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Abstract Chromosomally encoded type II toxin–antitoxin (TA) systems generally
consist of two adjacent genes in an operon encoding a stable toxin and a less
stable, protease-sensitive cognate antitoxin. While the toxin and the antitoxin form
a stable complex under normal growth conditions, the degradation of the antitoxin
by stress-proteases under certain conditions leads to activation of the toxin and
subsequent growth inhibition. Such stress-responsive TA systems have been
associated with various cellular processes, including stabilization of genomic
regions, protection against foreign DNA, biofilm formation, persistence, and
control of the stress response. Yet, the contribution of chromosomal TA to
bacterial virulence is presently unknown. Herein, we investigate the potential role
of multiple chromosomally encoded TA systems in virulence, focusing on the
tuberculosis agent Mycobacterium tuberculosis, which contains more than 70 TA
loci in its genome. We describe what is currently known about the multiple TA
families present in this bacterium, with emphasis on the recently discovered
atypical stress-responsive toxin–antitoxin-chaperone (TAC) system, a TA system
controlled by a SecB-like chaperone.

17.1 Introduction

Toxin–antitoxin (TA) systems are two partner modules that were first discovered
as plasmid-borne loci involved in plasmid maintenance by a mechanism called
‘‘postsegregational killing’’. This phenomenon relies on a stable toxin that inhibits
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cell growth and a labile protease-sensitive antitoxin that antagonizes the toxin
function, both encoded by the plasmid. When the plasmid is lost, the antitoxin is
degraded resulting in toxin-mediated cell growth inhibition and eventual cell death
(Yamaguchi et al. 2011). Since then, many TA loci have been found in numerous
bacterial and archeal chromosomes, suggesting alternative functions, such as
stabilization of chromosomal regions or growth modulation in response to envi-
ronmental insults (Gerdes et al. 2005).

Three types of TA systems are defined based on the nature of the antitoxin and
on the mechanism of neutralization of the toxin, which is always a protein. In type
I TA systems, the antitoxin is a small antisense RNA that forms a duplex with a
specific region of the toxin mRNA resulting in the inhibition of toxin production.
Type II antitoxins are proteins that inhibit toxin function by a protein–protein
interaction. The type III TA system is represented by only one characterized
system to date, ToxIN from Petrobacterium atrosepticum, whose RNA antitoxin
ToxI inactivates the ToxN toxin by direct binding (Yamaguchi et al. 2011). This
chapter will focus on chromosomally encoded type II TA systems, with emphasis
on the multiple TA systems present in the major human pathogen M. tuberculosis
and their potential implication in virulence.

17.2 General Features of Type II TA Systems

Type II TA systems are encoded in an operon consisting of two small genes whose
products, a toxin and its cognate antitoxin, form a complex in which the toxin is
inactive under normal growth conditions. Type II antitoxins generally carry a
DNA binding domain which binds directly on the promoter region of the operon,
and acts as a repressor, often together with the toxin. Under certain conditions, the
antitoxin is degraded by stress-proteases, resulting in toxin activation, growth
inhibition, and eventual cell death (Gerdes et al. 2005). Free toxins from type II
systems have been shown to target essential cellular processes such as replication,
cell wall synthesis, cell division, or translation (Gerdes et al. 2005; Yamaguchi
et al. 2011, Mutschler et al. 2011).

Chromosomal type II systems are widely distributed in prokaryotic genomes
and often clustered in genomic islands (Makarova et al. 2009). This is in agree-
ment with the fact that TA modules are often found on mobile genetic elements
such as plasmid, phages, or transposable elements, thus mostly belonging to the
prokaryotic mobilome (Makarova et al. 2009). For this reason, the content of
type II TA systems is highly variable between species and also from one strain to
another (http://bioinfo-mml.sjtu.edu.cn/TADB/). A study of 126 sequenced pro-
karyotic genomes revealed that free-living organisms have many TA loci, whereas
obligate intracellular organisms seem to have fewer (Pandey and Gerdes 2005).
However, some Rickettsia species, which are strict intracellular bacteria, contain
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multiple TA systems (Audoly et al. 2011). In addition, it has been proposed that
human pathogens generally contain more TA systems than their non-pathogenic
counterparts (Georgiades and Raoult 2011), but the differences are often subtle and
multiple TA modules are found in non-pathogenic species as well (Makarova et al.
2009). Thus, to date there is no obvious correlation between TA abundance and
organism lifestyle or virulence.

17.3 Role of Chromosomal Type II TA Systems and Possible
Implication in Virulence

To date, the biological role of chromosomal TA systems is still unclear and under
debate. Given their apparent dissemination by horizontal gene transfer, it has been
proposed that TA systems could in some cases be junk DNA conserved by virtue
of their intrinsic properties of addiction (Van Melderen 2010). Nevertheless, many
chromosomal TA systems are induced under stress conditions and some seem to
have important physiological functions, such as stabilization of genomic regions,
anti-addiction against similar plasmid-borne toxins, protection against phage
infection, biofilm formation, persistence, and control of the stress response (Van
Melderen 2010; Yamaguchi and Inouye 2011). Therefore, the presence of multiple
chromosomal TA systems in many bacteria suggests that these systems could
function as intricate cellular networks of reactive elements that facilitate adaptive
response to various environmental changes.

There is little or no evidence of a potential implication of TA systems in
virulence. However, several important pathogens including Yersinia pestis,
Streptococcus pneumoniae, Staphylococcus aureus, Pseudomonas aeruginosa,
Vibrio cholerae, Rickettsia felis, and M. tuberculosis encode functional TA sys-
tems (Goulard et al. 2010; Mutschler et al. 2011; Yoshizumi et al. 2009; Hood
et al. 2010; Wozniak and Waldor 2009; Audoly et al. 2011; Ramage et al. 2009).
Interestingly, the pezAT locus of S. pneumoniae is located in a pathogenicity island
and the PezT toxin was demonstrated to accelerate the progression of pneumo-
coccal infections in mice, suggesting a role in virulence (Mutschler et al. 2011). In
the case of V. cholerae, the mosAT TA locus was shown to promote the mainte-
nance of SXT, an integrative and conjugative element that confers resistance to
multiple antibiotics (Wozniak and Waldor 2009). In P. aeruginosa, the functional
Tse2 toxin is addressed to other bacteria via the type VI secretion system, sug-
gesting a potential role in biofilm formation, a key process in the chronic infection
of cystic fibrosis patients by this bacterium (Hood et al. 2010). Remarkably, a
recent study showed that VapC toxins from Rickettsia species could trigger
apoptotic response in human cells, implying that TA toxins could be directly
involved in virulence by poisoning host cells (Audoly et al. 2011).
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Several studies suggest that TA systems could be involved in the formation of
persisters, a phenomenon thought to be responsible for chronic infections (Lewis
2010). Persisters are specialized cells which constitute a subset of any bacterial
population and are phenotypically drug-tolerant due to a slowed metabolism
(Lewis 2010). Remarkably, the antitoxin gene mqsA is the most persistence-
induced gene in Escherichia coli (Shah et al. 2006). The MqsA antitoxin from E.
coli is known to antagonize the ribosome-independent RNase toxin MqsR and to
regulate other stress genes than the mqsRA operon, including the major stress
response regulator encoding gene rpoS (Wang et al. 2011). Consistent with the
idea that TA modules contribute to persistence, an E. coli strain deleted for 10 TA
loci was shown to produce reduced levels of persister cells (Maisonneuve et al.
2011). In M. tuberculosis, the causal agent of tuberculosis, a recent study of the
drug-tolerant persisters transcriptome revealed that in addition to a massive
shutdown of expression of the metabolic and biosynthetic pathways, a set of 10 TA
systems were significantly upregulated together with other genes potentially
involved in persisters formation (Keren et al. 2011). For this pathogen, persistence
in hypoxic macrophages is a key step in the infectious cycle. This phenomenon is
thought to be responsible for latent tuberculosis, an asymptomatic form of the
disease concerning one third of the human population according to the WHO,
which constitutes the major tuberculosis reservoir (www.who.int; Barry et al.
2009). The particularly high number of stress-responsive TA loci found in the M.
tuberculosis chromosome and the ability of toxins to slow down bacterial growth
raises the question of their implication in the setting up and/or the maintenance of
the persistent state.

17.4 The Multiple TA Systems of Mycobacterium tuberculosis

The M. tuberculosis H37Rv chromosome potentially contains 75 TA systems
(Fig. 17.1; Ramage et al. 2009; Gupta 2009; http://bioinfo-mml.sjtu.edu.cn/
TADB/index.php). As it is generally the case, these systems are not randomly
distributed across the M. tuberculosis chromosome but mostly clustered in hot spot
regions (Makarova et al. 2009). Six well described TA pair families are repre-
sented: vapBC (50 systems), mazEF (10 systems), yefM/yoeB (1 system), relBE (2
systems), higBA (3 systems), and parDE (2 systems), while 7 systems could not be
classified. A considerable subset of these TA systems (i.e., 63) has been experi-
mentally tested, essentially in the bacterial models E. coli and M. smegmatis, for
growth inhibition by the putative toxin and its neutralization by the putative
antitoxin. The results are summarized in Fig. 17.1 (Gupta 2009; Ramage et al.
2009; Huang and He 2010; Singh et al. 2010; Zhu et al. 2010; Ahidjo et al. 2011).
These studies identified a total of 37 TA systems that are functional in at least one
of the tested conditions. In this part, we will describe each TA family present in M.
tuberculosis, their mechanism of action and their potential implication in
persistence.
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17.4.1 The vapBC Family

The most abundant TA loci in M. tuberculosis are from the VapBC (Virulence
associated protein) family, characterized by a toxin with a PIN domain (homol-
ogous to PilT N-terminal domain). PIN domain proteins are found in all kingdoms
of life and are generally involved in mRNA metabolism (Arcus et al. 2011). VapC
toxins from diverse organisms, including M. tuberculosis VapC1, VapC2, VapC5,
VapC11, and VapC29, were shown to have ribonuclease activity in vitro (Miallau
et al. 2009; Ahidjo et al. 2011; Ramage et al. 2009), whereas M. tuberculosis

Fig. 17.1 Chromosomal map of M. tuberculosis H37Rv TA systems. Type II TA systems are
annotated according to the tuberculist database (http://tuberculist.epfl.ch/index.html) except from
VapBC49 (Rv2018-Rv2019), VapBC50 (Rv3181c-Rv3180c), VapBC51 (Rv3750c-Rv3749c),
HigBA2 (Rv2022c-Rv2021c), HigBA3 (Rv3182-Rv3183), YefM/YoeB (Rv3357-Rv3358) and
MazEF10 (Rv0298-Rv0299). For each system, the activity of the toxin is represented by colored
circles. The first circle from the left represents experiments performed in E. coli, the second in M.
smegmatis, and the third in M. tuberculosis; red color stands for ‘‘inhibition of growth’’, green for
‘‘no inhibition of growth’’ and white for ‘‘not tested’’. Systems that have never been tested
experimentally display no circle. The 10 most induced TA systems in drug-tolerant persister cells
are highlighted on dark gray background. The large genomic island containing TAC is depicted
as a wide orange line and TAC is indicated by an asterisk
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VapC4 toxicity seems to be due to stable RNA binding (Sharp et al. 2012).
Winther and Gerdes (2011) showed that two VapC from the entero-pathogenic
bacteria Shigella flexneri and Salmonella enterica are specific tRNAses that cleave
the initiator tRNA. Thus, VapC toxins appear to act by distinct mechanisms, all of
them targeting RNA.

The structure of the M. tuberculosis VapBC5 complex was solved and revealed
an asymmetric complex with a ratio of one antitoxin for one toxin (Miallau et al.
2009). Yet, the VapB5 antitoxin inhibits the toxin by a mechanism which seems to
be conserved, where the antitoxin prevents efficient binding of Mg2+ at the active
site of VapC (Miallau et al. 2009). The M. tuberculosis VapB antitoxins are
generally related to families of transcriptional regulators or DNA binding domains
already reported to be associated with VapC toxins (Makarova et al. 2009), i.e., 33
RHH, 8 Phd, 2 ArbR, and 1 MerR. Yet, 5 other VapB do not present any conserved
domain.

In M. tuberculosis several VapBC were activated in response to stresses
encountered during infection: hypoxia (VapBC15, VapBC7, and VapBC25) and in
IFN-c-stimulated murine bone marrow-derived macrophages (VapBC11, VapBC3,
and VapBC47) (Ramage et al. 2009). Moreover, VapBC3, VapBC31, and
VapBC50 were shown to be among the 10 TA systems the most upregulated in
drug-tolerant persisters, suggesting a possible role in this physiological state
(Keren et al. 2011). Remarkably, a recent study in the closely related bacterium M.
smegmatis revealed that its unique VapC toxin is an RNase involved in coupling
the rate of glycerol utilization to bacterial growth via post-transcriptional regu-
lation of genes involved in sugar transport (McKenzie et al. 2012). Therefore, it is
conceivable that the multiple stress-responsive VapBC present in the M. tuber-
culosis chromosome could act as global regulators of translation in response to
very diverse environmental stresses.

17.4.2 The mazEF Family

In E. coli, overexpression of the sequence-specific endoribonuclease MazF leads to
growth arrest via cleavage of almost all cellular mRNAs (Yamaguchi and Inouye
2011). The E. coli MazEF complex, in which the MazF toxin is inactive, is a linear
hetero-hexamer composed of a dimer of the MazE antitoxin symmetrically bound
to two MazF dimers (Blower et al. 2011). Many MazF specific cleavage sites have
been reported, for example E. coli MazF cleaves at ACA sequences (Zhang et al.
2005) and Bacillus subtilis MazF (EndoA) cleaves UACAU sequences (Park et al.
2011). From the 10 MazF family members present in M. tuberculosis, 7 were
shown to affect E. coli and/or M. smegmatis growth, 2 exhibited non-observable
phenotype, and one was never tested (Fig. 17.1; Ramage et al. 2009; Gupta 2009;
Zhu et al. 2006). It has been shown that MazF9 cleaves UAC sequences, MazF3
cleaves U rich regions (Zhu et al. 2006), MazF6 cleaves at UUCCU or CUCCU
sequences, and MazF4 at UCGCU (Zhu et al. 2008). Such differences in the size of
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the cleavage sites imply a variation in the cleavage frequency. This suggests that
recognition of 3 or 5 bases by MazF may not trigger the same type of response, the
first leading more likely to a global translation inhibition, whereas the latter,
having less frequent recognition sites, could regulate specific mRNAs in the cell.
In this case, differential activation of TA systems depending on environmental
conditions would lead to the appropriate adaptive response. In addition to mRNA
recognition, the E. coli MazF was further shown to generate specialized ribosomes
by cleavage of the 30 region of the 16S rRNA, which contains the anti-Shine-
Dalgarno sequence, and subsequently favor leaderless mRNAs translation (Vesper
et al. 2011). Such a mechanism would lead to an alternative translation pathway,
which could promote stress adaptation.

The expression of mazEF from E. coli was shown to be induced in various
stress conditions, including DNA damage, heat shock and oxidative stress in a
RelA dependent manner (Hazan et al. 2004). Similarly, M. tuberculosis MazF2 is
downregulated after four hours of nutrient starvation, whereas, MazF3 is upreg-
ulated during amino acid starvation in a relA deleted strain (Betts et al. 2002; Dahl
et al. 2003). These results suggest that mazEF modules from M. tuberculosis could
be involved in the stringent response to amino acid starvation.

The M. tuberculosis MazF9 toxin was shown to be neutralized by the non-
cognate antitoxins MazE6, VapB27, and VapB40 (Zhu et al. 2010). This is in
agreement with the very low conservation between the different MazEs from M.
tuberculosis (4–22 % of identity) and with the fact that VapB27 and VapB40 are
closer to the E. coli MazE than any other MazE present in M. tuberculosis. In
contrast, M. tuberculosis MazF toxins are well conserved with up to 46 %
sequence identity. Together, these intriguing findings suggest that complex and
fine-tuned cellular networks of toxin–antitoxin systems may exist in this pathogen.
Finally, it has been shown that the mycobacterial MazF4 toxin and DNA topoi-
somerase I interact and mutually inhibit each other (Huang and He 2010). Since
the DNA topoisomerase I gene is essential in M. tuberculosis (Sassetti et al. 2003),
this suggests that MazF4 could act by two alternative mechanisms to inhibit
mycobacterial growth.

17.4.3 The yefM/yoeB and relBE Families

The YefM/YoeB family, named after its E. coli member, was first described as
homologous of the Axe-Txe addiction system of the multi-drug resistance plasmid
pRUM of Enterococcus faecium (Grady and Hayes 2003). The YefM antitoxins
are homologous to Phd, the antitoxin of the Phd-Doc module of phage P1, whereas
the YoeB toxins belong to the RelE superfamily (Yamaguchi and Inouye 2011). In
M. tuberculosis, the TA modules Rv1247c-Rv1246c, Rv2865-Rv2866, and
Rv3357-Rv3358 are often referred to as RelBE1, RelBE2, and RelBE3, respec-
tively, since the toxins belong to the RelE superfamily. Yet, the RelBE3 protein
sequences are very close to those of the E. coli yefM/yoeB system (58 and 68 %

17 Toxin-Antitoxin Loci in Mycobacterium tuberculosis 301



sequence similarities on protein levels, respectively), with the mycobacterial
RelE3 toxin containing the conserved C-terminal histidine and tyrosine residues of
YoeB involved in RNase activity (Kamada and Hanaoka 2005). Therefore, in
contrast with relBE1 and 2, the relBE3 system clearly belongs to the yefM/yoeB
family and was thus renamed yefM/yoeB. In the cases of relBE1 and relBE2, even
if the antitoxins present YefM domains (PF02604), the toxins do not contain the
YoeB conserved residues and the original appellation was thus retained.

Both RelE and YoeB from E. coli are ribosome-dependent ribonucleases that
cleave mRNA at the ribosomal A site (Yamaguchi et al. 2011). Nevertheless,
despite sequence and structural homology, E. coli RelE and YoeB seem to act by
distinct mechanisms: RelE binds to the 30S subunit of 70S ribosomes and inhibits
translation elongation, whereas YoeB binds to the 50S subunit and inhibits
translation initiation (Yamaguchi et al. 2011). Gel filtration analyses of the M.
tuberculosis YefM-YoeB complex suggest a heterotrimeric complex, as it is the
case for the E. coli homologues (Kumar et al. 2008). The structure of M. tuber-
culosis YefM was solved and revealed a well-structured protein with a flexible C-
terminal domain which superimposes well with the E. coli YefM from the complex
structure (Kumar et al. 2008). As for YoeB, inactivation of E. coli RelE upon
binding to RelB seems to occur via a conformational shift in the catalytic site of
the toxin (Blower et al. 2011; Kamada and Hanaoka 2005). Both RelE and YoeB
exhibit a microbial RNase fold, called RelE-like fold, also shared by other RNase
toxins such as MqsR (Brown et al. 2009).

yefM/yoeB and the two relBE of M. tuberculosis were shown to be functional
bona fide TA systems in E. coli, M. smegmatis as well as in M. tuberculosis (Korch
et al. 2009; Singh et al. 2010). Yang and colleagues (2010) showed that there is
complex cross regulation between these three systems with different patterns of
cross interaction and thus of promoter regulation. For example, they showed that
YefM interacts only with its cognate toxin YoeB, whereas RelB1 and RelB2 are
able to interact with any of the RelE1, RelE2, or YoeB toxins. Moreover, YefM
can bind its promoter on its own, whereas RelB1 and RelB2 need to be part of the
TA complex, but not necessarily with their cognate toxin (Yang et al. 2010).

Interestingly, relBE2 is among the 10 most induced TA systems in M. tuber-
culosis persister cells (Keren et al. 2011). Transcriptional analyzes also revealed
that yefM/yoeB, relBE1, and relBE2 genes are all expressed during growth in broth
medium, whereas only relE1, relB2, and yoeB transcripts were detected in human
macrophages in late stages of infection (Korch et al. 2009). The relE1, relE2 and
yoeB genes were also shown to be upregulated in response to antibiotic treatment
and in lung tissues of infected mice (Singh et al. 2010). Remarkably, individual
overexpression of the three toxin genes led to increased levels of persisters after
antibiotic treatment, and deletion of relE2 or yoeB affected persisters formation by
4–9 fold, while relE1 deletion had no effect (Singh et al. 2010). However, single
mutant strains of each toxin were not affected in in vivo growth or survival,
indicating that they do not individually have direct roles in the infection (Singh
et al. 2010).
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17.4.4 The parDE Family

parDE was first identified on the broad-host-range plasmid RK2 as a stabilization
system (Roberts and Helinski 1992). The ParE toxin acts by inhibiting DNA
gyrase, thereby blocking DNA replication (Jiang et al. 2002). The crystal structure
of the ParDE1 complex from Caulobacter crescentus revealed a heterotetrameric
complex composed of two homodimers of toxin and antitoxin (Blower et al. 2011).
As C. crescentus ParD1, M. tuberculosis ParD1 is predicted to have an RHH DNA
binding domain, whereas ParD2 does not contain any conserved domains. With the
exception of the unclassified toxins (Fig. 17.1) it is thus likely that ParE1 and
ParE2 are the only toxins of M. tuberculosis that do not target RNA. Ectopic
expression of ParE2 inhibited both E. coli and M. smegmatis growth whereas
under the same conditions, ParE1 only affected E. coli growth (Ramage et al.
2009; Gupta 2009). So far, none of these systems were tested in M. tuberculosis.

17.4.5 Unclassified TA Modules

Among the 7 unclassified TA systems of M. tuberculosis, three were experimen-
tally tested and two were functional in M. smegmatis (Ramage et al. 2009;
Fig. 17.1). Four of these unclassified TA modules were identified as part of the 10
most induced TA systems in persister cells, but none of them have been tested for
TA functions (Keren et al. 2011; Fig. 17.1). Except from the Rv2653c-Rv2654c
system, all the unclassified modules contain conserved domains, and are paired
together as follows (NCD is for No Conserved Domain): SRPBCC-NCD (Rv0910-
Rv0909, Rv1546-Rv1545), GNAT-RHH (Rv0919-Rv0918), COG5654-Xre
(Rv1989c-Rv1990, Rv3189-Rv3188), and COG3832-ArsR (Rv2035-Rv2034).
The last three pairs of conserved domains have been predicted as putative TA
families by Makarova and colleagues (2009).

17.4.6 The higBA Family

The first higBA locus (host inhibition of growth) was found on the Rts1 plasmid of
Proteus vulgaris where it functions as an addiction module (Tian et al. 1996). The
HigB toxin from Rts1 plasmid was shown to act as a ribosome-dependent ribo-
nuclease with a mechanism distinct from RelE and YoeB, in which the toxin binds
the ribosome 50S subunit and cleaves at AAA sequences on the processing
mRNAs (Hurley and Woychik 2009). HigB1 and HigB2 from V. cholerae were
shown to have different, less specific cleavage patterns (Christensen-Dalsgaard and
Gerdes 2006). The HigA antitoxins present a C-terminal DNA binding domain
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from the HTH-Xre family, clearly visible in the crystal structure of E. coli HigA
(Arbing et al. 2010).

Inspection of TA systems in M. tuberculosis revealed that two systems pre-
dicted as relBE (http://bioinfo-mml.sjtu.edu.cn/TADB/) are in fact homologous of
the hitherto unique M. tuberculosis HigBA1 system, Rv1955-Rv1956, and were
thus herein renamed HigBA2 (Rv2022c-Rv2021c) and HigBA3 (Rv3182-
Rv3183). The three higBA loci of M. tuberculosis present homology with the
gp49-gp48 locus from linear prophage N15 of E. coli which consists of a RelE-like
toxin located upstream of an HTH Xre-domain containing antitoxin in the operon,
an organization characteristic of HigBA modules (Gerdes et al. 2005; Makarova
et al. 2009). While HigB2 has not been investigated yet, conditional expression of
the HigB3 toxin in M. smegmatis displayed no apparent inhibition of growth
(Fig. 17.1; Ramage et al. 2009). In contrast, HigB1 severely inhibited E. coli, M.
smegmatis and M. tuberculosis growth (Gupta 2009; Ramage et al. 2009; Fivian-
Hugues and Davis 2010). Remarkably, both higBA1 and higBA2 are among the 10
most upregulated TA systems in M. tuberculosis drug-tolerant persisters and are
part of a large genomic island comprising other genes potentially involved in
dormancy (Fig. 17.2a; Keren et al. 2011; Stinear et al. 2008). The higBA1 locus is
atypical in that it is part of an operon comprising two other genes: the upstream
Rv1954a gene of unknown function and the downstream Rv1957 gene encoding a
SecB-like molecular chaperone (Fig. 17.2b; Smollet et al. 2009; Bordes et al.
2011). The proposed mechanism of action and activation as well as the evolu-
tionary history of such novel tripartite toxin-antitoxin-chaperone, named TAC
system, are presented below.

Fig. 17.2 Genomic context of the M. tuberculosis TAC system. a To-scale representation of the
genomic island containing the TAC system, extending from the gene Rv1942 to the gene Rv2028.
TA loci are reported under the gene symbols colored in red for the toxin gene and blue for the
antitoxin gene. The chaperone encoding gene Rv1957 is colored in green. Genes with potential
implication in virulence are highlighted in light gray for the mce3 operon and in black for genes
belonging to the dormancy regulon. Genes encoding putative transposases are also shown. b To-
scale representation of the operon organization of the genes encoding the TAC system members:
higB (378 bp), higA (450 bp) and Rv1957 (576 bp). The promoters P1 and P2 are depicted, as
well as the Rv1954a gene of unknown function
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17.5 The Atypical Toxin-Antitoxin-Chaperone System
of Mycobacterium tuberculosis

The TAC system HigB1-HigA1-Rv1957 of M. tuberculosis is part of a genomic
island of approximately 80,760 bp (Stinear et al. 2008), which contains nine other
TA systems, including five vapBC, 2 mazEF, 1 unclassified, parDE1, and higBA2
(Fig. 17.2a). Among these, five are functional, and three are among the 10 most
induced TA systems in persister cells (Fig. 17.1; Keren et al. 2011). Noticeably, this
genomic island also contains potential pathogenicity determinants: one of the four
mce operons of M. tuberculosis, mce3, which contains genes thought to be involved
in lipid transport, as well as nine genes identified as being part of the dormancy
regulon (Fig. 17.2a; de la Paz Santangelo et al. 2009; Voskuil et al. 2003).

17.5.1 Chaperone-Mediated Control of HigB1
Activation Cascade

It was recently shown that both in E. coli and in mycobacteria, the strong inhibition
of growth induced by the mycobacterial toxin HigB1 from TAC is fully suppressed
by the concerted action of the HigA1 antitoxin and the SecB-like chaperone Rv1957
(Bordes et al. 2011). In this case, the chaperone directly interacts with the HigA1
antitoxin and efficiently protects it from both aggregation and degradation by
unknown protease(s) in vivo (Bordes et al. 2011). In agreement with such data,
single deletion of the antitoxin gene higA1 in M. tuberculosis is lethal (Fivian-
Hughes and Davis 2010), while disruption of Rv1957 alone exhibits a slow growth
phenotype most likely due to a reduced antitoxin activity (Sassetti et al. 2003).
These results indicate that the SecB-like chaperone Rv1957 indeed facilitates
folding of the antitoxin and its subsequent interaction with the toxin (Fig. 17.3a). On
the basis of these observations, it seems very likely that the HigB1 activation
cascade could be triggered either by a decrease in expression or by direct hijacking
of the chaperone at the post-translational level (see proposed model in Fig. 17.3b).

As stated above, Rv1957 shares significant sequence similarities with the export
chaperone SecB. In most Gram-negative bacteria, the homotetrameric chaperone
SecB binds non-native precursor proteins and specifically transfers them to the SecA
subunit of the Sec translocase, thus facilitating their export (Randall and Hardy
2002). Remarkably, the SecB-like chaperone Rv1957 from TAC functionally
replaces the chaperone SecB during protein export in E. coli (Bordes et al. 2011).
Furthermore, as observed for SecB, Rv1957 is a homotetrameric chaperone, thus
reinforcing the fact that both proteins might be evolutionarily related (Bordes et al.
2011). The presence of a well-defined outer membrane and a remarkably large
number of putative outer membrane proteins in M. tuberculosis suggests that this
bacterium could make use of a functional export chaperone under certain circum-
stances (Zuber et al. 2008; Niederweis et al. 2010). An attractive hypothesis is that the

17 Toxin-Antitoxin Loci in Mycobacterium tuberculosis 305



SecB-like chaperone represents an intimate link between export and activation of
stress-responsive toxin–antitoxin systems. In this case, the cytoplasmic accumula-
tion of precursor proteins or the synthesis of stress-specific preproteins could result in
recruitment of Rv1957 to assist their efficient targeting to the Sec translocon.
Increasing presecretory clients could compete with HigA1 for binding to the chap-
erone, thus facilitating degradation of the free antitoxin and the subsequent activation
of the toxin until normal conditions resume (see proposed model in Fig. 17.3b). Yet,
how the mycobacterial SecB-like chaperone responds to stress and controls the
HigB1 toxin activation cascade, and to what extent such activation is important for
M. tuberculosis virulence and pathogenesis are so far unresolved questions.

17.5.2 Stress Regulation of the TAC Operon

A number of experimental evidences point toward a role for TAC in M. tuber-
culosis stress adaptive response. Indeed, it has been shown that transcription of the
higB1-higA1-Rv1957 operon is induced by several relevant stress conditions

Fig. 17.3 Proposed model for TAC function in M. tuberculosis. a Under permissive conditions,
the chaperone (C, green) interacts early with the nascent antitoxin (A, blue), protecting it from both
aggregation and degradation by unknown protease(s). The chaperone-bound antitoxin is then
competent for toxin (T, red) binding and neutralization. Yet, it is not known whether the chaperone
Rv1957 is part of the inactive TA complex or not. As shown at the bottom of the figure, the growth
of an E. coli strain expressing the three TAC partners (TAC) in a spot test experiment (dilutions
10-3–10-7) was not affected. b Specific stress conditions could induce a decrease in chaperone
level or availability, rapidly resulting in antitoxin degradation and subsequent toxin activation (see
text for details). Note that previous results suggest that aggregation may not be physiologically
relevant in the presence of active degradation, hence the dotted arrow. A spot test experiment
showing the growth inhibition of E. coli expressing higB-higA without chaperone (TA) is shown at
the bottom of the figure (adapted from Bordes et al. 2011)

306 A. Sala et al.



including DNA damage (Smollett et al. 2009), heat shock (Stewart et al. 2002),
nutrient starvation (Betts et al. 2002), hypoxia (Ramage et al. 2009), drug per-
sistence (Keren et al. 2011), and in host phagocytes (Tailleux et al. 2008).

The TAC operon is under the control of two promoters identified by 5’-RACE
(Smollet et al. 2009): higBP1 located 51 nucleotides upstream of the start codon of
higB, thus controlling the expression of higB1-higA1-Rv1957, and the more distal
promoter higBP2 located 29 nucleotides upstream of the ATG start codon of the
upstream Rv1954a gene of unknown function, to control the whole operon
(Fig. 17.2b). The DNA damage inducible P1 promoter possesses a RecA-NDp
motif characteristic of LexA/RecA-independent genes in M. tuberculosis (Smollett
et al. 2009). Interestingly, the Clp protease gene regulator (ClpR) Rv2745c of M.
tuberculosis was shown to specifically bind the conserved RecA-NDp motif of
several DNA repair genes and to activate transcription of clpC1 and clpP1P2
protease genes as well (Sherrid et al. 2010, Estorninho et al. 2010). These results
suggest that ClpR could be part of the regulatory network that controls TAC
activation via degradation of the antitoxin (see below). Noticeably, such a
mechanism could be of particular interest since in many cases, stress conditions
that induce ClpR expression in M. tuberculosis often induce higB (Rustad et al.
2008; Mehra et al. 2010).

As with most TA loci, TAC is autorepressed and this is likely to occur via the
binding of HigA1 to a palindromic motif overlapping the -35 element of the
higBP2 promoter (Fivian-Hugues and Davis 2010). Yet, it is not established
whether HigB1 and/or Rv1957 also participate in this process. The activity of
HigA as a global transcriptional regulator was also investigated. Microarray
analysis of the DTAC mutant revealed that the fadB, Rv3173c, and Rv3662c genes
might be directly or indirectly activated by HigA (Fivian-Hugues and Davis 2010).
In addition, a one-hybrid reporter system showed that HigA was able to interact
specifically with the promoter region of gene clusters containing stress response
genes whiB7, rubA, rubB, and fatty acid metabolism genes echA20, fadE28,
fadE29, ufaA2, and fad26 (Guo et al. 2009). Finally, ChIP-Seq analysis using
FLAG-tagged HigA expressed in M. tuberculosis H37Rv revealed 30 potential
HigA binding sites in intergenic regions, including the promoter region of higBP2
and another HigBA locus, higBA3 (http://genome.tbdb.org/annotation/genome/
tbdb/RegulatoryNetwork.html). Taken together, these data suggest that as for
MqsA in E. coli (Wang et al. 2011), HigA could specifically regulate targets other
than its own operon and thus be part of a network of stress-associated regulons
involved in M. tuberculosis pathogenesis.

17.5.3 Role of Proteases in TAC Activation

Classical type II toxins are activated following degradation of their cognate
antitoxins by stress proteases Lon and/or Clp (Gerdes et al. 2005). However, in the
case of TAC, the additional presence of a SecB-like chaperone that assists the
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antitoxin suggests a more competitive mode of regulation (Fig. 17.3). One of the
main questions is thus how the HigB toxin is activated and to what extent stress
proteases are involved. Previous work showed that in the absence of the chaper-
one, the HigA antitoxin was hardly detected in cell extracts, indicating that
depletion of the chaperone triggers antitoxin degradation, even in the absence of
activating stress conditions (Bordes et al. 2011).

The major stress protease families present in M. tuberculosis significantly differ
from those of E. coli. The most striking difference is that M. tuberculosis possesses
a 20S proteasome-like degradation machinery to which proteins are addressed by
addition of an ubiquitine-like tag called Pup (Prokaryotic ubiquitin-like protein),
giving the name of ‘‘Pupylation’’ to this pathway (Pearce et al. 2008). Yet, no
evidence for a role of the proteasome in controlling TA activation has been
described and none of the TAC components appeared to be pupylated (Poulsen
et al. 2010), thus suggesting that the proteasome may not be involved in this case.

In contrast with E. coli, M. tuberculosis and closely related species do not have
the AAA+ proteases Lon or ClpYQ. However, they do have two clpP genes, clpP1
and clpP2, encoding the proteolytic subunit, and three ClpP-associated regulatory
subunits encoding genes, clpX, clpC1, and clpC2, involved in substrate binding
and specificity (Ribeiro-Guimaraes and Pessolani 2007). Remarkably, as for higA1
and higB1, the clpC2 gene is strongly induced in drug-tolerant persisters from M.
tuberculosis (Keren et al. 2011), suggesting that ClpC2ClpP AAA+ stress protease
could participate in antitoxin degradation upon chaperone depletion or hijacking,
as proposed (Fig. 17.2b). Yet, the understanding of the underlying mechanism will
first require the identification of such protease(s) involved in the degradation of the
HigA1 antitoxin.

17.5.4 Evolutionary Analysis of TAC Systems

In order to study the evolutionary history of the M. tuberculosis TAC system and to
analyze the occurrence of such system in the taxonomy, we searched for similar
systems using iterative BLASTp, on the basis of sequence similarity and conserved
organization and size. Rapidly, we noticed that sequence similarities were often
weak (e-value around 10-03). Nevertheless, when the organization and size criteria
were filled and when at least two of the three partners showed even weak sequence
similarities, the genes were then annotated as a putative TAC system. This
approach allowed us to identify 50 putative TAC systems in both the complete and
in progress genomes available in the NCBI database (http://
www.ncbi.nlm.nih.gov/; Table 17.1). TAC systems are distributed in six phyla:
Proteobacteria, Firmicutes, Actinobacteria, Thermotogae, Verrumicrobia, and
Synergistetes. Strains containing TAC systems are always in the minority when
analyzing phyla, except in Thermotogae. This wide and sparse pattern of distri-
bution through the taxonomy cannot be easily explained by events of vertical
transfer and loss, but rather suggests that the TAC systems were acquired by
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horizontal gene transfer. This is in agreement with TAC localization on a large
genomic island in strains from the M. tuberculosis complex (Fig. 17.2a). More-
over, 4 TAC systems are plasmid-borne and thus potentially involved in plasmid
stability (Table 17.1). Given these observations, the evolutionary history of TAC
systems is likely to be highly complex and largely mediated by mobile genetic
elements (manuscript in preparation).

Table 17.1 Taxonomic repartition of TAC systems

For each identified TAC system the locus tag of each gene is given (T/A/C) as well as the
corresponding EMBL genome reference. The codes shown in bold characters indicate that TAC
is present on a plasmid. Asterisks designate known pathogenic bacteria
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We explored existing links between solitary SecB and chaperones from TAC
and found that all TAC chaperones present significant homology links with the
SecB chaperone family (Pfam02556; http://pfam.sanger.ac.uk). In addition, we
noticed that in some d-proteobacteria TAC chaperones were very similar to the
known SecB consensus and were already annotated as SecB on these genomes
(manuscript in preparation). Taken together, these observations further confirm the
evolutionarily link between the SecB and TAC chaperones.

We also classified the TAC antitoxins according to their sequence similarity and
found that three well-defined antitoxin families could be associated with SecB-like
chaperones, namely HigA, MqsA, and HicB (manuscript in preparation). Inter-
estingly, all the TA systems associated with a SecB-like chaperone identified to
date present an unusual genetic organization with the toxin gene being upstream of
the antitoxin gene in the operon. This organization is thought to be unfavorable to
the formation of a ‘‘protective’’ TA complex since the stable toxin is synthesized
before the unstable and protease-sensitive antitoxin. In the case of TAC, the
dedicated chaperone could maintain a pool of native antitoxin protected from
proteolysis as part of the antitoxin-chaperone complex and thus competent for the
neutralization of the toxin as soon as it emerges from the ribosome.

17.6 Concluding Remarks

The remarkable prevalence of multiple chromosomally encoded type II TA sys-
tems in bacterial genomes raises questions about their role in cell physiology. The
fact that many TA systems respond to stress conditions encountered during the
infection process and that expression of toxins often leads to persistence phe-
nomena alludes to possible roles in bacterial virulence. Remarkably, one of the
main features of M. tuberculosis pathogenesis is its ability to persist long term in
the host granulomas in a non-replicating and drug-tolerant state, and later awaken
to cause disease. The presence of at least 75 TA systems in its chromosome, of
which 37 appear to be functional in vivo (Fig. 17.1), suggests that such intricate
networks of stress-responsive elements could indeed participate in M. tuberculosis
virulence and thus represent potentially promising new drug targets. Further
studies are clearly warranted to address such fundamental questions.
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