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Abstract 

The type II toxin antitoxin (TA) system is the most well-studied TA system and is 

widely distributed in bacteria, especially pathogens such as Mycobacterium tuberculosis. 

Type II TA system plays an important role in many cellular processes, including 

maintaining the stability of mobile genetic elements, and bacterial altruistic suicide in 

response to nutritional starvation, environmental stress and phage infection. Interactions 

between toxin proteins and antitoxin proteins are critical for the regulation and function 

of type II TA systems; indeed, the understanding of their function is mainly derived from 

interaction and regulation of paired TA system proteins. Nonetheless, investigating 

interaction between unpaired TA system proteins, and the interaction between TA system 

proteins and other functional proteins, are becoming more common and have provided 

new insight into the complexity of its regulatory mechanism. In this review, we outlined 

the cross-interaction between TA system proteins, and the interaction between TA system 

proteins and other functional proteins, and we are trying to explain novel mechanism of 

TA system in the regulation of cellular activities. On this basis, we further discussed the 

knowledge and physiological implications of the relevant aspects of TA system research. 
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1. Introduction 

The toxin-antitoxin (TA) system can be harboured on plasmids or chromosomes [1, 

2]. Almost all bacteria contain TA systems, and some bacteria carry many TA systems 

(approximately 80 pairs in Mycobacterium tuberculosis) [3, 4]. A typical TA system 

encodes a stable toxic element (toxin) and its unstable antidote (antitoxin), a protein or 

RNA that inactivates the toxin under normal growth conditions; under stress conditions, 

the antitoxin concentration decreases or becomes imbalanced compared to the toxin 

concentration, leading to an increase in toxin activity [5]. According to the nature of the 

antitoxin and toxin and antitoxin mechanism, TA systems can be divided into six types, 

I-VI [5]. The composition of these six types of TA systems is well summarized in a 

previous review [6].  

    Of the many TA systems, the type II system is the most widely studied. The number 

of type II TA systems varies greatly in different bacterial species and even in the same 

species [3, 4], though in general, both toxin and antitoxin genes are conserved, with toxin 

proteins being more conserved than antitoxin proteins among different bacteria [7]. To 

date, 12 type II TA system subfamilies have been identified based on toxin amino acid 
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sequence homology [8], including mazEF [9], relBE [10], yefM-yoeB [11], parDE, higBA, 

vapBC, phd/doc, ccdAB[3], ω-ε-ζ [12], and mqsRA [13, 14] subfamilies and the 

parE/relE, ccdB/mazF superfamilies [8]. The antitoxin component of type II systems, 

which is usually small and unstable and therefore easily degraded by proteases, binds to 

promoter DNA through its N-terminus to regulate transcription of the operon in which it 

is located [15-17]. Antitoxins may belong to different DNA-binding protein families, as 

those located in an operon of the same toxin family can belong to 2 to 4 different DNA-

binding protein families [18]. As the toxin protein can conditionally regulate antitoxin 

protein binding to DNA, acting as a transcriptional co-repressor or de-inhibitor [19], the 

TA operon is highly inhibited during logarithmic growth [20, 21]. In most cases, the 

antitoxin gene is located upstream of the cognate toxin gene, favouring expression of the 

former. However, there are some exceptions to this arrangement; for example, the toxin 

gene higA of higBA TA system is located upstream of the antitoxin gene higB [22, 23]. 

Although the biological functions of most TA systems identified thus far remain 

unclear, the biological functions of some type II TA system modules have been elucidated 

in several aspects such as maintaining the stability of mobile genetic elements or 

plasmids and bacterial altruistic suicide in response to nutritional starvation, 

environmental stress, and phage infection [24]. The ccdAB TA system found on the 

Escherichia coli F plasmid is an example of killing after isolation: ccdA kills plasmid-

free cells that do not produce antitoxins, thereby maintaining plasmid stability [25]. In 
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the absence of nutrients, especially amino acids, the toxin protein of the relBE system 

rapidly degrades nascent mRNA , resulting in a reduced rate of protein synthesis that 

helps to conserve energy and nutrients. Alternatively, the mRNA produced can be 

eliminated by the toxin protein, readjusting protein synthesis to adapt to a new 

environment without translation of proteins no longer needed [26]. Similarly, the mazEF 

toxin antitoxin system mediates bacterial programmed cell death in response to exposure 

to internal and external environmental factors [27]. mazEF is also considered to be part 

of the abortive phage infection system, which induces programmed cell death to prevent 

invaders from reproducing through an altruistic defence mechanism [28]. The emergence 

of antitoxins can retard or neutralize the above phenomenon, reversing cell function to a 

normal state [25-28].  

Toxin-antitoxin protein interactions are critical for the function of type II TA 

systems. While most studies have focussed on paired toxins and antitoxins, there is scant 

literature on the protein-protein interactions between unpaired toxins and antitoxins, and 

between TA system proteins and other functional proteins. The purpose of this review is, 

therefore, to describe and discuss the interaction between unpaired toxins and antitoxins 

and direct protein-protein interactions between TA systems and other functional proteins, 

along with the cellular functions mediated by such interactions. This review will help in 

the prediction of relevant targets or substrates, enrich our understanding of TA system 

functions, and provide clues for new antimicrobial design. 
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2. Cross-interaction between Type II TA systems 

The distribution of TA systems varies largely among different bacteria, with most 

bacteria having many different sources [29]. The redundancy of TA systems in bacteria 

is worthy of discussion, and some studies have shown that many type II TA system toxins 

are similar in function and have inhibitory effects on bacterial growth [30]. Genomic 

sequence analysis indicates that extensive functional domain exchange has occurred 

between TA systems during evolution, and different families of TA systems are linked by 

complex evolutionary relationships [3, 18], allowing for cross-interaction between 

different systems, with important roles in transcriptional activation, bistability formation, 

cell growth, environmental stress response, and retention of different TA systems. 

2.1 A Type II TA system cross-regulates the transcription of its operon 

gene 

Amino acid starvation induced many changes in the physiological processes of 

bacterial cells, and guanosine tetraphosphate (ppGpp) synthesized by RelA (ppGpp 

Synthase I) plays a major regulatory role [31]. relBE is the second Rel locus in E. coli, 

and Christensen et al found that the relBE promoter is rapidly and strongly activated 

during amino acid starvation and that this activation is independent of ppGpp but relies 

on the Lon protease [32]. In turn, Lon-mediated degradation of RelB releases RelE, 

which globally inhibits mRNA translation without interfering cell viability [32] (Fig. 1). 

It was recently discovered that the Doc toxin of a different TA system can also activate 
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the RelE mRNA interferase in vivo, without a known role for other TA system loci [33] 

(Fig. 1). Doc binds to the 30S ribosomal subunit and reversibly induces E. coli cell 

growth stagnation by inhibiting the extension of translation. In addition, expression of 

MazF is induced under conditions of nutrient deficiency [34, 35] (Fig. 1). However, this 

mutual activation of the TA system is not unique but also exists in both Salmonella and 

Shigella. The vapBC locus is also activated by amino acid starvation, and ectopic 

expression of VapCs derived from these two bacteria leads to growth inhibition, which 

can be reversed by the cognate antitoxin [18, 36]. Expression of vapC in E. coli results 

in cleavage of the mRNA at the stop codon, and interestingly, this cleavage depends on 

the yefM/yoeB locus, the VapC-activated YoeB mRNA interferase. Translational 

inhibition by VapC mediates degradation of the YfM antitoxin by Lon, and degradation 

of YefM leads to activation of YoeB and mRNA cleavage [37] (Fig. 1). Cross-

transcriptional activation between different TA toxins results in mRNA degradation and 

disproportionate toxin production, constituting potential positive feedback regulation. 

Indeed, cross-interacting TA systems may form complex regulatory networks that 

activate each other [30, 38]. Regardless, further research is required to determine whether 

this continuous TA activation and propagation mechanism is widespread in TA system-

rich M. tuberculosis. 
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2.2 Effect of cross-interaction of type II TA system proteins on 

environmental stress responses and bacterial cell growth 

Although the TA system in bacteria is not essential for normal cell growth, it does 

play a key role in survival in response to environmental stress and antibiotic stress. Toxin 

proteins inhibit bacterial growth by targeting a variety of important cellular physiological 

processes such as conversion from normal growth to dormancy and drug resistance [5]. 

The homologous TA system forms a bistability complex, and individual toxins lose this 

status when the antitoxin protein is degraded. Some reports have indicated that a variety 

of homologous TA systems or TA systems from different families can form a 

complementary bistability complex to cope with environmental pressure to regulate 

growth [39]. 

M. tuberculosis produces three pairs of relBE-like proteins: RelBE, RelFG, and 

RelJK [40]. Previous study found that in addition to direct interaction between paired 

proteins, unpaired proteins also interact in the three relBE systems. For instance, 

interaction of the antitoxin RelB with the toxins RelG and RelK allows for co-expression 

of the antitoxin gene with the two toxin genes to neutralize the virulence of the latter, and 

both toxin proteins promote binding of the antitoxin protein to DNA. We also found 

physical and functional interaction between the antitoxin RelF and the toxins RelE and 

RelK, though co-expression of this antitoxin gene with the two toxin genes enhanced 

their virulence [41]. Interestingly, another study found the antitoxin RelF and toxins RelE 
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and RelK to be induced in macrophages after infection by M. tuberculosis [40]. Therefore, 

this cross-regulation may play a synergistic role in preventing macrophage immune 

clearance, and when the same toxin or antitoxin is in short supply, other toxins or 

antitoxins will help in resisting environmental stress. In addition, Zhu et al reported 

physical interaction between M. tuberculosis toxin MazF-mt3 and antitoxin VapB and 

found that the toxicity of MazF can be neutralized by non-homologous VapB to restore 

bacterial growth [42]. The observed cross-interaction between these TA modules broke 

the myth of "one toxin and one antitoxin". Coincidentally, cross-physical interaction 

occurs between MazEF and RelBE in Bifidobacterium longum. Moreover, expression of 

MazF1 alone inhibits growth in E. coli, which is inhibited by non-homologous RelB 

antitoxin against toxin mRNA degradation [43]. A similar pattern of synergistic 

regulation has recently been reported in pneumococci. The pneumococcal strain R6 has 

three pairs of TA modules, yefM-yoeB and two pairs of relBE, and neutralization of the 

relBE toxin does not occur in a typical manner of TA systems in that overexpression of 

the paired antitoxin does not neutralize the activity of the toxin [26, 34]. Deletion of 

yefM-yoeB, relBE or all TA systems in strain R6 sensitizes these bacteria to oxidative 

stress; in addition, biofilm formation is significantly impaired, though the growth rate is 

not significantly affected. These results indicate that two pairs of TA systems in 

pneumococci perform the same role, similarly contributing to bacterial oxidative stress 

and biofilm formation [44]. Therefore, we can speculate that when environmental 
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stressors are removed, the newly synthesized antitoxin of a pathogen TA system will 

complex with the existing cognate or a different source of toxin to reverse toxicity, restore 

normal growth, and promote adaptation. 

 

2.3 Formation of a bistability state and persistence in a type II TA 

system 

Numerous TA systems are associated with bacterial drug resistance and persistence 

[45-47], the latter of which is observed when a small percentage of bacteria survives after 

antibiotic treatment [48]. Despite being a form of bacterial tolerance, persistence is not 

related to gene mutation or acquisition and will result in a dormant state of replication, 

which is different from resistance. Many of the toxins of type II TA modules degrade 

mRNA without causing cell death and instead promote a transition to a dormant or semi-

dormant state [2]. In general, the TA system exists in a bistable state, and recent studies 

have shown that under unstable conditions, a variety of different TA systems can be 

coupled to generate this state, which is converted under normal and toxic conditions [49, 

50]. In a previous study, Fasani et al constructed single and multiple TA system models 

assuming that translational inhibition of toxins requires activation of all TA modules in 

the cell; if the determined action of the toxin is independent of other TA systems, the rate 

of retention is very sensitive to the number of TA systems, and the frequency of 

persistence in wild-type E. coli was between 10-6 to 10-5 [51]. Thus, a change in the total 
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number of TA systems in cells can significantly alter the frequency of persistence, 

whereas adding a similar TA system can increase the frequency. Therefore, if the bacteria 

successfully recover from the dormant state, synchronous conversion of all TA systems 

is required, and the process is accompanied by a sharp decrease in the number of TA 

systems [52]. The specific mechanisms by which TA systems function together remain 

elucidated. 

 

3. Type II TA system proteins interact with other functional proteins 

and regulate cellular activities 

The prevalent TA system has multiple roles in bacterial physiology. Indeed, type II 

TA systems target cell wall synthesis, tRNAs, ribosomes, biofilm formation, DNA gyrase, 

and membrane potential [53]. In addition to the role of the toxin proteins, TA system 

components interact directly with other functional proteins to coordinate cellular 

physiological processes. Overall, TA systems are regulated by precise and complex genes, 

and in some bacteria, TA systems regulate bacterial growth by interacting with other 

functional proteins. 

3.1 MazF homologues interact with DNA topoisomerase I to regulate 

bacterial growth 

The Rv1495-encoded protein in M. tuberculosis, a homologue of E. coli MazF, is 

considered to be a toxin with ribonuclease activity [54]. In a previous study, we found 
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interaction between the Rv1495 protein and DNA topoisomerase I (MtbTopA), an 

enzyme that cleaves one of strands of DNA to prevent negative supercoiling during 

transcription [55]. Mycobacterial MazF inhibits the DNA helicase activity of MtbTopA 

and its ability to bind to double-stranded DNA. In turn, MtbTopA affects MazF mRNA 

cleavage (Fig. 2), though this cleavage activity of MazF does not affect its interaction 

with MtbTopA. Expression of the Rv1495-N-terminal (29-56) fragment alone can inhibit 

the growth of Mycobacterium smegmatis [56]. This protein-protein and protein-peptide 

interaction reveals a new mechanism by which the TA system regulates bacterial growth, 

providing important clues for the development of effective antibiotics against 

topoisomerase I. Overall, compounds that activate or mimic bacterial toxins may be 

developed as a new antibiotic. In addition, the MazEF system may be involved in the 

long-term dormancy of pathogens in human skin or tissue, and the MazEF system 

exhibits some additional growth-regulatory functions that are essential for bacterial 

persistence. Interaction of MazF with functional proteins may allow bacteria to escape 

the host immune system and survive in the adverse macrophage environment. However, 

there are few studies in this area, and more in-depth research is needed to understand the 

mechanism of action. 

 

3.2 Type II TA system proteins interact with transcription factors to 

regulate bacterial growth 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27770v2 | CC BY 4.0 Open Access | rec: 9 Jun 2019, publ: 9 Jun 2019



 

Different signalling molecules control gene expression during different stages of 

cell development as well as cell viability. For example, in Myxococcus xanthus, the 

signalling molecule (p) ppGpp induces and activates early-developmental genes under 

starvation conditions and transmits to extracellular A-signal to regulate expression of 

various genes, including the mrp operon. When the cells begin to aggregate, the C-signal 

of the short-range signal is taken over [57-59]. Conversely, programmed cell death is 

mediated by the MazF toxin [60]. Interestingly, Nariya and Inouye studied the TA system 

in the genome of M. xanthus and found that it contains only a single MazF toxin and no 

homologous MazE-like antitoxin, suggesting that the investigated strain may have other 

proteins that interact with MazF to exert antitoxin functions [61]. As identified by yeast 

two-hybrid screening and in vitro pull-down experiments, MrpC can form a complex 

with MazF to inhibit programmed cell death (Fig. 2). Importantly, the mrpC gene is 

required for development [58] and is a key early transcriptional activator of the FruA 

gene, another essential developmental regulator; this is similar to the response regulator 

in the two-component signalling system, which plays an important role in regulating gene 

aggregation and sporulation [62] (Fig. 2). The synergistic response of the regulatory 

factor and the independent transcription factor MrpC is an unusual gene regulation 

mechanism that effectively neutralizes the toxicity of MazF to ensure proper control of 

gene expression and cell fate during M. xanthus development [63-65]. 
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In addition to the cross-reactivity of the RelBE system toxin-antitoxin system 

protein, we found direct interaction between RelJ/RelK (Rv3357/Rv3358) and the 

transcriptional repressor SirR (Rv2788) [66]. SirR is capable of exerting a similar 

function on the toxin RelK (Rv3358) to regulate the DNA-binding activity of the 

antitoxin RelJ (Rv3357), thereby attenuating the inhibitory effect of RelJ on its promoter. 

Furthermore, SirR may be able to replace the antitoxin RelJ (Rv3357) to reverse bacterial 

growth inhibition by overexpression of RelK (Rv3358). Conversely, RelJ/RelK 

(Rv3357/Rv3358) attenuates the inhibitory effect of the transcriptional repressor SirR 

(Rv2788) on its own promoter [66]. This interaction reveals a novel regulatory function 

for transcription factors in bacteria and a new regulatory mechanism of the toxin-

antitoxin system, and we hypothesize that SirR can maintain minimal cell growth when 

the concentration of antitoxin is low. The SirR transcription factor is located upstream of 

the iron-absorbing ABC transporter gene operon. Although the effect of direct interaction 

among the target genes regulated by SirR is not discussed herein, in the absence of 

nutrients or under environmental stress conditions, the pathogen TA system can 

temporarily inhibit specific cellular processes and prevent bacterial growth, returning the 

cell to normal infection processes when favourable conditions occur. Identifying more 

examples of transcription factors involved in the TAS system will require further 

investigation. 
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3.3 Type II TA system proteins interact with chaperone proteins to 

maintain protein stability 

Chaperones are a class of proteins that assist in intracellular assembly and protein 

folding [67]. The protein encoded by Rv1957 in M. tuberculosis is 19% homologous to 

SecB in E. coli. However, in contrast E. coli SecB, the Rv1957 gene is adjacent to the 

stress response TA system higAB, and transcription of the Rv1957-higAB operon is 

induced by DNA damage, heat shock, and hypoxia stress [68-70]. In addition, deletion 

of the antitoxin gene higA alone inhibits bacterial growth, though absence of the entire 

operon region has no significant effect. Destruction of Rv1957 can also slow bacterial 

growth [71, 72]. Rv1957 can also directly interact with HigA and protect the antitoxin 

from protease degradation, thereby promoting its folding and subsequent binding to the 

HigB toxin to specifically control the HigAB toxin-antitoxin system. Co-expression of 

Rv1957 and higA in E. coli can significantly weaken the toxicity of HigB and restore 

bacterial growth. This toxin-antitoxin-chaperone three-component system is called TAC 

(Toxin-Antitoxin-Chaperone). Overall, SecB is the first example of a chaperone protein 

that regulates a TA system [73-75]. 

Activation of type II TA system toxins is generally thought to be dependent on 

degradation of the cognate antitoxin by the stress proteases Lon and Clp [26]. However, 

as no protease has been found to be involved in the cascade activation of HigB, the SecB-

like antitoxin is significantly more competitive than is the protease [74, 75] due to the 
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structure of the antitoxin. Analysis of the TAC sequence has revealed that the carboxy 

terminus of the antitoxin contains an extended chaperone addition sequence, ChAD, that 

can effectively prevent folding of the antitoxin and specifically recruit the SecB-like 

chaperone. Fusion of the HigA ChAD sequence to an irrelevant recombinant protein or 

a typical chaperone-independent type II TA system causes chaperone activity towards 

these proteins, indicating that the ChAD motif in the antitoxin is transferable [76]. Many 

questions remain regarding the interaction between the TAS system and the chaperone 

protein, including whether TAC systems exist in some common pathogens, such as 

Staphylococcus aureus, which causes skin infections, and whether these chaperones 

perform the same function to maintain antitoxin stability. Additional work is needed to 

elucidate the transcriptional regulatory mechanisms of toxins and the effects of toxin-

targeted cellular processes on the physiology and virulence of bacteria. Various TA 

system proteins and chaperone machinery may be used to optimize the expression and 

folding of heterologous proteins in prokaryotic hosts or for biotechnology and medicine. 

4. Final remarks 

The unique and precise regulation of type II TA system toxin proteins highlights the 

importance of these molecules in bacterial stress responses, and the mechanism of action 

of this system is complex and interesting due to the cross-regulation between different 

TA systems, either directly or through protein interactions. Such interaction and 
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communication of TA systems with other cellular components during bacterial life 

processes are even more compelling. 

With further research, we found that the TA system’s ability to sense signals is not 

fully dependent on ppGpp-regulated protease activity in detoxifying the antitoxin-

activated toxin pathway. Therefore, which signalling molecules can directly regulate TA 

systems? Can toxin-antitoxin proteins act as a direct receptor for signalling molecules? 

Among the many antitoxin proteins with DNA-binding domains, do global regulators of 

TA systems and even transcriptional regulators that exert extensive regulatory functions 

in whole cells exist under certain conditions? These questions are worthy of further study. 

The interaction and regulation of type II TA system proteins with key proteins in 

cellular processes, such as DNA replication, gene transcription, protein synthesis, and 

cell division, are beginning to be understood, though more interactions and functions 

must be explored. In particular, the role of the TA system of some pathogenic bacteria 

rich in type II TA systems is still unclear with regard to autoimmune and host immune 

processes. Additional questions include the following: Can TA system proteins be 

modified after translation? Do TA system proteins interact directly with the CRISPR-Cas 

system to protect against bacteriophage infection and regulate growth? Do TA system 

proteins interact with host immune proteins to regulate pathogenic capacity? 

In recent decades, the emergence and spread of bacterial resistance, especially 

multi-drug resistant and extensively resistant bacteria, has led to challenges in the 
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treatment of infectious diseases. In addition to TA system-mediated cell retention 

resistance, increasing evidence shows that bacterial resistance is associated with genetic 

maintenance systems. The TA system, similar to the presence of a drug, can be parasitic 

to bacteria. Abundant TA systems are associated with resistance genes present on the 

same plasmid, thereby maintaining microbial resistance in the absence of drugs. In 

addition, it remains unclear whether expression of resistance-related genes is regulated 

by the TA system or direct interaction with TA system proteins under drug stress, and 

how TA system proteins sense drug pressure signals needs to be determined. 

Studying the TA system not only helps us to understand bacterial physiology but 

also contributes to the development of new antibacterial therapies. Direct interaction 

between TA system proteins and functional proteins provides a theoretical basis for the 

development of new and effective antibiotic proteins with similar structure to the 

bacterial toxin. On the one hand, this type of drug promotes programmed cell death of 

pathogens by preventing or reducing the association between a given pair of toxin and 

antitoxin; on the other hand, it promotes inhibition of functional proteins, thereby 

interfering with specific cellular processes. This review summarizes and discusses cross-

interaction among known TA systems and interaction of these systems with other 

functional proteins to promote the design of new antibiotics. However, the realization of 

this goal will undoubtedly keep researchers busy for years to come. 

 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27770v2 | CC BY 4.0 Open Access | rec: 9 Jun 2019, publ: 9 Jun 2019



 

Funding: This work was supported by the National Key R&D Program of China (2017YFD0500302) and the 
National Natural Science Foundation of China (31730005), the Fundamental Research Funds for the Central 
Universities (2662016QD007), the National Natural Science Foundation of Hubei Province (2018CFB495), 
the State Key Laboratory of Veterinary Etiological Biology, Lanzhou Veterinary Research Institute, Chinese 
Academy of Agricultural Sciences (SKLVEB2016KFKT008). 

Conflict of interest: The authors declare that they have no conflicts of interest. 

References 

1.  Gerdes, K., P. B. Rasmussen, and S. Molin. ʺUnique Type of Plasmid Maintenance Function: 
Postsegregational Killing of Plasmid­Free Cells.ʺ Proc Natl Acad Sci U S A 83, no. 10 (1986): 
3116­20. 

2.  Hayes,  C.  S.,  and  R.  T.  Sauer.  ʺToxin­Antitoxin  Pairs  in  Bacteria:  Killers  or  Stress 
Regulators?ʺ Cell 112, no. 1 (2003): 2­4. 

3.  Pandey, D. P., and K. Gerdes. ʺToxin­Antitoxin Loci Are Highly Abundant in Free­Living 
but Lost from Host­Associated Prokaryotes.ʺ Nucleic Acids Res 33, no. 3 (2005): 966­76. 

4.  Ramage, H.  R.,  L.  E.  Connolly,  and  J.  S.  Cox.  ʺComprehensive  Functional Analysis  of 
Mycobacterium  Tuberculosis  Toxin­Antitoxin  Systems:  Implications  for  Pathogenesis, 
Stress Responses, and Evolution.ʺ PLoS Genet 5, no. 12 (2009): e1000767. 

5.  Page, R., and W. Peti. ̋ Toxin­Antitoxin Systems in Bacterial Growth Arrest and Persistence.ʺ 
Nat Chem Biol 12, no. 4 (2016): 208­14. 

6.  Sierra, R., P. Viollier, and A. Renzoni. ʺLinking Toxin­Antitoxin Systems with Phenotypes: 
A Staphylococcus Aureus Viewpoint.ʺ Biochim Biophys Acta Gene Regul Mech (2018). 

7.  Kamada, K., F. Hanaoka, and S. K. Burley. ʺCrystal Structure of the Maze/Mazf Complex: 
Molecular Bases of Antidote­Toxin Recognition.ʺ Mol Cell 11, no. 4 (2003): 875­84. 

8.  Leplae, R., D. Geeraerts, R. Hallez, J. Guglielmini, P. Dreze, and L. Van Melderen. ʺDiversity 
of  Bacterial  Type  Ii  Toxin­Antitoxin  Systems: A Comprehensive  Search  and  Functional 
Analysis of Novel Families.ʺ Nucleic Acids Res 39, no. 13 (2011): 5513­25. 

9.  Aizenman,  E., H.  Engelberg­Kulka,  and G. Glaser.  ʺAn  Escherichia  Coli  Chromosomal 
ʺAddiction Moduleʺ Regulated by Guanosine [Corrected] 3ʹ,5ʹ­Bispyrophosphate: A Model 
for Programmed Bacterial Cell Death.ʺ Proc Natl Acad Sci U S A 93, no. 12 (1996): 6059­63. 

10.  Takagi, H., Y. Kakuta, T. Okada, M. Yao, I. Tanaka, and M. Kimura. ʺCrystal Structure of 
Archaeal  Toxin­Antitoxin  Rele­Relb  Complex with  Implications  for  Toxin Activity  and 
Antitoxin Effects.ʺ Nat Struct Mol Biol 12, no. 4 (2005): 327­31. 

11.  Kamada,  K.,  and  F.  Hanaoka.  ʺConformational  Change  in  the  Catalytic  Site  of  the 
Ribonuclease Yoeb Toxin by Yefm Antitoxin.ʺ Mol Cell 19, no. 4 (2005): 497­509. 

12.  Zielenkiewicz, U.,  and  P. Ceglowski.  ʺThe  Toxin­Antitoxin  System  of  the  Streptococcal 
Plasmid Psm19035.ʺ J Bacteriol 187, no. 17 (2005): 6094­105. 

13.  Brown, B. L., S. Grigoriu, Y. Kim, J. M. Arruda, A. Davenport, T. K. Wood, W. Peti, and R. 
Page.  ʺThree  Dimensional  Structure  of  the  Mqsr:Mqsa  Complex:  A  Novel  Ta  Pair 
Comprised of a Toxin Homologous to Rele and an Antitoxin with Unique Properties.ʺ PLoS 
Pathog 5, no. 12 (2009): e1000706. 

14.  Ren, D., R. Zuo, A. F. Gonzalez Barrios, L. A. Bedzyk, G. R. Eldridge, M. E. Pasmore, and T. 
K.  Wood.  ʺDifferential  Gene  Expression  for  Investigation  of  Escherichia  Coli  Biofilm 
Inhibition by Plant Extract Ursolic Acid.ʺ Appl Environ Microbiol 71, no. 7 (2005): 4022­34. 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27770v2 | CC BY 4.0 Open Access | rec: 9 Jun 2019, publ: 9 Jun 2019



 

15.  Afif, H., N. Allali, M. Couturier, and L. Van Melderen. ʺThe Ratio between Ccda and Ccdb 
Modulates  the  Transcriptional  Repression  of  the  Ccd  Poison­Antidote  System.ʺ  Mol 
Microbiol 41, no. 1 (2001): 73­82. 

16.  Santos­Sierra, S., C. Pardo­Abarrio, R. Giraldo, and R. Diaz­Orejas. ʺGenetic Identification 
of Two Functional Regions in the Antitoxin of the Pard Killer System of Plasmid R1.ʺ FEMS 
Microbiol Lett 206, no. 1 (2002): 115­9. 

17.  Lemonnier, M., S. Santos­Sierra, C. Pardo­Abarrio, and R. Diaz­Orejas.  ʺIdentification of 
Residues of the Kid Toxin Involved in Autoregulation of the Pard System.ʺ J Bacteriol 186, 
no. 1 (2004): 240­3. 

18.  Anantharaman, V., and L. Aravind. ʺNew Connections in the Prokaryotic Toxin­Antitoxin 
Network:  Relationship  with  the  Eukaryotic  Nonsense­Mediated  Rna  Decay  System.ʺ 
Genome Biol 4, no. 12 (2003): R81. 

19.  Overgaard, M., J. Borch, M. G. Jorgensen, and K. Gerdes. ʺMessenger Rna Interferase Rele 
Controls Relbe Transcription by Conditional Cooperativity.ʺ Mol Microbiol 69, no. 4 (2008): 
841­57. 

20.  Magnuson, R., and M. B. Yarmolinsky. ʺCorepression of the P1 Addiction Operon by Phd 
and Doc.ʺ J Bacteriol 180, no. 23 (1998): 6342­51. 

21.  Marianovsky, I., E. Aizenman, H. Engelberg­Kulka, and G. Glaser. ʺThe Regulation of the 
Escherichia Coli Mazef Promoter Involves an Unusual Alternating Palindrome.ʺ J Biol Chem 
276, no. 8 (2001): 5975­84. 

22.  Yamaguchi, Y., J. H. Park, and M. Inouye. ʺMqsr, a Crucial Regulator for Quorum Sensing 
and Biofilm Formation, Is a Gcu­Specific Mrna Interferase in Escherichia Coli.ʺ J Biol Chem 
284, no. 42 (2009): 28746­53. 

23.  Christensen­Dalsgaard, M., M. G. Jorgensen, and K. Gerdes. ʺThree New Rele­Homologous 
Mrna  Interferases of Escherichia Coli Differentially  Induced by Environmental Stresses.ʺ 
Mol Microbiol 75, no. 2 (2010): 333­48. 

24.  Harms, A., D. E. Brodersen, N. Mitarai, and K. Gerdes. ʺToxins, Targets, and Triggers: An 
Overview of Toxin­Antitoxin Biology.ʺ Mol Cell 70, no. 5 (2018): 768­84. 

25.  Ogura, T., and S. Hiraga. ʺMini­F Plasmid Genes That Couple Host Cell Division to Plasmid 
Proliferation.ʺ Proc Natl Acad Sci U S A 80, no. 15 (1983): 4784­8. 

26.  Gerdes, K., S. K. Christensen, and A. Lobner­Olesen.  ʺProkaryotic Toxin­Antitoxin Stress 
Response Loci.ʺ Nat Rev Microbiol 3, no. 5 (2005): 371­82. 

27.  Hazan, R.,  and H.  Engelberg­Kulka.  ʺEscherichia Coli Mazef­Mediated Cell Death  as  a 
Defense Mechanism That Inhibits the Spread of Phage P1.ʺ Mol Genet Genomics 272, no. 2 
(2004): 227­34. 

28.  Alawneh, A. M., D. Qi, T. Yonesaki,  and Y. Otsuka.  ʺAn Adp­Ribosyltransferase Alt of 
Bacteriophage  T4  Negatively  Regulates  the  Escherichia  Coli  Mazf  Toxin  of  a  Toxin­
Antitoxin Module.ʺ Mol Microbiol 99, no. 1 (2016): 188­98. 

29.  Fiebig, A., C. M. Castro Rojas, D. Siegal­Gaskins, and S. Crosson. ʺInteraction Specificity, 
Toxicity and Regulation of a Paralogous Set of Pare/Rele­Family Toxin­Antitoxin Systems.ʺ 
Mol Microbiol 77, no. 1 (2010): 236­51. 

30.  Kasari, V., T. Mets, T. Tenson, and N. Kaldalu. ʺTranscriptional Cross­Activation between 
Toxin­Antitoxin Systems of Escherichia Coli.ʺ BMC Microbiol 13 (2013): 45. 

31.  Mechold, U., M. Cashel, K. Steiner, D. Gentry, and H. Malke.  ʺFunctional Analysis of a 
Rela/Spot Gene Homolog from Streptococcus Equisimilis.ʺ J Bacteriol 178, no. 5 (1996): 1401­
11. 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27770v2 | CC BY 4.0 Open Access | rec: 9 Jun 2019, publ: 9 Jun 2019



 

32.  Christensen, S. K., M. Mikkelsen, K. Pedersen, and K. Gerdes. ʺRele, a Global Inhibitor of 
Translation, Is Activated During Nutritional Stress.ʺ Proc Natl Acad Sci U S A 98, no. 25 (2001): 
14328­33. 

33.  Garcia­Pino, A., M. Christensen­Dalsgaard, L. Wyns, M. Yarmolinsky, R. D. Magnuson, K. 
Gerdes, and R. Loris. ʺDoc of Prophage P1 Is Inhibited by Its Antitoxin Partner Phd through 
Fold Complementation.ʺ J Biol Chem 283, no. 45 (2008): 30821­7. 

34.  Christensen, Susanne K., and Kenn Gerdes. ʺRele Toxins from Bacteria and Archaea Cleave 
Mrnas on Translating Ribosomes, Which Are Rescued by Tmrna.ʺ Mol Microbiol 48, no. 5 
(2003): 1389­400. 

35.  Christensen,  S. K., K.  Pedersen,  F. G. Hansen,  and K. Gerdes.  ʺToxin­Antitoxin Loci  as 
Stress­Response­Elements:  Chpak/Mazf  and  Chpbk  Cleave  Translated  Rnas  and  Are 
Counteracted by Tmrna.ʺ J Mol Biol 332, no. 4 (2003): 809­19. 

36.  Sayeed,  S.,  L.  Reaves,  L.  Radnedge,  and  S. Austin.  ʺThe  Stability  Region  of  the  Large 
Virulence  Plasmid  of  Shigella  Flexneri  Encodes  an  Efficient  Postsegregational  Killing 
System.ʺ J Bacteriol 182, no. 9 (2000): 2416­21. 

37.  Winther, K. S., and K. Gerdes.  ʺEctopic Production of Vapcs from Enterobacteria Inhibits 
Translation and Trans­Activates Yoeb Mrna Interferase.ʺ Mol Microbiol 72, no. 4 (2009): 918­
30. 

38.  Kasari, V., K. Kurg, T. Margus, T. Tenson, and N. Kaldalu. ʺThe Escherichia Coli Mqsr and 
Ygit Genes Encode a New Toxin­Antitoxin Pair.ʺ J Bacteriol 192, no. 11 (2010): 2908­19. 

39.  Chan, W.  T., M.  Espinosa,  and  C.  C.  Yeo.  ʺKeeping  the Wolves  at  Bay: Antitoxins  of 
Prokaryotic Type Ii Toxin­Antitoxin Systems.ʺ Front Mol Biosci 3 (2016): 9. 

40.  Korch, S. B., H. Contreras, and J. E. Clark­Curtiss. ʺThree Mycobacterium Tuberculosis Rel 
Toxin­Antitoxin Modules  Inhibit Mycobacterial Growth  and Are  Expressed  in  Infected 
Human Macrophages.ʺ J Bacteriol 191, no. 5 (2009): 1618­30. 

41.  Yang, M., C. Gao, Y. Wang, H. Zhang, and Z. G. He. ʺCharacterization of the Interaction and 
Cross­Regulation of Three Mycobacterium Tuberculosis Relbe Modules.ʺ Plos One 5, no. 5 
(2010): e10672. 

42.  Zhu,  L.,  J.  D.  Sharp,  H.  Kobayashi,  N.  A.  Woychik,  and  M.  Inouye.  ʺNoncognate 
Mycobacterium Tuberculosis Toxin­Antitoxins Can Physically and Functionally Interact.ʺ J 
Biol Chem 285, no. 51 (2010): 39732­8. 

43.  Wei, Y., Y. Li, F. Yang, Q. Wu, D. Liu, X. Li, H. Hua, X. Liu, Y. Wang, K. Zheng, and R. Tang. 
ʺPhysical and Functional Interplay between Mazf1(Bif) and Its Noncognate Antitoxins from 
Bifidobacterium Longum.ʺ Appl Environ Microbiol 83, no. 9 (2017). 

44.  Chan, W. T., M. Domenech, I. Moreno­Cordoba, V. Navarro­Martinez, C. Nieto, M. Moscoso, 
E. Garcia, and M. Espinosa.  ʺThe Streptococcus Pneumoniaeyefm­Yoeb and Relbe Toxin­
Antitoxin Operons Participate in Oxidative Stress and Biofilm Formation.ʺ Toxins (Basel) 10, 
no. 9 (2018). 

45.  Keren, I., D. Shah, A. Spoering, N. Kaldalu, and K. Lewis. ʺSpecialized Persister Cells and 
the Mechanism of Multidrug Tolerance  in Escherichia Coli.ʺ  J Bacteriol 186, no. 24 (2004): 
8172­80. 

46.  Shah, D., Z. Zhang, A. Khodursky, N. Kaldalu, K. Kurg, and K. Lewis. ̋ Persisters: A Distinct 
Physiological State of E. Coli.ʺ BMC Microbiol 6 (2006): 53. 

47.  Fisher, R. A., B. Gollan, and S. Helaine. ʺPersistent Bacterial Infections and Persister Cells.ʺ 
Nat Rev Microbiol 15, no. 8 (2017): 453­64. 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27770v2 | CC BY 4.0 Open Access | rec: 9 Jun 2019, publ: 9 Jun 2019



 

48.  Bigger,  J.  W.  ʺTreatment  of  Staphyloeoeeal  Infections  with  Penicillin  by  Intermittent 
Sterilisation.ʺ Lancet (1944): 497­500. 

49.  Tiwari, A., J. C. Ray, J. Narula, and O. A. Igoshin. ʺBistable Responses in Bacterial Genetic 
Networks: Designs and Dynamical Consequences.ʺ Math Biosci 231, no. 1 (2011): 76­89. 

50.  Fasani, R. A., and M. A. Savageau. ̋ Unrelated Toxin­Antitoxin Systems Cooperate to Induce 
Persistence.ʺ J R Soc Interface 12, no. 108 (2015): 20150130. 

51.  Moyed, H. S., and K. P. Bertrand. ʺMutations in Multicopy Tn10 Tet Plasmids That Confer 
Resistance  to Inhibitory Effects of Inducers of Tet Gene Expression.ʺ  J Bacteriol 155, no. 2 
(1983): 557­64. 

52.  Tian, C., S. Semsey, and N. Mitarai. ʺSynchronized Switching of Multiple Toxin­Antitoxin 
Modules by (P)Ppgpp Fluctuation.ʺ Nucleic Acids Res 45, no. 14 (2017): 8180­89. 

53.  Yang, Q. E., and T. R. Walsh.  ʺToxin­Antitoxin Systems and Their Role  in Disseminating 
and Maintaining Antimicrobial Resistance.ʺ FEMS Microbiol Rev 41, no. 3 (2017): 343­53. 

54.  Zhu, L., Y. Zhang, J. S. Teh, J. Zhang, N. Connell, H. Rubin, and M. Inouye. ʺCharacterization 
of Mrna  Interferases  from Mycobacterium Tuberculosis.ʺ  J Biol Chem  281, no.  27  (2006): 
18638­43. 

55.  Tsao, Y. P., H. Y. Wu, and L. F. Liu.  ʺTranscription­Driven Supercoiling of DNA: Direct 
Biochemical Evidence from in Vitro Studies.ʺ Cell 56, no. 1 (1989): 111­8. 

56.  Huang,  F.,  and  Z. G. He.  ʺCharacterization  of  an  Interplay  between  a Mycobacterium 
Tuberculosis Mazf Homolog, Rv1495 and Its Sole DNA Topoisomerase I.ʺ Nucleic Acids Res 
38, no. 22 (2010): 8219­30. 

57.  Kaiser, D. ʺSignaling in Myxobacteria.ʺ Annu Rev Microbiol 58 (2004): 75­98. 
58.  Sun, H., and W. Shi. ʺAnalyses of Mrp Genes During Myxococcus Xanthus Development.ʺ 

J Bacteriol 183, no. 23 (2001): 6733­9. 
59.  Lobedanz,  S.,  and  L.  Sogaard­Andersen.  ʺIdentification  of  the  C­Signal,  a  Contact­

Dependent Morphogen Coordinating Multiple Developmental Responses  in Myxococcus 
Xanthus.ʺ Genes Dev 17, no. 17 (2003): 2151­61. 

60.  Kolodkin­Gal,  I., R. Hazan, A. Gaathon, S. Carmeli, and H. Engelberg­Kulka.  ʺA Linear 
Pentapeptide  Is  a Quorum­Sensing  Factor  Required  for Mazef­Mediated  Cell Death  in 
Escherichia Coli.ʺ Science 318, no. 5850 (2007): 652­5. 

61.  Nariya, H., and M. Inouye. ʺMazf, an Mrna Interferase, Mediates Programmed Cell Death 
During Multicellular Myxococcus Development.ʺ Cell 132, no. 1 (2008): 55­66. 

62.  Ueki, T., and S. Inouye. ʺIdentification of an Activator Protein Required for the Induction of 
Frua, a Gene Essential for Fruiting Body Development in Myxococcus Xanthus.ʺ Proc Natl 
Acad Sci U S A 100, no. 15 (2003): 8782­7. 

63.  Viswanathan, P., T. Ueki,  S.  Inouye,  and L. Kroos.  ʺCombinatorial Regulation of Genes 
Essential for Myxococcus Xanthus Development Involves a Response Regulator and a Lysr­
Type Regulator.ʺ Proc Natl Acad Sci U S A 104, no. 19 (2007): 7969­74. 

64.  Mittal,  S.,  and  L.  Kroos.  ʺA  Combination  of  Unusual  Transcription  Factors  Binds 
Cooperatively to Control Myxococcus Xanthus Developmental Gene Expression.ʺ Proc Natl 
Acad Sci U S A 106, no. 6 (2009): 1965­70. 

65.  Nariya, H., and S.  Inouye.  ʺA Protein Ser/Thr Kinase Cascade Negatively Regulates  the 
DNA­Binding  Activity  of Mrpc,  a  Smaller  Form  of Which May  Be  Necessary  for  the 
Myxococcus Xanthus Development.ʺ Mol Microbiol 60, no. 5 (2006): 1205­17. 

66.  Yang, M., C. H. Gao,  J. Hu, C. Dong, and Z. G. He.  ʺCharacterization of  the  Interaction 
between a Sirr Family Transcriptional Factor of Mycobacterium Tuberculosis, Encoded by 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27770v2 | CC BY 4.0 Open Access | rec: 9 Jun 2019, publ: 9 Jun 2019



 

Rv2788, and a Pair of Toxin­Antitoxin Proteins Relj/K, Encoded by Rv3357 and Rv3358.ʺ 
Febs j 281, no. 12 (2014): 2726­37. 

67.  Hullmann, J., S. I. Patzer, C. Romer, K. Hantke, and V. Braun. ʺPeriplasmic Chaperone Fkpa 
Is Essential for Imported Colicin M Toxicity.ʺ Mol Microbiol 69, no. 4 (2008): 926­37. 

68.  Rand, L., J. Hinds, B. Springer, P. Sander, R. S. Buxton, and E. O. Davis. ʺThe Majority of 
Inducible DNA Repair Genes in Mycobacterium Tuberculosis Are Induced Independently 
of Reca.ʺ Mol Microbiol 50, no. 3 (2003): 1031­42. 

69.  Fivian­Hughes, A. S., and E. O. Davis. ̋ Analyzing the Regulatory Role of the Higa Antitoxin 
within Mycobacterium Tuberculosis.ʺ J Bacteriol 192, no. 17 (2010): 4348­56. 

70.  Sala, A., P. Bordes, and P. Genevaux. ʺMultiple Toxin­Antitoxin Systems in Mycobacterium 
Tuberculosis.ʺ Toxins (Basel) 6, no. 3 (2014): 1002­20. 

71.  Sassetti, C. M., D. H. Boyd, and E.  J. Rubin.  ʺGenes Required  for Mycobacterial Growth 
Defined by High Density Mutagenesis.ʺ Mol Microbiol 48, no. 1 (2003): 77­84. 

72.  Goeders, N.,  and  L. Van Melderen.  ʺToxin­Antitoxin  Systems  as Multilevel  Interaction 
Systems.ʺ Toxins (Basel) 6, no. 1 (2014): 304­24. 

73.  Bordes, P., A. M. Cirinesi, R. Ummels, A. Sala, S. Sakr, W. Bitter, and P. Genevaux. ʺSecb­
Like Chaperone Controls a Toxin­Antitoxin Stress­Responsive System  in Mycobacterium 
Tuberculosis.ʺ Proc Natl Acad Sci U S A 108, no. 20 (2011): 8438­43. 

74.  Sala, A., V. Calderon, P. Bordes, and P. Genevaux. ʺTac from Mycobacterium Tuberculosis: 
A  Paradigm  for  Stress­Responsive  Toxin­Antitoxin  Systems  Controlled  by  Secb­Like 
Chaperones.ʺ Cell Stress Chaperones 18, no. 2 (2013): 129­35. 

75.  Sala, A., P. Bordes, and P. Genevaux.  ʺMultitasking Secb Chaperones  in Bacteria.ʺ  Front 
Microbiol 5 (2014): 666. 

76.  Bordes, P., A. J. Sala, S. Ayala, P. Texier, N. Slama, A. M. Cirinesi, V. Guillet, L. Mourey, and 
P. Genevaux.  ʺChaperone Addiction of Toxin­Antitoxin Systems.ʺ Nat Commun 7  (2016): 
13339. 

 

 

 

 

 

 

 

 

 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27770v2 | CC BY 4.0 Open Access | rec: 9 Jun 2019, publ: 9 Jun 2019



 

 

 

 

 

 

 

Fig. 1 Toxin Doc and VapC activate toxin proteins in different source TA systems 

under amino acid starvation conditions. 

   When amino acids are deficient, E. coli Lon protease degrades RelB antitoxin to 

activate the RelE toxin protein; alternatively, Doc activation activates RelE and MazF 

toxin proteins, which cleave mRNA and inhibit bacterial growth. In Salmonella, the VapC 

toxin is activated under amino acid starvation, and VapC in turn activates the YoeB toxin. 

Both toxins inhibit protein translation and arrest bacterial growth. 
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Fig. 2 MazF interacts with functional proteins to regulate bacterial growth. 

In the absence of nutrients, the toxin MazF is induced, resulting in programmed cell 

death. RelA synthesizes ppGpp to activate the early developmental gene cluster mrpC 

through FruA, which can bind to MazF to inhibit bacterial death, whereas high levels of 

ppGpp cause bacteria to enter the retention state. In M. tuberculosis, TopA interacts with 

MazF to weaken the virulence of toxins and allows bacteria to grow normally. 
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Fig. 3 SecB interacts with HigAB to maintain cell growth 

The SecB-like chaperone protein Rv1957 binds to the ChAD structure of the 

antitoxin HigA, aids in the folding and protein stability of the antitoxin to protect the 

antitoxin from protease degradation, promotes the binding of HigA to the toxin HigB, 

and restores bacterial growth. 
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