang & Walsh, 2017). Conjugative plasmids are the potential reservoirs
of resistant genes capable of disseminating antibiotic resistance among
bacteria (Carattoli, 2013; Mathers et al., 2015). These resistance genes
are responsible for the emergence of persistence in harsh environments,
i.e. antibiotic pressure linking plasmids to clinical failure of treatment
through antibiotics (Andersson & Hughes, 2011; Li & Webster, 2018).
Plasmids are known to be extrachromosomal or mobile genetic elements
of the host cell imposing a metabolic burden (Norman et al., 2009;
Velmurugan et al., 2003). Thus, plasmids can easily be eliminated from
the genome of host bacteria when it does not experience any selective
pressure, resulting in loss of multiple resistant genes. TA modules like
ccdAB and hok-sok are involved in the stabilization of plasmids (Harms
et al., 2018; Kroll et al., 2010). These TAs are responsible for the se-
lective elimination of cells that fail to acquire plasmid during cell divi-
sion, thus indirectly promoting the maintenance of resistant genes. The
genes in a bacterial genome, acquired through horizontal gene transfer
thus forming genomic islands are also stabilized by TA modules (Van &
De, 2009). A Gram-negative bacterium Vibrio cholerae includes an
integrative and conjugative constituent (SXT) mediating tolerance
against several antibiotics (Das et al., 2020). A specific TA operon mosAT
within SXT is recognized for promoting the stability of SXT (Wozniak &
Waldor, 2009). When SXT is at risk of loss, the active MosT toxin min-
imizes the number of cells lacking SXT and the expression of active
mosAT operon participates in SXT maintenance among the bacterial
population (Wozniak & Waldor, 2009). This provides evidence for the
participation of TA modules in maintaining the resistant genes.

7. The emergence of persistence through TA modules

In studies involving antibiotics, it was observed that a small popu-
lation of cells survived as dormant cells and had a different mechanism
from traditional antibiotic resistance (Fisher et al., 2017; Wood et al.,
2013). This ability of few genetically homogeneous cells to survive in
stress conditions by entering the dormant state temporarily is termed as
“persistence”. The reduced metabolic activity and growth rate of cells
are the main characteristics of persistence (Orman & Brynildsen, 2013;
Wood et al., 2013). These persister cells are phenotypic variants but not
genetic mutants (Wen et al., 2014). It has been unambiguously
confirmed that TA modules have influential roles in the formation of
persister cells (Kedzierska & Hayes, 2016; Maisonneuve & Gerdes,
2014).

It was noticed that, as compared to wild-type strain under different
antibiotic stress, the persistence was reduced more than 100 folds in
mutant formed by successive deletion of 10 mRNAs, encoding TA pairs
from the E. coli chromosome (Maisonneuve et al., 2011). TA modules are
well studied as stress-responsive modules that are activated under
certain stress conditions and thus form persisters (Harms et al., 2016;
Wang & Wood, 2011). The hipBA was the first identified and elaborated
TA module associated with persister cell formation in E. coli (Lou et al.,
2008). Two major stress responses involved in TA activation are strin-
gent response and SOS response (Maslowska et al., 2019; Strugeon et al.,
2016). In stringent response as illustrated in Fig. 3, persister cell for-
mation is mediated by a signaling nucleotide (p)ppGpp, which modu-
lates the activation of TA modules through the cascade involving the
protease enzyme (Lon) and inorganic phosphate (poly P). The higher
level of (p)ppGpp serving as alarmone in exponentially growing cells
activates the TA modules resulting in growth arrest. In response to
nutrient starvation, RelA or SpoT is activated in bacteria promoting (p)
ppGpp accumulation resulting in exopolyphosphatase (PPX) inhibition,
which is a cellular enzyme degrading poly P. Active polyphosphate ki-
nase (PPK) catalyzes the polyP stimulating expression of Lon protease to
degrade antitoxin, liberating toxin and thus leading to growth arrest
(Paul et al., 2019). When the degradation rate of antitoxin through Lon
protease is reduced to a normal level, the antitoxin accumulation
quenches the toxin reviving the normal growth of cells. This specific
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Fig. 3. TA modules and pppGpp mediated persister pathway. Exposure to stress, such as nutrient deprivation, activated SpoT, and RelA that synthesize the alarmone
(p)ppGpp. Further increment in the level of the alarmone and by inhibition of exopolyphosphatase (PPX), inorganic polyphosphate (PolyP) is accumulated. This leads
to the activation of bacterial proteases, such as Lon, that preferentially cleave antitoxins, leaving an excess of the toxin. Thus, exposure to stress may result in the
rapid cell death of the most actively growing cells and also activates a very small fraction of cells into the persister state by cellular growth arrest.

mechanism of TA activation is very well supported through mathemat-
ical modeling (Gelens et al., 2013). For example, lack of amino acid
isoleucine leads to the increment in (p)ppGpp level and up-regulates
multiple TA operons like dinJ/yafQ, mazEF, hicAB, relBE, mqsRA, and
yafNO (Gutierrez et al., 2017). TAs are activated to reduce bacterial
growth in response to stress and the growth rate of cells is proposed to be
inversely related to the emergence of persistence. Thus, it seems that
persistence depends on the growth rate, rather than exclusively
depending on (p)ppGpp.

SOS response is another stress response supporting oxidative stress
and antibiotic stress tolerance through induction of some type I and
types II TA modules (Fraikin et al., 2020; Yang & Walsh, 2017). This is a
bacterial cell response triggered by an obstruction in DNA replication,
resulting in the mass of single-stranded DNA (Yamaguchi & Inouye,
2011). Two important proteins RecA and LexA act as regulators of SOS
response (Cohen et al., 2008). Activation of RecA proteins initiates the
mechanism of SOS response and in turn, the activated RecA inactivates
the LexA repressor (Cohen et al., 2008). The LexA repressor is respon-
sible for inhibiting the expression of SOS genes, which exhibit a role in
cell growth, mutagenesis, and DNA repair (Kreuzer, 2013). Thus, it is a
very crucial mechanism for the emergence of persisters in response to
DNA damaging antibiotics, such as ciprofloxacin and fluoroquinolone
(Dorr et al., 2009). tisB-istR type I TA locus in E. coli is the first identified
TA module contributing to persistence through SOS induction (Yang &
Walsh, 2017). Use of antibiotic ciprofloxacin which causing DNA dam-
age resulted in a sharp downfall in the number of tolerant persister cells
when a specific TA locus type-I tisAB/istR1 was knocked out from E. coli
cells, indicating TA dependent formation of antibiotics tolerant cells
(Dorr et al., 2010).

For TisB expression, the SOS response must be induced first as this
toxin is regulated by LexA (Weel et al., 2008). While the IstR antidote
shows an affinity towards LexA independent promoter and down-
regulates the expression of TisB toxin thus exhibiting RNase III depen-
dent cleavage of the toxin mRNA (Vogel et al., 2004). Therefore, under
normal conditions when SOS response is not triggered, constitutive

transcription of antitoxin IstR inactivates TisB toxicity. In response to
antibiotics targeting DNA replication, RecA is activated resulting in
cleavage of LexA repressor and induction of SOS response (Cohen et al.,
2008). The IstR antitoxin regulating the LexA promoter is degraded
(Vogel et al., 2004). Whereas, TisB toxin shows gradual accumulation
and binding towards cytoplasmic membrane leading to membrane
damage, reduction in ATP level as well as proton motive force (Yang &
Walsh, 2017). All this results in a reduced rate of DNA, RNA, and protein
synthesis, and blockage of drug intake (Dorr et al., 2010; Unoson &
Wagner, 2008). Finally, the bacterial growth slows down and antibiotic
tolerant persisters are formed.

Similarly, the SOS response can also activate symER, dinQ-agrB, and
hok-sok type-I TA modules as well as yafNO and dinJ-yafQ type-II TA
modules (Baharoglu & Mazel, 2014; Berghoff & Wagner, 2017; Weel
et al., 2013). In the case of dinJ-yafQ, the persister formation increases
with YafQ toxin production (Hu et al., 2015). YafQ toxin significantly
reduces the levels of tryptophanase (TnaA) by degrading its mRNA,
which has 16 putative cleavage sites for YafQ toxin (Hu et al., 2015). In
the stationary phase, RpoS activates tnaA, while YafQ inhibits the rpoS
expression (Kwan et al., 2015). The reduced levels of RpoS and TnaA
protein force limited the production of indole (tryptophanase activity
product), which in turn inhibits the persistence (Hu et al., 2015).

8. TA modules associated with the biofilm formation

Bacterial cells can aggregate on both biotic and abiotic solid surfaces
forming a multicellular complex enveloped by an exopolysaccharide
matrix known as biofilms (Garnett & Matthews, 2013; Limoli et al.,
2015). These biofilms help bacteria to survive in harsh environmental
conditions and antibiotic tolerance is a hallmark for mature biofilms
(Singh et al., 2017). Many bacteria capable of biofilm formation are
associated with chronic infections in humans. Pathogenic bacteria such
as Pseudomonas aeruginosa uses the strategy of biofilm formation to
persist against the host defense mechanism (Mulcahy et al., 2014). The
slimy layer over the bacterial cells in a biofilm does not allow antibiotics
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to penetrate (Roy et al., 2018). Apart from failure in the diffusion of
antibiotics, some modifications in lipopolysaccharide, slow growth, and
degradation of antibiotics have been observed in biofilm-associated
drug-resistant cells of P. aeruginosa (Hall & Mah, 2017). A representa-
tive of type II TA system mgsRA has shown to be directly associated with
biofilm formation (Merfa et al., 2016). The antitoxin MgsA antagonizes
the toxin and is linked with default stress responses. The protein MgsA
acts as a repressor of stress regulator RpoS. Low concentrations of RpoS
reduces GMP levels, ultimately limiting the biofilm formation (Soo &
Wood, 2013). Upon stress, Lon and ClpXP proteases rapidly degrade the
unstable antitoxin MgsA, leading to RpoS accumulation. This finally
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switches the highly motile state of planktonic cells to a sessile state thus
forming biofilms (Soo & Wood, 2013). Other TA modules like mazEF,
relBE, yefM-yoeB, and dinJ-yafQ are also reported to influence biofilm
formation in E. coli (Kim et al., 2009).

9. Targeting TA modules for eliminating antibiotic persistence

For eliminating persisters without any failure, some possible mo-
lecular targets must be examined to develop antipersister strategies.
Since bacterial growth reduction can be achieved by targeting TA
modules, they are expected to be involved in eliminating persisters
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Fig. 4. Different antibacterial strategies involving artificial activation of TA modules; (A) Prevention of TA complex formation; (B) Disruption of TA complexes; (C)
Activation of cellular proteases degrading antitoxins; (D) Inhibition of TA transcription; (E) Overexpression of the TA system and subsequent removal of the acti-

vating drug (see text for details).
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(Paul et al., 2019; Ying Zhang et al., 2012). No homologs of bacterial TA
genes and pre-existing resistance against toxins of TA systems are found
in humans, thus TAs can be served as the ideal targets for the production
of novel antibacterial drugs (Paul et al., 2019).

There are several proposed antibacterial strategies involving TA
modules, yet they are not many supported with experimental data in
most cases (Kang et al., 2018; Williams & Hergenrother, 2012). These
multiple strategies involve the artificial activation of TA systems either
directly or indirectly. The direct activation involves the use of specific
molecules that can interfere with TA complexes and disrupt stoichiom-
etry of active toxin & antitoxin. Whereas, in indirect activation, other
cellular targets are triggered having interconnected functions with TA
systems (Rownicki et al., 2020). The most convenient way that can be
studied is to use some peptides or small compounds as a strong inhibitor
of TA modules, preventing the formation of TA complex as shown in
Fig. 4A. Designing peptides to inhibit TA and using protein-protein
interaction to artificially activate the toxins is the common plan of ac-
tion (Fernandez et al., 2016; Bienstock, 2012; Williams & Hergenrother,
2012). This strategy was used to activate the toxin of the pemIK TA
module in B. anthracis. C-terminal fragment of protein antitoxin PemI
was found to be responsible for interaction with PemK toxin (Agarwal
et al., 2010; Chopra et al., 2011).

We can also use toxin mimicking peptides rather than antitoxin
mimicking peptides for stronger inhibition of TA complex formation. For
example, three peptides were designed to mimic the TA interface of the
vapBC TA module (Lee et al., 2015). Disrupting the TA complex by the
use of high-affinity peptide inhibitors displaces the toxin from its asso-
ciated antitoxin. This forcibly liberates the toxin causing it to act onto its
cellular target resulting in lethal effects to the TA producer cells, as
illustrated in Fig. 4B. Although, not a single drug is designed till now to
target TA interfaces, however, computational drug designing methods
such as virtual screening and molecular docking may assist in the
identification of such drug candidates (Bienstock, 2012).

Initially, in 2010, Lioy and colleagues through oligopeptide library
screening using high throughput methods identified 17 amino acid long
oligopeptide interfering e-{ TA system in Streptococcus pyogenes (Lioy
et al., 2010). However, their results for disruption of e-{ TA assembly
were not further replicable which may be due to weak binding of oli-
gopeptide. But at the same time, their research proved the concept for
using the strategy providing antimicrobial action.

The accelerated antitoxin degradation from its non-toxic TA complex
through overexpression of cellular proteases is envisioned to be another
fruitful antibiotic strategy. Therefore, increment in protease levels or
designing molecules responsible for specifically activating these pro-
teases may be an effective strategy indirectly activating the toxins as
depicted in Fig. 4C. For achieving such a condition plasmid harboring
cloned gene for protease can be introduced into the host cell. For
example, overproduction of Lon protease-activated YoeB, leading to
toxin-dependent mRNA degradation, translation inhibition, and even-
tually cell death (Christensen et al., 2004). Inhibition of bacterial cell
division and cell death are the outcomes of such uncontrolled proteol-
ysis, possibly involving toxin participation (Brotz et al., 2005).

A different antimicrobial strategy involving quorum sensing factors
triggering TA systems was developed by Engelberg-Kulka and Kumar, in
which they tried an approach to target the MazEF system. Their strategy
involves the use of extracellular death factors or EDFs (group of penta-
peptides) secreted by bacteria (Engelberg et al., 2005; Kumar & Engel-
berg, 2014). Another conceivable approach is to repress the
transcription of TA genes, interrupting the constant availability of the
less stable antitoxin (Brown et al., 2013; Hayes & Kedzierska, 2014).
This strategy may involve drug candidates that can efficiently bind to
the promoter sequence of the TA operon thus silencing the gene tran-
scription, as illustrated in Fig. 4D. To avoid complex formation with a
toxin, some biomolecules enhancing promoter binding can be designed
based on structural information of the antitoxin (Lee & Lee, 2016). One
therapeutic approach can be utilizing agents responsible for modulating
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transcription of two genes. So, designing activator protein-like drug
molecules ultimately attract few proteins to the promoter region, acti-
vating RNA polymerase and resulting in overexpression of the TA sys-
tem. This overexpression of genes provides excessive stable TA
complexes. While subsequent removal of activating drug would show
autorepression of TA system, excess free toxin after antitoxin degrada-
tion may cause bacterial cell death, as illustrated in Fig. 4E.

A typical approach utilizes TA systems, which involve inhibition of
antitoxin production without modifying the translation of toxin (Lee &
Lee, 2016; Unterholzner et al., 2013). This strategy is based on the fact
that both genes of a type-II TA system are co-transcribed to having
distinct Shine-Dalgarno sequences. Therefore, inhibiting antitoxin
translation through artificially designed sequence-specific antisense
PNA (peptide nucleic acid) would not disturb the toxin protein trans-
lation (Harms et al., 2018; Saberi et al., 2016). An experiment using
antisense PNA for targeting MazE and HipB antitoxins in E. coli resulted
in effectual cell growth inhibition. Whereas, no changes in relative levels
of toxin mRNAs were reported, presenting a proof of concept (Rownicki
et al., 2018).

Some other approach involves stringent response induction for in-
direct activation of toxins. Naturally, starvation and some stress signals
activate the stringent response mediated by guanosine 3, 5 bispyr-
ophosphate (ppGpp) alarmone (Jimmy et al., 2020). For example, in
E. coli an antisense PNA conjugated with (KFF)sK carrier peptide, tar-
geting thyA gene encoding for thymidylate synthase induced thymine
starvation. As a consequence, MazF toxin production was triggered via
ppGpp accumulation in bacterial cells. The significant drop in mRNA
levels of thyA with complementary anti-thyA PNA treatment and resul-
tant inhibition of growth certified the effectiveness of strategy involving
silencing (Rownicki et al., 2018).

Specifically, type-II TA modules can easily be targeted using any of
the above-mentioned strategies. The direct use of toxin as an antibiotic
drug can also be an effective approach, while this has several therapeutic
limitations such as expensive bioprocessing and poor oral availability
(Lee & Lee, 2016). The need for an effective delivery system for a toxin
to reach the pathogenic habitat in the host body without affecting the
normal microflora and human cells is another issue. Using recombinant
bacteriophages for delivering the desired toxin gene would be a more
sophisticated procedure so that the high expression of toxin inside the
pathogen can lead to cell death (Huys et al., 2013).

Although TA systems are being potential targets for eliminating
antibiotic resistance, we cannot be in a hurry to assess their therapeutic
potential in the clinical system. Fishing out the most appropriate strat-
egy should be the foremost priority for developing new antimicrobial-
based TA activators as drug discovery and development demands a
huge amount of time and cost. Selection of correct TA target is also a
crucial step, which must be contingent upon their clinical relevance
involving their prevalence in antibiotic-resistant clinical isolates, human
cell cytotoxicity, and the required drug delivery mode. It might be a
highly advantageous approach to use TA activators combined with
conventional antibiotics for targeting a broad range of antibiotic-
resistant bacterial strains.

10. Concluding remarks

In summary, we have the staggering molecular classification of TA
modules with diverse biological functions in bacteria. With various ex-
amples, we linked persister cell formation, biofilm formation, and bac-
terial resistance to TA modules. Further, we argue about the abundance
of TA modules in bacterial pathogens and toxin’s specific targets. We
also discussed some novel antibacterial strategies involving TA modules
to get rid of multiple drug tolerance. However, the molecular phenom-
ena of many TA modules, their regulation, and their association with
different biological functions in bacteria are still ambiguous. Therefore,
the future aspects of bacterial TA biology should include TAome anal-
ysis, TA role in bacterial physiology, the molecular structure of TA
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modules, association with bacterial pathogenicity and virulence,
evolutionary origin, and mechanism of TA modules. Moreover, a com-
parison of orthologous and paralogous TA modules is also an attractive
field of study. An intense knowledge and novel approaches of TA
modules are much required to facilitate the development in biotech-
nology and fight against bacterial resistance.
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