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Toxin-antitoxin (TA) systems are ubiquitous genetic modules that are evolutionally conserved in bac-
teria and archaea. TA systems composed of an intracellular toxin and its antidote (antitoxin) are cur-
rently classified into five types. Commonly, activation of toxins under stress conditions inhibits di-
verse cellular processes and consequently induces cell death or reversible growth inhibition. These ef-
fects of toxins play various physiological roles in such as regulation of gene expression, growth con-
trol (stress response), programmed cell arrest, persister cells, programmed cell death, phage protection,
stabilization of mobile genetic elements or postsegregational killing of plasmid-free cells. Accordingly,
bacterial TA systems are commonly considered as stress-responsive genetic modules. However, mole-
cule screening for activation of toxin in TA system is available as development of antimicrobial agents.
In addition, cytotoxic effect induced by toxin is used as effective cloning method with antitoxic effect
of antitoxin; consequently cells containing cloning vector inserted a target gene can survive and
false-positive transformants are removed. Also, TA system is applicable to efficient single protein pro-
duction in biotechnology industry because toxins that are site-specific ribonuclease inhibit protein syn-
thesis except for target protein. Furthermore, some TA systems that induce apoptosis in eukaryotic
cells such as cancer cells or virus-infected cells would have a wide range of applications in eukar-
yotes, and it will lead to new ways of treating human disease. In this review, we summarize the cur-
rent knowledge on bacterial TA systems and their applications.
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Fig. 1. Regulation mechanism of Type I TA modules. T, toxin. AT, antitoxin. SD, Shine-Dalgarno sequences. SB, Ribosome standby
site. (A) Antitoxin that base-pairs with SD of toxin leads to mRNA degradation and blocks ribosome binding. (B) Antitoxin
that base-pairs with SD of overlapping open reading frame (modulator) leads to mRNA degradation and inhibits modu-
lator-dependent toxin translation. (C) Antitoxin that base-pairs with SB leads to mRNA degradation and of prevents ribosome
loading onto SD of toxin. (D) Antitoxin that base-pairs with 5" end and 3’ end of toxin mRNA blocks ribosome binding

through conformational change of mRNA.
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Fig. 2. Regulation mechanism of Type II TA modules. T, toxin. AT, antitoxin. SD, Shine-Dalgarno sequences. Type II antitoxin
genes are located upstream of toxin genes (A, B) or downstream of toxin genes (C, D). Two genes, toxin and antitoxin,
overlap by a few bases (A, C) or apart by a few bases (B, D).
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Z ete] 7]oj 507t FH S A5, ofe 7 A L=
ojoj A Azl ATP F74o] dojuhA &7 .

H o E. coli®] GhoT-GhoS system©] A HA Type
V fgo] AEA EFEAT o] F8 A GhoS antitoxine
A o184l grad 7t &8-S 7HA ghoT toxin
mRNAE £ 3T}H54]. o] 22 wFA| Type 9= AWo) o] 4
A2 S HoFE 183 GhoT toxine o &3 o
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Table 1. Target and recognition site of Type II RNase toxins
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27 GhoS antitoxine A, 15 2419 ¥ & B
AN 242 2A 7584 %—t—u}[ 4]. 71 %U& ok 2} GhoT-
GhoS system< Type II 39l 43l= MgsR-MgsA system®
oste] 27 e HrAL T l"ﬁ:H 24E de
MgsR toxin®] 233 we} ohoS antitoxin mRNA7} 3]

Ha e 59 free GhoT toxin®l F2 & A o] th[55].

2|2SAL JlE25 7HXI= toxin

TA system®] &3t B2 toxin®] g &8-S 7FA A5t
1 FAME R H‘*—E‘Eﬂ gL ofF A YEdT
[6l.

RelE toxin& 2|24 9|&2 02 RNAE 93 RNA
Adasrz & g e, o/ 5L ribosomal A site o A]
mRNA 54 ME& AdsAoz Q4ste Arketi[37]. HigB
toxin G| ElHE o EH O T RNAS HEslH, o] £& 509
PHE 2T A ) 23t mRNAY AAA AE& SolF
o2 At Ader}[17]. FHOE gHE HlEHOR
free mMRNAE H 93 toxin& 2& MazF, VapC, PemK,
MgsR, Kid, HicA, ChpBK7} $1TH(Table 1, 2). © Fl4 MazF
toxin 7+ ¥HH 2] o}2] homologPtth mRNAS] ACA, UAC,
UACAU, GUUGC, (U/CQU(U/A)C(U/C), UCGCU,
(U/C)UCCU, CUCCU, UUACUCAS} 22 545 dazo
2 Adsta, 7 %o wel 23S rRNA 2 165 rRNAY 54
BHE F7E Ao3th. Mycobacterium tuberculosis®] 7%,
MazF toxin homologE°] o] A3t §loH, o] 5 MazF
toxinE-2 A Zt7] T2 RNA A E <& 143ty ddste AL

=Y

rlo mlo

Toxin Target Recognition site Organism Reference
MazF mRNA ACA Escherichia coli [66]
MazF mRNA UACAU Staphylococcus aureus [68]
MazF mRNA UACAU Bacillus subtilis [39]
MazF mRNA GUUGC Myxococcus xanthus [35]
MazF mRNA UUACUCA Haloquadratum walsbyi Unpublished data
VapC tRNA™M Anticodon stem-loop Salmonella enterica [60]
VapC tRNAM Anticodon stem-loop Shigella flexneri [60]
VapC tRNA™M Unknown Leptospira interrogans [27]
VapC Total RNA Unknown Sulfolobus solfataricus [28]
VapC (PAE0151) Pentaprobes GGHG (H is U or G) Pyrobaculum aerophilum [30]
VapC (PAE2754) Pentaprobes GGHG (H is U or G) Pyrobaculum aerophilum [30]
PemK mRNA UAH (His C, A or U) Escherichia coli [64]
PemK mRNA UAUU Staphylococcus aureus [5]
PemK Total RNA UACH (H is U or G) Xylella fastidiosa [23]
MgsR mRNA GCU Escherichia coli [62]

Kid mRNA UAK (K is A or Q) Escherichia coli [33]
HicA tmRNA AAAC Escherichia coli [21]
ChpBK mRNA ACY (Yis U, A, or G) Escherichia coli [67]
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Table 2. Target and recognition site of M. tuberculosis H37Rv RNase toxins

Toxin Target Recognition site Reference
MazF3 (Rv1102c) mRNA (U/QUU/A)C(U/C) [69]
235 rRNA UuCCU [69]
MazF4 (Rv1495) mRNA UCGCU [69]
MazF6 (Rv1991c) mRNA (U/Q)uCCy, Ccuccu [69]
23S rRNA helix/loop 70 [45]
165 rRNA anti-Shine-Dalgarno (aSD) sequence [45]
MazF9 (Rv2801c) mRNA UAC [69]
VapC1 (Rv0065) Pentaprobes (in vitro) (G/O)G(G/C)(G/C/A) [30]
VapC2 (Rv0301) MS2 RNA (in vitro) Unknown [42]
VapC4 (Rv0595c) mRNA ACGC, AC(A/U)GC [46]
VapC5 (Rv0627) ssRNA, dsRNA (in vitro) Unknown [31]
VapC11 (Rv1561) MS2 RNA (in vitro) Unknown [42]
VapC20 (Rv2549c) 235 rRNA Sarcin Ricin Loop [59]
VapC29 (Rv0617) Pentaprobes (in vitro) (G/O)G(G/C)(G/C/A) [30]

2 A th(Table 2). E. coli MazF toxin®] 7, gl Hs&
HojEH 02 mRNAS ACA A E& SolHoz HAadt
[66]. AHZ o= o]ggt 4L thFEo AE Y mRNAS
s Ha o] & o] §3te] HZ o ACA-less FHAZHE
4y did s gt A2"o] REAT49]. 18
Staphylococcus aureus®] MazF toxin> mRNA ¢ UACAU
LS d4ste] A=, UACAUE S. aureus®] B 44
Td RSN FFHLR E3H YEHUE HIEA S
aureus®] MazF-MazE system¥ W94 Atolol 7453 =4
HAYZo] EAE Ao2 RATH47]. W4 Bacillus subtilis®]
MazF toxinE UACAU A €& A©3}A 5, UACAUE B. sub-
tilis® 27+ A=Y A ddE FAASAA Bol
ety AER B. subtilis®] MazF-MazE system- 22} Tf A}
Az At 2d3 B & AR FZHY39]. FH
Myxococcus xanthus®] MazF toxin®] 7§, GUUGC A €&
At} detets EA S 7FATH35]. ol 52 EHHA QI Type
Il TA 253 T2 A MazF toxin +47 717h01 o] MazE
antitoxin®] EAetA gom, Al W EAsts dArzdadd
MrpC7} MazF9| antitoxin®. 24 7]%538k= Zlo] &= ot
[35]. MrpCE mazF9] A &4 2ol W, mrpCt mazFe] A
+ Ser/Thr kinase cascade®] 9|3 MrpCe ¢I4HstE ol &
Ao g zdHAY35]. 183 Escherichia coli®] PemK toxin
< mRNAS UAH (H is C, A or U), Staphylococcus aureus
PemK toxin mRNA®] UAUU, Xylella fastidiosa®] PemK
toxin total RNA2] UACH (H is U or G)E <45t Ads}
= Ao A UG MgsR toxine GCU, Kid toxin& UAK
(K'is A or C), ChpBK toxin& ACY (Y is U, A or G) 9 &
Attt ohA AT YT toxinE-S rRNA A gHasd S4E&
ZFA = EAQ Ao] E. coli®) MazF toxin® & ©] 52 165
rRNAS| 3 25 d43te] 4Bnts A A8, 54 mRNAY
WA FE FREAE EA8e ACA A ES d4ste] ddd

=
=
o=

© 24 RBS7} ¢+ leaderless mRNAE AJ4HT}, A AH #
e M)A #EH anti-RBS AE& ZF3L7] wj ol &
WAl RBSE 7HAl = mRNAESo] 2gste AL F3)d).
Jy o]gA AP FREL MazFol 93l

erless MRNAS S A9 A 02 ¢4t Weo] 7153t
[52]. 18] 2 mRNA®] UUCCU A €& Q143 Mycobacte-
rium tuberculosis®] MazF toxin M. tuberculosis 235 TRNA 2]
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