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Abstract 

To xin–antito xin (TA) systems are entities found in the prokaryotic genomes, with eight reported types. Type II, the best c har acterized, 
is comprised of two genes organized as an oper on. Wher eas toxins impair growth, the cognate antitoxin neutralizes its activity . T As 
appeared to be involved in plasmid maintenance , persistence , virulence , and defence against bacteriophages. Most Type II toxins 
target the bacterial tr anslational mac hinery. They seem to be antecessors of Higher Eukaryotes and Pr okar yotes Nucleotide-binding 
(HEPN) RNases, minimal nucleotidyltr ansfer ase domains, or CRISPR–Cas systems. A total of four TAs encoded by Str eptococcus pneu- 
moniae , RelBE, YefMYoeB , Phd-Doc, and HicAB , belong to HEPN-RNases. The fifth is r e pr esented by P ezAT/Epsilon–Zeta. P ezT/Zeta 
toxins phosphorylate the peptido glycan precursors, there by blocking cell wall synthesis. We explore the bod y of kno wledge (facts) 
and hypotheses pr ocur ed for Type II TAs and anal yse the data accum ulated on the PezAT famil y. Bioinformatics anal yses showed that 
homologues of PezT/Zeta toxin are abundantly distributed among 14 bacterial phyla mostly in Proteobacteria (48%), Firmicutes (27%), 
and Actinobacteria (18%), showing the widespread distribution of this TA. The pezAT locus was found to be mainly chromosomally 
encoded whereas its homologue, the tripartite omega–epsilon–zeta locus, was found mostly on plasmids. We found several orphan 

pezT / zeta toxins, unaccompanied by a cognate antitoxin. 

Ke yw ords: bacterial type II to xin–antito xins, cell wall biosynthesis, pathogenicity islands, pneumococcus 
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Abbreviations 

asRNA: antisense RNA 

G: Gram 

HTH: helix-turn-helix 
IS: insertion sequence 
MGEs: mobile genetic elements 
nt: nucleotide(s) 
PPI: pr otein–pr otein inter action 

RHH: ribbon-helix-helix 
TA(s): to xin–antito xin(s) 
UNAG: uridine-diphosphate- N -acetylglucosamine 
UNAG-3P: uridine- N -acetylglucosamine-3´-phosphate 
wt : wild type 

Introduction 

Before the COVID-19 pandemic, bacterial infections were the sec- 
ond highest cause of human mortality after coronary heart dis- 
ease, according to the Global Burden of Diseases , Injuries , and Risk 
Factors Study from 2019 (Ikuta et al. 2022 ). With an estimated 

7.7 million deaths per year as well as many millions more hos- 
t  
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italized, these infections constitute a huge toll on human lives
nd a heavy economic burden to society. These resilient and in-
r easing infections ar e, at least partl y, due to the enormous selec-
iv e pr essur e that has been laid on bacteria ov er the y ears b y the
veruse and abuse of antibiotics in clinical and veterinary treat- 
ents primarily for (i) treatment of bacterial infections, (ii) pro-

hylaxis, and/or (iii) dietary supplement in farming (Murray et al.
022 , Mulc handani et al. 2023 ). P athogenic and commensal bac-
eria have equally suffered similar pressure. Such stress upon the
acterial world has led to the selection of species that exhibit high
e v els of r esistance to m ultiple antibiotics (‘superbugs’). Man y of
he superbugs are pathogenic or opportunistic, whereas other in- 
ocuous bacteria may act as a reservoir of DNA, i.e. shared among
ll the bacterial population by processes of vertical and horizon-
al gene transfer (HGT; Bravo et al. 2018 ). Throughout the years
f confr onting antibiotic-r esistant bacteria, the idea that we m ust

fight’ against them and that it will be a ‘battle that we cannot
ose’ has taken firm ground (Bravo et al. 2018 , Garcillán-Barcia et
l. 2022 ). The need to grasp the dynamics of the a ppear ance of
 ultiple antibiotic r esistances and their r elationship with gene

r ansfer pr ocesses is linked to other w orldwide ev olutionary im-
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acts of anthropogenic activities on the entir e biospher e (Mic hael
t al. 2021 ). 

T he abo v ementioned belliger ent concepts hav e been r e-
xamined in light of the One Earth concept de v eloped by us (Bravo
t al. 2018 , Gar cillán-Bar cia et al. 2022 ). Understandably, the need
o find novel strategies and targets to cope with diseases caused
y superbugs is ur gent. We m ust take care of human survival in a
orld where infections by superbugs ar e incr easing steadil y: the
orld Health Organisation has predicted a human toll of ∼10 mil-

ion superbugs-related deaths per year by 2050 ( https://www.who.
nt/ news-room/ fact-sheets/ detail/antimicr obial-resistance ). Se v-
ral solutions have been outlined (Chan et al. 2015 , Bravo et al.
018 , Nadeem et al. 2020 , Hobson et al. 2021 ), and most of them
nvolve the identification of novel targets and the de v elopment of
ov el str ategies. Some of the a ppr oac hes suggested include (i) bac-
eriopha ge (pha ge) ther a py, (ii) inhibitors of pr otein–pr otein inter-
ctions (PPIs), (iii) interference with the bacterial mobile genetic
lements (MGEs) to inhibit HGT pr ocesses, (iv) tar geting virulence
raits, (v) inhibition of secretion systems, (vi) antisense RNAs, and
vii) search and/or design of small molecules, termed fr a gments
 < 300 Da), with low affinities that can be optimized into drug
ead compounds (Chan et al. 2015 , Bravo et al. 2018 , Kim et al.
022 , Shi et al. 2023 ). A very different path just beginning to be
xplored is the possibility of developing compounds that do not
ill bacteria, but instead act by targeting virulence factors such
s bacterial toxins or the proteins controlling microbial quorum
ensing, or biofilm formation. Mor eov er, an inter esting a ppr oac h
ontemplates the use of bacterial-encoded to xin–antito xins (TAs)
s possible antibacterials (Chan et al. 2015 , Równicki et al. 2020 ,
im et al. 2022 ), which will be briefly review ed belo w (see: Type II
As as possible targets for antibacterials ). 

acterial TA operons 

ithin their natural habitats, bacteria strive and expand by em-
lo ying regulatory netw orks, the nic home (Br avo et al. 2018 ), whic h
ontribute to their successful colonization of new niches in fluctu-
ting en vironments . Under these variable conditions , bacteria are
r equentl y confr onted with str essful situations wher e they m ust
ope for their survival. Among the genes involved in the bacte-
ial responses, the TA systems comprise a compelling group of
enes that regulate the response of microorganisms to the many
tr esses r elated to their lifestyle. TAs ar e pr esent in the c hr omo-
omes of the majority of bacterial species and their MGEs . T hey
r e curr entl y gr ouped into eight differ ent types (designated types
–VIII) depending upon the composition of the toxin and its mode
f action (Lehnherr et al. 1993 , Gerdes et al. 2005 , Gerdes and
aisonneuv e 2012 , Díaz-Or ejas et al. 2017 , Harms et al. 2018 , Song

nd Wood 2020a , Qiu et al. 2022 ). Within the same TA type, dif-
er ent pr otein families ar e included and in this sense, it will be
sed in this r e vie w. TAs ar e gener all y composed of two genes or-
anized as a single operon, with the antitoxin gene usually (but
ot always) preceding the toxin-encoding gene. Whereas the sta-
le toxin impairs bacterial growth, the unstable antitoxin neutral-

zes the toxin effect by binding to it and occluding the potentially
angerous amino acid residues. Toxins are always proteins, ex-
ept for the r ecentl y added type VIII famil y, whic h is composed of
w o RN As (Qiu et al. 2022 ), whereas the antitoxin (the less con-
erved of the pair) could be a protein or a small RNA. More than
ne member of each TA type may be present in the same host,
ither in the c hr omosome (Lobato-Márquez et al. 2016 , P a ge and
eti 2016 , Akarsu et al. 2019 , Jur ̇enas et al. 2022 , Qiu et al. 2022 ) or
n MGEs (Harms et al. 2018 ). Two major TAs databases, TADB 2.0
Xie et al. 2018 ), and TASmania (Akarsu et al., 2019 ) ar e av ailable
t https:// bioinfo-mml.sjtu.edu.cn/ TADB2/ index.php and https:
/ shiny.bioinformatics.unibe.ch/ apps/tasmania/ , respectively. 

Se v er al r oles hav e been ascribed to TAs, some of whic h hav e
een r e visited r ecentl y (Song and Wood 2020a , Jur ̇enas et al. 2022 ,
onabal and Darfeuille 2023 ). Soon after their discovery, their
ain role was assigned to participate in the stable maintenance

Ogur a and Hir a ga 1983 , Jaffe et al. 1985 , Bra vo et al. 1988 ). T he
post-segregational killing” concept was used for the first time by
erdes et al in 1986 (Gerdes et al., 1986 ). Various other roles of TAs
articipating in persistence, bacterial virulence, selfish DNA and,
efence a gainst pha ge infections , among others , ha ve been sug-
ested (Pecota and Wood 1996 , Díaz-Orejas et al. 2017 , Rosendahl
t al. 2020 , Jur ̇enas et al. 2022 , LeRoux and Laub 2022 , Qiu et
l. 2022 ). Ho w e v er, some of their functions are still obscure and
ubject to debate (De Bruyn et al. 2021 ). An attr activ e pr oposal
ontemplates that the main, if not the onl y, r ole of the TAs is to
articipate in bacteriophage infection inhibition (Song and Wood
020b ). Ho w e v er, it seems a minimalistic a ppr oac h, since se v er al
eports indicate that triggering TAs may lead to bacterial virulence
nd persistence , i.e . cells that become dormant or ha v e a r educed
r owth r ate and become highl y toler ant to bactericidal antibiotics
Lioy et al. 2012 , Wen et al. 2014a , b , Paul et al. 2019 , Zhang et
l. 2020 , Singh et al. 2021 , Sonika et al. 2023 ). Furthermor e, tr an-
ient toxin Zeta expr ession r educed the gr owth r ate and inhibited
hage SPP1 intracellular amplification, and the phage infective cy-
le resumed after the expression of antitoxin Epsilon (Moreno-del
lamo et al. 2020 ). We have to consider that some of the ‘classi-
al’ points of view on virulence and pathogenesis can be question-
ble because they can be due to the ov er-r esponse of the host (i.e.
uman) immune system and they have been wrongly attributed
o virulence factors encoded by the bacteria (Margolis and Levin
007 ). Further, to contemplate virulence factors as limited only
o pathogens is to exclude commensal/opportunistic bacteria as
lwa ys harmless , which is not the case (Wu et al. 2008 ). Still, we
annot rule out the participation of TAs in bacterial virulence by
i) augmenting the survival of the pathogen inside the host, (ii) in-
ucing the synthesis of virulence factors, and (iii) participating in
iofilm formation (Chan et al. 2018 , Mahmoudi et al. 2022 , Lewis
t al. 2023 ). T hus , the functional relationships of TAs with bac-
erial adaptation to no vel en vironmental niches cannot be dis-
arded (Kamruzzaman et al. 2021 ). Further, the role of TAs in the
urvival of bacteria in environments subjected to changes seems
o be well established (K ędzierska and Hayes 2016a , Harms et al.
018 , Fraikin et al. 2020 , Jur ̇enas and Van Melderen 2020 , Jur ̇enas
t al. 2022 ). 

ype II TAs 

o far, the best-c har acterized famil y is that of the Type II TAs,
nd we shall r efer onl y to them in this r e vie w. These TAs ar e
ener all y or ganized as two pr oteins encoded in a single tr an-
criptional unit: one labile antitoxin that usually precedes the
table toxin (Fig. 1 ). Type II TAs are found in most bacteria, ar-
haea, and MGEs (Leplae et al. 2011 , Chan et al. 2016 , Jur ̇enas
t al. 2022 , Qiu et al. 2022 ). Maintenance of genetic information,
hich is selfish behaviour, would appear to be the major role of

ype II TAs associated with MGEs. Ho w e v er, c hr omosomal TAs
ay contribute lar gel y to functions associated with the bacte-

ial lifestyle, including the supervision and management of dif-
er ent str esses , virulence , and pathogenesis . Under steady-state
rowth conditions, antitoxin and toxin proteins generate a sta-
le complex that binds to its promoter and r epr esses the syn-

https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://bioinfo-mml.sjtu.edu.cn/TADB2/index.php
https://shiny.bioinformatics.unibe.ch/apps/tasmania/
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Figure 1. Common genetic organization of Type II bacterial TAs. The two participating genes encode the antitoxin (blue) that precedes the toxin gene 
(r ed). Both ar e tr anscribed fr om a single pr omoter (gr ey arr ow with the arr owhead pointing to the dir ection of tr anscription) as a single mRNA 

molecule . T he two proteins generate a stable complex. Under stressful conditions, intracellular proteases (y ello w) cleave and inactivate the antitoxin 
molecules, releasing the cognate toxin that would arrest essential cell functions. 
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thesis of the TA mRNA. In this complex, a tetramer of the anti- 
to xin usually sand wiches a dimer of the toxin forming a tight non- 
toxic hetero–hexameric complex because the toxic amino acid 

r esidues ar e hid den by the antito xin residues (Arbing et al. 2010 ).
Configurations other than heterohexamers have been detected 

for TA proteins, as in the case of the r ecentl y solv ed structur es 
of the complex between antitoxin VPA0769 and toxin VPA0770 
from Vibrio parahaemolyticus in which W-shaped heterohexamers 
and doughnut-sha ped heter ododecamers wer e observ ed depend- 
ing upon protein concentration (Zhang et al. 2023 ). In the above 
cases, the antitoxin wr a ps the toxin and occludes the amino acid 

residues of the active site of the toxin, and thus the lethal ef- 
fect of the toxin is counter acted (Sterc kx et al. 2012 , 2016 , Xue 
et al. 2020 , Moreno-Córdoba et al. 2021 , Zhang et al. 2023 ). Under 
stressful conditions (like temperature increases, lack of nutrients, 
presence of antibiotics, and so on), the antitoxins ar e selectiv el y 
cleaved by intracellular ATPases associated with diverse cellular 
activities (AAA 

+ ) proteases (Lon, ClpX), probably because the an- 
titoxins appear to be partially unfolded and, consequently, more 
prone to degradation (Van Melderen et al. 1996 , Loris et al. 2003 ,
Cherny et al. 2005 , Loris and Garcia-Pino 2014 , Chan et al. 2016 ,
K ędzierska and Hayes 2016b , P a ge and Peti 2016 ). The pr oteol ytic 
attack would lead to the release of the toxin in a free form and the 
arrest of cell gro wth, dormanc y (Brzozo wska and Zielenkiewicz 
2013 , 2014 ), or e v en cell death, as in the cases of postsegregational 
killing subsequent to the loss of plasmid-bearing TAs (Bertram 

and Sc huster 2014 , Hernández-Arria ga et al. 2014 ). These points 
of vie w hav e been r ecentl y questioned on the basis that T As par - 
ticipate in processes leading to (i) stress-derived reduction of the 
cell metabolism, (ii) inhibition of phage infection, and (iii) biofilm 

formation (Song and Wood 2018 , 2020a , b ). Further, under physi- 
ological conditions (steady-state) evidence that toxins cause cell 
death or persistence seems to be scarce (Song and Wood 2020b ); 
s r e vie w ed b y Bor des and Gene v aux ( 2021 ). In the case of the TAs
ncoded by the pathogenic Gr am-positiv e (G + ) bacterium Strepto-
occus pneumoniae , we showed that, under physiological conditions,
wo TAs ( relBE and yefM-yoeB ) cooper ativ el y participated in biofilm
ormation (Chan et al. 2018 ). Similar information has been re-
orted for the Gr am-negativ e (G −) bacterium, Pseudomonas aerugi-
osa (Mahmoudi et al. 2022 ), and in the archaeal thermoacidophile
ulfolobus acidocaldarius (Lewis et al. 2023 ). Interestingly, deletion of
he pezAT operon did not influence biofilm formation (Chan and
spinosa 2016a ). Whether these differences are due to the mech-
nism of action of the former (proteins interfering with the trans-
ation mac hinery) compar ed to the latter (cell-wall disruption) is
ot known at present. 

Tr anscriptional r egulation of eac h TA oper on may differ among
he different Type II families, but in general, it appears that the an-
itoxins have a weak binding affinity for their DNA tar get, whic h
s usually located within or upstream of the promoter region of
he operon (K ędzierska and Ha yes 2016a ). T he formation of the
A protein complex seems to increase the affinity of the antitoxin
or its DNA target (Loris and Garcia-Pino 2014 , Chan et al. 2016 ,
e Bruyn et al. 2021 ) with the exception of MqsRA (Brown et al.
013 ). Inter estingl y, e v en among members of the same family of
ntitoxins, different DNA-binding domains and mechanisms for 
r anscriptional contr ol hav e been observ ed (De Bruyn et al. 2021 ).
his could be due to the lack of conservation among the antitoxin
r oteins, wher eas their toxin counterparts are much more con-
erved (Zhang et al. 2020 ). More complex situations in the regu-
ation of Type II TA expression have derived from the recent find-
ng of a novel tripartite locus, composed of a RelE2 toxin, a RelB2
ntitoxin, and antisense (as)RNA encoded by Mycobacterium tuber- 
ulosis (Dawson et al. 2022 ). This new member, termed Type IIb, is
 har acterized thus because it is the combination of the antitoxin
nd the antisense RNA that regulates the expression of the toxin
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ene instead of just the antitoxin alone as in most Type II TAs.
nd yet, there is the proposal of adding another subtype of the
ype II TAs, as it has been reported that the P. aeruginosa PacTA
air exhibits a new activity and participates in the regulation of

ron homeostasis, a crucial pathway that modulates the bacteria
ifestyle (Song et al. 2022 , Li et al. 2023 ). 

argets of Type II TAs 

he biochemical activities of the toxins are different but in most
ases, they mark important cell functions at the le v els of c hr omo-
ome structur e, tr anslation, or integrity of the cell wall. Most Type
I toxins target the cellular translation machinery (Yamaguchi and
nouye 2011 , 2013 , Harms et al. 2018 ). Howe v er, they act at differ-
nt le v els suc h as (i) the cleav a ge of fr ee mRNA in a sequence-
pecific manner, like MazF (Zhang et al. 2003 ), (ii) degradation of
he mRNA associated with ribosomes, like RelE (Pedersen et al.
003 ), (iii) the cleav a ge of the initiator tRNA, like Va pC (Winther et
l. 2013 ), (iv) the transfer of adenosine 5´monophosphate (AMPy-
ation) to the EF-Tu elongation factor by toxins like HipA or Doc
Sc humac her et al., 2009 ). These r esults hav e been questioned
y mor e r ecent inv estigations that sho w ed that the AMPylation
ctivity could be due to an in vitro artefact because HipA phos-
horylates the host Glutamyl-tRNA-synthetase both in vitro and

n vivo and thereby inhibits translation (Kaspy et al., 2013 ); (Ger-
ain et al., 2013 ). These results were later confirmed (Semanjski

t al., 2018 ); (Vang Nielsen et al., 2019 ) or Doc (Sc humac her et
l. 2009 , Cruz et al. 2014 ), or (v) more complex processes, exem-
lified by PacT that inhibits translation by acetylation of amino
c yl-tRN As and, at the same time, binds to the Fur regulatory pro-
ein, involved in the uptake of iron (Song et al. 2022 ). Less frequent
eem to be those toxins that target the machinery involved in DNA
eplication by direct inhibition or by AMPylation of the DNA gy-
ase and/or the DNA topoisomerase . T hey are exemplified by CcdB
rom plasmid F, one of the earliest discovered TA toxins (Bernard
nd Couturier 1992 ), the ParE toxin encoded by the c hr omosome
f Vibrio cholerae (Yuan et al. 2010 ), and FicT, from Bartonella schoen-
uchensis (Harms et al. 2015 , 2016 ). Finally, there is a class of tox-
ns that direct their poisonous activity to w ar d cell integrity. They
r e r epr esented by the Zeta toxin fr om the S. agalactiae plasmid
SM19035 (Ceglowski et al. 1993 , Lioy et al. 2012 , Senior et al. 2020 ,
ong et al. 2021 , Varadi et al. 2022 ) and by the c hr omosomall y
ncoded PezT from S. pneumoniae (Khoo et al. 2007 ). These toxins
lock the synthesis of the bacterial cell wall by phosphorylation
f precursors of the peptidoglycan (Mutschler et al. 2011 ). 

ype II TAs as possible antibacterials 

he need to find novel targets against superbugs, in conjunction
ith recent viral epidemics and pandemics, fuelled the field of
rug discovery to unprecedented speed. In the case of bacterial

nfections, the search for novel molecules that may act as antibac-
erials have been reinfor ced b y the enormous advances achieved
n Artificial Intelligence (AI) through deep learning techniques
Ferruz et al. 2022 , Schleif and Espinosa 2022 ) and a new antibi-
tic against Acinetobacter baumanii has been recently discovered
y the use of AI (Liu et al. 2023 ). The pipeline for the discovery
f novel lead compounds includes finding new products from li-
r aries of natur al or biosynthetic origins and doc king assays of
ikely candidates on known structures of desired targets (Mey-
rs et al. 2021 ). The de v elopment of the AlphaFold2 pr ogr am, de-
oted to the prediction of protein structures with very high accu-
acy has facilitated the search for candidates of compounds that
ould interact with proteins of unknown (but pr edictable) thr ee-
imensional structures (Senior et al. 2020 , Tong et al. 2021 , Varadi
t al. 2022 ). Alternativ el y, nov el tec hniques, termed ‘skeletal edit-
ng’, that permit the deletion, addition, or switch of atoms within
 single molecule hav e r e volutionized the a ppr oac hes to drug dis-
overy (P eplo w 2023 ). 

One potential candidate to de v elop nov el antibacterials would
nclude the bacterial toxin counterparts of the TA systems can-
idates, especially because they seem not to be present in eu-
aryotic cells, an important consideration for their development
s novel drugs (Chan et al. 2015 , 2016 , Kim et al. 2022 , Bonabal
nd Darfeuille 2023 ). Despite being an attr activ e field for r esearc h
f no vel antibacterials , the possible druggability of TAs presents
e v er al pr oblems to be solv ed befor e a ppr oac hing this subject,
amely (i) TAs are redundant, i.e. there can be several copies of
he same (or similar) pair in the bacterial c hr omosome, making it
hallenging in the selection of a particular pair, (ii) each TA pair
ould need a tar get v alidation, (iii) the off-tar get activity (selec-

ivity and specificity) of any TA candidate can be difficult to as-
ess, and (iv) choosing very frequent TA pairs may substantially
ffect the human micr obiome, whic h is an undesirable side-effect
 ell kno wn to antibiotic tr eatments. Further, cr oss-talks between
ifferent TAs may be exploited for their applications in Medicine

Boss and K ędzierska 2023 ). Despite these challenges, the toxins of
he TA pairs offer possibilities as antibacterials, alone or in com-
ination with classical antibiotics (Mutschler and Meinhart 2011 ,
ark et al. 2013 , Równicki et al. 2020 , Kim et al. 2022 ). 

To de v elop toxins as antibacterials, we pr oposed se v er al a p-
r oac hes that are still valid (Chan et al. 2015 , Chan and Espinosa
016b ), and amenable to be explored as follows (Fig. 2 ): First, to
nhibit transcription of the T A pair , and thus autoregulation, lead-
ng to depletion of the intracellular concentration of the antitoxin
nd the release of the toxin (Fig. 2 A). This a ppr oac h should, of
ourse, take into account the possible existence of an undetected
sRNA, as r ecentl y r eported for the RelBE-asRelE2 TA fr om M. tu-
erculosis (Dawson et al. 2022 ). Second, to inhibit translation of the
ntitoxin by the employment of an asRNA directed to the pair-
ng to the first codons of the antitoxin without affecting trans-
ation of the toxin, which carries its initiation of translation sig-
als (Fig. 2 B). Silencing translation by specific asRNA or oligonu-
leotides has been successfully tested (Geller et al. 2013 , Tsukuda
t al. 2015 ), and this strategy could be the most successful one for
he druggability of toxins because the delivery of the antibacterial
ould be r elativ el y simple . T hirdl y, artificial activ ation of intracel-
ular proteases that would cleave the antitoxins and release the
oxins has been proposed as an interesting approach (Williams
nd Her genr other 2012 ), although it may be not so easy to ac hie v e
Fig. 2 C). A fourth a ppr oac h, pr obabl y easier to de v elop, contem-
lates the identification of small molecules (fr a gments) that act as

nhibitors of pr otein–pr otein inter actions (i-PPIs; Fig. 2 D) (Labbé et
l. 2013 ). These inhibitors would disrupt the interactions between
he toxin and the antitoxin, as has been reported for the Epsilon–
eta TA pair (Lioy et al. 2010 ). These a ppr oac hes would be facili-
ated by the available three-dimensional structures of several TA
airs (Chan et al. 2016 , Lee and Lee 2016 , Kang et al. 2018 , Jur ̇enas
nd Van Melderen 2020 , Zhang et al. 2020 , 2023 ). The suitability
f Type II TAs encoded by the pathogenic bacterium M. absces-
us has been tested in a fr a gment-based drug-discov ery a ppr oac h
Kim et al. 2022 ). Fr a gments wer e used to bind to the de novo-
etermined antitoxin structure and those compounds that could
roduce conformational changes in the antitoxin were selected as

ead compounds that pr e v ented the formation of the TA complex
Kim et al. 2022 ), an interesting approach that has been patented
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Figur e 2. P ossible strategies to use Type II TAs as antibacterials . T hese include (A) inhibition of transcription, (B) inhibition of translation by, for 
instance, an antisense RNA, (C) activation of intracellular proteases that would preferentially cleave the antitoxin molecules, (D) Use of molecules that 
act as i-PPI, thus hindering the formation of T–A complexes, and (E) combination of two toxins with different targets (cell-wall synthesis and 
tr anslation mac hinery), thus ensuring a potentiall y deadl y antibacterial. 
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( https:// patents.google.com/patent/ KR102097040B1/ en ). This ap- 
pr oac h should open pathways to de v elop nov el antibacterials, pr o- 
vided that the aforementioned druggability precautions are con- 
sider ed. Finall y, combining two toxins with differ ent tar gets would 

be the most compelling a ppr oac h. In this case, two excellent can- 
didates would be MazF, which targets translation (Inouye 2006 ),
and PezT, which targets cell-wall synthesis (Mutschler and Mein- 
hart 2011 ). Such a combination could lead to an extr emel y useful 
broad-spectrum drug (Fig. 2 E). 

Type II TAs encoded by S. pneumoniae 

Streptococcus pneumoniae (the pneumococcus) is an opportunistic 
G + bacterium that colonizes the nasopharynx tract of 75% of 
healthy humans (Gamez and Hammerschmidt 2012 ). Under hos- 
pital conditions or in imm unocompr omised patients, pneumo- 
cocci may cause noninv asiv e diseases, like otitis and conjunctivi- 
tis. In other circumstances, bacteria can tr av el to the lungs and 

pass to the blood from there (sepsis), becoming a deadly infec- 
tion that causes up to 1.5 million deaths per year. The three most 
lethal pneumococcal infections ar e pneumonia, inv asiv e sepsis,
and meningitis, and they were the cause of the deaths of nearly 1 
million c hildr en under the a ge of fiv e in 2017 ( https://www.who. 
int/en/ne ws-r oom/fact-sheets/detail/pneumonia ). In addition to 
the cost to human lives, pneumococcal infections constitute a 
heavy economic burden to society (O’Brien et al. 2009 ). A rough es- 
timate of lo w er r espir atory infections in nearl y 200 countries ov er 
the years (from 1990 to 2016) gives an impr essiv e number of pneu- 
mococcal infections (Troeger et al. 2018 ). Because of this, under- 
standing the lifestyle of the pneumococcus is important. Among 
many other important traits, knowledge of pneumococcal TAs is 
r ele v ant because of their possible participation in colonizing novel 
niches within the human body that would e v entuall y lead to an 

infection (Santoro et al. 2019 , Colombini et al. 2023 ). 
Bioinformatics and data-mining a ppr oac hes allo w ed us to pre- 

viousl y pr opose the possible pr esence of up to 10 Type II TAs in the 
genomes of the most r ele v ant str ains of S. pneumoniae (Chan et al.
012 ). Ne v ertheless, v alidation and c har acterization of all the pro-
osed candidates sho w ed that onl y thr ee TAs wer e functional in
he model strain R6: relBE , yefM-yoeB , and pezAT (Chan et al. 2013 ).
ater on, a fourth bona fide functional pair, phd-doc , was c har acter-
zed in the pneumococcal strain Hungary 19A -6 (Chan et al. 2014 ).
inally, the pneumococcal HicA to xin–HicB antito xin proteins, en-
oded by strain TIGR4, have been purified and the crystal struc-
ure of the HicA–HicB protein complex has been solved (Kim et
l. 2018 ). Although the genetic organization of the operon is hicA–
icB , i.e . TA, in all sequenced strains of S. pneumoniae , their usual
ame has been shifted to HicBA (antito xin–to xin) and as such we
hall refer to them from now on (Kim et al. 2018 ). The toxicity of
icA and its neutralization by the antitoxin HicB was tested in Es-
 heric hia coli and the RNase activity of the toxin HicA w as sho wn to
e high (Kim et al. 2018 ). We have previously tested the activity of
he HicA toxin encoded by the pneumococcal strain Hungary 19A -6
which we have found to be identical to that of strain TIGR4) and
t w as sho wn to be inert when tested in S. pneumoniae strain R6
Chan et al. 2014 ). Whether this discrepancy is due to the different
osts and methods used to perform the toxicity tests is unknown
t present. 

Considering se v er al of the most r epr esentativ e pneumococcal
trains in which their genome sequences are currently available 
Inniss et al. 2019 , Solano-Collado et al. 2021 ), we could update
he list of verified and possible pneumococcal TAs (Table 1 ). Out
f the four TAs encoded by strain R6, three toxins (RelE, YoeB, and
ic A) would tar get tr anslation, wher eas toxin PezT is the only
ne with a differ ent tar get, the cell wall synthesis (Arbing et al.
010 ). Bioinformatics analyses of RelBE and Y efM–Y oeB pairs were
erformed at the time (Arbing et al. 2010 ), whereas an in-depth
tudy of the PezAT system has not been performed until now (see
elow The PezAT family ). 

enetic organization 

he organization of the four pneumococcal operons so far char-
cterized at the genetic and functional le v els ar e typical of Type

https://patents.google.com/patent/KR102097040B1/en
https://www.who.int/en/news-room/fact-sheets/detail/pneumonia
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Table 1. Some of the r ele v ant str ains of S. pneumoniae and the TAs they encode. 

Strain HicBA PhD-Doc RelBE ∗ HigBA Y efM–Y oeB PezAT Total 

JJA_1 1 1 2 1 1 6 
P1031_1 1 1 3 2 7 
AP200 1 1 2 1 1 6 
R6 1 2 1 1 5 
CGSP14 1 1 2 1 2 7 
SP14-BS292 1 3 4 
SP3-BS71 1 1 2 1 5 
TCH8431/19A 1 1 2 4 
BS397 1 1 3 1 1 7 
BS455 1 1 3 1 1 7 
BS457 1 1 3 1 1 7 
BS458 1 1 3 1 1 7 
CDC0288-04 1 1 2 1 1 6 
CDC1087-00 1 1 2 1 1 6 
CDC1873-00_1 1 1 3 1 1 7 
GA04375 1 1 1 3 
INV200 1 1 2 1 1 5 
OXC141 1 1 2 1 5 
SP23-BS72 1 2 1 1 5 
Taiwan19F-14 1 1 2 4 
G54 1 1 2 4 
ATCC_700669_1 1 1 3 2 7 
CDC3059-06_1 1 1 3 1 1 7 
D39 1 2 1 1 5 
D39V 1 2 1 1 5 
Hungary19A-6 1 1 3 1 1 7 
SP11-BS70 1 3 1 1 6 
SP14-BS69 1 1 2 1 2 7 
SP18-BS74 1 1 3 1 2 8 
TIGR4 1 1 3 1 6 
ATCC_700669_2 1 1 3 1 1 7 
CDC1873-00_2 1 1 3 1 1 7 
CDC3059-06_2 1 1 3 1 6 
GA41301_2 1 1 3 1 1 7 
GA47368_2 1 1 3 1 1 7 

∗: It includes one copy of the inactive TA previously termed RelBE1 (Chan et al. 2018 ). 
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unknown. 
I TAs (Fig. 3 ): the gene encoding the antitoxin precedes the one
ncoding the toxin, and both genes ov erla p by 1–3 nucleotides
nt), which is a strong indication of cotranslation (Woodgate and
enkin 2023 ). This was not, howe v er, the case with the hicBA
peron (see also Fig. 4 G), in which 26 nt separate the termination
odon of the HicA toxin and the initiation codon of the HicB an-
itoxin and the two genes ar e pr eceded by an open reading frame
f unknown function (Chan et al. 2012 , Kim et al. 2018 ). The ge-
etic vicinity of the TA operons varied among different pneumo-
occal strains, a finding that was remarkably variable in the case
f the RelBE pair where up to three different genetic organiza-
ions were found in ∼100 clinical isolates, without affecting the
romoter of the operon (Nieto et al. 2010 ). Bioinformatics stud-

es performed at a later stage sho w ed the existence of six dif-
er ent gr oups of genetic or ganization in the relBE r egion (Chan
t al. 2012 ). In most cases (designed types A–D strains; Fig. 4 ),
he operon was placed downstream of the vicX gene (encoding
 metal-dependent hydrolase), and, in two cases, insertion se-
uences (ISs) were found. In all these strains, we detected the
resence of a characteristic 107 nt repeated sequence, termed Re-
eat Unit of Pneumococcus (RUP) downstream of the relBE locus

Figs 4 A–D). 
RUP elements wer e consider ed one of the repeated sequences

ound in the c hr omosome of pneumococcus, pr obabl y of MGE ori-
in (Cr ouc her et al. 2011 ). A proposal that RUP sequences may
erve as binding sites for regulatory proteins was made (Oggioni
nd Claverys 1999 ), and some recent findings on the mecha-
isms controlling the pneumococcal capsule ( cps ) operon may

llustrate their complex roles (Glanville et al. 2023 ), as follows:
he most important virulence trait of the pneumococcus per-
ains to its capsule, a polysaccharide coat that protects the bac-
erium fr om pha gocytosis. Ar ound 100 differ ent ser otypes hav e
een reported to exist in S. pneumoniae , and each one exhibits
 differ ent c hemical composition in its ca psules (Moscoso and
arcía 2009 , Ganaie et al. 2020 ). The cps regulon appears to be
rganized as a single transcriptional unit, with cpsA being the
rst gene of the operon. It exhibits a RUP element upstream
f the promoter. The study of the regulatory circuits governing
he expression of the capsule sho w ed that two conserved tran-
cription factors, SpxR and CspR, controlled capsule synthesis
y binding to a 37-nt distal DNA region named the 37-CE locus
Glanville et al. 2023 ). This locus acted in cis , and their sequence
aried among the pneumococcal serotypes . T he analysis of the
7-CE loci belonging to 87 serotypes sho w ed that their 3 ′ -ends ex-
ended within the RUP sequence located upstream of the cspA
ene (Moscoso and García 2009 , Glanville et al. 2023 ). Whether
 egulatory pr oteins w ould bind to the RUP elements located do wn-
tream of the different types of the relBE locus and whether they
ould influence the expression of the upstream genes is pr esentl y
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Figur e 3. T he four best-studied TAs of S. pneumoniae are (A) Phd-doc ; (B) relBE ; (C) pezAT , and (D) yefM–yoeB . The end codon of the antitoxin gene is 
underlined in blue, whereas the start codon of the toxin is underlined in red. Preceding the genes, there are located the transcription initiation signals 
and the targets of the TA pair. PS, palindromic sequence; IR-1 IR-2, inverted repeats; -35 and -10 the regions of the promoter(s), SD, ribosome-binding 
sites, and BoxAC, the genetic insertion upstream of yefM–yoeB . 

Figure 4. Repeated sequences around the pneumococcal TAs. From (A) to (D), four different gene arrangements of the relBE operon are shown, all of 
them including the RUP element (depicted in green). (E) Shows the intrastrand pairing that would generate a hairpin structure in the BoxAC element 
located upstream of the yefMyoeB and hicBA operons. Genes encoding toxins are shown in blue, whereas those encoding toxins are shown in red. 
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Transcription 

The DNA binding sites of the pneumococcal TAs, as determined by 
DNase I and high-resolution (hydroxyl radical) footprinting exper- 
iments (Nieto et al. 2007 , Chan et al. 2011 , Moreno-Córdoba et al.
2012 , 2021 ), sho w ed the existence of one or two inverted repeats 
placed within (i) the −10 region and the initiation of the tran- 
scription region ( relBE ); ii) the −35 region (promoter 2 of yefM–yoeB ,
and pezAT promoter), and (iii) between both regions ( phd-doc ). Up- 
str eam and downstr eam of these TAs , IS elements , genes in volved 

in the mobilization of MGEs, and integr ases ar e located (Chan et 
al. 2012 ). We have shown that relBE , pezAT , and phd-doc exhibit a 
single promoter directing the synthesis of a single mRNA (Nieto 
t al. 2006 , Chan et al. 2014 , Moreno-Córdoba et al. 2021 ). A dif-
er ent or ganization was observ ed in the yefM–yoeB pair, in whic h
ranscription was demonstrated to be directed by two promoters 
Chan et al. 2011 ). In this T A pair , the pr omoter located mor e to
he 5 ′ -region of the translation initiation codon (Figs 3 and 4 F)
 as generated b y the insertion of part of another highly abun-
ant pneumococcal element, termed BOX, which has been found 

n the c hr omosome of man y pneumococcal genomes (Martin et
l. 1992 ). 

BOX elements ar e inv erted r epeats that ar e composed of three
odules, termed boxA (59 nt), boxB (45 nt), and boxC (50 nt), or

ombinations of any of two subelements, or repetitions, especially 
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f boxB , between boxA and boxC . The boxAC subelement found in
he Y efM–Y oeB pair (Chan et al. 2012 ) can fold to yield a stable
airpin (Fig. 4 E) that has been shown to influence the expression
f genes located downstream of it (Knutsen et al. 2006 ). The orga-
ization of the pneumococcal yefM –yoeB operon is different from
he E. coli yefM–yoeB and the Enterococcus faecium axe–txe TAs ho-

ologues with the two latter TAs exhibiting a single promoter
K ędzierska et al. 2020 ). We also found a boxAC element located
64 nt upstream of the hicBA operon and upstream of a putative
ene of unknown function (Chan et al. 2012 ), but whether this par-
icular subelement participates in the regulation of expression of
he operon is unknown (Fig. 4 G). The function of the pneumococ-
al box element is yet unknown, although it has been postulated
o be a mobile sequence that inserts upstream or downstream of
ertain genes or operons since it has been associated with a pu-
ative pneumococcal IS, IS Spn2 (Knutsen et al. 2006 ). Insertion of
ox elements upstream of operons could provide new promoters,
s in the case of yefM–yoeB , whereas downstream insertions could
tabilize the mRNA of the operon, as in the competence regulon
Chan et al. 2012 , Knutsen et al. 2006 ). 

unctionality 

oncerning the roles of the TAs in pneumococcal infections, relBE
nd yefM–yoeB deletion mutants exhibited a reduced resistance
o o xidati v e str ess and a diminished ability to generate biofilms
ithout affecting cell growth rates (Chan et al. 2018 ). Both pheno-

ypes wer e cum ulativ e and the wild-type ( wt ) conditions were par-
iall y or full y r estor ed by complementation analyses (Chan et al.
018 ). These phenotypes were not observed when the deleted TA
as pezAT (Chan and Espinosa 2016a ). No clear function could be
scribed to the pneumococcal phd-doc , but the general features of
his particular TA coincided with those defined for the Doc toxin
ncoded by bacteriophage P1, which is a kinase that inactivates
rotein synthesis (Cruz et al. 2014 ). The specific target of Doc toxin
 emained elusiv e until it w as sho wn that it belongs to the family
f Fic proteins, a conserved group of proteins that participate in
an y pr ocesses thr ough AMPylation of tar get pr oteins (Castr o-

oa et al. 2013 ). Inhibition of translation by Doc is performed by
hosphorylation of the elongation factor EF-Tu at the conserved
 hr382 residue , making it unable to bind aminoac ylated tRN As

Castro-Roa et al. 2013 ). 
The other Type II TAs that were found in S. pneumoniae , in par-

icular hicBA (Table 1 ), which encodes another protein synthesis
nhibitor toxin, HicA, were present in all the strains analysed (this
 e vie w and Chan et al. 2012 ). The thr ee-dimensional structur e of
he HicB–HicA protein complex was later solved (Kim et al. 2018 ).
n addition to these TAs, there may be at least two more loci en-
oding solo toxins Ant or Br o, wher eas their r espectiv e antitoxins
ight be located else wher e in the pneumococcal c hr omosome.

nter estingl y, these two candidates seemed to be associated with
neumococcal l ysogenic pr opha ges. Ho w e v er, to our knowledge,
o further molecular experiments have been done on these TAs

Chan et al. 2014 ). The case of pezAT merits a more detailed analy-
is because (i) contrary to earlier proposals (Mutschler and Mein-
art 2013 ), we have found that it is abundant in bacteria and MGEs

below), and (ii) it exhibits a different mechanism of action than
he better-studied RNases. 

he S. pneumoniae pezAT operon 

mong the best-c har acterized pneumococcal TAs (Table 1 ), the
 ezA–P ezT pair is most interesting because: (i) it is organized as a
ingle operon, i.e. located within the pneumococcal pathogenicity
sland 1, PPI1, now renamed ICE Spn D39-1 (Liu et al. 2019 ); there-
or e, the pezAT oper on is included within a mobile region (Haudi-
uet et al. 2022 ), (ii) PezT (like toxin Zeta, below) targets cell-
all biosynthesis , a feature , i.e . unique to this category of tox-

ns, making them different to other bacterial TAs, (iii) it partici-
ates in resistance to β-lactam antibiotics, which are the routinely
sed drugs in the treatment of pneumococcal diseases (Chan and
spinosa 2016b ), and (iv) depending on the str ains, ther e may
e a second copy of the operon in the c hr omosome . T he name
f this TA pair is deriv ed fr om p neumococcal e psilon z eta, the
psilon–Zeta TA homologue encoded by the streptococcal plas-
id pSM19035 that was earlier c har acterized in depth (Ceglowski

t al. 1993 , Lioy et al. 2012 , Moreno-del Álamo et al. 2019 ). The
tructures of both protein pairs have been solved (Meinhart et al.
003 , Khoo et al. 2007 ), and the interactions of the P ezA–P ezT com-
lex with their target DNA have been defined (Khoo et al. 2007 ). 

enetic organization 

n the c hr omosomes of the S. pneumoniae strain D39, as well as
n the deep-genome annotated strain D39V (Slager et al. 2019 ),
nd in the deri vati ve R6 strain (Tettelin et al. 2001 ), a single
opy of the pezAT operon (NCBI accession numbers CP027540.1
nd NC_003098, r espectiv el y) was found (Fig. 5 A). The operon
s located at the complementary strand between coordinates
021730–1022206 ( pezA ) and coordinates 1020969–1021730 ( pezT ).
his region is included within ICE Spn D39-1, an Integr ativ e and
onjugative (mobile) Element from S. pneumoniae (Liu et al. 2019 ).
s in the case of the other pneumococcal TAs, the operon is sur-

ounded by MGEs indicative of a high variability among strains,
ot only in size but also in the genes included in the region

García 2023 ). We have found that other pneumococcal strains,
or instance, CGSP14, ATCC700669, and P1031 have two copies of
he same operon (Chan et al. 2012 ; Table 1 ). Transcription of the
peron is directed by a single promoter, P AT (Fig. 5 B) and the PezA–
ezT protein complex binds to a long palindromic sequence span-
ing the entire promoter, although the two proteins bind to the
35 region of the promoter (Fig. 5 C). Differently from the Epsilon–
ntitoxin, PezA alone could play a regulatory role, which is less
trong than the P ezA–P ezT complex (Khoo et al. 2007 ). Upon bind-
ng to DNA, the PezA–PezT protein complex would inhibit the
inding of the host RNA pol ymer ase to its target DNA, although,
o our knowledge, no DNA bending induced by the binding of
he proteins to their target has been tested (Chan and Espinosa
016a ). Prediction of possible curvatures on the DNA helix in a
equence encompassing the region upstream of and the P AT pro-
oter (Fig. 6 A) sho w ed tw o r egions with the potential to be curv ed

Fig. 6 B). We anticipate that the binding of the P ezA–P ezT protein
omplex would induce a bend around this region, which would
inder the binding of the host RNA pol ymer ase to the promoter, as
as the case with the CopG protein encoded by plasmid pMV158

Hernández-Arriaga et al. 2009 ). 

tructures of the P ezA–P ezT and epsilon–zeta 

r otein complex es 

he crystal structure of the P ezA 2 –P ezT 2 heterotetramer com-
lex was solved (Khoo et al. 2007 ). The three-dimensional struc-
ure (Fig. 7 ; PDB: 2P5T) is such that a P ezA–P ezT unit is mirrored
y a vertical axis to another unit so that the resulting heterote-
ramer is composed of two PezA molecules that sandwich two
ezT molecules, yielding a tight complex that occludes the active
ite of the PezT molecules. Whereas the usual affinity of the TA
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Figure 5. Genetic organization of the pezAT operon in the S. pneumoniae strain R6 chromosome. (A). The TA pair is embedded within the PP1I 
pathogenicity island and is encoded on the complementary strand. (B). The TA pair is transcribed from a single promoter, P AT and both genes seem to 
be tr anslationall y coupled. (C). Proteins P ezA and P ezT bind as a heter otetr amer (ellipse) to a long inv ersel y r epeated sequence (indicated by arr ows) 
that encompasses the entire promoter. The initiation of transcription is indicated by a grey arrow below the A initiation point; the −35 and −10 boxes 
of the promoter (green), and the ribosome binding site (SD, blue), are shown. The first (Met) codon is marked (c y an). 
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protein complexes lies in the nanomolar range, the affinity of PezA 

for PezT is in the femtomolar range, being one of the strongest 
affinity v alues r eported (Mutsc hler et al. 2010 ). The in vivo and in 
vitro stabilities of the epsilon–zeta and PezAT protein complexes 
hav e been anal ysed in detail (Camac ho et al. 2002 , Mutsc hler et 
al. 2010 ). 

Comparison with the structure of the epsilon 2 –zeta 2 complex 
(Meinhart et al. 2001 , 2003 ) sho w ed that the structures of both 

TA complexes (P ezA–P ezT and epsilon–zeta) are similar. The anti- 
toxins Epsilon and PezA have a similar fold of three α-helix bun- 
dles. Ho w e v er, PezA (158 amino acid residues) is larger than Ep- 
silon (90 residues) and both proteins are homologous at their C- 
terminal moiety only. This difference may be due to PezA exhibit- 
ing a helix-turn-helix (HTH) DNA-binding motif (Pabo and Sauer 
1984 ), at its N-terminal moiety (Khoo et al. 2007 , Mutschler and 

Meinhart 2013 ). The HTH motif of P ezA is inv olved in its binding 
to the long palindromic sequence located on the promoter of the 
TA pair (Fig. 5 ), and the control is reinfor ced b y the binding of the 
toxin PezT that acts as a cor epr essor (Khoo et al. 2007 ). The tri- 
partite omega–epsilon–zeta proteins have a more complex orga- 
nization. Omega is a gener al tr anscriptional r epr essor encoded by 
plasmid pSM19035 that controls, among other genes, the synthe- 
sis of the pol ycistr onic omega–epsilon–zeta mRNA (de la Hoz et al.
2004 ). Omega belongs to the ribbon-helix-helix (RHH) family (Mu- 
rayama et al. 1999 , 2001 ) and binds cooper ativ el y as a dimer to 
differ ent pr omoters on the plasmid, with 7–10 consecutive non- 
palindromic heptad repeats (de la Hoz et al. 2000 , 2004 , Weihofen 

et al. 2006 ). Inter estingl y, a homologue of P ezAT, termed P ezAT 

Mtb ,
has been found in M. tuberculosis but the antitoxin belongs to the 
RHH family (Tandon et al. 2019 ). 
Concerning the toxins, both, PezT and Zeta are folded like a
hosphotr ansfer ase: one Walker A motif for the binding of ATP or
TP and a phosphoryl-tr ansfer ase activ e site, wher eas both an-

itoxins (PezA and Epsilon) hinder the toxicity of their counter-
arts by occluding their active sites (Meinhart et al. 2003 , Khoo et
l. 2007 ). The similarities of the structures of Epsilon–Zeta and
 ezA–P ezT ar e suc h that some cr oss-r eactivity has been found
etween them: Epsilon antitoxin interacted with PezT toxin and 

ould partl y alle viate its toxic effect; conv ersel y, the toxicity of
eta toxin could be also r elie v ed by the PezA antitoxin (CCY, un-
ublished observ ations). Site-dir ected m uta genesis performed at
esidues of PezT that are also conserved in Zeta sho w ed that, in
oth cases, toxicity was lost (Khoo et al. 2007 ). 

oxicity of PezT 

he roles of epsilon–zeta proteins and further details concerning 
heir r ele v ance hav e been r ecentl y anal ysed in-depth (Mor eno-del
lamo et al. 2019 , 2020 ; and r efer ences ther ein), and thus, we shall
ot pursue this tripartite-T A further . The toxic effect of P ezT w as
ssayed in E. coli and it w as sho wn that ov er pr oduction of the toxin
esulted in cell growth arrest for as long as 180 min, but growth
ould be r estor ed by synthesis of the PezA antitoxin (Khoo et al.
007 ), indicating that only overproduction of the toxin could be
ethal. Later on, it was found that expression of a PezT truncated
r otein (lac king the last 11 r esidues) r esulted in membr ane per-
eabilization follo w ed b y cell l ysis (Mutsc hler et al. 2011 ). This

ed to the c har acterization of PezT as an inhibitor of cell wall syn-
hesis by phosphorylation of the uridine-diphosphate- N -acetyl- 
lucosamine (UNAG) to UDP- N -acetylglucosamine-3´-phosphate 
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Figure 6. Predicted intrinsic curvatures upstream of and around the P AT promoter region. (A) The DNA region used to perform the predictions includes 
the entire promoter and it is shown encompassed by the two red arrows . T he −35 and −10 boxes of the promoter (boldface letters, underlined), the 
transcription initiation point (vertical black arrow), and the ribosome binding site (RBS) are indicated. (B) Two differ ent pr ogr ams wer e used to perform 

the predictions: (i) CURVES + ( https://bioinformaticshome.com/tools/nucleic acid-structure-analysis/descriptions/CURVES + .html), which predicts 
curv ed r egions on the thr ee spatial axes (upper part) (Blanc het et al. 2011 ) and (ii) BEND.IT ( http://pongor .itk.ppke.hu/?q=bioinfoser vices ), which 
predicts DNA curvatures from DNA sequences (lower panel). In both cases, two regions exhibiting potential DNA curv atur es wer e pr edicted. 

Figure 7. Screen-shot of the PezAT tetramer structure composed of two dimers (PDB: 2P5T; https://www.rcsb.or g/structur e/2P5T ; Khoo et al. 2007 ). The 
symmetry axis is drawn in green. 

https://bioinformaticshome.com/tools/nucleic
http://pongor.itk.ppke.hu/?q=bioinfoservices
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Figure 8. Competence de v elopment and r esistance to ampicillin in S. 
pneumoniae . A new strain of S. pneumoniae R6 was constructed by the 
insertion of a single copy of a transcriptional fusion of the promoter of 
the ssbB gene (a late competence gene) and the Photinuspyralis luc gene 
(encoding firefly luciferase) follo w ed b y a c hlor amphenicol r esistance 
gene (Chan and Espinosa 2016b ). (A) Deletion of the pezAT operon 
increases genetic competence . T he development of spontaneous 
competence of both pneumococcal wt and �pezAT mutant cells was 
assessed by measuring, at different pHs, the transcriptional level of the 
luc gene. Values depicted are Relative Luc Units (RLU) measured at 
OD 492 , at the indicated pH. The vertical line joining both panels points to 
the time differences in the onset of the main peaks of competence. (B) 
Deletion of the pezAT operon increases resistance to ampicillin, which 
was measured as the percentage of surviving cells at the concentrations 
of antibiotic tested and as str ain-r esistances detected by MIC, 
determined by the change of colour from resazurin (blue) to resorufin 
(pink). 
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(UNAG-3P) in the presence of ATP and Mg 2 + . UNAG is produced in 

the hexosamine biosynthetic pathway and is essential for bacte- 
rial cell wall peptidoglycan biosynthesis. Accumulation of UNAG- 
3P in the cellular cytosol competitiv el y hinders the catalytic ac- 
tivity of the MurA pr otein, whic h is essential in the initial steps of 
peptidoglycan synthesis, thus compromising the entire pathway 
and resulting in cell death (Mutschler et al. 2011 ). 

Roles of PezAT in the pneumococci lifestyle 

The pezAT operon was found to be absent in various clinical iso- 
lates of S. pneumoniae (Khoo et al. 2007 ). The toxin P ezT w as pro- 
posed to be associated with the virulence of this bacterium be- 
cause a strain deleted in the pezT gene was found to have re- 
duced infectivity in mice, without being affected by its cellular 
gr owth (Br own et al. 2004 ). These r esults a gr ee with the r eported 

incr eased expr ession of pezT in conditions mimicking lung infec- 
tions in mice (Aprianto et al. 2018 ). Furthermore, pneumococcal 
ser otype 1 str ains wer e anal ysed and it was found that the pezAT 
operon was located within the variable region of ICE Spn D39-1 in 

all hypervirulent isolates, but the operon was absent in strains 
with low or medium inv asiv e ability, pointing to an important role 
of the hypervariable regions in the pneumococcal diseases (Har- 
vey et al. 2011 ). These findings are not surprising because of the 
high r ecombination r ate exhibited by the natur al competence of 
S. pneumoniae (Hanage et al. 2009 ). A possible contribution of PezT 

to virulence was envisaged because the toxin would trigger cell 
lysis with the concomitant release of pneumolysin, a major vir- 
ulence factor that increases the progress of infection (Mutschler 
et al. 2010 , 2011 ). P artial autol ysis would lead to the release of 
c hr omosomal DNA, whic h could incr ease biofilm formation, an- 
other contributor to virulence (Mutschler et al. 2011 ). Interestingly,
a recent report has shown that extracts from Lawsonia inermis , a 
medicinal plant used in Indonesia, exhibited a potent antipneu- 
mococcal activity by producing bacterial lysis, antibiofilm activity 
and cell-wall disruption by the increase of the synthesis of lytA 

(the major pneumococcal autolysin) and, curiously, a decrease in 

pezAT expression (Tafroji et al. 2022 ). 
In our case, ho w e v er, we found that deletion of the pezAT 

operon in the pneumococcal strain R6 (in which exists a single 
copy of the TA pair), did not lead to detectable changes in two 
virulence-r elated par ameters: (i) biofilm formation, and (ii) sen- 
sitivity to oxidative stress (Table 2 ). Further, there were no sig- 
nificant changes in the growth of the strains during the expo- 
nential phase (Table 2 ), although the deletion mutant sho w ed an 

enhanced resiliency to lysis at the stationary phase and the cell 
c hains wer e shorter than those of the wt str ain (Chan and Es- 
pinosa 2016a ). We also observed that deletion of the pezAT operon 

resulted in a moderate (2-fold) increase in the resistance to β- 
lactam antibiotics and an increase in the transformability levels 
(Fig. 8 ). We concluded that a balance betw een tw o gains of func- 
tions , i.e . an increment in the resistance to β-lactam antibiotics,
and an increase in transformability, could compensate for a loss of 
function, like the reduction of virulence. Very preliminary studies 
(WTC and ME, unpublished) compared the transcriptome of the 
wt strain with that of the deleted deri vati ve, both strains grown 

in conditions that maximize the bacterial onset in the competent 
state . T he results indicated that the deleted strain substantially 
incr emented the expr ession of the l ytB gene, whic h encodes an- 
other pneumolysin essential for cell separation (García et al. 1999 ).
It has been shown that the protein LytB is essential for the ad- 
hesion and invasion of S. pneumoniae into the epithelial cells of 
the human lungs (Bai et al. 2014 ) as well as for biofilm formation 
Domenech and Garcia 2020 ). Nevertheless, all the above informa-
ion is, in our opinion, insufficient to attain a direct relationship
etw een P ezAT and virulence. 

he PezAT family of proteins 

he epsilon–zeta pair encoded by plasmid pSM19035 was initially 
resumed to be restricted to G + bacteria, especially streptococci

Meinhart et al. 2003 ), and a similar situation was reported for the
ezAT family (Khoo et al. 2007 ). Howe v er, it was later discov er ed
hat homologues of this module were distributed among bacterial 
hyla, although their abundance seemed to be small (Leplae et al.
011 , Mutschler and Meinhart 2013 ). Two of these TAs were found
o exist in G − bacteria, namely E. coli (EzeT) and ng_ ε1/ng_ ζ1 from
eisseria gonorrhoea (Rocker and Meinhart 2015 , Rocker et al. 2018

. In the case of EzeT, the antitoxin and toxin are encoded in the
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Table 2. Deletion of the pezAT operon does not affect pneumococcal growth at the exponential phase, biofilm formation, or o xidati ve 
stress. 

Strain/plasmid 
Growth 
(OD 595 ) Growth (%) Biofilm 

a Biofilm (%) 
CFU 

b per plate 
(No H 2 O 2 ) 

CFU per plate 
(20 mM H 2 O 2 ) 

and survival (%) 

CFU per plate 
(40 mM H 2 O 2 ) 

and survival (%) 

R6 wt/none 0 .347 100 3 .744 100 307 (100) 160 (52.1) 107 (34.8) 
R6 wt/pC194r 0 .300 86 3 .877 104 301 (100) 148 (49.2) 110 (35.5) 
�pezAT/ none 0 .342 99 3 .884 104 310 (100) 156 (50.3) 118 (38.1) 
�pezA T/ pC194r:: pezA T 0.302 87 3 .961 106 298 (100) 157 (52.7) 114 (38.2) 

a Biofilm formation capacity of the following strains of S. pneumoniae R6: wild type (wt), wt harbouring the low copy-number plasmid pC194r, �pezAT , and �pezAT 
harbouring plasmid pC194r in which the pezAT operon was cloned. Growth and biofilm formation were performed as described (Moscoso et al. 2006 , Chan et al. 
2018 ). The measur ed v alues wer e normalized for the controls (no cells) and the percentages were calculated related to the values obtained for the wt strain. The 
r esults ar e the av er a ge of thr ee independent experiments. 
b Pneumococcal cultures at OD 650 ∼0.3 were treated with H 2 O 2 , 20 min, 37ºC, and the surviving cells were determined by counting the number of colony-forming 
units per ml (CFU/ml) on plates (Chan and Espinosa 2016b ). The results are the average of four independent experiments. 
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ame polypeptide, the N-terminal corresponding to the antitoxin
nd the C-terminal to the toxin moiety (Rocker and Meinhart
015 ). EzeT exhibits a lytic phenotype that was attributed to UDP-
 -acetylglucosamine phosphorylation. The gonococcal TA is orga-
ized as an operon and purification of the two proteins allo w ed to
emonstrate that the ng_ ε1 antitoxin has a fold, i.e. unrelated to
he cognate e psilon antito xins, whereas the ng_ ζ1 Zeta toxin dis-
lays a wider specificity of the substrate, being able to phosphory-

ate m ultiple pr ecursors of peptidogl ycan synthesis, perha ps as a
eflection of the different composition in the cell-wall of G + or G −
acteria (Rocker et al. 2018 ). Also, in contrast to the canonical zeta
o xins, ng_ ζ1 phosphorylates UDP-acti vated sugars at the C4 ′ -OH
roup of the hexose moiety. 

The omega–epsilon–zeta system encoded by the streptococcal
lasmid pSM19035 was shown to stabilize a segr egationall y un-
table plasmid in the heterologous host Bacillus subtilis (Ceglowski
t al. 1993 ) although, to our knowledge, it was ne v er tested in
he host where the plasmid was originally isolated, S. pyogenes
Behnke et al. 1979 ). Much more recently, three plasmids from
l ycopeptide-r esistant E. f aecium (pVEF1, pVEF2, and pVEF3) were
ach shown to harbour a functional omega–epsilon–zeta-type TA
ystem that was able to stabilize the segr egationall y unstable en-
erococcal plasmid pAT18 in E. faecalis OG1X, although with de-
r easing effect ov er time (Sletvold et al. 2008 ). The omega–epsilon–
eta system of pVEF1/pVEF2 was more efficient in plasmid main-
enance in E. faecalis than the homologous TA system on pVEF3.
mino acid and nucleotide sequence analysis sho w ed that the
psilon–zeta proteins encoded by pVEF1/pVEF2 had higher iden-
ity scores to the epsilon–zeta counterparts encoded by pSM19035,
hereas pVEF3 is identical to pRE25 (Sletvold et al. 2008 ), a plas-
id also of the Inc 18 family and isolated from E. faecalis RE25

Schwarz et al. 2001 ). The amino acid sequence identities of the
mega–epsilon–zeta proteins from pVEF3 and pSM19035 ranged
etween 96% and 100% (Sletvold et al. 2008 ). The omega binding
ite and the promoter of the operon are identical in pVEF1/pVEF2
nd pVEF3 indicating that neither regulation nor transcriptional
ifferences would be responsible for the different ability of plas-
id maintenance in E. faecalis OG1X (Sletvold et al. 2008 ). Ho w e v er,
e have to take into account that the Omega protein from plas-
id pSM10035 has been shown to switc h fr om r epr ession to acti-

ation by interacting directly with the B. subtilis RNA polymerase,
 situation that, to our knowledge has not been tested for the en-
erococcal plasmids (Volante et al. 2015 ). 

We performed an in-depth search for the conservation of the
 ezA–P ezT proteins, taking into account that among the TA pairs,
t is always the toxin partner, i.e. mor e conserv ed. The global
earch for the presence of the PezT/Zeta toxin homologues was
erformed using the NCBI RefSeq212 dataset of plasmids and bac-
eria (accessed October 2022). The dataset was inspected with the
fam HMM profile (Zeta_toxin, PF06414.15) (Mistry et al. 2020 ) by
sing the hmmsearch function of HMMER 3.1b2 (Ed d y 2009 ) (pa-
ameters –incE 10 −10 –incdomE 10 −10 ). A total of 3086 homologues
ith ≥ 80% HMM profile coverage w ere retrieved, whereb y 2358
omologues were located in c hr omosomes and 728 in plasmids
 Table S1 , Supporting Information ). These findings are indicative
f a m uc h br oader distribution of PezT in bacteria than pr e vi-
usly suspected. The diversity of the PezT/Zeta-like proteins is il-
ustrated in the maximum-likelihood phylogenetic tree shown in
ig. 9 . They are distributed among 14 bacterial phyla, mostly in
roteobacteria (48%), Firmicutes (27%), and Actinobacteria (18%).
ezT/Zeta-like proteins encoded either on chromosomes or plas-
ids are intermingled along the tree . Nevertheless , clades are

ener all y populated, at short evolutionary distances, with mem-
ers encoded in one of these genome types, although some in-
tances of mixing can be distinguished. To estimate recent hor-
zontal transfer events of the pezT / zeta genes between chromo-
omes and plasmids, the PezT/Zeta-like pr oteins wer e cluster ed
hen exhibiting at least 99% identity and 95% cov er a ge, using
Mseqs2 (Steinegger and Söding 2017 ). 755 PezT/Zeta clusters
ere obtained, 206 of which contained at least two proteins ( Tabl
 S2 , Supporting Information ). Of these, only 11 clusters contained
embers occurring in both genome types, in some instances in

iffer ent str ains of the same or differ ent species, while others
ithin the same isolate . T hese mixed clusters ar e indicativ e of

he r ecent mov ement of these TA systems between plasmids and
 hr omosomes. 

The pezT -encoding genomes were, in turn, searched with the
fam HMM profiles of the antitoxins PezA (HTH_3, PF01381.25)
nd Epsilon (Epsilon_antitox, PF08998.14), and the Omega regu-
ator (Omega_Repress, PF07764.14). Hits obtained with the above-

entioned thresholds of E-value and co verage , and located con-
iguous to a pezT / zeta gene ar e r ecorded in Table S1 ( Supporting
nformation ). A subset of P ezT/Zeta w as found to be associated
ither with PezA or epsilon/omega homologues, but not with both
t the same time. With some exceptions, such associations are
ot dispersed in the tree but occur in specific clades (Fig. 9 ). This
uggests that only closely related PezT/Zeta homologues share
he same antitoxin type. Inter estingl y, 286 PezA homologues were
ssociated with PezT/Zeta-like, out of which 282 were in c hr o-
osomes and r ar el y in plasmids (just four). The placement of

hese canonical plasmid-encoded PezAT-like systems scattered
n a phylogenetic clade pr edominantl y populated by c hr omoso-

al PezAT (Fig. 9 ) is suggestive of pezAT acquisition by plasmids
r om c hr omosomes. Most canonical PezAT systems ar e encoded

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
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Figure 9. Phylogenetic tree of PezT/Zeta-like proteins. Sequences were aligned with MUSCLE v3.8.3 (Edgar 2004 ). Positions in the alignment with gaps 
in 20% or more of the sequences were removed with TrimAl 1.2rev59 (Capella-Gutiérrez et al. 2009 ). The maximum likelihood phylogeny was inferred 
with IQ-TREE 1.6.1 (Nguyen et al. 2014 ), using the VT + F + R9 model of substitution selected with ModelFinder (Kalyaanamoorthy et al. 2017 ). Br anc h 
support was obtained with the ultrafast bootstrap (UFB) approximation (Hoang et al. 2017 ), and nodes supported with UFB values ≥ 95% are indicated 
by a circle . T he tree was rooted using the midpoint criterion and visualized with iTOL (Letunic and Bork 2019 ) ( https:// itol.embl.de/ ). Five rings 
surround the tree and are coloured according to the legend at the right. From inward to outward: (1) genomic location of the pezT / zeta genes, (2) 
presence of PezA antitoxin, (3) presence of epsilon antitoxin, (4) clusters of homologous proteins encoded immediately upstream of the pezT / zeta gene, 
and (5) phylum of the bacteria encoding pezT / zeta genes. Red arrows point to PezT/Zeta homologues that are members of bona fide TA systems with 
experimental validation: the dual TA EzeT (WP_000212693.1), PezT (WP_000405357.1) of the pneumococcal PezAT system, Zeta (WP_001284311.1) of 
the omega–epsilon–zeta system, ng_ ζ1 (WP_003401859.1) of the ng_ ε1/ng_ ζ1 system, and PezT 

Mtb (WP_003401859.1) of the PezAT 

Mtb system. 
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in Firmicutes (270), with a few examples in Actinobacteria (10),
Bacteroidetes (3), and Proteobacteria (2). On the other hand, 180 
P ezT/Zeta-like w ere associated with omega–epsilon and 10 only 
with epsilon (with no Omega regulator detected). Epsilon-like an- 
titoxins are enriched in plasmids (156 homologues) and only a few 

are found in chromosomes (34), all of them fr om differ ent fami- 
lies of the phylum Firmicutes (Fig. 10 ). PezT/Zeta-lik e to xins as- 
sociated with Epsilon antitoxins ar e cluster ed in the same phy- 
logenetic clade (Fig. 9 ), being the more ancestral traits encoded 

in plasmids, which suggests omega/epsilon/zeta system acquisition 

by c hr omosomes fr om plasmids, in dir ect contr ast to the pezAT 
system. 

As shown in the tr ee, se v er al PezT/Zeta homologues do not 
have a cognate PezA or Epsilon antitoxin (Fig. 9 ). Following 
the ‘guilt by association’ principle (Makar ov a et al. 2009 ), pu- 
tativ e nov el antitoxins of these or phan P ezT/Zeta toxins w ere 
searched. Genes encoded upstream of these pezT/zeta were se- 
lected and their protein products were clustered with MMseqs2 
Steinegger and Söding 2017 ) at 80% identity and 80% cover-
ge. Table S3 ( Supporting Information ) records the nine clus-
ers with more members, which are depicted in ring 4 of Fig. 9 ,
eaving out those containing PezA or Epsilon antitoxins. Four 
f these clusters matched a Pfam family with Evalue ≤ 10 −10 

nd HMM profile coverage ≥ 80%: cluster 1 (PF04962.15, KduI, 5-
eoxy-glucur onate isomer ase), cluster 4 (PF11903.11, ParD_like,
ypothetical protein), cluster 8 (PF08765.14, Mor, DNA-binding 
rotein), and cluster 9 (PF00696.31, AA_kinase, l ysine-sensitiv e
spartokinase 3). Cluster 4 includes the antitoxin of the non-
anonical PezAT system Rv0366c–Rv0367c, which is the afore- 
entioned PezAT 

Mtb system described and functionally charac- 
erized in M. tuberculosis in which the PezAMtb antitoxin con-
ains an RHH-fold (Tandon et al. 2019 ). Inter estingl y, this non-
anonical PezAT 

Mtb a ppear ed to be r estricted to the phylum Acti-
obacteria (Fig. 9 ), where it has been previously reported to be
onfined mainly to the family Mycobacteriaceae, 124 reported 

Tandon et al. 2019 ). The l ysine-sensitiv e aspartokinase 3 ho-

https://itol.embl.de/
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
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Figure 10. Distribution of toxins (PezT, Zeta) and antitoxins (PezA, Epsilon) homologues in bacterial c hr omosomes (blue) and plasmids (red). 
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ologues in cluster 9 were reported near the dual antitoxin–
oxin protein EzeT in E. coli B1 strains (Rocker and Meinhart
015 ). 

There is currently a lack of experimental knowledge on
ezT/Zeta homologues that do not belong to the canonical PezAT
r omega–epsilon–zeta systems. Only in a few instances these ho-
ologues, each belonging to a different phylogenetic clade as in-

icated b y arro ws in Fig. 9 , hav e been r esearc hed. First, ther e is
xperimental evidence for the EzeT toxin, which consists of two
omains combining toxin and cis -acting antitoxin functionalities

n a single protein (Rocker and Meinhart 2015 ). The C-terminal
art of the gene product was identified to contain a Zeta toxin
omain with 38% and 47% aa similarity to Zeta and PezT, re-
pectiv el y. EzeT exhibits a l ytic phenotype that was attributed
o UDP- N -acetylglucosamine phosphorylation, and the presence
f the N-terminal antitoxin domain inhibits EzeT toxicity in vivo
nd str ongl y atten uates kinase acti vity. A second example is the
g ε_1/ng ζ_1 TA system, encoded in a plasmid in N. gonorrhoea

Rocker et al. 2018 ). The ng ζ_1 toxin is located in a phylogenetic
lade more distantly related to the toxins of the PezAT, omega–
psilon–zeta, and EzeT systems (Fig. 9 ). As stated earlier, and in
ontrast to the canonical zeta toxins, the ng ζ_1 toxin phospho-
ylates UDP-activated sugars at the C4 ′ -OH group of the hexose
oiety. It also displays broader substrate specificity and phospho-

ylates multiple UDP-activated sugars that are precursors of pep-
idoglycan and lipopolysaccharide synthesis. In ng ζ_1, the P-loop

otif is located m uc h closer to the C-terminus when compared
ith streptococcal PezT/Zeta toxins whereas the ng ε_1 antitoxin
as no similarities to any known Epsilon protein (Rocker et al.
018 ). Thir d, the P ezAT 

Mtb system of M. tuberculosis (Tandon et al.
019 ), whereb y the P ezT 

Mtb toxin is located in a phylogenetic clade
 v en mor e distantl y r elated to the toxins of the PezAT, omega–
psilon–zeta, EzeT, and ng ε_1/ng ζ_1 systems (Fig. 9 ). PezT 

Mtb har-
ours the antitoxin-binding ar ginine r esidue (at position 116) and
n aspartate residue (at position 36) that pr epar es the substrate
or phosphorylation through deprotonation, and the P-loop mo-
if for NTP binding. Ho w e v er, the amino acid residues of Zeta and
ezT toxins that bind to known substrates such as UNAG are not
onserved in PezT 

Mtb (Tandon et al. 2019 ). The functional target
f this mycobacterial PezT homologue has yet to be identified.
hen ov er expr essed, PezT 

Mtb induces bacteriostasis, reduces cell
ength, and increases tolerance of the heterologous M. smegma-
is host to ethambutol (a cell wall inhibitor) in vitro . Besides, this
rowth inhibition was r estor ed by coexpressing pezT Mtb along with
he predicted antitoxin partner pezA 

Mtb , which, unlike canonical
ezA antitoxins, contains an RHH motif (Tandon et al. 2019 ). It
s thus difficult to r eliabl y infer similar functions at large evolu-
ionary distances but these three examples, scattered in differ-
nt phylogenetic clades of the PezT/Zeta-like tree, suggest that
ut of the w ell-kno wn P ezAT and omega–epsilon–zeta systems,
ther homologues of PezT/Zeta do form noncanonical PezT/Zeta-
 e  
ike TA systems that are also functional and likely target the cell
all. 
The relationships between the 706 plasmids encoding

ezT / zeta -like genes were evaluated by calculating the aver-
ge nucleotide identity (ANI) between all plasmid pairs, as
escribed (Redondo-Salvo et al. 2020 ). Figure 11 shows the
esulting network in which pezT / zeta -encoding plasmids are
 epr esented by nodes that are connected when they meet the
NI L50 scor e r equir ements (Redondo-Salvo et al. 2020 ). A total
f 165 groups were obtained, of which 11 contained at least 10
embers mostl y pr esent in the same phylum (Fig. 11 A; Table S4 ,

upporting Information ). They gathered plasmids with similar
enomes. We then used COPLA (Redondo-Salvo et al. 2021 ) to
lassify the plasmids in plasmid taxonomic units (PTUs), an
quivalent to molecular species (Redondo-Salvo et al. 2020 ). 36
TUs were identified in the dataset and 303 plasmids were as-
igned to a PTU ( Table S4, Supporting Information ), highlighting
he diversity of the pezT / zeta -encoding plasmids. For most of
hese plasmids, a known cognate antitoxin is absent (Fig. 11 B).
ost plasmids encoding an omega–epsilon–zeta system sho w ed

ssociation in the network, i.e. they keep high ov er all genome
imilarity. It likely indicates the acquisition of this system by the
ncestral plasmid backbone of this group. Nevertheless, there
re also instances of disconnected omega–epsilon–zeta nodes, as
s also the case for pezA -encoding plasmids, suggesting that the
mega–epsilon–zeta and pezAT systems have been independently
cquired by different plasmid genomes. A total of 539 out of 706
lasmids encoded a MOB relaxase (Fig. 11 C), of which 319 also
ncoded a mating pair formation (MPF) system (Fig. 11 D), indicat-
ng that a significant portion of the pezT / zeta -encoding plasmids
r e tr ansmissible by conjugation. A total of 251 plasmids of this
ataset also encode antimicr obial r esistance genes ( Table S4 ,
upporting Information ). 

onclusions and perspectives 

he success of bacterial populations, measured by their growth
nd colonization ability, will str ongl y depend upon the environ-
ent they inhabit. In general, bacterial communities usually in-

tall as multispecies biofilms in which sessile individuals consti-
ute the main group. Ho w ever, some planktonic cells (‘explorers’),

ay release themselves from the main biofilm matrix and seek
ov el nic hes wher e they can establish ne w colonies. During these
olonization attempts, bacteria are frequently subjected to envi-
onmental fluctuations in their new niches, lik e n utrient limita-
ions or ov er abundance, c hanges in temper atur e, salinity, or pHs,
.e. the so-called ‘feast or famine’ response (Suarez-Mendez et al.
014 ). To cope with these changes, bacteria trigger sets of specific
r anscription pr oteins that activ ate or r epr ess se v er al oper ons in-
olved in their survival, which we have termed the nichome (Bravo
t al. 2018 ). While colonization of new niches frequently ends in

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuad052#supplementary-data
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Figure 11. ANI similarity network of plasmids encoding pez T/ zeta genes. For a dataset of 706 pezT / zeta -encoding plasmids (nodes), ANI L50 scores of all 
pairwise comparisons were calculated as described by Redondo-Salvo et al. ( 2020 ). When different from 0 they are represented as edges connecting 
the members of the corresponding plasmid pair. The ForceAtlas2 algorithm implemented in Gephi (Bastian et al. 2009 ) was applied to obtain the 
netw ork lay out. The netw ork w as coloured b y (A) phylum of the plasmid host ( Table S4 , Supporting Information ), (B) cognate antitoxin ( Table S1 , 
Supporting Information ), (C) relaxase MOB class assigned by MOBscan (Garcillán-Barcia et al. 2020 ) ( Table S4 , Supporting Information ), and (D) MPF 
type assigned by CONJscan (Cury et al. 2020 ) ( Table S4 , Supporting Information ). 
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failure , successful occasions ma y occur, like those examples in 

which S. pneumoniae planktonic cells migrate from their habitual 
nasopharynx niche to colonize the lungs (Baquero 2009 , Gamez 
and Hammerschmidt 2012 ). Later on, pneumococcal cells can mi- 
grate to the blood or the cerebrospinal fluid, where huge transcrip- 
tome changes have been observed (Pettersen et al. 2022 ). Cell re- 
sponses to these fluctuations may vary between shrinking their 
cytoplasmic content (Shi et al. 2021 ), entering into a dormancy 
state (Dubnau and Losick 2006 ), or by stochastic separation from a 
formerl y geneticall y identical population into two or mor e distinct 
subpopulations , i.e . a bi- or m ultistable r esponse, r espectiv el y (Ja- 
yaraman 2008 , Armbruster et al. 2019 ). The bistable response has 
been reported for situations in which changes in a part of the pop- 
ulation would occur (Rao et al. 2002 , Dubnau and Losick 2006 ,
Veening et al. 2008 ). In this situation, the nichome transcriptional 
r egulatory pr oteins would trigger sets of genes that will benefit 
the entire population as a whole, even though one or more of the 
subpopulations may lose viability or be eliminated. 

Among the nichome-encoded proteins, TAs could constitute 
a set of defence resources that would play an important role 
during colonization. Ho w e v er, like man y other defence systems,
As seem to have evolved under a strong selective pressure ex-
rted by the fluctuating environments in which bacteria live. Such
r essur e would lead to a forced evolution that could be uncou-
led from the evolution of the rest of the r espectiv e genomes. In
he case of Type II TAs, we could envisage that the community
hanges that take place in stressful conditions would reduce the
acterial growth rate . T his , in turn, could lead to the triggering
f protease synthesis, antitoxin degradation, and toxin-mediated 

r owth r ate decline , if not cell death. T his view, ho w ever, has been
enied based on two solid arguments: (i) lack of experimental re-
ults that show antitoxin cleav a ge by pr oteases during str essful
onditions, and (ii) antitoxins might be partially unfolded (and 

hus prone to degradation) before binding to their cognate toxins,
ut once the complex is formed the antitoxins would be pr operl y
olded, and thus not a substrate for proteases anymore (Song and

ood 2020a ). If this were the case, the activation of toxins could be
he result of insufficient antitoxin synthesis. We may argue, how-
 v er, that the involv ement of TAs as a response to stress might
ot be general for all bacteria or TAs. Ne v ertheless, it is also true
hat a majority of the experiments on TA activ ation hav e been
erformed in the heterologous host E. coli and not in the original
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ost, which may not be the ideal experimental approach to draw
eneral conclusions. 

In the case of the two pneumococcal higher eukaryotes and
rokaryotes nucleotide-binding (HEPN) RNases (Pillon et al. 2021 )
tudied by our group (RelBE and Y efM–Y oeB), w e have sho wn their
nvolvement in processes related to colonization, like biofilm for-

ation and o xidati v e str ess when expr essed in the cognate host
Chan et al. 2018 ). Such participation was not observed when the
A tested was PezAT (Chan and Espinosa 2016a ). 

PezT/Zeta toxins target the biosynthesis of the bacterial cell
all and are most likely evolutionary unrelated to the HEPN
Nase toxins. Conservation w as alw ays found at the le v el of
he toxin counter part, wher eas v ariations hav e been observ ed in
he antitoxins, perhaps the most intriguing example being the
ezAT 

Mtb antitoxin because it has an RHH conformation rather
han the HTH one found in the S. pneumoniae counterpart, mak-
ng it a most unusual PezA antitoxin (Tandon et al. 2019 ). Exam-
les of solo toxin genes have been found in other systems than
ezAT (Makar ov a et al. 2009 , Chan et al. 2012 , Jur ̇enas et al. 2022 ;
his work). When we searched for PezT toxin in all bacteria, many
ezT-like proteins not associated with PezA or Epsilon antitoxins
er e found, perha ps because they ma y not ha ve been annotated,

eported or studied as active TAs . T hese findings show that the
dentification and c har acterization of ‘just one mor e’ TA pair may
 verlook no vel features that might not be evident by a single in-
pection of the DNA sequence of the loci. T hus , further studies on
hese PezT/Zeta-like homologues ar e clearl y needed as current
iter atur e on these family of toxins sho w ed that we have barely
cr atc hed the tip of the iceberg and many more interesting vari-
nts of these toxins and their antitoxin counterparts await future
isco veries . 

Type II TAs were supposed to be constructed as r elativ el y sim-
le operons composed of two genes and their protein products au-
oregulate their synthesis. Ho w ever , some Type II T As exhibit more
omplex organizations, as exemplified by the tripartite operon
mega–epsilon–zeta (Ceglowski et al. 1993 ) or the Type IIb of M.
uberculosis , in which an (as)RNA participates in the regulation of
he toxin synthesis (Dawson et al. 2022 ). Other complex situations
ave also been found. First, the PacTA of P. aeruginosa plays a role
s a classical Type II TA and also regulates iron homeostasis (Song
t al. 2022 ). Second, the Doc toxin is homologous to the core of the
ype III Secretion System (T3SS) effector AvrB of P. syringae (Kinch
t al. 2009 ), whereas AvrRxo1, another TSS3 effector from Xan-
homonas oryzae pv. oryzicola seems to be homologous to the PezT
oxin (Triplett et al. 2016 ). And third, an intriguing relationship be-
ween the T4SS Vbh (carried by plasmid pVbh of B. sc hoenbuc hen-
is ) and the VirB T4SS sho w ed that Vbh is a canonical conjuga-
ion system. In addition to it, this conjugative secretion system is
lso used to export the FicTA-related TA (VbhTA) as an interbac-
erial effector protein complex (Harms et al. 2017 ). These evolu-
ionary links between TAs and bacterial secretion systems throw a

ost interesting light on the complexity of these a ppar entl y sim-
le bacterial modules. 

Mor e r ecent searc hes hav e shown that toxins exhibiting RNase
ctivity may belong to different evolutionary families than the
est of Type II TAs because they can be considered ancestors of
he HEPN RNases (Makar ov a et al. 2020 , Pillon et al. 2021 ). RNase-
oxins seem to be ancestors of the CRISPR–Cas family VI, thus
r eating a nov el scenario in whic h TAs could be a set of bacterial
ec hanisms de v eloped by bacteria to defend from MGEs invasion

nd that may hav e usur ped functions related to other bacterial ef-
ectors (Harms et al. 2017 , Makar ov a et al. 2020 ). All these findings
av e opened ne w av enues to our, at pr esent, still limited vie w of
acterial TAs, leading to the conclusion that fr esh a ppr oac hes and
ifferent classifications of TA modules, perhaps based on the ac-
ivity of the toxin rather than from their organization should be
onsidered. 
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