Chapter 14
Higher-Order Structure in Bacterial VapBC
Toxin-Antitoxin Complexes

Kirstine L. Bendtsen and Ditlev E. Brodersen

Abstract Toxin-antitoxin systems are widespread in the bacterial kingdom, includ-
ing in pathogenic species, where they allow rapid adaptation to changing environ-
mental conditions through selective inhibition of key cellular processes, such as
DNA replication or protein translation. Under normal growth conditions, type II
toxins are inhibited through tight protein-protein interaction with a cognate anti-
toxin protein. This toxin-antitoxin complex associates into a higher-order macromo-
lecular structure, typically heterotetrameric or heterooctameric, exposing two DNA
binding domains on the antitoxin that allow auto-regulation of transcription by
direct binding to promoter DNA. In this chapter, we review our current understand-
ing of the structural characteristics of type II toxin-antitoxin complexes in bacterial
cells, with a special emphasis on the staggering variety of higher-order architecture
observed among members of the VapBC family. This structural variety is a result of
poor conservation at the primary sequence level and likely to have significant and
functional implications on the way toxin-antitoxin expression is regulated.

Keywords DNA-binding protein ¢ Ribonuclease ®* RNA-binding protein ¢ Toxin-
antitoxin ¢ Transcriptional regulation

14.1 Introduction

Toxin-antitoxin (TA) systems are characterised by being non-essential for normal
growth of bacterial cells, but essential for survival during stress, where they provide
a means of rapid adaptation via an adjustment of the overall metabolic rate. Stress
conditions include changes in humidity, temperature, nutrient supply, oxidative
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state, the presence of antibiotics and bacteriophages or other competing organisms
(Hayes 2003; Sat et al. 2003; Hazan et al. 2004; Sat et al. 2001; Hazan and
Engelberg-Kulka 2004). TA systems are widespread in both bacteria and archaea
and are often found in large numbers, a surprising fact given the small size of most
prokaryotic genomes (Pandey and Gerdes 2005; Sevin and Barloy-Hubler 2007,
Makarova et al. 2009). Free-living prokaryotes appear to contain an especially large
number of TA systems, whereas obligate intracellular prokaryotes contain few or
even no TA systems (Pandey and Gerdes 2005; Sevin and Barloy-Hubler 2007;
Makarova et al. 2009). First discovered in the 1980s as loci that conferred plasmid
maintenance (Gerdes et al. 1986b; Ogura and Hiraga 1983), TA systems were later
identified also on chromosomes of free-living prokaryotes (Masuda et al. 1993;
Gerdes 2000), and in the genomes of obligate intracellular organisms (Ogata et al.
2005). TA systems are characterised by two components, a stable toxin and an
unstable antitoxin that inhibits the toxin under normal cellular conditions by a range
of different mechanisms (Pandey and Gerdes 2005; Gerdes et al. 2005; Van Melderen
and Saavedra De Bast 2009). During cellular stress, the antitoxin is inactivated, in
some cases by proteases, releasing the active toxin. Once activated, toxins inhibit
essential cellular processes, including DNA replication, protein synthesis, peptido-
glycan formation and cell division, but the full range of targets has not yet been
elucidated as many putative TA systems remain functionally uncharacterised
(Gerdes et al. 2005; Unterholzner et al. 2013).

The overall physiological roles of TA systems range widely, from plasmid main-
tenance, programmed cell death, and stress-response, to the formation of persister
cells (Magnuson 2007). The ccdAB locus was initially identified on the mini-F
plasmid of Escherichia coli as a segment promoting plasmid maintenance during
cell division (Ogura and Hiraga 1983). Shortly after, other TA systems with similar
functions were identified and the observed function was coined post-segregational
killing (Gerdes et al. 1986b; Jaffe et al. 1985). According to this principle, daughter
cells stochastically receive either a plasmid containing the TA system during cell
division, or not. In daughter cells without plasmid, toxin and antitoxin molecules
will still be present, but will not be replenished. Therefore, due to the instability of
the antitoxin, toxin molecules will gradually be released and activated, resulting in
cell death (Van Melderen and Saavedra De Bast 2009). Consequently, plasmids con-
taining the TA system (TA+) are able to outcompete plasmids devoid of the TA
system (TA-), since a loss of the TA+ plasmid will lead to cell death (Van Melderen
and Saavedra De Bast 2009). A similar function was described for some chromosome-
encoded TA systems and termed programmed cell death (Arcus et al. 2011). In this
situation, a population of cells is believed to benefit from suicide of a specific
subpopulation by activation of the toxin (Yarmolinsky 1995; Jensen and Gerdes
1995). For example, the E. coli MazEF system (Aizenman et al. 1996) was shown to
play a part in mediating programmed cell death under a variety of stress conditions,
such as phage infection, high temperature, DNA damage, oxidative stress, and the
presence of antibiotics (Hazan and Engelberg-Kulka 2004; Hazan et al. 2004; Sat
et al. 2001). However, other studies have found that the MazF toxin improves
survival of cells by inducing a static condition where cells are viable, but unable to
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proliferate during unfavourable conditions. This bacteriostatic effect (as opposed to
bactericidal) is reversible and can be relieved upon expression of MazE antitoxin at
any later time (Pedersen et al. 2002). TA systems have also been suggested to act as
quality control elements at the post-translational level: Under conditions of limited
growth, a cell can save energy by optimising its gene expression quality so only
functional transcripts are expressed (Makarova et al. 2009). Both the E. coli RelBE
and MazEF TA systems have been shown to inhibit translation by cleavage of mRNA
during nutritional stress and could thus be thought of as quality control factors (Van
Melderen and Saavedra De Bast 2009; Gerdes and Wagner 2007; Hayes 2003).

Finally, it has recently become clear that TA systems likely play a role in the
formation of bacterial persister cells. Persister cells are a subset of a bacterial popu-
lation that have entered a dormant state and remain viable after treatment with e.g.
antibiotics (Dorr et al. 2010; Brantl and Jahn 2015; Wang and Wood 2011).
Characteristic of persister cells is that they do not acquire inheritable resistance and
revert to normal growing cells upon further culturing in absence of the selective pres-
sure (Singh et al. 2009). The detailed mechanism of persister cell formation remains
somewhat of an enigma, but it has been suggested that TA systems play an important
role by down-regulating essential metabolic functions during stress, which could
cause a dormant state (Wang and Wood 2011). The first TA system to be implicated
in persister cell formation was the E. coli HipBA system (Keren et al. 2004), where
overexpression of the HipA toxin can be shown to correlate with increased persister
cell formation and, conversely, deletion of the entire HipBA locus leads to a decrease
in persister cell formation. Since this discovery, numerous other TA systems have
been associated with persister cell formation, including TisAB, MqsRA, RelBE,
HigAB, MazEF, DinJ-YafQ, and YefM-YoeB (Kim and Wood 2010; Dorr et al. 2010;
Wang and Wood 2011; Lewis 2010; Brantl and Jahn 2015).

14.2 Functional and Genetic Organisation of TA Systems

A TA system is defined by the presence of both a toxin and an antitoxin component,
and the group has been subdivided into six distinct types (I-VI) based on the nature
of the antitoxin, which can be either RNA (types I and III) or protein (types I, IV,
V and VI), and the mode of action of the toxin, which is always protein (Fig. 14.1)
(Unterholzner et al. 2013; Pandey and Gerdes 2005). By definition, the antitoxin
blocks the cellular function of the toxin under normal growth conditions in what is
called the inhibited state. The toxin and antitoxin are often encoded in a bicistronic
locus, nearly always with the antitoxin preceding the toxin and under the control of
a unique TA promoter. This genetic organisation presumably ensures a high
antitoxin:toxin ratio and a solid inhibition of the toxin under normal growth condi-
tions (Pandey and Gerdes 2005). Finally, the antitoxin often regulates the transcrip-
tion from the TA operon by binding directly to the promoter region at a
pseudo-palindromic site, which provides a means of auto-regulating TA levels in the
cell for any given locus (see Fig. 14.1 for an overview). In the following, we will
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Fig. 14.1 Overview of the six types of TA systems found in bacteria. In all cases, the toxin (7)
and antitoxin (A) are expressed from a common promoter (P), but in some cases (type III) inter-
rupted by a terminator (7m). Type I. The T'and A transcripts are partly complementary and base-pair
in the inhibited state. Upon degradation of the A transcript, 7 is expressed and forms a membrane
pore. Type II. Both 7"and A are expressed as proteins which form a tight complex in the inhibited
state that regulates transcription through operator binding. Upon degradation of A, T'is released and
is active as an RNA endonuclease with specific cellular targets. Type IIL The A transcript consists
of a number of repeats and is expressed as RNA only. 7 is expressed as a protein which binds to the
repeats of the A RNA in the inhibited state. The activated 7" is an RNase capable of degrading A.
Type IV. Both 7 and A are expressed as proteins as in Type II, however, A functions by binding to
the target of 7"in the inhibited state, thus preventing toxin action (red cross). Upon degradation of A,
T becomes active and can bind its target. Type V. During the inhibited state, A is expressed as a
protein that is able to cleave the T transcript. During stress, 7 is expressed and forms a membrane
pore like in Type I. Type VI. Both 7"and A are expressed as proteins as in Type II, but A has the abil-
ity to guide 7 to the cellular protein degradation machinery, thus inactivating the toxin by promoting
its degradation. When A is not active, 7 is not degraded and can exert its function as a toxin



14 Higher-Order Structure in Bacterial VapBC Toxin-Antitoxin Complexes 385

describe the characteristics of each type of TA system, highlighting in each case the
regulation and function of the active toxin.

Type I TA Systems In type I TA systems, transcription of the antitoxin results in a
small antisense RNA, which is complementary to a part of the toxin mRNA. Under
normal growth conditions, the antitoxin transcript anneals to the toxin mRNA,
resulting in a very stable dsSRNA complex that is readily degraded, thus preventing
expression of the toxin (Fig. 14.1, Type I) (Fozo et al. 2008a; Gerdes and Wagner
2007; Fozo et al. 2008b). The toxin protein product is often a small, hydrophobic
polypeptide that folds into a single o-helix which locates to the inner cell mem-
brane. The transmembrane helix then polymerises, forming a pore that destroys the
membrane potential and inhibits ATP synthesis (Fozo et al. 2008a; Fozo et al.
2008b; Yamaguchi et al. 2011). The Hok-Sok system was the first type I TA system
to be characterised, identified in 1986 in a screen for plasmid-stabilising genes
(Gerdes et al. 1986a). The hok-sok locus contains three genes: hok, mok, and sok,
with sok in the antisense direction preceding the hok open reading frame. Translation
of the gene encoding the toxin, Aok, results in production of a 52-residue transmem-
brane polypeptide that irreversibly damages the cell membrane through loss of the
membrane potential. The mok open reading frame overlaps with both sok and hok
and is required for translation of hok, while the sok gene specifies a small antisense
RNA that blocks translation of mok, thereby indirectly inhibiting hok translation
(Gerdes et al. 1986a; Thisted and Gerdes 1992). During normal growth, the sok
antisense RNA, which is transcribed from a downstream promoter on the reverse
strand, is expressed in excess over toxin mRNA and therefore inhibits its translation
by formation of a dSRNA complex, which is rapidly degraded by RNase III (Gerdes
et al. 1990; Gerdes et al. 1992). However, the sok transcript is unstable and when
degraded, the hok mRNA is translated producing the toxin protein product. Several
other type I loci have since been discovered, including rdID-ldrA (Kawano et al.
2002), symR-symE (Kawano et al. 2007), and istR-tisB (Vogel et al. 2004). Due to
their small size, type I TA systems are very difficult to identify and their distribution
in the bacterial kingdom is therefore not known in detail.

Type II TA Systems The type II TA systems are by far the most well-characterised
and most abundant in prokaryotes (Pandey and Gerdes 2005; Sevin and Barloy-
Hubler 2007; Makarova et al. 2009). In type II systems, both toxin and antitoxin are
proteins and form a tight complex under normal growth conditions thereby keeping
the toxin inactive (Fig. 14.1, Type II). At the genomic level, the TA genes are
arranged in a bicistronic operon, usually with the antitoxin gene preceding the toxin
gene. An exception to this rule is the higAB and hicAB families, where the toxin
precedes the antitoxin (Tian et al. 1996a; Jorgensen et al. 2009; Makarova et al.
2006). In operons where the antitoxin gene precedes the toxin gene, overlaps of 14
base pairs between the open reading frames of the antitoxin and toxin are common,
reflecting a translational coupling that presumably helps secure a stable 1:1 expres-
sion ratio of the proteins (Pandey and Gerdes 2005). The operon is tightly controlled
by negative auto-regulation of transcription via a DNA-binding domain on the anti-
toxin (Gerdes et al. 1986a), except for the w-e-{ and paaR-paaA-parE families,
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which are three-component systems for which the additional o (or PaaR, respec-
tively) protein is the transcriptional repressor (de la Hoz et al. 2000; Hallez et al.
2010). The antitoxin binds to the promoter region of the operon either in complex
with the toxin or alone, and both toxin and DNA binding stabilises the antitoxin,
which is otherwise disordered and prone to proteolysis (Hayes 2003). The type II
TA complex often binds to the promoter region more tightly than the isolated anti-
toxin, and in these cases the toxin is a co-repressor of its own transcription (Gerdes
et al. 2005). During stress, the antitoxin is degraded by cellular proteases and the
toxin is released and activated (Gerdes et al. 2005; Yamaguchi et al. 2011;
Unterholzner et al. 2013; Tian et al. 1996b). The type II TA systems have been sub-
divided into families (VapBC, CcdAB, MazEF, Phd/Doc, ParDE, HigAB, RelBE,
HipBA, HicAB and w-e-{) based on the mode of action of the toxin as well as con-
served structural domains (Pandey and Gerdes 2005; Ogura and Hiraga 1983;
Masuda et al. 1993; Lehnherr et al. 1993; Roberts et al. 1994; Tian et al. 1996b;
Gotfredsen and Gerdes 1998; Black et al. 1991; de la Hoz et al. 2000; Jorgensen
et al. 2009).

Type III TA Systems For type III TA systems, the antitoxin gene is expressed as
an RNA that directly binds and inhibits the toxin protein (Fig. 14.1, Type III). At the
genomic level, the operon is bicistronic with the antitoxin gene, which consists of a
tandem array of direct repeats, preceding the toxin gene. Two short, inverted repeats
are located between the two genes where they function as transcriptional termina-
tors to regulate the relative amounts of antitoxin and toxin RNA (Fineran et al.
2009). Binding of antitoxin RNA to the toxin protein results in the formation of a
heterohexameric complex consisting of three toxin proteins and three antitoxin
RNAs (Unterholzner et al. 2013). The free toxin is an active RNase targeting the
bicistronic TA mRNA at the sites of the direct repeats, thus abolishing the function
of the antitoxin (Blower et al. 2012). The first characterised type III system was
ToxIN from the Pectobacterium carotovoum plasmid pECA1039 (Fineran et al.
2009). Recent studies have shown that the 125 type III TA systems identified to date
can be assigned to three families based on sequence similarity, ToxIN, CptIN, and
TenpIN (Blower et al. 2012).

Type IV TA Systems For type IV TA systems, the antitoxin is a protein that sup-
presses the toxicity of the toxin by functioning as an antagonist that blocks the
toxin’s target (Fig. 14.1, Type IV) (Masuda et al. 2012a). At the genomic level, the
two proteins are expressed from a single operon where the antitoxin precedes the
toxin. At the protein level, the antitoxin does not interfere with the toxin, but binds
directly to the target of it, thereby preventing binding of the toxin. Only two type IV
TA systems are known, E. coli yeeU-cbtA and Streptococcus agalactiae abiFEi-
abiEii (Masuda et al. 2012b; Dy et al. 2014). In the yeeU-cbtA system, the genes are
separated by 89 base pairs in the bicistronic operon, which might play a role in
protein expression. The toxin, CbtA, targets cell division and morphology by inhib-
iting polymerisation of the proteins MreB and FtsZ (Masuda et al. 2012a), homo-
logues of the eukaryotic cytoskeleton proteins, actin and tubulin (van den Ent et al.
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2001; Erickson 1997). The antitoxin, YeeU, acts as an antagonist of CbtA by bind-
ing MreB and FtsZ, enhancing their polymerisation, thus counteracting the effect of
CbtA (Masuda et al. 2012a). In the abiEi-abiEii system, the two genes overlap by
four base pairs at the 5’-end of the abiEii, reflecting translational coupling. The
toxin, AbiFEii, is a GTP-specific NTase that transfers a nucleotide to a yet unknown
target, resulting in growth inhibition (Dy et al. 2014). The antitoxin, AbiEi, nega-
tively auto-regulates transcription via binding to operator DNA and counteracts the
toxicity of the toxin, probably by interfering with the toxin target. However, the
exact mechanism of how AbiEi inhibits AbiFEii is still unclear and the designation of
the TA system as type IV is thus somewhat tentative (Dy et al. 2014).

Type V TA Systems In type V TA systems, the antitoxin is a protein that masks the
toxicity of the toxin by cleaving its mRNA (Fig. 14.1, Type V). To date only one
type V TA system has been identified, namely E. coli ghoS-ghoT (Wang et al. 2012).
At the genomic level, the antitoxin and the toxin are encoded by a single operon,
again with the antitoxin preceding the toxin, and a distance of 27 base pairs between
the open reading frames in the case of ghoS-ghoT. The protein products are the
antitoxin GhoS and the toxin GhoT for which the antitoxin is a small protein with
sequence-specific endoribonuclease activity related to the CAS2 CRISPR RNase
family. GhoS directly targets the GhoT mRNA, thus preventing translation (Wang
et al. 2012). Unusually, however, the GhoS antitoxin is stable and remains in the cell
during stressful periods and moreover, the antitoxin does not regulate its own tran-
scription through DNA binding (Wang et al. 2012). The toxin is a small (57 resi-
dues), hydrophobic protein with two transmembrane regions (Hofmann and Stoffel
1993) that causes persistence and ghost cell formation by disrupting the membrane,
upon activation, hence the name (Wang et al. 2012).

Type VI TA Systems A putative type VI TA system has been described relatively
recently in which the antitoxin is a protein that promotes the degradation of the
toxin (Fig. 14.1, Type VI) (Aakre et al. 2013; Markovski and Wickner 2013). To
date, only one type VI TA system has been identified, namely Caulobacter crescen-
tus socAB. At the genomic level, the two proteins are expressed from a single operon
where the antitoxin precedes the toxin. At the protein level, the unstable toxin,
SocB, is constitutively degraded by the ClpXP protease by a mechanism where the
antitoxin, SocA, acts as a proteolytical adaptor by bringing the toxin to the protease.
During stress, when the toxin protein is not degraded, it functions to disrupt DNA
replication elongation by binding to the f-sliding clamp of DNA polymerase and
thereby outcompeting the other clamp-binding proteins.

TA TA loci, even of different types, tend to cluster in the bacterial genomes, prob-
ably reflecting a tendency towards horizontal gene transfer and intra-genomic
recombination, and for this reason they are generally considered mobile genetic
elements (Pandey and Gerdes 2005; Sevin and Barloy-Hubler 2007). Genome-wide
prediction of TA loci has further suggested that some bacteria contain toxin genes
that are located in proximity to unrelated antitoxins (Gerdes et al. 2005; Hayes
2003). Furthermore, some toxins (including RelE, VapC, and MazF) have also been
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found as solitary genes, not accompanied by antitoxins (Pandey and Gerdes 2005).
Some organisms, including major pathogens, have been found to contain a surpris-
ingly large number of TA systems in their genomes (Pandey and Gerdes 2005; Sevin
and Barloy-Hubler 2007; Makarova et al. 2009). This is particularly true for
Mycobacterium tuberculosis, which harbours at least 88 TA systems (Ramage et al.
2009), and E. coli K12, which has at least 33 known TA systems (Yamaguchi et al.
2011). On the other hand, there are also prokaryotes that have few or even no TA
systems. For instance M. smegmatis, a non-pathogenic Mycobacterium species
related to M. tuberculosis, only harbours three identified TA systems (Pandey and
Gerdes 2005; Robson et al. 2009). It is still debated what the benefits of such a high
number of TA systems are and several studies have investigated possible correla-
tions between a large number of loci and various phenotypic features, such as life
style, phylum, growth rate, cell shape, respiratory system, GC content, presence of
one or several replicons, generation time, and genome size, but no correlation has
been found yet (Pandey and Gerdes 2005; Sevin and Barloy-Hubler 2007). As men-
tioned above, a link between TA loci and the ability to form persister cells, which
are critical to pathogenicity, is currently being investigated. Presumably, a large
number of TA loci would be particularly important for pathogenic species that have
to survive in a challenging host-pathogen environment. It is possible that the
plethora of toxins allow pathogenic bacteria to specifically target several cellular
pathways at the same time and thus allow for a greater variety in adaption to stress-
ful situations. Finally, it is worth noting that the cellular levels of both toxins and
antitoxins are kept at stable steady-state levels during normal growth, which allows
cells to very quickly respond to environmental changes through toxin activation,
also under conditions where gene expression is slow or inhibited.

14.3 Structural Hierarchy of the VapBC TA Systems

The VapBC (Virulence associated proteins B and C) system constitutes the largest
subgroup of the type II TA systems (Pandey and Gerdes 2005), and vapBC loci are
found in surprisingly large numbers in some prokaryotes and archaea. For example,
M. tuberculosis contains at least 47 vapBC loci and these loci have also been found
in large numbers in most hyper thermophilic archaea (Pandey and Gerdes 2005;
Sevin and Barloy-Hubler 2007). The specific, biological advantage of having so
many homologous loci is presently unknown, but it is possible that it allows organ-
isms to deliver a very fine-grained response towards external stress conditions, like
antibiotic pressure or the immune system of a host organism in the case of human
pathogens. The vapBC operon is an archetypical type II TA system, and as such
bicistronic at the genomic level, with the vapB antitoxin gene preceding the vapC
toxin gene, allowing expression levels of the antitoxin to exceed those of the toxin
(Gerdes et al. 2005) (Fig. 14.1, Type II). During normal growth conditions, the
VapC and VapB proteins form a tight protein complex, in which the VapB antitoxin
wraps its C-terminal tail around and inhibits VapC (Gerdes et al. 2005). This
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inhibited VapBC complex negatively auto-regulates transcription of the operon by
binding directly to the promoter region using a DNA-binding domain located in the
N-terminus of VapB (Gerdes et al. 2005; Wilbur et al. 2005; Robson et al. 2009).
During cellular stress, the labile and highly flexible VapB antitoxin is degraded,
releasing the active VapC. Due to the high prevalence of vapBC loci in pathogenic
bacteria and the prospects of understanding human infectious diseases at the molec-
ular level, a lot of research has recently gone into deciphering the molecular archi-
tecture and mechanisms of the VapBC TA systems. To date, crystal structures of
seven distinct VapBC-type complexes have been determined, and together these
highlight the great structural diversity of the family (Mattison et al. 2006; Miallau
et al. 2009; Dienemann et al. 2011; Mate et al. 2012; Min et al. 2012; Das et al.
2014; Lee et al. 2015) (Table 14.1).

The VapC Toxin All VapC toxins belong to the conserved PIN (PilT N-terminal
domain) domain family, which is a relatively small (app. 130 residues), compact
domain with bona fide Mg*/Mn**-dependent endoribonuclease activity (Arcus
et al. 2011; Levin et al. 2004). PIN domains are found in all domains of life and are
involved in cleavage of a range of specific RNA targets in both sequence and struc-
ture specific fashions (Arcus et al. 2011). However, in prokaryotes, the vast majority
of PIN domains are associated with TA systems (Arcus et al. 2011). While the over-

Table 14.1 Overview of the available VapBC complex structures

DNA-
PDB Inhibition Active site binding
TA pair ID TA architecture mode inhibition domain
Ngo FitAB | 2H10 | VapB,C, octamer | 1:1 Arg RHH
proximal
Sfl VapBC 3TND | VapB,C, octamer | 1:1 Arg + Gln AbrB
proximal
Rfe 3ZVK | VapB,C, octamer | 1:2 Arg or Tyr AbrB
VapBC2
Mtu 3H87 VapB,C, octamer | 1:1 distal Arg RHH
VapBC-3
Mtu 4XGQ | VapB,C, tetramer | 1:1 distal No specific N/A?
VapBC-30 interactions
Mtu 4CHG | VapB,C, tetramer 1:1 Glu N/A?
VapBC-15 proximal
4CHG | VapBGC, 1:2 GluorArg +Lys | N/A®
heterotrimer
Mtu 3DBO | VapB,C, tetramer | 1:1 Arg N/A?
VapBC-15 proximal

TA architecture, mode of antitoxin inhibition and active site inhibition, and DNA binding domain
for TA structures determined so far: Neisseria gonorrhoeae FitAB (Mattison et al. 2006), Shigella
flexneriVapBC (Dienemann et al. 2011); Rickettsia felis VapBC2 (Mate et al. 2012); Mycobacterium
tuberculosis VapBC-3 (Min et al. 2012), VapBC-30 (Lee et al. 2015), VapBC-15 (Das et al. 2014),
and VapBC-15 (Das et al. 2014)

“DNA-binding domain not part of the structure
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all PIN domain fold is highly conserved there is surprisingly low overall primary
sequence conservation and alignments are most precise when carried out structur-
ally with tools like PROMALS3D (Pei and Grishin 2014). There are currently 11
different structures of prokaryotic and archaeal PIN domains in the PDB that have
been functionally classified as VapC toxins, many of which have been determined in
complex with their cognate VapB antitoxin. These structures include A. fulgidus
VapC-9 (DAF0591) (Levin et al. 2004), M. tuberculosis VapC-3, VapC-5, VapC-15,
and VapC-30 (Min et al. 2012; Lee et al. 2015; Das et al. 2014; Miallau et al. 2009),
N. gonorrhoeae FitB, a VapC homologue (Mattison et al. 2006), P. aerophilum
VapC-3 and Vap-C9 (Bunker et al. 2008; Arcus et al. 2004), P. horikoshii VapC-4
(Jeyakanthan et al. 2005), R. felis VapC2 (Mate et al. 2012), and a VapC from
S. flexneri virulence plasmid pMYSH6000 (Dienemann et al. 2011). In addition to
these, the PDB currently contains two structures of homologous proteins from A.
fulgidus (AF1683, PDB ID 1W8I) and P. furiosus (Pfu-367848-001, PDB ID 1Y82)
with no associated publications, which are not considered here due to their putative
assignment as VapC toxins. Structural alignment of the 11 VapC proteins using
PROMALS3D reveals that the sequence identity varies between 10 and 36% among
the structurally characterised VapC toxins, with the R. felis and S. flexneri orthologues
being the most similar proteins (Fig. 14.2). When grouping amino acids based on
similar functionality (F, Y, W = aromatic; V, I, L = aliphatic; R, K, H = charged posi-
tive; D, E = charged negative; S, T = alcohol, and N, Q = polar), the VapC ortho-
logues are between 23 and 61% similar, again with the R. felis and S. flexneri toxins
as the most closely related proteins. Most PIN domain proteins are active as Mg>*/
Mn**-dependent endoribonucleases and share between three and five conserved,
acidic residues that are required for metal ion binding and consequently RNase
activity. Of these, three (D-E-D) are universally conserved (Fig. 14.2, dashed boxes)
and these residues can be used as a signature sequence for locating PIN domain
proteins, which can otherwise be difficult to identify. For bacterial TA systems, the
genetic organisation with the antitoxin preceding the PIN domain toxin is also a
strong constraint for locating such loci (Pandey and Gerdes 2005).

The PIN Domain The PIN domain fold itself consists of a o/p/a sandwich core
with alternating o-helices and p-strands that organise the conserved acidic residues
in close proximity in the active site. In this chapter, we will use a standard nomen-
clature to denote the architecture of toxins, antitoxins, and their complexes: T, A,
where n is the number of toxin (T) molecules and m the number of antitoxin (A)
molecules in any given complex. Using this nomenclature, the toxin monomer can
be referred to as T, and its core PIN domain fold is shown in Fig. 14.3. Accumulating
evidence indicates that VapC PIN domain RNases are able to target specific RNAs
in bacterial cells, including unique tRNA and rRNA species (Winther et al. 2013;
Winther and Gerdes 2011; Cruz et al. 2015; Sharp et al. 2012). However, there are
yet no structures of PIN domains bound to their cognate RNA targets that would
allow us to establish a detailed molecular basis of recognition. The mechanism of
cleavage, on the other hand, is likely related to T4 RNase H, which is a nuclease
specific for RNA-DNA duplexes (Xu et al. 2016). As such structures exhibit a
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Fig. 14.2 Structural alignment of bacterial and archaeal VapC toxins. Structural alignment of
M. tuberculosis VapC-15 (PDB ID 4CHG) (Das et al. 2014), VapC-5 (PDB ID 3DBO) (Miallau
et al. 2009), VapC-30 (PDB ID 4XGQ) (Lee et al. 2015), and VapC-3 (PDB ID 3H87) (Min et al.
2012), N. gonorrhoeae FitB (PDB ID 1H10) (Mattison et al. 2006), S. flexneri pMY SH6000 VapC
(PDB ID 3TND) (Dienemann et al. 2011), R. felis VapC2 (PDB ID 3ZVK) (Mate et al. 2012), P.
aerophilum VapC-9 (PDB ID 1V8P) (Arcus et al. 2004) and VapC-3 (PDB ID 2FE1) (Bunker et al.
2008), A. fulgidus VapC-9 (PDB ID 104W) (Levin et al. 2004), and P. horikoshii VapC-5 (PDB ID
1 V96) (Jeyakanthan et al. 2005) coloured by conservation from low (purple) to high (red) as
shown by the inset colour bar. Secondary structure elements are shown and annotated and the five
conserved active site residues are indicated (1st through 5th)

conformation similar to A-form RNA they may be quite similar to the structured
RNA targets of the PIN domains. An intriguing observation is that even though each
PIN domain appears to contain a complete active site, all structures of bacterial and
archaeal VapCs determined so far have shown the protein as a homodimer. This is
unlikely to be a result of crystallisation as several of the VapC toxins display the
same behaviour in solution as judged by gel filtration chromatography (Dienemann
etal. 2011; Xu et al. 2013; Xu et al. 2016). The VapC dimer is formed by tight pack-
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Fig. 14.3 Hierarchical architecture of TA systems. Overview of the hierarchical structure of
the TA systems. The figure uses the T,A, nomenclature to indicate the complex architecture,
where n is the number of toxin (T) molecules and m the number of antitoxin (A) molecules in the
complex. The small schematics illustrate the overall architecture of each complex, with green
and blue spheres representing toxin molecules, red and orange the antitoxin DNA-binding
domain (rounded squares) and C-terminal extension (/ines), and grey lines representing DNA. T},
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ing of the third a-helix (a3, Fig. 14.2), the f-strand following (f8;) and the penultimate
a-helix (as), and sometimes the fourth and ultimate a-helices (o and o). Although
there are typically both a number of strong hydrogen bonds as well as hydrophobic
interactions between the chains, dimerisation appears to be driven largely by shape
complementarity between the two PIN domains folds. This mode of dimerisation is
observed among all structures of bacterial and archaeal VapC proteins determined to
date, either as a direct dimer in the crystallographic asymmetric unit or in a few
instances, as the results of a crystallographic two-fold symmetry (such as in the
cases of M. tuberculosis VapC-5, PDB ID 3DBO (Miallau et al. 2009) and P.
aerophilum VapC-3, PDB ID 2FE1 (Bunker et al. 2008)). The only departure from
this rule is the putative VapC homologue from A. fulgidus (AF1683, PDB ID 1W8]I),
for which the dimer is similar, but skewed compared to the canonical structures.
Since there are presently no structures available of bacterial PIN domains bound to
their cognate RNA targets, it is not known if the dimer represents the active confor-
mation of the toxin or somehow mimics the higher-order structure of the antitoxin-
inhibited state (see below). Nevertheless, two active sites are placed in relative
proximity in the T, dimer (Fig. 14.3, T,, red spheres), so if the dimer does indeed
represent the active conformation of the toxin it would lead to a whole new range of
questions concerning substrate specificity and activity such as whether both active
sites are engaged simultaneously in RNA cleavage or both bind RNA, but only one
is catalytically active.

The VapB Antitoxin The VapB antitoxin serves two main purposes in VapBC TA
complexes, (1) it inhibits the activity of the toxin by binding directly to its active
site, and (2) it carries a DNA-binding domain that promotes binding of the TA com-
plex to operator DNA and confers auto-inhibition of transcription from the TA
locus. These functions are maintained by two distinct domains in the antitoxins, an
N-terminal DNA-binding domain and a C-terminal intrinsically disordered region.
VapB toxins are typically around 80 amino acids in length, of which the first approx.
50 dimerise to form a DNA-binding domain while the last approx. 30 amino acids
contain a flexible “tail” that wraps around the toxin and physically inhibits it by

<
<

Fig. 14.3 (continued) the isolated toxin structure showing the PIN domain fold (PDB ID SECW)
in green cartoon (Xu et al. 2016). Acidic residues in the active site are shown in sticks and the
expected positions of the bound Mn?* and Mg?* ions are shown with purple and green spheres,
respectively, according to their position in M. tuberculosis VapC-15 (4CHG) (Das et al. 2014). T,,
the VapC toxin dimer (blue and green cartoons) as observed in nearly all crystal structures with
residues interacting at the interface (sticks) and the location of the two active sites (red circles)
shown (PDB ID SECW) (Xu et al. 2016). T,A,, two orthogonal views of the heterotetramer
formed in the absence of the antitoxin DNA-binding domains. Colouring as above with the anti-
toxin molecules in red and orange (PDB ID 3DBO) (Miallau et al. 2009). T4A,, the heteroocta-
meric structure formed upon dimerisation of the antitoxin DNA-binding domains (red and orange)
(PDB ID 3TND) (Dienemann et al. 2011). T4A4,-DNA, interaction of the heterooctamer with
duplex DNA at the operator binding site (PDB ID 3ZVK) (Mate et al. 2012). Organisms abbrevia-
tions: Ngo, Neisseria gonorrhoeae; Sfl, Shigella flexneri; Rfe, Rickettsia felis; Mtu, Mycobacterium
tuberculosis. All structure figures in this chapter were created with PyMol (Schrodinger 2010)
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directly binding the active site. Four types of DNA-binding domains have been
identified so far in VapB toxins, namely the AbrB-type, the ribbon-helix-helix
(RHH) domain, the helix-turn-helix (HTH), and the Phd/YefM-type domain (Gerdes
et al. 2005). The VapB C-terminal tail is intrinsically disordered in the isolated anti-
toxin and prone to proteolysis, and presumably only forms correct secondary struc-
ture upon binding to its cognate toxin molecule. Consequently, all VapB structures
have been determined in the context of the VapBC TA complex, except in a few
cases, such as isolated DNA-binding domains (R. equi VapB, PDB ID 4CV7 (Geerds
et al. 2014)) or putative VapB antitoxins (M. tuberculosis VapB-49, Rv2018, PDB
ID 5AF3). As for the VapBC complexes, there are currently seven unique structures
available in the PDB (Table 14.1). In all these cases the flexible C-terminal domain
of the VapB antitoxin is visible. The N-terminal DNA binding domain is visible in
some of these structures, but has also been removed in others (Mattison et al. 2006;
Miallau et al. 2009; Dienemann et al. 2011; Mate et al. 2012; Min et al. 2012; Das
et al. 2014; Lee et al. 2015).

The Mechanism of VapB Inhibition A conserved feature of VapBC TA systems
(and type II TA systems in general) is that the antitoxin blocks the cellular function
of the toxin by formation of a tight protein complex. This function is maintained by
the flexible C-terminal domain of VapB which contains functional residues that
appear to be widely conserved within the VapBC family (Dienemann et al. 2011).
The seven available VapBC structures reveal that the C-terminal domain of the VapB
proteins most often consists of an a-helix followed by an extended tail with no
secondary structure that wraps around the toxin (Fig. 14.3, T,A,). Exceptions to this
include M. tuberculosis VapB-3, which has of a loop followed by an a-helix (Min
et al. 2012) and M. tuberculosis VapB-5 (Miallau et al. 2009) and VapB-15 (Das
et al. 2014), which both contain two a-helices. The interaction of VapB with VapC
can be separated into two sites, which we term the lateral and groove sites (Fig. 14.3,
T,A,). The first site, the lateral site, occurs on the side of the TA complex and
usually involves an a-helix of the antitoxin that makes hydrophobic interactions
with residues of nearby a-helices (a, and o) of the toxin, as well as a few specific
hydrogen bonds involving both side chains and protein backbone of both partners
(Mattison et al. 2006; Dienemann et al. 2011; Mate et al. 2012; Lee et al. 2015)
(Fig. 14.3, T,A,, and Fig. 14.5d). The remaining, extended tail of the antitoxin is
located in a large continuous groove formed by the dimerisation of the toxins on the
“top” of the complex, which also contains the two actives sites of the T, dimer.
Outside the active sites, this groove is lined with hydrophobic residues from the core
of the protein as well as some charged residues (Mate et al. 2012; Min et al. 2012).
The tail of the antitoxin runs along the groove, where hydrophobic residues from
both proteins interact with each other, tightly anchoring the antitoxin to the surface
of the toxin (Fig. 14.3, T,A,, and Fig. 14.5d). Although the antitoxin tails show a
large degree of variability, both with respect to length and amino acid content, some
of these interactions appear to be conserved across the VapBC family (Dienemann
et al. 2011).
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14.4 Overall TA Complex Architecture

Despite the relatively small size and conserved folds of their components, intact TA
complexes display a surprising structural and architectural variety. In all VapBC and
isolated VapC structures determined to date, the VapC toxin exhibits the conserved
PIN domain structure, which appears as a rigid domain with only minor conforma-
tional changes observed between the VapB-bound and free toxin states (Xu et al.
2016). The structural complexity of TA pairs therefore appears to be largely due to
the presence of one or more VapB antitoxin molecules, which contain both flexible
regions and a variable DNA-binding domain. Since both toxins and antitoxins form
homodimers, most intact VapBC complexes have a heterooctameric T,A, architec-
ture that can be described as (TA-AT), or in other words, homodimers of homodi-
mers of heterodimers (Fig. 14.3, T,A,). This complex presents two antitoxin
DNA-binding homodimers (A,) on one side of the complex, which are able to inter-
act with two adjacent major grooves on operator DNA (Fig. 14.3, T,A,-DNA).
There are presently seven unique VapBC-type TA structures in the PDB, which
include N. gonorrhoeae (N. gonorrhoeae) FitAB (a VapBC orthologue) (Mattison
et al. 2006), S. flexneri (S. flexneri) pMYSH6000 VapBC (Dienemann et al. 2011),
R. felis (R. felis) VapBC2 (Mate et al. 2012), and four complexes from M. tubercu-
losis (M. tuberculosis), VapBC-3 (Min et al. 2012), VapBC-5 (Miallau et al. 2009),
VapBC-30 (Lee et al. 2015), and VapBC-15 (Das et al. 2014) (Fig. 14.4). Two of
these structures, N. gonorrhoeae FitAB and R. felis VapBC2 where determined as
bound to their cognate operator DNA sequence, but not in isolation. Since much
structural variation is observed between various VapBC orthologues this means that
we still do not know exactly whether DNA binding induces conformational changes
in the TA complex. R. felis VapBC2 was reported to form a heterohexamer in solu-
tion, however, this result is based on size exclusion chromatography making it
somewhat uncertain (Mate et al. 2012). In fact, the most commonly observed stoi-
chiometry of TA complexes in absence of DNA is a heterooctamer with four anti-
toxin molecules and four toxin molecules in a T A, architecture (Table 14.1 and
Fig. 14.4, N. gonorrhoeae FitAB, S. flexneri VapBC, R. felis VapBC2, and M. tuber-
culosis VapBC-3) (Mattison et al. 2006; Dienemann et al. 2011; Mate et al. 2012;
Min et al. 2012; Lee et al. 2015). M. tuberculosis VapBC-30 was also reported as a
heterooctamer, however, the interaction between T,A, heterotetramers in the crys-
tallographic asymmetric unit is weak and not likely to be physiological (Fig. 14.4e)
(Lee et al. 2015). Likewise, M. tuberculosis VapBC-5 was reported as a heterodi-
mer, but appears more likely to form a heterotetrameric assembly in the crystal
(Fig. 14.4g) (Miallau et al. 2009). Adding to this complexity, the structure of M.
tuberculosis VapBC-15 contains both a heterotrimeric T,A; and a heterotetrameric
T,A, complex in the crystallographic asymmetric unit (Fig. 14.4f). Finally, even for
identical stoichiometries, large differences are observed in complex organisation,
such as N. gonorrhoeae FitAB, for example, which displays a very loose arrange-
ment of domains, whereas most of the other structures adopt a much more compact
arrangement (Fig. 14.4). Due to these discrepancies and since apparent oligomeric
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SflVapBC T A, Rfe VapBC2 T,A,

Mtu VapBC-15 T,A, and T,A, Mtu VapBC-5 T5A,

Fig. 14.4 VapBC higher-order complex structure. Overview of known VapBC complex struc-
tures shown as cartoon with toxins in green and antitoxins in orange. (a) N. gonorrhoeae FitAB
heterooctamer bound to DNA (PDB ID 2H10) (Mattison et al. 2006). (b) S. flexneri pMY SH6000
VapBC heterooctamer (PDB ID 3TND) (Dienemann et al. 2011). (¢) R. felis VapBC2 heterooctamer
bound to DNA (PDB ID 3ZVK) (Mate et al. 2012). (d) M. tuberculosis VapBC-3 heterooctamer
(PDB ID 3H87) (Min et al. 2012). (e) M. tuberculosis VapBC-30 heterotetramer (PDB ID 4XGR)
(Lee et al. 2015). (f) M. tuberculosis VapBC-15 T,A, heterotrimer (left) and heterotetramer (right)
(PDB ID 4CHG) (Das et al. 2014). (g) M. tuberculosis VapBC-5 heterotetramer (PDB ID 3DBO)
(Miallau et al. 2009)
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state can be affected by crystal packing interactions, we decided to reinvestigate all
known VapBC (and homologous) complex structures using the protein interaction
server PISA to assess the extent and strength of reported and observed homodimer
and heterotetramer interaction interfaces (Krissinel and Henrick 2007). Tables 14.1
and 14.2 provide an overview of all crystal structures of VapBC-type T,A,, com-
plexes, along with their respective PDB codes and their overall architecture, as pre-
dicted by PISA analysis. Most correspond well with what was reported in the
original papers, except M. tuberculosis VapBC-5 and M. tuberculosis VapBC-30,
which differ from the reported as mentioned above. Such characteristics become
evident when investigating the heterotetramer interaction areas and energies
(AGneraeiion) listed in Table 14.2 (T,A,:T,A,). We find that stable heterooctamers
typically display interface sizes in the 3-4000 A2 range, while it for M. tuberculosis
VapBC-30, for example, is only 542 A2 suggesting this complex is more likely on
heterotetrameric form. Likewise, AG;erucion Values tend to lie in the —20 to —40
kcal/mol range for heterooctamers while for VapBC-30 we get a value of only —9.5
kcal/mol. The other columns of the table list the corresponding values for the
TA-interactions (“T,A (high)” and “T,A (low)”, see below), and the toxin (T:T) and
antitoxin (A:A) homodimers. It is interesting to note that toxin and antitoxin dimeri-
sation take place using comparable interaction areas and interaction energies,
possibly reflecting that they are both equally important for formation of the het-
erooctamer during DNA-binding. Values for the antitoxin dimerisation are missing
for those structures where the DNA-binding domain was left out of the structure or
not visible (M. tuberculosis VapBC-5, VapBC-15, and VapBC-30).

14.5 The Stoichiometry of VapB Inhibition

In the canonical VapBC complexes, each VapC toxin is inhibited by a single VapB
antitoxin, which wraps around it and inhibits its active site by directly interfering
with the conserved, charged residues (see Active site inhibition below). Both VapC
and VapB form homodimers giving rise to a circular (AT-TA), structure, which is
most clearly observed for N. gonorrhoeae FitAB due to the distance between the
heterotetramers (Fig. 14.4a). In the most common case, the VapB antitoxin interferes
with the active site of its nearby or cognate VapC toxin in a binding mode, which we
term /:1 proximal binding. This mode of inhibition has been observed in the struc-
tures of N. gonorrhoeae FitAB, S. flexneri VapBC, and M. tuberculosis VapBC-5
(Table 14.1) (Mattison et al. 2006; Miallau et al. 2009; Dienemann et al. 2011). Only
about ten residues of VapB (typically residues 60—70 out of about 80) are required
for the interaction at the groove site, where the antitoxin polypeptide has a fully
extended conformation (Fig. 14.5a). This leaves about ten residues in the C-terminus
of VapB unaccounted for, which are presumed to be pointing into solution as the last
few visible residues tend to point away from VapC (e.g. in S. flexneri VapBC)
(Dienemann et al. 2011). However, as first observed in the structure of R. felis
VapBC2, these residues can also in some instances continue across the combined
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1:2 inhibition 1:1 distal inhibition

baee

Fig. 14.5 Inhibition modes of the VapB antitoxin. (a) 1:1 inhibition of the proximal toxin as
observed in the S. flexneri pMYSH6000 VapBC complex (PDB ID 3TND) (Dienemann et al.
2011). (b) 1:2 inhibition of the toxin dimer as observed in the R. felis VapBC2 complex (PDB ID
3ZVK) (Mate et al. 2012). (c¢) 1:1 inhibition of the distal toxin in the M. tuberculosis VapBC-3
complex (PDB ID 3H87) (Min et al. 2012). (d) Overview and details of the toxin-antitoxin interac-
tions at the “lateral” and “groove” sites exemplified by the S. flexneri VapBC complex (PDB ID
3TND) (Dienemann et al. 2011). Interactions at the groove site (upper inset) are both hydrophilic
at the active site (fop) and hydrophobic (bottom). The surface of VapC is shown coloured by hydro-
phobicity, with white representing the most hydrophobic areas. Interactions at the lateral site
(lower inset) are primarily hydrophobic

groove of the VapC homodimer and block the adjacent active site, thus one antitoxin
interferes with two VapC active sites, a phenomenon that has been termed /.2 bind-
ing of antitoxin to toxin (Fig. 14.5b and Table 14.1) (Mate et al. 2012). Consequently,
the VapB tail associated with the other VapC of the toxin dimer in the canonical
interaction must detach and in such cases only interacts with VapC at the lateral site.
This results in two distinct modes of toxin-antitoxin interaction in a single, two-fold
symmetrical heterooctamer, which we term 7,A (high) and T,A (low), corresponding
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to high affinity (VapB bound at the lateral site and across the groove sites of both
toxins) and low affinity (VapB bound exclusively to the lateral site), respectively.
This distinction becomes especially clear when looking at the interaction areas and
energies as listed in Table 14.2, where complexes displaying 1:2 binding display
larger interaction areas for the high affinity interaction (e.g. R. felis VapBC2) as well
as a much larger difference between the values for the high and low affinity sites. M.
tuberculosis VapBC-15 is an interesting case as the crystal contains both a T,A,
heterotetramer and a T,A, heterotrimer in the asymmetric unit for which the hetero-
tetramer displays 1:1 binding and the heterotrimer 1:2 binding. Based solely on
energetics, we cannot say whether the observed 1:2 interaction in the trimer is a
result of the missing VapC molecule or vice versa, that the VapC molecule is missing
due to the 1:2 interaction, as the T,:A energies are comparable to the T:T energies
for this complex. It is also not known at present whether there are any significant,
biological consequences of the ability of VapB to bind two VapC molecules simulta-
neously, nor whether it interaction is affected by (or affects) DNA binding by the TA
complex. Another variation in VapBC toxin-antitoxin interaction has been observed
for M. tuberculosis VapBC-3 and VapBC-30, which both on the surface display 1:1
binding in that the VapB tails only cover the nearby VapC toxin groove. However,
closer inspection of the structures revealed that the very last part of the antitoxin that
is structurally organised actually reaches across in both cases and interferes with the
active site of the adjacent VapC rather than the cognate one to which it is bound. We
term the resulting crossed-over or swapped inactivation mode /:/ distal binding
(Fig. 14.5¢ and Table 14.1) (Min et al. 2012; Lee et al. 2015).

14.6 Active Site Inhibition

The VapC active sites are located in two negatively charged cavities along a continu-
ous groove on the toxin homodimer surface. In the inhibited state, electrostatic and
hydrogen bond interactions between specific residues of the antitoxin and the toxin
active site(s) effectively prevent binding of potential substrates (Table 14.1 and
Fig. 14.6). In N. gonorrhoeae FitAB and M. tuberculosis VapBC-5, which both
exhibit the canonical 1:1 proximal binding, and VapBC-3, in which the distal VapB
is involved, a positively charged arginine residue from the antitoxin points directly
into the active site, where its guanidinium group interacts electrostatically with the
carboxyl groups of several of the conserved acidic residues of the toxin (Fig. 14.6a)
(Mattison et al. 2006; Miallau et al. 2009; Min et al. 2012). In addition, in M. tuber-
culosis VapBC-3, a bulky tryptophan side chain from the antitoxin buries itself in
the crevice between VapC monomers, which runs perpendicular to the groove, thus
anchoring the antitoxin across to the next monomer (Fig. 14.6e) (Min et al. 2012).
In the S. flexneri VapBC complex, which also displays 1:1 proximal binding, both
an arginine (Arg64) and a glutamine residue (GIn66) from VapB interferes with the
active site where they interact with the conserved acidic residues via electrostatic
and hydrogen bond interactions (Fig. 14.6b) (Dienemann et al. 2011). Intriguingly,
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the VapB interactions differ between the four VapC active sites in the R. felis
VapBC?2 structure, which displays 1:2 binding as described above, where one anti-
toxin straddles across both VapC molecules of the toxin homodimer. In one VapC
dimer of the heterooctamer, two VapB arginine residues (Arg66/Arg74) block the
two active sites through electrostatic interactions with the conserved acidic resi-
dues, and this is also the case for one VapC of the other homodimer (Arg66).
However, in the last active site, the Arg has shifted away and a tyrosine residue
(Tyr76) appears to have taken its place (Mate et al. 2012) (Fig. 14.6d). In the M.
tuberculosis VapBC-15 structure, several configurations of the active site were also
observed in that two active sites were found to bind divalent metal ions (one Mg**
and one Mn*") while the two other sites were empty, despite all VapC toxins being
in complex with antitoxin. In the active site containing bound ions, a glutamate resi-
due (Glu67) from the antitoxin interacts with both ions (Fig. 14.6c), whereas in the
active site without divalent cations, in analogy with the previously described pat-
tern, an arginine residue (Arg74) and a lysine residue (Lys75) point into the active
site where they interact with the conserved, acidic residues (Das et al. 2014). As if
to highlight the great diversity in VapB inhibition modes, no direct interactions take
place between the conserved, acidic residues in active site and the C-terminal tail of
VapB in M. tuberculosis VapBC-30. Rather, several, likely specific hydrogen bonds
are formed between residues close to the active site of VapC and VapB (Fig. 14.6f).
In this case, the TA complex is further stabilised by a few hydrophobic interactions
between the C-terminal tails of two VapB antitoxins (Lee et al. 2015).

14.7 DNA Binding by VapBC Complexes

All characterised type II TA systems, including VapBC, display auto-regulation of
transcription through direct binding of the TA complex to operator DNA. As
described above, this is achieved through presentation of the two DNA-binding anti-
toxin dimers on one side of the TA heterooctamer, where they are in a position to
interact with two adjacent major grooves on DNA (Fig. 14.3, T,A,-DNA) (Gerdes
et al. 2005). Interestingly, VapB antitoxins contain one of at least four different types
of DNA binding domains, namely the helix-turn-helix (HTH) motif, the ribbon-
helix-helix (RHH) motif, the Phd/YefM domain, or the AbrB domain (Table 14.1)
(Gerdes et al. 2005). This supports the general notion that TA systems have evolved
through active gene shuffling by swapping modules required for DNA binding and
transcriptional regulation. Apart from the VapBC complex, the VapB antitoxin can
also bind to the promoter region on its own, but biochemical analyses have shown
that the TA complex binds with much higher affinity than the antitoxin alone due to
the stabilisation conferred by effective cross-linking of VapB dimers by VapC in the
heterooctamer. Consequently, the toxin can therefore be regarded as a co-repressor
of its own transcription (Wilbur et al. 2005; Gerdes et al. 2005). Only two structures
of VapBC complexes bound to their promoter region exist to date, namely the N.
gonorrhoeae FitAB (PDB IDs 2BSQ, 2H10, and 2H1C) (Mattison et al. 2006;
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Mtu VapBC-3 Mtu VapBC-30

Fig. 14.6 Details of VapB-VapC active site interactions. (a) In N. gonorrhoeae FitA, Arg68
inhibits the FitB active site through electrostatic interactions and possibly displacement of
divalent metal ions (PDB ID 2H10) (Mattison et al. 2006). (b) In S. flexneri, VapB inhibits the
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Wilbur et al. 2005) and R. felis VapBC2 (PDB ID 3ZVK) complexes (Mattison et al.
2006; Mate et al. 2012). Furthermore, despite DNA being absent, the VapB DNA-
binding domains are present in what appears to be approximately the correct orien-
tation in both the S. flexneri VapBC (PDB ID 3TND) and M. tuberculosis VapB-3
(PDB ID 3H87) heterooctamer structures (Dienemann et al. 2011; Min et al. 2012).

Among the known VapBC structures, two of the four types of DNA binding
domains are represented; the RHH motif, which is found in N. gonorrhoeae FitA
and M. tuberculosis VapB-3 (Mattison et al. 2006; Min et al. 2012), and the AbrB
motif, found in S. flexneri VapB and R. felis VapB2 (Dienemann et al. 2011; Mate
etal. 2012). The RHH domain was originally identified in the phage P22 Arc repres-
sor and consists of a /o motif with a B-strand followed by two a-helices (Raumann
et al. 1994b, 1994a). The DNA-binding unit is a homodimer of the p/a motif and
thus has an antiparallel p-sheet surrounded by four a-helices (Somers and Phillips
1992). Of these, the p-sheet inserts into the DNA major groove and is responsible
for specific sequence recognition, whereas the a-helices primarily are responsible
for dimerisation (Somers and Phillips 1992; Raumann et al. 1994a). The transcrip-
tion of many RHH-containing proteins is found to be auto-regulated by the protein
itself through binding to pseudo-palindromic, inverted repeats in the promoter
region (Wilbur et al. 2005). The N. gonorrhoeae FitAB antitoxin, FitA, belongs to
the RHH family (Wilbur et al. 2005) and consequently adopts the conserved p/a
motif (Fig. 14.7a) (Mattison et al. 2006). As for other type II TA systems, the FitAB
complex was found to bind to its promoter DNA with higher affinity than FitA alone
due to the formation of the heterooctameric superstructure, which results in
increased stability (Wilbur et al. 2005). Two RHH DNA-binding domains were
observed in the crystal structure of FitAB bound to a 36 base pair cognate operator
DNA fragment (Fig. 14.7b) (Mattison et al. 2006). The two RHH domains in the
heterooctamer bind to two adjacent inverted repeat sequences on operator DNA. The
domains bind on the same side of the DNA and make few specific contacts, and
those there are, are all mediated through the f-sheet. The two binding sites on DNA
are separated by a 14 base pair thymine/adenine-rich sequence, which adopts a
straight and rigid structure with a compressed minor groove and shorter helical
repeat compared to standard B-DNA (Mattison et al. 2006). In the crystal structure
of M. tuberculosis VapBC-3, the VapB-3 antitoxin was also found to contain a RHH
motif and although DNA was not present in this crystal form, two complete DNA-
binding domains were found to protrude from the heterooctameric structure
(Fig. 14.7¢) (Min et al. 2012).

<

Fig. 14.6 (continued) VapC active site using both Arg64 and GIn66 (PDB ID 3TND) (Dienemann
etal. 2011). (¢) In M. tuberculosis VapBC-15, VapB-15 inhibits the active site of VapC-15 using a
single glutamate Glu67 (PDB ID 4CHG) (Das et al. 2014). (d) In R. felis VapBC2, VapB2 inhibits
the active site of VapC2 by placing Tyr76 in the active site (PDB ID 3ZVK) (Mate et al. 2012). (e)
In M. tuberculosis VapBC-3, Trp72 of the antitoxin locates in the toxin dimer interface (PDB ID
3H87) (Min et al. 2012). (f) Inhibition of the active site of M. tuberculosis VapC-30 (PDB ID
4XGQ) (Das et al. 2014). Toxins are shown as green and teal cartoons and antitoxins are in
orange and red. Relevant residues are shown as sticks
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The AbrB-type DNA binding domain was first identified in B. subtilis as a
transition-state regulator that binds promoter DNA via its N-terminal domain (Xu
and Strauch 2001; Strauch et al. 1989). It consists of a p/o/p motif with two pB-strands
forming a B-hairpin followed by a short a-helix and two more p-strands, which form
another hairpin. The two hairpins interleave each other in the dimer, and curve
upwards to form a deep DNA binding cleft (Coles et al. 2005). Like seen for the
RHH domain, dimerisation is important for stability and binding to DNA (Xu and
Strauch 2001; Sullivan et al. 2008). Adjacent to the p-sheet, which locates in the
DNA major groove, the two short a-helices interact with DNA on the rim next to the
major groove (Sullivan et al. 2008). Four arginine residues located throughout the
protein sequence appear to be critical for the ability to bind DNA, which involves
both electrostatic and hydrogen bond interactions (Sullivan et al. 2008). Like the
RHH domain, the AbrB domain binds to pseudo-palindromic thymine/adenine-rich
sequences in promoter regions. For TA operator sequences, this feature represents a
hallmark (Klein and Marahiel 2002; Bailey and Hayes 2009). The R. felis VapB2
antitoxin contains an AbrB-type motif in its N-terminal domain that dimerises with
a neighbouring VapB monomer using the f-strands to form a complete DNA bind-
ing domain. However, the VapB DNA-binding domains do not contain the short
a-helices seen in the original AbrB domain. Due to the heterooctameric VapBC
architecture, there are two DNA binding sites in the intact structure (Fig. 14.7d, e)
(Mate et al. 2012). Sequence analysis identified two potential pseudo-palindromic
binding sites in the promoter region of the R. felis vapBC2 operon that subsequently
led to the design of a 27 base pair pseudo-palindromic dsDNA sequence that could
be stably bound to the protein. The crystal structure of R. felis VapBC2 bound to its
cognate operator DNA revealed that binding of the protein complex in two adjacent
major grooves results in perturbation of the widths of both minor and major grooves,
with major grooves spanning 15.5 A, somewhat expanded compared to normal
B-DNA (11.7 A) (Neidle 2002). Inside the DNA, the R. felis VapB2 AbrB domain
interacts with the concave surface of the major groove floor, but the two domains in
the heterooctamer approach the DNA double helix from opposite sides. Contacts to
the backbone are thought to open up the major groove where there are electrostatic
interactions with the phosphates of the DNA backbone (Mate et al. 2012). DNA is
specifically recognised in two ways, both through direct base readout, involving
direct hydrogen bonds between protein and specific atoms of the nucleobases of
DNA, and indirect readout, where the affinity is based on shape complementarity
between the AbrB domain and the DNA major groove (Mate et al. 2012). S. flexneri
VapB from the pMYSH6000 virulence plasmid VapBC complex also contains an
AbrB-type motif in its N-terminus, but the only available structure was determined
in absence of nucleic acids (Dienemann et al. 2011). The S. flexneri VapB displays
the classical swapped p-hairpin fold but lacks the two short a-helices like seen for
R. felis VapBC2 (Fig. 14.7f). The S. flexneri VapBC complex was shown biochemi-
cally to bind specifically to two binding sites within the promoter region of the
pMYSH6000 plasmid from where it is expressed, of the operon but the DNA-bound
structure has not yet been determined (Dienemann et al. 2011).
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Rfe VapB2

L

b

Sfl VapB Rfe VapBC2

Fig. 14.7 DNA binding by VapBC complexes. (a) The ribbon-helix-helix DNA binding domain
of N. gonorrhoeae FitA (PDB ID 2H10). (b). The N. gonorrhoeae FitAB complex forms two
DNA binding sites. (¢) The ribbon-helix-helix DNA binding domain of M. tuberculosis VapB-3
(PDB ID 3H87). (d) The AbrB DNA binding domain of R. felis VapB2 (PDB ID 3ZVK). (e) The
R. felis VapBC2 complex forms two DNA binding sites. (f) The AbrB DNA binding domain of
Shigella flexneri VapB (PDB ID 3TND). For (a), (b) and (c) toxins are coloured green and feal, and
antitoxins are coloured red and pink. For (d), (e) and (f), toxins are coloured green and teal, and
antitoxins are coloured orange and sand
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14.8 Discussion

Despite their relatively small size, bacterial toxin-antitoxin complexes display an
impressive array of large, higher-order structures. Through dimerisation of both the
toxin and antitoxin components; dimers, tetramers and even octamers are frequently
observed and these structures are known to be central for maintaining steady cellu-
lar TA levels during normal growth. Although some TA complexes have been
reported as heterotetramers, structural and energetic considerations reveal that this
conclusion is usually either due to the DNA-binding domain being absent from the
antitoxin or incomplete analysis of crystal packing. Therefore, for the type II TA
complexes as exemplified here by the VapBC group, the canonical architecture is a
heterooctamer consisting of four toxin and four antitoxin molecules. The het-
erooctamer is obviously required for placing two DNA-binding motifs into adjacent
major grooves, so the question arises of whether the TA complexes are heterotetra-
mers off DNA and only assemble when bound to the operator region? Several lines
of evidence speak against the free TA complex as being present on tetramer form.
Firstly, the interaction energies involved in toxin-toxin and antitoxin-antitoxin
dimerisation are comparable (Table 14.2) and secondly, all intact VapBC structures
determined so far, i.e. in presence of the DNA-binding domain, show the complex
on heterooctameric form. Together these data suggest that the heterooctamer exists
in solution and approaches the DNA operator as such.

Intriguingly, several types of DNA-binding domains are observed in type II TA
systems, the HTH motif, the RHH motif, the Phd/YefM domain, and the AbrB
domain (Table 14.1) (Gerdes et al. 2005). Two of these, the RHH and AbrB domains,
are observed among the available VapBC structures. Likewise, several types of anti-
toxin inhibition, including 1:1 proximal, 1:1 distal, and 1:2 have been described for
members of the VapBC family. This has led to speculations as to whether there is a
correlation between the type of DNA-binding domain and the mode of inhibition,
for example, it has been proposed that the AbrB-type DNA-binding domain would
correlate with 1:2 binding as observed in the R. felis VapBC-2 structure (Mate et al.
2012). However, such a simple correlation does not seem to be the case as the struc-
ture of the S. flexneri VapB also has the AbrB domain but interacts with VapC via
1:1 proximal binding (Table 14.1). Furthermore, there is some evidence that the
toxin-antitoxin interaction mode might be flexible and vary depending on the cel-
lular context of the complex. For example, in M. tuberculosis VapBC-3, an example
of 1:1 distal binding, both antitoxins lie in the continuous groove formed by the
dimerization of the toxins and appear to physically clash in the crystal structure near
their termini. The authors therefore modelled the structure with static main chain
disorder at this location reflecting a situation whereby the VapB tail can be either in
one or the other conformation at any given time (Min et al. 2012). Currently, no
VapBC structures are available both on and off DNA, so it is possible that some of
this inherent flexibility relates to DNA binding.

When wrapping around their cognate VapC toxins, the VapB antitoxins in most
cases place one or more charged residues in the active site, presumably to inactive
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the toxin. As described in this chapter, both positively charged residues (arginine
and lysine) and negatively charged residues (glutamate) have been observed. The
VapC PIN domain is known to function as divalent ion-depending endonucleases
when activated, but usually no metal ions are observed in the inhibited, VapB-bound
state. This suggests that the charged residues, in particular arginine and lysine resi-
dues, may function to displace ions from the active site by compensating for the loss
of positive charge. The involvement of a glutamate residue is much more debatable
and somewhat enigmatic. In the structure of M. tuberculosis VapBC-15 structure, a
glutamate residue from VapB-15 was found in one of four active sites, which also
contained two metal ions. This suggests that VapB inactivation functions by a
charge-reversal principle, in which the presence of ions dictates the charge of the
residue required for inactivation, or vice versa. However, neither the extent of this
phenomenon, not its functional and regulatory consequences are known at present.
However, the observations suggest that active site inhibition of VapC toxins by
VapB antitoxins follows a complex and multipronged approach, in which both
acidic and basic residues can take part. It is likely that in those cases where acidic
residues of VapB are used, that these compete with the RNA substrate for binding to
the active site. It is not known whether the metal ions are present in the VapC active
sites in the absence of RNA, but if that is the case, it is likely that interaction with
the positive charged arginine or lysine would physically displace the ions
(Dienemann et al. 2011).
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