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In their initial stages of discovery, prokaryotic toxin-antitoxin (TA) systems were confined to bacterial plasmids where they function to mediate the maintenance and stability of usually low- to medium-copy number plasmids through the post-segregational killing of any plasmid-free daughter cells that developed. Their eventual discovery as nearly ubiquitous and repetitive elements in bacterial chromosomes led to a wealth of knowledge and scientific debate as to their diversity and functionality in the prokaryotic lifestyle. Currently categorized into six different types designated types I–VI, type II TA systems are the best characterized. These generally comprised of two genes encoding a proteic toxin and its corresponding proteic antitoxin, respectively. Under normal growth conditions, the stable toxin is prevented from exerting its lethal effect through tight binding with the less stable antitoxin partner, forming a non-lethal TA protein complex. Besides binding with its cognate toxin, the antitoxin also plays a role in regulating the expression of the type II TA operon by binding to the operator site, thereby repressing transcription from the TA promoter. In most cases, full repression is observed in the presence of the TA complex as binding of the toxin enhances the DNA binding capability of the antitoxin. TA systems have been implicated in a gamut of prokaryotic cellular functions such as being mediators of programmed cell death as well as persistence or dormancy, biofilm formation, as defensive weapons against bacteriophage infections and as virulence factors in pathogenic bacteria. It is thus apparent that these antitoxins, as DNA-binding proteins, play an essential role in modulating the prokaryotic lifestyle whilst at the same time preventing the lethal action of the toxins under normal growth conditions, i.e., keeping the proverbial wolves at bay. In this review, we will cover the diversity and characteristics of various type II TA antitoxins. We shall also look into some interesting deviations from the canonical type II TA systems such as tripartite TA systems where the regulatory role is played by a third party protein and not the antitoxin, and a unique TA system encoding a single protein with both toxin as well as antitoxin domains.
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INTRODUCTION

The profusion of toxin-antitoxin (TA) genes among the realm of prokaryotes has sparked the interest of researchers to reveal the rationale of TA existence. One could hardly imagine the reason behind the finding that TA, which is mainly found in the genomes of bacteria and archaea, can be present up to 88 copies in Mycobacterium tuberculosis, although only 30 of them are functional (Ramage et al., 2009). In general (but not in all cases), a TA system is comprised of two genes, the antitoxin gene and its cognate toxin gene, which are located adjacent to each other. There are various modes of action by the toxin protein to exert its toxicity, but the most common ones involve inhibition of translation or replication, or targeting the cell wall synthesis of the host cells. TA systems, which have not been found in eukaryotes are, however, also able to poison eukaryotic cells because eukaryotes share common transcription and translation machineries with prokaryotes (Christensen et al., 2001; Pimentel et al., 2005; Nariya and Inouye, 2008; Amitai et al., 2009; Hurley and Woychik, 2009; Yamaguchi and Inouye, 2009; Agarwal et al., 2010; Dienemann et al., 2011; Castro-Roa et al., 2013; Germain et al., 2013). The product of the antitoxin gene, which can be either RNA or protein, is usually less stable compared to the toxin protein. Depending on the mechanism by which the antitoxin neutralizes the toxin, TAs have been categorized into six different types: (i) Type I, in which the antitoxin mRNA binds to its complementary toxin mRNA to prevent translation of the toxin gene; (ii) Type II, the antitoxin is a protein that forms a stable complex with the toxin protein and blocking the active site of the toxin under normal growth conditions; (iii) Type III, the antitoxin is an RNA with multiple tandem repeats that binds directly to the toxin protein rendering the toxin inactive; (iv) Type IV, the antitoxin protein does not bind to the toxin, but antagonize the toxin effect by competing for binding to the cellular target; and (v) Type V, the antitoxin protein is an RNase that cleaves directly its cognate toxin mRNA (Alonso et al., 2007; Hayes and Van Melderen, 2011; Masuda et al., 2012; Cataudella et al., 2013; Unterholzner et al., 2013; Barbosa et al., 2015). A likely new type of TA system (a possible type VI) was recently discovered in Caulobater crescentus where both the SocA antitoxin and SocB toxin are proteins, as in types II and IV TA systems. However, in this case, the SocA antitoxin functions as a ClpXP protease adaptor for the SocB toxin, promoting degradation of the toxin and thereby abolishing its lethality (Aakre et al., 2013; Markovski and Wickner, 2013). Thus, in a type VI TA system, the toxin is the unstable partner whereas in type II TA systems, the antitoxins are the labile partners due to their susceptibility to protease degradation. To date, TA systems belonging to types I and II are the most abundant in prokaryotes with type II TAs being the best characterized (Hayes and Van Melderen, 2011; Unterholzner et al., 2013; Bertram and Schuster, 2014; Hayes and Kêdzierska, 2014).

TA genes, which do not seem to be essential to the host cells (Van Melderen and Saavedra De Bast, 2009; Van Melderen, 2010), have been linked in countless ways to the lifestyle of the bacteria. The function of plasmid-encoded TAs has been commonly recognized as to stabilize the plasmid by a phenomenon denoted as post-segregational killing of the daughter cells that do not inherit its parental plasmid (Jaffe et al., 1985; Gerdes et al., 1986) or “addiction,” as once the cells acquire the TA-encoded plasmid horizontally, the cells are no longer able to survive if they lost that plasmid (Lehnherr and Yarmolinsky, 1995; Hernández-Arriaga et al., 2014). Nevertheless, the chromosomally-encoded TA genes are known to have broader impact to the host cells. Since the consequences of toxin effect can be bactericidal or bacteriostatic, chromosomally-encoded TAs have been related to altruistic cell death or stress response when the cells are under unfavorable circumstances. Altruistic cell death adopted the idea of bacterial cells living as a community, and when under stressful states like scarcity in nutrition, some of the cells will “sacrifice” themselves via triggering of their TA systems, subsequently lysing and releasing nutrients for the rest of their populations' need (Aizenman et al., 1996; Engelberg-Kulka and Glaser, 1999). Of course one could argue that instead of altruism, cannibalism (e.g., in Bacillus subtilis; González-Pastor, 2011) or fratricide (e.g., in Streptococcus pneumoniae; Eldholm et al., 2009) would more likely had happened for bacteria, which are the more primitive life forms. As activation of most of the toxins leads to cell stasis, the postulation of TAs involving in stress response is more widely accepted (Gerdes et al., 2005). The stress response mediated by TAs was well-demonstrated by the persistence phenomenon observed in Escherichia coli and other bacteria. Persister cells refer to a small portion of cells among isogenic antibiotic-sensitive bacterial population that stochastically switch to slow growth (or a quasi-dormant state) leading to multidrug tolerance when exposed to antibiotics (Lewis, 2010). In the persister cells, the increased levels of the signaling nucleotide (p)ppGpp (guanosine pentaphosphate/tetraphosphate) trigger slow growth by activating certain TAs through a regulatory cascade, which is dependent on Lon protease and inorganic polyphosphate (Maisonneuve et al., 2013). There are also other studies that demonstrated the involvement of chromosomally-encoded TAs in biofilm formation, increased survival rate, colonization of new niches, phage abortive infection, maintenance of bacterial mobilomes, virulence of pathogenic bacteria, and as anti-addiction modules (Christensen et al., 2001; Rowe-Magnus et al., 2003; Szekeres et al., 2007; Saavedra De Bast et al., 2008; Harrison et al., 2009; Mine et al., 2009; Hallez et al., 2010; Makarova et al., 2011; Armalyte et al., 2012; Norton and Mulvey, 2012; Cheng et al., 2014). Thus, the diversity of TA systems in prokaryotes is reflected in their diversity of cellular function.

ANTITOXINS NEUTRALIZE THE LETHALITY OF THEIR COGNATE TOXINS AND ALSO FUNCTION AS DNA-BINDING PROTEINS THAT MODULATE THE PROKARYOTIC LIFESTYLE

Type II TA systems are so far, the best studied of the TA families. Like other systems, Type II TAs are usually comprised of two genes with the antitoxin gene preceding the toxin gene, and with both genes co-transcribed from a single promoter located upstream of the antitoxin gene (Leplae et al., 2011). In general, the two TA genes overlap by a few nucleotides, indicating coupled translation of the two genes. Under normal conditions, the antitoxin protein binds avidly to the toxin protein to safeguard its harmfulness to the cells, as it has also been shown by determination of the three dimensional structures of TA complexes. However, because the antitoxin protein seems to be structurally partially folded (Cherny et al., 2005), it is thus more fragile and susceptible to the degradation by the host proteases (e.g., Lon or Clp); antitoxin cleavage would release the more stable toxin protein to act on its cellular target. Hence, the antitoxin protein needs to be constantly replenished in order to avoid a surfeit of toxin proteins. This explains the organization of the majority of type II TA operons: the antitoxin gene preceding the toxin gene would enable the antitoxin to be transcribed and translated before synthesis of the toxin starts.

Toxins target various cellular structures and essential molecular processes and thus, hinder cellular activities (Hayes and Van Melderen, 2011; Hayes and Kêdzierska, 2014). Majority of class II toxins that have been examined to date act as endoribonucleases and thus, inhibit the translation machinery (Yamaguchi and Inouye, 2009; Yamaguchi et al., 2011). Some of these endoribonucleases, such as the MazF toxin, cleave free mRNA in a sequence-dependent manner (Zhang et al., 2003), whereas other endoribonuclease toxins, such as RelE, target mRNA associated with ribosomes (Pedersen et al., 2003). Some type II toxins interfere with the translation process by other means such as the cleavage of initiator tRNA by the VapC toxins of Shigella flexneri and Salmonella enterica serovar Typhimurium (Winther and Gerdes, 2011), or phosphorylation of elongation factor EF-Tu by the E. coli-encoded HipA toxin and the bacteriophage P1-encoded Doc toxin (Schumacher et al., 2009; Cruz et al., 2014). On the other hand, certain type II toxins (such as CcdB and ParE) affect DNA replication by direct inhibition of gyrase activity, which is required to relieve supercoiling that occurs ahead of the replication fork (Bernard and Couturier, 1992; Yuan et al., 2010). The ζ and PezT toxins blocks cell wall synthesis by phosphorylating peptidoglycan precursors, thereby inhibiting the first step in peptidoglycan synthesis (Mutschler et al., 2011).

Type II antitoxins abrogate the lethality of their cognate toxins through a toxin-binding domain, which is usually natively unstructured until formation of the toxin-antitoxin complex. One of the hallmarks of toxin inactivation is a direct interaction whereby the antitoxin wraps around the toxin and inhibits toxin activity by blocking or masking the toxin active site (Blower et al., 2011; Bøggild et al., 2012; Schureck et al., 2014). For example, the E. coli-encoded MazE antitoxin wraps across the surface of the MazF toxin, blocking the active site as well as forcing out the S1-S2 loop that stabilizes the catalytic triad of the toxin (Kamada et al., 2003). In the case of the ζ and PezT toxins, inactivation is due to the respective cognate ε or PezA antitoxin sterically hindering ATP/GTP binding within the toxin (Meinhart et al., 2003; Khoo et al., 2007). The Caulobacter crescentus-encoded ParD antitoxin inhibits its cognate ParE toxin by binding as a dimer to a conserved complementary patch at the C-terminus of ParE without inducing conformational changes (Dalton and Crosson, 2010). In contrast, binding of the E. coli-encoded RelB antitoxin inhibits the RelE toxin by perturbing the toxin structure, specifically through displacement of a flexible α-helix at the C-terminal that contains the Tyr-87 residue essential for RelE activity (Li et al., 2009). Similarly, the VapB5 antitoxin of M. tuberculosis act to prevent its cognate VapC5 toxin from binding Mg2+ as a co-factor by reorienting the side-chain of VapC5 Arg-112, locking the VapC5 Glu-57 residue in an unfavorable conformation to bind Mg2+ (Miallau et al., 2009). In some TA complexes, the antitoxin binds to the toxin but does not occlude the active site of the toxin. The E. coli-encoded HipB antitoxin binds far from the active site of its cognate HipA toxin and functions to inhibit the toxin activity by locking the toxin in an inactive open conformation (Schumacher et al., 2009). Similarly, the HigA antitoxin of Proteus vulgaris only makes two regions of contact with the HigB toxin, both of which are distant from the HigB active site. The HigB toxin functions as a ribosome-dependent endoribonuclease and it was proposed that binding of HigA sterically inhibits HigB from interacting with mRNA in the A site of the ribosome (Schureck et al., 2014).

The antitoxin protein is not only the nemesis of its cognate toxin, but also the key factor that regulates transcription of the TA operon. The antitoxin is generally a DNA-binding protein that binds, albeit usually weakly, to the operator of the operon to repress its own transcription; whereas the toxin protein, which does not bind to the DNA upstream of the operon, usually serves as a co-repressor, by binding to the antitoxin protein and changing the conformation of the antitoxin-DNA complex, which lead to further repression (Bertram and Schuster, 2014; Hayes and Kêdzierska, 2014; Kędzierska and Hayes, 2016). In some cases, the molar ratio of antitoxin and toxin has great impact on the formation of the TA complex in terms of stoichiometries (Gelens et al., 2013). More importantly, TA complexes with different stoichiometries have different affinity to the binding of the operator (Overgaard et al., 2008; Garcia-Pino et al., 2010; see below). Therefore, the ratio of the antitoxin and toxin is very crucial to the regulation of the transcription of the TA operon and to determine the lifestyle and fate of the bacterial host.

DNA-BINDING DOMAINS FOUND IN ANTITOXINS: HELIX-TURN-HELIX (HTH), RIBBON-HELIX-HELIX (RHH) FOLD, AND SpoVT/AbrB-TYPE

Concerning the three-dimensional structure of the TAs, several of them have been determined, either the antitoxin alone or in complex with the cognate toxin. In most cases, the antitoxin protein appears to be divided into two domains: the N-terminal domain usually comprises the DNA binding region, whereas the C-terminal domain is generally involved in the interaction with the cognate toxin to offset its toxicity. These two domains may be interconnected by a flexible small loop or hinge-like region. Determination of the crystal structure of the TA complexes (mostly without DNA) has been achieved for an increasing number of them. In general, the structure of the DNA-binding domains of the antitoxins can be grouped into three different types, namely helix-turn-helix (HTH), ribbon-helix-helix (RHH), and SpoVT/AbrB-type (Table 1; Figure 1). The HTH motif consists of around 20 amino acid residues distributed into two α-helices separated by a short turn, generally mediated by a Gly residue (Figure 1A). The second helix of the HTH motif (also termed “the reading head”) recognizes and binds to the target DNA via a number of hydrogen bonds and hydrophobic interactions, which occur between specific side chains of the protein and the exposed bases and thymine methyl groups within the major groove of the DNA, whereas the first helix, and sometimes a third one, helps to stabilize the structure of the motif (Brennan and Matthews, 1989). The HTH motif has been reported in a number of prokaryotic DNA repressor proteins as well as in eukaryotes (Brennan and Matthews, 1989). Examples of the existence of the HTH motif in solved structures of antitoxins include PezA (Khoo et al., 2007) as well as HigA (Schureck et al., 2014). Another example of antitoxin harboring the HTH motif is MsqA, although in this case the motif is present at the C-terminal region of the protein; the N-terminal region having a Zn-binding domain involved in the interaction with its cognate toxin MsqR (Brown et al., 2009).

Table 1. Solved type II toxin-antitoxin structures grouped according to the DNA-binding domain of the antitoxins.
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FIGURE 1. Three-dimensional structures showing the most frequent DNA-binding domains found in prokaryotic type II antitoxin proteins. The most frequent DNA-binding domains found in type II antitoxins include: (A) the HTH-motif (of which the smallest structural motif is shown) that has two α-helices (red) connected by a small loop (green); (B) the RHH folding motif, in which the minimal structure (as the one depicted corresponding to the CopG transcriptional repressor) is generated by two antiparallel β-strands (arrows, with arrowheads pointing to the C-terminal part of the protomer) that generate a ribbon; each strand comes from one of two protein monomers and they are involved both in dimer formation and in specific interactions with the DNA bases in the antitoxin DNA target (adapted from Gomis-Rüth et al., 1998), and (C) the SpoVT/Abr DNA binding motif in which the dimeric molecules are constructed by three- and four-stranded antiparallel β-sheets (upper part of the molecule) that are tightly packed, generating the DNA-binding domain. Loops keeping the outer part of the molecules are indicated by light green and red colors.



The RHH proteins have been found mostly in prokaryotes. These structures are arranged as two antiparallel β-strands that generate a ribbon (Figure 1B); each strand comes from one of two protein monomers and they are involved both in dimer formation and in specific interactions with the DNA bases in the antitoxin DNA target. In the simplest form, like the transcriptional repressor protein CopG (45 residues per protomer), or the Salmonella phage P22 Arc repressor (53 residues per protomer) the ribbon participates in DNA recognition and in the dimerization process, so that the proteins would be mostly in a disordered state if it were a monomer. However, no monomers of the protein seem to exist, and mutational analyses indicated that dimerization and folding could be considered as part of the same process, and the proteins would only exist as dimers (Milla et al., 1995; Gomis-Rüth et al., 1998). Perhaps, and lacking further information on the structure of other antitoxins, the RHH motif seems to be the most common structural motif in antitoxins, as it is present in CcdA (Madl et al., 2006), ParD (Oberer et al., 2007), RelB (Bøggild et al., 2012), DinJ (Liang et al., 2014), FitA (Mattison et al., 2006), and VapB (Min et al., 2012).

The number of antitoxins with a SpoVT/AbrB-type domain is also steadily increasing. They all share similarities to the transcriptional regulator AbrB, found in the Gram-positive bacterium B. subtilis and that is involved in the regulation of many genes. The structure of the DNA-binding domain of AbrB (Figure 1C) revealed the presence of a specific domain, in which two molecules (each having two β-hairpins) dimerizes to generate a so-called layered “β-sandwich.” A similar structure has been reported for the S. flexneri VapBC TA pair, in which four N-terminal antitoxin VapB domains generate two DNA-binding domains; each of these domains is constructed by a three-stranded antiparallel β-sheets, and a four-stranded antiparallel β-sheet. These arrangements form a strand-switched dimer interface in which the two β-sheets are tightly packed against each other, thus generating the DNA-binding domain (Dienemann et al., 2011). Similar to VapB, but exhibiting a simpler structure is the MazE antitoxin (Kamada et al., 2003; Bobay et al., 2005), which, in turn has structural homology to the well-characterized Kis antitoxin (Kamphuis et al., 2007a,b).

The DNA binding targets of the antitoxin proteins are usually perfect or imperfect palindromic sequences (Khoo et al., 2007; Chan et al., 2011) that overlap with all or part of the promoter region; thus, binding of the antitoxin to its target would thwart the binding of the host RNA polymerase to the promoter resulting in transcription inhibition (see below).

AUTOREGULATION AS A PARADIGM OF TYPE II TA LOCI: STRUCTURE AND FUNCTION OF THE MazE ANTITOXIN

MazEF is the first chromosomally-encoded TA discovered in E. coli (Aizenman et al., 1996). The mazEF operon is located in the E. coli rel locus, downstream of the relA gene. Expression of mazEF was shown to be regulated by the cellular levels of ppGpp, the product of the RelA protein. During amino acid starvation, increased levels of the alarmone guanosine tetraphosphate (ppGpp) lead to inhibition of transcription of mazEF and triggers programmed cell death (Aizenman et al., 1996). The MazF toxin is an endoribonuclease that cleaves cellular mRNA at the specific sequence, 5′-ACA-3′ (Zhang et al., 2003). Interestingly, MazF also cleaves ACA sites that are close to the region upstream of the AUG start site of some specific mRNAs, thus generating a pool of leaderless mRNAs. In addition, MazF also targets 16S rRNA within 30S ribosomal subunits at the decoding center, therefore removing 43 nucleotides from the 3' terminus that comprises the anti-Shine-Dalgarno. As a result, a modified translation machinery is formed to selectively translate the leaderless mRNAs to adapt to the stress condition (Vesper et al., 2011). The antitoxin MazE harbors two domains: (i) the N-terminus consists of a SpoVT/AbrB-type domain with a swapped-hairpin β-strand motif that binds to the operator to negatively autoregulate its transcription, and (ii) the C-terminal domain is intrinsically disordered and upon binding to MazF toxin will form an extended conformation that is more stable and protected from the host protease degradation (Kamada et al., 2003; Loris et al., 2003). The C-terminal tail of MazE is not directly involved in DNA binding and remained disordered upon interaction of the N-terminal domain with the DNA (Vesper et al., 2011).

Along the same operon downstream of mazEF is another open reading frame called mazG, which is co-transcribed with mazEF. MazG is a pyrophosphohydrolase that hydrolyses dNTPs and thus depletes ppGpp. However, MazG activity is also inhibited by the MazEF complex (Gross et al., 2006). Therefore, during amino acid starvation, in addition to inhibition of mazEFG transcription due to increased ppGpp, degradation of MazE will inactivate the inhibition activity of the MazEF complex against the existing MazG. Activation of MazG will deplete ppGpp levels, which in turn causes re-transcription of mazEF to replenish MazE, which consequently triggers the cells to emerge from their dormant state (Gross et al., 2006).

Two promoters, which are located 13 nucleotides apart, have been identified upstream of the mazEFG operon (Figure 2A). The P2 promoter is about 10-fold stronger than the P3 promoter (Marianovsky et al., 2001). Expression of both promoters is repressed by MazE and highly repressed with the MazEF complex. Within the promoters lies an unusual fragment termed the “alternating palindrome.” This alternating palindrome, which is the operator of mazEFG, could exist in one of two alternative states: its middle part designated “a,” complements either the downstream fragment “b” or upstream fragment “c” (Figure 2A). Binding of the MazEF complex to either arm of this alternating palindrome will strongly repress the transcription of the mazEF operon. The numerous mutations that were introduced into this alternating palindrome did not affect the binding efficiency of the MazEF complex, suggesting that the secondary structure of this regulatory region is more important than its DNA sequence (Marianovsky et al., 2001). MazE has higher binding affinity for fragment “a” than “b” or “c”.
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FIGURE 2. The E. coli-encoded MazEF TA system. (A) Genetic organization of the E. coli mazEF operon, and the regulatory elements on the mazEF promoter. Black arrows denote the transcriptional start sites of promoters P2 and P3. The stop codon of RelA and the start codon of MazE are underlined in brown. The FIS binding site is indicated with a blue line. Alternating palindromic regions “c-a” or “a-b” are indicated with red arrows. Adapted and modified from Marianovsky et al. (2001). (B) Structure of the MazE1−50 antitoxin homodimer-DNA complex (PDB accession: 2MRU). The MazE1−50 homodimer is indicated in blue and purple with the operator DNA indicated in orange. The N- and C-termini of the two MazE1−50 units are as labeled. The key amino acid residues of MazE that are involved in binding to the major groove of the double-stranded “a” operator DNA, i.e., Trp-9, Asn-11, and Arg-16 (Zorzini et al., 2015), are shown for one of the MazE monomers (blue).



Determination of the three-dimensional structure showed that the MazE homodimer binds into the major groove of DNA fragment “a,” involving the side-chains of residues Trp-9, Asn-11, and Arg-16 for the main interactions with the oligonucleotide (Figure 2B; Zorzini et al., 2015). Mobility shift assay with titration of MazF showed that MazF could increase the affinity of MazE for a single operator site where the concentration of MazE itself is not sufficient to cause a band-shift. Superposition of MazE-DNA complex on the crystal structure of the MazE-MazF complex demonstrated that the interaction between DNA and protein increased through the flanking basic regions of the MazF homodimer. This indicates that the augmentation of DNA binding by MazF is due to cooperative binding of the antitoxin and toxin to the DNA instead of an allosteric effect. However, reduced band-shift corresponding to the complex was observed after a peak with increasing MazF, and the affinity of MazE for binding to the “a” fragment is abolished at very high ratio of MazF:MazE (Zorzini et al., 2015). This resembles the conditional cooperativity phenomenon that was observed in other TA systems like ccdAB, phd-doc, and relBE whereby the expression of the TA operon is modulated by ratios of antitoxin:toxin (Overgaard et al., 2008; De Jonge et al., 2009, 2010; Garcia-Pino et al., 2010).

Besides having two promoters and an unusual alternating palindrome as operator site, the regulation of mazEF is also governed by another positive regulation mechanism. Further upstream of the alternating palindrome is a binding site for the factor for inversion stimulation (FIS), which positively regulates the transcription of mazEF operon (Marianovsky et al., 2001). FIS is a homodimer that binds and introduces bends in the DNA, thereby increasing the binding efficiency of RNA polymerase (Pan et al., 1996). The cellular level of FIS varies (up to 100-fold), depending upon the growth phase and nutritional conditions of the cells. The concentrations of FIS are highly elevated in the early exponential phase but sharply declined toward the stationary phase (Marianovsky et al., 2001), indicating positive regulation of mazEF is maximal at rich medium during exponential phase. Thus, the complex regulatory mechanism which combines two promoters, alternating palindromes, the FIS-binding activation site, concentrations of ppGpp and MazG, as well as the ratio and the co-operative binding activities of the MazE and MazF to the operator enables the expression of mazEF to become more dynamic and to ensure a prompt response to cope with various stresses or changes in the environment (Marianovsky et al., 2001).

An interesting dimension to the regulation of the MazF toxin was reported recently whereby infection of E. coli with bacteriophage T4 led to the addition of an ADP-ribosyl group to MazF (Alawneh et al., 2016). This chemical modification of MazF was catalyzed by phage T4-encoded Alt ADP-ribosyltransferase which transfers an ADP-ribosyl group from nicotinamide adenide dinucleotide (β-NAD+) to the Arg-4 residue of MazF, resulting in partial reduction of MazF cleavage activity in vitro. This inferred that phage T4 may harbor a unique antitoxin to inactivate MazF during T4 infection and MazF could function as an anti-phage mechanism in its E. coli host (Alawneh et al., 2016; Otsuka, 2016). The biological significance of the T4-dependent ADP-ribosylation of MazF and its effects on the existing mazEF regulatory circuit awaits further investigations.

REGULATION VIA CONDITIONAL COOPERATIVITY OF THE phd-doc, relBE, AND kis-kid LOCI

Phd-Doc is a TA system found on bacteriophage P1 (Lehnherr et al., 1993). The regulation of the phd-doc TA operon relies on the stoichiometries of the Phd antitoxin and the Doc toxin, which is a phenomenon called conditional cooperativity, as mentioned above. Like other TAs, the Phd antitoxin has an intrinsically disordered C-terminus that forms an α-helix upon binding to the Doc toxin (Garcia-Pino et al., 2008). The N-terminal domain of the Phd antitoxin is a dimerization domain that binds to the DNA operator to repress phd-doc expression. Doc toxin, which impedes translation by phosphorylating the conserved Thr-382 residue on elongation factor EF-Tu (Castro-Roa et al., 2013; Cruz et al., 2014), can also serve as a corepressor or derepressor depending on the molar ratio of both Doc and Phd proteins (Garcia-Pino et al., 2010). A monomeric Doc toxin has two binding sites that are able to interact with two Phd dimers, with different affinities, bridging the Phd dimers to bind more avidly to the operator. However, saturation of Doc toxin will be in favor of the high-affinity sites (H sites), outcompeting the low-affinity sites (L-sites) by Phd. This results in the restructuring of the repressor-corepressor complex to an alternative non-repressing Doc-Phd2-Doc complex, which cannot bind to the operator DNA due to steric reasons (Liu et al., 2008; Arbing et al., 2010; Garcia-Pino et al., 2010). Thus, the stoichiometry of Phd:Doc complex is important in modulating the regulation of phd-doc operon.

The relBE operon is one of the most prevalent and best-characterized TA system that was originally discovered on the chromosome of E. coli (Gotfredsen and Gerdes, 1998). The RelE toxin does not target free mRNA but cleaves mRNA in the ribosomal A site with codon specificity (Christensen and Gerdes, 2003). The RelB antitoxin neutralizes the toxic activity of RelE by displacing the α4 helix, thereby disrupting the geometry of the critical catalytic residues of the free RelE structure. RelB dimers bind to the operator through a RHH motif to autoregulate transcription (Overgaard et al., 2009). However, the affinity of RelB binding to DNA is relatively low, and addition of RelE up to a ratio of 2 RelB: 1 RelE drastically enhanced the binding affinity (Christensen-Dalsgaard et al., 2008; Overgaard et al., 2008). The RelB2RelE heterotrimer complexes bind strongly and cooperatively to the promoter to repress transcription. When RelE is in excess, an unusual V-shaped structure is formed, with two RelE bound at the distant ends of the RelB dimer. These heterotetramer complexes will clash when two RelB dimerization domains bind adjacently to the DNA, which leads to the complex falling-off from the operator DNA and derepressing transcription (Bøggild et al., 2012). The destabilization of the RelB2RelE complex from the DNA can be due to “stripping,” in which the excessive free toxin molecules invade the RelB2RelE heterotrimer complex; or the bulk formation of RelB2RelE2 heterotetramer complexes that sequester the heterotrimer complex (Cataudella et al., 2012). During normal cellular growth, relB has higher rate of translation than relE, leading to tenfold more RelB than RelE protein molecules (Overgaard et al., 2009). Binding of the RelB2RelE heterotrimer will repress transcription of relBE to a minimal level. When cells undergo nutritional stress, since the lifetime of RelB is 10-fold shorter than RelE (Overgaard et al., 2009), the labile RelB will be degraded more rapidly by Lon proteases and this subsequently increases the RelE:RelB ratio. Consequently, more RelB2RelE2 heterotetrameric complexes are formed that eventually derepress the repression of the relBE operon to replenish RelB levels in the cell. This conditional cooperativity of RelBE has also been shown to facilitate the fast recovery of cells from RelE-mediated reduction in translation when the nutritional stress is removed (Cataudella et al., 2012).

In the case of the RelBE2Spn operon from S. pneumoniae, the interaction of the two proteins with the DNA target was approached by means of band-shift, analytical ultracentrifugation, and native mass spectroscopy. The results led to the conclusion that the stoichiometry of the RelB2Spn antitoxin in complex with its DNA target and of the RelBE2Spn protein-protein complex was compatible with a heterohexamer composed of four antitoxin and two toxin protein molecules, in both conditions: protein-protein and protein-DNA complexes (Moreno-Córdoba et al., 2012).

The parD operon of plasmid R1 from E. coli encodes the Kis-Kid TA (Bravo et al., 1988). Kid toxin is a ribonuclease that preferentially cleaves single stranded RNA at the 5′of the adenosine residue of sequence 5′-UA(A/C)-3′. However, cleavage at 3′of the adenosine residue on double stranded RNA was also evident (Pimentel et al., 2005; Kamphuis et al., 2006). Besides hindering the toxic effect of Kid toxin, Kis antitoxin is also a weak repressor that binds to its own promoter to regulate the transcription of parD. Like other typical TA, Kid toxin does not bind to the promoter but acts as a co-repressor. There are two binding regions where Kis dimers, but not monomers, preferentially bind to region I compared to region II (Figure 3). Region I harbors a perfect palindrome that overlaps the −10 consensus region of the promoter, whereas region II is an imperfect palindrome that is located upstream of the −35 sequence (Kamphuis et al., 2007b). Differential molar ratios of Kis and Kid can result in multiple complexes of Kis-Kid with different stoichiometries and oligomeric states (Monti et al., 2007). When Kid toxin is in excess, Kid2-Kis2-Kid2 hexamer, which has weak affinity to parD DNA, is most abundant. Conversely, when the Kis antitoxin equals or exceeds the concentration of the Kid toxin, strong cooperative effect will form between parD DNA and Kid2-Kis2-Kid2-Kis2 octamers. The Kis-Kid octameric complex can bind to the two half-sites of parD DNA region I and II with two dimers of the Kis antitoxin. However, the Kis-Kid hexamer can only bind to the two half-sites using one dimer, which thus explains its weak affinity (Figure 3 Kamphuis et al., 2007a,b; Monti et al., 2007; Diago-Navarro et al., 2010). Therefore, the cooperative binding between region I and region II with the Kis-Kid octamer plays an important role in the transcription regulation of the parD operon, and this is dependent critically on the molar ratios of Kis and Kid.
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FIGURE 3. Stoichiometries of Kis-Kid complexes and their binding affinities to parD DNA. When the Kis antitoxin is in excess, or in equal amounts as Kid toxin, various Kis-Kid complexes are formed (e.g., [kid2-Kis2]n or [kid2-Kis2-kid2-Kis2]n etc.). The most abundant one, the Kid2-Kis2-Kid2-Kis2 octamer complex, binds strongly to the two half-sites of the parD DNA regions I and II with two Kis dimers, and thus strongly represses the transcription of parD operon. When the Kid toxin exceeds Kis antitoxin, the Kid2-Kis2-Kid2 hexamer is the most abundant. The Kid2-Kis2-Kid2 hexamer has weak affinity toward parD DNA as it can only bind to the two half-sites of regions I and II using one dimer. Adapted and modified from Diago-Navarro et al. (2010).



THE HYBRID YefM-YoeB TA SYSTEM: FURTHER COMPLEXITIES IN TA REGULATION

Toxins of type II TA systems have been divided into 12 superfamilies whereas type II antitoxins have been classified into 20 superfamilies based on sequence similarities (Leplae et al., 2011). Toxins and antitoxins from different families can associate and form hybrid systems (Arbing et al., 2010; Leplae et al., 2011), with the yefM-yoeB locus of E. coli being one such example. The YefM antitoxin is from the Phd superfamily whereas the YoeB toxin belongs to the ParE/RelE superfamily; the canonical association would be Phd-Doc and RelB-RelE (Połom et al., 2013). YefM-YoeB was identified as a potential TA system based on sequence similarities of YefM with the Phd antitoxin of phage P1 (Pomerantsev et al., 2001) and homology with the axe-txe TA system of Enterococcus faecium plasmid pRUM (Grady and Hayes, 2003). Ectopic overexpression of YoeB was shown to be toxic to E. coli but YefM counteracted this toxicity (Grady and Hayes, 2003). Since then, the yefM-yoeB TA system has been found in diverse bacterial species including S. pneumoniae (Nieto et al., 2007; Chan et al., 2011), Streptococcus suis (Zheng et al., 2015), M. tuberculosis (Kumar et al., 2008), Staphylococcus aureus (Yoshizumi et al., 2009), Staphylococcus equorum (Nolle et al., 2013), Lactobacillus rhamnosus (Krügel et al., 2015), and Streptomyces (Sevillano et al., 2012).

The E. coli-encoded YoeB toxin binds with the 70S ribosome with both the 30S and 50S subunits participating in YoeB binding and cleaves mRNA at the second position of the A site codon, thus inhibiting translation initiation in E. coli (Kamada and Hanaoka, 2005; Feng et al., 2013). YefM-YoeB forms a heterotrimeric YefM2-YoeB complex where one C-terminal peptide of the YefM dimer binds with YoeB while the other projects into the solvent (Figure 4A). The YefM dimer has symmetrical N-terminal globular structure while the C-terminus of YefM appears to be structurally disordered in the absence of YoeB and undergoes a disorder-to-order transition upon YoeB binding (Kamada and Hanaoka, 2005). YoeB forms a compact globular structure with structural similarities in its active site to RelE and other microbial RNases. Binding of YoeB to YefM in the heterotrimeric complex leads to conformational rearrangement of the RNase catalytic site of YoeB and direct obstruction by YefM, thus suppressing the toxicity of YoeB (Kamada and Hanaoka, 2005). The crystal structure of the YefM antitoxin from M. tuberculosis also indicated an ordered N-terminal domain and a very flexible C-terminal end that adopts different conformations in different monomers. This flexibility is postulated to make YefM more prone to proteolytic degradation (Kumar et al., 2008). YoeB-dependent mRNA cleavage is indeed activated by overproduction of the Lon protease in E. coli, suggesting that Lon is responsible for YefM degradation (Christensen et al., 2004).
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FIGURE 4. The YefM-YoeB TA systems from E. coli and S. pneumoniae. (A) Tertiary structure of the E. coli YefM2 YoeB heterotrimeric complex (PDB accession: 2A6Q). The YefM homodimer is indicated in yellow and green with the monomeric unit containing the disordered C-termini in yellow whilst the other unit with the ordered C-termini that binds to the YoeB monomer (shown in red) is depicted in green. The N- and C-termini of the two YefM units are indicated in their respective colors. (B) Sequence and organization of the upstream regulatory region of the E. coli yefM-yoeB locus. The −10 and −35 regions of the promoter are shown in blue boxes, the core hexameric 5′-TGTACA-3′ sequence is indicated in green bold letters, and the long (L) and short (S) palindromic sequences are denoted by inverted green arrows. A red asterisk denotes the transcription start site. (C) Sequence and organization of the upstream regulatory region of the S. pneumoniae yefM-yoeBSpn locus. The −10 and −35 regions of the two promoters PyefM1 and PyefM2 are shown in blue boxes. The imperfect palindrome sequence, PS, that is the operator site for PyefM2 is indicated by inverted purple arrows whereas the hexameric 5′-TGTACA-3′ sequence is underlined. Sequences that are part of the BOX element are depicted in orange letters. Red asterisks denote the transcription start sites from PyefM1 and PyefM2.



Like most type II TA systems, the E. coli yefM-yoeB locus is transcriptionally autoregulated with YefM being the repressor and YoeB being a co-repressor that enhances the transcriptional repression (Kedzierska et al., 2007). There are no conventional DNA-binding motifs apparent in YefM but the N-terminal domains of the YefM dimer in the YefM2 YoeB trimeric complex display conserved basic patches below the symmetrical dimer interface and this was suggested as the primary DNA anchor for operator site binding (Kamada and Hanaoka, 2005; Bailey and Hayes, 2009). Two arginine residues within this basic patch (R10 and R31) were mutated and found to be essential for DNA binding by the YefM2 YoeB complex (Bailey and Hayes, 2009). Thus, a novel protein fold likely mediates operator recognition by YefM and we will have to await the elucidation of the YefM and YefM-YoeB structures bound to DNA for affirmation. The operator site in the E. coli yefM-yoeB locus consists of short (S) and long (L) palindromes, both of which possess a core hexameric 5′- TGTACA-3′ motif. The center-to-center distance between the L and S palindromes are 12 bp with the L palindrome overlapping the −10 promoter region (Figure 4B). YefM initially binds to the L palindrome followed by the S palindrome (Kedzierska et al., 2007). Changing the spacing between the two palindromes perturbs the cooperative binding of YefM-YoeB to the repeats whereby binding to the L repeat is maintained but binding to the S repeat is disrupted (Bailey and Hayes, 2009). The L and S palindromes appeared to be conserved in regions upstream of yefM-yoeB homologs from several bacterial genomes such as Shigella boydii, Pseudomonas aeruginosa, and Erwinia carotovora (Kedzierska et al., 2007) inferring that interaction of the YefM-YoeB homologs with these motifs could be a conserved mode of transcriptional autoregulation in these operons (Hayes and Kêdzierska, 2014).

However, investigations into the regulation of the yefM-yoeB locus in S. pneumoniae, designated yefM-yoeBSpn, indicated a different and more complex regulatory mechanism (Chan et al., 2011). Expression of the yefM-yoeBSpn locus is driven by two σ70-type promoters 30 bp apart: PyefM2, which is closer to the yefM-yoeBSpn genes and PyefM1, which lies further upstream to PyefM2 (Figure 4C). The hexameric 5′-TGTACA-3′ motif (Kedzierska et al., 2007) is also found within the pneumococcal yefM-yoeBSpn promoter region with one of the motifs being part of a longer 44 bp incomplete palindrome sequence that overlapped the −35 region of PyefM2 (Figure 4C) and which was shown by footprinting experiments to be the operator site for the operon (Chan et al., 2011). PyefM2 is likely the native promoter for yefM-yoeBSpn as its expression is autoregulated like other canonical type II TA systems, i.e., YefMSpn represses transcription from PyefM2 while YoeBSpn exerts further repression in complex with YefMSpn. However, PyefM1 appeared to be a constitutive, weaker promoter as compared to PyefM2 and is not regulated by YefM-YoeBSpn (Chan et al., 2011). Interestingly, the PyefM1 promoter came about from insertion of a BOX element upstream of PyefM2 and more intriguingly, transcriptional activation was observed when the BOX element, PyefM1, PyefM2, and yefMSpn were all in cis (but not when yefMSpn was provided in trans), hinting at the possible involvement of other hitherto unknown cis-acting factors in the regulation of the yefM-yoeBSpn locus (Chan et al., 2011). BOX elements are enigmatic sequences, considered to be potentially mobile and distributed randomly in numerous copies in the intergenic regions of pneumococci and related species. The occurrence and placement of the BOX element seems to be conserved in all S. pneumoniae strains that harbor yefM-yoeBSpn, suggesting its likely evolutionary importance to the biological function of yefM-yoeBSpn in pneumococci (Chan et al., 2011, 2012).

A BOX-like element was also found upstream of the yefM-yoeBLrh locus of L. rhamnosus but unlike in S. pneumoniae, this insertion did not lead to the creation of an additional promoter (Krügel et al., 2015). Nevertheless, the regulation of the yefM-yoeBLrh locus appeared to be complex as well with two transcription start sites detected within the yefMLrh gene besides the main transcript that is expressed from a σ70-type promoter upstream of yefMLrh. Furthermore, the expression levels of yefMLrh and yoeBLrh differed during various stages of growth and environmental stresses and appeared to respond differently in different L. rhamnosus strains (Krügel et al., 2015). The surprising discovery of a short transcript that is divergently transcribed and overlaps the yoeBLrh gene and with similarities to several type I antitoxins also hints at further complexity of the yefM-yoeBLrh operon regulation in L. rhamnosus (Krügel et al., 2015).

Such complex and multilayered regulatory control was also observed for the yefM-yoeB homolog, axe-txe, found in the E. faecium plasmid pRUM (Boss et al., 2013). The main promoter, pat, is autoregulated like other type II TA systems with the Axe antitoxin repressing the promoter weakly and stronger repression with the Axe-Txe TA complex. However, an internal promoter within the axe gene also directs the expression of the downstream txe toxin gene and this promoter did not appear to be regulated by Axe-Txe. Nevertheless, this internal promoter is crucial for axe-txe to function as a plasmid stabilization module, suggesting that it plays a role in setting the appropriate Axe:Txe ratio for proper functioning of the system (Boss et al., 2013). The finding of a cryptic transcript that originates within the txe reading frame along with a putative transcription terminator-like sequence downstream of txe that possibly modulates production of Txe are indicative of further complexities in the regulation of the axe-txe operon (Boss et al., 2013; Hayes and Kêdzierska, 2014).

THE MqsA ANTITOXIN OF THE mqsRA TA LOCI: AN ANTITOXIN THAT ALSO REGULATES OTHER GENES

The MqsRA locus of E. coli K-12 is an unusual TA locus that differs from most canonical TA systems. The MqsR (motility quorum sensing regulator) toxin was initially identified as a regulator of motility and quorum sensing, influencing the development of biofilms by mediating the cellular response to autoinducer-2 (Ren et al., 2004; González Barrios et al., 2006). The mqsR gene was also significantly upregulated in persister cells and, along with its downstream gene, mqsA, were shown to be a type II TA system (Brown et al., 2009; Yamaguchi et al., 2009; Christensen-Dalsgaard et al., 2010; Kasari et al., 2010). MqsR is a ribosome-independent endoribonuclease that specifically cleaves mRNA at 5′-GCU-3′ and, to a lesser extent, 5′-GCA-3′ sequences (Yamaguchi et al., 2009; Christensen-Dalsgaard et al., 2010).

The MqsRA system is unique in several aspects. The mqsR toxin gene precedes the mqsA antitoxin gene, an arrangement that so far has been observed only in a few type II TA loci, namely higBA (Tian et al., 1996), hicAB (Jørgensen et al., 2009), and rnlAB (Koga et al., 2011). The MqsA antitoxin is larger than MqsR toxin (14.7 kDa and 11.2 kDa, respectively) whereas in canonical TA systems, the toxin is larger than the antitoxin, with the exception of HicB (Jørgensen et al., 2009). Both MqsA and MqsR are also basic proteins whereas usually, the toxin is basic while the antitoxin is acidic (Kasari et al., 2010).

Elucidation of the MqsRA crystal structure also revealed a few surprises. The MqsRA complex is a dimer of dimers, comprising of two copies of MqsR and two copies of MqsA (Brown et al., 2009). The MqsA antitoxin monomer is well-ordered throughout its entire length and is composed of two structurally-distinct domains connected by a flexible linker which enables the two domains to rotate independently of each other (Brown et al., 2009). The N-terminal domain of MqsA binds zinc via coordination with four conserved cysteine residues with the bound zinc serving as a structural and not a catalytic role (Figure 5). MqsA interacts with DNA mainly through its C-terminal HTH domain that is also responsible for MqsA dimerization (Brown et al., 2009). Most antitoxins interact with DNA through their N-terminal residues with the exception of HicB (Hayes and Kêdzierska, 2014). However, MqsA binding to DNA leads to bending of the DNA by more than 55° as well as a rotation of the N-terminal domain by more than 105°. This changes MqsA from a highly extended conformation into a narrow, elongated DNA “clamp” as a result of the formation of a DNA-binding pocket which positions several MqsA N-terminal residues (Phe-22, Arg-23, Lys-58, and Arg-61) for DNA interaction (Figure 5; Brown et al., 2011). Such conformational change is unprecedented for a bacterial antitoxin. The neutralization of MqsR toxicity by MqsA is through steric occlusion and not by direct binding of the toxin active site as in many other antitoxins. Formation of a MqsR-MqsA-DNA complex induces substantial conformational changes (Yamaguchi et al., 2009) whereby the MqsR active site residues Lys-56, Gln-68, Tyr-81, and Lys-96 face inwards and toward the other MqsR toxin pair with a separation of only 13–15 Å (Brown et al., 2011). This severely limits the accessibility of the MqsR active sites for mRNA.
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FIGURE 5. Structure of the E. coli MqsA-DNA complex. Tertiary structure of the E. coli-encoded MqsA dimer in complex with its operator DNA (PDB accession: 3O9X). The monomers of the MqsA dimer are colored either in green or in blue with their N- and C-termini indicated in their respective colors; zinc ions are shown as gray spheres; the mqsRA operator DNA is depicted in orange. For clarity, the MqsA amino acid residues that are crucial for interaction with operator DNA (Phe-22, Arg-23, Lys-58, and Arg-61) are shown for only one of the monomers as are the cysteine residues (Cys-3, Cys-6, Cys-37, and Cys-40) involved in coordination with the zinc ion (Brown et al., 2011).



Like most other type II antitoxins, the MqsA antitoxin represses transcription of mqsRA but instead of acting as a co-repressor, the MqsR toxin functions as a transcriptional derepressor by disrupting the MqsA-DNA interaction. In fact, a 1:1 ratio of MqsR to MqsA ablated MqsA-DNA binding due to partial overlapping of binding sites on MqsA (in particular, the Arg-61 residue) for both MqsR and DNA (Brown et al., 2013). Another unique aspect of the MqsA antitoxin is that it serves not only as a transcriptional regulator of its own mqsRA locus but also of several other E. coli genes including mcbR, cspD, spy and the general stress response sigma factor rpoS (Brown et al., 2009; Kim et al., 2010; Wang et al., 2011). An mqsRA-like palindromic operator site is found upstream of rpoS (Wang et al., 2011) and csgD, which encodes a master regulator of biofilm formation through the control of curli (thin proteinaceous amyloid fibers which is a major extracellular component that promotes biofilm formation) and cellulose production (Soo and Wood, 2013). CsgD also transcriptionally activates the gene for diguanylate cyclase (AdrA) which synthesizes the secondary messenger 3,5-cyclic diguanylic acid (c-di-GMP). Levels of c-di-GMP controls the switch from motility (low c-di-GMP) to sessility (high c-di-GMP) of E. coli (Soo and Wood, 2013). When nutrients are plentiful, MqsA increases motility by increasing the expression of flhD, the master regulator of E. coli motility partly through rpoS inhibition and partly through csgD inhibition, which also leads to low levels of c-di-GMP. Thus, in the absence of stress, MqsA functions to inhibit biofilm formation. When E. coli is under stressful conditions, Lon protease degrades MqsA, activating the MqsR toxin. Degradation of MqsA leads to derepression of rpoS and csgD, inhibition of flhD, high levels of c-di-GMP and subsequently, increased biofilm formation (Wang et al., 2011; Soo and Wood, 2013).

The MqsRA system was also recently shown to control the type V TA system, GhoST (Wang et al., 2013). The MqsR toxin enriches the ghoT toxin mRNA as the transcript lacks the MqsR cleavage site, 5′-GCU. GhoT functions as a membrane toxin that produces the phenotype known as ghost cells (lysed cells with damaged membranes; Wang et al., 2012). Under stressful conditions, MqsR is freed and the toxin degrades mRNAs primarily at 5′-GCU sites suc h as the 5′-end of the ghoST mRNA within the ghoS antitoxin coding sequence (which contains three 5′-GCU sites) but not ghoT. This leads to higher levels of GhoT toxin, which exerts its effects on the cell membrane, ultimately increasing persistence (Wang et al., 2013). Thus, there appears to be a hierarchy of TA systems in E. coli cells in which MqsRA controls GhoST.

TRANSCRIPTIONAL ACTIVATORS THAT FUNCTION AS ANTITOXINS: THE TALE OF THE MrpC REGULATOR AND THE SOLITARY MazF TOXIN OF MYXOCOCCUS XANTHUS

Myxococcus xanthus is a Gram-negative, rod-shaped bacterium that provides a prokaryotic model for multicellular developmental processes. Under nutrient starvation conditions, cells form aggregates which mature into fruiting bodies with some cells differentiating into spores. Other cells remain outside the fruiting bodies as persister-like cells termed peripheral rods whereas the majority of cells lyse during this developmental process (Nariya and Inouye, 2008; Lee et al., 2012; Robinson et al., 2014). The M. xanthus genome was found to encode a solitary mazF toxin gene, mazF-mx, without a cognate mazE-like antitoxin gene (Nariya and Inouye, 2008). The mazF-mx gene was found to be developmentally regulated and deletion of mazF-mx in M. xanthus DZF1 reduced developmental cell lysis, produced a severe delay in aggregation and reduced sporulation. Interestingly, it was reported that MrpC, which is an essential developmental transcription factor, was found to regulate the expression of mazF-mx and also functions as an antitoxin for MazF-mx by forming a stable complex with MazF-mx (Nariya and Inouye, 2008). The mrpC gene is encoded 4.44 Mbp downstream from mazF-mx and activates expression of many development-specific genes with strains lacking mrpC failing to develop and sporulate. Severe cell toxicity by MazF-mx was observed in a ΔmrpC mutant when mazF-mx expression was induced (Nariya and Inouye, 2008). It was thus proposed that the orphan mazF-mx in M. xanthus was successfully integrated into the cellular developmental programme with another transcription factor unrelated to the common cognate MazE antitoxin functioning as the surrogate antitoxin.

However, some apparently conflicting data have recently emerged regarding the MazF-mx function. Lee et al. (2012) showed that deletion of mazF-mx from the wild-type strains DK1622 and DZ2 had minimal to no effect on developmental cell lysis and sporulation as opposed to its deletion in strain DZF1 as reported by Nariya and Inouye (2008). It was postulated that the DZF1 background contains a pilQ1 allele bearing two missense mutations in pilQ (G741S and N762G) which greatly sensitizes M. xanthus cells and render them more susceptible to lysis (Lee et al., 2012). Indeed, it was shown that the phenotypic effects of mazF-mx removal in DZF1 were recreated in strain DK1622 by introducing the pilQ1 mutation into a ΔmazF mutant (Boynton et al., 2013). Lee et al. (2012) proposed the existence of two parallel, redundant pathways of developmental programmed cell death in DK1622 and DZ2, one of which is controlled by MazF-mx, and the other by an unknown mechanism which was disrupted in strain DZF1. However, Boynton et al. (2013) raised the possibility that the observed phenotypic differences may be artifactual, resulting from increased membrane permeability due to the pilQ1 allele. Further, Boynton et al. (2013) reported that MrpC enhanced MazF-mx endoribonuclease activity in direct contrast to the inhibitory antitoxin behavior reported by Nariya and Inouye (2008) leading to a model in which MazF-mx was postulated to function without an antitoxin partner. Thus, MazF-mx seems to have elicited a scientific conundrum reminiscent of the cell death vs. cell stasis debate that erupted for the E. coli-encoded MazEF system more than a decade ago (Christensen et al., 2003; Gerdes et al., 2005; Engelberg-Kulka et al., 2006; Kolodkin-Gal et al., 2007; Van Melderen and Saavedra De Bast, 2009; Van Melderen, 2010). We await further experimental evidences and scientific arguments that will be presented regarding this topic.

TRIPARTITE TYPE II TA LOCI

The pas (plasmid addiction system) found in the 12.2 kb broad-host range, mobilizable plasmid pTF-FC2 from Acidithiobacillus ferroxidans (formerly Thiobacillus ferroxidans) was a curious example of a type II TA system with three components, the PasA antitoxin, the PasB toxin, and PasC (Figure 6), a third component that appeared to enhance the ability of the PasA antitoxin to neutralize the PasB toxin (Smith and Rawlings, 1997, 1998b; Rawlings, 1999). The pas locus is autoregulated with PasA as the transcriptional repressor and PasB as the co-repressor. Full repression of the pas promoter was observed with the PasAB complex whereas PasC did not appear to play any regulatory role (Smith and Rawlings, 1998a). A similar plasmid, pTC-F14 from Acidithiobacillus caldus, harbors only pasA and pasB and it was found that the two-component pasAB from pTC-F14 was less efficient at stabilizing a heterologous, low-copy tester plasmid pOU82 in E. coli when compared to the three-component pasABC of pTF-FC2 (Deane and Rawlings, 2004). Perhaps PasC forms a complex along with PasAB to augment the PasA antitoxin in neutralizing PasB. PasC can indeed be expressed along with PasA and PasB in E. coli (Smith and Rawlings, 1997) but there has yet to be any published reports on whether such a PasABC protein complex does occur. Hence, the actual function of PasC and how it helps PasA to abrogate the lethality of PasB remains unknown in the absence of further experimental results.
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FIGURE 6. Genetic organization of tripartite type II TA systems. The tripartite TA systems depicted here are the pasABC TA system of plasmid pTF-FC2 from A. ferroxidans (Smith and Rawlings, 1997), the ω-ε-ζ TA system of plasmid pSM19035 from S. pyogenes (Cegłowski et al., 1993), the paaR2-paaA2-parE2 system from E. coli O157:H7 (Hallez et al., 2010), and the spoIIS TA system from B. cereus (Melničáková et al., 2015). The antitoxin gene is depicted as blue arrows, the toxin gene as red arrows, the regulatory or third component gene as yellow arrows while gray arrows are for surrounding non-TA genes. Black line arrows indicate the relevant promoters for each TA system with the weaker Pε promoter (in comparison to the Pω promoter) shown as a dotted arrow. Note that the diagram is not drawn to scale.



Another tripartite type II TA system, the ω-ε-ζ system that was discovered encoded on the low-copy number plasmid pSM19035 from a clinical isolate of Streptococcus pyogenes (Figure 6), differed from the pas locus in which the regulatory role is played by a third party. In this TA system, both the ε antitoxin and the ζ toxin have no roles in transcriptional regulation, the function which is played instead by the ω regulator (de la Hoz et al., 2000; Volante et al., 2014). ε-ζ is a type II TA system in which the 10 kDa ε antitoxin inactivates the 32 kDa ζ toxin through steric occlusion. The crystal structure of the ε-ζ complex indicated a heterotetrameric ε2ζ2 arrangement whereby the N-terminal of ε sterically blocks the ATP-binding active site of ζ (Meinhart et al., 2003). The mechanism of ζ toxicity is unique among bacterial TA toxins whereby its target is the cell wall precursor UDP-N-acetylglucosamine (UNAG) which is phosphorylated by ζ to UDP-N-acetylglucosamine-3′-phosphate (UNAG-3P) using ATP. UNAG is a basic unit of the peptidoglycan scaffold and phosphorylation of UNAG by ζ converts it into a metabolite unusable for peptidoglycan synthesis (Mutschler et al., 2011). Besides that, UNAG-3P is also a competitive inhibitor of MurA, the enzyme that catalyzes the first step in peptidoglycan synthesis. Therefore, ζ functions to inhibit bacterial cell wall synthesis (Mutschler and Meinhart, 2011; Mutschler et al., 2011). However, a recent paper reported that expression of ζ only reduced the UNAG pool and did not totally deplete it with transient expression of ζ (120 min) reversibly inducing a dormant state that was subsequently rescued by ε expression (Lioy et al., 2012; Tabone et al., 2014). It was proposed that ζ expression induces diverse responses to cope with stress with reduction in the UNAG levels as one of these responses rather than triggering a latent suicide program by depleting the UNAG pool (Tabone et al., 2014).

The ω-ε-ζ genes form an operon with two distinct promoters, Pω upstream of the ω reading frame, and Pε, upstream of the ε reading frame (Figure 6). Transcription mainly initiates from the σ70-type Pω promoter whereas Pε appeared to be a weak, constitutive promoter that contributes marginally to transcription of the ε-ζ operon (de la Hoz et al., 2000). The ω regulator belongs to the MetJ/Arc repressor family, has an unstructured N-terminal domain followed by a RHH DNA-binding motif (Murayama et al., 2001). The binding site recognized by ω is distinctive, comprising of both palindromic and non-palidromic heptad repeats (5′-NATCACN-3′) in the operator site. A single ω2 dimer binds to one heptad repeat and it was suggested that cooperative binding of the ω2 dimer is achieved by polymerization of ω2 on arrays of the repeated heptad elements (Weihofen et al., 2006). ω also functions as a global regulator for plasmid pSM19035, controlling the expression of genes such as the copy control gene copS and the plasmid partitioning gene δ, which encodes a ParA ATPase. Interestingly, ω2 can either activate or repress Pω in a concentration-dependent manner with δ2 acting as a co-activator by increasing the half-life of the ω2.Pω DNA complexes (Volante et al., 2015).

Another tripartite type II TA system, the paaR-paaA-parE system, was identified in the genome of E. coli O157:H7 (Figure 6; Hallez et al., 2010). The ParE toxin is usually associated with the ParD antitoxin (Gerdes et al., 2005). PaaA is a novel antitoxin family that is associated with the ParE toxin, and paaA-parE forms an operon with a third component, paaR that functions as a transcriptional regulator. The paaR-paaA-parE operon is co-transcribed from a σ70-type promoter upstream of paaR (Hallez et al., 2010). Unlike the ω-ε-ζ system in which ε-ζ did not play any role in transcriptional regulation (Mutschler and Meinhart, 2013), the PaaA antitoxin forms a complex with the ParE toxin that repress transcription from the paaR promoter, albeit partially. Full repression of transcription requires the PaaR regulator (Hallez et al., 2010). However, the two repressor complexes (i.e., PaaA-ParE and PaaR) probably act independently as no three-protein complexes were detected under experimental conditions (Hallez et al., 2010). Interestingly, the genome of E. coli O157:H7 contains two paralogous paaR-paaA-parE systems with the second paaR2-paaA2-parE2 system located in a predicted prophage. Both systems apparently coexist independently as the PaaA1 antitoxin is unable to neutralize ParE2 toxicity and vice versa (Hallez et al., 2010).

A recent report regarding the SpoIIS TA system from Bacillus cereus revealed a curious variation of the tripartite TA system (Melničáková et al., 2015). The spoIIS locus was initially identified in B. subtilis and was then deduced to consist of two genes, the spoIISA toxin-coding gene and the spoIISB antitoxin-coding gene, i.e., a typical type II TA locus (Adler et al., 2001). However, transcriptome analysis of B. subtilis had indicated the presence of a third transcriptionally active region within the spoIIS locus designated S458 (Nicolas et al., 2012) and which has been renamed spoIISC (Melničáková et al., 2015). Intriguingly, it was discovered that spoIISC in B. subtilis as well as B. cereus coded for an antitoxin that neutralizes the toxicity of SpoIISA. In other words, the SpoIISA toxin is neutralized by two antitoxins, SpoIISB and SpoIISC (Melničáková et al., 2015). In a departure from most type II TA systems, each gene in the spoIIS locus is transcribed from its own promoter (Figure 6) and each promoter is apparently transcribed under different conditions. For example, in B. subitilis only spoIISA and spoIISB are transcribed during nutrient deprivation, whereas during ethanol stress, only the spoIISA is transcribed and spoIISC transcribed during biofilm formation (Nicolas et al., 2012; Melničáková et al., 2015). This gives a hint at the complexity of the regulation of the spoIIS locus that may necessitate the need for two antitoxins, each of which could antagonize the toxicity of SpoIISA. However, at this point, there is no information as to whether the expression of the spoIIS genes is autoregulated.

CAVEATS: THE EzeT AND VapC-1 TOXINS

The ζ toxin of the tripartite ω-ε-ζ system has two types of interesting chromosomally-encoded homologs. One homolog is exemplified by the PezT toxin of the pezAT system of S. pneumoniae whereby pezAT is a typical type II TA system in which the antitoxin PezA also plays an autoregulatory role, unlike the ε antitoxin (Khoo et al., 2007). PezA contains an N-terminal HTH DNA-binding motif as its repressor domain, which is fused with the three-helix bundle domain that binds and inhibits the PezT toxin. In this instance, no homologs of the ω regulator is evident in the S. pneumoniae genome (Khoo et al., 2007) and it is clear that ω and the repressor domain of PezA have different evolutionary origins. It was postulated that pezA likely originated from a fusion event of an unrelated transcriptional repressor coding sequence to the 5′-end of the coding sequence of an ε ortholog (Mutschler and Meinhart, 2013). Hints of involvement of PezAT in the pathogenicity of S. pneumoniae and its function in the pneumococcal pathogenicity island 1 (Brown et al., 2004; Harvey et al., 2011; Mutschler and Meinhart, 2011; Chan et al., 2012) as well as a pneumococcal integrative and conjugative element (ICE; Chan et al., 2014; Iannelli et al., 2014) warrants further investigations. Another interesting ζ homolog is found in the genomes of several bacteria. These ζ homologs are much larger than either ζ or PezT and are found not associated with a corresponding ε or PezA antitoxins (Chan et al., 2012). The functionality of these solitary ζ homologs was enigmatic as overexpression of a homolog from Acinetobacter baumannii was reportedly non-lethal (Jurenaite et al., 2013). However, the Meinhart group in a recent report has elegantly demonstrated that one of these solitary ζ homologs in E. coli, designated EzeT, consisted of a toxin domain in the C-terminal and an antitoxin domain in the N-terminal in a single polypeptide chain (Rocker and Meinhart, 2015a). E. coli cells that expressed full-length EzeT grew normally with no UNAG-3P detected. However, in cells that expressed an EzeT variant EzeTΔN83, that had its first 83 amino acid residues from the N-terminal deleted, a strong reduction in viability was observed in parallel with increased cell permeabilization and accumulation of UNAG-3P. Co-expression of the toxin domain (EzeTΔN83) and the N-terminal antitoxin domain [EzeT(1-82)] from separate expression vectors led to similar growth profiles as for full-length EzeT, indicative of trans-complementation (Rocker and Meinhart, 2015a). Intriguingly, it was found that the toxicity of EzeTΔN83 was only evident at low temperatures (below 30°C) and at 37°C, EzeT was non-functional (Rocker and Meinhart, 2015a) similar to what was reported for the GraTA system of the soil bacterium Pseudomonas putida (Tamman et al., 2014). Whether EzeT is autoregulated like other type II TA systems is still unknown and transcription is likely initiated from a weak promoter with a conventional −10 hexamer but without a −35 element (Rocker and Meinhart, 2015a). Nevertheless, a closer examination of solitary or orphan toxin homologs is clearly needed as EzeT has been demonstrated to be likely a new type of TA system in which a cis-acting antitoxin is tethered to the toxin within a single polypeptide. Besides that, large, possibly multi-domain ζ-toxin homologs linked to phosphatase or peptidoglycan-binding domains have been detected along with other toxin families such as ParE, Fic/Doc, and PemK as parts of multi-domain proteins (Rocker and Meinhart, 2015b). Their characterization and biological functions await further investigations.

The VapBC TA system is by far the most numerous among TA families with many bacterial genomes containing multiple vapBC loci (Pandey and Gerdes, 2005; Leplae et al., 2011; Shao et al., 2011). The VapC toxins are characterized by a PIN (PilT N-terminus) domain and display similarities to several nuclease domains. VapC from enterobacteria are tRNAses that inhibit global translation by site-specific cleavage of tRNAfMet between the anticodon stem and loop (Winther and Gerdes, 2011) whereas the VapC toxins from other bacterial species have different RNA target specificities (Ahidjo et al., 2011; McKenzie et al., 2012). As with other type II TAs, the VapBC complexes bind to operators in the promoter regions to autoregulate transcription (Robson et al., 2009; Winther and Gerdes, 2012). However, the vapBC-1 locus of nontypeable Haemophilus influenzae showed notable differences as in stark contrast to other VapBC homologs and type II TA systems that have been described, the VapC-1 toxin possesses DNA binding activity whereas the VapB-1 antitoxin does not interact directly with DNA (Cline et al., 2012). However, VapB-1 increases the affinity of VapC-1 for DNA and confers specificity for the operator site for the VapBC complex. The vapBC-1 locus is also regulated by the FIS which is responsible for activation of vapBC-1 during nutrient upshifts (Cline et al., 2012). During nutrient starvation conditions, VapB-1 would be degraded by endogenous proteases, releasing active VapC-1 toxins, and facilitating entry of H. influenzae cells into the persister state. When conditions favor cellular growth, FIS activates vapBC-1 transcription and displaces any bound VapC-1 on the operator site (which is unstable in the absence of VapB-1). Levels of FIS decreases during early exponential growth, and this allows the VapBC-1 complex to bind and restore transcriptional equilibrium (Cline et al., 2012).

CONCLUSIONS AND PERSPECTIVES

Our knowledge on toxin-antitoxin systems has indeed come a long way since they were coined as “addiction” modules that function to ensure the stable maintenance of plasmids in the absence of selection pressure by killing off any plasmid-free daughter cells that developed following cell division. The near ubiquity of these systems in prokaryotic genomes and their wide variety reflect their myriad functions in the prokaryotic lifestyle. The antitoxins are central to the proper functioning of these TA systems and in this review, we delved in detail on how these antitoxins usually play dual roles in regulating the expression of the TA operon as well as neutralizing the lethal action of the toxins during normal cellular growth, i.e., keeping the proverbial wolves at bay. In most cases, cellular survival hinges on maintaining the balance between the amounts of toxin and its cognate antitoxin. Hence we have seen how some TA systems have evolved beyond the basic autoregulatory circuit to incorporate additional regulatory elements. Such further complexities to the regulation of TA expression are speculated to provide additional possibilities to fine-tune and optimize the production of toxin and antitoxin under diverse environmental conditions enabling the cells to better adapt to rapid fluctuations. Such rapid fluctuations may be extreme in soil-inhabiting bacteria and related environmental niches whereas bacteria that lead a relatively “comfortable” life in a host such as pneumococci in biofilms in the human nasopharynx may have to more frequently confront changes in the host immune system. As the ectopic expression of some of the bacterial TA toxin genes leads to severe growth defects and cell death, there has been increasing interest in TAs as potential targets for novel antimicrobial agents. Several strategies have been proposed and developed to enable toxin activation in pathogenic bacteria such as interfering with the TA complex formation or the transcription of the operon itself through ligands that block the interaction of the antitoxin with the operator site. These and the potential for exploiting TAs as antimicrobial agents have been recently reviewed (Alonso et al., 2007; Mutschler and Meinhart, 2011; Williams and Hergenrother, 2012; Tanouchi et al., 2013; Hayes and Kêdzierska, 2014; Chan et al., 2015). TAs have also been harnessed as tools for biotechnology and molecular biology such as in the development of positive selection plasmid vectors (Stieber et al., 2008; Unterholzner et al., 2013). The discovery of their functionality in eukaryotic cells have opened up interesting avenues for research and development including as anticancer and antiviral gene therapies, and as a containment system for genetically modified organisms (de la Cueva-Méndez et al., 2003; Chono et al., 2011; de la Cueva-Méndez and Pimentel, 2013; Shimazu et al., 2014; Wieteska et al., 2014; Chan et al., 2015; Preston et al., 2015; Yeo et al., 2016). With more TAs being discovered and characterized in the coming months and years ahead, our understanding of their variety and complexity, particularly in the regulatory circuits of these small genetic loci, will be greatly enhanced. Additional knowledge on these systems would enable novel and improved strategies for harnessing TAs for various biomedical and biotechnological applications. These serve to underline the importance and essentiality of TA systems in modulating the prokaryotic lifestyle.

AUTHOR CONTRIBUTIONS

WTC, ME and CCY conceived, wrote, edited and approved this review.

ACKNOWLEDGMENTS

Work supported by Grants CSD2008/00013 (to ME and WTC), and BIO2015-69085-REDC and BIO2013-49148-C2-2-R (to ME) from the Spanish Ministry of Economy and Competitiveness; PRPUM grant CG011-2014 (to CCY) from the Malaysian Ministry of Higher Education. CCY would like to thank J. A. Harikrishna, K. L. Thong, and T. S. Cha for on-going fruitful collaborations and to Universiti Sultan Zainal Abidin for facilities and support.

ABBREVIATIONS

TA, toxin-antitoxin; HTH, helix-turn-helix; RHH, ribbon-helix-helix; FIS, factor for inversion stimulation.

REFERENCES

 Aakre, C. D., Phung, T. N., Huang, D., and Laub, M. T. (2013). A bacterial toxin inhibits DNA replication elongation through a direct interaction with the β sliding clamp. Mol. Cell 52, 617–628. doi: 10.1016/j.molcel.2013.10.014

 Adler, E., Barák, I., and Stragier, P. (2001). Bacillus subtilis locus encoding a killer protein and its antidote. J. Bacteriol. 183, 3574–3581. doi: 10.1128/JB.183.12.3574-3581.2001

 Agarwal, S., Mishra, N. K., Bhatnagar, S., and Bhatnagar, R. (2010). PemK toxin of Bacillus anthracis is a ribonuclease: an insight into its active site, structure, and function. J. Biol. Chem. 285, 7254–7270. doi: 10.1074/jbc.M109.073387

 Ahidjo, B. A., Kuhnert, D., McKenzie, J. L., Machowski, E. E., Gordhan, B. G., Arcus, V., et al. (2011). VapC toxins from Mycobacterium tuberculosis are ribonucleases that differentially inhibit growth and are neutralized by cognate VapB antitoxins. PLoS ONE 6:e21738. doi: 10.1371/journal.pone.0021738

 Aizenman, E., Engelberg-Kulka, H., and Glaser, G. (1996). An Escherichia coli chromosomal “addiction module” regulated by guanosine 3',5'-bispyrophosphate: a model for programmed bacterial cell death. Proc. Natl. Acad. Sci. U.S.A. 93, 6059–6063. doi: 10.1073/pnas.93.12.6059

 Alawneh, A. M., Qi, D., Yonesaki, T., and Otsuka, Y. (2016). An ADP-ribosyltransferase Alt of bacteriophage T4 negatively regulates the Escherichia coli MazF toxin of a toxin-antitoxin module. Mol. Microbiol. 99, 188–198. doi: 10.1111/mmi.13225

 Alonso, J. C., Balsa, D., Cherny, I., Christensen, S. K., Espinosa, M., Francuski, D., et al. (2007). “Bacterial toxin-antitoxin systems as targets for the development of novel antibiotics,” in Enzyme-Mediated Resistance to Antibiotics, eds M. E. Tolmasky and R. A. Bonomo (Washington DC: American Society of Microbiology), 313–329.

 Amitai, S., Kolodkin-Gal, I., Hananya-Meltabashi, M., Sacher, A., and Engelberg-Kulka, H. (2009). Escherichia coli MazF leads to the simultaneous selective synthesis of both “Death Proteins” and “Survival Proteins.” PLoS Genet. 5:e1000390. doi: 10.1371/journal.pgen.1000390

 Arbing, M. A., Handelman, S. K., Kuzin, A. P., Verdon, G., Wang, C., Su, M., et al. (2010). Crystal structures of Phd-Doc, HigA, and YeeU establish multiple evolutionary links between microbial growth-regulating toxin-antitoxin systems. Structure 18, 996–1010. doi: 10.1016/j.str.2010.04.018

 Armalyte, J., Jurenaite, M., Beinoraviciûte, G., Teiserskas, J., and Suziedeliene, E. (2012). Characterization of Escherichia coli dinJ-yafQ toxin-antitoxin system using insights from mutagenesis data. J. Bacteriol. 194, 1523–1532. doi: 10.1128/JB.06104-11

 Bailey, S. E. S., and Hayes, F. (2009). Influence of operator site geometry on transcriptional control by the YefM-YoeB toxin-antitoxin complex. J. Bacteriol. 191, 762–772. doi: 10.1128/JB.01331-08

 Barbosa, L. C. B., Garrido, S. S., and Marchetto, R. (2015). BtoxDB: a comprehensive database of protein structural data on toxin-antitoxin systems. Comput. Biol. Med. 58, 146–153. doi: 10.1016/j.compbiomed.2015.01.010

 Bernard, P., and Couturier, M. (1992). Cell killing by the F plasmid CcdB protein involves poisoning of DNA-topoisomerase II complexes. J. Mol. Biol. 226, 735–745. doi: 10.1016/0022-2836(92)90629-X

 Bertram, R., and Schuster, C. F. (2014). Post-transcriptional regulation of gene expression in bacterial pathogens by toxin-antitoxin systems. Front. Cell. Infect. Microbiol. 4:6. doi: 10.3389/fcimb.2014.00006

 Bibi-Triki, S., Li de la Sierra-Gallay, I., Lazar, N., Leroy, A., Van Tilbeurgh, H., Sebbane, F., et al. (2014). Functional and structural analysis of HicA3-HicB3, a novel toxin-antitoxin system of Yersinia pestis. J. Bacteriol. 196, 3712–3723. doi: 10.1128/JB.01932-14

 Blower, T. R., Salmond, G. P. C., and Luisi, B. F. (2011). Balancing at survival's edge: The structure and adaptive benefits of prokaryotic toxin-antitoxin partners. Curr. Opin. Struct. Biol. 21, 109–118. doi: 10.1016/j.sbi.2010.10.009

 Bobay, B. G., Andreeva, A., Mueller, G. A., Cavanagh, J., and Murzin, A. G. (2005). Revised structure of the AbrB N-terminal domain unifies a diverse superfamily of putative DNA-binding proteins. FEBS Lett. 579, 5669–5674. doi: 10.1016/j.febslet.2005.09.045

 Bøggild, A., Sofos, N., Andersen, K. R., Feddersen, A., Easter, A. D., Passmore, L. A., et al. (2012). The crystal structure of the intact E. coli RelBE toxin-antitoxin complex provides the structural basis for conditional cooperativity. Structure 20, 1641–1648. doi: 10.1016/j.str.2012.08.017

 Boss, L., Labudda, Ł., Wêgrzyn, G., Hayes, F., and Kêdzierska, B. (2013). The axe-txe complex of Enterococcus faecium presents a multilayered mode of toxin-antitoxin gene expression regulation. PLoS ONE 8:e73569. doi: 10.1371/journal.pone.0073569

 Boynton, T. O., Mcmurry, J. L., and Shimkets, L. J. (2013). Characterization of Myxococcus xanthus MazF and implications for a new point of regulation. Mol. Microbiol. 87, 1267–1276. doi: 10.1111/mmi.12165

 Bravo, A., Ortega, S., de Torrontegui, G., and Díaz, R. (1988). Killing of Escherichia coli cells modulated by components of the stability system ParD of plasmid R1. Mol. Gen. Genet. 215, 146–151. doi: 10.1007/BF00331316

 Brennan, R. G., and Matthews, B. W. (1989). The Helix-Turn-Helix DNA binding motif. J. Biol. Chem. 264, 1903–1906.

 Brown, B. L., Grigoriu, S., Kim, Y., Arruda, J. M., Davenport, A., Wood, T. K., et al. (2009). Three dimensional structure of the MqsR:MqsA complex: a novel TA pair comprised of a toxin homologous to RelE and an antitoxin with unique properties. PLoS Pathog. 5:e1000706. doi: 10.1371/journal.ppat.1000706

 Brown, B. L., Lord, D. M., Grigoriu, S., Peti, W., and Page, R. (2013). The Escherichia coli toxin MqsR destabilizes the transcriptional repression complex formed between the antitoxin MqsA and the mqsRA operon promoter. J. Biol. Chem. 288, 1286–1294. doi: 10.1074/jbc.M112.421008

 Brown, B. L., Wood, T. K., Peti, W., and Page, R. (2011). Structure of the Escherichia coli antitoxin MqsA (YgiT/b3021) bound to its gene promoter reveals extensive domain rearrangements and the specificity of transcriptional regulation. J. Biol. Chem. 286, 2285–2296. doi: 10.1074/jbc.M110.172643

 Brown, J. S., Gilliland, S. M., Spratt, B. G., and Holden, D. W. (2004). A locus contained within a variable region of pneumococcal pathogenicity Island 1 contributes to virulence in mice. Infect. Immun. 72, 1587–1593. doi: 10.1128/IAI.72.3.1587-1593.2004

 Castro-Roa, D., Garcia-Pino, A., De Gieter, S., van Nuland, N. A. J., Loris, R., and Zenkin, N. (2013). The Fic protein Doc uses an inverted substrate to phosphorylate and inactivate EF-Tu. Nat. Chem. Biol. 9, 811–817. doi: 10.1038/nchembio.1364

 Cataudella, I., Sneppen, K., Gerdes, K., and Mitarai, N. (2013). Conditional cooperativity of toxin - antitoxin regulation can mediate bistability between growth and dormancy. PLoS Comput. Biol. 9:e1003174. doi: 10.1371/journal.pcbi.1003174

 Cataudella, I., Trusina, A., Sneppen, K., Gerdes, K., and Mitarai, N. (2012). Conditional cooperativity in toxin-antitoxin regulation prevents random toxin activation and promotes fast translational recovery. Nucleic Acids Res. 40, 6424–6434. doi: 10.1093/nar/gks297

 Cegłowski, P., Boitsov, A., Chai, S., and Alonso, J. C. (1993). Analysis of the stabilization system of pSM19035-derived plasmid pBT233 in Bacillus subtilis. Gene 136, 1–12. doi: 10.1016/0378-1119(93)90441-5

 Chan, W. T., Balsa, D., and Espinosa, M. (2015). One cannot rule them all: are bacterial toxins-antitoxins druggable? FEMS Microbiol. Rev. 39, 522–540. doi: 10.1093/femsre/fuv002

 Chan, W. T., Moreno-Córdoba, I., Yeo, C. C., and Espinosa, M. (2012). Toxin-antitoxin genes of the gram-positive pathogen Streptococcus pneumoniae: so few and yet so many. Microbiol. Mol. Biol. Rev. 76, 773–791. doi: 10.1128/MMBR.00030-12

 Chan, W. T., Nieto, C., Harikrishna, J. A., Khoo, S. K., Othman, R. Y., Espinosa, M., et al. (2011). Genetic regulation of the yefM-yoeB toxin-antitoxin locus of Streptococcus pneumoniae. J. Bacteriol. 193, 4612–4625. doi: 10.1128/JB.05187-11

 Chan, W. T., Yeo, C. C., Sadowy, E., and Espinosa, M. (2014). Functional validation of putative toxin-antitoxin genes from the Gram-positive pathogen Streptococcus pneumoniae: phd-doc is the fourth bona-fide operon. Front. Microbiol. 5:677. doi: 10.3389/fmicb.2014.00677

 Cheng, H.-Y., Soo, V. W. C., Islam, S., McAnulty, M. J., Benedik, M. J., and Wood, T. K. (2014). Toxin GhoT of the GhoT/GhoS toxin/antitoxin system damages the cell membrane to reduce adenosine triphosphate and to reduce growth under stress. Environ. Microbiol. 16, 1741–1754. doi: 10.1111/1462-2920.12373

 Cherny, I., Rockah, L., and Gazit, E. (2005). The YoeB Toxin is a folded protein that forms a physical complex with the Unfolded YefM antitoxin: implications for a structural-based differential stability of toxin-antitoxin systems. J. Biol. Chem. 280, 30063–30072. doi: 10.1074/jbc.M506220200

 Chono, H., Matsumoto, K., Tsuda, H., Saito, N., Lee, K., Kim, S., et al. (2011). Acquisition of HIV-1 resistance in T lymphocytes using an ACA-specific E. coli mRNA interferase. Hum. Gene Ther. 22, 35–43. doi: 10.1089/hum.2010.001

 Christensen, S. K., and Gerdes, K. (2003). RelE toxins from bacteria and Archaea cleave mRNAs on translating ribosomes, which are rescued by tmRNA. Mol. Microbiol. 48, 1389–1400. doi: 10.1046/j.1365-2958.2003.03512.x

 Christensen, S. K., Maenhaut-Michel, G., Mine, N., Gottesman, S., Gerdes, K., and Van Melderen, L. (2004). Overproduction of the Lon protease triggers inhibition of translation in Escherichia coli: involvement of the yefM-yoeB toxin-antitoxin system. Mol. Microbiol. 51, 1705–1717. doi: 10.1046/j.1365-2958.2003.03941.x

 Christensen, S. K., Mikkelsen, M., Pedersen, K., and Gerdes, K. (2001). RelE, a global inhibitor of translation, is activated during nutritional stress. Proc. Natl. Acad. Sci. U.S.A. 98, 14328–14333. doi: 10.1073/pnas.251327898

 Christensen, S. K., Pedersen, K., Hansen, F. G., and Gerdes, K. (2003). Toxin-antitoxin loci as stress-response-elements: ChpAK/MazF and ChpBK cleave translated RNAs and are counteracted by tmRNA. J. Mol. Biol. 332, 809–819. doi: 10.1016/S0022-2836(03)00922-7

 Christensen-Dalsgaard, M., Jørgensen, M. G., and Gerdes, K. (2010). Three new RelE-homologous mRNA interferases of Escherichia coli differentially induced by environmental stresses. Mol. Microbiol. 75, 333–348. doi: 10.1111/j.1365-2958.2009.06969.x

 Christensen-Dalsgaard, M., Overgaard, M., Winther, K. S., and Gerdes, K. (2008). RNA decay by messenger RNA interferases. Methods Enzymol. 447, 521–535. doi: 10.1016/S0076-6879(08)02225-8

 Cline, S. D., Saleem, S., and Daines, D. A. (2012). Regulation of the vapBC-1 toxin-antitoxin locus in nontypeable Haemophilus influenzae. PLoS ONE 7:e32199. doi: 10.1371/journal.pone.0032199

 Cruz, J. W., Rothenbacher, F. P., Maehigashi, T., Lane, W. S., Dunham, C. M., and Woychik, N. A. (2014). Doc toxin is a kinase that inactivates elongation factor Tu. J. Biol. Chem. 289, 7788–7798. doi: 10.1074/jbc.M113.544429

 Dalton, K. M., and Crosson, S. (2010). A conserved mode of protein recognition and binding in a ParD-ParE toxin-antitoxin complex. Biochemistry 49, 2205–2215. doi: 10.1021/bi902133s

 Das, U., Pogenberg, V., Subhramanyam, U. K. T., Wilmanns, M., Gourinath, S., and Srinivasan, A. (2014). Crystal structure of the VapBC-15 complex from Mycobacterium tuberculosis reveals a two-metal ion dependent PIN-domain ribonuclease and a variable mode of toxin-antitoxin assembly. J. Struct. Biol. 188, 249–258. doi: 10.1016/j.jsb.2014.10.002

 De Jonge, N., Garcia-Pino, A., Buts, L., Haesaerts, S., Charlier, D., Zangger, K., et al. (2009). Rejuvenation of CcdB-poisoned gyrase by an intrinsically disordered protein domain. Mol. Cell 35, 154–163. doi: 10.1016/j.molcel.2009.05.025

 De Jonge, N., Hohlweg, W., Garcia-Pino, A., Respondek, M., Buts, L., Haesaerts, S., et al. (2010). Structural and thermodynamic characterization of Vibrio fischeri CcdB. J. Biol. Chem. 285, 5606–5013. doi: 10.1074/jbc.M109.068429

 de la Cueva-Méndez, G., Mills, A. D., Clay-Farrace, L., Díaz-Orejas, R., and Laskey, R. A. (2003). Regulatable killing of eukaryotic cells by the prokaryotic proteins Kid and Kis. EMBO J. 22, 246–251. doi: 10.1093/emboj/cdg026

 de la Cueva-Méndez, G., and Pimentel, B. (2013). “Biotechnological and medical exploitation of toxin-antitoxin genes and their components,” in Prokaryotic Toxin-Antitoxins, ed K. Gerdes (Berlin, Heidelberg: Springer Berlin Heidelberg), 341–360.

 de la Hoz, A. B., Ayora, S., Sitkiewicz, I., Fernández, S., Pankiewicz, R., Alonso, J. C., et al. (2000). Plasmid copy-number control and better-than-random segregation genes of pSM19035 share a common regulator. Proc. Natl. Acad. Sci. U.S.A. 97, 728–733. doi: 10.1073/pnas.97.2.728

 Deane, S. M., and Rawlings, D. E. (2004). Plasmid evolution and interaction between the plasmid addiction stability systems of two related broad-host-range IncQ-like plasmids. J. Bacteriol. 186, 2123–2133. doi: 10.1128/JB.186.7.2123-2133.2004

 Diago-Navarro, E., Hernandez-Arriaga, A. M., López-Villarejo, J., Muñoz-Gómez, A. J., Kamphuis, M. B., Boelens, R., et al. (2010). ParD toxin-antitoxin system of plasmid R1 - Basic contributions, biotechnological applications and relationships with closely-related toxin-antitoxin systems. FEBS J. 277, 3097–3117. doi: 10.1111/j.1742-4658.2010.07722.x

 Dienemann, C., Bøggild, A., Winther, K. S., Gerdes, K., and Brodersen, D. E. (2011). Crystal structure of the VapBC toxin-antitoxin complex from Shigella flexneri reveals a hetero-octameric DNA-binding assembly. J. Mol. Biol. 414, 713–722. doi: 10.1016/j.jmb.2011.10.024

 Eldholm, V., Johnsborg, O., Haugen, K., Ohnstad, H. S., and Håvarstein, L. S. (2009). Fratricide in Streptococcus pneumoniae: contributions and role of the cell wall hydrolases CbpD, LytA and LytC. Microbiology 155, 2223–2234. doi: 10.1099/mic.0.026328-0

 Engelberg-Kulka, H., Amitai, S., Kolodkin-Gal, I., and Hazan, R. (2006). Bacterial programmed cell death and multicellular behavior in bacteria. PLoS Genet. 2:e135. doi: 10.1371/journal.pgen.0020135

 Engelberg-Kulka, H., and Glaser, G. (1999). Addiction modules and programmed cell death and antideath in bacterial cultures. Annu. Rev. Microbiol. 53, 43–70. doi: 10.1146/annurev.micro.53.1.43

 Feng, S., Chen, Y., Kamada, K., Wang, H., Tang, K., Wang, M., et al. (2013). YoeB-ribosome structure: a canonical RNase that requires the ribosome for its specific activity. Nucleic Acids Res. 41, 9549–9556. doi: 10.1093/nar/gkt742

 Francuski, D., and Saenger, W. (2009). Crystal structure of the antitoxin-toxin protein complex RelB-RelE from Methanococcus jannaschii. J. Mol. Biol. 393, 898–908. doi: 10.1016/j.jmb.2009.08.048

 Garcia-Pino, A., Balasubramanian, S., Wyns, L., Gazit, E., De Greve, H., Magnuson, R. D., et al. (2010). Allostery and intrinsic disorder mediate transcription regulation by conditional cooperativity. Cell 142, 101–111. doi: 10.1016/j.cell.2010.05.039

 Garcia-Pino, A., Christensen-Dalsgaard, M., Wyns, L., Yarmolinsky, M., Magnuson, R. D., Gerdes, K., et al. (2008). Doc of Prophage P1 is inhibited by its antitoxin partner phd through fold complementation. J. Biol. Chem. 283, 30821–30827. doi: 10.1074/jbc.M805654200

 Gelens, L., Hill, L., Vandervelde, A., Danckaert, J., and Loris, R. (2013). A general model for toxin-antitoxin module dynamics can explain persister cell formation in E. coli. PLoS Comput. Biol. 9:e1003190. doi: 10.1371/journal.pcbi.1003190

 Gerdes, K., Bech, F. W., Jørgensen, S. T., Løbner-Olesen, A., Rasmussen, P. B., Atlung, T., et al. (1986). Mechanism of postsegregational killing by the hok gene product of the parB system of plasmid R1 and its homology with the relF gene product of the E. coli relB operon. EMBO J. 5, 2023–2029.

 Gerdes, K., Christensen, S. K., and Løbner-Olesen, A. (2005). Prokaryotic toxin-antitoxin stress response loci. Nat. Rev. Microbiol. 3, 371–382. doi: 10.1038/nrmicro1147

 Germain, E., Castro-Roa, D., Zenkin, N., and Gerdes, K. (2013). Molecular mechanism of bacterial persistence by HipA. Mol. Cell 52, 248–254. doi: 10.1016/j.molcel.2013.08.045

 Gomis-Rüth, F. X., Solá, M., Acebo, P., Párraga, A., Guasch, A., Eritja, R., et al. (1998). The structure of plasmid-encoded transcriptional repressor CopG unliganded and bound to its operator. EMBO J. 17, 7404–7415. doi: 10.1093/emboj/17.24.7404

 González Barrios, A. F., Zuo, R., Hashimoto, Y., Yang, L., Bentley, W. E., and Wood, T. K. (2006). Autoinducer 2 controls biofilm formation in Escherichia coli through a novel motility quorum-sensing regulator (MqsR, B3022). J. Bacteriol. 188, 305–316. doi: 10.1128/JB.188.1.305-316.2006

 González-Pastor, J. E. (2011). Cannibalism: a social behavior in sporulating Bacillus subtilis. FEMS Microbiol. Rev. 35, 415–424. doi: 10.1111/j.1574-6976.2010.00253.x

 Gotfredsen, M., and Gerdes, K. (1998). The Escherichia coli relBE genes belong to a new toxin-antitoxin gene family. Mol. Microbiol. 29, 1065–1076. doi: 10.1046/j.1365-2958.1998.00993.x

 Grady, R., and Hayes, F. (2003). Axe-Txe, a broad-spectrum proteic toxin-antitoxin system specified by a multidrug-resistant, clinical isolate of Enterococcus faecium. Mol. Microbiol. 47, 1419–1432. doi: 10.1046/j.1365-2958.2003.03387.x

 Gross, M., Marianovsky, I., and Glaser, G. (2006). MazG - A regulator of programmed cell death in Escherichia coli. Mol. Microbiol. 59, 590–601. doi: 10.1111/j.1365-2958.2005.04956.x

 Hadži, S., Garcia-Pino, A., Martinez-Rodriguez, S., Verschueren, K., Christensen-Dalsgaard, M., Gerdes, K., et al. (2013). Crystallization of the HigBA2 toxin-antitoxin complex from Vibrio cholerae. Acta Crystallogr. Sect. F. Struct. Biol. Cryst. Commun. 69, 1052–1059. doi: 10.1107/S1744309113021490

 Hallez, R., Geeraerts, D., Sterckx, Y., Mine, N., Loris, R., and Van Melderen, L. (2010). New toxins homologous to ParE belonging to three-component toxin-antitoxin systems in Escherichia coli O157:H7. Mol. Microbiol. 76, 719–732. doi: 10.1111/j.1365-2958.2010.07129.x

 Harrison, J. J., Wade, W. D., Akierman, S., Vacchi-Suzzi, C., Stremick, C. A., Turner, R. J., et al. (2009). The Chromosomal Toxin Gene yafQ is a determinant of multidrug tolerance for Escherichia coli growing in a biofilm. Antimicrob. Agents Chemother. 53, 2253–2258. doi: 10.1128/AAC.00043-09

 Harvey, R. M., Stroeher, U. H., Ogunniyi, A. D., Smith-Vaughan, H. C., Leach, A. J., and Paton, J. C. (2011). A variable region within the genome of Streptococcus pneumoniae contributes to strain-strain variation in virulence. PLoS ONE 6:e19650. doi: 10.1371/journal.pone.0019650

 Hayes, F., and Kêdzierska, B. (2014). Regulating toxin-antitoxin expression: controlled detonation of intracellular molecular timebombs. Toxins (Basel). 6, 337–358. doi: 10.3390/toxins6010337

 Hayes, F., and Van Melderen, L. (2011). Toxins-antitoxins: diversity, evolution and function. Crit. Rev. Biochem. Mol. Biol. 46, 386–408. doi: 10.3109/10409238.2011.600437

 Hernández-Arriaga, A. M., Chan, W. T., Espinosa, M., and Díaz-Orejas, R. (2014). Conditional activation of toxin-antitoxin systems: postsegregational killing and beyond. Microbiol. Spectr. 2:PLAS-0009-2013. doi: 10.1128/microbiolspec.PLAS-0009-2013

 Hurley, J. M., and Woychik, N. A. (2009). Bacterial toxin HigB associates with ribosomes and mediates translation-dependent mRNA cleavage at A-rich sites. J. Biol. Chem. 284, 18605–18613. doi: 10.1074/jbc.M109.008763

 Iannelli, F., Santoro, F., Oggioni, M. R., and Pozzi, G. (2014). Nucleotide sequence analysis of integrative conjugative element Tn5253 of Streptococcus pneumoniae. Antimicrob. Agents Chemother. 58, 1235–1239. doi: 10.1128/AAC.01764-13

 Jaffe, A., Ogura, T., and Hiraga, S. (1985). Effects of the ccd function of the F plasmid on bacterial growth. J. Bacteriol. 163, 841–849.

 Jørgensen, M. G., Pandey, D. P., Jaskolska, M., and Gerdes, K. (2009). HicA of Escherichia coli defines a novel family of translation-independent mRNA interferases in bacteria and archaea. J. Bacteriol. 191, 1191–1199. doi: 10.1128/JB.01013-08

 Jurenaite, M., Markuckas, A., and Suziedeliene, E. (2013). Identification and characterization of type II toxin-antitoxin systems in the opportunistic pathogen Acinetobacter baumannii. J. Bacteriol. 195, 3165–3172. doi: 10.1128/JB.00237-13

 Kamada, K., and Hanaoka, F. (2005). Conformational change in the catalytic site of the ribonuclease YoeB toxin by YefM antitoxin. Mol. Cell 19, 497–509. doi: 10.1016/j.molcel.2005.07.004

 Kamada, K., Hanaoka, F., and Burley, S. K. (2003). Crystal Structure of the MazE/MazF Complex. Mol. Cell 11, 875–884. doi: 10.1016/S1097-2765(03)00097-2

 Kamphuis, M., Chiara Monti, M. H., van den Heuvel, R., Lopez-Villarejo, J., Diaz-Orejas, R., and Boelens, R. (2007b). Structure and function of bacterial kid-kis and related toxin-antitoxin systems. Protein Pept. Lett. 14, 113–124. doi: 10.2174/092986607779816096

 Kamphuis, M. B., Bonvin, A. M., Monti, M. C., Lemonnier, M., Muñoz-Gómez, A., Van Den Heuvel, R. H., et al. (2006). Model for RNA binding and the catalytic site of the RNase Kid of the bacterial parD toxin-antitoxin system. J. Mol. Biol. 357, 115–126. doi: 10.1016/j.jmb.2005.12.033

 Kamphuis, M. B., Monti, M. C., van den Heuvel, R. H. H., Santos-Sierra, S., Folkers, G. E., Lemonnier, M., et al. (2007a). Interactions between the toxin Kid of the bacterial parD system and the antitoxins Kis and MazE. Proteins 67, 219–231. doi: 10.1002/prot.21254

 Kasari, V., Kurg, K., Margus, T., Tenson, T., and Kaldalu, N. (2010). The Escherichia coli mqsR and ygiT genes encode a new toxin-antitoxin pair. J. Bacteriol. 192, 2908–2919. doi: 10.1128/JB.01266-09

 Kedzierska, B., Lian, L.-Y., and Hayes, F. (2007). Toxin-antitoxin regulation: bimodal interaction of YefM-YoeB with paired DNA palindromes exerts transcriptional autorepression. Nucleic Acids Res. 35, 325–339. doi: 10.1093/nar/gkl1028

 Kędzierska, B., and Hayes, F. (2016). “Transcriptional control of toxin-antitoxin expression: keeping toxins under wraps until the time is right,” in Stress and Environmental Regulation of Gene Expression and Adaptation in Bacteria, ed F. J. de Bruijin (Hoboken, NJ: John Wiley & Sons, Inc.), 463–472.

 Khoo, S. K., Loll, B., Chan, W. T., Shoeman, R. L., Ngoo, L., Yeo, C. C., et al. (2007). Molecular and structural characterization of the PezAT chromosomal toxin-antitoxin system of the human pathogen Streptococcus pneumoniae. J. Biol. Chem. 282, 19606–19618. doi: 10.1074/jbc.M701703200

 Kim, Y., Wang, X., Zhang, X.-S., Grigoriu, S., Page, R., Peti, W., et al. (2010). Escherichia coli toxin/antitoxin pair MqsR/MqsA regulate toxin CspD. Environ. Microbiol. 12, 1105–1121. doi: 10.1111/j.1462-2920.2009.02147.x

 Koga, M., Otsuka, Y., Lemire, S., and Yonesaki, T. (2011). Escherichia coli rnlA and rnlB compose a novel toxin-antitoxin system. Genetics 187, 123–130. doi: 10.1534/genetics.110.121798

 Kolodkin-Gal, I., Hazan, R., Gaathon, A., Carmeli, S., and Engelberg-Kulka, H. (2007). A linear pentapeptide is a quorum-sensing factor required for mazEF-mediated cell death in Escherichia coli. Science 318, 652–655. doi: 10.1126/science.1147248

 Krügel, H., Klimina, K. M., Mrotzek, G., Tretyakov, A., Schöfl, G., Saluz, H.-P., et al. (2015). Expression of the toxin-antitoxin genes yefMLrh, yoeBLrh in human Lactobacillus rhamnosus isolates. J. Basic Microbiol. 55, 982–991. doi: 10.1002/jobm.201400904

 Kumar, P., Issac, B., Dodson, E. J., Turkenburg, J. P., and Mande, S. C. (2008). Crystal structure of Mycobacterium tuberculosis YefM antitoxin reveals that it is not an intrinsically unstructured protein. J. Mol. Biol. 383, 482–493. doi: 10.1016/j.jmb.2008.08.067

 Lee, B., Holkenbrink, C., Treuner-lange, A., and Higgs, P. I. (2012). Myxococcus xanthus developmental cell fate production: heterogeneous accumulation of developmental regulatory proteins and reexamination of the Role of MazF in developmental lysis. J. Bacteriol. 194, 3058–3068. doi: 10.1128/JB.06756-11

 Lee, I.-G., Lee, S. J., Chae, S., Lee, K.-Y., Kim, J.-H., and Lee, B.-J. (2015). Structural and functional studies of the Mycobacterium tuberculosis VapBC30 toxin-antitoxin system: implications for the design of novel antimicrobial peptides. Nucleic Acids Res. 43, 7624–7637. doi: 10.1093/nar/gkv689

 Lehnherr, H., Maguin, E., Jafri, S., and Yarmolinsky, M. B. (1993). Plasmid addiction genes of bacteriophage P1: doc, which causes cell death on curing of prophage, and phd, which prevents host death when prophage is retained. J. Mol. Biol. 233, 414–428. doi: 10.1006/jmbi.1993.1521

 Lehnherr, H., and Yarmolinsky, M. B. (1995). Addiction protein Phd of plasmid prophage P1 is a substrate of the ClpXP serine protease of Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 92, 3274–3277. doi: 10.1073/pnas.92.8.3274

 Leplae, R., Geeraerts, D., Hallez, R., Guglielmini, J., Drze, P., and Van Melderen, L. (2011). Diversity of bacterial type II toxin-antitoxin systems: a comprehensive search and functional analysis of novel families. Nucleic Acids Res. 39, 5513–5525. doi: 10.1093/nar/gkr131

 Lewis, K. (2010). Persister cells. Annu. Rev. Microbiol. 64, 357–372. doi: 10.1146/annurev.micro.112408.134306

 Li, G.-Y., Zhang, Y., Inouye, M., and Ikura, M. (2009). Inhibitory mechanism of Escherichia coli RelE-RelB toxin-antitoxin module involves a helix displacement near an mRNA interferase active site. J. Biol. Chem. 284, 14628–14636. doi: 10.1074/jbc.M809656200

 Liang, Y., Gao, Z., Wang, F., Zhang, Y., Dong, Y., and Liu, Q. (2014). Structural and functional characterization of Escherichia coli toxin-antitoxin complex DinJ-YafQ. J. Biol. Chem. 289, 21191–21202. doi: 10.1074/jbc.M114.559773

 Lioy, V. S., Machon, C., Tabone, M., Gonzalez-Pastor, J. E., Daugelavicius, R., Ayora, S., et al. (2012). The ζ toxin induces a set of protective responses and dormancy. PLoS ONE 7:e30282. doi: 10.1371/journal.pone.0030282

 Liu, M., Zhang, Y., Inouye, M., and Woychik, N. A. (2008). Bacterial addiction module toxin Doc inhibits translation elongation through its association with the 30S ribosomal subunit. Proc. Natl. Acad. Sci. U.S.A. 105, 5885–5890. doi: 10.1073/pnas.0711949105

 Loris, R., Marianovsky, I., Lah, J., Laeremans, T., Engelberg-Kulka, H., Glaser, G., et al. (2003). Crystal structure of the intrinsically flexible addiction antidote MazE. J. Biol. Chem. 278, 28252–28257. doi: 10.1074/jbc.M302336200

 Madl, T., Van Melderen, L., Mine, N., Respondek, M., Oberer, M., Keller, W., et al. (2006). Structural basis for nucleic acid and toxin recognition of the bacterial antitoxin CcdA. J. Mol. Biol. 364, 170–185. doi: 10.1016/j.jmb.2006.08.082

 Maisonneuve, E., Castro-Camargo, M., and Gerdes, K. (2013). (p)ppGpp controls bacterial persistence by stochastic induction of toxin-antitoxin activity. Cell 154, 1140–1150. doi: 10.1016/j.cell.2013.07.048

 Makarova, K. S., Wolf, Y. I., Snir, S., and Koonin, E. V. (2011). Defense Islands in bacterial and archaeal genomes and prediction of novel defense systems. J. Bacteriol. 193, 6039–6056. doi: 10.1128/JB.05535-11

 Marianovsky, I., Aizenman, E., Engelberg-Kulka, H., and Glaser, G. (2001). The Regulation of the Escherichia coli mazEF promoter involves an unusual alternating palindrome. J. Biol. Chem. 276, 5975–5984. doi: 10.1074/jbc.M008832200

 Markovski, M., and Wickner, S. (2013). Preventing bacterial suicide: a novel toxin-antitoxin strategy. Mol. Cell 52, 611–612. doi: 10.1016/j.molcel.2013.11.018

 Masuda, H., Tan, Q., Awano, N., Wu, K.-P., and Inouye, M. (2012). YeeU enhances the bundling of cytoskeletal polymers of MreB and FtsZ, antagonizing the CbtA (YeeV) toxicity in Escherichia coli. Mol. Microbiol. 84, 979–989. doi: 10.1111/j.1365-2958.2012.08068.x

 Maté, M. J., Vincentelli, R., Foos, N., Raoult, D., Cambillau, C., and Ortiz-Lombardía, M. (2012). Crystal structure of the DNA-bound VapBC2 antitoxin/toxin pair from Rickettsia felis. Nucleic Acids Res. 40, 3245–3258. doi: 10.1093/nar/gkr1167

 Mattison, K., Wilbur, J. S., So, M., and Brennan, R. G. (2006). Structure of FitAB from Neisseria gonorrhoeae bound to DNA reveals a tetramer of toxin-antitoxin heterodimers containing pin domains and ribbon-helix-helix motifs. J. Biol. Chem. 281, 37942–37951. doi: 10.1074/jbc.M605198200

 McKenzie, J. L., Duyvestyn, J. M., Smith, T., Bendak, K., Mackay, J., Cursons, R., et al. (2012). Determination of ribonuclease sequence-specificity using Pentaprobes and mass spectrometry. RNA 18, 1267–1278. doi: 10.1261/rna.031229.111

 Meinhart, A., Alonso, J. C., Sträter, N., and Saenger, W. (2003). Crystal structure of the plasmid maintenance system ε / ζ?: functional mechanism of toxin ζ and inactivation by ε2ζ2 complex formation. Proc. Natl. Acad. Sci. U.S.A. 100, 1661–1666. doi: 10.1073/pnas.0434325100

 Melničáková, J., Beèárová, Z., Makroczyová, J., and Barák, I. (2015). Analysis of the Bacillus cereus SpoIIS antitoxin-toxin system reveals its three-component nature. Front. Microbiol. 6:808. doi: 10.3389/fmicb.2015.00808

 Miallau, L., Faller, M., Chiang, J., Arbing, M., Guo, F., Cascio, D., et al. (2009). Structure and proposed activity of a member of the VapBC family of toxin-antitoxin systems. VapBC-5 from Mycobacterium tuberculosis. J. Biol. Chem. 284, 276–83. doi: 10.1074/jbc.M805061200

 Milla, M. E., Brown, B. M., Waldburger, C. D., and Sauer, R. T. (1995). P22 Arc repressor: transition state properties inferred from mutational effects on the rates of protein unfolding and refolding. Biochemistry 34, 13914–13919. doi: 10.1021/bi00042a024

 Min, A. B., Miallau, L., Sawaya, M. R., Habel, J., Cascio, D., and Eisenberg, D. (2012). The crystal structure of the Rv0301-Rv0300 VapBC-3 toxin-antitoxin complex from M. tuberculosis reveals a Mg2+ ion in the active site and a putative RNA-binding site. Protein Sci. 21, 1754–1767. doi: 10.1002/pro.2161

 Mine, N., Guglielmini, J., Wilbaux, M., and Van Melderen, L. (2009). The decay of the chromosomally encoded ccdO157 toxin-antitoxin system in the Escherichia coli species. Genetics 181, 1557–1566. doi: 10.1534/genetics.108.095190

 Monti, M. C., Hernández-Arriaga, A. M., Kamphuis, M. B., López-Villarejo, J., Heck, A. J. R., Boelens, R., et al. (2007). Interactions of Kid-Kis toxin-antitoxin complexes with the parD operator-promoter region of plasmid R1 are piloted by the Kis antitoxin and tuned by the stoichiometry of Kid-Kis oligomers. Nucleic Acids Res. 35, 1737–1749. doi: 10.1093/nar/gkm073

 Moreno-Córdoba, I., Diago-Navarro, E., Barendregt, A., Heck, A. J. R., Alfonso, C., Díaz-Orejas, R., et al. (2012). The toxin-antitoxin proteins relBE2Spn of Streptococcus pneumoniae: characterization and association to their DNA target. Proteins 80, 1834–1846. doi: 10.1002/prot.24081

 Murayama, K., Orth, P., de la Hoz, A. B., Alonso, J. C., and Saenger, W. (2001). Crystal structure of omega transcriptional repressor encoded by Streptococcus pyogenes plasmid pSM19035 at 1.5 A resolution. J. Mol. Biol. 314, 789–796. doi: 10.1006/jmbi.2001.5157

 Mutschler, H., Gebhardt, M., Shoeman, R. L., and Meinhart, A. (2011). A novel mechanism of programmed cell death in bacteria by toxin-antitoxin systems corrupts peptidoglycan synthesis. PLoS Biol. 9:e1001033. doi: 10.1371/journal.pbio.1001033

 Mutschler, H., and Meinhart, A. (2011). ε/ζ systems: their role in resistance, virulence, and their potential for antibiotic development. J. Mol. Med. 89, 1183–1194. doi: 10.1007/s00109-011-0797-4

 Mutschler, H., and Meinhart, A. (2013). “Type II Toxin-antitoxin loci: the epsilon/zeta family,” in Prokaryotic Toxin-Antitoxins, ed K. Gerdes (Berlin, Heidelberg: Springer Berlin Heidelberg), 205–223.

 Nariya, H., and Inouye, M. (2008). MazF, an mRNA Interferase, mediates programmed cell death during multicellular myxococcus development. Cell 132, 55–66. doi: 10.1016/j.cell.2007.11.044

 Nicolas, P., Mäder, U., Dervyn, E., Rochat, T., Leduc, A., Pigeonneau, N., et al. (2012). Condition-dependent transcriptome reveals high-level regulatory architecture in Bacillus subtilis. Science 335, 1103–1106. doi: 10.1126/science.1206848

 Nieto, C., Cherny, I., Khoo, S. K., De Lacoba, M. G., Chan, W. T., Yeo, C. C., et al. (2007). The yefM-yoeB toxin-antitoxin systems of Escherichia coli and Streptococcus pneumoniae: functional and structural correlation. J. Bacteriol. 189, 1266–1278. doi: 10.1128/JB.01130-06

 Nolle, N., Schuster, C. F., and Bertram, R. (2013). Two paralogous yefM-yoeB loci from Staphylococcus equorum encode functional toxin-antitoxin systems. Microbiology 159, 1575–1585. doi: 10.1099/mic.0.068049-0

 Norton, J. P., and Mulvey, M. A. (2012). Toxin-antitoxin systems are important for niche-specific colonization and stress resistance of uropathogenic Escherichia coli. PLoS Pathog. 8:e1002954. doi: 10.1371/journal.ppat.1002954

 Oberer, M., Zangger, K., Gruber, K., and Keller, W. (2007). The solution structure of ParD, the antidote of the ParDE toxin antitoxin module, provides the structural basis for DNA and toxin binding. Protein Sci. 16, 1676–1688. doi: 10.1110/ps.062680707

 Otsuka, Y. (2016). Prokaryotic toxin-antitoxin systems: novel regulations of the toxins. Curr. Genet. doi: 10.1007/s00294-015-0557-z. [Epub ahead of print].

 Overgaard, M., Borch, J., and Gerdes, K. (2009). RelB and RelE of Escherichia coli form a tight complex that represses transcription via the ribbon-helix-helix motif in RelB. J. Mol. Biol. 394, 183–196. doi: 10.1016/j.jmb.2009.09.006

 Overgaard, M., Borch, J., Jørgensen, M. G., and Gerdes, K. (2008). Messenger RNA interferase RelE controls relBE transcription by conditional cooperativity. Mol. Microbiol. 69, 841–857. doi: 10.1111/j.1365-2958.2008.06313.x

 Pan, C. Q., Finkel, S. E., Cramton, S. E., Feng, J. A., Sigman, D. S., and Johnson, R. C. (1996). Variable structures of Fis-DNA complexes determined by flanking DNA-protein contacts. J. Mol. Biol. 264, 675–695. doi: 10.1006/jmbi.1996.0669

 Pandey, D. P., and Gerdes, K. (2005). Toxin-antitoxin loci are highly abundant in free-living but lost from host-associated prokaryotes. Nucleic Acids Res. 33, 966–976. doi: 10.1093/nar/gki201

 Pedersen, K., Zavialov, A. V., Pavlov, M. Y., Elf, J., Gerdes, K., and Ehrenberg, M. (2003). The bacterial toxin RelE displays codon-specific cleavage of mRNAs in the ribosomal A site. Cell 112, 131–140. doi: 10.1016/S0092-8674(02)01248-5

 Pimentel, B., Madine, M. A., and de la Cueva-Méndez, G. (2005). Kid cleaves specific mRNAs at UUACU sites to rescue the copy number of plasmid R1. EMBO J. 24, 3459–3469. doi: 10.1038/sj.emboj.7600815

 Połom, D., Boss, L., Wêgrzyn, G., Hayes, F., and Kêdzierska, B. (2013). Amino acid residues crucial for specificity of toxin-antitoxin interactions in the homologous Axe-Txe and YefM-YoeB complexes. FEBS J. 280, 5906–5918. doi: 10.1111/febs.12517

 Pomerantsev, A. P., Golovliov, I. R., Ohara, Y., Mokrievich, A. N., Obuchi, M., Norqvist, A., et al. (2001). Genetic organization of the Francisella plasmid pFNL10. Plasmid 46, 210–222. doi: 10.1006/plas.2001.1548

 Preston, M. A., Pimentel, B., Bermejo-Rodríguez, C., Dionne, I., Turnbull, A., and de la Cueva-Méndez, G. (2015). Repurposing a prokaryotic Toxin-Antitoxin system for the selective killing of oncogenically stressed human cells. ACS Synth. Biol. doi: 10.1021/acssynbio.5b00096. [Epub ahead of print].

 Ramage, H. R., Connolly, L. E., and Cox, J. S. (2009). Comprehensive functional analysis of Mycobacterium tuberculosis toxin-antitoxin systems: implications for pathogenesis, stress responses, and evolution. PLoS Genet. 5:e1000767. doi: 10.1371/journal.pgen.1000767

 Rawlings, D. E. (1999). Proteic toxin-antitoxin, bacterial plasmid addiction systems and their evolution withs special reference to the pas system of pTF-FC2. FEMS Microbiol. Lett. 176, 269–277. doi: 10.1111/j.1574-6968.1999.tb13672.x

 Ren, D., Bedzyk, L. A., Ye, R. W., Thomas, S. M., and Wood, T. K. (2004). Stationary-phase quorum-sensing signals affect autoinducer-2 and gene expression in Escherichia coli. Appl. Environ. Microbiol. 70, 2038–2043. doi: 10.1128/AEM.70.4.2038-2043.2004

 Robinson, M., Son, B., Kroos, D., and Kroos, L. (2014). Transcription factor MrpC binds to promoter regions of hundreds of developmentally- regulated genes in Myxococcus xanthus. BMC Genomics 15:1123. doi: 10.1186/1471-2164-15-1123

 Robson, J., McKenzie, J. L., Cursons, R., Cook, G. M., and Arcus, V. L. (2009). The vapBC operon from Mycobacterium smegmatis is an autoregulated toxin-antitoxin module that controls growth via inhibition of translation. J. Mol. Biol. 390, 353–367. doi: 10.1016/j.jmb.2009.05.006

 Rocker, A., and Meinhart, A. (2015a). A cis-acting antitoxin domain within the chromosomal toxin-antitoxin module EzeT of Escherichia coli quenches toxin activity. Mol. Microbiol. 97, 589–604. doi: 10.1111/mmi.13051

 Rocker, A., and Meinhart, A. (2015b). Type II toxin: antitoxin systems. More than small selfish entities? Curr. Genet. doi: 10.1007/s00294-015-0541-7. [Epub ahead of print].

 Rowe-Magnus, D. A., Guerout, A.-M., Biskri, L., Bouige, P., and Mazel, D. (2003). Comparative analysis of superintegrons: engineering extensive genetic diversity in the Vibrionaceae. Genome Res. 13, 428–442. doi: 10.1101/gr.617103

 Ruangprasert, A., Maehigashi, T., Miles, S. J., Giridharan, N., Liu, J. X., and Dunham, C. M. (2014). Mechanisms of toxin inhibition and transcriptional repression by Escherichia coli DinJ-YafQ. J. Biol. Chem. 289, 20559–20569. doi: 10.1074/jbc.M114.573006

 Saavedra De Bast, M., Mine, N., and Van Melderen, L. (2008). Chromosomal toxin-antitoxin systems may act as antiaddiction modules. J. Bacteriol. 190, 4603–4809. doi: 10.1128/JB.00357-08

 Schumacher, M. A., Piro, K. M., Xu, W., Hansen, S., Lewis, K., and Brennan, R. G. (2009). Molecular mechanisms of HipA-mediated multidrug tolerance and its neutralization by HipB. Science 323, 396–401. doi: 10.1126/science.1163806

 Schureck, M. A., Maehigashi, T., Miles, S. J., Marquez, J., Cho, S. E., Erdman, R., et al. (2014). Structure of the Proteus vulgaris HigB-(HigA)2-HigB toxin-antitoxin complex. J. Biol. Chem. 289, 1060–1070. doi: 10.1074/jbc.M113.512095

 Sevillano, L., Díaz, M., Yamaguchi, Y., Inouye, M., and Santamaría, R. I. (2012). Identification of the first functional toxin-antitoxin system in Streptomyces. PLoS ONE 7:e32977. doi: 10.1371/journal.pone.0032977

 Shao, Y., Harrison, E. M., Bi, D., Tai, C., He, X., Ou, H.-Y., et al. (2011). TADB: a web-based resource for Type 2 toxin-antitoxin loci in bacteria and archaea. Nucleic Acids Res. 39, D606–D611. doi: 10.1093/nar/gkq908

 Shimazu, T., Mirochnitchenko, O., Phadtare, S., and Inouye, M. (2014). Regression of solid tumors by induction of MazF, a bacterial mRNA endoribonuclease. J. Mol. Microbiol. Biotechnol. 24, 228–233. doi: 10.1159/000365509

 Smith, A. S., and Rawlings, D. E. (1997). The poison-antidote stability system of the broad-host-range Thiobacillus ferrooxidans plasmid pTF-FC2. Mol. Microbiol. 26, 961–970. doi: 10.1046/j.1365-2958.1997.6332000.x

 Smith, A. S., and Rawlings, D. E. (1998a). Autoregulation of the pTF-FC2 proteic poison-antidote plasmid addiction system (pas) is essential for plasmid stabilization. J. Bacteriol. 180, 5463–5465.

 Smith, A. S., and Rawlings, D. E. (1998b). Efficiency of the pTF-FC2 pas poison-antidote stability system in Escherichia coli is affected by the host strain, and antidote degradation requires the lon protease. J. Bacteriol. 180, 5458–5462.

 Soo, V. W. C., and Wood, T. K. (2013). Antitoxin MqsA represses curli formation through the master biofilm regulator CsgD. Sci. Rep. 3, 3186. doi: 10.1038/srep03186

 Stieber, D., Gabant, P., and Szpirer, C. Y. (2008). The art of selective killing: plasmid toxin/antitoxin systems and their technological applications. Biotechniques 45, 344–346. doi: 10.2144/000112955

 Szekeres, S., Dauti, M., Wilde, C., Mazel, D., and Rowe-Magnus, D. A. (2007). Chromosomal toxin-antitoxin loci can diminish large-scale genome reductions in the absence of selection. Mol. Microbiol. 63, 1588–1605. doi: 10.1111/j.1365-2958.2007.05613.x

 Tabone, M., Ayora, S., and Alonso, J. C. (2014). Toxin ζ reversible induces dormancy and reduces the UDP-N-acetylglucosamine pool as one of the protective responses to cope with stress. Toxins (Basel). 6, 2787–2803. doi: 10.3390/toxins6092787

 Takagi, H., Kakuta, Y., Okada, T., Yao, M., Tanaka, I., and Kimura, M. (2005). Crystal structure of archaeal toxin-antitoxin RelE-RelB complex with implications for toxin activity and antitoxin effects. Nat. Struct. Mol. Biol. 12, 327–331. doi: 10.1038/nsmb911

 Tamman, H., Ainelo, A., Ainsaar, K., and Hõrak, R. (2014). A moderate toxin, GraT, modulates growth rate and stress tolerance of Pseudomonas putida. J. Bacteriol. 196, 157–169. doi: 10.1128/JB.00851-13

 Tanouchi, Y., Lee, A. J., Meredith, H., and You, L. (2013). Programmed cell death in bacteria and implications for antibiotic therapy. Trends Microbiol. 21, 265–270. doi: 10.1016/j.tim.2013.04.001

 Tian, Q. B., Ohnishi, M., Tabuchi, A., and Terawaki, Y. (1996). A new plasmid-encoded proteic killer gene system: cloning, sequencing, and analyzing hig locus of plasmid Rts1. Biochem. Biophys. Res. Commun. 220, 280–284. doi: 10.1006/bbrc.1996.0396

 Unterholzner, S. J., Poppenberger, B., and Rozhon, W. (2013). Toxin-antitoxin systems: biology, identification, and application. Mob. Genet. Elements 3:e26219. doi: 10.4161/mge.26219

 Van Melderen, L., and Saavedra De Bast, M. (2009). Bacterial toxin–antitoxin systems: more than selfish entities? PLoS Genet. 5:e1000437. doi: 10.1371/journal.pgen.1000437

 Van Melderen, L. (2010). Toxin-antitoxin systems: why so many, what for? Curr. Opin. Microbiol. 13, 781–785. doi: 10.1016/j.mib.2010.10.006

 Vesper, O., Amitai, S., Belitsky, M., Byrgazov, K., Kaberdina, A. C., Engelberg-Kulka, H., et al. (2011). Selective translation of leaderless mRNAs by specialized ribosomes generated by MazF in Escherichia coli. Cell 147, 147–157. doi: 10.1016/j.cell.2011.07.047

 Volante, A., Carrasco, B., Tabone, M., and Alonso, J. C. (2015). The interaction of ω2 with the RNA polymerase β′ subunit functions as an activation to repression switch. Nucleic Acids Res. 43, 9249–9261. doi: 10.1093/nar/gkv788

 Volante, A., Soberón, N. E., Ayora, S., and Alonso, J. C. (2014). The interplay between different stability systems contributes to faithful segregation: Streptococcus pyogenes pSM19035 as a Model. Microbiol. Spectr. 2:PLAS-0007-2013. doi: 10.1128/microbiolspec.PLAS-0007-2013

 Wang, X., Kim, Y., Hong, S. H., Ma, Q., Brown, B. L., Pu, M., et al. (2011). Antitoxin MqsA helps mediate the bacterial general stress response. Nat. Chem. Biol. 7, 359–366. doi: 10.1038/nchembio.560

 Wang, X., Lord, D. M., Cheng, H.-Y., Osbourne, D. O., Hong, S. H., Sanchez-Torres, V., et al. (2012). A new type V toxin-antitoxin system where mRNA for toxin GhoT is cleaved by antitoxin GhoS. Nat. Chem. Biol. 8, 855–861. doi: 10.1038/nchembio.1062

 Wang, X., Lord, D. M., Hong, S. H., Peti, W., Benedik, M. J., Page, R., et al. (2013). Type II toxin/antitoxin MqsR/MqsA controls type V toxin/antitoxin GhoT/GhoS. Environ. Microbiol. 15, 1734–1744. doi: 10.1111/1462-2920.12063

 Weihofen, W. A., Cicek, A., Pratto, F., Alonso, J. C., and Saenger, W. (2006). Structures of omega repressors bound to direct and inverted DNA repeats explain modulation of transcription. Nucleic Acids Res. 34, 1450–1458. doi: 10.1093/nar/gkl015

 Wen, Y., Behiels, E., Felix, J., Elegheert, J., Vergauwen, B., Devreese, B., et al. (2014). The bacterial antitoxin HipB establishes a ternary complex with operator DNA and phosphorylated toxin HipA to regulate bacterial persistence. Nucleic Acids Res. 42, 10134–10147. doi: 10.1093/nar/gku665

 Wieteska, Ł., Skulimowski, A., Cybula, M., and Szemraj, J. (2014). Toxins vapC and pasB from prokaryotic TA modules remain active in mammalian cancer cells. Toxins (Basel). 6, 2948–2961. doi: 10.3390/toxins6102948

 Williams, J. J., and Hergenrother, P. J. (2012). Artificial activation of toxin-antitoxin systems as an antibacterial strategy. Trends Microbiol. 20, 291–298. doi: 10.1016/j.tim.2012.02.005

 Winther, K. S., and Gerdes, K. (2011). Enteric virulence associated protein VapC inhibits translation by cleavage of initiator tRNA. Proc. Natl. Acad. Sci. U.S.A. 108, 7403–7407. doi: 10.1073/pnas.1019587108

 Winther, K. S., and Gerdes, K. (2012). Regulation of enteric vapBC transcription: Induction by VapC toxin dimer-breaking. Nucleic Acids Res. 40, 4347–4357. doi: 10.1093/nar/gks029

 Yamaguchi, Y., and Inouye, M. (2009). mRNA interferases, sequence-specific endoribonucleases from the toxin-antitoxin systems. Prog. Mol. Biol. Transl. Sci. 85, 467–500. doi: 10.1016/S0079-6603(08)00812-X

 Yamaguchi, Y., Park, J.-H., and Inouye, M. (2009). MqsR, a crucial regulator for quorum sensing and biofilm formation, is a GCU-specific mRNA interferase in Escherichia coli. J. Biol. Chem. 284, 28746–28753. doi: 10.1074/jbc.M109.032904

 Yamaguchi, Y., Park, J.-H., and Inouye, M. (2011). Toxin-antitoxin systems in bacteria and archaea. Annu. Rev. Genet. 45, 61–79. doi: 10.1146/annurev-genet-110410-132412

 Yeo, C. C., Abu Bakar, F., Chan, W. T., Espinosa, M., and Harikrishna, J. A. (2016). Heterologous expression of toxins from bacterial toxin-antitoxin systems in eukaryotic cells: strategies and applications. Toxins 8:49. doi: 10.3390/toxins8020049

 Yoshizumi, S., Zhang, Y., Yamaguchi, Y., Chen, L., Kreiswirth, B. N., and Inouye, M. (2009). Staphylococcus aureus YoeB homologues inhibit translation initiation. J. Bacteriol. 191, 5868–5872. doi: 10.1128/JB.00623-09

 Yuan, J., Sterckx, Y., Mitchenall, L. A., Maxwell, A., Loris, R., and Waldor, M. K. (2010). Vibrio cholerae ParE2 poisons DNA gyrase via a mechanism distinct from other gyrase inhibitors. J. Biol. Chem. 285, 40397–40408. doi: 10.1074/jbc.M110.138776

 Zhang, Y., Zhang, J., Hoeflich, K. P., Ikura, M., Qing, G., and Inouye, M. (2003). MazF Cleaves Cellular mRNAs Specifically at ACA to Block Protein Synthesis in Escherichia coli. Mol. Cell 12, 913–923. doi: 10.1016/S1097-2765(03)00402-7

 Zheng, C., Xu, J., Ren, S., Li, J., Xia, M., Chen, H., et al. (2015). Identification and characterization of the chromosomal yefM-yoeB toxin-antitoxin system of Streptococcus suis. Sci. Rep. 5:13125. doi: 10.1038/srep13125

 Zorzini, V., Buts, L., Schrank, E., Sterckx, Y. G. J., Respondek, M., Engelberg-Kulka, H., et al. (2015). Escherichia coli antitoxin MazE as transcription factor: insights into MazE-DNA binding. Nucleic Acids Res. 43, 1241–1256. doi: 10.1093/nar/gku1352

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Chan, Espinosa and Yeo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmolb-03-00009-g005.gif





OPS/images/fmolb-03-00009-g006.gif





OPS/images/fmolb-03-00009-g003.gif





OPS/images/fmolb-03-00009-g004.gif





OPS/images/fmolb-03-00009-t001.jpg
DNA-binding Antitoxin  Toxin Host organism Toxin-antitoxin complex References
domain stoichiometries
HTH HipB HipA Escherichia coli HipBaHipAy Schumacher et al, 2009
HipBso  HipAsp  Shewanela oneidensis (HipBso)2(HipASO)2 Wen et al., 2014
MasA MR E coi MasR-MasAz-MasR Brown ot al, 2009, 2011
HigA HigB. E. coli unknown?® Aing et al., 2010
HigA HigB. Proteus vulgaris HigAoHigBy Schureck et al., 2014
HigA2 HigB2 Vibrio cholerae Unknown Hadi etal., 2013
PezA PezT Streptococcus pneumoniae  PezAzPezTy Khoo et al., 2007
RHH RelB RelE E. coli RelB2RelEy Boggild et al., 2012
RelB RelE Methanococcus jannaschi  RelBRelEp Francuski and Saenger, 2009
DinJ YalQ E. coli DinJpYafQa Liang et al., 2014; Ruangprasert et al.,
2014
PaiD PaE E coli plasmid RK2 ParD,® Oberer et al,, 2007
ParD1 ParE1 Caulobacter crescentus (ParD1)p(ParE 1)y Dalton and Crosson, 2010
CedA CedB E. coli F plasmid (CedA®~72)CedB), Madi et al., 2006; De Jonge et al., 2009
(CcdA®7-T2)(CedB)y
HicB3 HcAS  Yersinia pestis (HicB)(HicA3) Bibi-Trki et al., 2014
FitA FitB Neisseria gonorrhoeae (FitA-FitB)4 Mattison et al., 2006
VapB3 VapC3  Mycobacterium tuberculosis  (VapB3)VapCl)y Min et al., 2012
VapB5°® VapC5 M. tuberculosis (VapB553-86)VapCs) Miallau et al., 2009
VapB30 VapC30 M. tuberculosis (VapB30),(VapC30)p Leeet al., 2015
w (regulator for e-g, not Streptococcus pyogenes 282 for the TA complex; wp for the Murayama et al., 2001; Meinhart et al.,
antitoxin) PSM19035 tripartite TA regulator protein 2003
system w-g-g.
SpoVT/AbB MazE Mazf E col MazF,-MazEy-MazF, Kamada et al. 2003; Loris et al., 2003;
Zorzini et al., 2015
VapB2 VapC2 Rickettsia felis (VapC2)y(VapB2)y Maté et al., 2012
(VapC2);(VapC2)s
VapB VapC Shigella fiexneri VapB4VapCy Dienemann et al., 2011
Phd/YefMe® Phd Doc E. coli phage P1 Doc-Phdy-Doc Arbing et al., 2010; Garcia-Pino et al.,
2010
YefM YoeB E. coli YefMpYoeB Kamada and Hanaoka, 2005
YefM YoeB M. tuberculosis unknownd Kumar et al., 2008
Unknown' aRelB aRelE Pyrococcus horikoshii OT3. (aRelB)o(aRelE), Takagi et al., 2005
Unknownd VapB1S  VapCl5 M. tuberculosis (VapB15)(vapC15)y Das etal., 2014
(VapB15)VapC15)

4Structure was only available for the HigA antitoxin (Arbing et al, 2010).
bStructure only solved for ParD in solution by NMR (Oberer et al, 2007).
“N-terminal region of VapB5 could ot be modeled but predicted to be RHH motif (Vialau et al, 2009).
9TA complex possibly YelMzYoeB; only Yei was crystalzed (Kumar et al, 2008).
YoM was found to share structural simirity with the Phd antitoxin with strong conservation of the N-terminal DNA-binding domain, which are thus classified as having @ Ph/Yef-like

fold (Arbing ot al., 2010)

{DNA-binding domain unclear, potential leucine zioper dimerization with N-terminal basic resicues used for DNA recognition (Takagi et al., 2005).
9IN-terminal residues of VapB15 could not be modeled into the electron density (Das et al,, 2014).
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