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Abstract
The type VI secretion system (T6SS) is a complex and widespread gram-negative export pathway
with the capacity to translocate protein effectors into a diversity of target cell types. Current
structural models of the T6SS indicate that the apparatus is composed of at least two complexes, a
dynamic bacteriophage-like structure and a cell envelope-spanning membrane-associated
assembly. How these complexes interact to promote effector secretion and cell targeting remains a
major question in the field. As a contact-dependent pathway with specific cellular targets, the
T6SS is subject to tight regulation. Thus, the identification of regulatory elements that control T6S
expression continues to shape our understanding of the environmental circumstances relevant to
its function. This review discusses recent progress toward characterizing T6S structure and
regulation.
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INTRODUCTION
The type VI secretion system (T6SS) is a recently discovered mechanism in gram-negative
bacteria that targets proteins to both prokaryotic and eukaryotic cells (55, 97). Like the type
III and IV secretion (T3S and T4S) pathways, T6S translocates substrates directly into
recipient cells in a contact-dependent manner (3, 24). Also similar to these pathways, the T6
pathway accomplishes this feat using a complex machine–13 core subunits are essential for
basic secretory functions of the apparatus, and additional components may be involved in
translocation (14). Although clear functional parallels exist between T6 and other secretory
pathways, with few exceptions the proteins that constitute the T6S apparatus are novel and
cannot easily be assigned roles in the machine. Thus, determining the composition of the
T6S apparatus, how its components interact, and how accessory factors modulate the
function of the system, has been an active area of research over the past several years.

The components of a T6SS are generally encoded by a group of tightly clustered genes.
Such genetic clusters average over 20 kb and are prevalent in proteobacterial genomes (14,
98). In many instances, multiple T6S gene clusters can be identified in a single organism.
On the basis of sequence divergence, phenotypic profiles, and coordinate differential
regulation, such systems do not appear redundant (39, 65, 98). Rather, the plasticity of T6S
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clusters among high taxonomic ranks suggests that evolutionarily divergent systems are
frequently acquired horizontally. Recent analyses indicate that T6S gene clusters separate
into at least five distinct phylogenetic groups (11, 14).

A T6SS can be recognized at a functional level by the robust transport of two proteins to the
milieu, hemolysin coregulated protein (Hcp) and valine-glycine repeat protein G (VgrG).
These proteins demonstrate codependency for export and together constitute part, or
perhaps, the entire extracellular portion of the T6S apparatus (42, 49, 84, 116). Structurally,
Hcp and VgrG resemble bacteriophage tail and tailspike proteins, respectively (57, 64, 83).
The specific evolutionary mechanism driving this relatedness has not been investigated in
detail; however, the proteins do not share significant primary sequence homology with their
phage counterparts. Whether this structural relationship translates into functional similarity
is also not known. Nonetheless, a popular model depicting the T6SS as an inverted
bacteriophage-like structure on the bacterial cell surface has emerged from these
observations (27, 47, 57).

Functionally, T6SSs separate into four categories: (a) bacterial cell targeting, (b) eukaryotic
cell targeting, (d) bacterial and eukaryotic cell targeting, and (d) other. The last includes
systems implicated in processes such as conjugation, gene regulation, and cellular adhesion
(4, 28, 33, 107). Importantly, it remains to be determined whether these effects are direct or
indirect consequences of T6S. Because the genetic factors underlying the functional
diversity of T6S are not yet defined, and few systematic studies of its function have been
reported, it remains plausible that the system is considerably more promiscuous than
currently appreciated.

Although many T6SSs have been studied and ascribed functions, the effector proteins
involved have been identified in only a small subset of T6SSs (49, 74, 84, 93, 101, 106). Yet
even from this small sampling it is evident that the T6S apparatus can accommodate a
structurally and functionally diverse array of substrates. Moreover, these substrates can be
configured either as specialized domains fused to apparatus components or as more
canonical, independently exported proteins. Genetic data suggest that the latter grouping of
substrates transit the apparatus in a one-step mechanism that avoids periplasmic
intermediates (93). In this review, we focus on two rapidly advancing topics in the field of
T6S: the structure of the secretory apparatus and the conditions and signals that influence its
expression and activation. We make no claims to have been exhaustive and we apologize in
advance to our colleagues whose work we have omitted.

ARCHITECTURE OF THE TYPE VI SECRETION SYSTEM
The T6SS is composed of a minimal set of 13 subunits, which are thought to form the core
apparatus (11, 21). Although there is not yet a high-resolution structure of the whole or
subcomplexes of the T6SS, such as those available for the T3SS and T4SS (104, 109), a
comprehensive model of T6SS assembly has recently emerged. Biochemical and structural
studies support a general model in which T6SS components form two subassemblies. Aside
from these core components, T6SS gene clusters usually encode accessory subunits. The
function of most of these proteins is not yet known; however, several proteins are required
for proper assembly or function of the apparatus, whereas others have been shown to trigger
its timely assembly (6, 100). In this section, we summarize recent findings pertaining to the
topology, structure, protein-protein interaction, and function of individual T6S machine
components. Based on these data, we propose a structure-function model of the apparatus.
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Core and Accessory Components
Systematic mutagenesis studies performed in Edwardsiella tarda and Vibrio cholerae have
shown that each of the 13 conserved T6S genes is required for function (115, 116). On the
basis of bioinformatic approaches, these genes can be classified into three categories. The
first category includes genes encoding membrane-associated proteins, either integral
membrane (TssL, TssM) or lipoproteins (TssJ) (Figure 1; outlined green). The second
category of genes encodes proteins with relatedness to tailed bacteriophage components
(Hcp, VgrG, TssB, TssC, TssE) (Figure 1; outlined pink). For the most part, this homology
is apparent at the structural level, not at the sequence level. The last category contains
proteins for which no function can be inferred from in silico analyses (TssA, TssF, TssG,
TssK). Although we do not yet have a high-resolution structure of the T6SS, the machine
can be viewed as an assemblage of two distinct substructures–a bacteriophage-like structure
and a membrane complex–that interact to form an inverted bacteriophage-like structure
anchored to the cell envelope (13, 57, 89).

In addition to these core components, accessory genes are usually associated with T6SS
gene clusters. Because the bacteria that carry T6S gene clusters can be found in different
environments and the function of T6S is highly versatile, these accessory proteins might be
linked to regulation or provide supplemental functions to the apparatus. For example,
accessory components critical for transcriptional regulation or posttranslational activation of
the system have been characterized (see below). Thus, even though these proteins are
referred to as accessory, their functions can be essential for the proper production, assembly,
or activity of the apparatus.

Bacteriophage-Like Subunits
Rapidly after the identification of the T6SS, it appeared that at least two subunits, Hcp and
VgrG, share secondary structure similarity with bacteriophage components. These
similarities were confirmed soon after by structural data, which demonstrated that the fold of
Hcp is related to that of the major tail protein of phage λ, gpV (76, 83), and that VgrG
assumes a fold and quaternary arrangement similar to the gp27/gp5 complex, the spike of
bacteriophage T4 (58, 64).

During bacteriophage tail assembly, gpV oligomerizes into a filamentous tubular structure
of specific length (1, 25, 59). X-ray crystal packing of Hcp homologs from Pseudomonas
aeruginosa and E. tarda revealed that under certain conditions Hcp hexamers assemble in a
head-to-head or head-to-tail fashion (56, 76, 81). Using disulfide bond engineering, Ballister
et al. (8) reported that Hcp nanotubes of defined length can be constructed in vitro. Although
the current data suggest that Hcp might form a tubular structure, it remains to be determined
whether such a structure exists in vivo and whether its length is regulated.

In the bacteriophage T4, a sheath surrounds the tail filament. The sheath is a contractile
structure composed of >100 gp18 protomers helically assembled (Figure 2a,b) (2). In 2009,
a study reported that two T6S subunits, TssB and TssC, form tubular structures observable
by electron microscopy. Image reconstruction of the particles showed that TssB and TssC
assemble into structures which exhibit cogwheel-like cross sections resembling the
bacteriophage sheath (12, 22.). More recently, Basler et al. demonstrated that TssB/TssC
tubule structures exist in two conformations, likely corresponding to extended and
contracted sheath-like structures (8a). Time-lapse microscopy further showed that these
tubules assemble dynamically into the cytoplasm and oscillate between the extended and
contracted conformations through cycles of TssB/TssC assembly, disassembly and
recycling. Interestingly, the internal diameter of the TssB/TssC complex (~10 nm) is
sufficient to accommodate the Hcp tubule (external diameter of ~9 nm) (12, 22). On the
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basis of these observations, it has been proposed that TssB/TssC subunits would form a
structure enclosing a hypothetical Hcp tube. Similar to the bacteriophage T4 sheath,
contraction of the TssB/TssC tubules might propel the Hcp tube toward the cell exterior
prior to secretion (Figure 2c,d). This is in agreement with the observation that secretion by
the T6S apparatus is a one-step mechanism, in which substrates are directly transported from
the cytoplasm of the donor to the recipient cell without transient accumulation in the donor
periplasm (93). Whether substrates are preloaded in the Hcp tube or transit into the tube
upon target cell perforation remains to be answered. A specific interaction between the ClpV
AAA+-family ATPase and an N-terminal peptide of TssC has been defined, and ClpV
disassembles TssB/TssC tubules in vitro (12). Given the findings that the purified tubules to
which ClpV binds are in the contracted conformation and that TssB/TssC tubules are static
in clpV mutant cells, it has been proposed that ClpV is not responsible for TssB/TssC tubule
assembly or disassembly, but rather for recycling the TssB and TssC subunits upon
contraction (8a).

The VgrG protein forms a trimer that structurally resembles the (gp27/gp5)3 complex of
bacteriophage T4 (58, 64). The (gp27/gp5)3 complex assembles at the tip of the tail, and the
β-helical needle-like structure formed by the C-terminal domain of gp5 is used to perforate
the outer membrane of the target bacteria (58). By analogy, it is supposed that VgrG is
displayed at the tip of the Hcp tube and that the Hcp tube propels VgrG toward the target
cell. This model is supported by several observations. First, Hcp is required for VgrG release
in culture supernatants (42, 84, 116). Second, specialized VgrG proteins carry a C-terminal
extension that possesses specific properties. The C-terminal domain is located downstream
of the β-prism and therefore is the first domain to enter into the recipient target cell (Figure
2). Bioinformatic analyses predicted several activities such as fibronectin or peptidoglycan
binding, general adhesion, and actin modification. Whereas most of these predictions remain
to be experimentally tested, the Vibrio cholerae VgrG1 protein carries a domain that
catalyzes actin cross-linking (69, 84), and a VgrG of Aeromonas hydrophila acts as an actin
ADP-ribosylating enzyme (101).

On the basis of the phage model of the T6SS, one would predict a physical interaction
between Hcp and VgrG. Although a direct interaction between the proteins has not been
detected, several groups have reported that Hcp and VgrG exhibit codependency for
secretion (49, 84, 85, 116). Given the relative positions of VgrG and Hcp in the proposed
phage-like structure, this suggests that Hcp polymerization requires, or is triggered by, VgrG
recruitment to the apparatus. Interestingly, such a mechanism is consistent with what has
been described for the corresponding phage proteins during particle morphogenesis (61, 73,
112).

Recent microscopy images obtained by Basler et al. showed that the base of the cytoplasmic
T6SS sheath appears to be connected to the inner membrane by a large complex that may
represent an assembly platform similar to the bacteriophage baseplate (8a). The baseplate is
responsible for proper assembly of the hub and tail tube, as well as for contraction of the tail
sheath (92). Among the T6S core components, the cytoplasmic submit, TssE, shares primary
sequence homology with gp25, a structural component of the bacteriophage baseplate (11,
68). If the function of gp25 is conserved in the T6SS, TssE, in conjunction with a baseplate-
like complex, might participate in assembly of the Hcp tube and the TssB/TssC sheath. In
agreement with this hypothesis, the TssB/TssC tubules do not assemble in cells lacking tssE
(8a).

The current model argues that canonical protein substrates are transported through the Hcp
tube. Whereas the internal diameter of the Hcp hexamer (~4 nm) can accommodate a
globular protein with a molecular mass less than approximately 50 kDa, the extremity of the
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VgrG β-prism is too narrow to allow substrate passage. One can speculate that the VgrG
protein–as proposed for the bacteriophage T4–is released upon puncturing the target cell
membrane, leaving the Hcp tube open and allowing delivery of substrates (Figure 2).
Among the three characterized substrates of P. aeruginosa, Tse1 and Tse3 have
peptidoglycan hydrolysis activities and are released in the periplasm of the bacterial target
cell (93). By contrast, the biological target of Tse2, which is not yet identified, is located in
the cytoplasm (49, 93).

Membrane-Associated Components
Recently, Aschtgen et al. (5) reported the isolation of a complex composed of four
membrane proteins of the enteroaggregative E. coli (EAEC) Sci-1 T6SS: TssL, TssM, TssJ,
and TagL. Further studies defined the localization and topology and delineated the
interaction contacts of these different proteins. These and more recent biochemical and
structural studies support a model in which these proteins form a complex that spans the cell
envelope.

TagL is inserted into the inner membrane through three transmembrane segments (TMSs),
and its large periplasmic domain carries a functional peptidoglycan-binding (PGB) motif.
Mutagenesis studies have shown that TagL-mediated PGB is required for the activity of the
T6SS; therefore, TagL may act as an anchor that tethers the apparatus to the cell wall (5). It
is surprising that in the Sci-1 T6SS, the essential PGB activity is carried by an accessory
protein. Indeed, this is often not always the case, and the PGB domain is instead fused to
TssL or other subunits (6).

TagL interacts directly with TssL, an inner membrane protein anchored through a single C-
terminal TMS. The bulk of TssL localizes in the cytoplasm and adopts a unique fold
resembling a hook (6a, 31a). TssL has strong homology with IcmH (or DotU), a component
of the type IVB secretion system (T4bSS). In the T4bSS, IcmH interacts with IcmF to form
a complex that stabilizes core components of the apparatus (78). In the T6SS, the IcmF
homolog is TssM. TssM is anchored to the inner membrane through three TMSs. A
cytoplasmic domain of ~30 kDa, which usually contains functional ATP-binding and
hydrolysis Walker motifs, is located within the cytoplasmic loop flanked by TMS2 and
TMS3. Mutagenesis studies have been performed to investigate the importance of the
Walker motif. Interestingly, the outcome of these studies depends on the T6SS model. In E.
tarda, the Walker motif is dispensable for T6SS assembly, as the secretion of Hcp and VgrG
proteins is not affected by its inactivation (116). By contrast, in Agrobacterium tumefaciens,
the Walker motif is critical for Hcp secretion (70). TssM undergoes a conformational change
dependent on ATP binding and hydrolysis that allows for the recruitment of Hcp to the
TssM/TssL complex (70a). In several cases, Walker motifs cannot be identified in the
cytoplasmic domain of TssM. It thus appears that TssM ATP binding and hydrolysis might
be adapted to the specific needs of each T6SS.

The bulk of TssM (~80 kDa) is localized in the periplasm. It is composed of two
subdomains: a large helical domain followed by a C-terminal β-domain (35). Yeast two-
hybrid and coimmunoprecipitation experiments have shown that the periplasmic domain
interacts with TssJ (35, 116). TssM associates with TssJ in a 1:1 stoichiometry and a Kd of
2–4 μM. Mapping studies showed that the TssM C-terminal β-domain is sufficient to
interact with TssJ. TssJ is a lipoprotein that is anchored to the outer membrane through the
acylation of its N-terminal cysteine residue (4). The crystal structures of the soluble domain
of two TssJ proteins (from EAEC and Serratia marcescens) have been reported recently (35,
86). TssJ has a transthyretin fold (two parallel β-sheets) with additional elements, including
a variable loop between β-strands 1 and 2 required for interaction with TssM. The
conservation level of this loop is low, suggesting that it can act as a specificity determinant
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during assembly of the T6S apparatus (35). By virtue of interacting with TssL at the inner
membrane and TssJ at the outer membrane, TssM spans the envelope. Rao et al. (86)
reported that the S. marcescens TssJ lipoprotein is engaged in homomeric interactions.
Interestingly, the TssL protein also oligomerizes (31a). It is therefore conceivable that the
TssL-TssM-TssJ complex associates as a ring-like structure to shape a channel spanning the
cell envelope, analogous to membrane spanning structures that have been observed for the
T3SS and T4SS (37, 109).

The observation that two distinct subassemblies exist in the T6SS raises the question of how
these are connected. The periplasmic domain of the TssM protein interacts with TssB in a
yeast two-hybrid assay, while Hcp was shown to co-immunoprecipitate with the periplasmic
portion of the TssM-TssL complex (116, 70a). These results are compatible with the current
model in which the sheath structure surrounding the Hcp tube is embedded in a channel-like
structure formed by the assembly of the periplasmic domains of TssM.

INPUTS THAT MODULATE TYPE VI SECRETION EXPRESSION AND
ACTIVITY

Even though our understanding of T6S function has grown considerably in recent years, its
role in nature remains unclear. For instance, many bacteria of significant health concern
possess one or more T6SSs; however, the pathogenic relevance of most of these systems is
unknown. The majority of organisms with T6SSs are not pathogens and instead are found in
marine environments, the rhizosphere, and in soil, or they are associated with higher
organisms as symbionts or commensals (11, 14). Defining the signals and conditions that
control the expression and activation of T6S under the highly varied environments such
bacteria occupy will be critical for revealing its role in these contexts. Below we provide
examples of regulatory pathways and signals that modulate T6S expression. We discuss how
environmental cues that influence these pathways might provide insights into the
physiological function of the system. Our review of T6S regulation is not comprehensive;
therefore, we refer readers interested in further details to more exhaustive recent reviews
(10, 66).

Environmental Signals
Recent findings have demonstrated various classes of regulators sensitive to environmental
cues specifically modulate the activity of the T6SS. Further defining the signals that
stimulate T6SSs is essential for understanding the physiological context in which these
systems act.

Iron—The ferric-uptake regulator (Fur) protein is a key modulator of iron-dependent gene
expression in bacteria (20). This regulator generally represses transcription through Fe(II)-
dependent dimerization and subsequent DNA binding to a consensus sequence called the
Fur box located within promoter regions. Transcriptional activation and iron-independent
regulation by Fur also occur (19, 43). In addition to its important role in regulating iron
acquisition and homeostasis, Fur regulates genes and processes that are not directly involved
in iron metabolism. Some examples of these include toxins, adhesins, motility, and
resistance to reactive oxygen species (18–20, 46, 88).

Expression of T6S in two opportunistic enteric pathogens, E. tarda and EAEC, is repressed
directly at the transcriptional level by Fur (Figure 3) (17, 23). E. tarda is primarily a
pathogen of fish; however, consumption of contaminated seafood can lead to gastroenteritis
in humans (95). Infection models suggest that T6S plays an important role in the virulence
of E. tarda and its close relative, Edwardsiella ictaluri, against fish (75, 91, 116). Deletion of
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genes encoding core components of the E. tarda Evp (E. tarda virulence proteins) T6SS, or
insertional disruption of a gene encoding a putative effector of this system, evpP, attenuated
the organism approximately 100-fold in blue gourami.

Fur-dependent regulation of the Evp T6SS was recently demonstrated by Mok and
colleagues (23). Their work showed that Fur confers iron-dependent repression of
production and export of an Hcp homolog (EvpC) and that the Fur protein binds directly to a
Fur box sequence upstream of evpP, the first gene in the evp cluster. Fur-based repression of
the evp genes is consistent with the contribution of the system to pathogenesis, as Fur
repression would likely be alleviated inside iron-depleted host tissues.

EAEC is an emerging enteric pathogen characterized by its propensity to self-adhere and
form biofilms on the intestinal mucosa (79). Infections with EAEC result in diarrhea and can
be acute or chronic in nature; it is currently the second most common cause of diarrhea in
persons traveling to developing countries (44, 102). The Sci-1 T6SS of EAEC is required for
biofilm formation and is regulated by iron availability through a pathway involving DNA
adenine methyltransferase (Dam)-catalyzed methylation and Fur repression (17). Two Fur
boxes and three Dam methylation sites are present upstream of the Sci-1 gene cluster.
Interestingly, one of the Fur-binding sites overlaps with a Dam methylation site, and Fur
binding prohibits methylase access to the site. In the absence of iron, Fur dissociates and
allows RNA polymerase to bind and initiate transcription. Similarly, the loss of Fur also
permits methylation at the site, which inhibits the reassociation of Fur. Thus, low
cytoplasmic Fe(II) yields stable on-state expression of the Sci-1 T6SS. It is not currently
understood how sci-1 expression is returned to the off-state, as the binding of Fur to
hemimethylated sequences that would be generated following DNA replication was not
investigated (17).

The physiological consequences of sci-1 regulation by Fur are not yet known and depend on
the abundance and form of iron present in a given environment. The anaerobic environment
of the intestinal lumen favors the ferrous [Fe(II)] form of the ion. In support of this, studies
of Salmonella have shown that genes under control of Fur remain repressed prior to tissue
invasion (51, 54). Furthermore, Salmonella pathogenicity island I, which encodes a T3SS
required for Salmonella invasion, is activated by iron-bound Fur (32). Extending these
findings to EAEC Sci-1 suggests that the T6SS may remain repressed by Fur in vivo. This is
congruent with studies demonstrating that T6S does not contribute to the virulence of EAEC
in animal infection models (4, 31). However, an important consideration when interpreting
these data is that the animal models employed are unlikely to accurately recapitulate chronic
EAEC infection. It is conceivable that ferrous iron becomes depleted within stable intestinal
biofilm communities of EAEC, thereby leading to Sci-1 T6SS activation. Sci-1 activation
mediated by Fur depression is likely to occur in an environmental context, where its role in
promoting adhesion could be exploited as an adaptation to oxidative stress or iron starvation
(4, 29).

σ54-dependent activators—Sigma factor 54 (σ54)-dependent activator proteins, also
termed bacterial enhancer binding proteins (bEBPs), are a diverse group of proteins that
mediate the translation of environmental signals to changes in gene expression in bacteria
(87). bEBPs regulate gene expression by catalyzing the closed-to-open transition of σ54-
RNAP holoenzyme transcription complexes. This activity is ATP-dependent and, as
described below, can be regulated by signal binding and phosphorylation. bEBPs are
generally composed of three domains: an N-terminal regulatory domain, an internal AAA+-
family ATPase domain, and a C-terminal DNA-binding domain that typically mediates
sequence-specific interactions with activator sequences 100 to 200 nucleotides upstream of
the promoter (96). The N-terminal activation domain and the C-terminal DNA-binding
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domain are highly variable among bEBP homologs (99). This low conservation is partly
responsible for the diversity of signals bEBP homologs detect and the distinct DNA
sequences they bind.

A broad range of cellular processes, including nitrogen assimilation, motility, and virulence,
are regulated by bEBPs (99). This class of proteins also serves a general role in the
regulation of T6S (Figure 3). Bioinformatic analyses identified bEBPs encoded within
phylogenetically diverse T6S gene clusters (9, 14). These analyses have further revealed
probable σ54-binding sequences within the respective T6S promoter regions (9). A subset of
T6S-associated bEBPs, including representatives from V. cholerae, A. hydrophila,
Pectobacterium atrosepticum, and Marinomonas spp., were investigated using in vitro
binding experiments and reconstituted transcriptional reporter assays. These studies
confirmed the predicted role of the proteins in σ54-dependent transcriptional activation of
T6S promoters.

The bEBP encoded within the virulence-associated secretion (vas) gene cluster, VasH, is a
key regulator of V. cholerae T6S (62, 85). Reflecting its important regulatory role, T6S-
dependent defense against Dictyostelium discoideum and killing of E. coli in this organism
require VasH (71, 84). An analysis of vasH homologs in 26 V. cholerae strains identified an
enrichment of nonsynonymous single nucleotide polymorphisms in the N-terminal
regulatory domain (62). Amino acid changes within this domain could provide a mechanism
for variable T6S expression response profiles within V. cholerae strains exposed to
environmental signals. Interestingly, N-terminal domains of bEBPs can act as intramolecular
activators or repressors (110). In V. cholerae V52, this domain appears to be a positive
regulator, as vas T6S expression was decreased by an N-terminally truncated VasH allele
(62). Notably, polymorphisms in vasH do not appear to underlie the significant differences
in vas expression and activation observed between non-O1/non-O139 strains (e.g., V52) and
pandemic disease strains (e.g., N16961, C6706, and A1552). Instead, this variability is
explained likely by differences in the strength of repression through quorum-based signaling
and by the novel regulator TsrA (type VI secretion system regulator A) (53, 117).

The activity of bEBPs can be regulated by specific phosphorylation events catalyzed by
sensor histidine kinases and low-molecular-weight phosphodonors (72, 99). An example is
the well-characterized bEBP NtrC (nitrogen regulatory protein C), which is activated
through phosphorylation by NtrB (108). In addition, NtrC efficiently autophosphorylates in
vitro in the presence of acetyl phosphate, and evidence suggests that acetyl phosphate is also
relevant to its signaling properties in vivo (36). A sensor kinase that acts on T6S bEBPs has
not been identified; however, these proteins autophosphorylate in vitro in the presence of
acetyl phosphate (9). This finding suggests that upstream events such as environmental
sampling by sensor kinases or changes in metabolism leading to the accumulation of low-
molecular-weight phosphodonors could have a significant impact on σ54-dependent T6S
expression.

Surface association—Surface association can promote dramatic changes to bacterial cell
physiology. An analysis of global gene expression changes in Salmonella typhimurium
demonstrated that one-third of its genes are altered during surface growth conditions (105).
Such changes may be caused by signaling systems that directly detect surfaces or that
respond to concomitant alterations in the local environment. Cells adhered to surfaces can
develop into sessile communities, sometimes referred to as biofilms, in which long-term
cell-cell contact is enhanced relative to planktonic cells (26). According to the current
understanding of T6S-mediated effects, these conditions are favorable to its contact-
dependent mechanism of effector delivery.
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The Hcp secretion island-I encoded T6SS (H1-T6SS) of P. aeruginosa is posttranslationally
activated by a threonine phosphorylation pathway (TPP) in response to surface growth of the
organism (Figure 3) (100). Components of this pathway include PpkA, an inner-membrane-
spanning serine/threonine kinase, and Fha1, a forkhead-associated domain-containing
protein that is activated by PpkA via phosphorylation (50, 77). Activated Fha1 promotes H1-
T6S-apparatus assembly and effector secretion. Unlike planktonically grown P. aeruginosa,
strains placed on an agar surface for 4 h assemble an activated apparatus and contain
elevated levels of phosphorylated Fha1 (100). Genetic analysis of the requirements for
competitive fitness mediated by the H1-T6SS further established the role of the TPP in
surface-dependent H1-T6SS activation and ruled out the involvement of a second
phosphorylation-independent pathway. Surface activation of T6S by the TPP may be a
general phenomenon, as components of the pathway are found in approximately 30% of
identified T6S gene clusters (14).

Though the mechanism(s) is not yet clear, sessile growth may also serve as a cue for
regulatory changes that elevate T6S expression. Recent findings demonstrated that cellular
levels of TssC1, an H1-T6S component, are elevated in a biofilm compared with
planktonically grown cells (113). Consistent with this observation, the protein Hcp is
abundant in P. aeruginosa biofilms (94).

Bacteria-Derived Signals
Often functioning as a cell contact-dependent bacterial interaction pathway, it is not
surpising that the sensing of other bacteria plays an important role in modulating T6S
activity. Here we describe several examples of bacteria-derived signals that influence T6S
expression.

The Gac/Rsm pathway—The Gac/Rsm signaling pathway couples extracellular bacteria-
derived signals with marked changes in target mRNA translation (63). The pathway is
initiated by the GacS/GacA two-component system, which upon stimulation leads to
elevated expression of one or more small regulatory RNA (sRNA) molecules, variably
termed rsmB, rsmX, rsmY, rsmZ, csrB, or csrC. These sRNA molecules interact with and
sequester an mRNA-binding protein known as RsmA or CsrA. This protein generally acts as
an inhibitor of translation by associating with sequences near or overlapping the ribosome-
binding site. Thus, sRNA expression typically facilitates increased translation of specific
mRNA targets. In some cases, mRNA binding by RsmA/CsrA can activate translation;
however, the mechanism is less clear in these instances.

In the pseudomonads, the Gac/Rsm pathway is a key regulator of many important processes,
including biocontrol and virulence factor production, cellular aggregation, and quorum
sensing (40). Studies have revealed that P. aeruginosa, P. fluorescens, and P. syringae also
use this pathway to regulate the expression of T6S (Figure 3) (45, 76, 90). This was first
noted in P. aeruginosa, wherein microarray analyses of strains lacking retS or ladS, which
encode a repressor and activator of GacA/S signaling, respectively, strongly implicated
RsmA in the stability of HSI-I transcripts (41, 103). Later functional analyses demonstrated
that assembly, activation, and effector secretion and targeting by the H1-T6SS are
stimulated in the ΔretS background (49, 76, 77). The most definitive evidence for the
involvement of the Gac/Rsm pathway in HSI-I regulation is found in recent work by Brencic
& Lory (15), which demonstrates direct RsmA binding to the 5′ leader sequence of two
HSI-I transcripts.

The incorporation of the H1-T6SS into the global regulon of the P. aeruginosa Gac/Rsm
pathway has yielded valuable insights into the settings relevant to its function. In P.
aeruginosa, the Gac/Rsm pathway directly or indirectly regulates the expression of
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approximately 500 genes (16, 41). Within this expansive set, researchers have noted
reciprocal regulation of factors associated with planktonic and sessile growth–leading to the
hypothesis that the Gac/Rsm pathway coordinates this physiological transition of the
organism (111). In the Gac/Rsm regulon, H1-T6SS expression occurs coincident with
factors having experimentally demonstrable roles in sessile community formation, such as
two aggregation and adhesion-promoting exopolysaccharides, Pel and Psl. This early
regulatory link implied that T6SS activity is relevant to closely interfacing bacteria;
however, in what capacity remained unknown. This question has been answered–at least in
part–by more recent studies demonstrating the role of the H1-T6SS in contact-dependent
interbacterial interactions and the involvement of the system in biofilm-specific antibiotic
resistance (49, 93, 113). Notably, the Gac/Rsm pathway of P. fluorescens, which is closely
related to that of P. aeruginosa, responds to signals generated by other pseudomonads and
certain Vibrio spp. (30).

Quorum Sensing
Quorum sensing is a bacterial regulatory mechanism that modulates gene expression based
on cell population density (38, 80). A quorum is sensed by the accumulation of diffusible
signaling molecules, which are themselves typically under quorum control. Regulation of
quorum-controlled genes is achieved either by direct or indirect effects that signal molecules
impart on the DNA-binding properties of dedicated regulatory proteins. A prevailing model
is that quorum sensing regulates social behavior of bacteria, both within and between
species (82). One piece of evidence in support of this model is that secreted products are
disproportionally abundant in the quorum regulon of many species (48). Given this, it is not
surprising that many instances of quorum-sensing-regulated T6SSs have arisen in the
literature (39, 52, 60, 65, 67, 114, 117).

In V. cholerae, two chemically distinct quorum-sensing systems, autoinducer-2 (AI-2) and
cholerae autoinducer-1 (CAI-1), collaborate to influence density-dependent gene expression
(Figure 3) (80). Signal molecules from these pathways are detected by two sensor kinases,
LuxQ and CqsS, respectively. The pathways converge on the phosphotransfer protein LuxU,
which acts on LuxO, a DNA-binding response regulator protein. Phosphorylated LuxO
activates the expression of sRNA molecules (qrr1–4) that in turn repress the production of
HapR, a TetR-family global transcriptional regulator.

The majority of studies on V. cholerae T6S have been conducted in the serotype O37 strain
V52. The V52 strain is a valuable model for studying T6S within the species, as Hcp and
VgrG proteins are abundantly exported from the strain, its vas genes are highly expressed,
and it exhibits strong Vas-dependent phenotypes against prokaryotic and eukaryotic cells
(71, 84, 85). However, under similar in vitro conditions, most strains of V. cholerae,
including O1 and O139 pandemic strains, display markedly lower vas expression and as a
result do not exhibit Vas-dependent phenotypes (52, 53, 117).

Recent studies have suggested that differences in direct quorum-sensing-dependent
expression of vas genes are partially responsible for T6S variability in V. cholerae. Ishikawa
et al. (52) observed a striking correlation between HapR and Hcp expression among a panel
of O1 isolates. Furthermore, a deletion of luxO was shown to strongly induce vas expression
in two serotype O1 strains, A1552 and C6707 (52, 117). Consistent with current models of
quorum-sensing circuitry in V. cholerae, activation of vas expression in ΔluxO required
hapR and Δhfq recapitulated the effects of the luxO deletion.

Despite robust vas expression in O1 strains lacking luxO, the secretion system can remain
functionally quiescent in this background (117). Thus, levels of HapR do not fully reconcile
T6S-related phenotypic differences observed between V. cholerae strains. Briefly, complete
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activation of T6S in pandemic V. cholerae strains appears to involve additional factors such
high osmolarity, low temperature, and relief of repression imposed on the system by the
TsrA protein (53, 117).

The adaptive role of quorum control over T6S remains to be elucidated. In addition to its
role in intraspecies sensing, quorum sensing might play a role in perceiving cells of other
species (34). This seems particularly probable for the AI-2 pathway, as the dedicated signal
synthase involved in AI-2 synthesis, LuxS, is widely conserved. Therefore, AI-2 signal
levels could serve as a cue for V. cholerae to activate antibacterial defenses, such as its
T6SS, in response to potential competitors. If the signal was self-derived, coregulated
immunity proteins might ameliorate the detrimental consequences of self-targeting (93).

Not all T6SSs regulated by quorum sensing are induced at high cell densities. For example,
in P. aeruginosa the H1-T6SS is repressed at high cell densities by a direct or indirect
mechanism involving LasR, an acyl homoserine lactone-type quorum regulator (65).
Interestingly, the two other T6SSs of P. aeruginosa are regulated reciprocally with the H1-
T6SS by quorum sensing. The two T6SSs of Vibrio parahaemolyticus also display
reciprocal regulation by quorum sensing (39). Differential regulation of T6S by quorum
sensing, particularly those cases wherein this occurs within one bacterium, suggests that the
system can act in a wide range of contexts and underscores its functional versatility.
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Key Terms and Definitions

bEBP bacterial enhancer-binding protein

EAEC enteroaggregative Escherichia coli

Effector proteins proteins secreted by bacteria that influence target cell physiology

Ferric uptake
regulator (Fur)

a conserved Fe(II)-dependent regulator of gene expression

Hcp hemolysin coregulated protein

PGB peptidoglycan binding

Secretion systems mechanistically distinct pathways for passaging proteins through
membranes

T6SS type VI secretion system

T6S type VI secretion

Tag type VI associated gene

TMS transmembrane segment

TPP threonine phosphorylation pathway

VgrG valine-glycine repeat protein C
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σ54 a sigma factor that promotes a stable, closed RNAP complex
requiring activators to open; also known as RpoN
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SUMMARY POINTS

1. The T6SS is a multicomponent secretory machine that delivers effector proteins
to both prokaryotic and eukaryotic cells in a contact-dependent manner.

2. The T6SS is composed of five bacteriophage-like proteins that likely form a
cell-puncturing device and participate in apparatus assembly.

3. Interactions between four essential membrane-associated proteins suggests a
cell-envelope-spanning complex is central to T6S function.

4. Expression and activation of T6S are tightly controlled by diverse regulatory
systems.

5. Fur is an iron-responsive regulator that directly represses T6S expression in
EAEC and E. tarda.

6. σ54-dependent T6S expression is often controlled by bEBPs encoded within T6S
gene clusters.

7. T6S accessory genes involved in signaling via threonine phosphorylation
control posttranslational activation of T6S in response to surface association.

8. Self and nonself signals influence expression of T6S through quorum sensing
and, in the case of pseudomonads, the Gac/Rsm pathway.
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FUTURE ISSUES

1. How similar is the mechanism of T6S effector secretion to bacteriophage DNA
delivery to target cells?

2. What is the overall architecture of the T6SS? Can the entire apparatus be
isolated in vitro or visualized in vivo?

3. How did two phylogenetically unrelated complexes, bacteriophage-like and
bacterial membrane-associated, evolve to form the T6SS? How do the two
subassemblies of the T6SS interact with each other?

4. What are the physiological relevant targets of T6SSs? Defining the regulatory
networks that influence T6SS expression and the environmental context in
which these systems are functional will advance our understanding of the role of
T6SSs.

5. What are the upstream regulators and corresponding signals that activate
dedicated T6S-associated regulators and regulatory systems such as bEBPs and
the TPP?

6. What role does competitor sensing play in bacterial cell-targeting T6SSs? Is
specificity determined by regulatory factors, effectors, or surface receptors?
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Figure 1.
Protein interaction network between type VI secretion subunits. The localization and
topologies of the core components of the T6SS are represented. Arrows indicate interactions
detected among the subunits by biochemical/structural (blue) or two-hybrid approaches
(red). The letter accompanying the arrow denotes the system where the interaction was
detected. The membrane-associated subassembly and the bacteriophage-like subassembly
are outlined in green and pink, respectively. The question mark represents subunits for
which the localization has not been investigated. Relevant studies are discussed in the text.
Abbreviations: T6SS, type VI secretion system; A, Agrobacterium tumefaciens; B,
Burkholderia cenocepacia; E, Edwardsiella tarda; EA, enteroaggregative Escherichia coli; P,
Pseudomonas aeruginosa; S, Salmonella enterica; Sm, Serratia marcescens; V, Vibrio
cholerae; Y, Yersinia pseudotuberculosis Please add references (7, 12, 16a, 31a, 35, 42, 56,
64, 70, 70a, 76, 81, 84, 86 and 116)
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Figure 2.
Schematic representation comparing proposed models of bacteriophage T4 and T6S.
Homologous and analogous type VI secretion (T6S) and T4 proteins are colored the same as
their T4 phage counterparts. (a) The bacteriophage T4 tail tube is surrounded by the tail
sheath and terminated by the cell-puncturing device (gp27/gp5). (b) Upon host cell binding,
the bacteriophage T4 baseplate undergoes a conformational change that triggers tail sheath
contraction and results in puncturing of the outer membrane (OM) and DNA delivery.
Models of (c) inactivated and (d) activated states of T6S based on protein localization and
interactions between T6S subunits. The three membrane-associated proteins TssL, TssM,
and TssJ form a complex bound to the peptidoglycan (PG) layer via TssL. The T6S
appendix formed by an Hcp tube and a VgrG trimer is thought to be anchored at the cell
envelope by the membrane-associated complex. It has been hypothesized that an assembly
baseplate can participate in T6S appendix assembly. (c) TssB and TssC may form a sheath-
like structure enclosing the Hcp tube within the periplasmic space. (d) Activation of the
T6SS results in effector delivery to a target cell through the Hcp tube. By analogy with
bacteriophage T4, the sheath-like structure could propel, through contraction, the Hcp tube
toward the cell exterior or directly to the target cell. Abbreviation: IM, inner membrane.
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Figure 3.
Schematic representation of the diverse regulatory systems that modulate T6S expression
and activation in assorted bacteria. Only those regulatory pathways emphasized in this
review are depicted. Pathways are labeled A–E corresponding to the order of their
presentation in the text. (A) Fur represses T6S transcription in the presence of iron. (B)
bEBPs function in conjunction with σ54 to activate T6S transcription. (C) The TPP
posttranslationally activates T6S in response to surface association. Self- and nonself-
derived bacterial signals modulate T6S (D) posttranscriptionally through the Gac/Rsm
pathway or (E) transcriptionally via quorum sensing. At right is a target bacterium
undergoing intoxication by Tse1–3 effectors (e1–3). Abbreviations: TPP, threonine
phosphorylation pathway; bEBP, bacterial enhancer binding protein; T6S, type VI secretion.

Silverman et al. Page 23

Annu Rev Microbiol. Author manuscript; available in PMC 2013 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


