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Bacteria mediate interactions with their surroundings by exporting a variety of proteins into the
extracellular environment. Gram-negative bacteria have evolved at least six dedicated secretory
pathways to accomplish this task, each exporting a discrete set of proteins through complex and
genetically divergent systems. One such system is the type VI secretion system (T6SS), which is
a contact-dependent protein export pathway that delivers toxic effectors into target bacterial and
eukaryotic cells. The export of effectors is controlled by sophisticated regulatory networks that
can be triggered by specific environmental cues. The characterization of these regulatory
pathways has yielded new insight into the physiologically relevant conditions in which these
systems are active. In this thesis work, the Hcp secretion island I (HSI-I)-encoded T6SS (H1T6SS) of the opportunistic pathogen, Pseudomonas aeruginosa, was used as a model system to
investigate the factors that govern T6S activity. Specifically, this work describes two distinct

posttranslational regulatory pathways – mediated by H1-T6SS associated proteins – that
coordinate T6S apparatus assembly and effector export. One of these regulatory pathways, the
threonine phosphorylation pathway (TPP), is stimulated when P. aeruginosa is subjected to
surface-associated growth conditions. In contrast, the second pathway, which is mediated by a
negative regulator, TagF, does not respond to surface or planktonic growth conditions and,
instead, is likely stimulated by an unknown cue. As productive H1-T6S-dependent toxin delivery
requires close cell contact, the presence of these regulatory pathways may provide a means to
efficiently initiate H1-T6S activity under appropriate environmental conditions. Another
important aspect of the T6SS and secretion systems in general, is the mechanisms used to
specifically select substrates for export. This thesis work has uncovered a mechanism for
substrate recognition by the T6SS. I found that specific interactions between T6S-effectors and a
secreted T6S component, Hcp (haemolysin co-regulated protein), are essential for effector
export. Thus, Hcp plays a central role in T6S substrate discrimination. Together, these findings
have advanced our understanding of the T6SS and have shed light on the diverse mechanisms by
which proteins can be exported by bacteria.
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CHAPTER I:

Introduction to the type VI secretion system of Gram-negative bacteria
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Specialized secretory systems of Gram-negative bacteria.
Bacteria must interact with their surroundings and adapt to environmental changes in order to
survive. Indeed, bacteria can experience shifts in nutrient availability, come in contact with
surfaces and encounter competing or symbiotic organisms. To interact dynamically with their
extracellular surroundings, bacteria secrete proteins, including nutrient scavenging molecules,
enzymes, toxins and adhesins (85). The transport of these proteins out of the cell is a regulated
process mediated by specialized secretory systems.

Secretion in Gram-negative bacteria involves the transport of proteins across the inner and outer
membranes. To date, six secretory pathways have been identified in Gram-negative bacteria,
termed the type I-VI secretion systems (72). Each system exports a unique group of substrates
that are involved in a wide-range of cellular processes. Although these six secretion systems
operate in distinct ways, they share common features, including at least one secretion ATPase
that energizes the system, a receptor for substrate recognition and a channel that guides substrate
transit. The six specialized secretory pathways of Gram-negative bacteria are briefly described
below.

The type I secretion system (T1SS), also known as the ATP-binding cassette (ABC) transporter,
catalyzes the secretion of proteins from the bacterial cytoplasm into the extracellular space in a
single step, without a periplasmic intermediate (111). Known substrates transported by T1SSs
include a pore-forming hemolytic toxin, HlyA, of Escherichia coli, a metalloprotease, PrtG, of
Erwinia chrysanthemi and adhesins, BapA and SiiE, of Salmonella enterica (93, 138, 237, 251).
These substrates are secreted in a unfolded, or partially unfolded, state through a simple
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apparatus comprised of three components: an ABC transporter, a membrane fusion protein
(MFP) and an outer membrane protein (OMP) (111). The inner membrane localized ABC
transporter specifically binds substrates and provides the energy required for secretion. The
periplasmic MFP creates a channel bridging the inner and outer membranes, allowing substrates
to transit the cellular envelope without undergoing a periplasmic intermediate state. The MFP is
thought to stimulate a conformation change of the OMP, inducing channel opening and substrate
release across the outer membrane.

The type II secretion system (T2SS) is the main terminal branch of the general secretory pathway
(GSP) of Gram-negative bacteria (191). A subset of proteins delivered to the periplasm via the
Sec (Secretory) pathway or Tat (Twin arginine-translocation) pathway are translocated, in a fully
folded form, across the outer membrane by the T2SS. Many substrates exported by the T2SS are
known virulence determinants, including cholera toxin of Vibrio cholerae, exotoxin A of P.
aeruginosa and pectinase of Erwinia caratovora (53, 152, 208). T2SSs are also found in nonpathogenic organisms, such as Shewanella oneidensis, which exports outer membrane
cytochromes required for metal oxide reduction (220). T2S substrates are exported by an
apparatus built from 12-15 proteins that comprise four subassemblies spanning the cellular
envelope (131). The outer membrane complex interacts with substrates and forms a channel for
translocation. The inner membrane complex associates with the secretion ATPase and the
periplasmic localized filament, the pseudopilus. The secretion ATPase drives elongation of the
pseudopilus, which is thought to generate the force required to drive substrates across the outer
membrane.
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Type III secretion systems (T3SSs) are frequently found in bacteria that live in close association
with eukaryotic cells, symbiotically or pathogenically (54). These secretion systems transport
effector proteins through a needle-like complex directly from the bacterial cytoplasm into host
cells. The many T3SS substrates characterized to date display a range of activities that
specifically target host cell processes, for example, by modifying actin, repressing the immune
response or inhibiting apoptosis (91). The structure of the T3SS injectisome, which is
evolutionarily related to the bacterial flagellum machinery, is composed of approximately 25
different subunits (92). An extracellular needle filament is built from the membrane spanning
basal body complex. Effector recognition and secretion are dependent on a T3S-ATPase that
associates with the basal body subunit. Finally, translocator proteins assemble at the tip of the
needle, directly contact the host cell membrane and permit effector delivery into the cytosol.

Type IV secretion systems (T4SS) are complex molecular machines that have the capacity to
deliver virulence factors directly into a target cell and exchange genetic material with eukaryotes
and prokaryotes. Two subgroups of T4SSs exist, both related to conjugation systems: T4ASS
and T4BSS (51). T4ASSs are related to the Agrobacterium tumefaciens T-DNA transfer system,
which is a well-studied virulence-associated pathway that delivers effectors and DNA into plant
cells. T4BSSs are related to IncI Tra DNA transfer system (51). Legionella pneumophila encodes
a T4BSS that promotes bacterial survival and replication in host cells. Although the T4ASS and
T4BSS are genetically divergent, they exhibit several commonalities in their structural modules,
including several inner membrane-associated ATPases involved in substrate recognition, a
transport channel that spans the cellular envelope, and a periplasmic and outer membrane
spanning structure that mediates interactions with target cells. Depending on the T4SS, substrates
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can be exported directly into target cells in a contact-dependent manner or into the extracellular
milieu in a contact-independent manner.

Compared to the type I-IV secretion systems, the Type V secretion system (T5SS), also known
as the autotransporter system, is a relatively simple protein export pathway. The T5SS transports
periplasmic proteins, delivered by the Sec pathway, across the outer membrane (105). Examples
of T5S-substrates include an adhesin, AIDA-I, of E. coli, a protease, IgA, of Neisseria gonorrhea
and a multifunctional eukaryotic toxin, VacA, of Helicobacter pylori (57, 169, 231). These
substrates contain a C-terminal domain that forms a beta-barrel in the outer membrane. The Nterminal passenger domain is transported across the outer membrane through the beta-barrel,
where it either remains attached or is cleaved to produce a soluble protein.

Overview of the type VI secretion system.
The type VI secretion system (T6SS) is the most recently described specialized secretory
pathway found in proteobacteria (27). These secretory pathways mediate interactions with
bacterial or eukaryotic cells through the delivery of effector molecules. The components of
T6SSs are encoded within large gene clusters on the chromosome, composed of, on average, 20
kilobases (216). The genes within these clusters were first suggested to encode a new secretory
pathway involved in inhibiting root nodule formation by Rhizobium leguminosarum (20).
Shortly after this report, secretion of the haemolysin co-regulated protein (Hcp), now known as a
general marker of T6S activity, was found to be dependent on several genes within a similar
locus in Edwardsiella tarda (195). Since these early observations, hundreds of T6S (type VI
secretion) clusters have been identified in diverse species. Phylogenetic analysis of all known
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T6SS gene clusters, showed that T6SSs diverge into five distinct clades (27). Interestingly, many
species possess more than one genetically distinct T6S cluster. For example, five T6SSs are
found in Burkholderia thailandensis, which, based on their phylogeny, are considered nonredundant systems (18). Two of the five T6S clusters that have been studied in B. thailandensis
display divergent activities – one delivering a toxic effector to eukaryotic host cells, and the
other delivering toxins to bacterial cells (88, 216). Ongoing investigations will reveal the
molecular factors that drive the distinct functions of these complex machines.

Components of the type VI secretion apparatus.
The T6S apparatus is composed of at least 13 different components, named TssA-TssM (Type
six secretion A-M), which are generally conserved in all T6SSs and are, thus, considered the core
elements of the T6SS (18, 41). In addition to the core components, accessory elements, termed
Tag (Type six accessory gene), are encoded within these clusters. The tag genes are not well
conserved among T6SSs and do not appear to play a direct role in T6S apparatus function.
Instead, several studies have indicated that these accessory proteins function as regulators that
modulate T6SS activity (223).

Unlike the T3SS and T4SS, where an ultrastructure of the apparatus has been visualized by
electron microscopy, it is not known how the T6S components assemble into a higher-order
structure (245, 252). Nonetheless, a model of the T6SS apparatus is beginning to take shape
based on sequence analysis as well as protein interaction and structural studies. These findings
have revealed that the T6S machinery is composed of at least two subassemblies, a membrane-
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spanning complex and a bacteriophage tail-like complex, which are described in more detail
below (Figure 1.1).

Membrane-spanning assembly
The membrane-spanning assembly is comprised of the integral membrane proteins, TssM and
TssL, and a membrane-associated protein TssJ (Figure 1.1) (8). TssM and TssL share homology
with two inner membrane proteins of the L. pneumophilia T4BSS, IcmF and DotU, respectively.
In the T4BSS, IcmF and DotU are co-dependent for stability and are required for the stabilization
of other apparatus components (217, 241). While TssM and TssL do not appear to contribute to
stability of the T6S apparatus, these proteins are essential for apparatus assembly and substrate
secretion (258). TssM is an integral inner membrane protein that contains a cytoplasmic Nterminal domain, and a periplasmic C-terminal domain (81). The C-terminal domains of many
TssM homologs contain a Walker A nucleotide binding motif. Interestingly, the requirement for
this motif in T6S function varies between T6SSs. For example, while in E. tarda, the Walker A
motif is not required for Hcp secretion, it is essential for secretion in A. tumefaciens and
enteroaggregative Escherichia coli (EAEC) (156, 258). Also of note is that the Walker A motif is
absent or degenerate in several TssM homologs, further indicating that nucleotide binding is
likely required only for a subset of T6SSs.

The C-terminal periplasmic domain of TssM directly interacts with the outer membrane protein,
TssJ (81, 258). This interaction is required for T6S in EAEC and has also been confirmed in A.
tumefaciens and E. tarda. Interestingly, the C-terminal domain of TssM of Citrobacter
rodentium encodes a truncated form of TssM, resulting in a shorter C-terminal domain (97).
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While this system is still functional, it is not known whether the interaction between TssM and
TssJ is required in all organisms or is a specific case for EAEC.

TssL is localized to the inner membrane through a C-terminal transmembrane segment. Similar
to IcmF and DotU, TssL directly interacts with TssM (156). Interestingly, in many organisms
TssL contains a peptidoglycan-binding (PGB) domain, while in some cases a related PGB
domain containing protein is encoded by a separate open reading frame within the T6S locus (9).
For example, TagL, a T6S protein of the Sci-1 T6SS in EAEC, is anchored to the inner
membrane and contains a periplasmic PGB domain that is required for T6S activity (8). In vivo
and in vitro analysis of the PGB domain verified its PGB activity. In addition to TagL–
peptidoglycan interactions, a direct interaction between TagL and TssL has been reported. This
finding is consistent with the observation that TssL often carries a PGB domain. The network of
interactions formed between TssL, TssM and TssJ demonstrates that components of the T6S
apparatus span the bacterial cell envelope, anchoring at the inner membrane, outer membrane
and peptidoglycan cell wall (Figure 1.1).

Bacteriophage-like complex
The T6S proteins, VgrG (Valine-glycine repeat protein G), Hcp, TssB, TssC and TssE, share
homology and structural properties with proteins of tailed bacteriophage, specifically
bacteriophage T4 and λ (Figure 1.1) (142). These bacteriophages belong to the order
Caudovirales (2). Both phages contain a tail tube (T4=gp19, λ=gpV) that serves as a channel for
bacteriophage genomic DNA translocation into target cells (143). The bacteriophage T4 tail
spike complex, gp5/gp27, assembles at the tip of the tube and is required for puncturing the
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target cell membrane (126). As opposed to the tails of bacteriophage λ, which are noncontractile,
the tails of bacteriophage T4 contain a sheath (gp18) that undergoes a contraction event during
infection (4). During the DNA ejection process, a conformational change occurs that triggers
sheath contraction. This contraction event energizes the release of the tail tube and tail spike
toward the target bacterial cell and allows DNA ejection from the bacteriophage head.

Hcp proteins, which are abundantly secreted in a T6S-dependent manner, are structurally
homologous to bacteriophage tail tube proteins (125, 142, 166, 184). gpV, which is functionally
homologous to the bacteriophage T4 tail tube protein gp19, adopts a similar fold and oligomeric
structure as Hcp (166, 184). The X-ray crystallographic structures of Hcp proteins from P.
aeruginosa and E. tarda highlight these similarities (124, 166, 179). Hcp forms a
homohexameric ring with an external diameter of 85 Å and an internal diameter of 40 Å. Within
the X-ray crystal lattice, these hexamers stack in a head-to-tail or head-to-head manner,
resembling the tail tube of bacteriophage. In bacteriophage, DNA is transferred through the pore
formed by gp19 (141). Analogously, small or partially unfolded substrates are thought to transit
through the 40 Å pore of an Hcp tube. However, there is no experimental evidence to support
this hypothesis. Moreover, Hcp tubes have only been observed under crystallographic or in vitro
conditions, thus the physiological relevance of Hcp tube formation remains unknown (12, 166).

A second secreted component of the T6SS is VgrG. The X-ray crystal structure of the N-terminal
domain of VgrG from uropathogenic E. coli shows that VgrG forms a trimer that is remarkably
similar to the (gp5/gp27)3 complex of bacteriophage T4 (126, 142). Although the full structure
was not determined, the C-terminus of VgrG has predicted β –strand repeats, which are thought
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to form a β-helix, similar that of gp5. In bacteriophage T4, (gp5/gp27)3 assembles at the tip of
the tail tube. During infection, the β –helix domain is used to disrupt the target cell membrane
(126). Due to their extracellular localization and their structural homology to the cell-puncturing
component of bacteriophage, Hcp and VgrG are thought to make up an extracellular structure of
the T6S apparatus that participates in target cell membrane breaching and effector delivery.

The T6SS proteins, TssB and TssC, interact and form oligomeric tubule structures that resemble
the bacteriophage T4 tail sheath (25, 151). Analysis of the purified TssB/TssC complex by
electron microscopy indicated that filaments of varying length displayed a total diameter of 300
Å and central pore of approximately 100 Å in diameter (42). These dimensions are comparable
to the 240 Å outer and 90 Å inner diameter of the bacteriophage sheath in its extended
conformation (141). TssB/TssC tubules have also been visualized in vivo by electron
cryotomography in V. cholerae cells, where they appear anchored to the inner membrane and
extend into the cytoplasmic space (14, 127). In this study TssB/TssC tubules appeared in two
conformations, an extended and contracted form. This observation has supported a model that
TssB/TssC may act in a similar manner as the sheath of contractile bacteriophage.

Early characterization of the T6SS has revealed that the AAA+ (ATPase associated with various
cellular activities) family protein, ClpV, is essential for T6S function (25, 166). Due to its
ATPase activity and its similarity to proteins involved in protein remodeling, it was hypothesized
that ClpV was directly involved in energizing the translocation of effectors, through a threading
mechanism. Several studies have indicated that ClpV may not be directly involved in substrate
processing. Instead, these reports have found that ClpV binds directly to TssC and facilitates the
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disassembly of TssB/TssC tubules (25, 166). Together, these findings suggest that ClpV initiates
the recycling of TssB and TssC components following assembly and contraction of TssB/TssC
tubules during T6S.

In addition to the T6S proteins with structural similarity to bacteriophage proteins, it has been
noted that TssE shares sequence and structural homology with gp25, a component of the
bacteriophage baseplate (142). Little is known about the remaining core T6S proteins, TssA,
TssF, TssG and TssK. These proteins are required for a functional T6SS; however, they have
not been ascribed a predicted role in this process due to the lack of known functional homologs
and biochemical analysis

In comparison to the process of DNA ejection by bacteriophage, the mechanism of substrate
secretion by the T6SSs is still poorly understood. Due to the shared features of T6SSs and
bacteriophage tails, a bacteriophage-based model for the mechanism of T6S has emerged
(Figure 1.1). In this model, TssB and TssC form a sheath around an Hcp tube that is capped by
VgrG. When the system is activated, the TssB/TssC sheath contracts, driving Hcp and VgrG out
of the cell. This force may allow Hcp and VgrG to puncture the target cell and deliver effector
molecules. One could also speculate that the membrane-spanning complex may play a role in
tethering the bacteriophage-like assembly to the inner and outer membranes.

Type VI secretion systems export functionally diverse effectors.
While many studies have noted that the T6SS is implicated in various phenotypes, including
virulence, host-cell interactions, conjugation or biofilm formation, the molecular basis for only a
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limited number of these observed effects has been defined (7, 59, 76, 248). By studying the
substrates of several T6SSs, it has become clear that these pathways have the capacity to mediate
interactions with bacterial cells or eukaryotic cells through the delivery of effector proteins.

The first studies that identified a direct mechanism for the T6SS in virulence were performed in
V. cholerae (154, 155, 192, 193). These studies reported that the T6SS of V. cholerae, the
virulence-associated secretion (vas) system, translocates an effector with actin cross-linking
activity directly into eukaryotic cells. Delivery of this effector is required for defense against
amoebae predation, cytoxicity in macrophages and intestinal inflammation in infant mice.
Notably, the gene encoding the actin-crosslinking effector is translationally fused to the Cterminus of a VgrG homolog, a core component of the T6SS. In this case, VgrG secretion, which
possibly mediates host cell perforation, occurs simultaneously with effector translocation. Due to
the fact that effector activity in V. cholerae is covalently linked to the T6S apparatus suggests
that, in some cases, VgrG proteins can be bifunctional– acting as a structural component of the
apparatus and as an effector with specific activity.

A VgrG homolog that contains a C-terminus with enzymatic activity is also found in Aeromonas
hydrophila (230). The T6SS of A. hydrophila translocates a VgrG homolog fused to an ADP
ribosyltransferase domain into mammalian cells where it induces toxicity through actin
modification. Interestingly, further bioinformatic and experimental studies have indicated that
only a small percentage of VgrG family proteins carry extended C-terminal domains, also
referred to as “specialized” VgrGs (22, 62, 192). These VgrG proteins have a variety of predicted
functions and include S-type pyocins, lipases, metalloproteases, peptidoglycan hydrolases and
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chitosanases. Several instances have also been noted wherein Hcp homologs appear to carry
extra domains with predicted antibacterial functions. For example, a predicted S-type pyocin
protein of uropathogenic Escherichia coli, Usp, is fused to the C-terminus of an Hcp homolog
(180). In many of these cases, the activity of specialized VgrG and Hcp proteins and their link to
T6S remains to be experimentally tested.

The observation that the majority of VgrG and Hcp proteins lack C-terminal extensions was an
early indication that other kinds of T6S effectors existed. The first independently encoded
effectors were identified for the H1-T6SS of P. aeruginosa, termed Tse1-3 (type VI secretion
exported 1-3) (113). Whereas vgrG and hcp genes are frequently encoded within T6S gene
clusters, tse1-3 are found scattered throughout the bacterial chromosome. The identificataion of
Tse1-3 led to the breakthrough discovery that the H1-T6SS delivers these effectors into other
bacterial cells in a contact-dependent manner. In this original study, delivery of one of these
toxic substrates, Tse2, was shown to provide a growth fitness advantage against susceptible
bacterial cells that were growing in close proximity (113). An immunity protein, Tsi2 (type VI
secretion immunity 2), encoded adjacent to tse2 on the bacterial chromosome directly inhibits
Tse2 toxicity. It is now known that the other two effectors, Tse1 and Tse3, have peptidoglycan
degrading activities, are specifically delivered into bacterial cells, and are also encoded in
bicistrons adjacent to cognate immunity genes (204).

Following the initial findings in P. aeruginosa, bacterial targeting T6SSs have been identified in
other species, including V. cholerae, E. coli, B. thailandensis, Serratia marcescens,
Acinetobacter baumannii and C. rodentium (32, 39, 75, 97, 157, 216). The discovery of other
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bacterial targeting T6SS has also been powered by the identification of a superfamily of type VI
amidase effectors (Tae), which includes Tse1. This class of effectors was identified based on
several shared characteristics: they are encoded in a bicistron adjacent to a gene predicted to
encode a periplasmic localized immunity protein (Tai, Type VI secretion amidase immunity),
they lack a signal sequence, they have a pI > 8, are less than 200 AA and contain a catalytic Cys.
From the work by Russell et al., 2012, 51 tae genes were identified, which are broadly
distributed among β-, δ-, and γ-proteobacteria. These findings demonstrate the abundance of Tae
proteins and suggest that many T6SS have evolved antibacterial targeting capabilities.

In addition to the anti-eukaryotic activity of the vas T6SS of V. cholerae, this system possesses
bacterial targeting capabilities. The bacterial targeting activities of vas are dependent on the
secretion of a specialized VgrG containing a muramidase domain with peptidoglycan degrading
activity. This finding suggests that this T6SS can be promiscuous with regard to targeting diverse
cell types. Other examples of dual roles for T6SSs have not yet been reported, thus the generality
of this observation remains uncertain.

More recently, a family of T6S effectors displaying phospholipase activity has been identified
(69, 205). Similar to the anti-bacterial functions of Tse1-3 proteins, these newly identified
effectors, termed Tle1-5 (type VI secretion lipase effector 1-5), are also encoded adjacent to
cognate immunity genes (tli1-5, type VI secretion lipase immunity). Biochemical and in vivo
characterization of several Tle proteins showed that they display antibacterial activity,
specifically by targeting the bacterial membrane (205). Due to the conserved nature of
phospholipids in eukaryotes and prokaryotes, it was hypothesized that T6SSs that export Tle
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family effectors may have dual targeting capabilities. Indeed, Tle2 in V. cholerae provided a
T6S-dependent fitness advantage against bacteria and amoeba (69). This capacity for
interdomain targeting has raised interesting questions about the evolution of T6SSs.

Regulation of type VI secretion activity (Section from: Silverman J.M., Brunet, Y.R., Cascales
E. and Mougous J.D. Structure and regulation of the type VI secretion system. 2012. Annual
Review of Microbiology. 66:453-72.)

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 soil, or they are associated with higher organisms as
symbionts or commensals (18, 27). 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.
This review of T6S regulation is not comprehensive; therefore, we refer readers interested in
further details to more exhaustive recent reviews (17, 146).

Environmental Signals
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Recent findings have demonstrated various classes of regulators sensitive to environmental cues
that 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 (38). 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 (36, 100). 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
(34, 36, 38, 103, 197).

Expression of T6S in two opportunistic enteric pathogens, E. tarda and EAEC, is repressed
directly at the transcriptional level by Fur (Figure 1.2) (31, 45). E. tarda is primarily a pathogen
of fish; however, consumption of contaminated seafood can lead to gastroenteritis in humans
(210). Infection models suggest that T6S plays an important role in the virulence of E. tarda and
its close relative, Edwardsiella ictaluri, against fish (164, 202, 258). Deletion of 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.
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Fur-dependent regulation of the Evp T6SS was recently demonstrated by Mok and colleagues
(45). 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 (174). 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 (101, 234). 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 (31). 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 (31).
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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
(116, 122). Furthermore, Salmonella pathogenicity island I, which encodes a T3SS required for
Salmonella invasion, is activated by iron-bound Fur (74). Extending these findings to EAEC Sci1 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
(7, 71). 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 (7, 63).

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 (196). 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
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typically mediates sequence-specific interactions with activator sequences 100 to 200 nucleotides
upstream of the promoter (214). The N-terminal activation domain and the C-terminal DNAbinding domain are highly variable among bEBP homologs (221). 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 (221). This class of proteins also serves a general role in the regulation of
T6S (Figure 1.2). Bioinformatic analyses identified bEBPs encoded within phylogenetically
diverse T6S gene clusters (16, 27). These analyses have further revealed probable σ54-binding
sequences within the respective T6S promoter regions (16). 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 σ54dependent 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 (129, 193). Reflecting its important regulatory role, T6S-dependent
defense against Dictyostelium discoideum and killing of E. coli in this organism require VasH
(157, 192). An analysis of vasH homologs in 26 V. cholerae strains identified an enrichment of
nonsynonymous single nucleotide polymorphisms in the N-terminal regulatory domain (129).
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-
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terminal domains of bEBPs can act as intramolecular activators or repressors (254). 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 (129). 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) (119, 259).

The activity of bEBPs can be regulated by specific phosphorylation events catalyzed by sensor
histidine kinases and low-molecular-weight phosphodonors (161, 221). An example is the wellcharacterized bEBP NtrC (nitrogen regulatory protein C), which is activated through
phosphorylation by NtrB (249). 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 (82). A sensor kinase that acts on T6S bEBPs has not been
identified; however, these proteins autophosphorylate in vitro in the presence of acetyl phosphate
(16). 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 ahow altered expression during surface-growth
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conditions (246). 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 (55). According to the current understanding of
T6S-mediated effects, these conditions are favorable to its contact-dependent mechanism of
effector delivery.

The H1-T6SS of P. aeruginosa is posttranslationally activated by a threonine phosphorylation
pathway (TPP) in response to surface growth of the organism (222) (Figure 1.2). 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
(115, 167). 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 (222). 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 (27).
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
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(256). Consistent with this observation, the protein Hcp is abundant in P. aeruginosa biofilms
(209).

Bacteria-Derived Signals
Often functioning as a cell contact-dependent bacterial interaction pathway, it is not surprising
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 (137). 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 rsmY and rsmZ. 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
(95). Studies have revealed that P. aeruginosa, P. fluorescens, and P. syringae also use this
pathway to regulate the expression of T6S (102, 166, 199) (Figure 1.2). This was first noted in
P. aeruginosa, wherein microarray analyses of strains lacking retS or ladS, which encode a
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repressor and activator of GacA/S signaling, respectively, strongly implicated RsmA in the
stability of HSI-I transcripts (96, 242). Later functional analyses demonstrated that assembly,
activation, and effector secretion and targeting by the H1-T6SS are stimulated in the ∆retS
background (113, 166, 167). The most definitive evidence for the involvement of the Gac/Rsm
pathway in HSI-I regulation is found in recent work by Brencic & Lory (28), 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 approximately 500 genes
(29, 96). 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 (255). 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 biofilmspecific antibiotic resistance (113, 204, 256). Notably, the Gac/Rsm pathway of P. protegens,
which is closely related to that of P. aeruginosa, responds to signals generated by other
pseudomonads and certain Vibrio spp. (70).
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Quorum Sensing. Quorum sensing (QS) is a bacterial regulatory mechanism that modulates gene
expression based on concentrations of self-produced signals (90, 176). 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 (181). One piece of evidence in support of this model is that secreted products
are disproportionally abundant in the quorum regulon of many species (107). Given this, it is not
surprising that many instances of quorum-sensing-regulated T6SSs have arisen in the literature
(94, 118, 128, 145, 150, 257, 259).

In V. cholerae, two chemically distinct QS systems, autoinducer-2 (AI-2) and cholera
autoinducer-1 (CAI-1), collaborate to influence density-dependent gene expression (176)
(Figure 1.2). 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 four sRNA molecules (qrr1–4) that in turn repress the production of HapR, a TetRfamily 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 (157, 192,
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193). 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 (118, 119, 259).

Recent studies have suggested that differences in direct QS-dependent expression of vas genes
are partially responsible for T6S variability in V. cholerae. Ishikawa et al. (118) 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 (118, 259). Consistent with current models of QS circuitry in V.
cholerae, activation of vas expression in ∆luxO required hapR and ∆hfq 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 (259). Thus, levels of HapR do not fully reconcile
T6S-related phenotypic differences observed between V. cholerae strains. Briefly, complete
activation of T6S in pandemic V. cholerae strains appears to involve additional factors such as
high osmolarity, low temperature, and relief of repression imposed on the system by the TsrA
protein (119, 259).

The adaptive role of quorum control over T6S remains to be elucidated. In addition to its role in
intraspecies sensing, QS might play a role in perceiving cells of other species (80). 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.
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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 (204).

Not all T6SSs regulated by QS 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 (145). 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 (94). Differential
regulation of T6S by QS, 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.

Effector recognition mechanisms of Gram-negative specialized secretory pathways.
Due to the vast number of proteins present in the bacterial cytoplasm, efficient substrate
recognition is a key process for all secretory systems. Similar aspects of substrate selectivity
often exist among secretory systems. A recurring theme in substrate recognition is the presence
of a receptor protein associated with the secretory apparatus and a signal sequence or motif that
is localized to a distinct region on protein substrates. In addition, secretion system-associated
chaperones, which bind substrates prior to their interaction with the apparatus, are commonly
required for recognition and specificity.
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Effector recognition mechanisms have been studies in great detail for T3SSs. An N-terminal
signal sequence of 20-30 AAs in length is sufficient for T3S export and permits secretion of
hybrid reporters (139, 226). In S. enterica, this sequence interacts directly with the T3S-specific
ATPase, InvC, which energizes effector translocation through the apparatus (3). Many effectors
also require a T3S chaperone for efficient delivery to the ATPase. These effectors interact with
cognate T3S-chaperones via a sequence ranging in length of 60-100 AAs, located downstream of
the N-terminal signal sequence (19, 188, 227). Chaperones facilitate partial unfolding of
effectors, which promote recognition by the ATPase (3). Prior to export, the chaperone-effector
complex is disrupted via ATPase activity and, subsequently, the effector is threaded through the
T3S apparatus in an ATP-dependent manner. Although T3S chaperones are variable at the amino
acid sequence level, most T3S chaperones are small, acidic and dimeric proteins and are
stucturally similar (228).

For many effectors secreted through the T4ASS and T4BSS, a cluster of residues at the Cterminus is required (172, 243). The sequence motif varies between organisms and classes of
T4SSs; key residues are either positively charged or hydrophobic and may be clustered together
or split into two regions along the length of the substrate (213). An essential component involved
in T4SS is the T4 coupling protein (T4CP), an ATPase that is anchored at the inner membrane
and interacts with the T4S apparatus. Effector recognition has been well characterized for the
T4ASS of A. tumefaciens (6). In this case, the T4CP recognizes effectors through the signal
sequence and provides the energy for effector translocation through the system. DotL is an
ATPase of the L. pneumophilia T4BSS that is thought to act analogously to the T4CP of A.
tumefaciens. Several lines of evidence also suggest that IcmS and IcmW, which form a stable

27

complex and are required for T4BSS function, may be involved in substrate recongition (232).
However, a direct function for the IcmS/IcmW complex has not been determined.

In comparison to our knowledge of T3SS and T4SS substrate recognition mechanism, little is
known about effector export by the T6SS. While only recently discovered, no reports regarding a
possible signal sequence or motif have been made. This thesis work has made advancements
towards understanding this process of effector recognition in T6SSs.

The H1-T6SS of Pseudomonas aeruginosa.
P. aeruginosa is a Gram-negative γ-proteobacterium that is capable of persisting in a broad range
of environments, including in soil, water and in close association with animals. The metabolic
versatility of P. aeruginosa is one of its outstanding characteristics, allowing it to thrive in the
presence of various carbon sources, under nutrient limiting conditions and both in both anoxic
and aerobic habitats (177, 229). P. aeruginosa is also equipped with numerous genetically
encoded pathways that mediate interactions with other organisms in the environment. These
pathways contribute significantly to the remarkable success and adaptability of this bacterium. P.
aeruginosa is also an opportunistic human pathogen that causes infections in
immunocompromised individuals, including patients with diabetes, cystic fibrosis (CF) or burn
wounds. These infections can become problematic, as P. aeruginosa is intrinsically resistant to
many antibiotics.
Approximately 80% of CF patients become chronically infected with P. aeruginosa by
adulthood (171). Due to the strong association between CF patients and P. aeruginosa, the
pathogenesis of this organism has become a central focus of research. Long-term studies of P.
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aeruginosa populations isolated from the cystic fibrosis lung have revealed that a significant
amount of genetic diversification occurs (225). Several mutations in known P. aeruginosa
biological processes are frequently identified and appear to be enriched over the lifetime of
chronically infected cystic fibrosis patient (58). Mutations causing loss of swimming motility,
decreased in T3SS expression, increased in T6SS expression, enchanced antibiotic resistance,
misregulated quorum sensing and alterations in surface molecules are frequently isolated.
Acquisition of these mutations is thought to contribute to the successful adaptation of P.
aeruginosa in the human host. A growing number of studies have focused on characterizing the
metabolic pathways and bacterial processes that are activated or repressed over the course of
chronic infection.

Several pieces of evidence have implicated the H1-T6SS in CF. For example, a signature tagged
mutagenesis (STM) screen performed with a pool of P. aeruginosa mutants that were inoculated
in the lungs of rats, a model for chronic infection, found that mutations in various HSI-I genes
caused a loss in fitness (190). Additionally, a secreted component of the H1-T6SS apparatus,
Hcp1, can be readily detected in sputum of CF patients, suggesting the system may be active
under these conditions (166). Although the role of the H1-T6SS in chronic infection has not been
determined, the fact that lung infections of CF patients is often polymicrobial has led to the
hypothesis that P. aeruginosa may use the H1-T6SS to outcompete other organisms and alter the
outcome of chronic infection. Interestingly, many of the organisms isolated from the lungs of CF
patients harbor at least one T6SS. The prevalence of these systems in Gram-negative bacteria
that frequently colonize the CF lung further suggest a possible role for these systems in

29

polymicrobial environments and could have a significant impact on the outcome of these
infections.

Objectives of this thesis.
Over the past 10 years, several studies have underscored the importance of the T6SS in bacterial
interactions with other organisms. However, many questions remain pertaining to the
physiological significance and the molecular underpinnings of the T6SS. The goal of this thesis
was to 1) characterize the factors that regulate T6S activity and to 2) further our understanding of
effector recognition and export by the T6S apparatus. The H1-T6SS of P. aeruginosa was used
as a model system for these studies, as it is genetically tractable and its T6SS has been relatively
well characterized. The findings generated from this work have contributed to the rapidly
expanding field of T6S.
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Figure 1.1: Schematic representation comparing proposed models of bacteriophage T4 and
the T6S apparatus. Homologs and analogs of T6S 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.
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Figure 1.2: 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).
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CHAPTER II:

Separate inputs modulate phosphorylation-dependent and
-independent type VI secretion activation

Published as: Silverman J.M., Austin L.S., Hsu F., Hicks K.G., Hood R.D., and Mougous J.D.
2011. Molecular Microbiology. 82(5), 1277-1290.
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ABSTRACT
Productive intercellular delivery of cargo by secretory systems requires exquisite temporal and
spatial choreography. Our laboratory has demonstrated that the H1-T6SS of P. aeruginosa
transfers effector proteins to other bacterial cells. The activity of these effectors requires cell
contact-dependent delivery by the secretion apparatus, and thus their export is highly repressed
under planktonic growth conditions. Here we define regulatory pathways that orchestrate
efficient secretion by this system. We identified a T6S-associated protein, TagF, as a
posttranslational repressor of the H1-T6SS. Strains activated by TagF derepression or stimulation
of a previously identified threonine phosphorylation pathway (TPP) share the property of
secretory ATPase recruitment to the T6S apparatus, yet display different effector output levels
and genetic requirements for their export. We also found that the pathways respond to distinct
stimuli; we identified surface growth as a physiological cue that activates the H1-T6SS
exclusively through the TPP. Coordination of posttranslational triggering with cell contactpromoting growth conditions provides a mechanism for the T6SS to avoid wasteful release of
effectors.

INTRODUCTION
In Gram-negative bacteria six secretion systems (types I-VI) have been identified, with
specialized functions ranging from general cellular maintenance and physiology to host and
bacterial cell interactions (72). The T6SS is found broadly among the Proteobacteria, including
many important environmental and human-associated taxa (215). These systems are encoded by
gene clusters composed of 13 conserved genes, tss, and additional accessory genes, tag, that vary
in number and content (27). Core components of the T6SS include ClpV, a AAA+ family
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ATPase, TssM, a homolog of the type IV secretion protein IcmF, and VgrG and Hcp, two
extracellular structural proteins (9, 18, 41). Interestingly, several conserved components of the
T6SS share sequence and structural similarity to bacteriophage tail and baseplate proteins (125,
142, 166, 184). Based on this relatedness, the system has been proposed to function as an
outward facing puncturing device at the surface of the cell.

The T6SS has been implicated in diverse processes including host-cell interactions (154, 218),
biofilm formation (7), and gene regulation (123, 248). Recent studies indicate that the T6SS
plays a critical role in interbacterial interactions (215). This was first reported in P. aeruginosa,
where it was observed that H1-T6SS-dependent export of a toxin, Tse2, can provide a fitness
advantage to the organism when cultivated in direct contact with another P. aeruginosa strain
lacking a Tse2-specific immunity protein, Tsi2 (113). Antibacterial activity has also been
attributed to T6SSs of B. thailandensis (T6SS-1), S. marcescens and V. cholerae (Vas), however
in these instances the effector proteins involved have not been identified (157, 170, 216).

Like other specialized secretion systems, expression of T6S and export of its effectors are
stringently regulated (17). For the H1-T6SS of P. aeruginosa, regulation at the transcriptional,
posttranscriptional, and posttranslational levels has been studied. The system is transcriptionally
repressed by the quorum sensing regulator, LasR (145). The binding of LasR to HSI-I promoters
has not been shown, leaving the mechanism of repression unknown. Regulation of the H1-T6SS
at the posttranscriptional level is governed by the RNA-binding protein RsmA (28, 96). The Rsm
pathway appears to coordinate reciprocal regulation of factors important for planktonic and
sessile modes of P. aeruginosa growth (29, 33, 96, 255). Consistent with the requirement for
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long-term cell contact in T6S-dependent effector delivery between cells, the system was found to
be co-regulated by RsmA with factors required for adhesion between cells and to surfaces (28,
96, 166, 242). Furthermore, studies have found P. aeruginosa T6S proteins abundantly produced
in biofilms relative to planktonic culture (209, 256).

Our laboratory has found that the H1-T6SS is posttranslationally triggered by a TPP (134, 167).
Stimulation of the TPP results in export of extracellular structural components of the apparatus,
including Hcp1, VgrG1, VgrG4, and substrates, including Tse1-3 (113). At least four proteins,
TagR, PpkA, PppA and Fha1, all encoded within HSI-I, participate in the TPP. According to our
current model, the H1-T6SS becomes activated by dimerization of PpkA, a membrane-spanning
Hanks-type serine/threonine kinase. The environmental cue responsible for inducing PpkA
dimerization is unknown; however, TagR, a periplasmic protein, functions upstream of PpkA
and promotes activation of the kinase (115). Dimerization of PpkA leads to
autophosphorylation, which recruits Fha1 through interactions between the phosphorylated
activation loop of the kinase and the Forkhead-associated (FHA) domain of Fha1. Fha1
associated with activated PpkA is phosphorylated by the kinase at Thr362 (p-Fha1), in turn
promoting H1-T6SS activation by an unknown mechanism (167). Fha1 resides in a complex with
ClpV1, suggesting the possibility that recruitment of the ATPase to the apparatus could underlie
activation. A PP2C family protein phosphatase, PppA, acts as an antagonist of the TPP by
dephosphorylating Fha1, and, possibly, PpkA. Deletion of pppA results in constitutive secretion
of Hcp1, VgrG1, VgrG4, and Tse1-3.
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The genes encoding known TPP components are found in a putative HSI-I operon that also
contains four conserved T6S genes (tssJ1, K1, L1, M1) and four uncharacterized tag genes
(tagQ, S, T, F) (Figure 2.1A). Sequence analysis of the tag genes indicates that tagS and tagT
encode proteins with homology to lipoprotein transport and sorting components, LolE and LolD,
respectively (173). The tagQ gene encodes a predicted outer membrane lipoprotein, and tagF, a
predicted cytoplasmic protein with unknown function.

In this study, we sought to define additional regulatory elements of the H1-T6SS. Based on the
proximity of tagQ, S, T, and F to genes encoding known posttranslational regulators of the
system, and their variability amongst other T6SSs, we hypothesized that these genes also encode
H1-T6SS regulators. In the course of this search, we identified TagF as a posttranslational
regulatory protein that represses the activation of the H1-T6SS by a mechanism distinct from the
TPP. Inactivation of tagF triggers Hcp1 secretion to levels observed in ∆pppA, however effector
secretion is dampened in ∆tagF relative to a strain lacking pppA. Also, TagF regulates the
activity of the H1-T6SS in a manner that does not require p-Fha1, PpkA, or other Tag proteins.
Despite these differences, both the TPP and TagF-mediated activation pathways require Fha1
and recruit ClpV1 to the secretion apparatus. We also investigated the physiological significance
of posttranslational regulation of the H1-T6SS. Interestingly, we discovered that the H1-T6SS is
activated when P. aeruginosa is grown on a surface. This occurs via the TPP, as it requires
PpkA and involves increased p-Fha1 levels.

RESULTS
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H1-T6SS activity is negatively regulated by TagF. In the course of our efforts to define the
function of HSI-I genes, we noted that the putative HSI-I operon encoding PpkA, PppA, Fha1
and TagR, which constitute all known components of the TPP, also encodes additional nonconserved Tag proteins (TagQ, PA0070; TagS, PA0072; TagT, PA0073; TagF, PA0076)
(Figure 2.1A). Based on their genomic context and lack of conservation in other T6SSs (27), we
hypothesized that these genes also encode regulators of the H1-T6SS. To ascertain their role in
regulating H1-T6SS activity, we introduced individual in-frame deletions of tagQ, S, T, and F
into P. aeruginosa hcp1–V, and monitored the effect on Hcp1 secretion. This strain contains a
chromosomal fusion of hcp1 to the vesicular stomatitis virus G protein (VSV-G) epitope tag
(hcp1–V) (166). We also introduced deletions with known effects on Hcp1 secretion (∆tagR,
∆ppkA, ∆pppA, or ∆tssM1) into this genetic background as controls (115, 166, 167). Consistent
with earlier findings, ∆pppA displayed high levels of Hcp1 secretion, whereas secretion from
∆tagR, ∆ppkA, and ∆tssM1 did not exceed the wild-type (Figure 2.1B). Interestingly, Hcp1
secretion from ∆tagF was increased relative to the wild-type strain. Deletions in tagQ, S, and T
did not induce Hcp1 export, and none of the mutations significantly influenced cellular Hcp1
levels.

Hcp1 is considered a structural component of the T6SS; therefore, secretion of the protein is not
necessarily indicative of an activated system. As an additional measure of H1-T6SS activation,
we probed the effects of the same panel of deletions on the secretion of Tse1, a previously
identified effector protein (113). While we observed reproducibly lower levels of secreted Tse1
from ∆tagF than from ∆pppA (discussed below), the strains showed a similar trend as that
observed for Hcp1 secretion, suggesting that a tagF deletion results in constitutive activation of
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the H1-T6SS (Figure 2.1C). Based on these data, we sought to further define the role of tagF in
T6S regulation.

TagF posttranslationally represses the H1-T6SS. The tagF open reading frame is located
immediately upstream of pppA in the genome of P. aeruginosa (Figure 2.1A). To verify that the
secretion phenotype of ∆tagF is not due to polar effects on pppA or other downstream genes, we
genetically complemented the strain using an ectopic expression plasmid. Western blot analyses
demonstrated that tagF expression returns secretion of Hcp1 and Tse1 to parental levels in the
∆tagF background (Figure 2.2A). We further confirmed that Hcp1 and Tse1 export in ∆tagF
occurs in a T6S-dependent manner. The addition of a clpV1 deletion to ∆tagF abrogated
secretion of Hcp1 and Tse1 (25, 166). Secretion of both proteins was restored by genetic
complementation of the clpV1 gene (Figure 2.2B).

Possible explanations for the influence of TagF on Hcp1 and Tse1 export by the H1-T6SS
apparatus include changes in the expression levels of these proteins, translational or
transcriptional induction of the secretion apparatus as a whole, and posttranslational activation of
the secretory apparatus. Overall levels of Hcp1 and Tse1 were unaltered in ∆tagF (Figure 2.1B
and 2.1C), suggesting that increased expression of these proteins does not underlie the secretion
phenotype observed. To investigate whether TagF imparts a general influence on T6S expression
levels, we employed translational lacZ fusion reporters to the fha1 and tssA1 genes, which are
located immediately downstream of previously identified HSI-I promoters (28). Inactivation of
tagF did not influence the activities of these reporters; however, as described previously, both
were strongly induced in a strain lacking a repressor of the Rsm pathway (RetS) (Figure 2.2C
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and 2.2D) (28). From these data we conclude that TagF represses activation of the H1-T6SS on a
posttranslational level.

TagF mediates activation of the H1-T6SS independently of p-Fha1. Next we considered
whether TagF regulates the H1-T6SS via the TPP or independently of this pathway. Several lines
of evidence suggest that TagF acts through the TPP. TagF orthologs are not located outside of
T6S gene clusters, and within these clusters the gene is often found in a subgroup of locally
syntenic genes that also includes orthologs of ppkA and pppA (Figure 2.3). Furthermore, in
several instances, including the T6S gene clusters of A. tumefaciens, Nitrococcus mobilis and R.
leguminosarum, tagF and pppA orthologs appear fused, thereby generating one open reading
frame with apparent dual function (Figure 2.3). Such fusion events are enriched among genes
encoding interacting proteins or proteins participating in common pathways (77, 224). However,
there is also strong genomic-based evidence arguing against TagF participation in the TPP. Most
notably, tagF orthologs are sometimes present in T6S clusters lacking TPP components,
including fha1 (Figure 2.3).

Previous reports have shown that elevated levels of p-Fha1 lead to posttranslational activation of
the H1-T6SS. Therefore, we postulated that if TagF directs activation of the H1-T6SS through
the TPP, p-Fha1 levels might be elevated in a ∆tagF strain. To test this, we took advantage of an
established SDS-PAGE mobility-based assay for monitoring p-Fha1 levels in P. aeruginosa
(167). Our analyses indicate that unlike ∆pppA, the ∆tagF strain does not possess p-Fha1 levels
above those of the parental strain (Figure 2.4A).
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Based on our finding that p-Fha1 levels are unaffected by tagF deletion, we tested the hypothesis
that TagF acts independently of the TPP, and thus, p-Fha1 should be dispensable in ∆tagF. We
observed that fha1 deletion in the ∆tagF background inactivates the H1-T6SS as judged by Hcp1
secretion (Figure 2.4B). This implies either that Fha1 must be phosphorylated at a basal level for
TagF-mediated activation or that it functions in an important capacity independent of its
phosphorylation. The latter is supported by genomic analyses, which found that one quarter of
T6S gene clusters containing fha1 orthologs do not encode identifiable kinase or phosphatase
genes (27). To distinguish between the two possibilities, we conducted ∆fha1 genetic
complementation studies in the ∆tagF and ∆pppA backgrounds using wild-type fha1 or an allele
encoding non-phosphorylatable Fha1 (fha1T362A). Wild-type fha1 restored secretion apparatus
function in both backgrounds, however only ∆tagF ∆fha1 was functional when complemented
with fha1T362A (Figure 2.4B). Together, these data conclusively demonstrate that Fha1 performs
an important function in the T6SS independent of its phosphorylation state, and that TagF
activation of the H1-T6SS proceeds independently of p-Fha1.

To further probe the relationship between TagF and TPP-mediated T6S activation, we conducted
epistasis experiments monitoring Hcp1 and Tse1 secretion. Immediately upstream of Fha1 in the
TPP is PpkA, which catalyzes Fha1 phosphorylation and is essential for T6S-apparatus assembly
in a constitutively active background (∆pppA) (115). While ppkA is essential for Hcp1 and Tse1
secretion in the ∆pppA background, we found that the gene is dispensable for these functions in
∆tagF (Figure 2.4C). Further upstream of PpkA in the TPP is TagR. This protein appears to
regulate the kinase, as inactivation of tagR decreases p-Fha1 levels, and ectopic expression of
PpkA overrides the requirement for tagR in H1-T6SS activation (115). Three additional tag
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genes flank tagR (tagQ, S, and T), and have been postulated to also participate in the TPP.
Remarkably, deletion of the four tag genes in conjunction with deletions of ppkA and pppA, did
not influence Tse1 or Hcp1 secretion via the H1-T6SS in the ∆tagF background. In contrast, the
H1-T6SS failed to export these proteins when tagF was present in this background (Figure
2.4D). Together, these data show that the tagF deletion is epistatic to deletions in genes encoding
the TPP core component PpkA and the TPP positive regulatory protein TagR. This suggests that
TagF represses activation of the H1-T6SS by acting independently of the TPP. The role of tagQ,
S, and T remains unknown, however our results show that these genes also encode proteins that
are dispensable for H1-T6SS effector secretion in a P. aeruginosa background lacking tagF.

The TagF and TPP-mediated pathways differentially influence Hcp1 and Tse1 secretion.
The finding that a deletion in tagF alleviates the requirement for ppkA, suggests that TagF acts
either downstream or independently of the TPP. To investigate this, we conducted quantitative
analyses comparing Hcp1 and Tse1 secretion from strains with H1-T6S derepressed in either of
the pathways (∆tagF or ∆pppA) or both (∆tagF ∆pppA). Only if the pathways act independently
or partially independently would we anticipate observing additive or synergistic effects on
secretion. Surprisingly, we found that the double deletion of pppA and tagF had differential
effects on Hcp1 and Tse1 secretion relative to the single deletion strains. Levels of secreted Hcp1
were similar in the three deletion strains, whereas the deletion of the regulators influenced Tse1
export in an additive fashion (Figure 2.5). The observation that one output of the pathways–
effector secretion–is induced additively upon their activation suggests that TagF does not act
purely by repressing downstream of the TPP. Furthermore, our quantitative analyses proved
consistent with our qualitative observation that more Tse1 is exported by ∆pppA than ∆tagF
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(Figure 2.1C and Figure 2.2A). This is noteworthy, as this difference in output is also
inconsistent with a simple epistatic relationship between the pathways.

The TPP and TagF-mediated activation pathways converge on ClpV1 recruitment. Using
fluorescence microscopy (FM), our laboratory previously demonstrated that a chromosomally
encoded functional green fluorescent protein fusion to the H1-T6SS ATPase ClpV1 (ClpV1–
GFP) is recruited to secretion foci in the cell upon activation of the apparatus via p-Fha1 (167).
The formation of these foci is thought to reflect maturation of the secretion system, as their
presence and intensity correlates with the level of secreted Hcp1 and deletion of essential
apparatus components results in their dissolution. Notably, while recruitment of ClpV1 to the
H1-T6S apparatus is enhanced by Fha1 phosphorylation, the physical interaction between these
proteins is phosphorylation independent (115). Thus, we reasoned that if TagF-mediated
activation converges on the TPP downstream of p-Fha1, ClpV1 recruitment to the H1-T6Sapparatus should also be observed in the ∆tagF strain. To test this hypothesis, we introduced
clpV1–gfp to the ∆tagF background and examined the cells by FM. The absence of tagF
promoted ClpV1–GFP recruitment to an extent similar to that observed in the ∆pppA control,
and ectopic expression of tagF in the ∆tagF background fully complemented the phenotype
(Figure 2.6). The formation of these foci required ppkA in the ∆pppA background, but not the
∆tagF background. This mirrors the requirement for ppkA with regard to Tse1 and Hcp1
secretion in these two backgrounds, and indicates that the formation of foci correlates with a
functional active secretory apparatus (Figure 2.6). Further consistent with the functional
significance of ClpV1-GFP foci, we found that a strain lacking both pppA and tagF displayed
higher levels of ClpV1-GFP foci than those with individual deletions in these genes. Therefore,
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ClpV1 recruitment to foci is proportional to effector export from these strains. Differences in the
number of ClpV1-GFP foci-positive cells among the strains were not due to altered levels of the
ClpV1 protein (Figure 2.6). Based on these data, we conclude that TagF and TPP-mediated T6S
activation share a convergence in mechanism at the level of ClpV1–GFP recruitment to the
secretion apparatus. Interestingly, previous work from our laboratory had led us to conclude that
PpkA is an essential structural component of the H1-T6SS (115). Our current work clearly
indicates that the structural requirement for PpkA is conditional on TagF. This in part reconciles
the observation that PpkA orthologs are absent from the majority of identified T6SSs (167).

The H1-T6SS is activated by surface growth. The H1-T6SS efficiently targets Tse2 to other P.
aeruginosa cells. If recipient cells lack the Tse2-specific immunity protein, Tsi2, their fitness is
decreased relative to donors actively exporting Tse2 through a functional H1-T6S apparatus
(Hood et al., 2010). Here, we used the self-targeting capability of the H1-T6SS as a means to
probe the functional consequences of mutations that posttranslationally activate the H1-T6SS
(∆pppA and ∆tagF).

The influence of regulatory mutations on intercellular effector targeting by the H1-T6SS was
assessed by measuring the fitness of donor strains competed against a susceptible recipient
(∆tse2 ∆tsi2). Interbacterial transfer of effectors by the T6SS requires intimate cell contact;
therefore, competition assays were performed between strains co-inoculated on a solid growth
substrate. When competed in this manner, the parental donor strain displayed a 3.2-fold fitness
advantage relative to the recipient. This effect was T6S-dependent, as the deletion of clpV1 in
the donor strain negatively impacted its fitness advantage. Donor strains lacking pppA or tagF
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showed a fitness advantage comparable to the parental. All strains displayed equal fitness when
cultivated in liquid media, consistent with the known requirement for intimate cell contact in
T6S-dependent fitness changes (Figure 2.7A) (113, 216).

The finding that ∆pppA and ∆tagF did not increase T6S-dependent fitness of P. aeruginosa was
unexpected, and led us to hypothesize that – unlike in our secretion assays – the apparatus is
posttranslationally activated under conditions of the competition experiments. To investigate
further the posttranslational activation state of the H1-T6SS under competition assay conditions,
we probed the requirement for ppkA in the fitness advantage of ∆pppA against recipient bacteria.
We reasoned that if the TPP was triggered, deletion of the kinase – even in an activated ∆pppA
background – should inactivate the system. However, if TagF-mediated repression was fully
relieved (as in ∆tagF), a strain lacking both ppkA and pppA should remain functional, as was
observed in secretion and apparatus assembly assays (Figure 2.4D and Figure 2.6).
Interestingly, the ∆pppA ∆ppkA strain does not possess a T6S-dependent fitness advantage over
recipient bacteria. This is not attributable to inactivation of the apparatus due to the loss of
PpkA, as ∆tagF ∆ppkA retained the full fitness advantage of the parental strain (Figure 2.7A). In
total, these results suggest that the H1-T6SS is activated posttranslationally by the TPP under the
conditions of our in vitro growth competition assay.

Next we sought to directly measure the activation state of the H1-T6SS under growth
competition assay conditions. We considered three substantive differences between the
conditions of our secretion and competition assays that might underlie the apparent change to the
activation state of the H1-T6SS: 1) the time period over which the two experiments were
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conducted (secretion, 4 hr; competition, 18 hr), 2) the number of discrete P. aeruginosa genetic
backgrounds present, and 3) propagation in liquid (secretion assay) versus solid (competition
assay) media. Multiple lines of evidence indicated that the latter difference was most likely the
key determinant of activation of the secretion system under competition conditions. In particular,
we noted that all T6SS-dependent interactions observed to date require intimate cell contact.
The release of effectors into the milieu is not productive, which is exemplified in the observation
that strains bearing mutations leading to strong constitutive activation of the H1-T6SS have no
fitness advantage over highly susceptible recipients in liquid cultures (113, 204). Thus, it is
logical that bacteria should repress T6S during planktonic growth and relieve this repression
when grown in an environment containing a high density of closely interacting bacteria that
could be effectively targeted.

If surface growth was responsible for H1-T6SS posttranslational activation under competition
conditions, we would expect to observe changes in substrate secretion and p-Fha1 levels in the
wild-type background relative to those observed in liquid secretion assays performed under
otherwise similar conditions (see Methods). Densitometry analysis of p-Fha1 levels observed by
Western blot indicated that growth on a surface strongly promotes Fha1 phosphorylation;
approximately 20.1% of the protein was phosphorylated after growth on a solid surface, whereas
the phosphorylated species was only 4.3% of total Fha1 in liquid grown cells (Figure 2.7B).
Enhanced Fha1 phosphorylation incurred during surface growth required PpkA, consistent with
our model of posttranslational activation by the TPP.
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To probe more directly the activation state of the H1-T6SS during growth on a solid substrate,
we measured Hcp1 secretion from surface grown cells. For this experiment, it was necessary to
place cells harvested from the substratum into liquid medium for a brief period to allow the
accumulation of secreted proteins. H1-T6S-dependent secretion of Hcp1 was greatly increased
by surface growth of P. aeruginosa. Indeed, levels of the secreted protein were comparable
between parental and constitutively triggered backgrounds (Figure 2.7C). It is noteworthy that
the TPP and TagF-mediated pathways appear to have no role in promoting H1-T6SS activation
beyond that observed during surface growth. This finding explains our aforementioned
observation that wild-type, ∆pppA, and ∆tagF strains display equal T6S-dependent fitness
(Figure 2.7A). In addition, our finding that ∆tagF is activated through the TPP during surface
growth (p-Fha1 levels equal to wild-type), suggests that the fitness advantage exhibited by this
mutant is phenotypically equivalent to ∆tagF ∆pppA.

DISCUSSION
The results of our current study lead us to propose a new model of posttranslational activation of
the H1-T6SS (Figure 2.8). As in previous models, Fha1 remains a pivotal protein in the
activation process. However, it is now clear that ClpV1 recruitment to the apparatus and
apparatus activation can occur via Fha1 phosphorylation-dependent (TPP-mediated) and
independent processes (TagF-mediated). We propose that distinct inputs received by the cell
regulate these two convergent mechanisms of H1-T6SS activation. Our data argue that TPPdependent activation, which requires PpkA, is stimulated by a cue deriving from the
physiological changes encountered during surface growth. On the other hand, phosphorylationindependent activation, which is strongly repressed by TagF and does not require PpkA in any
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capacity, appears not to occur under such circumstances. One appealing hypothesis is that TagF
posttranslational derepression of the H1-T6SS is modulated by sensing of non-P. aeruginosa
bacterial species. Our current study was limited to analyses of H1-T6SS activation during
intraspecies growth competition experiments (Figure 2.7A). Intriguingly, we note that in
addition to the P. aeruginosa H1-T6SS, two other bacterial cell-targeting T6SSs, B.
thailandensis T6SS-1 and the T6SS of S. marcescens, appear to utilize TagF proteins. P.
aeruginosa and B. thailandensis encode six additional T6SSs – none of which have been
implicated in interbacterial interactions. Among these, only B. thailandensis T6SS-6 possesses a
tagF ortholog (113, 216). The vas system of V. cholerae complicates this simple correlation
between bacterial cell targeting and the presence of TagF. This system appears to target both
bacteria and eukaryotic cells and does not possess a tagF gene (157).

At this point, we cannot exclude the assertion that TagF prevention of phosphorylationindependent T6S activation is static (structural) rather than dynamic (regulatory). For example,
TagF may act simply as a barrier that prevents non-phosphorylated Fha1 or downstream H1T6S-components from activating the H1-T6SS. One compelling argument against this model is
that TagF appears in many T6SSs that lack Fha1, PpkA and PppA orthologs (Figure 2.3) (27).
This strongly suggests that phosphorylation-independent posttranslational activation mechanisms
for T6S are likely to exist. In addition, this observation leads us to speculate that TagF and TPPmediated activation converge downstream of Fha1. Another indication that TagF is part of a
dynamic regulatory pathway derives from our comparison of Hcp1 and Tse1 secretion from P.
aeruginosa strains with H1-T6S activity derepressed as the result of mutations in one versus both
pathways. We observed Hcp1 secretion is enhanced equally by individual deletions in tagF and
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pppA, and that in combination the deletions do not display an additive effect on secretion of the
protein. On the contrary, the absence of the negative regulators triggers Tse1 secretion to
different extents, and, in combination, the mutations display an additive effect on the export of
this effector and apparatus assembly. This latter result argues that TagF is not simply a
downstream repressor of the TPP and suggest that inputs received from TagF and the TPP are
used to tune effector export by the H1-T6SS.

The X-ray crystal structure of TagF was recently determined as part of a structural genomics
effort (Figure 2.9) (83). In the structure, TagF is found to associate as a homodimer with nearly
identical monomers composed of α and β elements assembled as a three-layer sandwich (α-β-α).
The TagF monomer is not closely related to other solved structures, however it bears some
similarity to the N-terminal regulatory domain of the eukaryotic SNARE protein, Sec22b (DALI,
r.m.s.d. = 3.3 Å over 87 residues; Z score = 3.9) (Figure 2.10) (112, 203). SNARE proteins
mediate vesicle trafficking and membrane fusion; therefore, it is unlikely that direct functional
parallels between TagF and Sec22b can be drawn. Nonetheless, the structures of Sec22b and
TagF contain homology to the actin regulatory protein profilin (133). In particular, they share
the surface used by profilin to bind poly-proline sequences. It is conceivable that TagF interacts
with proline-rich proteins via this motif. Interestingly, Fha1 has an extensive proline-rich domain
of unknown function (amino acids 173-294; 36% proline) located between its N-terminal FHA
domain and its C-terminal domain that is phosphorylated by PpkA (167). So far we have not
detected an interaction between these proteins. An important future direction will be to elucidate
components of the TagF-mediated activation pathway by identifying TagF-interacting proteins.
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Our finding that the H1-T6SS is activated by the TPP when P. aeruginosa is grown on a surface
fits well with our current understanding of the environmental conditions physiologically relevant
to T6SS function. It first became apparent that the system might be important to the sessile
lifestyle of P. aeruginosa through circumstantial evidence, including the discovery that HSI-I is
stringently co-regulated with exopolysaccharides involved in cellular aggregation and adhesion
to surfaces (96, 166). Later, interactions between bacteria mediated by the T6SS were shown to
be exquisitely dependent on intimate cell contact – ameliorated entirely in liquid medium (113).
Perhaps the strongest evidence linking sessile physiology and T6S function is our recent finding
that in the absence of T6SS-1, B. thailandensis is rapidly displaced from a flow-cell chamber by
P. putida (216). One candidate signaling molecule that may directly or indirectly be responsible
for TPP activation during surface growth is cyclic-di-GMP. This molecule is a secondary
messenger that modulates the expression of traits important for the transition between sessile and
planktonic lifestyles of certain bacteria, including P. aeruginosa (106). Direct regulation by cdi-GMP has been observed at both transcriptional and posttranslational levels (24, 78, 108, 182).
Given the requirement for sessile growth in T6S function and the precedent for c-di-GMP acting
as a posttranslational regulator, it is reasonable to speculate that this molecule might directly or
indirectly be responsible for TPP activation during surface growth. Indeed, c-di-GMP-dependent
regulation of T6S in P. aeruginosa was recently reported by Filloux and colleagues (165). This
study showed that c-di-GMP levels in P. aeruginosa ∆retS correlate to cellular Hcp1 levels,
however the point(s) of regulation at which the signaling molecule acts was not determined,
raising the possibility that c-di-GMP regulates the H1-T6SS on the posttranslational level as
well.
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Highly regulated triggering of effector export is likely to be a critical factor in the potency and
efficiency of bacterial intercellular protein delivery machines. While the great majority of
evidence for this claim derives from studies of the type III secretion system (64, 86), our work on
posttranslational activation of the H1-T6SS suggests that it may be equally true in this system.
Our data indicate that the products of at least eight HSI-I genes are involved in regulating the
activation state of the H1-T6S apparatus. Seven of these are wholly dispensable for the function
of the system, suggesting that they are dedicated regulatory proteins. The complexity of T6S
regulation rivaling that of type III is not surprising when one considers the consequences of
either system releasing effectors out of step with target cell interaction. Effectors from both
systems lack the ability to reach their ultimate sites of action without target cell engagement;
therefore, a failure to precisely spatially and temporally coordinate effector release is a complete
loss of the metabolic investment in their synthesis.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions. The sequenced P. aeruginosa strain,
PAO1, was used for this study (229). P. aeruginosa strains were grown in Luria-Bertani (LB)
medium at 37°C supplemented with 30 µg mL–1 gentamicin, 300 µg mL–1 carbenicillin, 25 µg
mL–1 carbenicillin, 100 µg mL–1 tetracyclin, 25 µg mL–1 irgasan, 5% w/v sucrose, 0.2% w/v
arabinose or 0.5 mM IPTG as required. Plasmids and strains used in this study are shown in
Table 2.1. Plasmids used for inducible expression in P. aeruginosa included pPSV35 (Fha1 and
Fha1T362A complementation) and pPSV35-CV (complementation with TagF fused to C-terminal
VSV-G tag) (115, 200), pSW196 (ClpV1 complementation) (15), and pUC18-mini-Tn7
(lacZ20::PA0081, lacZ20::PA0082 yfp, cfp reporters) (28, 136). pPSV18 (201) was used for
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constitutive expression of Tse2 and Tsi2. tse2 and tsi2 were cloned into pPSV35 using primers
591 and 743 and were subcloned into pPSV18 using restriction sites SacI and XbaI. E. coli
strains, DH5α and SM10, were used for plasmid maintenance and conjugal transfer and were
grown at 37°C. P. aeruginosa strains were transformed with plasmids by electroporation or
conjugation with E. coli SM10.

Chromosomal fusions and mutations in P. aeruginosa. Chromosomal fusions and in-frame
deletions were generated by allelic replacement using the pEXG2 suicide plasmid (166, 200).
The sequences used for these constructs were made by splicing by overlap extension PCR and
cloned into the 5’ XbaI and 3’ HindIII sites of pEXG2. The primers used for amplification were
designed such that the first several codons were fused to the last several codons with an
intervening sequence of 5’- TTCAGCATGCTTGCGGCTCGAGTT -3’. For tagQ, tagS, tagT,
tagF, pppA tagF deletion constructs, upstream DNA flanking sequences were amplified using
primer pairs 871/872, 471/472, 774/775, 291/292 and 291/292, respectively. Downstream
flanking DNA sequences were amplified with primer pairs 873/874, 473/474, 776/777, 293/294
and 564/565, respectively. For the deletion of the accessory gene cluster (PA0070–PA0075 and
PA0070–PA0076), flanking and overlapping primers were made for the 5’ and 3’ genes.
Chromosomal VSV-G epitope tagged hcp1, tse1 and fha1 were also generated by splicing by
overlap extension PCR and cloned into pEXG2 (166, 167). The VSV-G sequence 5TATACAGATATTGAAATGAATAGATTAGGAAAATGA -3’ was used to replace the stop
codon of each gene. Upstream and downstream primer pairs used to generate tse1-VSV-G were
596/597 and 598/599. Strains harboring clpV1-gfp chromosomal fusions were generated as
described previously (167). The pUC18-mini-Tn7 and pSW196 derivatives were transformed

52

into P. aeruginosa by conjugation. All chromosomal mutations were confirmed through PCR
analysis.

β-Galactosidase assay. A chromosomal insertion vector carrying a fusion of lacZ to the fha1 or
tssA1 promoters, pUC18-mini-Tn7-lacZ20-Gm::PA0081 and pUC18-mini-Tn7-lacZ20Gm::PA0082, respectively, were used to generate all strains for analysis. The sequences used for
these fusions contained the promoter of each indicated strain, the 5’ leader sequence and the first
several coding nucleotides (28). The plasmids were introduced into P. aeruginosa by four
parental mating conjugation or electroporation (47). The vector backbones were not removed,
except for strains MLS 1526 and MLS 2715. Overnight cultures were diluted 1:1000 in LB with
50 mM MOPS pH 7 and grown to mid-log phase. Cells were permeabilized with chloroform
(15% chloroform) and assayed using the Tropix Galacon-Plus® reagents (Tropix, Bedford, MA).
Luminescence was measured by using a GENios Pro-Basic microplate reader (Tecan Group Ltd.
Mannedorf, Switzerland). Values were normalized to the optical density at 600 nm for each
strain. All β-galactosidase assays were performed in triplicate. Statistical significance was
determined using a one-way analysis of variance (ANOVA) and Tukey’s post-hoc test.

Preparation of proteins and Western blotting. Protein samples from liquid grow cultures were
prepared as previously described (115). Specifically, overnight cultures of P. aeruginosa were
used to inoculate 2 mL of LB (1:1000) supplemented with appropriate additives. Cultures were
grown at 37°C with shaking at 250 r.p.m. Samples were harvested at mid-log phase by
centrifugation at 9,000 r.p.m. for 3 minutes and 1.3 mL of the supernatant were centrifuged a
second time to remove contaminating bacterial cells. After this second step, 1 mL of the
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supernatant fractions was treated with 110 µL 100% w/v Trichloroacetic acid (final
concentration of 10%). To collect precipitated proteins, the samples were centrifuged at for 30
minutes at 13,500 r.p.m. Supernatants were removed and the protein pellets were washed with 1
mL of 100% acetone and centrifuged at 4°C for 15 minutes at 13,500 r.p.m. The protein pellets
were resuspended in 20 µL of SDS-PAGE sample loading buffer. To isolate cell-associated
protein samples, the cell pellets were resuspended in 100 µL of Buffer 1 (0.5 M NaCl, 50 mM
Tris pH 7.5 and 10% glycerol) and mixed 1:2 with SDS-PAGE sample loading buffer. The
secreted and cell-associated protein samples were analyzed by Western blotting as previously
described (166) using rabbit α-VSV-G (1:5000, Sigma) or rabbit α-Fha1 (diluted 1:5000) and
detected with α-rabbit horseradish peroxidase-conjugated secondary antibodies (Sigma). Mouse
α-GFP (1:1000, Roche) or mouse α-RNA polymerase β-subunit antibody (1:2000, Neoclone)
and α-mouse horseradish peroxidase-conjugated antibodies (Sigma) were used to detect ClpV1GFP or RNAP. Western blots were developed using chemiluminescent substrate (SuperSignal
West Pico Substrate, Thermo Scientific) and imaged with a FluorChemQ (ProteinSimple).

For surface grown strains, overnight cultures were diluted 1:100 in LB and 3 mL of this dilution
was spotted onto a 0.2mM polycarbonate membrane placed on onto LB agar. After
approximately 4 hours of growth at 37°C the cells were resuspended by placing the filter in 2 mL
of LB and incubating at 37°C with shaking (250 r.p.m.) for 5 minutes. Cell and supernatant
samples were then collected as described above

Densitometry was performed using AlphaView®Q software (ProteinSimple). The percentage of
phosphorylated Fha1 was determined by measure band intensity of phosphorylated and total
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Fha1 from three independent experiments. The values were normalized to ∆ppkA, which was set
at 0% p-Fha1.

Preparation of supernatant protein samples for quantitative analysis. Supernatant samples
analyzed for Tse1 and Hcp1 in the ∆pppA ∆tagF backgrounds were prepared using a filter based
method. A total of 4 mL were grown for each strain (2 mL/tube) and were harvested by
centrifugation in a 15 mL Falcon tube (Becton Dickinson) at 4,000 r.p.m. in a swing bucket rotor
for 5 minutes. The supernatants were filtered over through a 0.2 µM Supor® Membrane (Pall Life
Sciences) into two 2 mL microcentrifuge tubes containing 250 µL of 100% w/v Trichloroacetic
acid. The precipitation and acetone wash were carried out as described in the previous section.
Washed samples were then resuspended in 50 µL of SDS-PAGE sample loading buffer.
Densitometry was performed using AlphaView®Q software (ProteinSimple). Statistical
significance was determined using ANOVA and Tukey’s post-hoc test.

Fluorescence microscopy. P. aeruginosa strains were cultured in an identical manner as
described for protein sample preparations. All samples were harvested at mid-log phase by
centrifuging at 7,000 r.p.m and resuspending the pellet to an optical density (600 nm) of 5 with
PBS supplemented with 0.5mM TMA-DPH, for membrane staining. Three microliters of the
mixture were spotted onto a 1% PBS agarose pad. All images were acquired with the same
exposure settings on a Nicon 80i microscope with a 100X PlanAprochromat objective (numerical
aperature 1.4) and Chroma Technology Corp. filter sets. Images were recorded using a
CoolSnap HQ camera (Photometerics). DAPI and GFP were used for imaging TMA-DPH and
ClpV1-GFP, respectively. MetaMorph 6.3r2 software was used (115). Three randomly selected
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frames containing 200 ≤ N ≤ 700 cell were chosen for the analysis of GFP foci. Statistical
significance was determined using ANOVA and Tukey’s post-hoc test.

Interbacterial growth competition assays and quantification. Overnight cultures were mixed
at a 1:1 ratio to a total density of approximately 1.0x108 CFU/mL in 1 mL LB medium. In each
experiment the donor and recipient strain contained constitutively expressing yellow fluorescent
protein (YFP) or cyan fluorescent protein (CFP), respectively. To construct these strains the
mini-Tn7 system, pUCP18-mini-Tn7 containing yfp or cfp, was inserted on the PAO1
chromosome at the neutral phage attachment site, attB, downstream of the glmS (136). The
plasmids were introduced into P. aeruginosa via four-parental mating conjugation or
electroporation (47). The vector backbones were not removed. For our assays, over-expression of
Tse2 and Tsi2 in the donor strain was required for the H1-T6S-dependent fitness advantage.
Donor strains harbored pPSV18::PA2702 PA2703 for constitutive expression of Tse2 and Tsi2.
Recipient strains harbored the empty vector, pPSV18 (201). Competitions were grown on
0.2mM polycarbonate membranes on LB agar for 18 hours at 37°C, or in 2 mL of LB with
shaking. Cells were resuspended in LB medium and spotted onto 1.0% agarose PBS pads and
imaged as described above for FM. YFP and CFP filters were used to image the two cell
populations. Assays were performed in triplicate. Three fields containing 100 to 200 cells were
imaged for each competition. To determine the competitive index (the number of YFP positive
cells to CFP positive cells) MetaMorph® computer-assisted morphometry based on area was
used. Thresholds were set identically for each image generated using YFP and CFP filters. The
areas of the thresholded regions were calculated using MetaMorph® software and the ratios of
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YFP and CFP labeled cells were calculated. Statistical significance was determined using
ANOVA and Tukey’s post-hoc test. Grubbs’ test was used to detect outlier data points.

Generation of TagF structure images. PyMOL was used to generate molecular graphic images
(http:://www.pymol.org) (211). The TagF (PA0076) X-ray crystal structure (Protein Data Bank,
http://www.rcsb.org accession code 2QNU) was solved by the Midwest center for structural
genomics (83). Structural superpositions were determined by DALI (112).
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Table 2.1: Strains and plasmids used in Chapter II.
Strain #
JDM 62

Relevant genotype (P. aeruginosa PAO1)
PA0085-VSV-G

Reference
(167)

MLS 2256

∆PA0070 PA0085-VSV-G

This study

MLS 2384

∆PA0071 PA0085-VSV-G

(115)

MLS 3552

∆PA0072 PA0085-VSV-G

This study

MLS 3553

∆PA0073 PA0085-VSV-G

This study

MLS 2139

∆PA0074 PA0085 VSVG

(167)

JDM 117

∆PA0075 PA0085-VSV-G

(167)

MLS 1235

∆PA0076 PA0085-VSV-G

This study

MLS 3549

∆PA0077 PA0085-VSV-G

(166)

MLS 2213

∆PA0074 ∆PA0076 PA0085-VSV-G

This study

MLS 1584

∆PA0075 ∆PA0076 PA0085-VSV-G

This study

MLS 223

PAO1 PA0081-VSV-G

(167)

MLS 1597

∆PA00074 PA0081-VSV-G

(167)

MLS 1596

∆PA0075 PA0081-VSV-G

(167)

MLS 1594

∆PA0076 PA0081-VSV-G

This study

MLS 3558

∆PA0074 ∆PA0075 PA0081-VSV-G

(167)

MLS 1627

PA1844-VSV-G

This study

MLS 3555

∆PA0070 PA1844-VSV-G

This study

MLS 3554

∆PA0071 PA1844-VSV-G

This study

MLS 3556

∆PA0072 PA1844-VSV-G

This study

MLS 3557

∆PA0073 PA1844-VSV-G

This study

MLS 3551

∆PA0074 PA1844-VSVG

This study

MLS 1607

∆PA0075 PA1844-VSV-G

This study

MLS 1720

∆PA0076 PA1844-VSV-G

This study

MLS 3550

∆PA0077 PA1844-VSV-G

This study

MLS 2797

∆PA0074 ∆PA0076 PA1844-VSV-G

This study

MLS 1810

∆PA0075 ∆PA0076 PA1844-VSV-G

This study

MLS 724

PA0090-GFP

(167)

MLS 3560

∆PA0074 ∆PA0075 PA0090-GFP

This study

MLS 3546

∆PA0076 PA0090-GFP

This study

MLS 3547

∆PA0074 ∆PA0076 PA0090-GFP

This study

MLS 3548

∆PA0075 PA0090-GFP

(167)

MLS 3639

∆PA0075 ∆PA0076 PA0090-GFP

This study

MLS 3566

∆PA0076 ∆PA0090 PA0085-VSV-G

This study

MLS 3567

∆PA0076 ∆PA0090 PA1844-VSVG

This study

MLS 2252

∆PA0076 ∆PA0081 PA0085-VSV-G

This study

MLS 3653

∆PA0075 ∆PA0081 PA0085-VSV-G

This study

MLS 2402

∆PA0076 attTn7::yfp

This study

MLS 2403

∆PA0075 attTn7::yfp

This study

MLS 2404

∆PA0090 attTn7::yfp

This study
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MLS 2092

PAO1 attTn7::yfp

This study

MLS 3545

∆PA0074 ∆PA0076 attTn7::yfp

This study

MLS 2076

∆PA2702 ∆PA2073 attTn7::cfp

This study

MLS 3559

∆PA0074 ∆PA0075 attTn7::yfp

This study

MLS 3568

∆PA0070 ∆PA0071 ∆PA0072 ∆PA0073 ∆PA0074 ∆PA0075
PA0085-VSV-G
∆PA0070 ∆PA0071 ∆PA0072 ∆PA0073 ∆PA0074 ∆PA0075
PA0076 PA0085-VSV-G
∆PA0070 ∆PA0071 ∆PA0072 ∆PA0073 ∆PA0074 ∆PA0075
PA1844-VSV-G
∆PA0070 ∆PA0071 ∆PA0072 ∆PA0073 ∆PA0074 ∆PA0075
∆PA0076 PA1844-VSV-G
∆PA0076 PA0085-VSV-G PA0082-lacZ20

This study

MLS 2257
MLS 3569
MLS 3570
MLS 2715

This study
This study
This study
This study

MLS 1526

PA0085-SV-G PA0082-lacZ20

Thus study

MLS 3571

∆PA2234 ∆PA3064 ∆PA4856 attTn7::PA0082 lacZ20

Thus study

Plasmid name

Relevant features

Reference

pEXG2

(200)

pSW196

Allelic replacement vector
containg sacB
Expression vector with lacI,
lacUV5 promoter, C-terminal
VSV-G tag
Expression vector with lac
promoter
MiniCTX1 plasmid, araC pBAD

pPSV35-CV::PA0076

tagF-VSV-G in pPSV35-CV

This study

pPSV35::PA0081

(167)

pEXG2::∆PA0070

fha1 in pPSV35, for
complementation studies
fha1 T362A in pPSV35, for
complementation studies
clpV1 in mini CTX1 plasmid,
araC pBAD
miniTn7 with lacZ translational
reporter fusion to the fha1
promoter
miniTn7 with lacZ translational
reporter fusion to the tssA
promoter
tagQ deletion allele in pEXG2

This study

pEXG2::∆PA0071

tagR deletion allele in pEXG2

(115)

pPSV35-CV

pPSV18

pPSV35::PA0081 T362A
pSW196::PA0090
pUC18-mini-Tn7-lacZ20-Gm::PA0081

pUC18-mini-Tn7-lacZ20-Gm::PA0082

(115, 200)

(201)
(15)

(167)
(113)
(28)

(28)

pEXG2::∆PA0072

tagS deletion allele in pEXG2

This study

pEXG2::∆PA0073

tagT deletion allele in pEXG2

This study

pEXG2::∆PA0074

ppkA deletion allele in pEXG2

(167)

pEXG2::∆PA0075

pppA deletion allele in pEXG2

(167)

pEXG2::∆PA0076

tagF deletion allele in pEXG2

This study

pEXG2::∆PA0077

tssM deletion allele in pEXG2

(166)

pEXG2::∆PA0081

fha1 deletion allele in pEXG2

(167)

pEXG2::∆PA0090

clpV1 deletion allele in pEXG2

(166)

pEXG2::∆PA00074 ∆PA0075

ppkA–pppA deletion allele in

(167)
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pEXG2::∆PA00075 ∆PA0076
pEXG2::∆PA0070-∆PA0076
pEXG2::∆PA0070-∆PA0075
pEXG2::PA0085-VSV-G

pEXG2::PA1844-VSV-G
pEXG2::PA0081-VSV-G
pPSV18::PA2702 PA2703
pUC18-mini-Tn7::yfp
pUC18-mini-Tn7::cfp
pCGFP::PA0090

pEXG2
pppA–tagF deletion allele in
pEXG2
tagQ–tagF deletion allele in
pEXG2
tagQ–pppA deletion allele in
pEXG2
For generating chromosomal
hcp1 with C-terminal VSV-G
tag
For generating chromosomal
tse1 with C-terminal VSV-G tag
For generating chromosomal
fha1 with C-terminal VSV-G tag
Expression vector with tse2 and
tsi2
mini Tn7 for YFP tagging P.
aeruginosa
mini Tn7 for CFP tagging P.
aeruginosa
For generating chromosomal
clpV1-gfp fusion

This study
This study
This study
(166)

This study
(167)
This study
(136)
(136)
(167)
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Figure 2.1: The HSI-I genes, tagF and pppA, repress Hcp1 and Tse1 secretion. (A) Genomic
organization of P. aeruginosa HSI-I. The gene encoding TagF is highlighted in purple. Genes
colored in green are known components of the TPP and those colored in yellow are
uncharacterized tag genes. (B and C) Hcp1 and Tse1 secretion is repressed by tagF and pppA.
Western blot analysis of Hcp1–V and Tse1–V in supernatant (Sup) and cell-associated (Cell)
fractions of the genetic backgrounds of P. aeruginosa indicated below the blots. Unless
otherwise indicated, all blots in this and subsequent figures were probed with antibodies specific
to the VSV-G epitope.
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Figure 2.2: TagF is a negative posttranslational regulator of the H1-T6SS. (A) Western blot
results demonstrating Hcp1 and Tse1 secretion phenotypes of ∆tagF can be genetically
complemented. (B) Hcp1 and Tse1 secretion in ∆tagF requires a functional H1-T6S apparatus.
Western blot analysis of Hcp1–V and Tse1–V in supernatant (Sup) and cell-associated (Cell)
fractions of the indicated genetic backgrounds of P. aeruginosa. (C and D) HSI-I expression is
not altered by the deletion of tagF. β-galactosidase activity was measured from the indicated P.
aeruginosa strains carrying a chromosomally-encoded lacZ translational fusion to fha1 (C) or
tssA1 (D) (28). Genes involved in the production of the Pel and Psl polysaccharides were deleted
in the ∆retS background to prevent cell clumping during growth (52, 207). Error bars represent
standard deviation based on three independent replicates. Asterisks indicate statistically
significant (P < 0.001) differences between ∆retS ∆pelA ∆pslD and wild-type or ∆tagF as
determined by one-way ANOVA and Tukey’s post-hoc tests.
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Figure 2.3: Genetic organization of representative T6S gene clusters containing tagF
orthologs. Colored genes are those that either encode known components of the TPP (ppkA,
pppA and fha1) or, for clarity, those that consistently cluster with tagF (tssM and tssL). Apparent
orthologs of the HSI-I genes in other clusters are designated with matching colors. P. aeruginsoa
(HSI-I) and V. parahaemolyticus both contain an independent tagF gene (PA0076 and VV_0440)
and TPP components (fha1, pppA and ppkA). N. mobilis and A. tumefaciens also contain TPP
components, but, in these cases, the tagF and pppA genes are fused (AGR_L_1064 and
NB231_12224). T6SSs of Pseudomonas syringae and B. thailandensis (T6SS-I) are examples in
which tagF is present without TPP components (BTH_I2955 and PSPPH_0124).
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Figure 2.4: TagF-mediated activation of the H1-T6SS occurs independently of the TPP. (A)
The deletion of tagF does not promote elevated levels of p-Fha1. Western blot analysis of Fha1–
V in the indicated genetic backgrounds of P. aeruginosa. Phosphorylated Fha1 species (denoted
by arrowheads) are separated from non-phosphorylated Fha1 by their electrophoretic mobility
(167). (B) Fha1, but not its phosphorylation, is required for TagF-mediated Hcp1 secretion.
Western blot analysis of Hcp1–V secretion and cellular Fha1 levels in the indicated strains of P.
aeruginosa. Expression plasmids used in each lane are indicated. Fha1 was detected with α-Fha1
antibodies. (C and D) HSI-I genes encoding TPP components and other tag genes are not
required for Hcp1 and Tse1 secretion in P. aeruginosa strains lacking tagF. Western blot
analysis of Hcp1–V and Tse1–V in the indicated P. aeruginosa strains. (∆tagQ-∆pppA, ∆tagQ
∆tagR ∆tagS ∆tagT ∆ppkA ∆pppA; ∆tagQ-∆tagF, ∆tagQ ∆tagR ∆tagS ∆tagT ∆ppkA ∆pppA
∆tagF).
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Figure 2.5: Hcp1 and Tse1 secretion are differentially regulated by the TPP and TagFmediated pathways. (A-D) Representative Western blots of Hcp1–V (A) and Tse1–V (C)
secretion from the indicated genetic backgrounds of P. aeruginosa. (B and D) Quantitative
analyses of Hcp1 (B) and Tse1 (D) secretion based on band densitometry from independent
Western blot experiments similar to those shown in A and C, respectively. Data are normalized
to ∆pppA ∆tagF. Error bars represent standard deviation based on three independent replicates.
Asterisks indicate secretion is significantly less than the ∆pppA ∆tagF background based on
ANOVA and Tukey’s post-hoc test (P < 0.05).
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Figure 2.6: ClpV1 recruitment to the H1-T6S-apparatus is triggered by TagF-mediated
activation. (A) Increased ClpV1–GFP recruitment to the H1-T6S-apparatus is promoted by a
tagF deletion and occurs independent of the kinase (∆tagF ∆ppkA) as observed by the formation
of punctate foci using fluorescence microscopy (indicated by white triangles). The lipophilic dye,
TMA-DPH, was used to visualize bacterial membranes. (B) Quantitative analysis of ClpV1–GFP
foci positive cells in the indicated backgrounds (parental background PAO1 clpV1–gfp). Error
bars represent standard deviation based on three independent replicates. Asterisks indicate the
number of ClpV1–GFP foci per cell are statistically higher than the parental or lower than ∆pppA
∆tagF based on ANOVA and Tukey’s post-hoc test (P < 0.002).
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Figure 2.7: The H1-T6SS is posttranslationally activated by the TPP when P. aeruginosa is
grown on a surface. (A) Deletions in pppA or tagF do not influence T6S-dependent fitness.
Results of growth competition assays conducted on a solid surface (open circles) or in liquid
media (filled circles) between the indicated donor strains and a susceptible recipient (∆tse2
∆tsi2). Asterisks indicate a competitive index that is statistically lower than the parental strain
based on ANOVA followed by Tukey’s post-hoc test (P < 0.05). (B) p-Fha1 levels are increased
when P. aeruginosa is grown on a surface. Arrowheads denote p-Fha1 species. For each strain,
the percentage of total Fha1–V in the p-Fha1–V form based on band densitometry is provided.
Data are normalized to ∆ppkA. Error provided is standard deviation based on three independent
replicates. (C) Secretion of Hcp1 by the H1-T6SS is triggered by surface growth. Western blot
analysis of secreted and cell-associated Hcp1–V.
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Figure 2.8: Model of H1-T6SS posttranslational regulatory pathways. The schematic depicts
the interface between P. aeruginosa (donor, blue) and a competing Gram-negative bacterium
(recipient, brown). Inner membrane (IM), outer membrane (OM), and periplasm (P) of the cells
are shown. Emphasis is given to peptidoglycan (interconnected hexagon chains), the target of
Tse1 and Tse3 (204). Based on data from this study and previous studies, we propose two
pathways for H1-T6SS-activation. During planktonic growth, the H1-T6S apparatus is not
extended (red tube) and Tse1-3 (e1-3) secretion is repressed. Upon surface growth, the TPP is
stimulated (right). This leads to PpkA activation, p-Fha1 formation, ClpV1 recruitment,
extension of the apparatus (green tube), and effector delivery into recipient bacterial cells.
Relevant phosphorylation events are indicated (yellow spheres). The H1-T6SS can also be
activated by derepression of TagF through an unknown signal (left). When TagF repression is
relieved, non-phosphorylated Fha1 activates the apparatus by a mechanism also involving ClpV1
recruitment.
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Figure 2.9: Overview of the X-ray crystal structure of TagF. Ribbon representation of the
proposedTagF biological assembly. The two monomers, colored blue and yellow, are not related
by crystallographic symmetry and appear to constitute a biologically relevant dimer. The two
views show the dimer rotated ± 90° about the x-axis (accession code 2QNU; 2.05 Å resolution)
(83). Images were generated using PyMOL (211).
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Figure 2.10: Superimposition of the N-terminal domain of Sec22b (green, accession code
1IFQ, residues 1-127) with TagF (magenta, accession code 2QNU, residues 1-143). The
alignment is based on results obtained using DALI (112). For clarity, the structure of TagF is
truncated at the region of overlap with Sec22b and monomerA of TagF is not shown. The
positions of the N- and C-terminal residues of both structures are shown.
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CHAPTER III:

An ABC transporter and an outer membrane lipoprotein participate in posttranslational
activation of type VI secretion in Pseudomonas aeruginosa

Published as: Casabona, M.G*., Silverman J.M*., Sall K.M., Boyer F., Couté Y., Poirel J.,
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ABSTRACT

P. aeruginosa is capable of injecting protein toxins into other bacterial cells through one of its
three T6SSs. The activity of this T6SS is tightly regulated on the posttranslational level by
phosphorylation-dependent and -independent pathways. The phosphorylation-dependent
pathway consists of a Threonine kinase/phosphatase pair (PpkA/PppA) that acts on a forkhead
domain-containing protein, Fha1, and a periplasmic protein, TagR, that positively regulates
PpkA. In the present work, we biochemically and functionally characterize three additional
proteins of the phosphorylation-dependent regulatory cascade that controls T6S activation: TagT,
TagS and TagQ. We show that similar to TagR, these proteins act upstream of the PpkA/PppA
checkpoint and influence phosphorylation of Fha1 and, apparatus assembly and effector export.
Localization studies demonstrate that TagQ is an outer membrane lipoprotein and TagR is
associated with the outer membrane. Consistent with their homology to lipoprotein outer
membrane localization (Lol) components, TagT and TagS form a stable inner membrane
complex with ATPase activity. However, we find that outer membrane association of T6SS
lipoproteins TagQ and TssJ1, and TagR, is unaltered in a ∆tagTS background. Notably, we found
that TagQ is indispensible for anchoring of TagR to the outer membrane fraction. As T6Sdependent fitness of P. aeruginosa requires TagT, S, R and Q, we conclude that these proteins
likely participate in a trans-membrane signaling pathway that promotes H1-T6SS activity under
optimal environmental conditions.

INTRODUCTION
Bacteria cope with their environment through an arsenal of secreted macromolecular products
that are transported across the bacterial envelope by protein complexes called secretion systems.
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Gram-negative bacteria possess six secretion machineries, each of divergent composition and
function (21, 66). P. aeruginosa, an opportunistic human pathogen associated with a variety of
acute and chronic diseases, possesses five of these, including the T3SS and T6SS (21). A
defining feature of these two protein export machines is that they allow for the export of cargo
proteins directly into eukaryotic and/or prokaryotic cells (54, 215). While the composition and
mechanism of the T3SS has been studied in great detail (92, 160), the existence of T6SS has
been described only recently and their function and composition are still largely unexplored.

T6SSs are encoded by genes organized in operons within genetic islands. In some instances,
multiple T6SS are present in a given bacterial genome (27, 41, 84). Bioinformatic studies
revealed that T6SSs are composed of 13 highly conserved core components and a set of
additional proteins termed Tags (type six secretion-associated genes) (27, 218). Two core
components are similar to IcmF and DotU of T4SSs (89, 154), and one protein, ClpV, belongs to
a family of AAA+ ATPases (25). A hallmark of all T6SS is the presence of two conserved
proteins, Hcp and VgrG. These proteins share sequence and structural homology with tail tube
and spike proteins of bacteriophage, respectively (142, 166, 192, 194), and are proposed to form
an injection device. Some specialized VgrG proteins possess C-terminal domains that contain
eukaryotic cell effector activities. An example is VgrG-1 of V. cholerae, which can cross-link
host actin (192).

HSI-I to III of P. aeruginosa encode three potential T6SSs. The H1-T6SS has been shown to be
active in chronic P. aeruginosa infections, as sputum of chronically infected cystic fibrosis
patients contains Hcp1 and the serum of these patients shows the presence of Hcp1-specific
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antibodies (166). Furthermore, a mutation in HSI-I operons affected the survival
of P. aeruginosa in a rat model of chronic respiratory infection (190). The H1-T6SS specifically
exports at least three proteins, Tse1, Tse2 and Tse3. These proteins are important for fitness in
interbacterial competition assays (113). While the target of Tse2 is not known, Tse1 and Tse3 are
toxins targeting peptidoglycan of adjacent bacteria (204).

As with other secretion systems of P. aeruginosa, the H1-T6SS is finely regulated at several
levels. Goodman et al. have shown that HSI-I operons are posttranscriptionally regulated by the
Gac/Rsm pathway. Two sensor kinase/response regulator hybrid proteins, RetS and LadS,
reciprocally regulate the H1-T6SS through this pathway (96, 165). A second level of regulation
is exerted directly on H1-T6SS activity and depends on a set of accessory genes within HSI-I
(Figure 3.1). Among the proteins encoded by these genes are a trans-membrane threonine
protein kinase, PpkA, a PP2C-type phosphatase, PppA, and a periplasmic protein, TagR, which
promotes dimerization-induced activity of the kinase (115, 167). The cytoplasmic target of PpkA
is a ForkheadAssociated domain (FHA)-harbouring protein, Fha1. Fha1 is in a complex with the
ClpV1 ATPase, and upon phosphorylation of Fha1, effector export is triggered (115, 167). This
regulatory pathway will be referred to hereafter as the TPP (222). Reminiscent of T3SS activity,
the intoxication of target cells by T6S effectors requires close cell–cell contact (104, 186).
Interestingly, the TPP is stimulated when P. aeruginosa is grown on a surface, as observed by
increased levels of phosphorylated Fha1 and Hcp1 secretion (222). These findings suggest that
the TPP responds to specific physiological stimuli. In addition to this pathway, TagF, a protein
encoded upstream of pppA, has been reported to function as a negative posttranslational regulator
of the H1-T6SS that acts independently of the TPP (222).
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Three uncharacterized genes, tagT, tagS and tagQ, neighbour genes involved in the TPP. In the
current study, we found that the proteins encoded by these genes act upstream of PpkA in the
TPP and are required for efficient protein transport through the T6S machinery. We
demonstrated that in a heterologous host, TagT and TagS form a membrane-bound complex with
ATPase activity, features characteristic of bacterial ABC transporters. We also investigated the
localization of TagQ and showed that its outer membrane localization requires a conserved
cysteine within the lipo-box sequence. TagQ, but not TagTS, is required for association of the
kinase activator, TagR, with the outer membrane fraction. These findings, together with in
silico analysis of available genomes, illustrate the complexity and novelty of trans-membrane
signaling that lead to tuning of H1-T6SS activity.

RESULTS
TagT, TagS and TagQ participate in posttranslational regulation of the H1-T6SS. TagT,
TagS and TagQ are non-conserved T6SS components (27) encoded within the HSI-I operon that
contains each of the known posttranslational regulators of the system (tagR, ppkA, pppA and
tagF) (115, 167, 222). Furthermore, conserved synteny of tag genes with ppkA and pppA in
Pseudomonas species, Pseudomonas fluorescens, Pseudomonas mendocina and Pseudomonas
brassicacearum (http://www.pseudomonas.com/), suggests their functional relationship (Figure
3.1).

Our previous work on the H1-T6SS has shown that the basal activation of the system in wildtype cells is exceedingly low. Indeed, under planktonic conditions, the quantity of secreted Hcp1
is below standard detection levels. However, using more sensitive detection methods, we found
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that basal Hcp1 secretion levels can be distinguished from background levels observed in an H1T6SS-inactive strain (∆ppkA) (Figure 3.2A). In this study, we utilize this basal level of Hcp1
secretion as a means to investigate genes involved in H1-T6SS activation. To evaluate the
contribution of TagT, TagS and TagQ to T6S activity, Hcp1 secretion levels were assayed in
strains with tagT, tagS or tagQ deletions. Secreted Hcp1 levels of these strains were compared
with strains that abrogate Hcp1 secretion (∆ppkA and ∆tagR). As shown in Figure 3.2A,
individual isogenic PAO1 mutants (∆tagT, ∆tagS and ∆tagQ) were impaired in Hcp1 export.

The H1-T6SS exports three low-molecular weight effectors encoded by genes outside of the
HSI-I locus, Tse1, Tse2 and Tse3 (113). To determine the effect of tagT, tagS and tagQ genes on
Tse export, we analysed secretion levels of Tse1 in the mutant strains. To detect Tse1, a
chromosomal fusion of vesicular stomatitis virus G encoding sequence (VSV-G) to tse1 (Tse1–
V) was used (113). As in the case of Hcp1, the quantity of secreted Tse1–V was decreased in
strains lacking tagT, tagS and tagQ. To gain information regarding the functional hierarchy of
the Tag proteins relative to the TPP, we examined Hcp1 and Tse1 export in mutants prepared in
the ∆pppA background. Strains lacking both the tag genes and pppA did not display a decrease in
Hcp1 secretion levels (Figure 3.2B), suggesting that these proteins represent regulatory
accessory components that act upstream of the kinase/phosphatase checkpoint. Interestingly, the
deletion of tagS in strains lacking pppA reproducibly resulted in higher levels of exported Hcp1,
but not Tse1, relative to pppA and the other tag genes. Possible explanations for this finding are
discussed below.
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Phosphorylation of Fha1 requires PpkA and is promoted by growing bacteria on solid medium
(222). To determine if TagT, TagS and TagQ affect phosphorylation of Fha1, we assayed
phosphorylated Fha1 (p-Fha1) levels in tag deletion strains. A chromosomal fha1-VSV-G fusion
was used and p-Fha1 levels were detected by electrophoretic mobility shift (Figure 3.2C).
Consistent with previous studies, we observed an increase in p-Fha1 levels in the wild-type
background when grown on solid versus liquid media. Interestingly, individual tag deletion
strains abrogated surface growth-dependent p-Fha1 levels. As expected, under liquid growth
conditions, only low levels of p-Fha1 were detected in all strains containing PppA. Taken
together with the secretion phenotypes observed, these results suggest that TagT, TagS and TagQ
act upstream of PpkA in the TPP.

tagT, S and Q are required for T6S-dependent fitness. Previous studies have shown that the
TPP activates the H1-T6SS during surface growth and therefore is required for H1-T6Sdependent fitness against competing bacteria (222). We hypothesized that if TagT, S and Q act
upstream of PpkA in the TPP, these proteins should contribute to H1-T6SS-dependent fitness.
Using growth competition assays, we assessed the fitness of donor strains containing in-frame
deletion of tagT, S or Q relative to a Tse2-sensitive recipient strain (∆tse2 ∆tsi2) (Figure 3.2D).
This experiment confirmed that tagT, S or Q are required for H1-T6SS-dependent fitness. As an
additional control, we included a donor strain lacking TagR, a protein previously demonstrated
to act upstream of PpkA in the TPP. This strain also displayed a loss of H1-T6SS-dependent
fitness. Together with their involvement in promoting surface-dependent Fha1 phosphorylation,
these findings support a critical role for TagT, S and Q in TPP activation during surface growth.
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TagT and TagS form a membrane-bound complex with ATPase activity. TagT and TagS
share sequence signatures with bacterial ABC transporters (61). The tagT gene encodes a protein
of 26 kDa with Walker domains (Walker A and Walker B) and other conserved features of
ATPases associated with ABC transporters as shown in Figure 3.3A. The tagS gene encodes a
protein of 42 kDa, predicted to be an integral membrane protein with four hydrophobic transmembrane helices (TMH) and a long periplasmic segment of 233 amino acids between TMH1
and TMH2. BLAST analysis showed high homology of TagS and TagT with membrane
components of the lipoprotein outer membrane localization (Lol) complex (173), sharing
56.0%/38.5% and 40.0% similarity with LolE/LolC and LolD of P. aeruginosa, respectively
(233) (Figure 3.3A). Based on sequence homology, the predicted TagT protein belongs to a
family of MecA/FtsE/SalX ATPases of bacterial ABC transporters (see also Discussion).

To investigate the mechanism by which TagT, S and Q regulate the H1-T6SS through the TPP,
we purified the proteins and conducted biochemical analyses. Co-production of TagT and TagS
resulted in formation of a stable protein complex associated with E. coli membranes that could
be solubilized by a detergent and purified to homogeneity by affinity chromatography (Figure
3.3B). As mentioned previously, TagT harbours all conserved signatures of classical ATPases. In
order to test whether the TagTS complex is capable of ATP hydrolysis, the complex was
incubated in the presence of ATP and magnesium and the formation of inorganic phosphate (Pi)
was quantified by a malachite green method (240). Notably, the TagTS complex displayed
significant ATPase activity varying, in three independent purifications, between 70 and 100 nmol
Pi min−1 mg−1. The specific activities of the TagTS complex was consistent with activities of
several bacterial ABC transporters reported to date (198, 239, 247). Moreover, the ATPase

78

activity of the complex was sensitive to orthovanadate (Figure 3.3C), a small organic molecule
that impedes ATP hydrolysis by interfering with binding of ATP to the Walker A motif (187).
Finally, to confirm that ATP hydrolysis was due to the TagTS complex, we replaced a conserved
amino acid within the Walker A motif of TagT (K/A: Lys 44 to Ala) and purified the complex
(Figure 3.3B). The K/A mutation abolished ATPase activity of the TagTS complex (Figure
3.3C). In conclusion, these results clearly show that the TagTS complex possesses ATPase
activity that is dependent on the conserved Walker A motif within the TagT ATPase.

TagQ encodes an outer membrane lipoprotein. The last gene of the operon, tagQ, encodes a
31.7 kDa protein with a stretch of hydrophobic and uncharged amino acids at the N-terminus.
This sequence is characteristic of a signal peptide and conserved lipo-box with an invariable
Cysteine, a sequence recognized by signal peptidase II (Figure 3.4A) (11). In order to study the
localization of TagQ in P. aeruginosa, we created a fusion protein between TagQ and the red
fluorescent protein mCherry, and examined its localization by confocal microscopy using green
fluorescent protein (GFP)-expressing P. aeruginosa strains (GFP TagQ-mCherry). TagQmCherry was readily detected and localized around the periphery of bacterial cells (Figure
3.4A). To gain information on the precise localization of TagQ, P. aeruginosa cells were treated
with lysozyme to create spheroplasts, bacterial cells lacking the peptidoglycan layer. P.
aeruginosa spheroplasts, while maintaining an intact internal membrane, appear to have a
crescent-shaped external membrane as it begins to dissociate from the rest of the spheroplast
(148). When P. aeruginosa GFP TagQ-mCherry was treated to obtain spheroplasts, the majority
of cells retained mCherry fluorescence in the crescent-shaped labelling pattern particularly
visible under xyz scan (Figure 3.4A), strongly suggesting the association of TagQ with the outer
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bacterial membrane. Lipid modifications occur at a conserved cysteine within a lipo-box
sequence of lipoproteins and promote its association with membranes. To test the requirement
for Cys30 in TagQ-mCherry localization, we created a mutant fusion protein, TagQ∆CysmCherry, and checked its localization (Figure 3.4A). P. aeruginosa GFP TagQ∆Cys-mCherry
cultures systematically showed a mixed population, with the majority of cells harbouring
mCherry at the periphery and some cells displaying overlapping cytoplasmic GFP and mCherry.
This result suggests that the absence of Cys30 affects the efficient transport of the protein across
the inner membrane. The majority of spheroplasts obtained from TagQ∆Cys-mCherry P.
aeruginosa lost outer membrane labeling, strongly suggesting that in most cases the protein had
lost its lipid anchor and was released by lysozyme treatment (Figure 3.4A). These observations
were immuno-quantified by fractionation of membranes and periplasm of ∆tagQ strains
ectopically expressing wild-type tagQ or tagQ∆Cys (Figure 3.4B). The deletion of Cys30
resulted in partial processing of the protein, as two anti-TagQ-specific polypeptides were
visualized in total bacterial extracts. In addition, while the majority of wild-type TagQ was found
to be associated with membrane fractions, the majority of the mutated protein was recovered in
periplasmic fractions, in concordance with confocal microscopy observations.

The Lol-like TagTS complex is dispensable for OM localization of TagQ and TssJ1. As the
TagTS complex shows significant homology with lipoprotein recycling systems of E. coli and P.
aeruginosa, we first hypothesized that this complex is involved in the transport of specific
lipoproteins of the H1-T6SS. To compare membrane distribution of TagQ in different strains, we
set up membrane fractionation experiments on discontinuous sucrose gradients coupled to
immuno-detection. These experiments were performed using P. aeruginosa ∆retS background to
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obtain higher expression of the whole HSI-I locus. The quality of separation between inner (IM)
and outer membranes (OM) was systematically determined by measuring the activity of NADH
oxidase and by Coomassie blue staining of SDS-PAGE gels of each recovered fraction. As
shown in Figure 3.4C, in accordance with microscopy experiments, the majority of TagQ was
found in OM fractions. In order to determine whether the Lol-like ABC transporter TagTS was
involved in localization of TagQ, we fractionated membranes of ∆retS ∆tagTS in an identical
manner and detected no significant difference of TagQ distribution between the two strains
(Figures 3.4C and 3.5). The second lipoprotein of the H1-T6SS is TssJ1 (PA0080). TssJ1 shares
50% similarity with OM lipoprotein SciN involved in assembly of the Sci-1 T6SS of
enteroaggregative E. coli (7). To ascertain whether TssJ1 is targeted to the OM in P. aeruginosa,
we constructed a fusion between TssJ1 and mCherry, and examined its localization by confocal
microscopy (not shown) and by fractionation on discontinuous sucrose gradients. Similar to our
findings with TagQ, TssJ1-mCherry associated with the OM and its localization was not
significantly altered in the tagTS mutant (Figure 3.6). Together these results show that the ABC
transporter TagTS, despite its strong homology to the Lol system, does not participate in
membrane targeting of two H1-T6SS-specific lipoproteins.

TagQ is required for TagR association with the OM. Preliminary nanoLC/LC mass
spectrometry data performed on inner and outer membrane fractions (M.G. Casabona and Y.
Couté, unpublished) indicated the presence of TagR, a positive regulator of the TPP, in OM
fractions. This result was intriguing, as TagR is predicted to be a soluble protein and was shown
to fractionate with the periplasm, wherefrom it promotes dimerization and activation of PpkA
(115). To further address the localization of TagR, we raised anti-TagR antibodies and analysed
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fractionated membranes from wild-type PAO1, confirming that at least one portion of TagR
associated with outer membranes (Figure 3.7). This association was significant, as a soluble
periplasmic protein, DsbA, was not found in any of the membrane fractions (not shown).
Whereas TagR OM localization was not altered in a tagTS mutant (Figure 3.8), the absence of
tagQ clearly influenced the distribution of TagR between inner and outer membrane fractions
(Figure 3.7). In accordance, a strain expressing tagQ∆Cys in trans, resulted in TagR
mislocalization, demonstrating that OM-anchored TagQ is essential for OM localization of
TagR. Of note, TagR was found dispensable for OM localization of the TagQ lipoprotein
(Figure 3.9).

In silico genome wide analysis of TagTSR-like systems. Participation of the TagTS complex in
trans-membrane signalling involving a periplasmic protein TagR and an inner membrane-bound
Ser/Thr kinase prompted us to perform in silico analysis of all available complete bacterial
genomes to search for homologues of these proteins. Both TagT and TagS attributed COGs
(COG1136-COG4591) are frequently adjacent to other ABC transporter-specific COGs involved
in peptide and drug transport, specifically COG0845 and COG0577 which are membrane
components of the AcrA and SalY family of multidrug efflux pumps and antimicrobial peptides
transport systems, respectively. We found also two strong associations between COG1136COG4591 tandem and regulatory partners. In 90 Firmicutes, ABC transporters are encoded
adjacent to homologues of the OmpR family two-component regulatory system (COG0642 and
COG0745). In addition, in 100 Enterobacteriaceae, ABC transporters are encoded upstream of
NagC (COG1940), a transcriptional regulator involved in sugar transport. This observation
suggests a more general functional relationship between the TagTS family of ABC transporters
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with trans-membrane signalling and regulation. Finally, we examined the local organization of
chromosomal regions encoding the ATPase component (TagT, COG1136), the predicted
permease component (TagS, COG4591) and COG1262 (TagR) in all available microbial
genomes. TagQ was excluded from this screen as it lacks an attributable COG number. As
shown by a maximum likelihood tree (Figure 3.10), tagT, S and R are predominately found
within T6SS-encoding loci in Pseudomonas (P. aeruginosa, Pseudomonas fulva, P. fluorescens,
P. brassicacearum). We found that in Rhodobacter sphaeroides, an α-proteobacterium that
possess a T6SS locus with similar gene content of HSI-I, tagT, S and R are neighbouring genes
coding for PpkA and PppA homologues. However, tagT, S and R are not exclusively found in
bacterial genomes encoding T6SS, suggesting that these components may play a role in different
cellular processes.

DISCUSSION
Our current study identified TagT, TagS and TagQ as new components of a posttranslational
regulatory pathway that modulates the activity of the H1-T6SS of P. aeruginosa. We found that
these components participate in a phosphorelay system that is stimulated by surface growth
conditions. Phosphorelay systems are classical ways for bacteria to regulate adaptive cellular
responses induced by external stimuli; however, to our knowledge, this is the first example of an
ABC transporter complex, TagTS, participating in trans-membrane signalling that involves a
Ser/Thr kinase-dependent phosphorylation pathway.

Some parallels can be made with a large family of ‘co-sensor’ ABC transporters that interact
with membrane-integrated histidine kinases (HK) (235, 236). These proteins clearly play a
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regulatory role in adaptive responses to certain environmental stimuli (236). This is well
illustrated by the ABC transporter PstSCAB of E. coli that is linked to sensing inorganic
phosphate in phosphate-limiting conditions. It has been proposed that the membrane components
of this ABC transporter transmit the signal towards the membrane-integrated HK, PhoR, which
signals to a transcriptional regulator (response regulator, RR) (158). A role for related systems in
resistance against antimicrobial peptides was recently proposed (56, 67). For example, it has
been experimentally demonstrated in Staphylococcus aureus that the detection of, and response
to, antibiotic peptide bacitracin requires the interplay between two ABC transporters, BraD/BraE
and VraD/VraE, and the HK/RR system BraS/BraR (109). Interestingly, our in silico analysis
showed that genes encoding TagTS-like proteins (COG1136-COG4591) frequently co-occur
with genes encoding proteins that participate in two component-regulatory systems. In addition,
our in silico analysis highlights the association of TagTS-like proteins with NagC, a
transcriptional regulator involved in the response to N-acetylglucosamine and peptidoglycan in
E. coli and P. aeruginosa (130, 185), further implying their participation in signal recognition
and transmission. It is worth noting that in at least one non-Pseudomonas T6SS, Vibrio
anguillarum, an inner membrane polypeptide belonging to a major facilitator superfamily of
transporters is required for regulating Hcp export and two additional periplasmic proteins
contribute to this signalling (248).

The TagTS complex could be involved in export or import of a small molecule required for
activating the H1-T6SS, or it may play a structural role by stabilizing other Tag proteins. Future
experiments aim to determine whether TagT ATPase activity and a long periplasmic loop present
in TagS are required for its role in signalling. The apparent conflicting effects on Hcp1 export
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between ∆pppA ∆tagS versus ∆pppA ∆tagTS (Figure 3.2) suggest a possible second role for the
integral inner membrane domain of TagS, independent of its ATPase partner, TagT.
Interestingly, a long periplasmic loop present in TagS-related proteins, LolC and BraB, mediates
the detection of cognate substrates, lipoproteins and bacitracin respectively, and it was proposed,
for BraB, to interact through the inner membrane with the HK partner.

Outer membrane-localized TagQ is a top candidate for signal detection. The region from amino
acids 68 to 114 of TagQ is annotated as PF05433, a family of proteins that include several
Rickettsia genus specific 17 kDa surface antigens, annotated also as a conserved trans-membrane
alpha-helical region containing glycine zipper motifs (http://pfam.sanger.ac.uk). There is rising
evidence that OM lipoproteins play crucial roles in trans-membrane signaling in bacteria. A wellcharacterized example is the Rcs phosphorelay in E. coli, which reflects envelope stress response
activated by peptidoglycan stress and antibiotics. In this complex system, RcsF, an OM
lipoprotein, is proposed to transmit the signal to the IM-located HK sensor and allow further
signal transduction from the cell envelope to the cytoplasm (79, 147).

What may be the link between IM TagTS, OM TagQ and the IM PpkA-kinase? The finding that
some portion of TagR is also associated with the OM indicates that TagTS, TagR and TagQ may
represent a unique complex participating in trans-membrane signaling. Taking into account the
sequence predictions for TagR, its role in signal transduction, and our current findings, we
hypothesize that TagR associates with membranes through interactions with other OM proteins,
such as TagQ. The distribution of TagR between inner and outer membranes was clearly affected
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by the absence of TagQ, leaving open the possibility that TagQ may correctly position TagR to
interact with the kinase.

Finally, what is the nature of the signal(s) that activate the H1-T6SS? Silverman et al. discovered
that surface growth of P. aeruginosa induces the TPP (222), and, here, we show that tagQ, tagR,
tagS and tagT are important in surface-induced phosphorylation of Fha1. Moreover, using
growth competition assays we showed that the fitness of Tag mutants was impaired. All together
these results imply that the predicted ABC transporter, TagTS, and the OM lipoprotein TagQ are
essential players in intrabacterial communication through H1-T6SS activity. The rapid detection
of neighbouring cells may thus be essential to turning on the injection device.

Although we have no evidence yet demonstrating direct interactions between the four Tag
proteins (except for TagT and TagS) and the kinase, PpkA, we propose a model (Figure 3.11) in
which TagTS and TagQ participate in detection and transmission of an environmental signal to
PpkA, by modulating either localization or conformation of the kinase activator TagR, leading to
rapid response of «attacking» bacteria in highly competitive multi-species niches, such as
infecting tissue. Our future work will aim at discovering the signal nature and deciphering the
connections between Tag proteins and their link with other components of trans-membrane
signaling in T6SS.

MATERIALS AND METHODS
Genetic constructions. Genes of interest were PCR amplified using PAO1 genomic DNA as a
template, cloned into pCR-Blunt II-TOPO (Invitrogen) and sequenced before cloning into final
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destination vectors. The list of oligonucleotides with appropriate restriction sites is given in
Table S1. For overexpression, tagT and tagTS were amplified and cloned into pETDuet-1. In the
pETDuet-tagTS bicistronic vector, only tagT is fused to a histidine tag encoding sequence. For
Hcp1 overexpression, the gene was cloned into pET52b giving Hcp1-Strep fusion. The tagQ
gene was amplified so that it lacks the sequence encoding the first 29 amino acids and the
predicted lipo-box (TagQ∆2-30). It was cloned into pET15b by fusing tagQ to a sequence
encoding hexa-histidine tag on N-terminus. For TagR overproduction, the tagR gene was
amplified and cloned into pET52b resulting into TagR-His10 protein. All fusions to mCherry
were constructed using pJN105-derived plasmids, which contain an arabinose inducible
promoter. The gene encoding mCherry was amplified and cloned into XbaI and SacI sites of
pJN105 (175) giving pJN-mCherry. The DNA sequence containing the ribosome binding site of
tagQ and the whole gene was cloned upstream of mCherry-encoding gene using EcoRI and XbaI
sites, giving pJN-tagQ-mCherry. tssJ1-encoding sequence was amplified and cloned in the same
manner to give pJN-tssJ1-mCherry. Site-directed mutagenesis (QuikChangeII Site-Directed
Mutagenesis kit, Stratagene) was employed to generate TagTK/AS mutant and TagQ∆Cys, using
pETDuet-tagTS and pJN-tagQ-mCherry as templates respectively. The TGA stop codon was
introduced between TagQ and mCherry encoding sequence by site directed mutagenesis using
pJN-tagQ-mCherry and pJN-tagQ∆Cys-mCherry. To constitutively express GFP, pX2-gfp (238)
was transferred in mini-CTX1 (110)and inserted into the chromosome of P. aeruginosa strains as
described. All replicative plasmids were introduced in P. aeruginosa strains by transformation.
Constructs used to generate in-frame deletions of tag genes or a tse1-VSV-G chromosomal
fusion were previously reported (222).
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P. aeruginosa strains were grown in Luria-Bertani (LB) medium at 37°C supplemented with
carbenicillin 100–250 µg ml−1, gentamycin 200 µg ml−1 and tetracycline 200 µg ml−1 when
needed. E. coli strains were grown in LB medium at 37°C supplemented with ampicillin 100 µg
ml−1, gentamycin 50 µg ml−1, kanamycin 25 µg ml−1, tetracycline 10 µg ml−1 as required.

Fha1 phosphorylation assays. Cellular samples of Fha1 from liquid and solid grown cultures
were prepared and analysed as previously described (115, 167). Western blots were developed
using chemiluminescent substrate (SuperSignal West Pico Substrate, Thermo Scientific) and
imaged with a FluorChemQ (ProteinSimple). Densitometry was performed as previously
described (222) using AlphaView®Q software (ProteinSimple). The percentage of
phosphorylated Fha1 was determined by measure band intensity of phosphorylated and total
Fha1 from three independent experiments. The values were normalized to ∆ppkA, which was set
at 0% p-Fha1.

Interbacterial growth competition assays and quantification. Growth competition assays
were performed as previously described (222). Each donor and recipient strain contained
constitutively expressing yellow fluorescent protein (YFP) or cyan fluorescent protein (CFP)
respectively. pUCP18-mini-Tn7 containing yfp or cfp (inserted at the neutral phage attachment
site, attB) was used to construct these strains (136). The plasmids were introduced into P.
aeruginosa via four-parental mating conjugation or electroporation (47). Vector backbones were
not removed. To observe an H1-T6SS-dependent fitness advantage, Tse2 and Tsi2 were
overexpressed in the donor strain. Donor strains harboured pPSV18::PA2702-PA2703 for
constitutive expression of Tse2 and Tsi2, and recipient strains harboured the empty vector,
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pPSV18 (201). Overnight cultures were mixed at a 1:1 ratio to a total density of approximately
1.0 × 108 cfu ml−1 in 1 ml of LB medium. Competitions were grown on 0.2 µM polycarbonate
membranes on LB agar for 18 h at 37°C, or in 2 ml of LB with shaking. Cells were re-suspended
in LB medium and spotted onto 1.0% agarose PBS pads and imaged as described (222). YFP and
CFP filters were used to image the two cell populations. Assays were performed in triplicate.
Three fields containing 100 to 200 cells were imaged for each competition. To determine the
competitive index (the number of YFP positive cells to CFP positive cells), NIS-Elements
computer-assisted morphometry was used to count YFP and CFP cells.

TagTS expression and protein purification. E. coli BL21(DE3) Star cells harbouring
pETDuet-tagTS were grown in LB medium at 37°C and 200 r.p.m. At OD600 of 0.7, the
expression of tagT and tagS was induced with 0.5 mM IPTG for 4 h. Cells were recovered by
centrifugation and lysed in buffer containing 25 mM Tris-HCl, 500 mM NaCl, 10 mM
imidazole, pH 8.0 and cocktail of protease inhibitors (PIC, Roche). The lysis was achieved by
passage of cells through a Microfluidizer (M-100P, Microfluidics, USA) at constant pressure of
10 000 psi. After centrifugation at 200 000 g for 1 h, membranes were recovered in solubilization
buffer containing 25 mM Tris-HCl, 500 mM NaCl, 2% n-dodecyl-β-D-maltopyranoside (DDM),
15% glycerol, pH 8.0 and PIC. The solubilization was performed in a glass beaker at 4°C for 1 h
30 min by agitation. The obtained suspension was further centrifuged at 200 000 g for 1 h.
Solubilized material was loaded at 0.5 ml min−1 on HisTrapHP Ni2+-column previously
equilibrated in solubilization buffer. The washes and elution was performed on AktaPurifier
FPLC apparatus (GE Healthcare) with buffer A (25 mM Tris-HCl, 500 mM NaCl, 0.05% DDM,
15% glycerol, pH 8.0) and buffer B (25 mM Tris-HCl, 500 mM NaCl, 0.05% DDM, 15%
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glycerol, 200 mM imidazole, pH 8.0). The washes were performed with 30 and 80 mM
imidazole obtained by mixing buffers A and B, and elution was performed using buffer B.
Fractions eluted from the column were analysed on SDS-PAGE and the gel was stained by
Coomassie Brillant Blue R-250.

ATPase activity and orthovanadate assay. ATPase activity was quantified by measuring
inorganic phosphate Pi by a malachite green method (240). The reaction mixture (100 µl)
containing 0.5 mM ATP, 1 mM MgCl2 and 10 mM Tris-HCl, pH 7.5, and 1 µg of purified
TagTS complex was incubated for 30 min at 37°C. When indicated, the orthovanadate was added
to protein samples at indicated concentrations before the reaction. The reaction was stopped by
adding 800 µl of malachite green solution. Malachite green solution was prepared 30 min in
advance by mixing 3 vols of 0.045% malachite green with 1 vol. of 4.2% ammonium molybdate
in 4 M HCl and 1/50 of volume of Triton X-100. Greenish colour resulting from precipitation of
Pi was measured at 640 nm.

Secretion assays. Overnight cultures were diluted at OD600 of 0.02 and incubated at 37°C with
shaking up to mid-log phase, in the presence of antibiotics when needed. At this point, 250 µl of
bacteria were harvested by centrifugation at 7000 g and re-suspended in 100 µl of loading buffer
and stored at −20°C until use. Extracellular proteins were precipitated by a TCA-sarkosyl
method (0.5% final volume of sarkosyl and 7.5% final volume of TCA) (46) after a double
centrifugation of 1250 µl of culture and 1 h incubation on ice. Pellets were re-suspended in a
final volume of 25 µl of loading buffer. Samples were then analysed by SDS-PAGE and
immunoblotting.
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Proteomic analyses by mass spectrometry (MS). Protein bands were manually excised from
the gels and washed. Proteins were in-gel digested with trypsin (Promega, sequencing grade) and
peptides extracted from gel slices (Shevchenko et al., 1996). The dried extracted peptides were
re-suspended in 5% acetonitrile and 0.1% trifluoroacetic acid and analysed by online nanoLCMS/MS (Ultimate 3000, Dionex and LTQ-Orbitrap XL, Thermo Fischer Scientific). The nanoLC
method consisted in a 15 min gradient ranging from 5% to 40% acetronitrile in 0.1% formic acid
at a flow rate of 300 nl min−1. Peptides were sampled on a 300 µm × 5 mm PepMap C18
precolumn and separated on a 75 µm × 150 mm RP column (PepMap C18, Dionex). MS and
MS/MS data were acquired using Xcalibur (Thermo Fischer Scientific) and processed
automatically using Mascot Daemon software (version 2.3, Matrix Science). Searches against the
PAO1 database, SwissProt-Trembl_decoy (E. coli taxonomy) and contaminants databases
(534637 sequences) were performed using an in-house version of Mascot 2.3. ESI-TRAP was
chosen as the instrument, trypsin/P as the enzyme and two missed cleavages was allowed.
Precursor and fragment mass error tolerances were set respectively at 10 ppm and 0.6 Da.
Peptide modifications allowed during the search were: Carbamidomethyl (C, fixed), Deamidated
(NQ, variable), Oxidation (M, variable) and Acetyl (Protein N-term, variable). The IRMa soft
(Dupierris et al., 2009) was used to filter the results by query homology threshold P < 0.01 and a
minimum of two peptides per protein.

Spheroplast preparation and confocal microscopy. Overnight cultures of P. aeruginosa-GFP
strains producing TagQ-mCherry, TagQ∆C-mCherry or TssJ1-mCherry fusion proteins were
diluted at OD600 of 0.15 in 3 ml of LB. Cultures were incubated until mid-log phase of growth
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in the presence of antibiotics and then induced for 1.5 h by 0.25% arabinose. At this point, cells
were harvested and spheroplasts were created (117). Briefly, 1 ml of culture was centrifuged at
6000 g for 5 min. The pellet was re-suspended in TSE buffer (0.1 M Tris-acetate, 16%
saccharose, 5 mM EDTA, pH 8.2) and lysozyme was added at a final concentration of 50 µg
µl−1. Spheroplasts were incubated on ice and centrifuged at 1000 g for 5 min after the addition
of MgSO4 to a final concentration of 0.1 M. Finally, spheroplasts were re-suspended in TSM
buffer (0.05 M Tris-acetate, 8% sucrose, 10 mM MgSO4, pH 8.2). 1 ml culture of arabinoseinduced bacteria was harvested by centrifugation at 7000 g for 5 min and re-suspended in 100 µl
of LB.

Specimens were analysed by confocal laser scanning microscopy, using a Leica TCS-SP2
operating system (Manheim, Germany). GFP and mCherry fluorescences were excited and
collected sequentially (400 Hz line by line) by using 488 nm for GFP and 543 nm for mCherry
excitation. Fluorescence emissions were collected from 500 to 537 nm for GFP and from 557 to
625 nm for mCherry.

Fractionation of P. aeruginosa. Cultures of P. aeruginosa grown for 16 h were diluted to an
OD600 of 0.15 in 30 ml of LB cultures with antibiotics when needed. Cultures were incubated
with agitation until OD600 of 0.85 and at this point, 100 µl of cells were harvested by
centrifugation as a total bacteria fraction. The rest of the cultures was centrifuged at 6000 g for
10 min. Pellets were washed with 10 ml of TMP buffer (10 mM Tris-HCl, 200 mM MgCl2, PIC)
and re-centrifuged at 6000 g for 10 min. Pellets were re-suspended in 1 ml of TMP and incubated
for 30 min at 300 r.p.m. and 23°C in the presence of 0.5 mg ml−1 lysozyme. Next, bacteria were
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centrifuged at 8000 g for 15 min at 4°C, obtaining the periplasm fraction (supernatant) and
spheroplasts (pellet). At this point, the proteins present in the periplasm fraction were
precipitated (as described in Secretion assays). Spheroplasts were then re-suspended in 1 ml of
TMP, recentrifuged and the pellet, recovered in 1 ml of TM buffer (30 mM Tris-HCl, 10 mM
MgCl2, pH 8.0), was disrupted by sonication. Unbroken spheroplasts were eliminated by a low
speed centrifugation and the supernatant was ultracentrifugated for 30 min at 100 000 g with a
TLA120 rotor at 4°C to obtain the cytosolic fraction (supernatant) and the total membrane
fraction (pellet). All fractions were re-suspended in loading buffer and heated at 100°C for 10
min before SDS-PAGE and immunoblotting analysis.

Inner and outer membrane separation. Inner and outer membranes of P. aeruginosa cells
were separated by a discontinuous sucrose gradient as described (Viarre et al., 2009). Briefly,
500 ml cultures of P. aeruginosa at OD600 of 1 were harvested by centrifugation. In the case of
PAO1 ∆tagQ + tagQ∆Cys, bacteria were grown with appropriate additives and induced by
0.01% arabinose at OD600 0.5. Pellets were re-suspended in 25 ml of 10 mM Tris-HCl, 20%
sucrose, 10 mg ml−1 DNase, 10 mg ml−1 RNase, pH 7.4, and were disrupted by using a
Microfluidizer at 15 000 psi. Unbroken cells were removed by 15 min centrifugation at 6000 g.
Total membrane fraction was obtained by ultracentrifugation at 100 000 g and re-suspended in
500 µl of 20% sucrose containing PIC. The total membrane fraction was then applied at the top
of a discontinuous sucrose gradient composed of 1.5 ml layers of 60%, 55%, 50%, 45%, 40%,
35% and 30% of sucrose in 10 mM Tris-HCl, 5 mM EDTA, pH 7.4 (from bottom to top).
Sucrose gradients were centrifuged at 90 000 g at 4°C for 36–72 h, and 500 µl of fractions were
collected from the top. All fractions were then characterized by SDS-PAGE, Western Blot
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analysis and NADH oxidase activity. Antibodies against T2SS protein XcpY (163), kindly gifted
by R. Voulhoux (CNRS, Marseille, France), were used as an inner membrane marker and porines
visualized directly on Coomassie blue-stained SDS-PAGE as markers of the outer membrane.
NADH oxidase activity was determined as described elsewhere by measuring the NADH
consumption at 340 nm of 50 µl of each fraction (10).

Hcp1, TagQ, TagR and Tse1 expression for antibody production. The pET52b-hcp1,
pET15b-tagQ∆2-30 and pET15b-tagR expression vectors were introduced into E. coli
BL21(DE3)Star. Expression was induced at OD600 of 0.7 by 0.5 mM IPTG and lasted for 4 h.
Bacteria were lysed by the Microfluidizer at 10 000 psi and the proteins were purified on
appropriate affinity columns using AktaPurifier (GE Healthcare). TagR-His10 was obtained by
solubilization of inclusion bodies using 6 M guanidine. Antibodies were raised in guinea pig for
Hcp1 (Eurogentec, Belgium) and in mouse for TagQ and TagR (Agro-Bio, France).The antiTse1 polyclonal rabbit antibody was raised against purified Tse1 (GenScript).

Immunoblotting. For Western blotting, antibodies were used at dilutions: anti-Hcp1 1:5000,
anti-XcpY 1:1000, anti-TagQ 1:20000, anti-TagR 1:1000 and anti-Tse1 1:2000. Commercial
antibodies anti-VSV-G (Sigma Aldrich) and anti-mCherry (Clontech) were used as
recommended by the manufacturers. Secondary antibodies were anti-rabbit (Zymed), HRPcoupled anti-guinea pig (Invitrogen) and HRP-coupled anti-mouse (Sigma), all used at 1:5000
dilution. Western blots were developed by ECL Detection Kit (Amersham) or Millipore HRP
Substrate.

94

In silico bacterial genome scanning for tagTSR. Annotated genomes were downloaded
(September 2011) from the Genome Reviews ftp site
(ftp://ftp.ebi.ac.uk/pub/databases/genome_reviews/) (Sterk et al., 2006) and
http://www.pseudomonas.com/ for Pseudomonas genomes unavailable in Genome Reviews
(250). Predicted protein sequences for all genomes were aligned with rpsblast (5) against the
COG section of the CDD database (September 2011) (159). COG hits were considered positive
if their alignment covered at least 30% of the COG PSSM and had an E-value ≤ 10−6. TagR and
tagR-like sequences were aligned using MUSCLE (73). Based on this alignment, a maximum
likelihood tree with 100 bootstrap replicates was computed using PhyML (98).
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Figure 3.1: Organization of the P. aeruginosa (PA) HSI-I operon containing tag genes and
comparison with P. mendocina ymp (Pmen), P. fluorescens (PFL) and P. brassicacearum
(PSEBR). Orthologues are represented in the same colour. Gene and COG numbers are
indicated.
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Figure 3.2: TagT, TagS and TagQ are required for activation of the H1-T6SS. (A) Analysis
of Hcp1 (structural component) and Tse1 (effector) export from strains containing in-frame
deletions of tag genes. (B) Cellular and secreted Hcp1 and Tse1 from strains lacking ∆pppA and
indicated tag gene. (C) Western blot analysis of Fha1 from indicated strains grown either in
liquid or on solid medium. The band corresponding to phosphorylated Fha1 (p-Fha1) is indicated
by an asterisk. Lower panel corresponds to the quantification of p-Fha1. Experiments were
performed in triplicate (black = solid grown, white = liquid grown). Bac: bacteria, sup:
supernatant. (D) P. aeruginosa requires tagT, S, R and Q for an H1-T6SS-dependent fitness
advantage against competing bacteria. The competitive index is plotted for competitions between
each indicated donor strain and a H1-T6SS-susceptible recipient strain of P. aeruginosa (PAO1
∆tse2 ∆tsi2) (white = solid grown, gray = liquid grown).
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Figure 3.3: TagT and TagS form a membrane-bound complex harbouring ATPase activity.
(A) Sequence alignment of TagT and TagS with ABC transporters of the same family
in P. aeruginosa (Pa) and E. coli (Ec). Conserved features of TagT are highlighted in colours:
Walker A domain (grey), ‘Q’ motif (blue), ABC transporter signature (red), Walker B motif
(green) and ‘H’ signature (black). The arrow indicates the conserved Lys residue mutated in the
TagTK/AS mutant. TagS TMHs are shown in grey background. (B) SDS-PAGE analysis of
different fractions obtained during His6-TagTS expression, solubilization and purification. M:
molecular weight marker (kDa); Sol. mb: detergent-solubilized membranes; FT: flow through;
TagTS: wild-type complex eluted with 200 mM imidazole; TagTK/AS: Walker A mutant eluted
with 200 mM imidazole. (C) Fractions collected in 200 mM imidazole elution step were
analysed for ATPase activity by malachite green assay. The ATPase activity of the wild-type
complex was inhibited by orthovanadate in a dose-dependent manner. Analysis by Maria
Guillermina Casabona.
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Figure 3.4: TagQ is an outer membrane lipoprotein that localizes independent of TagTS.
(A) The N-terminal sequence and lipo-box (in red) of TagQ is shown. An arrow indicates the
mutated cysteine. Confocal microscopy images of PAO1∆retS-GFP producing TagQ-mCherry or
TagQ∆Cys-mCherry. TagQ-mCherry is localized at the bacterial periphery. White arrows on
spheroplast images indicate the crescent-shape labelling of the OM. The bar represents 2 µm.
Bact: bacteria; Sphero: spheroplasts. The confocal image in XYZ confirms the presence of the
protein in the OM. (B) Subcellular fractionation of PAO1 ∆tagQ complemented with a plasmid
encoding TagQ (WT) or TagQ∆Cys (∆C). Whole cells (WC), cytosol (C), membranes (M) and
periplasm (P) were analysed by Western blot using specific antibodies against TagQ. ∆Cys
mutation results in partial processing of the protein (indicated with an asterisk) and its
accumulation in the periplasm. (C) Discontinuous sucrose gradient separation of inner and outer
membranes in PAO1∆retS and PAO1 ∆retS∆tagTS. Fractions were characterized by NADH
oxidase (NADHox) activity, SDS-PAGE and Western blotting using anti-TagQ antibodies.
NADH oxidase activity is represented relative to the fraction with the highest level activity
(noted as 1.0). XcpY was used as an IM marker and porines visualized in Coomassie blue stained
gels as an OM marker. The representative IM and OM fractions are indicated. The analysis of the
whole gradient is shown in Figure 3.5. Analysis by Maria Guillermina Casabona.
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Figure 3.5: TagQ localization to the OM is not influenced by TagTS
TagTS.. Complete analysis of
discontinuous sucrose gradients of PAO1
PAO1∆retSand PAO1∆retS ∆tagTS are shown. NADH
oxidase activity and XcpY are used as IM markers, and porines are used as OM markers. TagQ
was detected using specific antibodies. Note that the NADH oxidase activity is represented
relative to the fraction of highest activity. IM and OM are in
indicated. Analysis by Maria
Guillermina Casabona.
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Figure 3.6: The TagTS complex does not influence TssJ1
TssJ1-mCherry
mCherry localization to the outer
membrane. Discontinuous sucrose gradient separation of TssJ1
TssJ1-mCherry in PAO1∆retS
PAO1
and
PAO1∆retS ∆tagTS strains. NADH oxidase activity and contr
controls
ols were as described in Figure 3.5.
3.5
Fusion protein TssJ1-mCherry
mCherry was detected by anti
anti-mCherry antibodies. Analysis by Maria
Guillermina Casabona.
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Figure 3.7: Outer membrane localized TagQ is required for outer membrane anchoring of
TagR. Membrane separations and analysis were performed as described in Figure 3.4C. Strains
used were: PAO1 (parental), PAO1 ∆tagQ and PAO1 ∆tagQ expressing either TagQ ∆Cys or
TagQ WT. Only the representative IM and OM fractions are shown. TagR and TagQ were
detected by specific antibodies. Analysis by Maria Guillermina Casabona.
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Figure 3.8. TagTS does not influence TagR localization to the OM. Discontinuous sucrose
gradient separations shown in Figure 3.5 were further analysed using anti-TagR
gR antibodies,
showing that TagR is localized to the OM both in PAO1
PAO1∆retS and PAO1∆retS ∆tagTS.
∆
Analysis
by Maria Guillermina Casabona.
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Figure 3.9: TagR does not play a role in the OM localization of TagQ.
(A) Confocal microscopy analysis of PAO1
PAO1∆retS∆tagR expressing GFP and harbouring TagQTagQ
mCherry. White arrows show the OM of P. aeruginosa that remains partially attached to
spheroplasts after lysozyme treatment (see text for details). Bact: bacteria, Sphero: spheroplasts.
The bar represents 1 µm. (B) Discontinuous sucrose gradient separation of the IM and OM of
PAO1∆retS ∆tagR. Analysis by Maria Guillermina Casabona.
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Figure 3.10: In silico analysis of tagTSR-like genes. Maximum likelihood tree of TagR and
TagR-like proteins (matching COG1262) with genomic context of the associated genes, together
with the periplasmic PvdO protein of P. aeruginosa involved in pyoverdine maturation (Yeterian
et al., 2010) (and its genomic context) used as outgroup. Green and yellow circles indicate
genomes with complete or incomplete T6SS respectively. Inside of circles, blue points indicate
the presence of pppA/ppkA/fha1. Coloured boxes represent hits on the COG database; colours are
according to Figure 3.1, except for purple boxes representing hits on ABC transporter related
COGs.
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Figure 3.11: Model for trans-membrane signaling leading to H1-T6SS activation. The H1T6S machinery is represented as a single tunnel. Tse1–3 are T6S exported effectors. Molecular
players biochemically characterized in this study are: TagQ (OM lipoprotein, Pseudomonas
specific), TagS and TagT (ABC transporter), TagR (OM associated protein) and TssJ1
(conserved OM lipoprotein). The Ser/Thr kinase, PpkA, and the phosphatase, PppA, as well as
the phosphorylation target protein Fha1, are represented. A putative signal is designated by red
stars. Proteins are represented using the same colour code as the ORFs in Figure 3.1, and yellow
spheres indicate phosphorylation. IM and OM of P. aeruginosa and the target bacterium are
shown.
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CHAPTER IV.

Haemolysin co-regulated protein is an export receptor and chaperone for
type VI secretion substrates

Submitted as: Silverman J.M., Agnello D.M., Zheng H., Andrews B.T., Li M., Catalano C.E.,
Gonen T., and Mougous J.D. Haemolysin Co-regulated Protein is an Exported Receptor and
Chaperone of Type VI Secretion Substrates.
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ABSTRACT
Secretion systems require high fidelity mechanisms to discriminate substrates amongst the vast
cytoplasmic pool of proteins. Factors mediating substrate recognition by the type VI secretion
system (T6SS) of Gram-negative bacteria, a widespread pathway that translocates effector
proteins into target bacterial cells, have not been defined. We report that haemolysin coregulated protein (Hcp), a ring-shaped hexamer secreted by all characterized T6SSs, binds
specifically to cognate effector molecules. Electron microscopy analysis of an Hcp–effector
complex from Pseudomonas aeruginosa revealed the effector bound to the inner surface of Hcp.
Further studies demonstrated that interaction with the Hcp pore is a general requirement for
secretion of diverse effectors encompassing several enzymatic classes. Though previous models
depict Hcp as a static conduit, our data indicate it is a chaperone and receptor of substrates.
These unique functions of a secreted protein highlight fundamental differences between the
export mechanism of T6 and other characterized secretory pathways.
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INTRODUCTION
Bacteria possess discrete pathways for delivering proteins to their surroundings. A diversity of
secretion systems facilitates the necessary heterogeneity in size, structure and function within the
proteins exported by these cells (72). For example, the type V secretion system can export
exceptionally large proteins, such as filamentous adhesins, to the cell surface or the extracellular
milieu (60, 244), whereas types III, IV and VII systems exhibit the ability to directly translocate
proteins into host cells (1, 89, 91, 120). Of the thousands of proteins present in a cell, each
secretion system acts with extraordinary fidelity to specifically recognize and release a distinct
subset of substrates.

Substrate selection can be affected by several factors, including signal sequences, chaperones
and receptors. For example, type III secretion system (T3SS) substrates are recruited to the
secretory apparatus in complex with specialized chaperones (3, 227). A T3S-associated ATPase
then engages the substrate by binding its N-terminal export signal, releasing it from the
chaperone and driving substrate unfolding and translocation through the apparatus. Similar
mechanisms appear to drive substrate recognition and export by the T4S pathway (35, 232).
While the factors involved in substrate selection for T3SSs and T4SSs are in part defined,
comparatively little is known about this process in a related, but more recently described
pathway, the type VI secretion system (T6SS).

The T6SS is a widely distributed protein translocation pathway that is able to directly target
bacterial and eukaryotic cells (40). The core T6 machinery consists of 13 essential subunits,
encoded within large gene clusters on bacterial chromosomes (27). While a T6SS ultrastructure
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has not been determined, X-ray crystallographic and protein–protein interaction data suggest that
an envelope-spanning assembly and a bacteriophage-like complex make up much of the
secretory machinery (42). The bacteriophage-like complex consists of TssB (type six secretion
B), TssC, Hcp (haemolysin co-regulated protein) and VgrG (valine-glycine repeat protein G).
Visualization of Vibrio cholerae cells by fluorescence microscopy showed that TssB and TssC
form a dynamic filamentous complex within the cytoplasm; switching between extended and
contracted states while remaining anchored at the inner membrane (14). Hcp and VgrG are
secreted components of the T6SS with significant structural homology to T4 bacteriophage tail
tube (gp19) and tail spike proteins (gp5–gp27), respectively. By analogy to contractile
bacteriophage, TssB and TssC are proposed to form a sheath enclosing a tube composed of Hcp,
with VgrG localized at the tip to allow membrane breaching (125, 127). In this model,
contraction of the TssB/C complex is thought to drive Hcp and VgrG out of the cell, allowing
effector delivery though the Hcp tubule. While this model is conceivable, certain aspects of it
lack experimental support. Most glaringly, Hcp and VgrG have not been shown to associate with
each other or the TssB/C filament (14, 127).

Hcp is a central component of the bacteriophage-like model of T6S-dependent intercellular
effector transport. Studies have demonstrated that this universally and abundantly T6S-exported
protein is essential for both the assembly of the T6S apparatus and the export of its effectors
(113, 166, 192). Nevertheless, the precise function of Hcp in the T6SS has not been addressed.
The supposition that Hcp forms a channel through which small or partially unfolded proteins
transit derives from X-ray crystal structures of the protein solved from several bacterial species.
In all cases, the protein adopts a homohexameric ring structure with a ~40 Å internal diameter;
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furthermore, these rings stack to form a tubular structure within the crystal lattice (124, 166,
179). However, Hcp tubes have only been observed under crystallographic conditions, or when
stabilized in vitro with engineered disulfide bonds between ring subunits (12). Also, since both
stacking arrangements (head-to-head or head-to-tail) are found in Hcp X-ray crystal structures,
the physiological significance of its tubule form is uncertain.

The Hcp secretion island I (HSI-I)-encoded T6SS (H1-T6SS) of P. aeruginosa is a model system
for understanding the substrates, apparatus dynamics, and interbacterial interactions mediated by
T6 (13, 48, 113, 204). The H1-T6SS delivers at least three toxic effectors, Tse1-3 (type VI
secretion exported 1-3), into target bacterial cells. Tse1 and Tse3 are translocated into the
periplasm of target cells where they degrade peptidoglycan and cause cell lysis using amidase
and muramidase activity, respectively (204). The precise molecular target of Tse2 is not yet
known; however, this effector induces stasis and acts in the cytoplasm of recipient cells.
Structure prediction algorithms indicate that Tse2 may function as a nuclease (149). As the
bacterial targeting activities of the H1-T6SS are also directed at kin, P. aeruginosa requires
immunity proteins, Tsi1-3 (type VI secretion immunity 1-3), encoded alongside their cognate
effector in bicistrons. P. aeruginosa harbors two additional T6SSs, the H2- and H3-T6SSs.
Interestingly, these systems appear to export non-overlapping sets of effectors, though the factors
mediating effector discrimination have not been elucidated (205).

In this study, we report that Hcp is a chaperone and receptor of T6S effectors. Focusing on Tse2,
we show that a direct and highly specific interaction with the pore of its cognate Hcp, Hcp1 of
the H1-T6SS, is required for the stability and export of the protein. We further demonstrate that
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effectors with unrelated sequences, Tse1 and Tse3, also require direct interactions with the pore
of Hcp1 for secretion. Certain amino acid substitutions within the Hcp1 pore differentially affect
the secretion of the three Tse proteins, indicating the capacity of Hcp1 to bind diverse proteins
via distinct epitopes. Finally, we probe the generality of our results and find that specific
interactions between T6S effectors and cognate Hcp proteins occur in diverse bacteria. Overall,
our findings reveal a new paradigm for substrate recognition by a complex bacterial protein
translocation machine.

RESULTS
Hcp1 Stabilizes Tse2 Posttranslationally
In the course of investigating factors that influence effector transport through the H1-T6SS of P.
aeruginosa, we observed that strains lacking hcp1 displayed markedly reduced intracellular
levels of Tse2 (Figure 1A). We conducted this, and subsequent studies in the ∆retS background,
which is frequently employed for the study of the H1-T6SS (13, 99, 166). The inactivation of
retS overrides the requirement for cell–surface contact for T6S activation, and it results in
elevated expression of both the H1-T6SS and its effectors, facilitating their detection via Western
blot (113, 222). Deletions of other essential T6SS components including clpV1, tssM1, tssE1,
and the functionally redundant vgrG1 and vgrG4 genes, did not lead to reduced Tse2 levels,
indicating this phenotype is specific to the loss of hcp1 (Figure 1A). To measure more
conclusively the effect of Hcp1 on overall Tse2 levels, we probed the consequences of hcp1
deletion in the ∆tssM1 background. The tssM1 gene encodes a core component of the secretory
system; its deletion abrogates apparatus assembly and effector export (81, 166). Tse2 levels were
also strongly reduced in the ∆hcp1 ∆tssM1 background, suggesting that Hcp1 is required for
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maintenance of intracellular Tse2 (Figure 1B). We also examined whether the levels of Tse1 and
Tse3 are sensitive to the presence of Hcp1. Though not as dramatic as the effect on Tse2, we
detected a significant reduction of intracellular Tse1 and Tse3 upon deletion of hcp1 from the
∆tssM1 background (Figure 1B). The effects of ∆hcp1 on all effectors could be partially (Tse2)
or fully (Tse1 and Tse3) genetically complemented.

As an alternative approach for probing the influence of Hcp1 on effector levels, we used the
ClpXP targeted degradation system to specifically deplete the protein from P. aeruginosa (43,
162). To accomplish this, we generated a P. aeruginosa strain wherein the native hcp1 open
reading frame was modified to include a C-terminal fusion to the ssrA-like sequence, DAS+4
(Hcp1–D4). Consistent with our deletion studies, depletion of Hcp1–D4 resulted in a
concomitant precipitous drop in cellular Tse2 levels (Figure 1C). Tse1 levels similarly decreased
as observed in the ∆hcp1 background, while Tse3 levels were not visibly affected by Hcp1
depletion. The cellular half-life of Tse3 may be too long to observe the relatively minor effect of
Hcp1 during the 90 minute depletion assay (Figures 1B and 1C). Together, these data
demonstrate that the Hcp1 protein is essential for the maintenance of intracellular Tse2 levels.
Though Tse1 and Tse3 levels are measurably influenced by hcp1 deletion, significant
intracellular accumulation of these effectors occurs independent of the protein. To investigate the
mechanism underlying the influence of Hcp1 on H1-T6S effectors, we initially focused on Tse2,
where a highly distinct Hcp1-dependent phenotype was observed.

Hcp1 Interacts Directly with Tse2
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The dramatically lowered abundance of Tse2 in the absence of Hcp1 suggests that Hcp1 – acting
directly or indirectly – plays a critical role either in regulating tse2 expression or stabilizing Tse2
posttranslationally. To test the former, we generated tse2 expression reporter strains containing a
chromosomally-integrated construct consisting of the predicted tse2 promoter followed by an
open reading frame consisting of the first 8 codons of tse2 fused to lacZ. Though the activity of
the reporter increased as expected in the ∆retS background, a known posttranscriptional regulator
of tse2, its activity was insensitive to the deletion of hcp1 (Figure 2A) (28). Unable to implicate
Hcp1 in a regulatory capacity, we probed for a physical interaction between the proteins using a
co-immunoprecipitation (co-IP) assay. Interestingly, Tse2 specifically precipitated with Hcp1,
suggesting a physical association between this effector and Hcp1 might underlie the Hcp1
requirement for Tse2 stability (Figure 2B). To test whether the observed interaction requires
other T6S-associated factors, we next performed co-IP experiments from T6SS– E. coli strains
co-expressing C-terminally hexahistidine-tagged hcp1 (hcp1-his6) and a vesicular stomatitis
virus glycoprotein (VSV-G) epitope-tagged non-toxic allele of tse2 (tse2NT–V). In this
heterologous host, the accumulation of Tse2 remained dependent upon the presence of Hcp1
(Figure 2C). Furthermore, co-expressed Tse2NT–V and Hcp1 associated tightly. To rule out
nonspecific mechanisms that could explain our E. coli data, we tested the activity of another Hcp
protein from P. aeruginosa, Hcp2, which does not participate in the H1-T6SS. Despite
expression equivalent to or in excess of Hcp1, Hcp2 did not stabilize or interact with Tse2. From
these data, we conclude that a direct interaction between Hcp1 and Tse2 likely promotes Tse2
stability.

Tse2 Interacts with the Inner Surface of Hcp1 Rings
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X-ray crystallographic and electron microscopic (EM) studies of Hcp proteins, including Hcp1,
have consistently observed the protein in a hexameric ring configuration (124, 142, 166, 179).
Using sedimentation velocity analytical ultracentrifugation at low Hcp1 concentrations (10.3-3.2
µM), we further confirmed this quaternary state as the single detectable species in solution
(Figure S1). These observations, taken together with the large hydrophobic interface observed
between Hcp protomers, argue that the hexameric assembly is the relevant physiological state of
Hcp proteins.

The Hcp1 hexamer reveals several potential protein–protein interaction surfaces. Sequence
analysis of Hcp homologs shows that residues on the “top” and “bottom” faces of Hcp rings are
highly conserved and may be important for ring–ring interactions (Figure S2) (166). Thus, we
reasoned that Tse2 likely interacts with either the inside or outside face of the Hcp1 ring. To
define the regions of Hcp1 involved in Tse2 interaction, we pursued a site-directed mutagenesis
approach, targeting all residues with more than 60% solvent accessibility located on the inner or
outer surface of the Hcp1 ring. To this end, we mutated 34 positions; non-polar or small side
chain amino acids were substituted with glutamine, and those with a polar or large side chain
with alanine. The relative affect of each Hcp1 point mutation on Tse2 stability was determined
by co-expression of the hcp1 alleles with tse2–V in E. coli. We found that approximately half of
the mutations localized to the inside surface of Hcp1 exhibit 1% or less Tse2 stabilization
relative to wild-type Hcp1 (Figures 3A, 3B and S3), whereas all Hcp1 variants with substitutions
mappings to the outer surface of the ring displayed substantial Tse2-stabilization activity (1.0100%). Interestingly, the majority of substitutions that destabilize Tse2 over 100-fold map
together within a discrete patch inside the Hcp1 ring (Figure 3B).
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The ring shape of Hcp1 is readily discernable by negative stain transmission electron microscopy
(TEM). Therefore, we reasoned that Hcp1 rings bound to Tse2 might be distinguished by TEM
as “filled” particles. TEM analysis of approximately 3,000 randomly selected purified Hcp1–V–
Tse2NT–His6 single particles showed that filled class averages constituted a significant fraction of
total Hcp1 particles (Figures 3C, 3D and S4). In contrast, no class averages appeared filled in the
control sample. The low fraction of filled rings observed in the Hcp1–Tse2 sample is likely
explained by Tse2 degradation and precipitation during preparation (149, 260). Visualization of
the Tse2–Hcp1 complex provides direct evidence that Tse2 interacts with the inner surface of
Hcp1 rings.

Tse2 Secretion Requires Interaction with Hcp1
Motivated by our in vitro findings, we next sought to determine the influence of the interaction
between Tse2 and the inner surface of Hcp1 on Tse2 stability and secretion in vivo. Using allelic
exchange, we generated a P. aeruginosa strain encoding Hcp1S31Q at the native hcp1 locus. We
selected this mutant from those identified by our in vitro studies, as this amino acid resides
within the inner surface patch and strongly disrupts interaction with Tse2 via a relatively
conservative substitution (small polar to large polar). Western blot analyses showed that
although Hcp1S31Q is produced and secreted at levels comparable to the wild-type, strains bearing
this mutation do not support Tse2 accumulation (Figure 4A). Furthermore, using interbacterial
competition assays, we found that the hcp1S31Q background displays a marked defect in Tse2dependent fitness (Figure 4B). The effects on H1-T6SS function appeared specific, as the levels
of export and interbacterial delivery of Tse1 and Tse3 were not significantly impacted in the
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hcp1S31Q background (Figures 4A and 4C). Overall these data demonstrate that Tse2 stability
requires interaction with the inner surface of the Hcp1 ring.

Since Tse2 does not accumulate to detectable levels in hcp1S31Q, we could not explicitly measure
the requirement of interaction with Hcp1 for Tse2 secretion. However, a previous report from
our laboratory demonstrated that over-expressed Tse2 can be detected in P. aeruginosa
backgrounds lacking hcp1 (113). Therefore, to overcome the Tse2 detection limit, we monitored
the export of Tse2–V expressed with high induction from the lacUV5 promoter in the hcp1S31Q
background. Western blot analysis confirmed that the Tse2–V protein is highly over-produced
relative to endogenous Tse2 and that it is secreted in an Hcp1-dependent manner (Figure 4D).
Interestingly, we found that despite intracellular accumulation, Tse2–V is not exported in the
hcp1S31Q background. Thus, taken together with our observation that H1-T6SS function is
generally preserved in the hcp1S31Q background, we conclude that interaction with Hcp1 is
required both for the stabilization and export of Tse2.

Recognition of Tse2-like Effectors by Hcp is General
To determine the generality of our findings concerning P. aeruginosa Tse2 and Hcp1, we sought
to identify and characterize functionally analogous proteins in other bacterial species. Protein
BLAST analyses revealed Tse2 homologs within several T6SS+ Gram-negative bacteria,
including Methylomonas methanica, Shewanella fridigimarina, Burkholderia ambifaria and
Pseudoalteromonas sp. (Figure 5A). Sequence alignments of the homologs highlighted the
conservation of several motifs, including a putative aspartic acid-containing nuclease-related
catalytic site (Asp63 in Tse2) identified using protein structure prediction algorithms (Figure S5)
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(149). As additional evidence of the functional relationship between Tse2 and its homologs, we
found each homolog encoded in an apparent bicistron with a smaller gene encoding a protein
with attributes similar to Tsi2, including length (Tsi2, 77; homologs, 75-79 amino acids) and an
acidic pI (Tsi2, 3.9; homologs, 4.0-4.5) (Figure 5A).

Confident we had identified bona fide Tse2 and Tsi2-related proteins, we selected M. methanica
Tse2 (Tse2MM), which shares 71% identity with P. aeruginosa Tse2, for more detailed analyses.
The genome of M. methanica contains a single T6S gene cluster and encodes a single clear
homolog of P. aeruginosa Hcp1, Hcp1MM, making Tse2MM well suited for our study. To first
establish that the M. methanica tse2 tsi2 pair is functionally orthologous to P. aeruginosa tse2
tsi2, we conducted toxicity studies in E. coli. Similar to tse2, expression of tse2MM in E. coli
caused a dramatic drop in recovered c.f.u. (Figure 5B). Moreover, this toxicity was observed for
Tse2MM(D63N), and it was inhibited by co-expression with tsi2MM.

We next tested whether Tse2MM, like Tse2, interacts with the Hcp1 homolog, Hcp1MM, encoded
within the putative T6SS of M. methanica. Indeed, we found Tse2MM interacts directly with
Hcp1MM and, additionally, requires Hcp1MM for intracellular accumulation (Figure 5C).
Interestingly, we found that Tse2MM also interacts with and is stabilized by P. aeruginosa Hcp1,
and likewise for the P. aeruginosa Tse2–Hcp1MM pair (Figures 5C and 5D). The specificity of
these interactions is underscored by the observation that neither Tse2 nor Tse2MM interact with
Hcp1 from Pseudomonas protegens (Hcp1PP), despite the fact that this Hcp1 homolog is nearly
equally divergent from P. aeruginosa Hcp1 as Hcp1MM (Hcp1PP, 76%; Hcp1MM, 77%). Notably,
Hcp1PP is encoded within an HSI-I-like gene cluster, yet P. protegens does not have a Tse2
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homolog encoded within its genome. Finally, consistent with the hypothesis that interaction with
Hcp is a key determinant for export via the T6S pathway, we observed efficient release of
Tse2MM via the H1-T6SS (Figure 5E).

Amidase and Muramidase T6S Effector Classes Recognize Cognate Hcp Proteins
In the course of studying the behavior of Hcp1 point mutants in P. aeruginosa, we observed that
while the effects of Hcp1S31Q are limited to Tse2, other Tse2-destabilizing Hcp1 pore
substitutions also reduce the export of Tse1 and Tse3 (Figure 6A). These Hcp1 variants are
themselves secreted, suggesting their effect on Tse1 and Tse3 export is not a consequence of
misfolding or a failure to be recognized by the secretory apparatus. Moreover, certain
substitutions exhibited differential effects on the secretion of Tse1 and Tse3. For example,
Hcp1L28A inhibits Tse3 secretion, but not that of Tse1. On the contrary, Hcp1S115Q strongly
affects both Tse1 and Tse3 secretion. Together with our observation that Tse1 and Tse3 display
decreased abundance in strains lacking Hcp1 (Figure 1B), our findings led us to hypothesize that
non-Tse2-type effectors also engage in specific interactions with the inner surface of the Hcp1
pore, and that these are required for H1-T6SS-dependent secretion.

To determine whether Hcp1 directly interacts with Tse1 and Tse3, we performed co-IP assays
using proteins co-expressed in E. coli. As a means of linking potential interactions to the
secretion phenotypes observed, we utilized the secretion defective hcp1S115Q pore substitution
mutant in addition to wild-type hcp1. Interbacterial competition assays confirmed this mutation
functionally disrupts Tse1- and Tse3-dependent intoxication (Figure S6). While Tse1 and Tse3
did not efficiently co-IP with Hcp1S115Q, both proteins were detected in association with the wild-
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type protein (Figures 6B and 6C). From these data, we conclude that interaction with the inner
surface of Hcp1 is a common requirement for the secretion of the three known H1-T6SS
effectors. The observation that Hcp1 substitutions can have variable effects on the Tse proteins
suggests that, consistent with their divergent sequences, the proteins each form a unique network
of interactions with Hcp1.

Bioinformatic work conducted by our laboratory has found evidence of a non-random
association between hcp genes and predicted T6S amidase effectors (Tae) (Figure S7) (206).
Based on this observed genetic link, our finding that direct interactions between Tse1-3 and
Hcp1 are required for secretion, and the results of a prior study demonstrating the interaction of a
putative Edwardsiella tarda T6S effector with an Hcp homolog (258), we posited that the
recognition of effectors by cognate Hcp proteins might be a general determinant of substrate
selectivity by the T6SS. As a first step toward validating this model, we selected two predicted
cognate Tae–Hcp pairs based on genetic linkage (Salmonella enterica serovar Typhi Tae2) or
homology to Tse1 (Burkholderia phytofirmans Tae1). As predicted, both effectors bound
cognate, but not non-cognate Hcp proteins (Figures 6D and 6E). In total, our data suggest that
the interaction between effectors and cognate Hcp proteins is a general phenomenon that is likely
to – at least in part – define the particular effectors transported through a given T6SS.

DISCUSSION
We have identified Hcp as a critical gatekeeper protein of the T6SS. As a chaperone, a substrate
receptor, and a secreted protein itself, the multipurpose nature of Hcp grants it a unique position
among secretory system-associated proteins (Figure 7). This implies that the mechanism of
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substrate export by the T6SS is fundamentally different from other characterized secretion
systems. Arguably, T3S and T4S, which both translocate macromolecules in a concerted fashion
into target cells, are the most analogous secretion pathways to the T6SS (54, 89). Indeed, T6S
and T4S share two homologous proteins, TssL (DotU) and TssM (IcmF) (27). In light of this
relatedness, it is interesting that effector recognition by the T6SS occurs via a principally
different process than these related pathways, which both utilize ATPases to directly engage
substrates and provide the energy necessary for export (3, 50). The fact that the T6S pathway
does not appear to directly link effector recognition to energizing secretion may be explained by
its putative bacteriophage origins (125). The energy driving unidirectional protein transport in
the T6S pathway is thought to be stored in a filamentous structure composed of TssB/C, which
contracts and is then recycled by a ClpB-like AAA+ family ATPase, ClpV (14, 25).

Prior models of the T6SS depict Hcp as a passive conduit for effectors (14, 26, 223). However,
our data suggest that Hcp associates with effectors, protects them from proteolysis, and likely
traffics with effectors during transport (Figure 7). Stoichiometric, or near stoichiometric, release
of Hcp hexamers with effectors reconciles the massive accumulation of Hcp in the culture
supernatants of T6S-activated strains (166, 189, 193, 253). Whether effectors in complex with
Hcp are folded cannot be definitively established from our data. The structures of several
amidase effectors indicate the proteins are of a size that could be accommodated within the Hcp
pore (48, 68). However, based on the instability of effectors in the absence of cognate Hcp
proteins, we speculate they do not adopt their final folded configuration until, or accompanying,
release from Hcp. It is of note that intra-molecular disulfide bonds have been observed in the
structures of amidase effectors. The failure of these bonds to form in the cytoplasm could explain
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the instability of the proteins in this compartment, while their formation in the periplasm could
drive release from Hcp. Interestingly, Tse2 lacks cysteine residues and ultimately accesses the
cytoplasm of the recipient. In this case, interaction with the outer face of the inner membrane, or
a receptor associated with the membrane, might drive effector release. It is also possible that the
T6S apparatus remodels or modifies proteins during export to disrupt Hcp–substrate interactions.

Our data suggest that interactions with the pore of Hcp are, broadly, a critical determinant for the
secretion of T6 effectors. However, we posit that other mechanisms may facilitate the
recognition and export of disparate effector classes. Rather than a genetic linkage with hcp
genes, Tle (type VI secretion lipase effector) and Rhs (recombination hot spot) effectors are
encoded in association with vgrG genes (132, 205). VgrG proteins often facilitate intercellular
T6S-dependent delivery of effectors present as C-terminal fusion to their structural domain (30,
192, 230). It is conceivable that Tle and Rhs effectors, which are considerably larger than Tsetype effectors, might gain access to recipient cells by non-covalently associating with VgrG
proteins. A Tle protein from V. cholerae was found in the immunoprecipitate of a VgrG protein,
however the genetically linked VgrG tested was not tested (69).

While we have delineated a critical step in the process of effector secretion by the T6SS, many
aspects of the overall structure–function model for the system remain untested. Hcp has so far
not been shown to associate with the TssB/C sheath-like complex. If Hcp and TssB/C interact as
predicted, this step would presumably follow formation of the Hcp–substrate complex. However,
there is some evidence suggesting that Hcp may not interact with TssB/C. For instance, Hcp
proteins bearing large C-terminal fusions have been identified (22, 180). It is difficult to envision
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how these much larger proteins would be accommodated inside the TssB/C structure. Also, Hcp
has so far not been observed to co-purify in isolations of the TssB/C complex (14). In either case,
it remains almost entirely unresolved how Hcp–substrate complexes cross the inner and outer
bacterial membranes. An envelope-spanning complex consisting of integral inner membrane
proteins and an outer membrane lipoprotein has been identified, however the ultrastructure of
this novel complex awaits visualization (81). Interestingly, Hcp has been shown to form a
complex with two integral membrane proteins of the envelope-spanning complex, TssL and
TssM (156). The ATPase activity of TssM aids in the formation of this complex, thus an
effector–Hcp–TssM–TssL complex might represent an important intermediate in the T6S
process.

Immunity to Tse2 is provided by the Tsi2 protein, a small acidic cytoplasmic protein that directly
binds and inactivates the toxin. The current study adds previously unrecognized complexity to
the subject of effector immunity, particularly cytoplasmic effectors like Tse2 that interact with
cognate proteins prior to export. Based on the studies reported herein and the observation that
Tsi2 is an essential gene, it is apparent that significant Tse2 immunity is not provided by Hcp1
(113, 121). It is conceivable that Tsi2 interacts with Tse2 in the context of Tse2–Hcp1
complexes, however we did not detect this complex and favor the hypothesis that Tsi2 functions
by scavenging free Tse2, including endogenous Tse2 and Tse2 delivered by other P. aeruginosa
cells in trans.

Our discovery that effectors interact with the pore of Hcp may have implications for the
identification of novel T6S substrates. The discovery of effectors by virtue of interaction with

123

cognate Hcp proteins stands to overcome several difficulties encountered in such efforts. For
instance, this method would not depend upon effector export, which is often repressed under in
vitro culturing conditions (223). Our findings may also guide efforts to engineer non-native
substrate export into the T6S pathway. This approach could provide new ways to modulate the
outcome of interbacterial interactions.
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MATERIALS AND METHODS
Bacterial Strains, Plasmids and Growth Conditions. All P. aeruginosa strains were derived
from the sequenced strain PAO1. Genomic DNA from M. methanica MC09, S. Typhi Ty2, P.
protegens Pf-5 and P. aeruginosa PAO1 was used to amplify effector, immunity and hcp genes
(23, 65, 183, 229). E. coli strains DH5α, SM10 and BL21 were used for plasmid maintenance,
conjugative transfer and gene expression, respectively. P. aeruginosa was grown in LuriaBertani (LB) media at 37°C supplemented with 30 µg/uL gentamicin, 25 µg/mL irgasan, 100
µg/mL tetracyclin, 5% sucrose and 0.5 mM IPTG as required. Plasmids used in this study are
described and referenced in Table S1. In-frame deletions, chromosomal fusions and
chromosomal point mutations were generated as previously described using the pEXG2 suicide
vector (166, 200). Quikchange (Stratagene) or Kunkel based methods were used for site-directed
mutagenesis of hcp and tse2 homologs (135).

Preparation of Proteins and Western Blot Analysis. Cell associated fractions from P.
aeruginosa were prepared from 2 mL cultures grown to mid-log phase. Harvested pellets were
resuspended in 100 µL Buffer 1 (0.5 M NaCl, 50 mM Tris pH 7.5 and 10% glycerol) and mixed
1:2 with SDS-PAGE sample loading buffer (125 mM Tris, pH6.8, 2% (w/v) 2-mercaptoethanol,
20% (v/v) glycerol, 0.001% (w/v) bromophenol blue and 4% (w/v) SDS).

Western blot analyses of protein samples were performed as previously described using rabbit αVSV-G (1:5000, Sigma) or rabbit α-Tse2, α-Tse1, α-Tse3 (diluted 1:2000) and detected with αrabbit horseradish peroxidase-conjugated secondary antibodies (Sigma) (113). Mouse α-His6
(Life Tein) or mouse α-RNA polymerase β-subunit antibodies (1:2000, Neoclone) were used to
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detect His6–tagged proteins or RNAP, respectively. Western blots were developed using
chemiluminescent substrate (SuperSignal West Pico Substrate, Thermo Scientific) and imaged
with a FluorChemQ (ProteinSimple).

Hcp1 Depletion Assays. A controllable protein degradation system dependent on the ClpXP
protease was used to deplete Hcp1 from P. aeruginosa cells. This system was originally
developed for use in E. coli, but has been optimized for use in P. aeruginosa (44, 162). We
generated P. aeruginosa strains lacking the native sspB gene, and with hcp1 fused to a
chromosomally encoded C-terminal degradation tag, DAS+4 (Hcp1-D4). SspB recognizes
proteins containing D4 and delivers them to ClpXP for degradation. For controllable degradation
of Hcp1-D4, we introduced a plasmid with inducible expression of sspB. Strains were subinoculated from overnight cultures at 1:1000 in LB. At mid-log phase, cultures were induced
with 100 µM of IPTG. Protein samples were prepared after 90 minutes of sspB expression.
Sample loading for SDS/PAGE and Western blot analysis was corrected for based on final
OD600.

β-Galactosidase Assay. β-Galactosidase assays were performed as described previously with
minor modifications. A chromosomal integration vector (mini-CTX-lacZ) carrying a fusion of
lacZ to the putative promoter region and first eight codon of tse2 was used to generate strains for
analysis. The plasmid was introduced into P. aeruginosa by conjugation (110). Overnight
cultures were diluted 1:1000 in LB with 50 mM MOPS pH 7 and grown to mid-log phase. Cells
were permeabilized with chloroform (15% chloroform) and assayed using the Tropix Galacon-
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Plus reagents (Tropix, Bedford, MA). Values were normalized to the OD600 for each strain. βgalactosidase assays were performed in triplicate.

Co-Immunoprecipitation Assays. For P. aeruginosa co-IP assays, overnight cultures were
diluted 1:1000 into 100 mL of LB. At an OD600 of 0.7, cells were harvested by centrifugation at
4,000 x g for 15 minutes. Pellets were resuspended in 2 mL of Buffer 2 (50 mM Tris HCl pH 7.5,
150 mM NaCl, 2% glycerol) supplemented with 1 mg/mL lysozyme. The resuspension was
sonicated 3 times and centrifuged at 4°C for 30 minutes at 16,000 x g. Lysates were applied to
30 µL of anti-VSV-G agarose beads (Sigma) and incubated with rotation for 1 hour at 4°C.
Beads were washed 3 times in 10 mL of Buffer 2 and resuspended in 30 µL of loading dye.
Samples were analyzed by SDS-PAGE and Western blotting.

For E. coli co-IP assays with Tse2 homologs and Hcp, cells were grown to an OD600 of 0.6 and
induced with appropriate reagent for four hours. Cultures were harvested and pellets were
resuspended in 2 mL LIB (low imidazole buffer, 50 mM Tris HCl pH 7.5, 500 mM NaCl, 10%
glycerol, 30 mM Imidazole) and 1 mg/mL lysozyme and sonicated 3 times. Nontoxic alleles of
tse2 from P. aeruginosa contained mutations encoding substitutions T79A S80A (149) and M.
methanica contained mutations encoding D63N. Clarified lysates were applied to 30 µL of
Nickel-NTA sepharose beads and incubated by rotation for 1 hour at 4°C. Beads were washed 3
times in 10 mL LIB and resuspsended in 30 µL of loading dye. The same procedure was used for
E. coli co-IP assays with Hcp homologs and Tse1, Tse3, Tae2TY or Tae1BP with the exception
that pellets were resuspended in 2 mL of Buffer 3 (50 mM Tris HCl pH 7.5, 100 mM NaCl, 2%
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glycerol, 50 mM Imidazole, 0.1% Triton X-100) with 1 mg/mL lysozyme and Nickel-NTA
sepharose beads were washed 5 times in 10 mL of Buffer 3.

Sedimentation Velocity Analytical Ultracentrifugation. Sedimentation velocity (SV)
experiments were performed using Hcp1 purified as previously described (12). SV Experiments
were performed in 20 mM Phosphate, pH 7.5, 150 mM NaCl, and 2% glycerol (v/v). Data were
collected using a Beckman XL-A analytical ultracentrifuge (Beckman Instruments, Inc.,
Fullerton, CA) using 12 mm Epon charcoal two sector centerpieces at 50,000 rpm and 10°°C.
Absorbance data were collected at 230 nm, using a spacing of 0.001 cm, with two average
measurements in continuous scan mode; scans were collected every 7 minutes. The raw data
were analyzed using the SedFit data analysis suite (212) using c(s) with one discrete component.

Tse2 Stability Assays with Hcp1 Point Mutants. E. coli BL21 plysS with plasmids containing
each hcp1 allele (pET29b) and tse2NT (pSCRhaB2-CV) were co-transformed into E. coli.
Overnight cultures were sub-inoculated (1:1000) into 3 mL of 2xYT and grown to an OD600 of
0.6. Cultures were induced with 0.1% rhamnose and 10 µM IPTG and harvested after 4 hours.
300 µl from each sample were centrifuged at 16,000 x g and resuspended in 30 µL Buffer 1 and
30 µL of SDS-PAGE loading dye, boiled and analyzed by Western blot. Densitometry was
performed using AlphaView®Q software (ProteinSimple). The percentage of total accumulated
Tse2 was determined by the following equation: (([Tse2*]/[Tse2])/ ([Hcp1*]/[Hcp1]))*100,
where Tse2* = Tse2 accumulated in the presence of each Hcp1 point mutation (Hcp1*).
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Secretion Assays. Overnight cultures of P. aeruginosa strains were used to inoculate 2 ml of LB
(1:1000) supplemented with 0.5 mM IPTG. Cultures were grown at 37°C with shaking to midlog phase and cell and supernatant fractions were processed as previously described (113).

Interbacterial Competitions Assays. Competition assays between P. aeruginosa strains were
performed as previously described with minor variations (113, 204). Recipient strains contained
lacZ inserted at the neutral phage attachment site (attTn7). For both Tse2 and Tse1/Tse3
dependent competitions assays, donor and recipient strains were mixed at a 1:1 ratio and 5 µL of
the mixture were spotted on a 0.2 µM nitrocellulose membrane on LB low salt (LB-LS) 3% agar
and grown at 37°C or inoculated into 2 mL of LB-LS and grown at 37°C with shaking.
Competitions were harvested at 6 hours for assays with ∆tse2 ∆tsi2 recipients and 12 hours for
assays with ∆tse1 ∆tsi1 ∆tse3 ∆tsi3 recipients. The competitive index was determined from plate
counts of the initial and final time points. Statistical significance was determined using ANOVA
and Tukey’s post hoc test.

Purification of Tse2-Hcp1 Complex for Transmission Electron Microscopy. The Tse2-Hcp1
complex was purified from E. coli using a two-step affinity chromatography method. Two liters
of E. coli BL21 cells containing plysS, pET29b::tse2NT-His6 and pPSV35::hcp1-VSV-G were
grown to an OD600 of 0.6 in 2xYT and induced with 100 µM IPTG for four hours at 37°C. Cells
were harvested and resuspended in mLIB and 1 mg/mL lysozyme and lysed by sonication
followed by a 1 hour centrifugation step at 16,000 x g. Clarified lysates were purified by elution
from a metal-chelating affinity column. Eluted fractions were subjected to an addition
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purification step by immune-affinity chromatography with anti-VSV-G conjugated agarose
beads. Samples were eluted with 100 µg/mL VSV-G peptide.

Single Particle Electron Microscopy of Hcp Rings and Hcp1-Tse2 Complex. Hcp1 rings
purified from E. coli were negatively stained by 0.75% uranyl formate as described previously
(178). Images were collected on a transmission electron microscope T12 (FEI) at room
temperature under 120 kV, and recorded at a magnification of 67,000× on a 4k × 4k Gatan CCD
rendering a final pixel size of 1.65 Å on the specimen level. 2872 particles were selected and
windowed into 120 × 120 pixel images using WEB (87). Projection averages of Hcp rings were
generated after several cycles of reference-free multivariate statistical analysis using SPIDER
(87). Among all the particles analyzed, 2770 were classified as intact ring-shape, and the rest
were deformed. 6-fold symmetry was applied to the representative projection averages using
command proc2d in EMAN (153). The same procedure was applied to the E. coli purified Hcp1–
V/Tse2–His6 complex. In this case, 3250 particles were selected and classified. Among them,
725 particles were un-filled rings, 2373 were filled rings and the remaining were deformed.

E. coli Toxicity Measurements. E. coli BL21 plysS strains containing expression plasmids for
tse2 wild type or catalytic point mutants from P. aeruginosa or M. methanica (pSCRhaB2), and
immunity homologs (pPSV39-CV) or empty vector were diluted in LB from overnight cultures
to 106 at 10 fold dilutions. 5 µl of each dilution were spotted onto LB agar plates containing
appropriate antibiotics and 0.05% rhamnose and 100 µM IPTG. Photographs were take after
overnight growth at 37°C.
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Software. Protein sequences were obtained from NCBI (http://www.ncbi.nlm.nih.gov/). Fulllength sequence alignments were prepared with Geneious software using the MUSCLE
algorithm (73). Molecular graphics were generated using Pymol (www.pymol.org) (211).
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Table 4.1. Plasmids Used in This Study
Plasmid name

Relevant features

Reference

pEXG2

Allelic replacement vector containing sacB

(200)

pPSV35-CV

(115, 200)

pSCRhab2

Expression vector with lacI, lacUV5 promoter, C-terminal
VSV-G tag
Derived from pPSV35-CV, lacking a cryptic start codon
of the alpha fragment
Expression vector with PrhaB

(37)

Mini-CTX-lacZ
pPSV38-CV::PA4427

miniCTX with lacZ translational reporter fusion
For inducible expression of sspB

(110)
(43)

pSCRhab2-CV::PA2702

Rhamnose inducible expression of tse2 for toxicity assays

(113)

Mini-CTX-Ptse2–lacZ

Chromosomal integration vector for tse2-lacZ reporter

This study

pSCRhab2-CV::PA2702 T79A S80A

Rhamnose inducible expression of non-toxic Tse2

This study

pSCRhab2-CV::PA2702 D63N

Non-toxic tse2 for co-IP and toxicity assays

This study

pPSV39-CV

pSCRhab2-CV::metme3457 D53N

Non-toxic tse2
MM

MM

for co-IP and toxicity assays

pSCRhab2-CV::metme3457

tse2

pET29b::PA0085

hcp1-his6 for stability assays, co-IPs, template for point
mutants
hcpPP-his6 for co-IPs

pET29b::PFL6089
pET29b::metme0853
pET29b::t2584
pET29b::bphty4915

hcp

MM

for toxicity assays

-his6 for coIPs

(200)

This study
This study
(12)
This study
This study

TY

This study

BP

This study

2

hcp -his6 for coIPs
hcp -his6 for coIPs

pET29b::PA1512

hcp -his6 for coIPs

This study

pEXG2::PA0085 L28A

For generating chromosomal hcp1 L28A point mutant

This study

pEXG2::PA0085 S31Q

For generating chromosomal hcp1 S31Q point mutant

This study

pEXG2::PA0085 A29Q

For generating chromosomal hcp1 A29Q point mutant

This study

pEXG2::PA0085 S35Q

For generating chromosomal hcp1 S35Q point mutant

This study

pEXG2::PA0085 M42A

For generating chromosomal hcp1 M42A point mutant

This study

pEXG2::PA0085 T59Q

For generating chromosomal hcp1 T59Q point mutant

This study

pEXG2::PA0085 S115Q

For generating chromosomal hcp1 S115Q point mutant

This study

pEXG2::PA0085 T122Q

For generating chromosomal hcp1 T122Q point mutant

This study

pEXG2::PA0085 N124A

For generating chromosomal hcp1 N124A point mutant

This study

NT

pET29b::PA2702 T79A S80A

tse2 for Hcp1-Tse2 purification

This study

pPSV35-CV::PA0085

hcp1 for Hcp1-Tse2 purification

This study

pPSV39-CV::PA2703

tsi2 for toxicity assays

This study

pPSV39-CV::metme3456
pPSV35-CV::t2586
pPSV39-CV::metme3457 D63N

tsi2

MM

for toxicity assays

TY

tae2 , amidase effector form S. Typhi TY2, for co-IP
Non-toxic tse2

MM

BP

for expression in P. aeruginosa

This study
(206)
This study

pPSV35-CV::bphty5187

tae1 , amidase effector from B. phytofirmans, for co-IP

(206)

pPSV35-CV::PA3484

tse3, for co-IP

(113)

pPSV35-CV::PA1844

Tse1, for co-IP

(113)
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Figure 4.1: Tse2 Requires Hcp1 for Intracellular Accumulation
Accumulation. (A and B) Western blot
analysis of intracellular levels of H1
H1-T6S effectors (Tse1, Tse2 and Tse3) in the indicated P.
aeruginosa backgrounds. RNA polymerase (RNAP) is included as a loading control. Unless
otherwise indicated, the parental background in this and all subsequent figures is ∆retS. (C)
Western blot analysis
alysis of intracellular Hcp1 and H1
H1-T6S effector levels in a ClpXP-dependent
ClpXP
Hcp1 depletion assay. Samples
amples were processed 90 minutes after induced sspB expression in P.
aeruginosa strains lacking the nati
native sspB gene and containing wild-type hcp1 or hcp1–D4.
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Figure 4.2: Hcp1 Interacts Directly
irectly with Tse2
Tse2. (A) Relative levels of β-galactosidase
galactosidase activity
from the indicated P. aeruginosa strains containing a chromosomally-integrated
integrated lacZ reporter
fused to the promoter region and first eight codons of tse2 (Ptse2–lacZ). Error
rror bars represent
standard deviation based on three independent replicates. (B) Western blot analysis of Tse2 from
total and bead-associated
associated fractions of an anti-VSV-G immunoprecipitation from P. aeruginosa
strains encoding Hcp1 or ectopically expressing Hcp1. (C) Immunoblot detecting total and beadassociated fractions of a nickel-NTA
NTA precipitation assay from E. coli expressing a nontoxic,
VSV-G epitope-tagged allele of tse2 (tse2NT–V (T79A S80A)) with empty vector (–)
( or a plasmid
containing the indicated hcp (hcp1
hcp1 or hcp2) homolog fused to a His6 tag.
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Figure 4.3: Hcp exists as a hexamer above 3.2 µM. Sedimentation velocity analytical
ultracentrifugation (SV-AUC) data was analyzed with SedFit (see experimental procedures). A
c(s) analysis shows a homogenous species consistent with Hcp hexamer at concentrations
between 3.2 µM and 10.3 µM. Some apparent heterogeneity in the 6.1S species at 3.2 µM is due
to low signal-noise at low concentration.
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Figure 4.4: Sequence Conservation Analysis of Hcp1. Surface representation of Hcp1 (PDB:
1Y12) amino acid conservation, where highly conserved residues are colored in red and highly
variable residues are colored in blue. A multiple sequence alignment of 100 Hcp proteins was
obtained using BLink (http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov).
). Sequence conservation values were
generated using ConSurf
urf (http://consurf.tau.ac.il)
(http://consurf.tau.ac.il).
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Figure 4.5: Tse2 binds to the pore
ore of the Hcp1 ring. (A) Representative Western blots
blot
showing the effect of the indicated Hcp1 amino acid substitutions on intracellular levels of
Tse2NT in E. coli.. The localization of the substitutions to the inside or outside surface of the Hcp1
ring is noted. (B) Surface representation of the Hcp1 ring colored to reflect Tse2 stabilization
activity of each variant tested (white
(white-red =100%-0.01%, gray = not tested).. The lower image
depicts a cutaway view of the Hcp1 hexamer. Levels of Tse2 were calculated based on the ratio
of band intensity of Tse2NT and Hcp1 point mutants, normalized to Tse2 and wild-type
wild
Hcp1
(Figure S2). (C) Coomassie-stained
stained SDS
SDS-PAGE gel of co-purified Tse2NT–His6 and Hcp1–V.
Hcp1
(D)) Class averages with applied six
six-fold
fold symmetry from analysis of transmission electron
micrographs of Tse2NT–His6 -Hcp1
Hcp1–V and a Hcp1–V-only control. The percentage
ercentage of particles
represented by each class average is indicated in the corresponding frame.
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mutants. Related to Figure 3A and
Figure 4.6: Analysis of Tse2 stabilization by Hcp1 point m
3B. Western blot results showing the effect of each Hcp1 point mutant on intracellular levels of
Tse2NT. The Hcp1 point mutations are located on the inside or outside surface of Hcp1 rings as
indicated. Each hcp1 point mutant was co
co-expressed with a nontoxic allele of tse2 (T79A S80A)
in E. coli.
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Figure 4.7: Representative transmission electron micrographs of Hcp and the Hcp1-Tse2
complexes. Full frame transmission electron micrographs from purified Tse2–His6 -Hcp1–V (A)
and Hcp1–V-only (B) samples. Class averages with applied six-fold symmetry for each sample
are shown in the upper right hand corner. (C) Single particles, projected asymmetric average and
symmetry applied average from Hcp1 and Hcp1–Tse2 samples.
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Figure 4.8: Tse2 requires interaction
nteraction with Hcp1 for secretion. ((A)) Western blot analysis of
cell and supernatant fractions of Hcp1 and H1
H1-T6S effectors in P. aeruginosa strains harboring
wild-type hcp1 or hcp1S31Q. Equally exposed α-RNA polymerase (RNAP) blots of equivalent
fractions of total cell and supernatant (sup) samples are included as loading and cytoplasmic
leakage controls in this and subsequent secretion assays. (B and C
C)) Outcome of growth
competition experiments between P. aeruginosa donor strains (parental or hcp1S31Q) and a Tse2susceptible (∆tse2 ∆tsi2) (B) or a Tse1
Tse1- and Tse3-susceptible recipient strain (∆tse1
tse1 ∆tsi1 ∆tse3
∆tsi3) (C)) on solid (gray) or liquid (white) media. The competitive index is calculated as the
change (final/initial)
ial) in ratio of donor to recipient c.f.u. Error
rror bars represent standard deviation
based on four replicates. Asterisks denote statistical significance using ANOVA and Tukey’s
post hoc test between the indicated conditions ((P < 0.001). (D) Western blot analysis of cell and
supernatant-associated fractions of chromosomal, endogenous Tse2 (one
one asterisk) and
NT
ectopically expressed Tse2 –V (two asterisks) in the indicated P. aeruginosa strains.
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ognate Hcp is a general feature of Tse2-like effectors.
ffectors. (A)
Figure 4.9: Stabilization by cognate
Genomic organization of tse2 and tsi2 homologs from P. aeruginosa (PA) M. methanica (MM),
S. frigidimarina (SF), B. ambifaria (BA) and Pseudoalteromonas sp. (Palt). Abbreviated locus
tag numbers are indicated for tse2 (darker shade) and tsi2 (lighter shade) homologs from each
organism. (B) Growth of E. coli containing plasmids with inducible expression of tse2 or tsi2
homologs from P. aeruginosa (upper panel) or M. methanica (lower panel). Serial ten-fold
t
dilutions are indicated by numbers. (C and D) Western blot results of co-IP assays
assay from E. coli
co-expressing hcp–his6 homologs from P. aeruginosa (PA), M. methanica (MM) or P. protegens
(PP) with tse2(D63N)–V (mutation denoted with asterisk) from M. methanica (C) or P. aeruginosa
(D). (E) Analysis
nalysis of cell and supernatant
supernatant-associated fractions of the indicated P. aeruginosa
strains expressing Tse2MM–V
V ectopically
ectopically.
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Figure 4.10: Sequence alignment of Tse2 homologs. Full-length sequences were aligned using
Geneious software with the MUSCLE algorithm. The organism name and SWISS-PROT protein
identification code are indicated for each Tse2 homolog. Individual residues are shaded
according to their similarity with residues at that position for all sequences (darker=greater
similarity). The conserved aspartic acid located within a putative catalytic motif is noted with
asterisk.
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‘

ore of cognate Hcp proteins is required for export
xport of effectors
Figure 4.11: Binding to the pore
with amidase and muramidase
uramidase activities. (A) Western blot analysis of cell and supernatant
fractions of Hcp1 and H1-T6S
T6S effectors in P. aeruginosa strains wherein the native hcp1 allele is
substituted with the indicated mutant
mutant. (B and C) Western blot analysis of bead-associated
associated
fractions of a co-IP from E. coli co
co-expressing the indicated hcp–his6 alleles with Tse1–V
Tse1 (B) or
Tse3–V
V (C). (D and E) Immunoblot detecting bead-associated fractions of a co-IP
IP from E. coli
co-expressing hcp–his6 homologs (TY, S. Typhi; BP, B. phytofirmans) and tae2TY–V (D) or
tae1BP–V (E).
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Figure 4.12. Hcp1S115Q disrupts Tse1- and Tse3-dependent intoxication. Outcome of growth
competition experiments between P. aeruginosa donor strains (parental or hcp1S115Q) and a Tse1and Tse3-susceptible recipient strain (∆tse1 ∆tsi1 ∆tse3 ∆tsi3) (C) on solid (gray) or liquid
(white) media. The competitive index is calculated as the change (final/initial) in ratio of donor
to recipient c.f.u. Error bars represent standard deviation based on four replicates. Asterisks
denote statistical significance using ANOVA and Tukey’s post hoc test between the indicated
conditions (P < 0.001).

145

enetically linked hcp and T6S amidase effector–immunity
mmunity genes.
Figure 4.13: Examples of genetically
Schematic representing the genomic organization of a selection of non-orthologous
orthologous hcp and T6S
amidase effector–immunity (tae––tai) pairs. Genes colored in green encode Hcp proteins, while
those colored in cyan
yan or yellow encode Tae or Tai, respectively. Locus tags are provided for each
gene.
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Figure 4.14: Model depicting the role of Hcp in T6S effector recognition and export. The
schematic depicts the junction between two Gram
Gram-negative
negative bacterial cells (OM, outer membrane;
IM, inner membrane), a donor cell, harboring two T6SSs T6SS
T6SS-X (blue) and T6SS-Y
T6SS (green),
and a recipient cell that is targeted by these systems. T6S effectors (Ex, Ey) are sorted from the
cytoplasmic pool of proteins via interactions with cognate Hcp proteins (Hx, Hy). Interaction with
Hcp prevents effector degradation. Hcp–effector
effector complexes are recognized and transported
through the appropriate T6SS via an unknown mechanism. Once the complex reaches the
recipient cell, it may be either translocated into the periplasm intact, or the effector may
dissociate from Hcp prior to periplasmic delivery. Likewise, effectors destined for the cytoplasm
may be transported in complex or in isolation.
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CHAPTER V:

Conclusions and future directions
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The T6SS is a contact-dependent secretory pathway found abundantly in Gram-negative bacteria.
This pathway delivers effector molecules into eukaryotic and prokaryotic cells, and in some
cases, possesses dual functions – targeting both cell types (113, 157, 192, 216). The apparent
versatility of the T6SS, and the distribution of this system among both pathogens and nonpathogens, is consistent with its role as a virulence factor and as a mediator of interbacterial
interactions (215). The interbacterial targeting functions of T6SSs also has the potential to be a
virulence determinant. Recent studies have found that the diverse and dynamic community of
microorganisms that are directly associated with humans can have an impact on disease outcome
(114). A candidate genetically encoded mechanism underlying this phenomenon is the T6SS.
The findings from this thesis work, in combination with the continually expanding body of
literature, have broadened our understanding of the T6SS and have laid the foundation for further
studies that could potentially elucidate its role in the environment.

In this thesis work, I have characterized posttranslational regulators that control H1-T6SS
activity in P. aeruginosa. Two distinct pathways – the phosphorylation-dependent and
phosphorylation-independent pathways – that activate the H1-T6SS by promoting the assembly
of the H1-T6S apparatus and initiating effector export have been elucidated (40, 115, 167, 222).
Several components of the phosphorylation-dependent pathway, PpkA, PppA, Fha1 and TagR,
were initially identified and characterized by Mougous and colleagues (115, 167). These proteins
modulate the phosphorylated state of Fha1, wherein phosphorylated Fha1 triggers apparatus
assembly and effector export. In this pathway, stimulated PpkA phosphorylates Fha1, while
PppA antagonizes this process through phosphatase activity. The periplasmic localized protein,
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TagR, acts as a co-receptor for PpkA by promoting Fha1 phosphorylation through PpkA
dimerization and autophosphorylation.

The thesis work has added new dimensions to the phosphorylation-dependent pathway, also
known as the TPP. First, this work has provided evidence that surface growth posttranslationally
triggers H1-T6S activation via the TPP (222). Specifically, Fha1 phosphorylation is enhanced
under these growth conditions, which, interestingly, are conditions that also promote T6Sdependent effector delivery through close cell-to-cell contact. These findings are consistent with
the hypothesis that the H1-T6SS plays a role in sessile bacterial communities, which are often
associated with chronic infection (55). Identification of specific signaling molecule, or a
physiological change, that stimulates the TPP during surface-associated growth could provide
important insights into the physiologically relevant function of the T6SS.

This thesis work has also resulted in the identification of additional HSI-I-encoded accessory
proteins that participate in the TPP: TagQ, TagS and TagT (40). These proteins are positive
regulators of the TPP, acting upstream of PppA and PpkA. TagQ, TagS and TagT stimulate the
TPP upon surface-associated growth. In collaboration with Ina Attree’s group, we found that
TagS and TagT form a complex at the inner membrane. TagT exhibits ATPase activity; however,
it is not yet known how this activity contributes to T6SS function. Through biochemical
analyses, TagQ was characterized as an outer membrane lipoprotein. Together, these proteins
promote phosphorylation-dependent activation of the H1-T6SS.

150

In addition to the TPP, a second posttranslational H1-T6SS regulatory pathway was identified
from this work (222). An HSI-I encoded accessory protein, TagF, mediates this pathway by
repressing H1-T6SS activation independent of the TPP. Although derepression of the H1-T6SS
by TagF requires the presence of Fha1, Fha1 phosphorylation is dispensable. Furthermore,
surface growth is not an environmental cue for this pathway. A physiological signal for the
TagF-mediated pathway remains to be identified. The finding that two independent pathways
posttranslationally modulate H1-T6SS activity indicates that this complex secretory pathway is
under tight control. The TPP and TagF-mediated pathway may be important to initiate efficient
effector export under suitable environmental conditions.

While the proteins involved in the TPP and TagF-dependent pathway are encoded within the
HSI-I gene cluster, I found that they are dispensable for T6S function and are thus true accessory
proteins. Consistent with their role in regulation is the observation that homologs of these genes
are found in approximately 30% of sequenced T6S gene clusters (27). The distribution of these
homologs suggests that a portion of T6SS may employ a common mechanism to regulate the
activity of the secretory system.

Lastly, this thesis work has revealed that Hcp is a T6S receptor and chaperone for effectors. Hcp
forms a homohexameric ring with a 40 Å pore that has long been hypothesized to assemble into
a tube and serve as a static conduit for effector transit. In contrast to this model for effector
secretion, this work demonstrated that T6S-effectors specifically and stably bind to the inner
pore of the Hcp ring. These interactions are essential for effector secretion through the H1-T6SS.
Together, these findings indicate that substrate specificity is likely governed by Hcp-dependent
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effector interactions. Furthermore, this work has revealed that Hcp and effectors are likely cosecreted as a stable complex, rather than Hcp serving as a channel for effectors to pass through
transiently.

The identification of two posttranslational pathways that regulate H1-T6S activity and the
discovery of a T6S-specific effector receptor and chaperone contributes significantly to the
growing body of data that shapes our understanding of this complex secretory system. Many
questions remain regarding the signals and pathways that regulate the H1-T6SS and the
mechanism of effector secretion. Several of these unanswered questions are discussed below.

What are the environmental signals that stimulate activation of the T6SS?

Previous studies have demonstrated that the T6SS directly transfers effectors into target cells in a
cell contact-dependent manner (113, 204, 216). In this thesis work, a physiologically relevant
trigger for posttranslational activation of the T6SS – surface associated growth – was identified.
Together, these findings suggest that physiological changes that occur during surface growth
may directly or indirectly stimulate the T6SS. Determining the specific signal that is involved in
this process may provide further insight into when and where T6S-dependent interactions take
place in the environment.

A candidate signaling molecule that may be involved in surface growth-dependent stimulation of
the H1-T6SS via the TPP is the secondary messenger molecule c-di-GMP. In P. aeruginosa, as
well as other Gram-negative bacterial species, c-di-GMP plays a key role, both directly and
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indirectly, in regulating the transition of cells from planktonic to sessile growth, and vice versa
(106). A correlation between increased c-di-GMP levels, induced by a mutation in a global
regulator, retS, and elevated H1-T6S expression was previously reported (165). Nevertheless,
this study did not examine the regulatory level at which c-di-GMP influences T6S expression, or
whether this observation was direct or indirect. A link between c-di-GMP and T6S regulation has
also been suggested in Vibrio alginolyticus, where a pppA homolog appears to modulate c-diGMP levels (219). Specifically, deletion of pppA induced pleiotrophic effects on various cellular
processes, including the production of c-di-GMP. Although the molecular mechanism for this
observation was not investigated, it suggests a possible interaction between PppA and c-di-GMP.

To determine whether components of the TPP or TagF-mediated pathways directly interact with
c-di-GMP, several approaches can be employed. For example, in vitro or in vivo c-di-GMP
binding assays have been developed to identify c-di-GMP–protein interactions (108, 140). In
addition, a FRET-based reporter can be engineered to the protein of interest to determine in vivo
interactions with c-di-GMP or other small molecules (49). Previous studies have shown that c-diGMP binding proteins frequently undergo conformational changes upon c-di-GMP binding. A
protein of interest could be modified with dual fluorescence, for example YFP fused to the Nterminus and CFP fused to the C-terminus, and then monitored for conformational changes. A
binding event can be detected when the orientation of both fluorescent proteins changes,
resulting in a shift in FRET efficiency.

Defining the full repertoire of protein effectors and other substrates of the T6SS.
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Characterizing the activities exhibited by secretion system substrates has aided in the discovery
of functions for secretory pathways. For example, the identification of T6S substrates of the H1T6SS in P. aeruginosa revealed its bacterial targeting function (204). While substrates have been
identified for a variety of T6SSs, there are many examples of T6SSs wherein no substrates have
been discovered. Previous studies have successfully identified T6S substrates through global
analysis of secreted proteins from P. aeruginosa and B. thailandensis (113, 206). These
approaches are not necessarily saturating. Two independent reports have found that P.
aeruginsoa strains lacking the three previously identified effectors still display a partial T6Sdependent fitness advantage (69, 144). These findings suggest that unidentified effectors may be
responsible for the phenotype. More exhaustive studies are required in order to fully define the
substrates of this system.

Various high-throughput genetic screens could facilitate the identification of new effectors.
Using transposon mutagenesis and high-throughput sequencing, T6S immunity genes were
identified in V. cholerae and led to the discovery of T6S effectors (69). Similar to previously
identified T6S-effectors–immunity pairs, the genes discovered in this screen were essential in the
presence of the adjacently encoded T6S-effector, which also displayed antibacterial activity. This
approach can be applied to various species where T6S substrates are yet to be identified.

In addition to previous studies that identified effectors through secretome analysis, determining
the intracellular proteome could aid in the identification of new T6S effectors. This idea is based
on findings from this thesis work that demonstrated stability of effectors is fully or partially
dependent on Hcp. The intracellular proteome could be compared between a wild-type bacterial
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strain and a strain containing a deletion of hcp. Relative changes in protein levels between these
strains could reveal putative T6S effectors.

What are the sequence or structural motifs of effectors that permit recognition by the T6SS?

The surprising role for Hcp as a T6S-specific chaperone and receptor for substrates has raised
new questions about the mechanism of substrate selectivity. This work has demonstrated that the
inner surface of the Hcp ring is a binding site for effectors. Future studies will aim to dissect the
sequences or structural motifs present within effectors that mediate these interactions. Substrate
truncation analysis is a basic method that has been successfully employed to identify the minimal
secretion signal for other secretory pathways. For T6S-substrates, 5-10 AA truncations can be
generated sequentially, starting at the N-terminus or C-terminus. These truncated substrates can
be subjected to protein-protein interaction analysis with Hcp in vitro and can be analysed for
T6S-dependent secretion efficiency in vivo. These studies may reveal a common sequence motif,
which, in turn, could facilitate the identification of addition substrates of the T6SS. However,
due to the low sequence homology among H1-T6S substrates, it is more likely that effectors
share a common tertiary structure that could mediate interactions with Hcp. Therefore, a more
complex approach may be required to determine the recognition mechanism, possibly through
the use of the structural information that is available for T6S-effectors.

In conclusion, this work contributes to the rapidly growing and fascinating field of contactdependent mechanisms that bacteria utilize to mediate interactions with their environment. In
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addition, these studies have broadened our general understanding of the diversity of mechanisms
that facilitate protein export.
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