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Abstract As a ubiquitous, wide-spread bacterium, Pseudomonas aeruginosa
thrives in complex environments, forming often multi-species communities called
biofilms. Competition for nutrients and space in these conditions may be crucial for
bacterial fitness and survival. In this context bacteria employ different strategies
to slow down the growth or kill the neighbour or its host. One of these strategies
makes use of the complex macromolecular nanomachine that is embedded in the
bacterial envelope and serves to export effector proteins from the attacking bacte-
rium towards the prey. This secretion system, being the most recently discovered
in Gram-negative bacteria, has been named Type VI Secretion System (T6SS). It is
widespread amongst Gram-negative bacteria and is built up of structures homolo-
gous to bacteriophage T4-like tail tube and sheath, on one hand, and of two proteins
similar to DotU and IcmF, components of the membrane-anchoring complex of the
Type IV Secretion System (T4SS), on the other hand. The main function of T6SSs
is killing of a target prokaryote or eukaryote cell, but they have been proposed also
to be implicated in communication between the members of the multispecies com-
munity. Thus, the T6SS constitutes an original membrane-spanning complex that
allows Gram-negative bacteria to communicate with other cells in many contexts
and with diverse outputs. This book chapter deals with genetic organization of its
components, regulatory circuits controlling its expression and activity, as well as
with function and structure of the apparatus itself with emphasises on P. aeruginosa
systems. More advanced findings on the T6SS machinery in other bacterial species,
such as in Escherichia coli and Vibrio cholera, but that may be analogous to P
aeruginosa, have been included.
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Introduction

As a ubiquitous, wide-spread bacterium, Pseudomonas aeruginosa thrives in com-
plex environments, forming often multi-species communities called biofilms. Com-
petition for nutrients and space in these conditions may be crucial for bacterial
fitness and survival. In this context bacteria employ different strategies to slow
down the growth or kill the neighbour or its host. One of these strategies makes
use of the complex macromolecular nanomachine that is embedded in the bacte-
rial envelope and serves to export effector proteins from the attacking bacterium
towards the prey. This secretion system, being the most recently discovered in
Gram-negative bacteria, has been named Type VI Secretion System (T6SS). It is
widespread amongst Gram-negative bacteria and is built up of structures homolo-
gous to bacteriophage T4-like tail tube and sheath, on one hand, and of two proteins
similar to DotU and IcmF, components of the membrane-anchoring complex of the
Type IV Secretion System (T4SS), on the other hand. The main function of T6SSs
is killing of a target prokaryote or eukaryote cell, but they have been proposed also
to be implicated in communication between the members of the multispecies com-
munity. Thus, the T6SS constitutes an original membrane-spanning complex that
allows Gram-negative bacteria to communicate with other cells in many contexts
and with diverse outputs. This book chapter deals with genetic organization of its
components, regulatory circuits controlling its expression and activity, as well as
with function and structure of the apparatus itself with emphasises on P. aeruginosa
systems. More advanced findings on the T6SS machinery in other bacterial species,
such as in Escherichia coli and Vibrio cholera, but that may be analogous to P. ae-
ruginosa, have been included Fig. 4.1.

T6SS in the Microbial World and in P. aeruginosa

First large-scale genome screening gained insights into the phylogenetic distribu-
tion, gene content, organization and evolution of the T6SSs (Boyer 2009; Das and
Chaudhuri 2003). Using as bait sixteen conserved T6-genes, 176 loci from 92 dif-
ferent bacteria were identified as containing at least five bait genes. These results
were in accordance with another study that determined putative T6SS-encoding
gene clusters in over one fourth of sequenced Gram-negative bacteria (Bingle et al.
2008). Interestingly, T6SSs are largely confined to proteobacteria, even though they
also occur in planctomycetes and acidobacteria (Boyer et al. 2009; Bingle et al.
2008; Shrivastava and Mande 2008; Persson et al. 2009). Originally this secretion
system was thought to have a role essentially in pathogenesis; however this point of
view changed since the list of T6SS-encoding microbes, along with known human
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Fig. 4.1 a T6SSs target both prokaryotic (/eff) and eukaryotic (right) cells. The machinery, com-
posed of the Hep tube, baseplate and sheath structure, is reminiscent of bacteriophage injection
structure. T6SS effectors are injected within the target cell as individual proteins or by being fused
to other proteins of the machinery. N nucleus, C actin cytoskeleton. b Plate assays showing the kill-
ing activity of the P. aeruginosa T6SS towards DHSa. Escherichia coli. The method and mutants
are described in (Casabona et al. 2013; Hachani 2013). Briefly, genetically modified E. coli (in
blue) are challenged by different P. aeruginosa strains. After 4 h of incubation on solid medium,
the competition is scrapped off the plate and serial dilutions are made and spotted on selective
medium. E. coli survivals will appear blue and P. aeruginosa survivals, white

pathogens, included symbionts, pathobionts, non-pathogenic bacteria, commensals
and mutualists (Boyer et al. 2009; Jani and Cotter 2010).

The presence of multiple copies of T6SS loci was found in one third of the ge-
nomes (Boyer et al. 2009). It has been proposed that different loci in one genome
have distinct evolutionary history, which means that they have been likely acquired
by horizontal transfer and not by duplication (Bingle et al. 2008; Shrivastava and
Mande 2008). T6SS gene loci can be grouped into five different phylogenetic clusters
(Boyer et al. 2009; Barret et al. 2011). Genome of P, aeruginosa PAO1 harbours three
T6SS-encoding clusters. These clusters were named Hep Secretion Islands (HSI-1, -11
and -IIT) upon the Haemolysin-coregulated protein (Hcp) that was the first secreted
“core” protein identified (Mougous et al. 2006). Outside of the three HSI clusters and
dispersed on the genome, P. aeruginosa harbours genes encoding VgrG proteins, Hep
and other components functionally related with T6SS machineries (Fig. 4.2).
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Fig. 4.2 Genetic organization of T6SS-encoding genes. Three clusters HSI-I, -1I and —III carry the
genes encoding the components of secretion machineries H1-, H2- and H3-T6SS, respectively, and
some regulatory elements. Some VgrG and Hep proteins are encoded out of the loci. The genes
are annotated by PA numbers (pseudomonas genome project; http://www.pseudomonas.com) and
using nomenclature from (Hachani et al. 2011; Shalom et al. 2007). Colour codes are respected
between three clusters for homologous and related genes

These genetic elements of up to 20 kb encode 13 conserved proteins, and fre-
quently additional regulatory elements. Based on the nomenclature proposed by
(Shalom et al. 2007), the genes that code for the conserved core components of the
T6SS have been named tss, for fype six secretion genes. Interestingly, and further
supporting the idea of specialized T6SSs with distinct functions, some clusters con-
tain genes that are not conserved and encode accessory components of T6SS. In P,
aeruginosa, the accessory genes were named fag (for type six associated genes) and
code for proteins with diverse functions, indispensable for the T6 assembly, func-
tion and/or regulation.

Despite a conserved gene organization and general predicted structure of the ap-
paratus, the three P. aeruginosa T6SSs seem to be highly host-specific and regulated
in a different manner. Indeed, a recent study demonstrated that TssB/TssC proteins,
which form the tail sheath of the secretion apparatus, encoded by different clusters
are not exchangeable, further suggesting that there is no redundancy between multi-
ple T6SSs within one organism (Lossi et al. 2013). In addition, the major regulatory
circuit controlling the expression of HSI-I is the same for other virulence factors
associated with chronic infection. H1-T6SS may play a role in chronic infections,
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as sputa of cystic fibrosis patients harbour both the Hcpl protein and antibodies
against Hepl (Mougous et al. 2006). On the contrary, results obtained from animal
and nematode models indicate that H2- and H3-T6SS seem to be employed during
more aggressive types of infection (Lesic et al. 2009).

Type VI Secretion System effectors

Although some T6SS-dependent phenotypes are revealed by using eukaryotic cells,
many have been characterized as having anti-bacterial activity, either intra- or inter-
species, where the T6SS is decisive in the outcome of the bacterium when chal-
lenged with a competitor (Schwarz et al. 2010a, b). This can be of high importance
in the establishment and persistence of a given pathogen during an infection within
the host. T6SS may have evolved as “anti-virulence” mechanisms, where the se-
cretion system would have a role in the regulation of cell density within the host,
being a key factor in disease progression and microbe persistence by limiting colo-
nization. Other phenotypes that have been associated to T6SS are stress sensing,
biofilm formation and persistence in mixed biofilms. Together, T6SSs are involved
in diverse social behaviours and act as mediators in inter-bacterial interactions and
virulence (Schwarz et al. 2010b).

One of the best studied examples of anti-bacterial T6SS is the P. aeruginosa
HI1-T6SS that acts as device injecting effector proteins directly into target cells.
The first H1-T6SS effectors were elegantly identified using proteomic approach
on P aeruginosa H1-T6SS regulatory mutants (Mougous et al. 2006). These ef-
fectors, named Tsel, Tse2, and Tse3 for Type-6-Secretion-Exported, are encoded
outside of the HSI-I locus but rely on the machinery to be injected directly into
the recipient after physical contact between the two cell types. Tsel and Tse3 are
lytic enzymes able to degrade peptidoglycan by amidase and muramidase activity,
respectively. The third effector, Tse2, is toxic in the cytoplasm of recipient cells by
a still unknown mechanism. These effectors play a key role in the outcome of P. ae-
ruginosa in interspecies bacterial interactions in niches competition. P. aeruginosa
avoids self-intoxication by synthesizing cognate immunity proteins, named Tsil,
Tsi2 and Tsi3 (Type-6-Secretion-Immunity), which bind to the secreted effectors to
neutralize their detrimental activities. In addition of P. aeruginosa toxin/antitoxin
Tse/Tsi couples (Hood et al. 2010; LeRoux et al. 2012; Russell et al. 2011), the
same classes of proteins have been identified in Burkholderia thailandensis, Pseu-
domonas fluorescens, Salmonella typhimurium (Russell et al. 2012) and Serratia
marcescens (English et al. 2012). Further structural analysis of Tsel showed that
this protein belongs to the N1pC/P60 papain-like cysteine peptidases where the
catalytic diad is formed by Cys30 and His91. However, unlike the other members
of the N1pC/P60 superfamily, Tsel is a single domain protein without any putative
localization domain (Chou et al. 2012). Inhibition of Tsel by Tsil occurs by forma-
tion of a hydrogen bond between Tsil and the His91 of the Tse catalytic diad which
consequently inhibits the enzyme activity (Benz et al. 2012).
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A second class of T6SS effectors encompasses a diverse superfamily of bacte-
rial phospholipase enzymes named Tle, for Type VI Lipase Effectors (Russell et al.
2013). Although some of these phospholipases, such as PIdA (Tle5), have been
implicated in P. aeruginosa virulence against eukaryotic hosts (Wilderman et al.
2001), it seems that they have also a specific function in intra- and interspecies bac-
terial interactions. Genetic and phenotypic studies demonstrated that the H2-T6SS
is required for Tle5 toxic activity against Pseudomonas putida in mixed population.
Indeed, purified PIdA/Tle5 protein catalyses the release of choline from phosphati-
dylcholine, the activity being strictly dependent on the conserved catalytic domain
in the protein. Furthermore, Tle5 exhibits high in vivo specificity to phosphatidyl-
ethanolamine, the major constituent of bacterial membranes. As for Tse molecules,
Tle proteins possess their cognate immune partners that prevent self-killing (Russell
et al. 2013).

The third class of T6S effectors is composed of VgrGs (Valine-Glycine Repeat
protein G). Some of them, in addition of having essential role in T6S function,
harbour catalytic domains with detrimental activities for the victim cell, such as
actin remodelling and peptidoglycan disruption (Hachani et al. 2011; Ma and
Mekalanos 2010; Durand et al. 2012a; Brooks et al. 2013). Dong et al. (2013)
recently identified two V. cholerae effectors that possess both anti-bacterial and
anti-eukaryotic activity. TseL harbours lipase domain, suggesting that it may tar-
get membrane-associated lipids and VasX has affinity for phospholipids in vitro
(Miyata et al. 2011). Interestingly, TseL interacts with VgrG3 and its secretion
depends on this interaction. Thus, this class of effectors is likely to be secreted in
a complex with VgrGs.

The fourth class of potential T6SS effectors is represented by Rhs proteins. This
family of YD-peptide repeat proteins is encoded frequently in the vicinity of T6SS
loci or VgrG-encoding genes. Some of Rhs proteins have been shown to be a bona
fide virulence factors, while others were involved in inter-bacterial competition. P
aeruginosa RhsT, harboured by the PA9 strain, acts by inducing inflammasome-
mediated cell mortality (Kung et al. 2012); however its link with T6SS is still to be
established.

Finally, the recent work by Leiman and Mekalanos groups further diversifies the
list of T6SS effectors by discovering the so-called PAAR (proline-alanine-alanine-
arginine) proteins that associate with VgrG on the tip of the injecting device (Shnei-
der et al. 2013). This class of proteins are described later.

Architecture of the Type VI Secretion Apparatus

The T6S machinery is composed of two major sub-structures (Fig. 4.3), one shar-
ing homology with bacteriophage T4 tail, and the other consisting of membrane-
spanning peptidoglycan-bound complex that forms the anchoring complex.
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Fig. 4.3 Schematic representation of bacteriophage T4 action (a) and homology with T6SS
machines (b). The assembly and attack by T6S may be divided in 4 steps: / membrane anchored
and bacteriophage-like complexes are built up on defined regions within the bacterial envelope; 2
bacteriophage-like complex is extended, perpendicular to the IM, by addition of TssB/C subunits:
3 upon a signal, the TssB/C tubule contracts leading to the export of effectors; 4 the tubule associ-
ated AAA + ATPase, ClpV, participates in recycling of TssB and TssC subunits. The legend of the
figure with protein names is given below. Colour code is respected between the bacteriophage and
T6SS. OM outer membrane, /M inner membrane
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Bacteriophage T4 Tail and Needle-like Structure

The marker of T6S functionality is presence of two conserved proteins, Hep and
VgrG, in the bacterial culture supernatants. Early structural studies revealed the
striking similarities between these two proteins and proteins of bacteriophages. In
addition to Hep and VgrG, other bacteriophage-like subunits represent core compo-
nents of the nanomachinery (Fig. 4.3).

The Tail Sheath

The bacteriophage T4 sheath consists of more than a hundred oligomerized gp18
subunits arranged as rings that form a hollow tube, able to accommodate the bac-
teriophage tail (Leiman et al. 2004). TssB and TssC subunits have been reported
as forming a hollow tubular cogwheel-like complex of several hundreds of ang-
strom (A) long. The internal diameter of the TssB/TssC complex is approximately
100 A, big enough to accommodate the Hep tube, estimated to have an external
diameter of 85 A (Lossi et al. 2013; Bonemann et al. 2009; Basler et al. 2012).
Although TssB/TssC do not share sequence similarity with the bacteriophage
sheath-forming subunit gp18, the modelling of a cross section of TssB/TssC tu-
bules indicated that they shared same structural organization (Cascales and Cam-
billau 2012). Hep co-fractionates with TssB and TssC homologues in Francisella
novicida, further supporting the hypothesis that TssB and TssC form a tube-like
structure able to engulf the Hep filament (de Bruin et al. 2011). Direct interaction
between TssB and TssC has been shown to be mediated by the N-terminus of TssC
and was found highly specific as no cross interactions occurred between multiple
T6SSs within one organism (Lossi et al. 2013). Assembled cytoplasmic structures
appear in a perpendicular fashion to the cell envelope (Bonemann et al. 2009). It
has been proposed that the formation of the TssB/TssC complex might be TssC-
driven, since the TssB homologue in V. cholerae (VipA) does not form tubules in
vitro in the absence of its partner, and in P. aeruginosa the C-terminus of TssC is
required for tubule formation. Furthermore, TssC homologue (VipB) is needed for
the interaction of the complex with ClpV in V. cholerae, a conserved T6S-ATPase
(Lossi et al. 2013; Bonemann et al. 2009). In an effort to elucidate which proteins
associate with TssB/TssC sheaths in V. cholerae, mass spectrometry analysis for
protein identification was carried out on purified TssB/TssC structures. Four T6S
proteins were identified: ClpV, VCA0109, VCAO111 and VCA0114 (Basler et al.
2012). ClpV had already been shown as directly interacting with TssB (Bonemann
et al. 2009; Pietrosiuk et al. 2011). VCA0109 is a gp25 homologue, a protein that
probably forms part of the baseplate and that is localized in the cytoplasm of P,
aeruginosa. Finally, VCA0111 and VCAO0114 (TssG and TssK, respectively) are
conserved T6SS components, whose exact function is still unknown (see also
below).
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Recently, it has been shown that TagJl and TssB1 form a subcomplex of the
sheath by using bacterial two-hybrid assays and NMR peptide mapping (Lossi
et al. 2012). This interaction is mediated by the N-terminus of TssB1, conserved
in other microorganisms encoding TagJ, such as S. marcescens (Lossi et al. 2012).
Interestingly, TagJ1 is present in H1-T6SS in P. aeruginosa and absent in both H2-
and H3-T6SS. Moreover, the interaction between TagJ1 and TssB1 is specific, since
the authors demonstrated that TagJ1 does not form any complex with TssB2. The
exact role of this subcomplex remains to be elucidated.

Hcp: Not Only the Tail Tube

Hcep is a ~ 17 kDa protein that arranges in hexameric rings with an internal diam-
eter of approximately 40 A (Mougous et al. 2006; Jobichen et al. 2010). Hep is
able to form structured non-helical, nanotube-like assemblies in vitro, which can be
stabilized by the introduction of disulfide bonds (Ballister et al. 2008). Hcp shares
homology with the protein gpl9 that forms the tail tube of phage T4 (Pell et al.
2009; Leiman et al. 2009), further supporting the idea that Hcp may form a tubular
structure that could traverse the cell envelope for substrate secretion. First structural
studies on T6S effectors revealed that the size of the fully folded Tsel is compatible
with the internal diameter of the Hep hexamer, thus proposing the Hep as an effector
conduit (Benz et al. 2012). The observation that P. aeruginosa Hepl stabilizes Tse
effectors posttranslationally prompted Silverman et al. to examine direct interaction
between Hepl and Tse2 (Silverman et al. 2013). These analyses allowed proposing
the Hep as a multipurpose protein playing a role of both a chaperon and a substrate
receptor. Furthermore, as Hep is known to be a T6S-secreted component, Hep1-Tse
complex is likely to traffic together across the bacterial envelope. However, the
final destination of the complex, the way of the effectors’ release and the final fate
of the Hcp protein are unknown.

VerG and PAARs: Not Only a Cell-Puncturing Complex

VgrG proteins, found in the bacterial extracellular milieu, are the second marker
of the T6SS functionality. Some bacterial genomes, such as P. aeruginosa, encode
up to ten different VgrGs (Boyer et al. 2009; Hachani et al. 2011; Pukatzki et al.
2007). Based on structural analysis of VgrGs and their similarity to the T4 punctur-
ing device, it has been proposed that they are localized at the distal tip of the Hep
tube and act as a membrane-puncturing device. However, the direct interaction be-
tween these two proteins has not been shown. The N-ter domain of the VgrG protein
encoded by E. coli CFT073 showed that VgrG architecture is comparable to the
bacteriophage spike subdomain, notably the gp5-gp27 complex, despite their low
sequence identity (Leiman et al. 2009).

As is the case for VgrGs of different species, P. aeruginosa VgrGs (VgrGla
and VgrGlc) multimerize in tripartite structure and their export is Hcp-dependent
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(Hachani et al. 2011; Pukatzki et al. 2007; Zheng and Leung 2007). VgrG spike
is decorated with the protein containing proline-alanine-alanine-arginine (PAAR)
repeats. The PAAR protein folds into a symmetrical cone-shaped structure with
a sharp tip and a triangular base which sits on the VgrGs surface (Shneider et al.
2013). Extensive bioinformatic analysis showed that PAAR proteins carry C- or
N-terminus extensions which are diverse in size and predicted function, comprising
peptidase, nuclease or lipase activities. However, most of extensions have no pre-
dicted activity. Interestingly, some Rhs proteins harbour PAAR domains and may
also act as a tip carrying diverse functional groups (Shneider et al. 2013).

In P. aeruginosa, the H2-T6SS targets eukaryotic cells by modifying PI3K/Akt-
dependent bacterial entry into epithelial cells (Sana et al. 2012). VgrGs and Rhs
proteins, co-regulated by the H2-T6SS locus, have been suggested to be direct ac-
tors of this phenotype.

The Baseplate Assembly

The T4 bacteriophage baseplate, a macromolecular complex composed of at least
130 proteins of 14 different families, is required for initiation of tail tube and sheath
assembly. It is assembled around the “hub”, a central three-fold-symmetric cylindri-
cal structure (Rossmann et al. 2004). In T4, gp25 forms a wedge-shaped complex
with gp6 and gp53 that is localized around the centre of the baseplate and has a key
role in the connection of its central and peripheral parts (Kostyuchenko et al. 2003;
Yap et al. 2010).

TssE shares approximately 40 % sequence similarity with gp25 of T4 bacterio-
phage (Leiman et al. 2009; Lossi et al. 2011). Moreover, it shows also remarkable
similarity with gp25 secondary and tertiary structures as revealed by prediction
tools. P. aeruginosa TssE is localized in the cytoplasm and has no lysozyme activity,
unlike T4 gp25 protein family (Lossi et al. 2011). It is conceivable to propose that
TssE might form part of the baseplate of the T6SS, that would assemble in the inner
leaflet of the IM of the bacterium prior to secretion, and that the baseplate would be
the linker structure between the tail and spike complex and the membrane-anchored
complex.

Several questions remain unanswered. Does TssE form part of a larger IM base-
plate-like structure? Does TssE interact with TssM and/or TssL in the inner leaflet of
the IM? How is TssE recruited, if so, to the IM machinery complex?

Interestingly, it has been observed by electron microscopy that the T6S machin-
ery presents a bell-shaped platform that connects the sheath to the IM (Basler et al.
2012). TssB/TssC elongated tube assembly is TssE-dependent in V. cholerae and
they can be co-purified. Gp25 interacts with gp5-gp27 trimer in T4 bacteriophages,
suggesting that TssE may have a similar role in the T6SS (Basler et al. 2012, Basler
and Mekalanos 2012; Kapitein et al. 2013).
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Membrane-Associated Components

The T6S machinery is anchored to the envelope of Gram-negative bacteria by sev-
eral membrane-associated proteins forming a complex bound to peptidoglycan.
This membrane subcomplex has been isolated by Cascales and co-workers from
E. coli (Aschtgen et al. 2010a), and is composed at least by TssJ, TssM and TssL
(Fig. 4.3). All these proteins are indispensable for T6SS activity.

TssJ is an OM lipoprotein able to homodimerize (Aschtgen et al. 2008; Rao et al.
2011b). Its X-ray crystal structure showed its arrangement in parallel f-sheets con-
nected by a protruding loop that in E. coli is required for interaction with the peri-
plasmic domain of TssM (Rao et al. 2011b; Felisberto-Rodrigues et al. 2011; Robb
et al. 2013). The structural conservation of this loop across all species suggests that
the interaction with TssM may also be conserved (Robb et al. 2013).

TssL is an IcmH-like integral IM protein (Aschtgen et al. 2012). IcmH (DotU)
is needed for the correct functioning of T4bSS in Legionella pneumophila, since
knockout mutants are impeded in intracellular growth (Zusman et al. 2004). The
C-terminus of TssL homologue in EAEC is oriented towards the periplasm (As-
chtgen et al. 2012). Its N-terminus folds as a hook-like structure composed of
two three-helix bundles and is necessary for TssL autoassociation (Durand et al.
2012b). Autoassociation has been proposed to be mediated by the trans-mem-
brane domain of TssL, since overproduced cytoplasmic domains are monomeric
in solution and they only interact transiently and with low affinity in bacterial
two-hybrid assays. Mutation of crucial residues of the trans-membrane segments
completely abrogates TssL-TssL interaction, further supporting the hypothesis.
Autoassociation has been suggested to be crucial for TssL function, maybe by
increasing local concentration of the protein and allowing recruitment of other
T6S components (Durand et al. 2012b). The cytoplasmic domain of TssL behaves
as a soluble globular protein and does not present hydrophobic patches. It does
not present any apparent catalytic domain or catalytic residues, which further
suggests that TssL is a structural component of the apparatus. TssL proteins can
bear a peptidoglycan-binding (PGB) domain thought to stabilize the apparatus in
the cell envelope by anchoring it to the cell wall. In the case of some T6SSs, TssL
lacking the recognized PGB domain co-occurs with TagL, another integral IM
protein able to bind peptidoglycan in vivo and in vitro (Aschtgen et al. 2010a, b).
In P. aeruginosa, curiously, the HSI-II and HSI-III loci do not harbour any protein
with identified PGB domains.

TssM is an integral IM protein with a large periplasmic domain (744 residues
in EAEC (Felisberto-Rodrigues et al. 2011)). In Agrobacterium tumefaciens TssM
has ATP-binding and hydrolysis activity, the latter being crucial for Hep recruit-
ment (Ma et al. 2009, 2012). On the other hand, TssM of Edwardsiella tarda does
not require its NTP-binding domain for Hep secretion (Zheng and Leung 2007).
Moreover, some TssM do not possess any NTP-binding domains. These findings
argue that TssM-associated ATPase activity is not widespread through T6SSs and
that it might be related to specific needs of each bacterium. In P. aeruginosa, TssM 1
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harbours only one predicted transmembrane helix and no predicted NTP-binding
domain.

TssM, in addition of interacting with TssJ, is able to form a complex with the C-
terminal periplasmic domain of TssL. TssJ and TssL are both able to homodimerize,
in the OM and in the IM, respectively. It is plausible that these three proteins form a
membrane-spanning complex that is bound to peptidoglycan and has a ring shape-
like structure. Of note, ring shape-like structures seem to be a common feature of
different membrane-spanning machineries, such as T3SS and T4SS (Schraidt and
Marlovits 2011; Fronzes et al. 2009).

Does the membrane-spanning complex function as a channel and support for
the syringe-like complex? It has been suggested that the TssM-L-J complex can
accommodate the phage-like injection machinery. The interaction of TssM via its
periplasmic domain both with Hep and TssB supports this model, where the mem-
brane-spanning complex would stabilize the needle-like complex.

Recently, the IM proteome of P. aeruginosa PAO1 has been explored by mass
spectrometry (Casabona et al. 2013). Among the detected proteins, 23 components
encoded by the HSI-I locus have been identified. Notably, two predicted cytoplas-
mic proteins, TssE and TssK, were found associated with the IM, further suggesting
their role in syringe formation. Interestingly, E. coli TssK homologue is a trimer
able to interact with several components of the T6SS (TssM, TssA, TssB and Hcp),
suggesting that it may be the missing glue between the two complexes (Zoued et al.
2013). Another protein, of yet unknown function, TagJ, forms a complex with TssB.
Curiously Tag]J is one of the “accessory” components found only in approximately
30% of T6SSs, which suggests the subtle adjustments in T6SS assemblies (Lossi
etal. 2011).

Mechanism of Injection, a Dynamic Story

As discussed in the previous sections, bioinformatic, structural and biochemical
analyses suggest that T6SSs are contractile injection systems reminiscent of tailed
phages that employ a syringe-like macromolecular nanomachine to puncture host
cell membrane.

T6SSs are highly dynamic structures that follow assembly/disassembly contact-
dependent cycles that can be monitored by time-lapse fluorescence microscopy (Le-
Roux et al. 2012; Basler and Mekalanos 2012; Brunet et al. 2012). For example, P.
aeruginosa cells can respond to T6SS activity in a neighbouring sister cell with an
increase in their own T6SS dynamics. This phenomenon has been baptized bacterial
dueling (Basler et al. 2013), and has also been documented for pathogenic E. coli
EAEC cells. Interestingly, the propagation of T6SS activities was shown to increase
over time, spreading through the bacterial lawn, suggesting the rapid genesis of the
signal within cooperative microorganisms which could contribute to coordination
in a spatial and temporal fashion of a bacterial community to eliminate competing
bacteria.
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Indeed, recent data obtained by time-lapse fluorescence microscopy showed
that T6SS dueling also occurred between heterologous species (Basler et al. 2013).
More precisely, the dueling response of P. aeruginosa was triggered by the T6SS
activity of a heterologous microorganism which had attacked first whereas P. ae-
ruginosa T6SS dynamic was absent in mixture containing species devoid of T6S
activity. This ability to respond to a T6SS-mediated attack and efficiently kill the
competitors was lost when the TagQRST-PpkA-Fhal-PppA regulatory cascade (see
parts on regulation) was inactivated. This suggested that this cascade may form a
regulatory module involved in direct sensing of envelope perturbations such as OM
breach, peptidoglycan disruption/modification and/or IM perforation upon exog-
enous T6SS attack. Envelope perturbations will then be the point where the new
T6SS will be assembled and “fired”.

Finally, two reports describe inter-bacterial intoxication via T6SS in a quan-
titative manner in vivo (LeRoux et al. 2012; Brunet et al. 2012). By monitoring
prey lysis over time, they demonstrated that cell-cell contact is needed for T6SS-
mediated intoxication but it is not the cue for T6SS activation. Moreover, the
T6SS is not an extended extracellular appendage, since immediate cell-contact
(less than 200 nm) was needed for prey lysis. The authors proposed that T6SS-
associated attacks may act as a cue to the donor that the susceptible cell is in its
vicinity, conceivable given the broad distribution of T6SS among Gram-negative
bacteria. In bacteriophages, host recognition occurs through a reversible interac-
tion of the conserved tip of the long fibres with the OM protein OmpC or with
LPS (Yu and Mizushima 1982). This triggers conformational changes in the short
fibres that extend and bind to the outer core of LPS in an irreversible fashion.
The binding is followed by contraction of the outer tail sheath, penetration of
the bacterial membrane by the hollow inner tail tube (Leiman et al. 2004, 2009).
Interestingly, structural studies revealed that the aromatic and positive residues on
the surface of the fibre tips are most likely receptor-binding determinants with the
receptor in the bacterial surface (Bartual et al. 2010). Up-to-date, homologues of
these fibre tip components have not been found in T6SS.

In the case of bacteriophages, the syringe-like complex is used only once to in-
ject DNA into the host. On the contrary, T6SS injection device can be reused. It has
been suggested that ClpV, a conserved Hsp100/Clp family of AAA+of the T6S, is
responsible for the recycling of the TssB/TssC tubules. ClpV is able to disassemble
and remodel the tubules in vitro and interacts directly with TssC in a specific man-
ner. Finally, it has also been demonstrated that ClpV prevents the formation of non-
productive TssB/TssC tubules formed spontaneously in the cell (Bonemann et al.
2009; Pietrosiuk et al. 2011; Kapitein et al. 2013). This would assure the presence
of a pool of non-assembled TssB and TssC units, needed for T6S assembly upon
cue sensing.
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Regulation of Type VI Secretion Systems in P. aeruginosa

As for most of the complex secretion machineries embedded within bacterial mem-
branes, the three T6SSs are highly regulated at different levels, including post-
translational, transcriptional and post-transcriptional levels. Few signals and some
molecular actors involved in these types of regulation are starting to be revealed and
are summarized in Fig. 4.4.

Post-Translational Regulation

HI1-T6SS activity depends on additional proteins. Seven proteins, PpkA, PppA,
TagR, TagS, TagT, TagQ and Fhal, form part of the so-called threonine phosphory-
lation pathway (TPP) (Hsu et al. 2009), and TagF is a negative regulator acting
independently of the TPP (Silverman et al. 2011).

The TPP pathway relies on a transmembrane serine-threonine kinase, PpkA,
which dimerizes and autophosphorylates to then phosphorylate Fhal, a protein
that contains a Forkhead-Associated domain. Once phosphorylated, Fhal recruits
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Fig. 4.4 Regulation of the P. aeruginosa HSI loci. The principal regulators and pathways involved
in transcriptional, post-transcriptional and post-translational control are indicated. The positive
effects are depicted by green arrows, the negative ones by red bars. For the regulation of orphan
elements and the link between c-di-GMP and RsmZ/Y pathway, see the text. The direct binding
of RsmA on HSI-I mRNAs was demonstrated by RNA mobility shift assays (Brencic and Lory
2009), that of LasR on P41656-59 locus (HSI-II) by electrophoretic mobility shift assay (Gilbert
et al. 2009) and of MvaT on PA1656 (HSI-11) and P42371-73 (HSI-III) by ChIP-on-Chip (Castang
et al. 2008)
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the ATPase ClpV1 to the IM and to TssB/C tubes, triggering both syringe as-
sembly and effector export. The activity of PpkA is antagonized by its cognate
phosphatase, PppA, which de-phosphorylates Fhal. TagR, a periplasmic protein
that acts upstream of PpkA, is essential for the activation of the system. The
modulation of the phosphorylation status of Fhal on Thr362 determines the trig-
gering of H1-T6SS activation (Hood et al. 2010; Hsu et al. 2009; Mougous et al.
2007). A recent study has described TagT, TagS and TagQ as additional players in
the TPP by acting upstream of the PpkA/PppA phosphorylation checkpoint (Casa-
bona et al. 2013). TagT and TagS form a membrane-bound ABC transporter with
ATPase activity and TagQ is an OM lipoprotein that faces the periplasm. It was
shown that TagR, under some conditions, associates to the OM in a TagQ-depen-
dent manner. Thus, TagTSRQ form a novel signalling module in charge of sens-
ing exogenous T6SS attacks, most probably by sensing cell envelope disruption
or interacting with exogenous T6SS effectors. The sensing by TagTSRQ module
promotes local Fhal phosphorylation that leads to T6S machinery assembly and
firing (Basler et al. 2013; Casabona et al. 2013).

Independent of the TPP, another posttranslational pathway has been described
in which Fhal phosphorylation is negatively regulated by TagF. The environmental
cues that govern the two pathways are different, since surface growth induces TPP
activation, but not the TagF-dependent pathway. Even though the mechanism by
which TagF represses the H1-T6SS activation is still unknown, the authors have
shown that both TPP and TagF pathways converge in the recruitment of ClpV1
(Silverman et al. 2011).

Transcriptional and Post-Transcriptional Regulations

HSI-I was discovered through microarray analysis revealing a new locus negatively
controlled by RetS, a key component of the RetS/LadS/Gac/Rsm pathway known
to orchestrate the chronic/acute virulence switch (Mougous et al. 2006; Goodman
et al. 2004; Ventre et al. 2006; Coggan and Wolfgang 2012). Sensor kinases RetS
and LadS control in opposite manner HSI-I expression that is inhibited by RetS
and activated by LadS, thus promoting expression during chronic stage of infec-
tion (Mougous et al. 2006). The involvement of the other players of the cascade,
namely GacA, RsmA and RsmYZ, was further confirmed by microarray analyses
(Brencic et al. 2009). Furthermore, a direct binding of RsmA to the leader sequence
of transcripts encoding PAO081 and PA0082 was shown (Brencic and Lory 2009).
Interestingly genes located in the HSI-III are also under regulation of the pathway
as transcript levels were downregulated in gac4 and rsmYZ mutants (Brencic et al.
2009). In addition, H1-T6SS is inversely controlled with T3SS by c-di-GMP; in-
deed, an increased level of this second messenger, either triggered by retS mutation,
ladS overexpression, or WspR adenylate cyclase activity, was shown to activate
HI-T6SS activity and inhibit T3SS synthesis (Moscoso et al. 2011). This effect
requires the RsmY and RsmZ small regulatory RNAs but the exact mechanism
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connecting the two pathways is still unknown. The LadS/Gac/Rsm pathway, but
not c-di-GMP, was recently shown to be required for the induction of both biofilm
formation and HSI-I gene expression, along with the repression of T3SS genes, in
response to sub-inhibitory concentration of kanamycin (Jones et al. 2013). This
might be of importance for the survival within polymicrobial niche, even if no in-
crease in bacterial killing was observed, probably linked to absence of Tse3 effector
induction (Jones et al. 2013).

An inverse relationship between mucoidy and T6SS expression has been un-
derlined in several studies. Mutation in mucA, encoding the anti-sigma factor of
AlgU, leads to the release of the ExtraCytoplasmic Function (ECF) sigma factor;
then AlgU is free to activate transcription of genes involved in alginate synthesis.
This is the common mechanism for transition to mucoid phenotype (Damron and
Goldberg 2012). Transcriptome analysis indicated that AlgU exerts a negative ef-
fect on HSI-I and HSI-II genes, as well as on vgrG2a (PA1511) and hepC-vgrG2b
(PA0263-62) (Tart et al. 2005). This suggests that mucoid conversion, the hallmark
of chronic infection, should also decrease HI-T6SS activity, an idea contradicting
the observed Hcpl production in CF sputum (Mougous et al. 2006). In the same
line, mucA mutants isolated from CF individuals were shown to exhibit reduced
expression of virulence factors, such as T3SS but also H1-T6SS genes, compared
to the non-mucoid strains (Rau et al. 2010). Furthermore, transcriptome and pro-
teome analyses of two isogenic strains isolated from a CF patient pointed out a net
difference in T6SS expression between the non-mucoid and mucoid strains (Rao
et al. 2011a, 2008). Indeed, three proteins encoded within HSI-I, namely TssB1
(PA0083), TssC1 (PA0084) and Hepl (PA008S), were less abundant in the mucoid
strain, and the transcriptome analysis indicated a decreased expression in the mu-
coid strain of most of HSI-I operons and few HSI-II genes, namely tssA2 (PA1656),
tssC2 (PA1658) and tssE2 (PA1659). The authors proposed that the non-mucoid
bacteria during initial phases of infection could require T6SS to outcompete other
bacteria, but then bacteria convert to mucoid phenotype and do not require any
more their T6SS (Rao et al. 2011a).

Quorum sensing (QS) coordinates expression of the 3 HSI loci, as reported by
numerous studies using approaches such as transcriptome analysis, RT-qPCR, or
ChIP-on-chip ((Bernard et al. 2010); and references herein). Both HSL-based (Rhl
and Las) and HAQ-based (MvfR) systems affect and control differentially the three
loci, with HSI-I being negatively controlled by LasR and MvfR, while HSI-II and
HSI-III are positively controlled by Las/Rhl and MvfR (Lesic et al. 2009; Sana
et al. 2012; Schuster et al. 2003). A direct binding of LasR was even observed on
PA1656-59 region (HSI-II) (Gilbert et al. 2009). Hence, and as confirmed by tran-
scriptional fusion analyses (Sana et al. 2013), H2-T6SS and H3-T6SS synthesis
occurs at high cell density at the same timing as numerous other virulence deter-
minants. The loci encoding these two T6SSs also belong to the MvaT regulon, as
PA1656 (HSI-II), PA2371-73 (3 HSI-IlI-encoded genes) as well as the two T6SS
related genes PA1512—11 (hcpA-vgrG2a), are direct targets of MvaT (Castang
et al. 2008). MvaT is an H-NS family member functioning as a repressor of gene
expression and proposed to be a transcriptional silencer of AT-rich foreign DNA
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(Castang et al. 2008). HSI-II is also induced upon iron limitation, as the repressor
Fur controls its expression, probably directly, 2 putative Fur boxes being located in
the tss42 promoter (Sana et al. 2012). HSI-II locus (P41657-70) as well as hcpC
(PA0263), vgrG2a (PA1511) and vgrG6 (PA5266), are repressed by TetR family re-
pressor, PsrA, able to bind and respond to long-chain fatty acid signals, that controls
fatty acid metabolism (Kang et al. 2008). PsrA also regulates expression of 7fp and
rpoS, the latter being potentially of importance for stationary growth adaptations
(see (Potvin et al. 2008), and references herein).

Based on transcriptional fusion and mutant analyses, a recent study has reported
the control of HSI-II and HSI-III by the alternative sigma factor 54 (¢°*), known
to be crucial for virulence in P. aeruginosa (Sana et al. 2013). Whereas 63 (RpoN)
activates one of the two HSI-III operons, P42364—-59, it affects negatively the HSI-
IT locus and the P42365—-74 HSI-III operon probably through an indirect mecha-
nism. The transcriptional activation by RNAP-6, in general, requires bacterial
Enhancer-Binding Proteins (EBPs) to provide energy through ATP-hydrolysis and
direct molecular interaction. Both the identification of a consensus sequence for
binding of 63 in HSI-III locus by bioinformatics analyses (Bernard et al. 2010)
and the positive control of RpoN exerted on P42364—59 suggest that this HSI-III
operon might require such an EBP activator. Interestingly, two EBPs are potentially
encoded within the two loci, the sigma factor activators Sfa2 (PA1663) and Sfa3
(PA2359) (Filloux et al. 2008). However, none of the two proteins was found in-
volved in HSI-III operon expression, and Sfa2 participates with RpoN to the HSI-II
repression (Sana et al. 2013). A crosstalk was previously reported between HSI-II
and HSI-III, as HSI-II deletion triggered a reduced Acp3 transcription (Lesic et al.
2009); as it does not rely on a positive effect of Sfa2 on HSI-III as it was suggested,
the mechanism is still unknown.

A transcriptome study indicated a strong increase in PAO1 HSI-III (P42365-74
operon) gene expression as well as icpC (PA0263) upregulation upon contact with
respiratory epithelia but the underlying mechanism is not known (Chugani and
Greenberg 2007).That might be relevant for the virulence in eukaryotes, as well as
the observation that expression of HSI-III operons is maximal at 37°C (Sana et al.
2013). However, lowering growth temperature from 37 to 25 °C strongly induced
expression of hcpB (PA5267) encoding an orphan T6SS element in PAO1, as well
as vgrG2b (PA0262) and tssB1, a HSI-I-encoded gene, but at a lower level (Termine
and Michel 2009). The temperature decrease conducts also to upregulation of ~cpD
(PA14_43070) and hepB (PA14_69560) in the PA14 isolate (Wurtzel et al. 2012).
Furthermore, secretome analysis indicated that suboptimal temperature influences
secretion of Hep, whose production was increased at 25 °C. The temperature effect
might give a competitive advantage over environmental bacteria and be of high
importance for the persistence in hospitals (Termine and Michel 2009).

Deciphering all the intertwined regulatory pathways, the cross-talks, the sensed
signals controlling expression of the T6SSs will help understanding their physi-
ological roles and relevance. To complete the overall picture of T6SSs regulation,
the reader can consult the following reviews (Bernard et al. 2010; Silverman et al.
2012; Leung et al. 2011; Miyata et al. 2013).
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Concluding Remarks and Future Directions

T6SSs are the last protein machineries discovered in Gram-negative bacteria. Their
structural and regulatory complexity, role in bacterial physiology and in host-bacte-
ria interactions made it an extremely attractive field of investigations. P. aeruginosa,
together with EPEC and V. cholera, became especially appropriate model for study-
ing all of these aspects of T6SS biology. The homology with the T4 bacteriophage
allowed the strong impact of structural studies and revealed tridimensional orga-
nization of T6SS sub-assemblies. However, the whole apparatus has not been yet
isolated and visualized. In our point of view, some other challenges are confronting
us. Although some membrane signalling modules have been identified, the envi-
ronmental signals that trigger T6SS assembly and effector firing are still unknown.
The first pieces of evidence for “membrane perturbation signals” came from the
recent paper of Ho et al. (Ho et al. 2013), in which the authors identified mating pair
formation system by T4SS as one of the natural membrane-disturbing agents that
may induce T6SS response to delimit the acquisition of foreign DNA. The second
challenge concerns the T6SS effectors; the list of T6SS-associated effectors is being
rapidly increasing and up to date encompasses five effector families. Studies of how
these effectors are recruited and recognized by the given syringe and what is the
timing of their ejection will certainly require new technological and methodologi-
cal developments. Finally, the activity of T6SSs being essential for bacterial fitness
in different settings, including multi-species infections, may be considered in the
future as target for novel anti-bacterial therapy.
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