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ABSTRACT
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Microbiology

Bacteria mediate interactions with their surrougdiby exporting a variety of proteins into the
extracellular environment. Gram-negative bacteaaehevolved at least six dedicated secretory
pathways to accomplish this task, each exportidperete set of proteins through complex and
genetically divergent systems. One such systeteisype VI secretion system (T6SS), which is
a contact-dependent protein export pathway thatetsltoxic effectors into target bacterial and
eukaryotic cells. The export of effectors is col by sophisticated regulatory networks that
can be triggered by specific environmental cueg dharacterization of these regulatory
pathways has yielded new insight into the physiiclay relevant conditions in which these
systems are active. In this thesis work, the Hgped®n island | (HSI-I)-encoded T6SS (H1-
T6SS) of the opportunistic pathogétseudomonas aerugingsaas used as a model system to

investigate the factors that govern T6S activifye@&fically, this work describes two distinct



posttranslational regulatory pathways — mediatelibyT6SS associated proteins — that
coordinate T6S apparatus assembly and effectorexpoe of these regulatory pathways, the
threonine phosphorylation pathway (TPP), is stinedavhenP. aeruginosas subjected to
surface-associated growth conditions. In conttastsecond pathway, which is mediated by a
negative regulator, TagF, does not respond to ciida planktonic growth conditions and,
instead, is likely stimulated by an unknown cue pisductive H1-T6S-dependent toxin delivery
requires close cell contact, the presence of trexgdatory pathways may provide a means to
efficiently initiate H1-T6S activity under appropte environmental conditions. Another
important aspect of the T6SS and secretion systegneral, is the mechanisms used to
specifically select substrates for export. Thisthevork has uncovered a mechanism for
substrate recognition by the T6SS. | found that#iganteractions between T6S-effectors and a
secreted T6S component, Hcp (haemolysin co-regufaiaein), are essential for effector
export. Thus, Hcp plays a central role in T6S galstdiscrimination. Together, these findings
have advanced our understanding of the T6SS araldted 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 Gran-negative bacteria



Specialized secretory systems of Gram-negative bacia.

Bacteria must interact with their surroundings addpt to environmental changes in order to
survive. Indeed, bacteria can experience shiftaitnent availability, come in contact with
surfaces and encounter competing or symbiotic esga To interact dynamically with their
extracellular surroundings, bacteria secrete pnefencluding nutrient scavenging molecules,
enzymes, toxins and adhesins (85). The transpahiesk proteins out of the cell is a regulated

process mediated by specialized secretory systems.

Secretion in Gram-negative bacteria involves thadport of proteins across the inner and outer
membranes. To date, six secretory pathways haveibtertified in Gram-negative bacteria,
termed the type I-VI secretion systems (72). Easliesn exports a unique group of substrates
that are involved in a wide-range of cellular pres®s. Although these six secretion systems
operate in distinct ways, they share common featuineluding at least one secretion ATPase
that energizes the system, a receptor for substatgnition and a channel that guides substrate
transit. The six specialized secretory pathwaySm@im-negative bacteria are briefly described

below.

The type | secretion system (T1SS), also knowma®\i P-binding cassette (ABC) transporter,
catalyzes the secretion of proteins from the badteytoplasm into the extracellular space in a
single step, without a periplasmic intermediateljl Known substrates transported by T1SSs
include a pore-forming hemolytic toxin, HIyA, &scherichia colia metalloprotease, PrtG, of
Erwinia chrysanthemand adhesins, BapA and SiiE,&dlmonella enteric93, 138, 237, 251).

These substrates are secreted in a unfolded, talpannfolded, state through a simple



apparatus comprised of three components: an ABGp@&ter, a membrane fusion protein
(MFP) and an outer membrane protein (OMP) (111& ihher membrane localized ABC
transporter specifically binds substrates and ples/the energy required for secretion. The
periplasmic MFP creates a channel bridging theriand outer membranes, allowing substrates
to transit the cellular envelope without undergaangeriplasmic intermediate state. The MFP is
thought to stimulate a conformation change of tiMRQinducing channel opening and substrate

release across the outer membrane.

The type Il secretion system (T2SS) is the maimiteal branch of the general secretory pathway
(GSP) of Gram-negative bacteria (191). A subse@troteins delivered to the periplasm via the
Sec (Secretory) pathway or Tat (Twin arginine-tlacetion) pathway are translocated, in a fully
folded form, across the outer membrane by the TRERY substrates exported by the T2SS are
known virulence determinants, including choleranaf Vibrio cholerag exotoxin A ofP.
aeruginosaand pectinase drwinia caratovora(53, 152, 208). T2SSs are also found in non-
pathogenic organisms, such@tsewanella oneidensihich exports outer membrane
cytochromes required for metal oxide reduction 2Z@S substrates are exported by an
apparatus built from 12-15 proteins that comprae subassemblies spanning the cellular
envelope (131). The outer membrane complex intemaith substrates and forms a channel for
translocation. The inner membrane complex assacvaith the secretion ATPase and the
periplasmic localized filament, the pseudopiluse Blecretion ATPase drives elongation of the
pseudopilus, which is thought to generate the foegeired to drive substrates across the outer

membrane.



Type lll secretion systems (T3SSs) are frequemtiyd in bacteria that live in close association
with eukaryotic cells, symbiotically or pathogenigd54). These secretion systems transport
effector proteins through a needle-like complexdily from the bacterial cytoplasm into host
cells. The many T3SS substrates characterizediéodilgplay a range of activities that
specifically target host cell processes, for exampy modifying actin, repressing the immune
response or inhibiting apoptosis (91). The striectfrthe T3SS injectisome, which is
evolutionarily related to the bacterial flagellunachinery, is composed of approximately 25
different subunits (92). An extracellular needlarfient is built from the membrane spanning
basal body complex. Effector recognition and séunedre dependent on a T3S-ATPase that
associates with the basal body subunit. Finaldndlocator proteins assemble at the tip of the

needle, directly contact the host cell membranepsmthit effector delivery into the cytosol.

Type IV secretion systems (T4SS) are complex mtdecnachines that have the capacity to
deliver virulence factors directly into a targell @nd exchange genetic material with eukaryotes
and prokaryotes. Two subgroups of T4SSs exist, lap#tted to conjugation systems: T4ASS
and T4BSS (51). T4ASSs are related toAlgeobacterium tumefacieisDNA transfer system,
which is a well-studied virulence-associated paththat delivers effectors and DNA into plant
cells. TABSSs are related to Incl Tra DNA transfgstem (51)Legionella pneumophilancodes

a T4BSS that promotes bacterial survival and rapba in host cells. Although the T4ASS and
TABSS are genetically divergent, they exhibit saveommonalities in their structural modules,
including several inner membrane-associated ATRases/ed in substrate recognition, a
transport channel that spans the cellular envelape a periplasmic and outer membrane

spanning structure that mediates interactions taittpet cells. Depending on the T4SS, substrates



can be exported directly into target cells in ataotiddependent manner or into the extracellular

milieu in a contact-independent manner.

Compared to the type I-IV secretion systems, theeTy secretion system (T5SS), also known
as the autotransporter system, is a relatively lgippotein export pathway. The T5SS transports
periplasmic proteins, delivered by the Sec pathwaygss the outer membrane (105). Examples
of T5S-substrates include an adhesin, AIDA-IEotoli, a protease, IgA, dfleisseria gonorrhea
and a multifunctional eukaryotic toxin, VacA, dtlicobacter pylori(57, 169, 231)These
substrates contain a C-terminal domain that foriosta-barrel in the outer membrane. The N-
terminal passenger domain is transported acrossuiiee membrane through the beta-barrel,

where it either remains attached or is cleavedadyrce a soluble protein.

Overview of the type VI secretion system.

The type VI secretion system (T6SS) is the mostntdg described specialized secretory
pathway found in proteobacteria (27). These segrgathways mediate interactions with
bacterial or eukaryotic cells through the delivefyeffector molecules. The components of
T6SSs are encoded within large gene clusters ochittenosome, composed of, on average, 20
kilobases (216). The genes within these clusters West suggested to encode a new secretory
pathway involved in inhibiting root nodule formatiby Rhizobium leguminosaru(g0).

Shortly after this report, secretion of the haermamico-regulated protein (Hcp), now known as a
general marker of T6S activity, was found to beatwjent on several genes within a similar
locus inEdwardsiella tardg195). Since these early observations, hundred$8f(type VI

secretion) clusters have been identified in divepgies. Phylogenetic analysis of all known



T6SS gene clusters, showed that T6SSs divergdivetaistinct clades (27). Interestingly, many
species possess more than one genetically didtg®tcluster. For example, five T6SSs are
found inBurkholderia thailandensjsvhich, based on their phylogeny, are considemd n
redundant systems (18). Two of the five T6S clisstieat have been studiedBnthailandensis
display divergent activities — one delivering aitosffector to eukaryotic host cells, and the
other delivering toxins to bacterial cells (88, 21®ngoing investigations will reveal the

molecular factors that drive the distinct functimighese complex machines.

Components of the type VI secretion apparatus.

The T6S apparatus is composed of at least 13 diffeomponents, named TssA-TssMé

six secretion A-M), which are generally conserved inT@5Ss and are, thus, considered the core
elements of the T6SS (18, 41). In addition to theecomponents, accessory elements, termed
Tag (Type six_@cessory gne), are encoded within these clusters.taggenes are not well
conserved among T6SSs and do not appear to plaga wle in T6S apparatus function.

Instead, several studies have indicated that thesessory proteins function as regulators that

modulate T6SS activity (223).

Unlike the T3SS and T4SS, where an ultrastructtitbeoapparatus has been visualized by
electron microscopy, it is not known how the T6&ponents assemble into a higher-order
structure (245, 252). Nonetheless, a model of B&@STapparatus is beginning to take shape
based on sequence analysis as well as proteimatien and structural studies. These findings

have revealed that the T6S machinery is composatllest two subassemblies, a membrane-



spanning complex and a bacteriophage tail-like dermpvhich are described in more detail

below(Figure 1.1)

Membrane-spanning assembly

The membrane-spanning assembly is comprised ohtbgral membrane proteins, TssM and
TssL, and a membrane-associated protein (F8gdre 1.1)(8). TssM and TssL share homology
with two inner membrane proteins of thepneumophilial4BSS, IcmF and DotU, respectively.
In the T4BSS, IcmF and DotU are co-dependent fvilsty and are required for the stabilization
of other apparatus components (217, 241). WhiléTasd TssL do not appear to contribute to
stability of the T6S apparatus, these proteineasential for apparatus assembly and substrate
secretion (258). TssM is an integral inner membianogein that contains a cytoplasmic N-
terminal domain, and a periplasmic C-terminal don{8il). The C-terminal domains of many
TssM homologs contain a Walker A nucleotide bindimgfif. Interestingly, the requirement for
this motif in T6S function varies between T6SSg. &ample, while irkE. tardg the Walker A
motif is not required for Hcp secretion, it is ass@ for secretion iA. tumefacienand
enteroaggregativiéscherichiacoli (EAEC) (156, 258). Also of note is that the Walkemotif is
absent or degenerate in several TssM homolog&eiumdicating that nucleotide binding is

likely required only for a subset of T6SSs.

The C-terminal periplasmic domain of TssM directiieracts with the outer membrane protein,
TssJ (81, 258). This interaction is required foST6 EAEC and has also been confirmedin
tumefaciengndE. tarda.Interestingly, the C-terminal domain of TssMQ@itrobacter

rodentiumencodes a truncated form of TssM, resulting ihater C-terminal domain (97).



While this system is still functional, it is notéwn whether the interaction between TssM and

TssJ is required in all organisms or is a spectise for EAEC.

TssL is localized to the inner membrane throughtar@inal transmembrane segment. Similar
to IcmF and DotU, TssL directly interacts with TsgM6). Interestingly, in many organisms
TssL contains a peptidoglycan-binding (PGB) domeainije in some cases a related PGB
domain containing protein is encoded by a sepada reading frame within the T6S locus (9).
For example, TagL, a T6S protein of the Sci-1 TGEBAEC, is anchored to the inner
membrane and contains a periplasmic PGB domaingmatuired for T6S activity (8)n vivo
andin vitro analysis of the PGB domain verified its PGB acyivih addition to TagL—
peptidoglycan interactions, a direct interactiotwsen TagL and TssL has been reported. This
finding is consistent with the observation thatlTeften carries a PGB domain. The network of
interactions formed between TssL, TssM and Tssbdstrates that components of the T6S
apparatus span the bacterial cell envelope, anapatithe inner membrane, outer membrane

and peptidoglycan cell walFigure 1.1).

Bacteriophage-like complex

The T6S proteins, VgrG (Valine-glycine repeat protd), Hcp, TssB, TssC and TssE, share
homology and structural properties with proteinsailed bacteriophage, specifically
bacteriophage T4 arid(Figure 1.1)(142). These bacteriophages belong to the order
Caudovirales (2). Both phages contain a tail tdl#e=-gp19,1=gpV) that serves as a channel for
bacteriophage genomic DNA translocation into taogdis (143). The bacteriophage T4 tall

spike complex, gp5/gp27, assembles at the tipeofuhe and is required for puncturing the



target cell membrane (126). As opposed to the ¢dilscteriophagg, which are noncontractile,
the tails of bacteriophage T4 contain a sheath&pftat undergoes a contraction event during
infection (4). During the DNA ejection process,anformational change occurs that triggers
sheath contraction. This contraction event enesgilze release of the tail tube and tail spike

toward the target bacterial cell and allows DNAc&@n from the bacteriophage head.

Hcp proteins, which are abundantly secreted in &-dépendent manner, are structurally
homologous to bacteriophage tail tube proteins (122, 166, 184). gpV, which is functionally
homologous to the bacteriophage T4 tail tube pnageil9, adopts a similar fold and oligomeric
structure as Hcp (166, 184). The X-ray crystallpbra structures of Hcp proteins frdfn
aeruginosaandE. tardahighlight these similarities (124, 166, 179). Hopnis a
homohexameric ring with an external diameter of8nd an internal diameter of 40 A. Within
the X-ray crystal lattice, these hexamers stack lvead-to-tail or head-to-head manner,
resembling the tail tube of bacteriophage. In bampbage, DNA is transferred through the pore
formed by gp19 (141). Analogously, small or palfiainfolded substrates are thought to transit
through the 40 A pore of an Hep tube. However,ghgmno experimental evidence to support
this hypothesis. Moreover, Hcp tubes have only lmserved under crystallographiciowitro

conditions, thus the physiological relevance of Hdpe formation remains unknown (12, 166).

A second secreted component of the T6SS is Vgr@.XFhay crystal structure of the N-terminal
domain of VgrG from uropathogentt colishows that VgrG forms a trimer that is remarkably
similar to the (gp5/gp27%)omplex of bacteriophage T4 (126, 142). Althoug full structure

was not determined, the C-terminus of VgrG hasiptedf —strand repeats, which are thought



to form aB-helix, similar that of gp5. In bacteriophage Tgp%/gp273 assembles at the tip of
the tail tube. During infection, tHe—helix domain is used to disrupt the target cedhtbrane
(126). Due to their extracellular localization ahdir structural homology to the cell-puncturing
component of bacteriophage, Hcp and VgrG are thiolagimake up an extracellular structure of

the T6S apparatus that participates in targetneethbrane breaching and effector delivery.

The T6SS proteins, TssB and TssC, interact and &igomeric tubule structures that resemble
the bacteriophage T4 tail sheath (25, 151). Ansalgéthe purified TssB/TssC complex by
electron microscopy indicated that flaments ofyuag length displayed a total diameter of 300
A and central pore of approximately 100 A in diaen€42). These dimensions are comparable
to the 240 A outer and 90 A inner diameter of thetériophage sheath in its extended
conformation (141). TssB/TssC tubules have also besializedn vivo byelectron
cryotomography itV. choleraecells, where they appear anchored to the innerbreme and
extend into the cytoplasmic space (14, 127). Ia ¢hiidy TssB/TssC tubules appeared in two
conformations, an extended and contracted forns ®@bservation has supported a model that

TssB/TssC may act in a similar manner as the shedatbntractile bacteriophage.

Early characterization of the T6SS has revealetthigaAAA+ (ATPase asociated with various
cellular activities) family protein, ClpV, is essential fo6% function (25, 166). Due to its
ATPase activity and its similarity to proteins imved in protein remodeling, it was hypothesized
that ClpV was directly involved in energizing thartslocation of effectors, through a threading
mechanism. Several studies have indicated that @lpy not be directly involved in substrate

processing. Instead, these reports have foundiiipat binds directly to TssC and facilitates the

10



disassembly of TssB/TssC tubules (25, 166). Togethese findings suggest that ClpV initiates
the recycling of TssB and TssC components follovdaagembly and contraction of TssB/TssC

tubules during T6S.

In addition to the T6S proteins with structural gamty to bacteriophage proteins, it has been
noted that TssE shares sequence and structurallbgyneith gp25, a component of the
bacteriophage baseplate (142). Little is known &limeiremaining core T6S proteins, TSSA,
TssF, TssG and TssK. These proteins are requorealflinctional T6SS; however, they have
not been ascribed a predicted role in this prodasso the lack of known functional homologs

and biochemical analysis

In comparison to the process of DNA ejection bytbacphage, the mechanism of substrate
secretion by the T6SSs is still poorly understdage to the shared features of T6SSs and
bacteriophage tails, a bacteriophage-based modtidanechanism of T6S has emerged
(Figure 1.1) In this model, TssB and TssC form a sheath ar@amidcp tube that is capped by
VgrG. When the system is activated, the TssB/T¢sath contracts, driving Hcp and VgrG out
of the cell. This force may allow Hcp and VgrG tangture the target cell and deliver effector
molecules. One could also speculate that the memakspanning complex may play a role in

tethering the bacteriophage-like assembly to theriand outer membranes.

Type VI secretion systems export functionally divese effectors.

While many studies have noted that the T6SS isiagaj@d in various phenotypes, including

virulence, host-cell interactions, conjugation afitm formation, the molecular basis for only a

11



limited number of these observed effects has beéneatl (7, 59, 76, 248). By studying the
substrates of several T6SSs, it has become claathidsse pathways have the capacity to mediate

interactions with bacterial cells or eukaryoticleg¢hrough the delivery of effector proteins.

The first studies that identified a direct mechanfsr the T6SS in virulence were performed in
V. cholerag(154, 155, 192, 193). These studies reportedhieat 6SS oV. choleraethe
virulence-associated secretioa§ system, translocates an effector with actin chiogsng

activity directly into eukaryotic cells. Delivery this effector is required for defense against
amoebae predation, cytoxicity in macrophages atastimal inflammation in infant mice.
Notably, the gene encoding the actin-crosslinkiffigotor is translationally fused to the C-
terminus of a VgrG homolog, a core component ofi@8S. In this case, VgrG secretion, which
possibly mediates host cell perforation, occursuimmeously with effector translocation. Due to
the fact that effector activity i¥. choleraas covalently linked to the T6S apparatus suggests
that, in some cases, VgrG proteins can be bifunatioacting as a structural component of the

apparatus and as an effector with specific activity

A VgrG homolog that contains a C-terminus with enagic activity is also found iAeromonas
hydrophila(230). The T6SS oA. hydrophilatranslocates a VgrG homolog fused to an ADP
ribosyltransferase domain into mammalian cells whiinduces toxicity through actin
modification.Interestingly, further bioinformatic and experimargtudies have indicated that
only a small percentage of VgrG family proteinsrgaxtended C-terminal domains, also
referred to as “specialized” VgrGs (22, 62, 192)e3e VgrG proteins have a variety of predicted

functions and include S-type pyocins, lipases, Hugteteases, peptidoglycan hydrolases and
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chitosanases. Several instances have also beahwlgzein Hcp homologs appear to carry
extra domains with predicted antibacterial funcsiofor example, a predicted S-type pyocin
protein of uropathogenigscherichia coliUsp, is fused to the C-terminus of an Hcp homolog
(180). In many of these cases, the activity of gpeed VgrG and Hcp proteins and their link to

T6S remains to be experimentally tested.

The observation that the majority of VgrG and Heptgins lack C-terminal extensions was an
early indication that other kinds of T6S effectexssted. The first independently encoded
effectors were identified for the H1-T6SSRfaeruginosatermed Tsel-3ype VI Ecretion
exported 1-3) (113). WhereagrG andhcpgenes are frequently encoded within T6S gene
clusterstsel-3are found scattered throughout the bacterial chsmme. The identificataion of
Tsel-3 led to the breakthrough discovery that theTESS delivers these effectors into other
bacterial cells in a contact-dependent mannehigdriginal study, delivery of one of these
toxic substrates, Tseas shown to provide a growth fitness advantagaapsusceptible
bacterial cells that were growing in close proxinft13). An immunity protein, Tsi2y(pe VI
secretion mmunity 2), encoded adjacenttse2on the bacterial chromosome directly inhibits
Tse2 toxicity. It is now known that the other twiteetors, Tsel and Tse3, have peptidoglycan
degrading activities, are specifically deliveretbibacterial cells, and are also encoded in

bicistrons adjacent to cognate immunity genes (204)

Following the initial findings irP. aeruginosabacterial targeting T6SSs have been identified in

other species, including. choleragE. coli, B. thailandensisSerratia marcescens

Acinetobacter baumannandC. rodentium(32, 39, 75, 97, 157, 216). The discovery of other
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bacterial targeting T6SS has also been powereteidentification of a superfamily ofpge VI
amidase #Hectors (Tae), which includes Tsel. This classftdctors was identified based on
several shared characteristics: they are encodadicistron adjacent to a gene predicted to
encode a periplasmic localized immunity proteini(Tgpe VI secretion midase iInmunity),

they lack a signal sequence, they have a pl >&8eas than 200 AA and contain a catalytic Cys.
From the work by Russell et al., 2012,ta&genes were identified, which are broadly
distributed amon@-, 6-, andy-proteobacteria. These findings demonstrate thaddnce of Tae

proteins and suggest that many T6SS have evolvdzhaterial targeting capabilities.

In addition to the anti-eukaryotic activity of tkasT6SS ofV. choleragthis system possesses
bacterial targeting capabilities. The bacteriadjéding activities offasare dependent on the
secretion of a specialized VgrG containing a mudase domain with peptidoglycan degrading
activity. This finding suggests that this T6SS barpromiscuous with regard to targeting diverse
cell types. Other examples of dual roles for T6B&ge not yet been reported, thus the generality

of this observation remains uncertain.

More recently, a family of T6S effectors displayipigospholipase activity has been identified
(69, 205). Similar to the anti-bacterial functiarfsTsel-3 proteins, these newly identified
effectors, termed Tlel-5yfpe VI secretionipase #ector 1-5), are also encoded adjacent to
cognate immunity geneflil-5, type VI secretionipase mmunity). Biochemical anoh vivo
characterization of several Tle proteins showedttthey display antibacterial activity,
specifically by targeting the bacterial membran@5)2 Due to the conserved nature of

phospholipids in eukaryotes and prokaryotes, it mgmthesized that T6SSs that export Tle
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family effectors may have dual targeting capaleditiindeed, Tle2 iN. choleraegorovided a
T6S-dependent fitness advantage against bactetiaraneba (69). This capacity for

interdomain targeting has raised interesting qaestabout the evolution of T6SSs.

Regulation of type VI secretion activity(Section from: Silverman J.M., Brunet, Y.R., Cassal
E. and Mougous J.D. Structure and regulation otype VI secretion system. 201&nnual

Review of Microbiology66:453-72.)

Even though our understanding of T6S function hasvg considerably in recent years, its role
in nature remains unclear. For instance, many baatésignificant health concern possess one
or more T6SSs; however, the pathogenic relevanogost of these systems is unknown. The
majority of organisms with T6SSs are not pathogert instead, are found in marine
environments, the rhizosphere, and soil, or theyaasociated with higher organisms as
symbionts or commensals (18, 27). Defining theagand conditions that control the
expression and activation of T6S under the higlalyad environments such bacteria occupy will
be critical for revealing its role in these contex@elow we provide examples of regulatory
pathways and signals that modulate T6S expreséfendiscuss how environmental cues that
influence these pathways might provide insights the physiological function of the system.
This review of T6S regulation is not comprehenstterefore, we refer readers interested in

further details to more exhaustive recent revielis 146).

Environmental Signals
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Recent findings have demonstrated various clagsegolators sensitive to environmental cues
that specifically modulate the activity of the T6Farther defining the signals that stimulate

T6SSs is essential for understanding the physicéb@iontext in which these systems act.

Iron.

The ferric-uptake regulator (Fur) protein is a kegdulator of iron-dependent gene expression in
bacteria (38). This regulator generally repressasstription through Fe(ll)-dependent
dimerization and subsequent DNA binding to a cossersequence called the Fur box located
within promoter regions. Transcriptional activat@md iron-independent regulation by Fur also
occur (36, 100). In addition to its important raleegulating iron acquisition and homeostasis,
Fur regulates genes and processes that are notlyliresolved in iron metabolism. Some

examples of these include toxins, adhesins, mgtdind resistance to reactive oxygen species

(34, 36, 38, 103, 197).

Expression of T6S in two opportunistic enteric pa@nsE. tardaand EAEC, is repressed
directly at the transcriptional level by Fiiigure 1.2) (31, 45).E. tardais primarily a pathogen
of fish; however, consumption of contaminated sedfcan lead to gastroenteritis in humans
(210). Infection models suggest that T6S playswgportant role in the virulence &. tardaand

its close relativeEdwardsiella ictalurj against fish (164, 202, 258). Deletion of genesoeing
core components of the tardaEvp E. tardavirulence proteins) T6SS, or insertional disruptio
of a gene encoding a putative effector of thiseaysevpP, attenuated the organism

approximately 100-fold in blue gourami.
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Fur-dependent regulation of the Evp T6SS was récdatnonstrated by Mok and colleagues
(45). Their work showed that Fur confers iron-dejeent repression of production and export of
an Hcp homolog (EvpC) and that the Fur protein fididectly to a Fur box sequence upstream
of evpR the first gene in the evp cluster. Fur-basedespon of thevpgenes is consistent with
the contribution of the system to pathogenesiguasepression would likely be alleviated inside

iron-depleted host tissues.

EAEC is an emerging enteric pathogen charactebyath propensity to self-adhere and form
biofilms on the intestinal mucosa (174). Infectiovith EAEC result in diarrhea and can be acute
or chronic in nature; it is currently the secondstnrmdmmon cause of diarrhea in persons
traveling to developing countries (101, 234). Tlee 5T6SS of EAEC is required for biofilm
formation and is regulated by iron availabilitydhgh a pathway involving DNA adenine
methyltransferase (Dam)-catalyzed methylation amdrépression (31). Two Fur boxes and
three Dam methylation sites are present upstreaimedbci-1 gene cluster. Interestingly, one of
the Fur-binding sites overlaps with a Dam methglasite, and Fur binding prohibits methylase
access to the site. In the absence of iron, Fgodiates and allows RNA polymerase to bind and
initiate transcription. Similarly, the loss of Falso permits methylation at the site, which inlsbit
the reassociation of Fur. Thus, low cytoplasmidllrg{elds stable on-state expression of the
Sci-1 T6SS. It is not currently understood h&wir1 expression is returned to the off-state, as the
binding of Fur to hemimethylated sequences thatladvba generated following DNA replication

was not investigated (31).
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The physiological consequencessoi-1regulation by Fur are not yet known and depenthen
abundance and form of iron present in a given enwirent. The anaerobic environment of the
intestinal lumen favors the ferrous [Fe(ll)] forrhtbe ion. In support of this, studies of
Salmonella have shown that genes under controliofdmain repressed prior to tissue invasion
(116, 122). Furthermor&almonellgpathogenicity island |, which encodes a T3SS megjuior
Salmonella invasion, is activated by iron-bound ). Extending these findings to EAEC Sci-
1 suggests that the T6SS may remain repressedrbg #wo. This is congruent with studies
demonstrating that T6S does not contribute to thdence of EAEC in animal infection models
(7, 71). However, an important consideration whearpreting these data is that the animal
models employed are unlikely to accurately recégtiéuchronic EAEC infection. It is
conceivable that ferrous iron becomes depletedinvgtable intestinal biofilm communities of
EAEC, thereby leading to Sci-1 T6SS activation-Barctivation mediated by Fur depression is
likely to occur in an environmental context, wheserole in promoting adhesion could be

exploited as an adaptation to oxidative stressoor starvation (7, 63).

ob4-dependent activators.

Sigma factor 54d54)-dependent activator proteins, also termed batenhancer-binding
proteins (bEBPSs), are a diverse group of protdiasmediate the translation of environmental
signals to changes in gene expression in bacte9@) (bEBPs regulate gene expression by
catalyzing the closed-to-open transitiors6#-RNAP holoenzyme transcription complexes. This
activity is ATP-dependent and, as described betan,be regulated by signal binding and
phosphorylation. bEBPs are generally composedreétdomains: an N-terminal regulatory

domain, an internal AAA+-family ATPase domain, an@-terminal DNA-binding domain that
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typically mediates sequence-specific interactioith activator sequences 100 to 200 nucleotides
upstream of the promoter (214). The N-terminalatibn domain and the C-terminal DNA-
binding domain are highly variable among bEBP hagsl(221). This low conservation is

partly responsible for the diversity of signals BHEBomologs detect and the distinct DNA

sequences they bind.

A broad range of cellular processes, includingogén assimilation, motility, and virulence, are
regulated by bEBPs (221). This class of proteige akrves a general role in the regulation of
T6S Figure 1.2). Bioinformatic analyses identified bEBPs encoudgithin phylogenetically
diverse T6S gene clusters (16, 27). These anahmesfurther revealed probakiB4-binding
sequences within the respective T6S promoter redib®). A subset of T6S-associated bEBPs,
including representatives from choleraeA. hydrophila Pectobacterium atrosepticyrand
Marinomonas spp were investigated using in vitro binding expezints and reconstituted
transcriptional reporter assays. These studiesrooed the predicted role of the proteinsstv-

dependent transcriptional activation of T6S promste

The bEBP encoded within the virulence-associateteien (a9 gene cluster, VasH, is a key
regulator ofV. choleraeT6S (129, 193). Reflecting its important regulsitmle, T6S-dependent
defense againfictyostelium discoideurand killing ofE. coliin this organism require VasH
(157, 192). An analysis afasHhomologs in 26/. choleraestrains identified an enrichment of
nonsynonymous single nucleotide polymorphisms énNkterminal regulatory domain (129).
Amino acid changes within this domain could provedeechanism for variable T6S expression

response profiles withi¥. choleraestrains exposed to environmental signals. Interglst N-
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terminal domains of bEBPs can act as intramole@davators or repressors (254).Mn
choleraeV52, this domain appears to be a positive reguylamvas T6S expression was
decreased by an N-terminally truncated VasH a(E®®). Notably, polymorphisms vasHdo
not appear to underlie the significant differenicegas expression and activation observed
between non-O1/non-0139 strains (e.g., V52) and@aic disease strains (e.g., N16961,
C6706, and A1552). Instead, this variability is kexped likely by differences in the strength of
repression through quorum-based signaling and éyadivel regulator TsrA (type VI secretion

system regulator A) (119, 259).

The activity of bEBPs can be regulated by spegifiosphorylation events catalyzed by sensor
histidine kinases and low-molecular-weight phosmmmts (161, 221). An example is the well-
characterized bEBP NtrC (nitrogen regulatory prote), which is activated through
phosphorylation by NtrB (249). In addition, NtrQiefently autophosphorylates in vitro in the
presence of acetyl phosphate, and evidence sugbastcetyl phosphate is also relevant to its
signaling properties in vivo (82). A sensor kin#isat acts on T6S bEBPs has not been
identified; however, these proteins autophosphteyilavitro in the presence of acetyl phosphate
(16). This finding suggests that upstream evernth a8 environmental sampling by sensor
kinases or changes in metabolism leading to theragtation of low-molecular-weight

phosphodonors could have a significant impact®h-dependent T6S expression.

Surface associatio®urface association can promote dramatic chawogescterial cell

physiology. An analysis of global gene expressioanges irbalmonellal'yphimurium

demonstrated that one-third of its genes ahowealtekpression during surface-growth
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conditions (246). Such changes may be caused hglgig systems that directly detect surfaces
or that respond to concomitant alterations in gdoal environment. Cells adhered to surfaces can
develop into sessile communities, sometimes reddoeas biofilms, in which long-term cell-cell
contact is enhanced relative to planktonic celty.(Biccording to the current understanding of
T6S-mediated effects, these conditions are favertbits contact-dependent mechanism of

effector delivery.

The H1-T6SS oP. aeruginosas posttranslationally activated by a threoninegghorylation
pathway (TPP) in response to surface growth obtiganism (222)Kigure 1.2). Components of
this pathway include PpkA, an inner-membrane-spanserine/threonine kinase, and Fhal, a
forkhead-associated domain-containing proteinithattivated by PpkA via phosphorylation
(115, 167). Activated Fhal promotes H1-T6S-apparatsembly and effector secretion. Unlike
planktonically growrP. aeruginosastrains placed on an agar surface for 4 h asseanbl
activated apparatus and contain elevated levgdbasphorylated Fhal (222). Genetic analysis
of the requirements for competitive fitness medldig the H1-T6SS further established the role
of the TPP in surface-dependent H1-T6SS activatrahruled out the involvement of a second
phosphorylation-independent pathway. Surface aotivaf T6S by the TPP may be a general
phenomenon, as components of the pathway are fousqgproximately 30% of identified T6S
gene clusters (27).

Though the mechanism(s) is not yet clear, sessi@t) may also serve as a cue for regulatory
changes that elevate T6S expression. Recent findiemonstrated that cellular levels of TssC1,

an H1-T6S component, are elevated in a biofilm camag with planktonically grown cells
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(256). Consistent with this observation, the protécp is abundant iR. aeruginosaiofilms

(209).

Bacteria-Derived Signals
Often functioning as a cell contact-dependent badtateraction pathway, it is not surprising
that the sensing of other bacteria plays an importae in modulating T6S activity. Here we

describe several examples of bacteria-derived Edhat influence T6S expression.

The Gac/Rsm pathway¥he Gac/Rsm signaling pathway couples extracelhaateria-derived

signals with marked changes in target mRNA trarsiatl37). The pathway is initiated by the
GacS/GacA two-component system, which upon stinaidéads to elevated expression of one
or more small regulatory RNA (SRNA) molecules, abaty termedsmYandrsmZ These sRNA
molecules interact with and sequester an mRNA-bmgrotein known as RsmA or CsrA. This
protein generally acts as an inhibitor of translaiby associating with sequences near or
overlapping the ribosome-binding site. Thus, sSRMAression typically facilitates increased
translation of specific mMRNA targets. In some cag&@RNA binding by RsmA/CsrA can activate

translation; however, the mechanism is less cle#liese instances.

In the pseudomonads, the Gac/Rsm pathway is agkgyator of many important processes,
including biocontrol and virulence factor productiecellular aggregation, and quorum sensing
(95). Studies have revealed tlRataeruginosaP. fluorescensandP. syringaealso use this
pathway to regulate the expression of T6S (102, 188) Figure 1.2). This was first noted in

P. aeruginosawherein microarray analyses of strains lackit&or ladS which encode a
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repressor and activator of GacA/S signaling, respayg, strongly implicated RsmA in the
stability of HSI-I transcripts (96, 242). Later fitional analyses demonstrated that assembly,
activation, and effector secretion and targetinghgyH1-T6SS are stimulated in theetS
background (113, 166, 167). The most definitivedence for the involvement of the Gac/Rsm
pathway in HSI-I regulation is found in recent wdmk Brencic & Lory (28), which demonstrates

direct RsmA binding to the 5’ leader sequence @ B&I-1 transcripts.

The incorporation of the H1-T6SS into the globgulen of theP. aeruginosaGac/Rsm

pathway has yielded valuable insights into therggstrelevant to its function. . aeruginosa

the Gac/Rsm pathway directly or indirectly regusatiee expression of approximately 500 genes
(29, 96). Within this expansive set, researcheve mated reciprocal regulation of factors
associated with planktonic and sessile growth—Ilegth the hypothesis that the Gac/Rsm
pathway coordinates this physiological transitiéthe organism (255). In the Gac/Rsm regulon,
H1-T6SS expression occurs coincident with factendrig experimentally demonstrable roles in
sessile community formation, such as two aggregatial adhesion-promoting
exopolysaccharides, Pel and Psl. This early regnydink implied that T6SS activity is relevant
to closely interfacing bacteria; however, in whapacity remained unknown. This question has
been answered—at least in part—by more recentegutimonstrating the role of the H1-T6SS
in contact-dependent interbacterial interactiorts the involvement of the system in biofilm-
specific antibiotic resistance (113, 204, 256).dby, the Gac/Rsm pathway Bf protegens
which is closely related to that Bf aeruginosaresponds to signals generated by other

pseudomonads and certdibrio spp (70).
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Quorum SensingQuorum sensing (QS) is a bacterial regulatory raeigm that modulates gene

expression based on concentrations of self-prodsigedls (90, 176). A quorum is sensed by
the accumulation of diffusible signaling moleculetich are themselves typically under quorum
control. Regulation of quorum-controlled genesdsiaved either by direct or indirect effects
that signal molecules impart on the DNA-bindingpedies of dedicated regulatory proteins. A
prevailing model is that quorum sensing regulatesa behavior of bacteria, both within and
between species (181). One piece of evidence ipastipf this model is that secreted products
are disproportionally abundant in the quorum regulbmany species (107). Given this, it is not
surprising that many instances of quorum-sensiggtated T6SSs have arisen in the literature

(94, 118, 128, 145, 150, 257, 259).

In V. choleragtwo chemically distinct QS systems, autoinducéA22) and cholera
autoinducer-1 (CAI-1), collaborate to influence sigyrdependent gene expression (176)
(Figure 1.2). Signal molecules from these pathways are detdntéwo sensor kinases, LuxQ
and CgsS, respectively. The pathways convergeeptibsphotransfer protein LuxU, which acts
on LuxO, a DNA-binding response regulator prot&hosphorylated LuxO activates the
expression of four SRNA molecules (qrr1-4) thaiim repress the production of HapR, a TetR-

family global transcriptional regulator.

The majority of studies o¥. cholerael6S have been conducted in the serotype O37 st&fin
The V52 strain is a valuable model for studying T@in the species, as Hcp and VgrG
proteins are abundantly exported from the strégnvas genes are highly expressed, and it

exhibits strong Vas-dependent phenotypes againkapyotic and eukaryotic cells (157, 192,
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193). However, under similar in vitro conditionspsh strains o¥. choleraeincluding O1 and
0139 pandemic strains, display markedly lower vgsession and as a result do not exhibit

Vas-dependent phenotypes (118, 119, 259).

Recent studies have suggested that differencaseict @S-dependent expression of vas genes
are partially responsible for T6S variabilityVh cholerae Ishikawa et al. (118) observed a
striking correlation between HapR and Hcp expresaimong a panel of O1 isolates.
Furthermore, a deletion of luxO was shown to stipigluce vas expression in two serotype O1
strains, A1552 and C6707 (118, 259). Consistert autrent models of QS circuitry W

cholerag activation of vas expression AuxO requiredhapRandAhfqg recapitulated the effects

of theluxO deletion.

Despite robust vas expression in O1 strains ladkix@, the secretion system can remain
functionally quiescent in this background (259)ughlevels of HapR do not fully reconcile
T6S-related phenotypic differences observed betWeeholeraestrains. Briefly, complete
activation of T6S in pandem\. choleraestrains appears to involve additional factors sash
high osmolarity, low temperature, and relief ofresgsion imposed on the system by the TsrA

protein (119, 259).

The adaptive role of quorum control over T6S remainbe elucidated. In addition to its role in
intraspecies sensing, QS might play a role in perggcells of other species (80). This seems
particularly probable for the Al-2 pathway, as tteglicated signal synthase involved in Al-2

synthesis, LuxS, is widely conserved. Therefore2Algnal levels could serve as a cueMor
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choleraeto activate antibacterial defenses, such as i&ST @ response to potential competitors.
If the signal was self-derived, coregulated immypitoteins might ameliorate the detrimental

consequences of self-targeting (204).

Not all T6SSs regulated by QS are induced at hadlhdensities. For example, ih aeruginosa
the H1-T6SS is repressed at high cell densities @yect or indirect mechanism involving LasR,
an acyl homoserine lactone-type quorum regulas ) lnterestingly, the two other T6SSsRof
aeruginosaare regulated reciprocally with the H1-T6SS byrmguo sensing. The two T6SSs of
Vibrio parahaemolyticualso display reciprocal regulation by quorum seg$b4). Differential
regulation of T6S by QS, particularly those casbsn&in this occurs within one bacterium,
suggests that the system can act in a wide rangendéxts and underscores its functional

versatility.

Effector recognition mechanisms of Gram-negative srialized secretory pathways.

Due to the vast number of proteins present in Hatdvial cytoplasm, efficient substrate
recognition is a key process for all secretoryayst. Similar aspects of substrate selectivity
often exist among secretory systems. A recurriegnhin substrate recognition is the presence
of a receptor protein associated with the secregpparatus and a signal sequence or motif that
is localized to a distinct region on protein sudEs. In addition, secretion system-associated
chaperones, which bind substrates prior to thégraction with the apparatus, are commonly

required for recognition and specificity.
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Effector recognition mechanisms have been studigsdat detail for T3SSs. An N-terminal
signal sequence of 20-30 AAs in length is suffitiiem T3S export and permits secretion of
hybrid reporters (139, 226). B. entericathis sequence interacts directly with the T3SzHme
ATPase, InvC, which energizes effector translocatioough the apparatus (3). Many effectors
also require a T3S chaperone for efficient deliverthe ATPase. These effectors interact with
cognate T3S-chaperones via a sequence ranginggthlef 60-100 AAs, located downstream of
the N-terminal signal sequence (19, 188, 227). Etrayes facilitate partial unfolding of
effectors, which promote recognition by the ATPge Prior to export, the chaperone-effector
complex is disrupted via ATPase activity and, sgbsetly, the effector is threaded through the
T3S apparatus in an ATP-dependent manner. Althd@$chaperones are variable at the amino
acid sequence level, most T3S chaperones are soiglic and dimeric proteins and are

stucturally similar (228).

For many effectors secreted through the T4ASS &RE5E, a cluster of residues at the C-
terminus is required (172, 243). The sequence naaties between organisms and classes of
T4SSs; key residues are either positively chargdd/drophobic and may be clustered together
or split into two regions along the length of thistrate (213). An essential component involved
in T4ASS is the T4 coupling protein (TACP), an ATdtmat is anchored at the inner membrane
and interacts with the T4S apparatus. Effectorgeition has been well characterized for the
T4ASS ofA. tumefacien$6). In this case, the T4CP recognizes effectors thrdhglsignal
sequence and provides the energy for effectorltveaton through the system. DotL is an
ATPase of thé.. pneumophilial4BSS that is thought to act analogously to the H 4A.

tumefaciensSeveral lines of evidence also suggest that landSicmW, which form a stable
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complex and are required for T4BSS function, majnlelved in substrate recongitig232).

However, a direct function for the IcmS/IlcmW comgples not been determined.

In comparison to our knowledge of T3SS and T4SStsate recognition mechanism, little is
known about effector export by the T6SS. While amlgently discovered, no reports regarding a
possible signal sequence or motif have been mdds tliesis work has made advancements

towards understanding this process of effectorgeition in T6SSs.

The H1-T6SS ofPseudomonas aeruginosa.

P. aeruginosas a Gram-negativeproteobacterium that is capable of persisting lmaad range
of environments, including in soil, water and ins® association with animals. The metabolic
versatility of P. aeruginosas one of its outstanding characteristics, allowirtg thrive in the
presence of various carbon sources, under nutimiting conditions and both in both anoxic
and aerobic habitats (177, 22B).aeruginosas also equipped with numerous genetically
encoded pathways that mediate interactions witerathganisms in the environment. These
pathways contribute significantly to the remarkatilecess and adaptability of this bacteriém.
aeruginosas also an opportunistic human pathogen that can$ections in
immunocompromised individuals, including patienithvdiabetes, cystic fibrosis (CF) or burn
wounds. These infections can become problematie, asruginosas intrinsically resistant to
many antibiotics.

Approximately 80% of CF patients become chronicaifgcted withP. aeruginosay

adulthood (171). Due to the strong associatiowéen CF patients arRl aeruginosathe

pathogenesis of this organidras become a central focus of research. Long-terdies ofP.
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aeruginosgpopulations isolated from the cystic fibrosis luraye revealed that a significant
amount of genetic diversification occurs (225). &almutations in knowR. aeruginosa
biological processes are frequently identified apgdear to be enriched over the lifetime of
chronically infected cystic fibrosis patient (58)lutations causing loss of swimming motility,
decreased in T3SS expression, increased in T638sstpn, enchanced antibiotic resistance,
misregulated quorum sensing and alterations irasarmolecules are frequently isolated.
Acquisition of these mutations is thought to cdmite to the successful adaptatioriPof
aeruginosan the human host. A growing number of studies Haeased on characterizing the
metabolic pathways and bacterial processes thactirated or repressed over the course of

chronic infection.

Several pieces of evidence have implicated the BI&STin CF. For example, a signature tagged
mutagenesis (STM) screen performed with a po#l.&eruginosanutants that were inoculated
in the lungs of rats, a model for chronic infectiound that mutations in various HSI-I genes
caused a loss in fitness (190). Additionally, astd component of the H1-T6SS apparatus,
Hcpl, can be readily detected in sputum of CF ptjesuggesting the system may be active
under these conditions (166). Although the roléhefH1-T6SS in chronic infection has not been
determined, the fact that lung infections of CHeu#s is often polymicrobial has led to the
hypothesis tha®. aeruginosanay use the H1-T6SS to outcompete other orgarsmslter the
outcome of chronic infection. Interestingly, marfytlee organisms isolated from the lungs of CF
patients harbor at least one T6SS. The prevalehnttese systems in Gram-negative bacteria

that frequently colonize the CF lung further sug@egossible role for these systems in
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polymicrobial environments and could have a sigalifit impact on the outcome of these

infections.

Objectives of this thesis.

Over the past 10 years, several studies have wuatetsthe importance of the T6SS in bacterial
interactions with other organisms. However, mangsfjons remain pertaining to the
physiological significance and the molecular undermgs of the T6SS. The goal of this thesis
was to 1) characterize the factors that regulat d&ivity and to 2) further our understanding of
effector recognition and export by the T6S apparaiine H1-T6SS dP. aeruginosavas used

as a model system for these studies, as it is igaligttractable and its T6SS has been relatively
well characterized. The findings generated frora tork have contributed to the rapidly

expanding field of T6S.
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Figure 1.1 Schematic representation comparing proposed modetd bacteriophage T4 and
the T6S apparatus.Homologs and analogs of T6S are colored the santeea T4 phage
counterparts.d) The bacteriophage T4 tail tube is surroundedhbytail sheath and terminated
by the cell-puncturing device (gp27/gp3)) Upon host cell binding, the bacteriophage T4
baseplate undergoes a conformational change thgets tail sheath contraction and results in
puncturing of the outer membrane (OM) and DNA daiv Models of €) inactivated andd)
activated states of T6S based on protein locatimatnd interactions between T6S subunits. The
three membrane-associated proteins TssL, TssMTssidiform a complex bound to the
peptidoglycan (PG) layer via TssL. The T6S appeffalisned by an Hcp tube and a VgrG trimer
is thought to be anchored at the cell envelopéhbyrtembrane-associated complex. It has been
hypothesized that an assembly baseplate can jpatidcin T6S appendix assemblg). {ssB and
TssC may form a sheath-like structure enclosingHtye tube within the periplasmic spacd). (
Activation of the T6SS results in effector deliveéoya target cell through the Hcp tube. By
analogy with bacteriophage T4, the sheath-likecstine could propel, through contraction, the
Hcp tube toward the cell exterior or directly te tiarget cell.
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Figure 1.2: Schematic representation of the diverseegulatory systems that modulate T6S
expression and activation in assorted bacterigOnly those regulatory pathways emphasized in
this review are depicted. Pathways are labaledcorresponding to the order of their
presentation in the texi&a) Fur represses T6S transcription in the presehoera (b) bEBPs
function in conjunction withs>* to activate T6S transcriptiorc)(The TPP posttranslationally
activates T6S in response to surface associatalf:.&hd nonself-derived bacterial signals
modulate T6Sd) posttranscriptionally through the Gac/Rsm pathwage) transcriptionally via
guorum sensing. At right is a target bacterium wugadieg intoxication by Tsel-3 effectors (el—
3).
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Separate inputs modulate phosphorylation-dependerand

-independent type VI secretion activation
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ABSTRACT

Productive intercellular delivery of cargo by seorg systems requires exquisite temporal and
spatial choreography. Our laboratory has demorestritiat the H1-T6SS &f. aeruginosa
transfers effector proteins to other bacterialscelfhe activity of these effectors requires cell
contact-dependent delivery by the secretion appsyand thus their export is highly repressed
under planktonic growth conditions. Here we defiegulatory pathways that orchestrate
efficient secretion by this system. We identifiefiG5-associated protein, Tagls a
posttranslational repressor of the H1-T6SS. Stramisated by TagF derepression or stimulation
of a previously identified threonine phosphorylatmathway (TPP) share the property of
secretory ATPase recruitment to the T6S appargaislisplay different effector output levels
and genetic requirements for their export. We #&dsmd that the pathways respond to distinct
stimuli; we identified surface growth as a physgi@l cue that activates the H1-T6SS
exclusively through the TPP. Coordination of pastsiational triggering with cell contact-
promoting growth conditions provides a mechanisntlie T6SS to avoid wasteful release of

effectors.

INTRODUCTION

In Gram-negative bacteria six secretion systenpgeéy-VI) have been identified, with
specialized functions ranging from general celluf@intenance and physiology to host and
bacterial cell interactions (72). The T6SS is fobnoladly among the Proteobacteria, including
many important environmental and human-associateal (215). These systems are encoded by
gene clusters composed of 13 conserved gésgeand additional accessory genes), that vary

in number and content (27). Core components oT 6%S include ClpV, a AAA+ family
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ATPase, TssM, a homolog of the type IV secretiartgn IcmF, and VgrG and Hcp, two
extracellular structural proteins (9, 18, 41). tatgingly, several conserved components of the
T6SS share sequence and structural similarity ¢tebaphage tail and baseplate proteins (125,
142, 166, 184). Based on this relatedness, themylsas been proposed to function as an

outward facing puncturing device at the surfacthefcell.

The T6SS has been implicated in diverse proceastsling host-cell interactions (154, 218),
biofilm formation (7), and gene regulation (123824Recent studies indicate that the T6SS
plays a critical role in interbacterial interactsof215). This was first reported ih aeruginosa
where it was observed that H1-T6SS-dependent egpartoxin, Tse2, can provide a fithess
advantage to the organism when cultivated in diceatact with anothd?. aeruginosastrain
lacking a Tse2-specific immunity protein, Tsi2 (J12ntibacterial activity has also been
attributed to T6SSs d@. thailandensigT6SS-1),S. marcescerandV. choleragVas), however

in these instances the effector proteins involvaeeot been identified (157, 170, 216).

Like other specialized secretion systems, exprassid6S and export of its effectors are
stringently regulated (17). For the H1-T6S3Poferuginosatregulation at the transcriptional,
posttranscriptional, and posttranslational levals been studied. The system is transcriptionally
repressed by the quorum sensing regulator, Las® .(IT#e binding of LasR to HSI-I promoters
has not been shown, leaving the mechanism of reipresinknown. Regulation of the H1-T6SS
at the posttranscriptional level is governed byRiNA-binding protein RsmA (28, 96). The Rsm
pathway appears to coordinate reciprocal regulaifdactors important for planktonic and

sessile modes ¢f. aeruginosayrowth (29, 33, 96, 255). Consistent with the regmient for
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long-term cell contact in T6S-dependent effectdivdey between cells, the system was found to
be co-regulated by RsmA with factors required fimesion between cells and to surfaces (28,
96, 166, 242). Furthermore, studies have foRnderuginosal 6S proteins abundantly produced

in biofilms relative to planktonic culture (209,&5

Our laboratory has found that the H1-T6SS is passiiationally triggered by a TPP (134, 167).
Stimulation of the TPP results in export of extthdar structural components of the apparatus,
including Hepl, VgrG1l, VgrG4, and substrates, idalg Tsel-3 (113). At least four proteins,
TagR, PpkA, PppA and Fhal, all encoded within H®lakticipate in the TPP. According to our
current model, the H1-T6SS becomes activated byration of PpkA, a membrane-spanning
Hanks-type serine/threonine kinase. The envirortatene responsible for inducing PpkA
dimerization is unknown; however, TagR, a peripl&spnotein, functions upstream of PpkA
and promotes activation of the kinase (115). Dina¢ion of PpkA leads to
autophosphorylation, which recruits Fhal throudkractions between the phosphorylated
activation loop of the kinase and the Forkhead-@ated (FHA) domain of Fhal. Fhal
associated with activated PpkA is phosphorylatethbykinase at Thr36p{Fhal), in turn
promoting H1-T6SS activation by an unknown mechan(i$67). Fhal resides in a complex with
ClpV1, suggesting the possibility that recruitmehthe ATPase to the apparatus could underlie
activation. A PP2C family protein phosphatase, P,mmAs as an antagonist of the TPP by
dephosphorylating Fhal, and, possibly, PpkA. Detetif pppAresults in constitutive secretion

of Hepl, VgrG1l, VgrG4, and Tsel-3.
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The genes encoding known TPP componargdound in a putative HSI-I operon that also
contains four conserved T6S geniss{l K1, L1, M1) and four uncharacterizedg genes

(tagQ, S, T, IF(Figure 2.1A). Sequence analysis of ttegy genes indicates theagSandtagT
encode proteins with homology to lipoprotein trasr$@nd sorting components, LolE and LolD,
respectively (173). TheagQgene encodes a predicted outer membrane lipopratedtagF, a

predicted cytoplasmic protein with unknown function

In this study, we sought to define additional regoily elements of the H1-T6SS. Based on the
proximity oftagQ, S, TandF to genes encoding known posttranslational regidaibthe

system, and their variability amongst other T6S&shypothesized that these genes also encode
H1-T6SS regulators. In the course of this seareéhidentified TagF as a posttranslational
regulatory protein that represses the activatioeiH1-T6SS by a mechanism distinct from the
TPP. Inactivation ofagF triggers Hcpl secretion to levels observedpppA however effector
secretion is dampened AtagF relative to a strain lackingppA Also, TagF regulates the

activity of the H1-T6SS in a manner that does equirep-Fhal, PpkA, or other Tag proteins.
Despite these differences, both the TPP and Taghateel activation pathways require Fhal
and recruit ClpV1 to the secretion apparatus. \¥e alvestigated the physiological significance
of posttranslational regulation of the H1-T6SStetastingly, we discovered that the H1-T6SS is
activated wherP. aeruginosas grown on a surface. This occurs via the TRRt @equires

PpkA and involves increas@dFhal levels.

RESULTS
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H1-T6SS activity is negatively regulated by TagHn the course of our efforts to define the
function of HSI-1 genes, we noted that the putati&-1 operon encoding PpkA, PppA, Fhal
and TagRwhich constitute all known components of the TREQ ancodes additional non-
conserved Tag proteins (TagQ, PA0070; TagS, PAODAGT, PA0073; TagF, PA0O76)
(Figure 2.1A). Based on their genomic context and lack of caradiem in other T6SSs (27), we
hypothesized that these genes also encode regutdttire H1-T6SS. To ascertain their role in
regulating H1-T6SS activity, we introduced indivadlin-frame deletions dhgQ, S, TandF

into P. aeruginosdcpl-V,and monitored the effect on Hcpl secretion. Ttiers contains a
chromosomal fusion dicplto the vesicular stomatitis virus G protein (VSV-€pjitope tag
(hcpl-V (166) We also introduced deletions with known effectdHmopl secretionAtagR,
AppkA,ApppA,or AtssM]) into this genetic background as controls (11%, 167). Consistent
with earlier findingsApppAdisplayed high levels of Hcpl secretion, whereaset®n from
AtagR,AppkA andAtssM1did not exceed the wild-tyg&igure 2.1B) Interestingly, Hcpl
secretion froomtagF was increased relative to the wild-type strain.diehs intagQ, SandT
did not induce Hcpl export, and none of the mutatisignificantly influenced cellular Hcpl

levels.

Hcpl is considered a structural component of theS;Gherefore, secretion of the protein is not
necessarily indicative of an activated system. Aadditional measure of H1-T6SS activation,
we probed the effects of the same panel of deletoonthe secretion of Tsel, a previously
identified effector protein (113). While we obseaiveproducibly lower levels of secreted Tsel
from AtagF than fromApppA(discussed below), the strains showed a similadtees that

observed for Hcpl secretion, suggesting thag& deletionresults in constitutive activation of
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the H1-T6SSFigure 2.1C). Based on these data, we sought to further déimeole oftagFin

T6S regulation.

TagF posttranslationally represses the H1-T6SS hetagF open reading framis located
immediately upstream gppAin the genome dP. aeruginosgFigure 2.1A). To verify that the
secretion phenotype aftagF is not due to polar effects @ppAor other downstream genes, we
genetically complemented the strain using an ectexpression plasmid. Western blot analyses
demonstrated thaagF expression returns secretion of Hcpl and Tselrenpa levels in the
AtagF backgroundFigure 2.2A). We further confirmed that Hcpl and Tsel exponitagF
occurs in a T6S-dependent manner. The additiorctf\4l deletion toAtagF abrogated

secretion of Hcpl and Tsel (25, 166). Secretidvotth proteins was restored by genetic

complementation of thelpV1gene(Figure 2.2B)

Possible explanations for the influence of TagRHcpl and Tsel export by the H1-T6SS
apparatus include changes in the expression leféese proteins, translational or
transcriptional induction of the secretion appasats a whole, and posttranslational activation of
the secretory apparatus. Overall levels of Hcplsel were unaltered mtagF (Figure 2.1B

and 2.1C) suggesting that increased expression of thedeipsodoes not underlie the secretion
phenotype observed. To investigate whether Tiagfarts a general influence on T6S expression
levels, we employed translatioriatZ fusion reporters to thialandtssAlgenes, which are
located immediately downstream of previously idesdi HSI-1 promoters (28). Inactivation of
tagF did not influence the activities of these rep@iérowever, as described previously, both

were strongly induced in a strain lacking a repyes$ the Rsm pathway (Ret&)igure 2.2C
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and 2.2D)(28). From these data we conclude that TagF repseactivation of the H1-T6SS on a

posttranslational level.

TagF mediates activation of the H1-T6SS independdmgitof p-Fhal. Next we considered
whether TagF regulates the H1-T6SS via the TPRdapendently of this pathway. Several lines
of evidence suggest that TagF acts through the T&gForthologs are not located outside of
T6S gene clusters, and within these clusters the ggeoften found in a subgroup of locally
syntenic genes that also includes orthologspdAandpppA(Figure 2.3) Furthermore, in
several instances, including the T6S gene clustieds tumefaciens, Nitrococcus mobgisdR.
leguminosaruntagF andpppAorthologs appear fused, thereby generating one gasting

frame with apparent dual functig¢Rrigure 2.3) Such fusion events are enriched among genes
encoding interacting proteins or proteins partitigain common pathways (77, 224). However,
there is also strong genomic-based evidence ar@gamst TagF participation in the TPP. Most
notably,tagF orthologs are sometimes present in T6S clustekingd PP components,

includingfhal(Figure 2.3)

Previous reports have shown that elevated levagtsFdfal lead to posttranslational activation of
the H1-T6SS. Therefore, we postulated that if Tdigécts activation of the H1-T6SS through
the TPPp-Fhal levels might be elevated intagF strain. To test this, we took advantage of an
established SDS-PAGE mobility-based assay for mang p-Fhal levels ifP. aeruginosa

(167). Our analyses indicate that unlikgppA theAtagF strain does not possgs$-hal levels

above those of the parental strétigure 2.4A).
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Based on our finding thatFhal levels are unaffected tagF deletion, we tested the hypothesis
that TagF acts independently of the TPP, and fHal should be dispensableAtagF. We
observed thahaldeletion in theAtagF background inactivates the H1-T6SS as judged kpiHc
secretion(Figure 2.4B). This implies either that Fhal must be phosphteylat a basal level for
TagF-mediated activation or that it functions inigportant capacity independent of its
phosphorylation. The latter is supported by genamnalyses, which found that one quarter of
T6S gene clusters containiffttal orthologs do not encode identifiable kinase or phasase
genes (27). To distinguish between the two postds| we conductedfhal genetic
complementation studies in théagF andApppAbackgrounds using wild-tydealor an allele
encoding non-phosphorylatable Fh#fialrss.4). Wild-typefhalrestored secretion apparatus
function in both backgrounds, however onkagF Afhalwas functional when complemented
with fhalysgoa(Figure 2.4B) Together, these data conclusively demonstrateHtiel performs
an important function in the T6SS independentophosphorylation state, and that TagF

activation of the H1-T6SS proceeds independent|y-Bhal.

To further probe the relationship between TagF HAB-mediated T6S activation, we conducted
epistasis experiments monitoring Hcpl and Tseletear Immediately upstream of Fhal in the
TPP is PpkA, which catalyzes Fhal phosphorylatimhia essential for T6S-apparatus assembly
in a constitutively active backgroundgppA (115). WhileppkAis essential for Hcpl and Tsel
secretion in thepppAbackground, we found that the gene is dispensabléése functions in
AtagF (Figure 2.4C) Further upstream of PpkA in the TPP is TagRsfnotein appears to
regulate the kinase, as inactivatiortajRdecreasep-Fhal levels, and ectopic expression of

PpkA overrides the requirement tagRin H1-T6SS activation (115). Three additiotexd
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genes flankagR(tagQ, SandT), and have been postulated to also participatieemPP.
Remarkably, deletion of the fotag genes in conjunction with deletionsmikAandpppA did

not influence Tsel or Hcpl secretion via the H1-3 @stheAtagF background. In contrast, the
H1-T6SS failed to export these proteins whayF was present in this backgrou(figure

2.4D). Together, these data show thattdugF deletion is epistatic to deletions in genes enupdi
the TPP core component PpkA and the TPP posity@aory protein TagR. This suggests that
TagF represses activation of the H1-T6SS by aatidgpendently of the TPP. The roletafQ,
S,andT remains unknown, however our results show thaelyenes also encode proteins that

are dispensable for H1-T6SS effector secretionRn @eruginosdackground lackingagF.

The TagF and TPP-mediated pathways differentiallynfluence Hcpl and Tsel secretion.
The finding that a deletion itagF alleviates the requirement fppkA suggests that TagF acts
either downstream or independently of the TPP.nlvestigate this, we conducted quantitative
analyses comparing Hcpl and Tsel secretion frammstwith H1-T6S derepressed in either of
the pathwaysAtagF or ApppA or both AtagF ApppA). Only if the pathways act independently
or partially independently would we anticipate atvsgg additive or synergistic effects on
secretion. Surprisingly, we found that the douldéetion ofpppAandtagF had differential
effects on Hcpl and Tsel secretion relative testhgle deletion strains. Levels of secreted Hcpl
were similar in the three deletion strains, whetbasdeletion of the regulators influenced Tsel
export in an additive fashigfrigure 2.5) The observation that one output of the pathways—
effector secretion—is induced additively upon tla@tivation suggests that TagF does not act
purely by repressing downstream of the TPP. Funtbeg, our quantitative analyses proved

consistent with our qualitative observation thatrenbsel is exported ypppAthanAtagF
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(Figure 2.1C and Figure 2.2A) This is noteworthy, as this difference in outjgudlso

inconsistent with a simple epistatic relationshgivieen the pathways.

The TPP and TagF-mediated activation pathways convge on ClpV1 recruitment. Using
fluorescence microscopy (FM), our laboratory pregig demonstrated that a chromosomally
encoded functional green fluorescent protein fusimotine H1-T6SS ATPase ClpV1 (ClpV1-
GFP) is recruited to secretion foci in the cell nativation of the apparatus \peEhal (167).
The formation of these foci is thought to reflectaoration of the secretion system, as their
presence and intensity correlates with the levekeafeted Hcpl and deletion of essential
apparatus components results in their dissolutiotably, while recruitment of ClpV1 to the
H1-T6S apparatus is enhanced by Fhal phosphornyldhe physical interaction between these
proteins is phosphorylation independent (115). Tiuesreasoned that if TagF-mediated
activation converges on the TPP downstream-Blhal, ClpV1 recruitment to the H1-T6S-
apparatus should also be observed imilagF strain. To test this hypothesis, we introduced
clpV1—gfpto theAtagF background and examined the cells by FM. The aleseftagF
promoted ClpV1-GFP recruitment to an extent sintdathat observed in thigpppAcontrol,
and ectopic expression t#gF in the AtagF background fully complemented the phenotype
(Figure 2.6). The formation of these foci requirpgkAin the ApppAbackgroungdbut not the
AtagF background. This mirrors the requirementgpkAwith regard to Tsel and Hcpl
secretion in these twmackgrounds, and indicates that the formation of dorrelates with a
functional active secretory apparateggure 2.6). Further consistent with the functional
significance of ClpV1-GFP foci, we found that aastrlacking bottpppAandtagF displayed

higher levels of ClpV1-GFP foci than those withiindual deletions in these genes. Therefore,
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ClpV1 recruitment to foci is proportional to effectexport from these strains. Differences in the
number of ClpV1-GFP foci-positive cells among thaiss were not due to altered levels of the
ClpV1 protein(Figure 2.6). Based on these data, we conclude that TagF aRehTd&liated T6S
activation share a convergence in mechanism déetet of ClpV1-GFP recruitment to the
secretion apparatus. Interestingly, previous wasknfour laboratory had led us to conclude that
PpkAis an essential structural component of the H1-T@3S). Our current work clearly
indicates that the structural requirement for Pjk&onditional on TagF. This in part reconciles

the observation that PpkA orthologs are absent fiteermajority of identified T6SSs (167).

The H1-T6SS is activated by surface growthifhe H1-T6SS efficiently targets Tse2 to otRer
aeruginosacells. If recipient cells lack the Tse2-specifitmunity protein, Tsi2, their fitness is
decreased relative to donors actively exportingZteeough a functional H1-T6S apparatus
(Hoodet al, 2010). Here, we used the self-targeting caggtwfithe H1-T6SS as a means to
probe the functional consequences of mutationspibsttranslationally activate the H1-T6SS

(ApppAandAtagF).

The influence of regulatory mutations on interceltieffector targeting by the H1-T6SS was
assessed by measuring the fitness of donor sttamgpeted against a susceptible recipient
(Atse2Atsi2). Interbacterial transfer of effectors by the Ta®@quires intimate cell contact;
therefore, competition assays were performed betwgains co-inoculated on a solid growth
substrate. When competed in this manner, the gréanor strain displayed a 3.2-fold fitness
advantage relative to the recipient. This effeasW6S-dependent, as the deletioslp¥1in

the donor strain negatively impacted its fithesgaatiage. Donor strains lackipgpAor tagF
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showed a fitness advantage comparable to the phrafitstrains displayed equal fithess when
cultivated in liquid media, consistent with the knmorequirement for intimate cell contact in

T6S-dependent fitness changEgure 2.7A) (113, 216).

The finding thaApppAandAtagF did not increase T6S-dependent fithesP oheruginosavas
unexpected, and led us to hypothesize that — uirlib@ir secretion assays — the apparatus is
posttranslationally activated under conditionsh&f tompetition experiments. To investigate
further the posttranslational activation statehef H1-T6SS under competition assay conditions,
we probed the requirement fopkAin the fithess advantage apppAagainst recipient bacteria.
We reasoned that if the TPP was triggered, deletidhe kinase — even in an activargoppA
background — should inactivate the system. Howel/&€ggF-mediated repression was fully
relieved (as imtagF), a strain lacking bothpkAandpppAshould remain functional, as was
observed in secretion and apparatus assembly g$3gyse 2.4D and Figure 2.6)

Interestingly, the\pppAAppkAstrain does not possess a T6S-dependent fitngastage over
recipient bacteria. This is not attributable taativation of the apparatus due to the loss of
PpkA, asAtagF AppkAretained the full fitness advantage of the paresttain(Figure 2.7A). In
total, these results suggest that the H1-T6SStisaded posttranslationally by the TPP under the

conditions of ouin vitro growth competition assay.

Next we sought to directly measure the activattatesof the H1-T6SS under growth
competition assay conditions. We considered thubstantive differences between the
conditions of our secretion and competition assgsmight underlie the apparent change to the

activation state of the H1-T6SS: 1) the time penwdr which the two experiments were
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conducted (secretion, 4 hr; competition, 18 hrth2)number of discrete. aeruginosayenetic
backgrounds present, and 3) propagation in ligsedretion assay) versus solid (competition
assay) media. Multiple lines of evidence indicateat the latter difference was most likely the
key determinant of activation of the secretion systinder competition conditions. In particular,
we noted that all T6SS-dependent interactions @bsgeio date require intimate cell contact.
The release of effectors into the milieu is notquative, which is exemplified in the observation
that strains bearing mutations leading to strongstitutive activation of the H1-T6SS have no
fitness advantage over highly susceptible recigientiquid cultures (113, 204). Thus, itis
logical that bacteria should repress T6S duringkilanic growth and relieve this repression
when grown in an environment containing a high dgrmd closely interacting bacteria that

could be effectively targeted.

If surface growth was responsible for H1-T6SS pastlational activation under competition
conditions, we would expect to observe changeslistsate secretion aqdFhal levels in the
wild-type background relative to those observeliguid secretion assays performed under
otherwise similar conditions (see Methods). Demsétry analysis op-Fhal levels observed by
Western blot indicated that growth on a surfacersfty promotes Fhal phosphorylation;
approximately 20.1% of the protein was phosphoegatfter growth on a solid surface, whereas
the phosphorylated species was only 4.3% of tdtallRn liquid grown cell¢Figure 2.7B).
Enhanced Fhal phosphorylation incurred during sarfgowth required PpkA, consistent with

our model of posttranslational activation by thePTP
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To probe more directly the activation state of e T6SS during growth on a solid substrate,
we measured Hcpl secretion from surface grown.celis this experiment, it was necessary to
place cells harvested from the substratum intadiguedium for a brief period to allow the
accumulation of secreted proteins. H1-T6S-depenskmretion of Hcpl was greatly increased
by surface growth dP. aeruginosa Indeed, levels of the secreted protein were @raige
between parental and constitutively triggered bemkigds(Figure 2.7C) It is noteworthy that
the TPP and TagF-mediated pathways appear to lwak@enin promoting H1-T6SS activation
beyond that observed during surface growth. Tihidirfig explains our aforementioned
observation that wild-type\pppA andAtagF strains display equal T6S-dependent fitness
(Figure 2.7A). In addition, our finding thattagF is activated through the TPP during surface
growth (p-Fhal levels equal to wild-type), suggests thafithess advantage exhibited by this

mutant is phenotypically equivalentatagF ApppA

DISCUSSION

The results of our current study lead us to proosew model of posttranslational activation of
the H1-T6SSFigure 2.8). As in previous models, Fhal remains a pivotatginon the

activation process. However, it is now clear thgt\Ml recruitment to the apparatus and
apparatus activation can occur via Fhal phosphooglaependent (TPP-mediated) and
independent processes (TagF-mediated). We prdpasdistinct inputs received by the cell
regulate these two convergent mechanisms of H1-E&f&ation. Our data argue that TPP-
dependent activation, which requires PpkA, is stataa by a cue deriving from the
physiological changes encountered during surfagertiy. On the other hand, phosphorylation-

independent activation, which is strongly repredsedagF and does not require PpkA in any
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capacity, appears not to occur under such circuraeta One appealing hypothesis is that TagF
posttranslational derepression of the H1-T6SS idutaded by sensing of ndP-aeruginosa
bacterial species. Our current study was limitedrtalyses of H1-T6SS activation during
intraspecies growth competition experimefffigure 2.7A). Intriguingly, we note that in

addition to theP. aeruginosdH1-T6SS, two other bacterial cell-targeting T63%s,
thailandensisT6SS-1 and the T6SS 8t marcescensppear to utilize TagF proteiri3.
aeruginosaandB. thailandensi®ncode six additional T6SSs — none of which haenb
implicated in interbacterial interactions. Amongsgk, onl\B. thailandensi§F6SS-6 possesses a
tagF ortholog (113, 216). The vas systemMofcholeraecomplicates this simple correlation
between bacterial cell targeting and the preseh@agF. This system appears to target both

bacteria and eukaryotic cells and does not possegs- gene (157).

At this point, we cannot exclude the assertion TreggF prevention of phosphorylation-
independent T6S activation is static (structuraiper than dynamic (regulatory). For example,
TagF may act simply as a barrier that preventspitwsphorylated Fhal or downstream H1-
T6S-components from activating the H1-T6SS. Onepmlimg argument against this model is
that TagF appears in many T6SSs that lack FhalA Bpk PppA orthologé&Figure 2.3) (27).

This strongly suggests that phosphorylation-inddpahposttranslational activation mechanisms
for T6S are likely to exist. In addition, this obs&tion leads us to speculate that TagF and TPP-
mediated activation converge downstream of Fhabtiear indication that TagF is part of a
dynamic regulatory pathway derives from our congmariof Hcpl and Tsel secretion frén
aeruginosastrains with H1-T6S activity derepressed as tkalt®f mutations in one versus both

pathways. We observed Hcpl secretion is enhanagdledpy individual deletions itagF and
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pppA and that in combination the deletions do not digpla additive effect on secretion of the
protein. On the contrary, the absence of the negatigulators triggers Tsel secretion to
different extents, and, in combination, the mutadidisplay an additive effect on the export of
this effector and apparatus assembly. This lagtgult argues that TagF is not simply a
downstream repressor of the TPP and suggest thatisineceived from TagF and the TPP are

used to tune effector export by the H1-T6SS.

The X-ray crystal structure of TagF was recentliedeined as part of a structural genomics
effort (Figure 2.9) (83). In the structure, TagF is found to asso@ata homodimer with nearly
identical monomers composedm&ndp elements assembled as a three-layer sandwifuj.
The TagF monomer is not closely related to othkresbstructures, however it bears some
similarity to the N-terminal regulatory domain beteukaryotic SNARE protein, Sec22b (DALI,
r.m.s.d. = 3.3 A over 87 residues; Z score = @&ure 2.10)(112, 203). SNARE proteins
mediate vesicle trafficking and membrane fusioeréfore, it is unlikely that direct functional
parallels between TagF and Sec22b can be drawretheless, the structures of Sec22b and
TagF contain homology to the actin regulatory progeofilin (133). In particular, they share
the surface used by profilin to bind poly-proliregaences. It is conceivable that TagF interacts
with proline-rich proteins via this motif. Intereggly, Fhal has an extensive proline-rich domain
of unknown function (amino acids 173-294; 36% pre)ilocated between its N-terminal FHA
domain and its C-terminal domain that is phosplated by PpkA (167). So far we have not
detected an interaction between these proteingmfanrtant future direction will be to elucidate

components of the TagF-mediated activation pathyaiglentifying TagF-interacting proteins.
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Our finding that the H1-T6SS is activated by thd®TWhenP. aeruginosas grown on a surface
fits well with our current understanding of the gammental conditions physiologically relevant
to T6SS function. It first became apparent thatdfstem might be important to the sessile
lifestyle of P. aeruginosahrough circumstantial evidence, including thecdigery that HSI-1 is
stringently co-regulated with exopolysaccharidesmived in cellular aggregation and adhesion
to surfaces (96, 166). Later, interactions betwessteria mediated by the T6SS were shown to
be exquisitely dependent on intimate cell contagineliorated entirely in liquid medium (113).
Perhaps the strongest evidence linking sessileiglogy and T6S function is our recent finding
that in the absence of T6SSHL,thailandensiss rapidly displaced from a flow-cell chamber by
P. putida(216). One candidate signaling molecule that megcty or indirectly be responsible
for TPP activation during surface growth is cyaieGMP. This molecule is a secondary
messenger that modulates the expression of tragertant for the transition between sessile and
planktonic lifestyles of certain bacteria, incluglid. aeruginosg106). Direct regulation by c-
di-GMP has been observed at both transcriptiondlpmsttranslational levels (24, 78, 108, 182).
Given the requirement for sessile growth in T6&cfiom and the precedent for c-di-GMP acting
as a posttranslational regulator, it is reason@b$geculate that this molecule might directly or
indirectly be responsible for TPP activation dursugface growth. Indeed, c-di-GMP-dependent
regulation of T6S irP. aeruginosavas recently reported by Filloux and colleagudbj1 This
study showed that c-di-GMP levelsin aeruginosa\retScorrelate to cellular Hcpl levels,
however the point(s) of regulation at which thensighg molecule acts was not determined,
raising the possibility that c-di-GMP regulates Hie-T6SS on the posttranslational level as

well.

50



Highly regulated triggering of effector exportikdly to be a critical factor in the potency and
efficiency of bacterial intercellular protein dedny machines. While the great majority of
evidence for this claim derives from studies oftyye Il secretion system (64, 86), our work on
posttranslational activation of the H1-T6SS sugg#st it may be equally true in this system.
Our data indicate that the products of at leaditd#tf51-1 genes are involved in regulating the
activation state of the H1-T6S apparatus. Sevehease are wholly dispensable for the function
of the system, suggesting that they are dedicatgdatory proteins. The complexity of T6S
regulation rivaling that of type Il is not surpng when one considers the consequences of
either system releasing effectors out of step teitget cell interaction. Effectors from both
systems lack the ability to reach their ultimatesof action without target cell engagement;
therefore, a failure to precisely spatially and penally coordinate effector release is a complete

loss of the metabolic investment in their synthesis

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditionsThe sequencel. aeruginosastrain,

PAQOL1, was used for this study (22B).aeruginosatrains were grown in Luria-Bertani (LB)
medium at 37°C supplemented with 3§ mL™ gentamicin, 30ug mL™ carbenicillin, 25ug
mL~ carbenicillin, 10Qug mL™ tetracyclin, 2519 mL™ irgasan, 5% wi/v sucrose, 0.2% w/v
arabinose or 0.5 mM IPTG as required. Plasmidssénaths used in this study are shown in
Table 2.1 Plasmids used for inducible expressioRiraeruginosancluded pPSV35 (Fhal and
Fhalss.a complementation) and pPSV35-CV (complementatiah WagF fused to C-terminal
VSV-G tag) (115, 200), pSW196 (ClpV1 complementati@5), and pUC18-mini-Tn7

(lacZ20::PA0081)acz20::PA0082yfp, cfp reporters) (28, 136). pPSV18 (201) was used for
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constitutive expression of Tse2 and T¢s&2andtsi2 were cloned into pPSV35 using primers
591 and 743 and were subcloned into pPSV18 usstgaion sites Sacl and Xbdt. coli
strains, DH5 and SM10, were used for plasmid maintenance anjigal transfer and were
grown at 37°CP. aeruginosastrains were transformed with plasmids by elearapon or

conjugation withk. coliSM10

Chromosomal fusions and mutations irP. aeruginosa. Chromosomal fusions and in-frame
deletions were generated by allelic replacememiguisie pEXG2 suicide plasmid (166, 200).
The sequences used for these constructs were gagdiding by overlap extension PCR and
cloned into the 5’ Xbal and 3’ Hindlll sites of pESR. The primers used for amplification were
designed such that the first several codons wesedfto the last several codons with an
intervening sequence of 5- TTCAGCATGCTTGCGGCTCGRIG-3'. FortagQ, tags, tagT,
tagF, pppA tagFleletion constructs, upstream DNA flanking sequenweere amplified using
primer pairs 871/872, 471/472, 7741775, 291/292281292, respectively. Downstream
flanking DNA sequences were amplified with primeirp 873/874, 473/474, 776/777, 293/294
and 564/565, respectively. For the deletion ofabeessory gene cluster (PA0070-PA0075 and
PA0070-PA0076), flanking and overlapping primersev@ade for the 5’ and 3’ genes.
Chromosomal VSV-G epitope taggedpl, tselandfhalwere also generated by splicing by
overlap extension PCR and cloned into pEXG2 (168).1The VSV-G sequence 5-
TATACAGATATTGAAATGAATAGATTAGGAAAATGA -3’ was used to replace the stop
codon of each gene. Upstream and downstream ppaiex used to generaisel-VSV-Gvere
596/597 and 598/599. Strains harborafygyv/1-gfpchromosomal fusions were generated as

described previously (167). The pUC18-mini-Tn7 a&yV196 derivatives were transformed
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into P. aeruginosay conjugation. All chromosomal mutations werefaomed through PCR

analysis.

p-Galactosidase assayA chromosomal insertion vector carrying a fusidétecZ to thefhal or
tssAlpromoterspUC18-mini-Tn7lacZ20-Gm::PA0081 and pUC18-mini-Tr@deZ20-
Gm::PA0082, respectively, were used to generatgtr@ins for analysis. The sequences used for
these fusions contained the promoter of each iteticsirain, the 5’ leader sequence and the first
several coding nucleotides (28). The plasmids wereduced intd®. aeruginosay four

parental mating conjugation or electroporation (he vector backbones were not removed,
except for strains MLS 1526 and MLS 2715. Overnightures were diluted 1:1000 in LB with
50 mM MOPS pH 7 and grown to mid-log phase. Celtsanpermeabilized with chloroform

(15% chloroform) and assayed using the Tropix Galaelu® reagents (Tropix, Bedford, MA).
Luminescence was measured by using a GENios Pric-Basroplate reader (Tecan Group Ltd.
Mannedorf, Switzerland). Values were normalizeth®optical density at 600 nm for each
strain. AllB-galactosidase assays were performed in tripliG&ttgistical significance was

determined using a one-way analysis of variance@¥K) and Tukey’s post-hoc test.

Preparation of proteins and Western blotting.Protein samples from liquid grow cultures were
prepared as previously described (115). Specificallernight cultures d®. aeruginosavere

used to inoculate 2 mL of LB (1:1000) supplememnt&tt appropriate additives. Cultures were
grown at 37°C with shaking at 250 r.p.m. Samplegevirarvested at mid-log phase by
centrifugation at 9,000 r.p.m. for 3 minutes ar@lrhL of the supernatant were centrifuged a

second time to remove contaminating bacterial cAlier this second step, 1 mL of the

53



supernatant fractions was treated with 1lLQL00% w/v Trichloroacetic acid (final
concentration of 10%). To collect precipitated pnos$, the samples were centrifuged at for 30
minutes at 13,500 r.p.m. Supernatants were remanddhe protein pellets were washed with 1
mL of 100% acetone and centrifuged at 4°C for 1butas at 13,500 r.p.m. The protein pellets
were resuspended in 20 of SDS-PAGE sample loading buffer. To isolatd-eskociated
protein samples, the cell pellets were resuspemd&dOuL of Buffer 1 (0.5 M NaCl, 50 mM
Tris pH 7.5 and 10% glycerol) and mixed 1:2 withSSPAGE sample loading buffer. The
secreted and cell-associated protein samples watgzad by Western blotting as previously
described (166) using rabhitVSV-G (1:5000, Sigma) or rabhit-Fhal (diluted 1:5000) and
detected withu-rabbit horseradish peroxidase-conjugated secoratdiyodies (Sigma). Mouse
o-GFP (1:1000, Roche) or mougeRNA polymerasé-subunit antibody (1:2000, Neoclone)
anda-mouse horseradish peroxidase-conjugated antib@8igma) were used to detect ClpV1-
GFP or RNAP. Western blots were developed usinghdbeninescent substrate (SuperSignal

West Pico Substrate, Thermo Scientific) and imagitl a FluorChemQ (ProteinSimple).

For surface grown strains, overnight cultures wiiiged 1:100 in LB and 3 mL of this dilution
was spotted onto a M polycarbonate membrane placed on onto LB agter A

approximately 4 hours of growth at 37°C the cellsewesuspended by placing the filter in 2 mL
of LB and incubating at 37°C with shaking (250mp.for 5 minutes. Cell and supernatant

samples were then collected as described above

Densitometry was performed using AlphaVf#software (ProteinSimple). The percentage of

phosphorylated Fhal was determined by measureibtargity of phosphorylated and total
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Fhal from three independent experiments. The vakges normalized tappkA which was set

at 0%p-Fhal.

Preparation of supernatant protein samples for quattative analysis. Supernatant samples
analyzed for Tsel and Hcpl in thpppAAtagF backgrounds were prepared using a filter based
method. A total of 4 mL were grown for each str@mL/tube) and were harvested by
centrifugation in a 15 mL Falcon tube (Becton Didan) at 4,000 r.p.m. in a swing bucket rotor
for 5 minutes. The supernatants were filtered ¢twerugh a 0.21M Supof’ Membrane (Pall Life
Sciences) into two 2 mL microcentrifuge tubes ciomtg 250uL of 100% w/v Trichloroacetic
acid. The precipitation and acetone wash wereezhut as described in the previous section.
Washed samples were then resuspended L5 SDS-PAGE sample loading buffer.
Densitometry was performed using AlphaVi&software (ProteinSimple). Statistical

significance was determined using ANOVA and Tukeyost-hoc test.

Fluorescence microscopyP. aeruginosatrains were cultured in an identical manner as
described for protein sample preparations. All deswere harvested at mid-log phase by
centrifuging at 7,000 r.p.m and resuspending thiete an optical density (600 nm) of 5 with
PBS supplemented with 0.5mM TMA-DPH, for membrataénsng. Three microliters of the
mixture were spotted onto a 1% PBS agarose padmAges were acquired with the same
exposure settings on a Nicon 80i microscope witB@X PlanAprochromat objective (numerical
aperature 1.4) and Chroma Technology Corp. fikes.sImages were recorded using a
CoolSnap HQ camera (Photometerics). DAPI and GRfe wsed for imaging TMA-DPH and

ClpV1-GFP, respectively. MetaMorph 6.3r2 softwamswised (115). Three randomly selected
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frames containing 200 N < 700 cell were chosen for the analysis of GFP fstatistical

significance was determined using ANOVA and Tukeyost-hoc test.

Interbacterial growth competition assays and quanfication. Overnight cultures were mixed
at a 1:1 ratio to a total density of approximatel§x1¢ CFU/mL in 1 mL LB medium. In each
experiment the donor and recipient strain contaswttitutively expressing yellow fluorescent
protein (YFP) or cyan fluorescent protein (CFP$pextively. To construct these strains the
mini-Tn7 system, pUCP18-mini-Tn7 containiyfyp or cfp, was inserted on the PAO1
chromosome at the neutral phage attachmentadgit®,downstream of thglmS(136). The
plasmids were introduced inR aeruginosavia four-parental mating conjugation or
electroporation (47). The vector backbones weraemmbved. For our assays, over-expression of
Tse2 and Tsi2 in the donor strain was requirediferH1-T6S-dependent fithess advantage.
Donor strains harbored pPSV18::PA2702 PA2703 fostitutive expression of Tse2 and Tsi2.
Recipient strains harbored the empty vector, pPSZ08&). Competitions were grown on
0.2mM polycarbonate membranes on LB agar for 18 hau8&°C, or in 2 mL of LB with
shaking. Cells were resuspended in LB medium antteponto 1.0% agarose PBS pads and
imaged as described above for FM. YFP and CFRdiltere used to image the two cell
populations. Assays were performed in triplicatierek fields containing 100 to 200 cells were
imaged for each competition. To determine the cdipe index (the number of YFP positive
cells to CFP positive cells) MetaMorph® computesisted morphometry based on area was
used. Thresholds were set identically for each erganerated using YFP and CFP filters. The

areas of the thresholded regions were calculated idetaMorph® software and the ratios of

56



YFP and CFP labeled cells were calculated. Stegissignificance was determined using

ANOVA and Tukey'’s post-hoc test. Grubbs’ test wasdito detect outlier data points.

Generation of TagF structure imagesPyMOL was used to generate molecular graphic images
(http:://lwww.pymol.org)211). The TagF (PA0076) X-ray crystal structureo{€in Data Bank,
http://www.rcsb.org accession code 2QNU) was sohsethe Midwest center for structural

genomics (83). Structural superpositions were datexd by DALI (112).
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Table 2.1: Strains and plasmids used in Chapter 1.

Strain # Relevant genotypeR. aeruginosa PAO1) Reference
JDM 62 PA0085-VSV-G (167)
MLS 2256 APAQ070 PA0085-VSV-G This study
MLS 2384 APA0071 PA0085-VSV-G (115)
MLS 3552 APAQ0072 PA0085-VSV-G This study
MLS 3553 APA0073 PA0085-VSV-G This study
MLS 2139 APA0074 PA0085 VSVG (167)
JDM 117 APA0075 PA0085-VSV-G (167)
MLS 1235 APAQ0076 PA0085-VSV-G This study
MLS 3549 APA0077 PA0085-VSV-G (166)
MLS 2213 APAQ074APA0076 PAO085-VSV-G This study
MLS 1584 APAO075APA0076 PAO085-VSV-G This study
MLS 223 PAO1 PA0081-VSV-G (167)
MLS 1597 APA00074 PA0081-VSV-G (167)
MLS 1596 APAQ075 PA0081-VSV-G (167)
MLS 1594 APA0076 PA0081-VSV-G This study
MLS 3558 APAQ074APA0075 PA0O081-VSV-G (167)
MLS 1627 PA1844-VSV-G This study
MLS 3555 APAQ070 PA1844-VSV-G This study
MLS 3554 APA0071 PA1844-VSV-G This study
MLS 3556 APAQ072 PA1844-VSV-G This study
MLS 3557 APA0073 PA1844-VSV-G This study
MLS 3551 APAQ074 PA1844-VSVG This study
MLS 1607 APA0075 PA1844-VSV-G This study
MLS 1720 APAQ076 PA1844-VSV-G This study
MLS 3550 APAQ0077 PA1844-VSV-G This study
MLS 2797 APAQ074APA0076 PA1844-VSV-G This study
MLS 1810 APAOO75APA0076 PA1844-VSV-G This study
MLS 724 PA0090-GFP (167)
MLS 3560 APA0074APA0075 PAO090-GFP This study
MLS 3546 APA0076 PA0090-GFP This study
MLS 3547 APA0074APA0076 PAO090-GFP This study
MLS 3548 APA0075 PA0090-GFP (167)
MLS 3639 APAO075APA0076 PAO090-GFP This study
MLS 3566 APAQ076APA0090 PA0O085-VSV-G This study
MLS 3567 APAO076APA0090 PA1844-VSVG This study
MLS 2252 APAQ076APA0081 PA0O085-VSV-G This study
MLS 3653 APAO075APA0081 PA0085-VSV-G This study
MLS 2402 APAQ0076 attTn7yfp This study
MLS 2403 APAQ075 attTn7yfp This study
MLS 2404 APAQ0090 attTn7yfp This study
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MLS 2092 PAO1 attTn#fp This study
MLS 3545 APA0Q74APA0076 attTn7yfp This study
MLS 2076 APA2702APA2073 attTn7cfp This study
MLS 3559 APAOQ74APA0Q75 attTn7yfp This study
MLS 3568 APAO0070APA0071APA0072APA0073APA0074APA0075 This study
PA0085-VSV-G
MLS 2257  APA0070APA0071APA0072APA0073APA0074APA0075 This study
PA0076 PAO085-VSV-G
MLS 3569 APA0070APAO0071APA0072APA0073APA0074APA0075 This study
PA1844-VSV-G
MLS 3570 APA0070APA0071APA0072APA0073APA0074APA0075 This study
APAQ076 PA1844-VSV-G
MLS 2715 APA0076 PA0085-VSV-G PA0082-lacZ20 This study
MLS 1526 PA0085-SV-G PA0082-lacZ20 Thus study
MLS 3571 APA2234APA3064APA4856 attTn7::PA0082 lacZ20 Thus study
Plasmid name Relevant features Reference
PEXG2 Allelic replacement vector (200)
containgsacB
pPSV35-CV Expression vector wilkcl, (115, 200)
lacUV5promoter, C-terminal
VSV-G tag
pPSV18 Expression vector wilkc (201)
promoter
pSW196 MiniCTX1 plasmid, araC pBAD (15)
pPSV35-CV::PA0076 tagF-VSV-Gn pPSV35-CV This study
pPSV35::PA0081 fhalin pPSV35, for (167)
complementation studies
pPSV35::PA0081 T362A fhalT362Ain pPSV35, for (167)
complementation studies
pSW196::PA0090 clpV1lin mini CTX1 plasmid, (113)
araC pBAD
pUC18-mini-Tn7-lacZ20-Gm::PA0081 miniTn7 withcZ translational (28)
reporter fusion to théhal
promoter
pUC18-mini-Tn7-lacZ20-Gm::PA0082 miniTn7 withcZ translational (28)
reporter fusion to thessA
promoter
PEXG2:APA0070 tagQdeletion allele in pEXG2 This study
pPEXG2:APA0071 tagRdeletion allele in pEXG2 (115)
pPEXG2:APA0072 tagSdeletion allele in pEXG2 This study
pPEXG2:APA0073 tagT deletion allele in pEXG2 This study
PEXG2:APA0074 ppkAdeletion allele in pEXG2 (167)
PEXG2:APA0Q75 pppAdeletion allele in pPEXG2 (167)
PEXG2:APA0076 tagF deletion allele in pEXG2 This study
pPEXG2:APA0Q77 tssMdeletion allele in pPEXG2 (166)
PEXG2:APA0081 fhaldeletion allele in pPEXG2 (167)
PEXG2:APA0090 clpV1deletion allele in pEXG2 (166)
PEXG2:APA00074APAOQ75 ppkA—pppAdeletion allele in (167)
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PEXG2:APAO0075APA0076
PEXG2:APA0070APAOQ076
PEXG2:APAO070APAOO75

PEXG2::PA0085-VSV-G

PEXG2::PA1844-VSV-G

pPEXG2::PA0081-VSV-G

pPSV18::PA2702 PA2703
pUC18-mini-Tn7:yfp
pUC18-mini-Tn7:cfp

pCGFP::PA0090

PEXG2

pppA—-tagFdeletion allele in
pPEXG2
tagQ-tagFdeletion allele in
PEXG2
tagQ-pppAdeletion allele in
PEXG2
For generating chromosomal
hcplwith C-terminal VSV-G
tag
For generating chromosomal
tselwith C-terminal VSV-G tag
For generating chromosomal
fhalwith C-terminal VSV-G tag
Expression vector wath?and
tsi2
mini Tn7 for YFP taggindp.
aeruginosa
mini Tn7 for CFP tagging.
aeruginosa
For generating chromosomal
clpV1-gfpfusion

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 genestagF and pppA, repress Hcpl and Tsel secretiofA) Genomic
organization oP. aeruginosadSI-I. The gene encoding Tags-highlighted in purple. Genes
colored in green are known components of the TRRlarse colored in yellow are
uncharacterizethg genes. (B and C) Hcpl and Tsel secretion is regmdsgagF andpppA
Western blot analysis of Hcpl-V and Tsel-V in spant (Sup) and cell-associated (Cell)
fractions of the genetic backgroundstofaeruginosandicated below the blots. Unless

otherwise indicated, all blots in this and subsetjfigures were probed with antibodies specific
to the VSV-G epitope.
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Figure 2.2: TagF is a negative posttranslational gulator of the H1-T6SS.(A) Western blot
results demonstrating Hcpl and Tsel secretion pinee® ofAtagF can be genetically
complemented(B) Hcpl and Tsel secretionAtagF requires a functional H1-T6S apparatus.
Western blot analysis of Hcpl-V and Tsel-V in snant (Sup) and cell-associated (Cell)
fractions of the indicated genetic backgroundB oderuginosa(C and D) HSI-I expression is
not altered by the deletion tdgF. f-galactosidase activity was measured from the atdaP.
aeruginosastrains carrying a chromosomally-encodisc translational fusion téhal (C) or
tssA1(D) (28). Genes involved in the production of Bed and Psl polysaccharides were deleted
in theAretSbackground to prevent cell clumping during grod8, 207). Error bars represent
standard deviation based on three independentaggdi. Asterisks indicate statistically
significant (P < 0.001) differences betwemetSApelAApsID and wild-type ontagF as
determined by one-way ANOVA and Tukey’s post-hatge
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Figure 2.3: Genetic organization of representativd 6S gene clusters containing tagF
orthologs. Colored genes are those that either encode knompanents of the TPPkA
pppAandfhal) or, for clarity, those that consistently clusteth tagF (tssMandtssl). Apparent
orthologs of the HSI-I genes in other clustersdasignated with matching coloi. aeruginsoa
(HSI-I) andV. parahaemolyticuboth contain an independent tagF gene (PA0076/ahd®440)
and TPP componentth@l, pppAandppkA). N. mobilisandA. tumefacienalso contain TPP
components, but, in these cases, the tagF and gepés are fused (AGR_L 1064 and
NB231_12224). T6SSs éfseudomonas syringaadB. thailandensigT6SS-1) are examples in
which tagF is present without TPP components (BR955 and PSPPH_0124).
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Figure 2.4: TagF-mediated activation of the H1-T6S®ccurs independently of the TPP(A)
The deletion ofagF does not promote elevated levelgpdfhal. Western blot analysis of Fhal—
V in the indicated genetic backgroundsfofaeruginosaPhosphorylated Fhal species (denoted
by arrowheads) are separated from non-phosphodyfdtal by their electrophoretic mobility
(167). (B) Fhal, but not its phosphorylation, igued for TagF-mediated Hcpl secretion.
Western blot analysis of Hcpl-V secretion and tallBhal levels in the indicated straindPof
aeruginosaExpression plasmids used in each lane are iretic&hal was detected withFhal
antibodies. (C and D) HSI-I genes encoding TPP @arapts and othéag genes are not
required for Hcpl and Tsel secretiorPimaeruginosatrains lackingagF. Western blot

analysis of Hcpl-V and Tsel-V in the indicaRderuginosatrains. AtagQApppA,AtagQ

AtagRAtagSAtagT AppkAApppA;AtagQAtagF, AtagQ AtagRAtagSAtag T AppkAApppA
AtagF).
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Figure 2.5: Hcpl and Tsel secretion are differentlly regulated by the TPP and TagF-
mediated pathways.(A-D) Representative Western blots of Hcpl-V (Afldsel-V (C)
secretion from the indicated genetic background?. aferuginosa(B and D) Quantitative
analyses of Hcpl (B) and Tsel (D) secretion basdobod densitometry from independent
Western blot experiments similar to those showA and C, respectively. Data are normalized
to ApppAAtagF. Error bars represent standard deviation basetree independent replicates.
Asterisks indicate secretion is significantly I&san theApppAAtagF 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-apparats is triggered by TagF-mediated
activation. (A) Increased ClpV1-GFP recruitment to the H1-TEgfparatus is promoted by a
tagF deletion and occurs independent of the kinasagF AppkA as observed by the formation
of punctate foci using fluorescence microscopyiated by white triangles). The lipophilic dye,
TMA-DPH, was used to visualize bacterial membrafB}sQuantitative analysis of ClpV1-GFP
foci positive cells in the indicated backgroundargmtal background PAGdpV1-gfp. Error

bars represent standard deviation based on thdepémdent replicates. Asterisks indicate the
number of ClpV1-GFP foci per cell are statisticddigher than the parental or lower thgpppA
AtagF based on ANOVA and Tukey’s post-hoc test (P <B)00
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Figure 2.7: The H1-T6SS is posttranslationally actiated by the TPP wherP. aeruginosa is
grown on a surface.(A) Deletions inpppAor tagF do not influence T6S-dependent fitness.
Results of growth competition assays conducted swlid surface (open circles) or in liquid
media (filled circles) between the indicated dostwains and a susceptible recipieftisg?2

Atsi2). Asterisks indicate a competitive index thattatistically lower than the parental strain
based on ANOVA followed by Tukey’s post-hoc tes(B.05). (B)p-Fhal levels are increased
whenP. aeruginosas grown on a surface. Arrowheads dernmtehal species. For each strain,
the percentage of total Fhal-V in ve&hal-V form based on band densitometry is provided.
Data are normalized #ppkA Error provided is standard deviation based on thméependent
replicates. (C) Secretion of Hcpl by the H1-T6S®iggered by surface growth. Western blot
analysis of secreted and cell-associated Hcpl-V.
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Figure 2.8: Model of H1-T6SS posttranslational reglatory pathways. The schematic depicts
the interface betwedn. aeruginosgdonor, blue) and a competing Gram-negative biacter
(recipient, brown). Inner membrane (IM), outer nbeame (OM), and periplasm (P) of the cells
are shown. Emphasis is given to peptidoglycan r@gotenected hexagon chains), the target of
Tsel and Tse3 (204). Based on data from this stodyprevious studies, we propose two
pathways for H1-T6SS-activation. During planktogiowth, the H1-T6S apparatus is not
extended (red tube) and Tsel-3 (el-3) secretimpressed. Upon surface growth, the TPP is
stimulated (right). This leads to PpkA activatipA:hal formation, ClpV1 recruitment,
extension of the apparatus (green tube), and efféelivery into recipient bacterial cells.
Relevant phosphorylation events are indicated gyeipheres). The H1-T6SS can also be
activated by derepression of TagF through an unkngignal (left). When TagF repression is
relieved, non-phosphorylated Fhal activates tharapps by a mechanism also involving ClpV1
recruitment.
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Figure 2.9: Overview of the X-ray crystal structureof TagF. Ribbon representation of the
proposedTagF biological assembly. The two mononoetsyed blue and yellow, are not related
by crystallographic symmetry and appear to cortstiébiologically relevant dimer. The two
views show the dimer rotated + 90° about the x-éxisession code 2QNU; 2.05 A resolution)
(83). Images were generated using PyMOL (211).
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Figure 2.10: Superimposition of the N-terminal domain of Sec22lggreen, accession code
1IFQ, residues 1-127) with TagKmagenta, accession code 2QNU, residues 1-148). Th
alignment is based on results obtained using DAILRJ. For clarity, the structure of TagF is
truncated at the region of overlap with Sec22brmodomerA of TagF is not shown. The
positions of the N- and C-terminal residues of kgithictures are shown.
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CHAPTER III:

An ABC transporter and an outer membrane lipoproten participate in posttranslational

activation of type VI secretion inPseudomonas aeruginosa

Published as: Casabona, M.G*., Silverman J.M*.| &al., Boyer F., Couté Y., Poirel J.,
Grunwald J., Mougous J.D., Elsen S., and Attr&91.3.

Environmental Microbiologyl5(2): 471-86.

* Authors contributed equally to this work.
Note: JMS performed secretion assays, interbattmpetition experiments and Fhal

phosphorylation analysis. MGC conducted biochenaoalyses and microscopy experiments.
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ABSTRACT

P. aeruginosas capable of injecting protein toxins into otlhercterial cells through one of its
three T6SSs. The activity of this T6SS is tighdgulated on the posttranslational level by
phosphorylation-dependent and -independent pathwansphosphorylation-dependent
pathway consists of a Threonine kinase/phosphatais€¢PpkA/PppA) that acts on a forkhead
domain-containing protein, Fhal, and a periplagmitein, TagR, that positively regulates
PpkA. In the present work, we biochemically andctionally characterize three additional
proteins of the phosphorylation-dependent regwatascade that controls T6S activation: TagT,
TagS and TagQ. We show that similar to TagR, tpestins act upstream of the PpkA/PppA
checkpoint and influence phosphorylation of Fhad, apparatus assembly and effector export.
Localization studies demonstrate that TagQ is darauembrane lipoprotein and TagR is
associated with the outer membrane. Consistenttiviin homology to lipoprotein outer
membrane localization (Lol) components, TagT angSTeorm a stable inner membrane
complex with ATPase activity. However, we find tloater membrane association of T6SS
lipoproteins TagQ and TssJ1, and TagR, is unalteradtagTSbackground. Notably, we found
that TagQ is indispensible for anchoring of TagRh® outer membrane fraction. As T6S-
dependent fitness &f. aeruginosaequires TagT, S, R and Q, we conclude that thesteins
likely participate in a trans-membrane signalinthpeay that promotes H1-T6SS activity under

optimal environmental conditions.

INTRODUCTION
Bacteria cope with their environment through areaas of secreted macromolecular products

that are transported across the bacterial envélpmeotein complexes called secretion systems.
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Gram-negative bacteria possess six secretion madsn each of divergent composition and
function (21, 66)P. aeruginosaan opportunistic human pathogen associated witriaty of
acute and chronic diseases, possesses five of theksling the T3SS and T6SS (21). A
defining feature of these two protein export maehiis that they allow for the export of cargo
proteins directly into eukaryotic and/or prokargatells (54, 215). While the composition and
mechanism of the T3SS has been studied in greait (82, 160), the existence of T6SS has

been described only recently and their function @dposition are still largely unexplored.

T6SSs are encoded by genes organized in operonis \génetic islands. In some instances,
multiple T6SS are present in a given bacterial gen@7, 41, 84). Bioinformatic studies
revealed that T6SSs are composed of 13 highly ceede&ore components and a set of
additional proteins termed Taggge six secretionssociated gnes) (27, 218). Two core
components are similar to lcmF and DotU of T4SSs {$4), and one protein, ClpV, belongs to
a family of AAA+ ATPases (25). A hallmark of all & is the presence of two conserved
proteins, Hcp and VgrG. These proteins share seguamd structural homology with tail tube
and spike proteins of bacteriophage, respectiviel (166, 192, 194), and are proposed to form
an injection device. Some specialized VgrG protpimssess C-terminal domains that contain
eukaryotic cell effector activities. An examplevigrG-1 ofV. cholerae which can cross-link

host actin (192).

HSI-I to Il of P. aeruginosancode three potential T6SSs. The H1-T6SS hasdte®m to be

active in chronid®. aeruginosanfections, as sputum of chronically infected aysiibrosis

patients contains Hcpl and the serum of theserpat#hows the presence of Hcpl-specific
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antibodies (166). Furthermore, a mutation in H8pérons affected the survival

of P. aeruginosan a rat model of chronic respiratory infectio®@). The H1-T6SS specifically
exports at least three proteins, Tsel, Tse2 an8. T$ese proteins are important for fitness in
interbacterial competition assays (113). Whilettrget of Tse2 is not known, Tsel and Tse3 are

toxins targeting peptidoglycan of adjacent bact&ts).

As with other secretion systemskfaeruginosathe H1-T6SS is finely regulated at several
levels. Goodmaet al have shown that HSI-1 operons are posttransonptly regulated by the
Gac/Rsm pathway. Two sensor kinase/response reghhgbrid proteins, RetS and LadsS,
reciprocally regulate the H1-T6SS through this peaty (96, 165). A second level of regulation
is exerted directly on H1-T6SS activity and depemals: set of accessory genes within HSI-I
(Figure 3.1) Among the proteins encoded by these genes aaastmembrane threonine
protein kinase, PpkA, a PP2C-type phosphatase, PapRa periplasmic protein, TagR, which
promotes dimerization-induced activity of the kieg$15, 167). The cytoplasmic target of PpkA
is a_ ForkheadAssociated domain (FHA)-harbouring protein, Fha®llHs in a complex with the
ClpV1 ATPase, and upon phosphorylation of Fhakair export is triggered (115, 167). This
regulatory pathway will be referred to hereaftetres TPP (222). Reminiscent of T3SS activity,
the intoxication of target cells by T6S effectagguires close cell-cell contact (104, 186).
Interestingly, the TPP is stimulated whHenaeruginosas grown on a surface, as observed by
increased levels of phosphorylated Fhal and Hepresen (222). These findings suggest that
the TPP responds to specific physiological stimaliaddition to this pathway, TagF, a protein
encoded upstream pppA has been reported to function as a negativerpastational regulator

of the H1-T6SS that acts independently of the TER)
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Three uncharacterized gentgyT, tagSandtagQ, neighbour genes involved in the TPP. In the
current study, we found that the proteins encodetthése genes act upstream of PpkA in the
TPP and are required for efficient protein transggmough the T6S machinery. We
demonstrated that in a heterologous host, TagTTag® form a membrane-bound complex with
ATPase activity, features characteristic of baatekBC transporters. We also investigated the
localization of TagQ and showed that its outer memeé localization requires a conserved
cysteine within the lipo-box sequence. TagQ, butTragTS, is required for association of the
kinase activator, TagR, with the outer membranetifsa. These findings, together witin

silico analysis of available genomes, illustrate the dewity and novelty of trans-membrane

signaling that lead to tuning of H1-T6SS activity.

RESULTS

TagT, TagS and TagQ patrticipate in posttranslationaregulation of the H1-T6SS.TagT,
TagS and TagQ are non-conserved T6SS componentsr{@@ded within the HSI-I operon that
contains each of the known posttranslational regtgaof the systemdgR ppkA pppAand

tagF) (115, 167, 222). Furthermore, conserved synténggpgenes wittppkAandpppAin
Pseudomonas specjéseudomonas fluorescemseudomonas mendociaadPseudomonas
brassicacearunghttp://www.pseudomonas.com/), suggests theirtfanal relationshigFigure

3.1).

Our previous work on the H1-T6SS has shown thab#sal activation of the system in wild-
type cells is exceedingly low. Indeed, under planid conditions, the quantity of secreted Hcpl

is below standard detection levels. However, usioge sensitive detection methods, we found
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that basal Hcpl secretion levels can be distingaigitom background levels observed in an H1-
T6SS-inactive straindppkA (Figure 3.2A). In this study, we utilize this basal level of Hcp
secretion as a means to investigate genes invaivdd-T6SS activation. To evaluate the
contribution of TagT, TagS and TagQ to T6S actividgpl secretion levels were assayed in
strains withtagT, tagSor tagQ deletions. Secreted Hcpl levels of these stragre wompared
with strains that abrogate Hcpl secretiagpgkAandAtagR). As shown inFigure 3.2A,

individual isogenic PAO1 mutantatagT, AtagSandAtagQ) were impaired in Hcpl export.

The H1-T6SS exports three low-molecular weightaties encoded by genes outside of the
HSI-1 locus, Tsel, Tse2 and Tse3 (113). To detegrthe effect ofagT, tagSandtagQ genes on
Tse export, we analysed secretion levels of Tsefilammutant strains. To detect Tsel, a
chromosomal fusion of vesicular stomatitis virugi@&oding sequence (VSV-G)tsel(Tsel—

V) was used (113). As in the case of Hcpl, the tityanf secreted Tsel-V was decreased in
strains lackingagT, tagSandtagQ. To gain information regarding the functional laiehy of

the Tag proteins relative to the TPP, we examinepll-Hand Tsel export in mutants prepared in
the ApppAbackground. Strains lacking both the tag genegapddid not display a decrease in
Hcpl secretion leveld=igure 3.2B), suggesting that these proteins represent regulato
accessory components that act upstream of theddptassphatase checkpoint. Interestingly, the
deletion oftagSin strains lackinggppAreproducibly resulted in higher levels of exportérpl,
but not Tsel, relative toppAand the other tag genes. Possible explanatiortkifofinding are

discussed below.
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Phosphorylation of Fhal requires PpkA and is prechdty growing bacteria on solid medium
(222). To determine if TagT, TagS and TagQ afféexigphorylation of Fhal, we assayed
phosphorylated Fhap{Fhal) levels in tag deletion strains. A chromosioiimal-VVSV-G fusion

was used ang-Fhal levels were detected by electrophoretic nglshift (Figure 3.2C).

Consistent with previous studies, we observed arease irp-Fhal levels in the wild-type
background when grown on solid versus liquid melaigerestingly, individual tag deletion

strains abrogated surface growth-depengdfital levels. As expected, under liquid growth
conditions, only low levels gf-Fhal were detected in all strains containing Ppieken

together with the secretion phenotypes observedethesults suggest that TagT, TagS and TagQ

act upstream of PpkA in the TPP.

tagT, Sand Q are required for T6S-dependent fitnessPrevious studies have shown that the
TPP activates the H1-T6SS during surface growthtlaekfore is required for H1-T6S-
dependent fitness against competing bacteria (2¥2)hypothesized that if TagT, S and Q act
upstream of PpkA in the TPP, these proteins shoudribute to H1-T6SS-dependent fitness.
Using growth competition assays, we assessedtties$§ of donor strains containing in-frame
deletion oftagT, Sor Q relative to a Tse2-sensitive recipient straits€2Atsi2) (Figure 3.2D)
This experiment confirmed thegT, Sor Q are required for H1-T6SS-dependent fitness. As an
additional control, we included a donor strain iagkTagR, a protein previously demonstrated
to act upstream of PpkA in the TPP. This straio displayed a loss of H1-T6SS-dependent
fithess. Together with their involvement in pronmgtisurface-dependent Fhal phosphorylation,

these findings support a critical role for TagTar® Q in TPP activation during surface growth.
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TagT and TagS form a membrane-bound complex with APPase activity.TagT and TagS
share sequence signatures with bacterial ABC tatexs (61). ThéagT gene encodes a protein
of 26 kDa with Walker domains (Walker A and WalBrand other conserved features of
ATPases associated with ABC transporters as showigure 3.3A. ThetagSgene encodes a
protein of 42 kDa, predicted to be an integral meamb protein with four hydrophobic trans-
membrane helices (TMH) and a long periplasmic segoe233 amino acids between TMH1
and TMH2. BLAST analysis showed high homology o§$and TagT with membrane
components of the lipoprotein outer membrane laatibn (Lol) complex (173), sharing
56.0%/38.5% and 40.0% similarity with LolE/LolC ahdID of P. aeruginosa, respectively
(233) (Figure 3.3A). Based on sequence homology, the predicted Tagf€iprbelongs to a

family of MecA/FtsE/SalX ATPases of bacterial AB@risporters (see also Discussion).

To investigate the mechanism by which TagT, S amdd@late the H1-T6SS through the TPP,
we purified the proteins and conducted biochemacalyses. Co-production of TagT and TagS
resulted in formation of a stable protein complegaziated withe. colimembranes that could

be solubilized by a detergent and purified to hoemaity by affinity chromatograph¥igure

3.3B). As mentioned previously, TagT harbours all consgrsignatures of classical ATPases. In
order to test whether the TagTS complex is capalheT P hydrolysis, the complex was
incubated in the presence of ATP and magnesiunthentbrmation of inorganic phosphate (Pi)
was quantified by a malachite green method (240)ably, the TagTS complex displayed
significant ATPase activity varying, in three in@gplent purifications, between 70 and 100 nmol
Pi min—1 mg-1. The specific activities of the Tagd@nplex was consistent with activities of

several bacterial ABC transporters reported to (88, 239, 247). Moreover, the ATPase
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activity of the complex was sensitive to orthovaatadFigure 3.3C), a small organic molecule
that impedes ATP hydrolysis by interfering with diimg of ATP to the Walker A motif (187).
Finally, to confirm that ATP hydrolysis was duetih@® TagTS complex, we replaced a conserved
amino acid within the Walker A motif of TagT (K/Ays 44 to Ala) and purified the complex
(Figure 3.3B). The K/A mutation abolished ATPase activity of TegTS compleXFigure

3.3C). In conclusion, these results clearly show thatthgTS complex possesses ATPase

activity that is dependent on the conserved Watkarotif within the TagT ATPase.

TagQ encodes an outer membrane lipoproteinlThe last gene of the operdagQ, encodes a
31.7 kDa protein with a stretch of hydrophobic amdharged amino acids at the N-terminus.
This sequence is characteristic of a signal petidkeconserved lipo-box with an invariable
Cysteine, a sequence recognized by signal peptltdésigure 3.4A) (11). In order to study the
localization of TagQ iP. aeruginosawe created a fusion protein between TagQ andeithe
fluorescent protein mCherry, and examined its iaeéibn by confocal microscopy using green
fluorescent protein (GFP)-expressing P. aerugistrsins (GFP TagQ-mCherry). TagQ-
mCherry was readily detected and localized arobederiphery of bacterial cel{Bigure

3.4A). To gain information on the precise localizatidimagQ,P. aeruginosaells were treated
with lysozyme to create spheroplasts, bacterids ¢c@tking the peptidoglycan layé?.
aeruginosaspheroplasts, while maintaining an intact intemambrane, appear to have a
crescent-shaped external membrane as it beginsdoatate from the rest of the spheroplast
(148). WherP. aeruginosaGFP TagQ-mCherry was treated to obtain spherapldst majority
of cells retained mCherry fluorescence in the @asshaped labelling pattern particularly

visible under xyz sca(Figure 3.4A), strongly suggesting the association of TagQ withouter
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bacterial membrane. Lipid modifications occur abaserved cysteine within a lipo-box
sequence of lipoproteins and promote its assoaiatith membranes. To test the requirement
for Cys30 in TagQ-mCherry localization, we creaaedutant fusion protein, Tag(@ys-
mCherry, and checked its localizati@fFigure 3.4A). P. aeruginosaGFP TagQCys-mCherry
cultures systematically showed a mixed populatrath the majority of cells harbouring
mCherry at the periphery and some cells displagweylapping cytoplasmic GFP and mCherry.
This result suggests that the absence of Cys36taftiee efficient transport of the protein across
the inner membrane. The majority of spheroplastained from TagQCys-mCherry P.
aeruginosa lost outer membrane labeling, stronglgssting that in most cases the protein had
lost its lipid anchor and was released by lysozyreatmen{Figure 3.4A). These observations
were immuno-quantified by fractionation of membraaead periplasm aftagQ strains
ectopically expressing wild-typgagQ or tagQACys(Figure 3.4B) The deletion of Cys30
resulted in partial processing of the proteinvas anti-TagQ-specific polypeptides were
visualized in total bacterial extracts. In additi@arhile the majority of wild-type TagQ was found
to be associated with membrane fractions, the ntajoirthe mutated protein was recovered in

periplasmic fractions, in concordance with confaoadroscopy observations.

The Lol-like TagTS complex is dispensable for OM lcalization of TagQ and TssJ1As the
TagTS complex shows significant homology with lipatein recycling systems &. coliandP.
aeruginosawe first hypothesized that this complex is invamhvin the transport of specific
lipoproteins of the H1-T6SS. To compare membrasgidution of TagQ in different strains, we
set up membrane fractionation experiments on disuoous sucrose gradients coupled to

immuno-detection. These experiments were perforasatyP. aeruginosasretSbackground to
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obtain higher expression of the whole HSI-I loclise quality of separation between inner (IM)
and outer membranes (OM) was systematically deterthiby measuring the activity of NADH
oxidase and by Coomassie blue staining of SDS-P4€&& of each recovered fraction. As
shown inFigure 3.4C, in accordance with microscopy experiments, thpng of TagQ was
found in OM fractions. In order to determine whettie Lol-like ABC transporter TagTS was
involved in localization of TagQ, we fractionate@mbranes oAretSAtagTSin an identical
manner and detected no significant difference @ distribution between the two strains
(Figures 3.4C and 3.5)The second lipoprotein of the H1-T6SS is TssHMOM0). TssJ1 shares
50% similarity with OM lipoprotein SciN involved iassembly of the Sci-1 T6SS of
enteroaggregativi. coli (7). To ascertain whether TssJ1 is targeted t@®ilen P. aeruginosa
we constructed a fusion between TssJ1 and mChardyexamined its localization by confocal
microscopy (not shown) and by fractionation on digmuous sucrose gradients. Similar to our
findings with TagQ, TssJ1-mCherry associated with®M and its localization was not
significantly altered in theagTSmutant(Figure 3.6) Together these results show that the ABC
transporter TagTS, despite its strong homologyéoliol system, does not participate in

membrane targeting of two H1-T6SS-specific lipophus.

TagQ is required for TagR association with the OMPreliminary nanoLC/LC mass
spectrometry data performed on inner and outer mamelfractions (M.G. Casabona and Y.
Couté, unpublished) indicated the presence of Tagisitive regulator of the TPP, in OM
fractions. This result was intriguing, as TagRredicted to be a soluble protein and was shown
to fractionate with the periplasm, wherefrom itiptes dimerization and activation of PpkA

(115). To further address the localization of Tagie,raised anti-TagR antibodies and analysed
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fractionated membranes from wild-type PAOL, coniimgithat at least one portion of TagR
associated with outer membrariEggure 3.7) This association was significant, as a soluble
periplasmic protein, DsbA, was not found in anyhef membrane fractions (not shown).
Whereas TagR OM localization was not altered tagd Smutant(Figure 3.8), the absence of
tagQclearly influenced the distribution of TagR betweener and outer membrane fractions
(Figure 3.7). In accordance, a strain expresdagQACys in trans, resulted in TagR
mislocalization, demonstrating that OM-anchoredQ &g essential for OM localization of
TagR. Of note, TagR was found dispensable for Oddlleation of the TagQ lipoprotein

(Figure 3.9)

In silico genome wide analysis of TagTSR-like systes. Participation of the TagTS complex in
trans-membrane signalling involving a periplasmiat@in TagR and an inner membrane-bound
Ser/Thr kinase prompted us to perform in silicolysia of all available complete bacterial
genomes to search for homologues of these proteoth. TagT and TagS attributed COGs
(COG1136-COG4591) are frequently adjacent to o transporter-specific COGs involved
in peptide and drug transport, specifically COG0848 COGO0577 which are membrane
components of the AcrA and SalY family of multidrefflux pumps and antimicrobial peptides
transport systems, respectively. We found alsodirang associations between COG1136-
COG4591 tandem and regulatory partners. In 90 Eutas, ABC transporters are encoded
adjacent to homologues of the OmpR family two-congr regulatory system (COG0642 and
COGO0745). In addition, in 100 Enterobacteriaced@CAransporters are encoded upstream of
NagC (COG1940), a transcriptional regulator invdlue sugar transport. This observation

suggests a more general functional relationshiywéx the TagTS family of ABC transporters
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with trans-membrane signalling and regulation. Fjnave examined the local organization of
chromosomal regions encoding the ATPase compoiterfl{ COG1136), the predicted
permease component (TagS, COG4591) and COG126R]Tag@ll available microbial
genomes. TagQ was excluded from this screen askis lan attributable COG number. As
shown by a maximum likelihood tréEigure 3.10) tagT, S and R are predominately found
within T6SS-encoding loci in PseudomonBs deruginosaPseudomonas fuly®. fluorescens

P. brassicacearuin We found that ilrRhodobacter sphaeroidesna-proteobacterium that
possess a T6SS locus with similar gene contentS¥fiHagT, SandR are neighbouring genes
coding for PpkA and PppA homologues. Howevag,T, SandR are not exclusively found in
bacterial genomes encoding T6SS, suggesting thae ttomponents may play a role in different

cellular processes.

DISCUSSION

Our current study identified TagT, TagS and Tag@Qes components of a posttranslational
regulatory pathway that modulates the activitynaf H1-T6SS oP. aeruginosaWe found that
these components participate in a phosphorelagmsysiat is stimulated by surface growth
conditions. Phosphorelay systems are classical feaysacteria to regulate adaptive cellular
responses induced by external stimuli; howeveoutoknowledge, this is the first example of an
ABC transporter complex, TagTS, participating eng-membrane signalling that involves a

Ser/Thr kinase-dependent phosphorylation pathway.

Some parallels can be made with a large familycofsensor’ ABC transporters that interact

with membrane-integrated histidine kinases (HK)5(2236). These proteins clearly play a
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regulatory role in adaptive responses to certaurenmental stimuli (236). This is well
illustrated by the ABC transporter PstSCABEofcolithat is linked to sensing inorganic
phosphate in phosphate-limiting conditions. It hasn proposed that the membrane components
of this ABC transporter transmit the signal towatttls membrane-integrated HK, PhoR, which
signals to a transcriptional regulator (respongelegor, RR) (158). A role for related systems in
resistance against antimicrobial peptides was tgcproposed (56, 67). For example, it has
been experimentally demonstrateditaphylococcus auretisat the detection of, and response
to, antibiotic peptide bacitracin requires the iptay between two ABC transporters, BraD/BraE
and VraD/VraE, and the HK/RR system BraS/BraR (108grestingly, our in silico analysis
showed that genes encoding TagTS-like proteins (CI36-COG4591) frequently co-occur
with genes encoding proteins that participate io0 t@mponent-regulatory systems. In addition,
our in silico analysis highlights the associatidmagTS-like proteins with NagC, a
transcriptional regulator involved in the respotsél-acetylglucosamine and peptidoglycan in
E. coliandP. aeruginosg130, 185), further implying their participatiom signal recognition

and transmission. It is worth noting that in asteane non-Pseudomonas T6S#rio

anguillarum an inner membrane polypeptide belonging to a nfaplitator superfamily of
transporters is required for regulating Hcp exjaod two additional periplasmic proteins

contribute to this signalling (248).

The TagTS complex could be involved in export opart of a small molecule required for
activating the H1-T6SS, or it may play a structucdé by stabilizing other Tag proteins. Future
experiments aim to determine whether TagT ATPaseiigcand a long periplasmic loop present

in TagS are required for its role in signalling.eTdpparent conflicting effects on Hcpl export
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betweem\pppAAtagSversusApppAAtagTS(Figure 3.2) suggest a possible second role for the
integral inner membrane domain of TagS, independkits ATPase partner, TagT.

Interestingly, a long periplasmic loop present ag$-related proteins, LolC and BraB, mediates
the detection of cognate substrates, lipoprotenasbecitracin respectively, and it was proposed,

for BraB, to interact through the inner membranthwhe HK partner.

Outer membrane-localized TagQ is a top candidatsifmal detection. The region from amino
acids 68 to 114 of TagQ is annotated as PFO54f28nidy of proteins that include several
Rickettsia genus specific 17 kDa surface antigansptated also as a conserved trans-membrane
alpha-helical region containing glycine zipper rfeothttp://pfam.sanger.ac.uk). There is rising
evidence that OM lipoproteins play crucial rolesrems-membrane signaling in bacteria. A well-
characterized example is the Rcs phosphorel&y ooli, which reflects envelope stress response
activated by peptidoglycan stress and antibiotitghis complex system, RcsF, an OM

lipoprotein, is proposed to transmit the signahi® IM-located HK sensor and allow further

signal transduction from the cell envelope to thimglasm (79, 147).

What may be the link between IM TagTS, OM TagQ #redIM PpkA-kinase? The finding that
some portion of TagR is also associated with thei@ditates that TagTS, TagR and TagQ may
represent a unique complex participating in traesatorane signaling. Taking into account the
sequence predictions for TagR, its role in sigreatsduction, and our current findings, we
hypothesize that TagR associates with membraneaghrinteractions with other OM proteins,

such as TagQ. The distribution of TagR betweenriand outer membranes was clearly affected
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by the absence of TagQ, leaving open the possiltilat TagQ may correctly position TagR to

interact with the kinase.

Finally, what is the nature of the signal(s) thethvaate the H1-T6SS? Silverman et al. discovered
that surface growth d?. aeruginosanduces the TPP (222), and, here, we showtédt#, tagR
tagSandtagT are important in surface-induced phosphorylatibRl@al. Moreover, using

growth competition assays we showed that the ftioég ag mutants was impaired. All together
these results imply that the predicted ABC transppiTagTS, and the OM lipoprotein TagQ are
essential players in intrabacterial communicatlonugh H1-T6SS activity. The rapid detection

of neighbouring cells may thus be essential toitigron the injection device.

Although we have no evidence yet demonstratingctlirgeractions between the four Tag
proteins (except for TagT and TagS) and the kin@pkA, we propose a modgligure 3.11)in
which TagTS and TagQ participate in detection aadsmission of an environmental signal to
PpkA, by modulating either localization or confotioa of the kinase activator TagR, leading to
rapid response of «attacking» bacteria in highippetitive multi-species niches, such as
infecting tissue. Our future work will aim at dis@ing the signal nature and deciphering the
connections between Tag proteins and their linkwther components of trans-membrane

signaling in T6SS.

MATERIALS AND METHODS

Genetic constructions.Genes of interest were PCR amplified using PAODbgea DNA as a

template, cloned into pCR-Blunt [I-TOPO (Invitrogeand sequenced before cloning into final
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destination vectors. The list of oligonucleotidagwappropriate restriction sites is given in
Table S1. For overexpressidagT andtagTSwere amplified and cloned into pETDuet-1. In the
pETDuettagTSbicistronic vector, onlyagTis fused to a histidine tag encoding sequence. For
Hcpl overexpression, the gene was cloned into p&§b2ng Hcpl-Strep fusion. ThagQ

gene was amplified so that it lacks the sequenceddng the first 29 amino acids and the
predicted lipo-box (Tag®2-30). It was cloned into pET15b by fusitagyQto a sequence
encoding hexa-histidine tag on N-terminus. For TagBrproduction, theagRgene was
amplified and cloned into pET52b resulting into Ralgis10 protein. All fusions to mCherry
were constructed using pJN105-derived plasmidsghvbontain an arabinose inducible
promoter. The gene encoding mCherry was amplifreticdoned into Xbal and Sacl sites of
pJN105 (175) giving pJN-mCherry. The DNA sequerm@aining the ribosome binding site of
tagQ and the whole gene was cloned upstream of mEaecoding gene using EcoRI and Xbal
sites, giving pJN-tagQ-mCherrggsJtencoding sequence was amplified and cloned isdinge
manner to give pJXssJEtmCherry. Site-directed mutagenesis (QuikChangedtBirected
Mutagenesis kit, Stratagene) was employed to genéegTK/AS mutant and Tag(@ys, using
pETDuettagTSand pJNtagQ-mCherry as templates respectively. The TGA stajpnovas
introduced between TagQ and mCherry encoding seguansite directed mutagenesis using
pJNtag@Q@mCherry and pJNagQACys-mCherry. To constitutively express GFP, pg{238)
was transferred in mini-CTX1 (110)and inserted ith® chromosome d¢1. aeruginosastrains as
described. All replicative plasmids were introdu@e. aeruginosastrains by transformation.
Constructs used to generate in-frame deletionagdenes or ésetVSV-G chromosomal

fusion were previously reported (222).
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P. aeruginosastrains were grown in Luria-Bertani (LB) mediunB&8CC supplemented with
carbenicillin 100-250 pg mi-1, gentamycin 200 pgndnd tetracycline 200 pg ml-1 when
neededE. colistrains were grown in LB medium at 37°C supplemémntith ampicillin 100 pg

ml-1, gentamycin 50 pg ml-1, kanamycin 25 pg mtefracycline 10 pg ml-1 as required.

Fhal phosphorylation assay<Cellular samples of Fhal from liquid and solid gnogultures
were prepared and analysed as previously desdilldéd 167). Western blots were developed
using chemiluminescent substrate (SuperSignal WRiest Substrate, Thermo Scientific) and
imaged with a FluorChemQ (ProteinSimple). Densitiyneras performed as previously
described (222) using AlphaView®Q software (Pra&@mple). The percentage of
phosphorylated Fhal was determined by measureibtargity of phosphorylated and total
Fhal from three independent experiments. The vakges normalized tappkA which was set

at 0%p-Fhal.

Interbacterial growth competition assays and quanfication. Growth competition assays
were performed as previously described (222). Eactor and recipient strain contained
constitutively expressing yellow fluorescent proté€YFP) or cyan fluorescent protein (CFP)
respectively. pUCP18-mini-Tn7 containigifp or cfp (inserted at the neutral phage attachment
site, attB) was used to construct these strain8)(Ihe plasmids were introduced ifRo
aeruginosavia four-parental mating conjugation or electrgmn (47). Vector backbones were
not removed. To observe an H1-T6SS-dependent $itaggantage, Tse2 and Tsi2 were
overexpressed in the donor strain. Donor strainscwaeed pPSV18::PA2702-PA2703 for

constitutive expression of Tse2 and Tsi2, and rentgstrains harboured the empty vector,
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pPSV18 (201). Overnight cultures were mixed atlaratio to a total density of approximately
1.0 x 108 cfu ml-1 in 1 ml of LB medium. Competit®owere grown on 0.2 uM polycarbonate
membranes on LB agar for 18 h at 37°C, or in 2 hilBbwith shaking. Cells were re-suspended
in LB medium and spotted onto 1.0% agarose PBS gadsmaged as described (222). YFP and
CFP filters were used to image the two cell poporfest Assays were performed in triplicate.
Three fields containing 100 to 200 cells were intbfpe each competition. To determine the
competitive index (the number of YFP positive c&dl<CFP positive cells), NIS-Elements

computer-assisted morphometry was used to countayYidFCFP cells.

TagTS expression and protein purification.E. coliBL21(DE3) Star cells harbouring
pETDuettagTSwere grown in LB medium at 37°C and 200 r.p.mQO&600 of 0.7, the
expression ofagT andtagSwas induced with 0.5 mM IPTG for 4 h. Cells weszeavered by
centrifugation and lysed in buffer containing 25 nikiis-HCI, 500 mM NaCl, 10 mM

imidazole, pH 8.0 and cocktail of protease inhitst@PIC, Roche). The lysis was achieved by
passage of cells through a Microfluidizer (M-108Rgrofluidics, USA) at constant pressure of
10 000 psi. After centrifugation at 200 000 g fdn,Jnembranes were recovered in solubilization
buffer containing 25 mM Tris-HCI, 500 mM NaCl, 2%dondecyl$-D-maltopyranoside (DDM),
15% glycerol, pH 8.0 and PIC. The solubilizationsvpeerformed in a glass beaker at 4°C for 1 h
30 min by agitation. The obtained suspension wekédu centrifuged at 200 000 g for 1 h.
Solubilized material was loaded at 0.5 ml min—-1HsTrapHP Ni2+-column previously
equilibrated in solubilization buffer. The washesl @lution was performed on AktaPurifier
FPLC apparatus (GE Healthcare) with buffer A (25 mi-HCI, 500 mM NacCl, 0.05% DDM,

15% glycerol, pH 8.0) and buffer B (25 mM Tris-HG0D0 mM NacCl, 0.05% DDM, 15%
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glycerol, 200 mM imidazole, pH 8.0). The washesengerformed with 30 and 80 mM
imidazole obtained by mixing buffers A and B, ahatien was performed using buffer B.
Fractions eluted from the column were analysed D8-8AGE and the gel was stained by

Coomassie Brillant Blue R-250.

ATPase activity and orthovanadate assayATPase activity was quantified by measuring
inorganic phosphate Pi by a malachite green meth4@). The reaction mixture (100 pl)
containing 0.5 mM ATP, 1 mM MgCI2 and 10 mM Tris-H@H 7.5, and 1 pg of purified

TagTS complex was incubated for 30 min at 37°C. WMhdicated, the orthovanadate was added
to protein samples at indicated concentrationsredfte reaction. The reaction was stopped by
adding 800 pl of malachite green solution. Malazkjiteen solution was prepared 30 min in
advance by mixing 3 vols of 0.045% malachite gnegh 1 vol. of 4.2% ammonium molybdate

in 4 M HCI and 1/50 of volume of Triton X-100. Grash colour resulting from precipitation of

Pi was measured at 640 nm.

Secretion assayOvernight cultures were diluted at @of 0.02 and incubated at 37°C with
shaking up to mid-log phase, in the presence dbiatits when needed. At this point, 250 pl of
bacteria were harvested by centrifugation at 7088dyre-suspended in 100 pl of loading buffer
and stored at —20°C until use. Extracellular pragevere precipitated by a TCA-sarkosyl
method (0.5% final volume of sarkosyl and 7.5% lfw@dume of TCA) (46) after a double
centrifugation of 1250 pl of culture and 1 h inctibwa on ice. Pellets were re-suspended in a
final volume of 25 ul of loading buffer. Samplesre/¢hen analysed by SDS-PAGE and

immunoblotting.

90



Proteomic analyses by mass spectrometry (MSProtein bands were manually excised from
the gels and washed. Proteins were in-gel digesit&dtrypsin (Promega, sequencing grade) and
peptides extracted from gel slices (Shevchenkd ,e1206). The dried extracted peptides were
re-suspended in 5% acetonitrile and 0.1% triflucedia acid and analysed by online nanoLC-
MS/MS (Ultimate 3000, Dionex and LTQ-Orbitrap XLhd@rmo Fischer Scientific). The nanoLC
method consisted in a 15 min gradient ranging f&88mto 40% acetronitrile in 0.1% formic acid
at a flow rate of 300 nl min—1. Peptides were saagn a 300 um x 5 mm PepMap C18
precolumn and separated on a 75 um x 150 mm RifhoolBepMap C18, Dionex). MS and
MS/MS data were acquired using Xcalibur (Thermalfés Scientific) and processed
automatically using Mascot Daemon software (ver&@®@) Matrix Science). Searches against the
PAO1 database, SwissProt-Trembl_dedbydpli taxonomy) and contaminants databases
(534637 sequences) were performed using an in-harsen of Mascot 2.3. ESI-TRAP was
chosen as the instrument, trypsin/P as the enzyihévwao missed cleavages was allowed.
Precursor and fragment mass error tolerances weerespectively at 10 ppm and 0.6 Da.
Peptide modifications allowed during the searchew&arbamidomethyl (C, fixed), Deamidated
(NQ, variable), Oxidation (M, variable) and AceiArotein N-term, variable). The IRMa soft
(Dupierris et al., 2009) was used to filter theutessby query homology threshold P < 0.01 and a

minimum of two peptides per protein.

Spheroplast preparation and confocal microscopyOvernight cultures oP. aeruginoseGFP

strains producing TagQ-mCherry, Ta§@-mCherry or TssJ1-mCherry fusion proteins were

diluted at OD600 of 0.15 in 3 ml of LB. Culturesmencubated until mid-log phase of growth
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in the presence of antibiotics and then induced.f6th by 0.25% arabinose. At this point, cells
were harvested and spheroplasts were created @d4&fly, 1 ml of culture was centrifuged at
6000 g for 5 min. The pellet was re-suspended ig B&fer (0.1 M Tris-acetate, 16%
saccharose, 5 mM EDTA, pH 8.2) and lysozyme wagadd a final concentration of 50 pg
pl=1. Spheroplasts were incubated on ice and ¢egéd at 1000 g for 5 min after the addition
of MgSQ, to a final concentration of 0.1 M. Finally, spheglasts were re-suspended in TSM
buffer (0.05 M Tris-acetate, 8% sucrose, 10 mM Mg3®i 8.2). 1 ml culture of arabinose-
induced bacteria was harvested by centrifugatiaf0@0 g for 5 min and re-suspended in 100 pl

of LB.

Specimens were analysed by confocal laser scammicrgscopy, using a Leica TCS-SP2
operating system (Manheim, Germany). GFP and mgHfleiwrescences were excited and
collected sequentially (400 Hz line by line) byngi488 nm for GFP and 543 nm for mCherry
excitation. Fluorescence emissions were colleatea 500 to 537 nm for GFP and from 557 to

625 nm for mCherry.

Fractionation of P. aeruginosa. Cultures ofP. aeruginosagrown for 16 h were diluted to an
OD600 of 0.15 in 30 ml of LB cultures with antibizg when needed. Cultures were incubated
with agitation until OD600 of 0.85 and at this ppib00 pl of cells were harvested by
centrifugation as a total bacteria fraction. Th&t od the cultures was centrifuged at 6000 g for
10 min. Pellets were washed with 10 ml of TMP bufe® mM Tris-HCI, 200 mM MgClI2, PIC)
and re-centrifuged at 6000 g for 10 min. Pelletsewe-suspended in 1 ml of TMP and incubated

for 30 min at 300 r.p.m. and 23°C in the preserfid@®mg ml-1 lysozyme. Next, bacteria were
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centrifuged at 8000 g for 15 min at 4°C, obtainiing periplasm fraction (supernatant) and
spheroplasts (pellet). At this point, the protegnssent in the periplasm fraction were
precipitated (as described in Secretion assay$er8plasts were then re-suspended in 1 ml of
TMP, recentrifuged and the pellet, recovered inl biTM buffer (30 mM Tris-HCI, 10 mM
MgCI2, pH 8.0), was disrupted by sonication. Unlamolspheroplasts were eliminated by a low
speed centrifugation and the supernatant was altefugated for 30 min at 100 000 g with a
TLA120 rotor at 4°C to obtain the cytosolic fractiGsupernatant) and the total membrane
fraction (pellet). All fractions were re-suspendedoading buffer and heated at 100°C for 10

min before SDS-PAGE and immunoblotting analysis.

Inner and outer membrane separationinner and outer membraneskfaeruginosaells

were separated by a discontinuous sucrose graabeaescribed (Viarre et al., 2009). Briefly,
500 ml cultures oP. aeruginosat OD600 of 1 were harvested by centrifugatiorthitncase of
PAO1AtagQ + tagQACys, bacteria were grown with appropriate additared induced by
0.01% arabinose at OD600 0.5. Pellets were re-sdgpkin 25 ml of 10 mM Tris-HCI, 20%
sucrose, 10 mg ml-1 DNase, 10 mg ml-1 RNase, pHand were disrupted by using a
Microfluidizer at 15 000 psi. Unbroken cells weesnoved by 15 min centrifugation at 6000 g.
Total membrane fraction was obtained by ultractmgation at 100 000 g and re-suspended in
500 pl of 20% sucrose containing PIC. The total fmeme fraction was then applied at the top
of a discontinuous sucrose gradient composed afll&yers of 60%, 55%, 50%, 45%, 40%,
35% and 30% of sucrose in 10 mM Tris-HCI, 5 mM EDQPAN 7.4 (from bottom to top).
Sucrose gradients were centrifuged at 90 000 §&fer 36—72 h, and 500 ul of fractions were

collected from the top. All fractions were then cdwerized by SDS-PAGE, Western Blot
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analysis and NADH oxidase activity. Antibodies aghiT2SS protein XcpY (163), kindly gifted
by R. Voulhoux (CNRS, Marseille, France), were uge@n inner membrane marker and porines
visualized directly on Coomassie blue-stained SB&P as markers of the outer membrane.
NADH oxidase activity was determined as descridsdvehere by measuring the NADH

consumption at 340 nm of 50 pl of each fraction) (10

Hcpl, TagQ, TagR and Tsel expression for antibodyrpduction. The pET52bhcpl,
pPET15btagQA2-30 and pET15lbagRexpression vectors were introduced into E. coli
BL21(DE3)Star. Expression was induced at OD600. 6y 0.5 mM IPTG and lasted for 4 h.
Bacteria were lysed by the Microfluidizer at 10 Q&) and the proteins were purified on
appropriate affinity columns using AktaPurifier (&Gtealthcare). TagR-His10 was obtained by
solubilization of inclusion bodies using 6 M guanel Antibodies were raised in guinea pig for
Hcpl (Eurogentec, Belgium) and in mouse for Tag® BagR (Agro-Bio, France).The anti-

Tsel polyclonal rabbit antibody was raised aggisified Tsel (GenScript).

Immunoblotting. For Western blotting, antibodies were used atidihg anti-Hcpl 1:5000,
anti-XcpY 1:1000, anti-TagQ 1:20000, anti-TagR DA@&nd anti-Tsel 1:2000. Commercial
antibodies anti-VSV-G (Sigma Aldrich) and anti-m@iygClontech) were used as
recommended by the manufacturers. Secondary arg®oere anti-rabbit (Zymed), HRP-
coupled anti-guinea pig (Invitrogen) and HRP-codati-mouse (Sigma), all used at 1:5000
dilution. Western blots were developed by ECL DetecKit (Amersham) or Millipore HRP

Substrate.
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In silico bacterial genome scanning fotagTSR. Annotated genomes were downloaded
(September 2011) from the Genome Reviews ftp site
(ftp://ftp.ebi.ac.uk/pub/databases/genome_revie(@&Ark et al., 2006) and
http://www.pseudomonas.com/ for Pseudomonas genanmasilable in Genome Reviews
(250). Predicted protein sequences for all genonege aligned with rpsblast (5) against the
COG section of the CDD database (September 2059).(COG hits were considered positive
if their alignment covered at least 30% of the CR&5M and had an E-valgel0-6. TagR and
tagR-like sequences were aligned using MUSCLE B83%ed on this alignment, a maximum

likelihood tree with 100 bootstrap replicates wamputed using PhyML (98).
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deletions of tag genes. (B) Cellular and secretepllFand Tsel from strains lackingppAand
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Figure 3.3: TagT and TagS form a membrane-bound copiex harbouring ATPase activity.
(A) Sequence alignment of TagT and TagS with ABfDs$porters of the same family

in P. aeruginosgPa) anct. coli (Ec). Conserved features of TagT are highlightecolours:
Walker A domain (grey), ‘Q’ motif (blue), ABC trapsrter signature (red), Walker B motif
(green) and ‘H’ signature (black). The arrow indésathe conserved Lys residue mutated in the
TagT"S mutant. TagS TMHs are shown in grey backgroBHSDS-PAGE analysis of
different fractions obtained during Bi$agTS expression, solubilization and purificatibh.
molecular weight marker (kDa); Sol. mb: detergesitisilized membranes; FT: flow through;
TagTS: wild-type complex eluted with 200 mM imidézoTag¥*S: Walker A mutant eluted
with 200 mM imidazole. (C) Fractions collected ©@02mM imidazole elution step were
analysed for ATPase activity by malachite greemysBhe ATPase activity of the wild-type
complex was inhibited by orthovanadate in a doggeddent manner. Analysis by Maria
Guillermina Casabona.
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Figure 3.4: TagQ is an outer membrane lipoproteinhat localizes independent of TagTS.

(A) The N-terminal sequence and lipo-box (in reflTagQ is shown. An arrow indicates the
mutated cysteine. Confocal microscopy images of PSS GFP producing TagQ-mCherry or
TagQ\Cys-mCherry. TagQ-mCherry is localized at the baaitperiphery. White arrows on
spheroplast images indicate the crescent-shapkingoaf the OM. The bar represents 2 um.
Bact: bacteria; Sphero: spheroplasts. The confatage in XYZ confirms the presence of the
protein in the OM. (B) Subcellular fractionationPAO1AtagQ complemented with a plasmid
encoding TagQ (WT) or Tagfys (AC). Whole cells (WC), cytosol (C), membranes (MJjlan
periplasm (P) were analysed by Western blot ugpegific antibodies against TagQCys

mutation results in partial processing of the gro{endicated with an asterisk) and its
accumulation in the periplasm. (C) Discontinuousrgsie gradient separation of inner and outer
membranes in PAQWretSand PAOJAretSAtagTS Fractions were characterized by NADH
oxidase (NADHox) activity, SDS-PAGE and Westernttahg using anti-TagQ antibodies.

NADH oxidase activity is represented relative te traction with the highest level activity

(noted as 1.0). XcpY was used as an IM marker aniehgs visualized in Coomassie blue stained
gels as an OM marker. The representative IM andf@btions are indicated. The analysis of the
whole gradient is shown in Figure 3.5. AnalysisMbgria Guillermina Casabona.
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oxidase activity and XcpY are used as IM markens, gorines are used as OM markers. T.
was detected using specific antibodies. Note titetNADH oxidase activity is represent
relative to the fraction of highest activity. IMG®M are iidicated Analysis by Marie
Guillermina Casabona.
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Figure 3.7: Outer membrane localized TagQ is requied for outer membrane anchoring of
TagR. Membrane separations and analysis were perforsmeéscribed in Figure 3.4C. Strains
used were: PAOL (parental), PA@QfagQand PAO1AtagQ expressing either TagRCys or
TagQ WT. Only the representative IM and OM fracti@me shown. TagR and TagQ were
detected by specific antibodies. Analysis by M&iallermina Casabona.
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Figure 3.9: TagR does not play a role in the OM localization oTagQ.

(A) Confocal microscopy analysis of PAGretSAtagRexpressing GFP and harbouring Ti-
mCherry. White arrows show the OMP. aeruginosahat remains partially attachto
spheroplasts after lysozyme treatment (see texddtails). Bact: bacteria, Sphero: spheropl:

The bar represents 1 um. (Biscontinuous sucrose gradient separation of thanil OM of
PAO1AretSAtagR Analysis by Maria Guillermina Casabo
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Figure 3.10: In silico analysis otagTSR-like genes.Maximum likelihood tree of TagR and
TagR-like proteins (matching COG1262) with genoooatext of the associated genes, together
with the periplasmic PvdO protein Bf aeruginosanvolved in pyoverdine maturation (Yeterian
et al., 2010) (and its genomic context) used agroup. Green and yellow circles indicate
genomes with complete or incomplete T6SS respdytilreside of circles, blue points indicate
the presence gppAppkAfhal Coloured boxes represent hits on the COG databakrirs are
according to Figure 3.1, except for purple box@sesenting hits on ABC transporter related
COGs.
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Figure 3.11: Model for trans-membrane signaling leding to H1-T6SS activation.The H1-
T6S machinery is represented as a single tunnelld3are T6S exported effectors. Molecular
players biochemically characterized in this studg dagQ (OM lipoprotein, Pseudomonas
specific), TagS and TagT (ABC transporter), TagRI(&ssociated protein) and TssJ1
(conserved OM lipoprotein). The Ser/Thr kinase, Rpnd the phosphatase, PppA, as well as
the phosphorylation target protein Fhal, are rgmtesl. A putative signal is designated by red
stars. Proteins are represented using the samaraade as the ORFs in Figure 3.1, and yellow
spheres indicate phosphorylation. IM and OMPoheruginosand the target bacterium are
shown.
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CHAPTER IV.

Haemolysin co-regulated protein is an export recept and chaperone for

type VI secretion substrates

Submitted as: Silverman J.M., Agnello D.M., Zheng Ahdrews B.T., Li M., Catalano C.E.,
Gonen T., and Mougous J.D. Haemolysin Co-regulBtetein is an Exported Receptor and

Chaperone of Type VI Secretion Substrates.
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ABSTRACT

Secretion systems require high fidelity mechanismdiscriminate substrates amongst the vast
cytoplasmic pool of proteins. Factors mediatingsstdte recognition by the type VI secretion
system (T6SS) of Gram-negative bacteria, a widesppathway that translocates effector
proteins into target bacterial cells, have not baefimed. We report that haemolysin co-
regulated protein (Hcp), a ring-shaped hexameesediby all characterized T6SSs, binds
specifically to cognate effector molecules. Eleatnoicroscopy analysis of an Hcp—effector
complex fromPseudomonas aeruginosavealed the effector bound to the inner surfdddop.
Further studies demonstrated that interaction thighHcp pore is a general requirement for
secretion of diverse effectors encompassing seeemlmatic classes. Though previous models
depict Hcp as a static conduit, our data indidaitea chaperone and receptor of substrates.
These unique functions of a secreted protein lgghliundamental differences between the

export mechanism of T6 and other characterizecetmgr pathways.
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INTRODUCTION

Bacteria possess discrete pathways for delivenotems to their surroundings. A diversity of
secretion systems facilitates the necessary heteeity in size, structure and function within the
proteins exported by these cells (72). For exantpéetype V secretion system can export
exceptionally large proteins, such as filamentadlsesins, to the cell surface or the extracellular
milieu (60, 244), whereas types Ill, IV and VII gsss exhibit the ability to directly translocate
proteins into host cells (1, 89, 91, 120). Of theusands of proteins present in a cell, each
secretion system acts with extraordinary fidel@yspecifically recognize and release a distinct

subset of substrates.

Substrate selection can be affected by severargancluding signal sequences, chaperones
and receptorgzor example, type lll secretion system (T3SS) sabest are recruited to the
secretory apparatus in complex with specializeghel@nes (3, 227). A T3S-associated ATPase
then engages the substrate by binding its N-tednexyaort signal, releasing it from the
chaperone and driving substrate unfolding and kbaason through the apparatus. Similar
mechanisms appear to drive substrate recognitidregport by the T4S pathway (35, 232).
While the factors involved in substrate selection3SSs and T4SSs are in part defined,
comparatively little is known about this processirelated, but more recently described

pathway, the type VI secretion system (T6SS).

The T6SS is a widely distributed protein translarapathway that is able to directly target

bacterial and eukaryotic cells (40). The core T@&mnzery consists of 13 essential subunits,

encoded within large gene clusters on bacteriarobsomes (27). While a T6SS ultrastructure
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has not been determined, X-ray crystallographic@otein—protein interaction data suggest that
an envelope-spanning assembly and a bacteriophiageemplex make up much of the
secretory machinery (42). The bacteriophage-likegex consists of TssByfpe $x secretion

B), TssC, Hcp_(Remolysin o-regulated potein) and VgrG (aline-gycine repeat protein G).
Visualization ofVibrio choleraecells by fluorescence microscopy showed that TessBTssC
form a dynamic filamentous complex within the cy&sm; switching between extended and
contracted states while remaining anchored atrtherimembrane (14). Hcp and VgrG are
secreted components of the T6SS with significantciiral homology to T4 bacteriophage tail
tube (gpl19) and tail spike proteins (gp5—gp27)peetvely. By analogy to contractile
bacteriophage, TssB and TssC are proposed to fatmeath enclosing a tube composed of Hep,
with VgrG localized at the tip to allow membrane&ching (125, 127). In this model,
contraction of the TssB/C complex is thought taweltHcp and VgrG out of the cell, allowing
effector delivery though the Hcp tubule. While tedel is conceivable, certain aspects of it
lack experimental support. Most glaringly, Hcp &fgitG have not been shown to associate with

each other or the TssB/C filament (14, 127).

Hcp is a central component of the bacteriophage+iodel of T6S-dependent intercellular
effector transport. Studies have demonstratedtimtiniversally and abundantly T6S-exported
protein is essential for both the assembly of t&8 &pparatus and the export of its effectors
(113, 166, 192). Nevertheless, the precise funafdrcp in the T6SS has not been addressed.
The supposition that Hcp forms a channel througlthvemall or partially unfolded proteins
transit derives from X-ray crystal structures & firotein solved from several bacterial species.

In all cases, the protein adopts a homohexamericstructure with a ~40 A internal diameter;
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furthermore, these rings stack to form a tubularcstire within the crystal lattice (124, 166,
179). However, Hcp tubes have only been observddnurystallographic conditions, or when
stabilizedin vitro with engineered disulfide bonds between ring subyf2). Also, since both
stacking arrangements (head-to-head or head-joatailfound in Hcp X-ray crystal structures,

the physiological significance of its tubule forsmuncertain.

The Hcp secretion island | (HSI-1)-encoded T6SS-65S) ofP. aeruginosas a model system
for understanding the substrates, apparatus dysaand interbacterial interactions mediated by
T6 (13, 48, 113, 204). The H1-T6SS delivers attldage toxic effectors, Tsel-3/fe VI

secretion &ported 1-3), into target bacterial cells. Tsel &rd3 are translocated into the
periplasm of target cells where they degrade peglidan and cause cell lysis using amidase
and muramidase activity, respectively (204). Thecime molecular target of Tse2 is not yet
known; however, this effector induces stasis artdl iacthe cytoplasm of recipient cells.
Structure prediction algorithms indicate that Teg®y function as a nuclease (149). As the
bacterial targeting activities of the H1-T6SS dsmalirected at kinp. aeruginosaequires
immunity proteins, Tsil-3 ype VI scretion mmunity 1-3), encoded alongside their cognate
effector in bicistronsP. aeruginosaarborgwo additional T6SSs, the H2- and H3-T6SSs.
Interestingly, these systems appear to export ivenkapping sets of effectors, though the factors

mediating effector discrimination have not beercelated (205).

In this study, we report that Hcp is a chaperorteraneptor of T6S effectors. Focusing on Tse2,

we show that a direct and highly specific intemactivith the pore of its cognate Hcp, Hcpl of

the H1-T6SS, is required for the stability and exjpbthe protein. We further demonstrate that
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effectors with unrelated sequences, Tsel and Bé&3require direct interactions with the pore
of Hcpl for secretion. Certain amino acid subsbng within the Hcpl pore differentially affect
the secretion of the three Tse proteins, indicaiegcapacity of Hcpl to bind diverse proteins
via distinct epitopes. Finally, we probe the gehiraf our results and find that specific
interactions between T6S effectors and cognategfiaieins occur in diverse bacteria. Overall,
our findings reveal a new paradigm for substrategaition by a complex bacterial protein

translocation machine.

RESULTS

Hcpl Stabilizes Tse2 Posttranslationally

In the course of investigating factors that infloerffector transport through the H1-T6S$of
aeruginosawe observed that strains lackingpldisplayed markedly reduced intracellular
levels of Tse2 (Figure 1A). We conducted this, saldsequent studies in theetSbackground,
which is frequently employed for the study of th&e-FH6SS (13, 99, 166). The inactivation of
retSoverrides the requirement for cell-surface corfiacT6S activation, and it results in
elevated expression of both the H1-T6SS and iectdfs, facilitating their detection via Western
blot (113, 222). Deletions of other essential T@8®ponents includinglpV1, tssM1tssE]l

and the functionally redundangrGlandvgrG4genes, did not lead to reduced Tse2 levels,
indicating this phenotype is specific to the lobsigpl(Figure 1A). To measure more
conclusively the effect of Hcpdn overall Tse2 levels, we probed the consequerfdespl
deletion in theAtssM1background. ThéssM1gene encodes a core component of the secretory
system; its deletion abrogates apparatus assemdlgféector export (81, 166). Tse2 levels were

also strongly reduced in tiddcplAtssM1background, suggesting that Hcpl is required for
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maintenance of intracellular Tse2 (Figure 1B). W&® &xamined whether the levels of Tsel and
Tse3 are sensitive to the presence of Hcpl. Thaoghs dramatic as the effect on Tse2, we
detected a significant reduction of intracellulaeT and Tse3 upon deletionhmiplfrom the
AtssM1background (Figure 1B). The effectsadicplon all effectors could be partially (Tse2)

or fully (Tsel and Tse3) genetically complemented.

As an alternative approach for probing the inflleen€Hcpl on effector levels, we used the
ClpXP targeted degradation system to specificadiylete the protein from. aeruginosd43,

162). To accomplish this, we generatdd. aeruginosastrain wherein the nativecplopen
reading frame was modified to include a C-terminalon to thessrAlike sequence, DAS+4
(Hcp1-D4). Consistent with our deletion studiegleton of Hcpl—D4 resulted in a
concomitant precipitous drop in cellular Tse2 lsué#igure 1C). Tsel levels similarly decreased
as observed in thethcplbackground, while Tse3 levels were not visibly etiéel by Hcpl
depletion. The cellular half-life of Tse3 may be tong to observe the relatively minor effect of
Hcpl during the 90 minute depletion assay (FighiEsnd 1C). Together, these data
demonstrate that the Hcpl protein is essentighimmaintenance of intracellular Tse2 levels.
Though Tsel and Tse3 levels are measurably infeeehghcpldeletion, significant

intracellular accumulation of these effectors osdndependent of the protein. To investigate the
mechanism underlying the influence of Hcpl on HEEbfectors, we initially focused on Tse2,

where a highly distinct Hcpl-dependent phenotypg olsserved.

Hcpl Interacts Directly with Tse2
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The dramatically lowered abundance of Tse2 in tieeace of Hcp$uggests that Hcpl — acting
directly or indirectly — plays a critical role e@hin regulatingse2expression or stabilizing Tse2
posttranslationally. To test the former, we geresttge2expression reporter strains containing a
chromosomally-integrated construct consisting efghedictedse2promoter followed by an
open reading frame consisting of the first 8 codairtse2fused tolacZ Though the activity of

the reporter increased as expected imtteS background, a known posttranscriptional regulator
of tse2 its activity was insensitive to the deletionhapl(Figure 2A) (28). Unable to implicate
Hcpl in a regulatory capacity, we probed for a ptatsnteraction between the proteins using a
co-immunoprecipitation (co-1P) assdgterestingly, Tse2 specifically precipitated witlepl,
suggesting a physical association between thisteffand Hcpl might underlie the Hcpl
requirement for Tse2 stability (Figure 2B)o test whether the observed interaction requires
other T6S-associated factors, we next performellPaxperiments from T6SE&. colistrains
co-expressing C-terminally hexahistidine-tagged1(hcpl-hig) and a vesicular stomatitis

virus glycoprotein (VSV-G) epitope-tagged non-toaltele oftse2(tse2'™-V). In this
heterologous host, the accumulation of Tse2 rendaslependent upon the presence of Hcpl
(Figure 2C). Furthermore, co-expressed 1'§eg and Hcpl associated tightly. To rule out
nonspecific mechanisms that could explainBucoli data, we tested the activity of another Hcp
protein fromP. aeruginosaHcp2, which does not participate in the H1-T6B8&spite

expression equivalent to or in excess of Hcpl, Htigzhot stabilize or interact with Tse2. From
these data, we conclude that a direct interactedwden Hcpl and Tse2 likely promotes Tse2

stability.

Tse2 Interacts with the Inner Surface of Hcpl Rings
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X-ray crystallographic and electron microscopic (Etudies of Hcp proteins, including Hepl,
have consistently observed the protein in a hexiameg configuration (124, 142, 166, 179).
Using sedimentation velocity analytical ultracefoigation at low Hcpl concentrations (10.3-3.2
uM), we further confirmed this quaternary statetasdingle detectable species in solution
(Figure S1). These observations, taken togethér thé large hydrophobic interface observed
between Hcp protomers, argue that the hexamergrdsy is the relevant physiological state of

Hcp proteins.

The Hcpl hexamer reveals several potential propeotein interaction surfaces. Sequence
analysis of Hcp homologs shows that residues ofittipg and “bottom” faces of Hcp rings are
highly conserved and may be important for ring—iimgractions (Figure S2) (166). Thus, we
reasoned that Tse2 likely interacts with eitheritiséde or outside face of the Hcpl ring. To
define the regions of Hcpl involved in Tse2 intéiag we pursued a site-directed mutagenesis
approach, targeting all residues with more than 808%ent accessibility located on the inner or
outer surface of the Hcpl ring. To this end, weated 34 positions; non-polar or small side
chain amino acids were substituted with glutamamel those with a polar or large side chain
with alanine. The relative affect of each Hcpl ponutation on Tse2 stability was determined
by co-expression of thecplalleles withtse2—-Vin E. coli. We found that approximately half of
the mutations localized to the inside surface gbHexhibit 1% or less Tse2 stabilization
relative to wild-type Hcpl (Figures 3A, 3B and SB8hereas all Hcpl variants with substitutions
mappings to the outer surface of the ring displasidustantial Tse2-stabilization activity (1.0-
100%). Interestingly, the majority of substitutiahsit destabilize Tse2 over 100-fold map

together within a discrete patch inside the Hcpg (Figure 3B).
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The ring shape of Hcpl is readily discernable byatige stain transmission electron microscopy
(TEM). Therefore, we reasoned that Hcpl rings baornbse2 might be distinguished by TEM

as “filled” particles. TEM analysis of approximated,000 randomly selected purified Hcpl-V—
Tse2'"—Hiss single particles showed that filled class averagestituted a significant fraction of
total Hcpl particles (Figures 3C, 3D and S4). Intcast, no class averages appeared filled in the
control sample. The low fraction of filled ringss#yved in the Hcpl-Tse2 sample is likely
explained by Tse2 degradation and precipitatiomdysreparation (149, 260). Visualization of
the Tse2—Hcpl complex provides direct evidenceTha® interacts with the inner surface of

Hcpl rings.

Tse2 Secretion Requires Interaction with Hcpl

Motivated by ouiin vitro findings, we next sought to determine the inflleen€the interaction
between Tse2 and the inner surface of Hcpl on $sdRlity and secretiom vivo. Using allelic
exchange, we generatedPaaeruginosatrain encoding Hcpt'?at the nativéncpllocus. We
selected this mutant from those identified by iowritro studies, as this amino acid resides
within the inner surface patch and strongly dissupteraction with Tse2 via a relatively
conservative substitution (small polar to largeapplWestern blot analyses showed that
although Hcp*!is produced and secreted at levels comparablestwitti-type, strains bearing
this mutation do not support Tse2 accumulationyfgégtA). Furthermore, using interbacterial
competition assays, we found that tep>**?background displays a marked defect in Tse2-
dependent fitness (Figure 4B). The effects on 18$3 function appeared specific, as the levels

of export and interbacterial delivery of Tsel ars@3 were not significantly impacted in the
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hcpT®'*background (Figures 4A and 4C). Overall these dataonstrate that Tse2 stability

requires interaction with the inner surface ofepl ring.

Since Tse2 does not accumulate to detectable lavetp™*'2 we could not explicitly measure
the requirement of interaction with Hcpl for Tse2retion. However, a previous report from
our laboratory demonstrated that over-expressed Gae be detected . aeruginosa
backgrounds lackingcp1(113). Therefore, to overcome the Tse2 detectroit,Iwe monitored
the export of Tse2-V expressed with high inducfiom thelacUV5 promoter in thdicp°3'?
background. Western blot analysis confirmed thatftke2—V protein is highly over-produced
relative to endogenous Tse2 and that it is seciatad Hcpl-dependent manner (Figure 4D).
Interestingly, we found that despite intracellldacumulation, Tse2—V is not exported in the
hcpT™*background. Thus, taken together with our obsmahat H1-T6SS function is
generally preserved in thep>**?background, we conclude that interaction with Hispl

required both for the stabilization and export e€Z.

Recognition of Tse2-like Effectors by Hcp is Geneta

To determine the generality of our findings conasgrP. aeruginosalse2 and Hcpl, we sought
to identify and characterize functionally analogpusteins in other bacterial species. Protein
BLAST analyses revealed Tse2 homologs within séW&8S Gram-negative bacteria,
includingMethylomonas methanica, Shewanella fridigimarinarkBolderia ambifariaand
Pseudoalteromonas sfFigure 5A). Sequence alignments of the homologklighted the
conservation of several motifs, including a putatspartic acid-containing nuclease-related

catalytic site (Asp63 in Tse2) identified usingfeia structure prediction algorithms (Figure S5)

117



(149). As additional evidence of the functionahteinship between Tse2 and its homologs, we
found each homolog encoded in an apparent bicistitna smaller gene encoding a protein
with attributes similar to Tsi2, including lengths(2, 77; homologs, 75-79 amino acids) and an

acidic pl (Tsi2, 3.9; homologs, 4.0-4.5) (Figure)5A

Confident we had identified bona fide Tse2 and Fsidted proteins, we selectbtl methanica
Tse2(Tse2™), which shares 71% identity with aeruginosal'se2, for more detailed analyses.
The genome dil. methanicacontains a single T6S gene cluster and encodegke silear
homolog ofP. aeruginosaHcpl, Hep¥™, making Tse¥" well suited for our studyTo first
establish that th®l. methanicase?2 tsipair is functionally orthologous t®. aeruginosa tse2
tsi2, we conducted toxicity studies i coli. Similar totse2,expression ofse2™ in E. coli
caused a dramatic drop in recovered c.f.u. (Fi§&@e Moreover, this toxicity was observed for

Tse2™®5N) and it was inhibited by co-expression wisi?“™.

We next tested whether T$82 like Tse2jnteracts with the Hcpl homolog, HéB4, encoded
within the putative T6SS . methanicalndeed, we found Ts¥¥ interacts directly with
HcpI™™ and, additionally, requires HcY for intracellular accumulation (Figure 5C).
Interestingly, we found that Ts&2 also interacts with and is stabilized ByaeruginosaHcp1,
and likewise for thé. aeruginosarse2—HcpI™ pair (Figures 5C and 5D). The specificity of
these interactions is underscored by the observétit neither Tse2 nor TS82 interact with
Hcplfrom Pseudomonas protegeftscpl™), despite the fact that this Hcp1l homolog is nearl
equally divergent fron®. aeruginosaicpl as Hept™ (Hep™, 76%; Hept™, 77%). Notably,

1P

Hcpl " is encoded within an HSI-I-like gene cluster, Reprotegensloes not have a Tse2
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homolog encoded within its genome. Finally, comsistvith the hypothesis that interaction with
Hcp is a key determinant for export via the T6Spaty, we observed efficient release of

Tse2™ via the H1-T6SS (Figure 5E).

Amidase and Muramidase T6S Effector Classes Recogei Cognate Hcp Proteins

In the course of studying the behavior of Hcpl powtants inP. aeruginosawe observed that
while the effects of HcpE Qare limited to Tse2, other Tse2-destabilizing Hppte

substitutions also reduce the export of Tsel am® {Bigure 6A). These Hcpl variants are
themselves secreted, suggesting their effect oh asd Tse3 export is not a consequence of
misfolding or a failure to be recognized by theretary apparatus. Moreover, certain
substitutions exhibited differential effects on gexretion of Tsel and Tse3. For example,
Hcp1-?®* inhibits Tse3 secretion, but not that of Tsel.t@ncontrary, HcpT*%strongly

affects both Tsel and Tse3 secretion. Togetherautlobservation that Tsel and Tse3 display
decreased abundance in strains lacking Hcpl (Fit8yeour findings led us to hypothesize that
non-Tse2-type effectors also engage in speciferattions with the inner surface of the Hcpl

pore, and that these are required for H1-T6SS-dbpdrsecretion.

To determine whether Hcpl directly interacts wideTI and Tse3, we performed co-IP assays
using proteins co-expressedlncoli. As a means of linking potential interactionshe t

secretion phenotypes observed, we utilized theeieordefectivencp 12

pore substitution
mutant in addition to wild-typacpl Interbacterial competition assays confirmed thigation
functionally disrupts Tsel- and Tse3-dependenkin&tion (Figure S6). While Tsel and Tse3

did not efficiently co-1P with HcpT-*>? both proteins were detected in association vighvtild-
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type protein (Figures 6B and 6C). From these de¢agconclude that interaction with the inner
surface of Hcpl is a common requirement for theeten of the three known H1-T6SS
effectors. The observation that Hcpl substituticars have variable effects on the Tse proteins
suggests that, consistent with their divergent eeges, the proteins each form a unique network

of interactions with Hcpl.

Bioinformatic work conducted by our laboratory lesnd evidence of a non-random
association betwedmcp genes and predicted T6S amidase effectors (Tagré=S7) (206).

Based on this observed genetic link, our findirgg thirect interactions between Tsel-3 and
Hcpl are required for secretion, and the resultsior study demonstrating the interaction of a
putativeEdwardsiella tardalr6S effector with an Hcp homoldg58), we posited that the
recognition of effectors by cognate Hcp proteinghmhbe a general determinant of substrate
selectivity by the T6SS. As a first step towarddaiing this model, we selected two predicted
cognate Tae—Hcp pairs based on genetic link&gbronellaentericaserovar Typhi Tae2) or
homology to TselRurkholderia phytofirman3ael). As predicted, both effectors bound
cognate, but not non-cognate Hcp proteins (FigeBeand 6E). In total, our data suggest that
the interaction between effectors and cognate Hofeims is a general phenomenon that is likely

to — at least in part — define the particular dffex transported through a given T6SS.

DISCUSSION
We have identified Hcp as a critical gatekeepetginoof the T6SS. As a chaperone, a substrate
receptor, and a secreted protein itself, the muigipse nature of Hcp grants it a unique position

among secretory system-associated proteins (FiQuiEhis implies that the mechanism of
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substrate export by the T6SS is fundamentally giffefrom other characterized secretion
systems. Arguably, T3S and T4S, which both trarsmacromolecules in a concerted fashion
into target cells, are the most analogous secrgi@dimvays to the T6SS (54, 89). Indeed, T6S
and T4S share two homologous proteins, TssL (Datid) TssM (IcmF) (27). In light of this
relatedness, it is interesting that effector redo@mby the T6SS occurs via a principally
different process than these related pathways,hwiath utilize ATPases to directly engage
substrates and provide the energy necessary fartefd 50). The fact that the T6S pathway
does not appear to directly link effector recogmitto energizing secretion may be explained by
its putative bacteriophage origins (125). The ep@niving unidirectional protein transport in

the T6S pathway is thought to be stored in a filatoes structure composed of TssB/C, which

contracts and is then recycled by a ClpB-like AA#amily ATPase, ClpV (14, 25).

Prior models of the T6SS depict Hcp as a passiaduwiofor effectors (14, 26, 223). However,
our data suggest that Hcp associates with effegboosects them from proteolysis, and likely
traffics with effectors during transport (Figure 3foichiometric, or near stoichiometric, release
of Hcp hexamers with effectors reconciles the nvasaccumulation of Hcp in the culture
supernatants of T6S-activated strains (166, 183, 283). Whether effectors in complex with
Hcp are folded cannot be definitively establishexaif our data. The structures of several
amidase effectors indicate the proteins are otathiat could be accommodated within the Hcp
pore (48, 68). However, based on the instabilitgfééctors in the absence of cognate Hcp
proteins, we speculate they do not adopt theit fmlded configuration until, or accompanying,
release from Hcp. It is of note that intra-moleculsulfide bonds have been observed in the

structures of amidase effectors. The failure o$é¢hizgonds to form in the cytoplasm could explain
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the instability of the proteins in this compartmemhile their formation in the periplasm could
drive release from Hcp. Interestingly, Tse2 lacksteine residues and ultimately accesses the
cytoplasm of the recipient. In this case, intexactvith the outer face of the inner membrane, or
a receptor associated with the membrane, mighedififector release. It is also possible that the

T6S apparatus remodels or modifies proteins dwexpprt to disrupt Hcp—substrate interactions.

Our data suggest that interactions with the potdagf are, broadly, a critical determinant for the
secretion of T6 effectors. However, we posit tither mechanisms may facilitate the
recognition and export of disparate effector clas®ather than a genetic linkage whitp

genes, Tle (type VI secretion lipase effector) Bid (recombination hot spot) effectors are
encoded in association witlgrG genes (132, 205). VgrG proteins often facilitateioellular
T6S-dependent delivery of effectors present asr@ital fusion to their structural domain (30,
192, 230). It is conceivable that Tle and Rhs effie; which are considerably larger than Tse-
type effectors, might gain access to recipientsdayl non-covalently associating with VgrG
proteins. A Tle protein frorW. choleraewas found in the immunoprecipitate of a VgrG pirgte

however the genetically linked VgrG tested wastasted (69).

While we have delineated a critical step in thecpss of effector secretion by the T6SS, many
aspects of the overall structure—function modelliersystem remain untested. Hcp has so far
not been shown to associate with the TssB/C sHéaltomplex. If Hcp and TssB/C interact as
predicted, this step would presumably follow forioatof the Hcp—substrate complex. However,
there is some evidence suggesting that Hcp maytesact with TssB/C. For instance, Hcp

proteins bearing large C-terminal fusions have hdentified (22, 180). It is difficult to envision
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how these much larger proteins would be accommddaside the TssB/C structure. Also, Hcp
has so far not been observed to co-purify in ismhatof the TssB/C complex (14). In either case,
it remains almost entirely unresolved how Hcp—s@bstcomplexes cross the inner and outer
bacterial membranes. An envelope-spanning commasisting of integral inner membrane
proteins and an outer membrane lipoprotein has lgegified, however the ultrastructure of

this novel complex awaits visualization (81). letgingly, Hcp has been shown to form a
complex with two integral membrane proteins of ¢éhgelope-spanning complex, TssL and
TssM (156). The ATPase activity of TssM aids in fivenation of this complex, thus an
effector—-Hcp—TssM—-TssL complex might representnamortant intermediate in the T6S

process.

Immunity to Tse2 is provided by the Tsi2 proteirsnaall acidic cytoplasmic protein that directly
binds and inactivates the toxin. The current stadiys previously unrecognized complexity to
the subject of effector immunity, particularly cgtasmic effectors like Tse2 that interact with
cognate proteins prior to export. Based on theissudported herein and the observation that
Tsi2 is an essential gene, it is apparent thaifsignt Tse2 immunity is not provided by Hcpl
(113, 121). It is conceivable that Tsi2 interactthhwse2 in the context of Tse2—Hcp1l
complexes, however we did not detect this comprekfavor the hypothesis that Tsi2 functions
by scavenging free Tse2, including endogenous aed2l'se2 delivered by othBr aeruginosa

cells in trans.

Our discovery that effectors interact with the poféicp may have implications for the

identification of novel T6S substrates. The disegw effectors by virtue of interaction with

123



cognate Hcp proteins stands to overcome sevefalutifes encountered in such efforts. For
instance, this method would not depend upon effentport, which is often repressed unater
vitro culturing conditions (223). Our findings may atpdde efforts to engineer non-native
substrate export into the T6S pathway. This appreacld provide new ways to modulate the

outcome of interbacterial interactions.
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MATERIALS AND METHODS

Bacterial Strains, Plasmids and Growth ConditionsAll P. aeruginosatrains were derived
from the sequenced strain PAO1. Genomic DNA fidmmethanicaMC09, S. Typhi Ty2,P.
protegendf-5 andP. aeruginos@®AO1 was used to amplify effector, immunity dmap genes

(23, 65, 183, 229E. colistrains DHo, SM10 and BL21 were used for plasmid maintenance,
conjugative transfer and gene expression, resgdgti. aeruginosavas grown in Luria-

Bertani (LB) media at 3T supplemented with 30g/uL gentamicin, 2mg/mL irgasan, 100
ug/mL tetracyclin, 5% sucrose and 0.5 mM IPTG asliregl. Plasmids used in this study are
described and referenced in Table S1. In-frametidele chromosomal fusions and
chromosomal point mutations were generated asqushi described using the pEXG2 suicide
vector (166, 200). Quikchange (Stratagene) or Kub&sed methods were used for site-directed

mutagenesis dicpandtse2homologs (135).

Preparation of Proteins and Western Blot AnalysisCell associated fractions fromh
aeruginosawere prepared from 2 mL cultures grown to midybgse. Harvested pellets were
resuspended in 1QQ. Buffer 1 (0.5 M NaCl, 50 mM Tris pH 7.5 and 10%agrol) and mixed
1:2 with SDS-PAGE sample loading buffer (125 mMsTpH6.8, 2% (w/v) 2-mercaptoethanol,

20% (v/v) glycerol, 0.001% (w/v) bromophenol bluedat% (w/v) SDS).

Western blot analyses of protein samples were padd as previously described using rabbit
VSV-G (1:5000, Sigma) or rabhit-Tse2,a-Tsel,a-Tse3 (diluted 1:2000) and detected with
rabbit horseradish peroxidase-conjugated secoratdifyodies (Sigma) (113). MouseHiss

(Life Tein) or mousex-RNA polymerasg-subunit antibodies (1:2000, Neoclone) were used to
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detect Hig—-tagged proteins or RNAP, respectively. Westertsbiere developed using
chemiluminescent substrate (SuperSignal West Ribst&te, Thermo Scientific) and imaged

with a FluorChemQ (ProteinSimple).

Hcpl Depletion AssaysA controllable protein degradation system dependarthe ClpXP
protease was used to deplete Hcpl fRimaeruginosaells. This system was originally
developed for use iR. coli, but has been optimized for useFnaeruginosgd44, 162) We
generatedP. aeruginosastrains lacking the nativespBgene, and withcplfused to a
chromosomally encoded C-terminal degradation tagS84 (Hcpl-D4). SspB recognizes
proteins containing D4 and delivers them to ClpXPdegradation. For controllable degradation
of Hcpl-D4, we introduced a plasmid with induciblgression oéspB Strains were sub-
inoculated from overnight cultures at 1:1000 in I8 .mid-log phase, cultures were induced
with 100uM of IPTG. Protein samples were prepared after #uitas ofsspBexpression.
Sample loading for SDS/PAGE and Western blot aimalyas corrected for based on final

ODsoo.

p-Galactosidase Assayp-Galactosidase assays were performed as describeidysly with
minor modifications. A chromosomal integration \admini-CTX-acZ) carrying a fusion of
lacZ to the putative promoter region and first eighd@o oftse2was used to generate strains for
analysis. The plasmid was introduced iRtcaeruginosay conjugation (110). Overnight
cultures were diluted 1:1000 in LB with 50 mM MOPB 7 and grown to mid-log phase. Cells

were permeabilized with chloroform (15% chloroforamd assayed using the Tropix Galacon-
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Plus reagents (Tropix, Bedford, MA). Values werennalized to the OEyo for each strainj-

galactosidase assays were performed in triplicate.

Co-Immunoprecipitation Assays.For P. aeruginosao-IP assays, overnight cultures were
diluted 1:1000 into 100 mL of LB. At an QRof 0.7, cells were harvested by centrifugation at
4,000 x g for 15 minutes. Pellets were resuspend2dnL of Buffer 2 (50 mM Tris HCI pH 7.5,
150 mM NacCl, 2% glycerol) supplemented with 1 mg/lydozyme. The resuspension was
sonicated 3 times and centrifuged &€ 4or 30 minutes at 16,000 x g. Lysates were agdpbe

30 uL of anti-VSV-G agarose beads (Sigma) and incubaiéu rotation for 1 hour at°€.

Beads were washed 3 times in 10 mL of Buffer 2 @sdspended in 30 of loading dye.

Samples were analyzed by SDS-PAGE and Westernrgott

ForE. colico-IP assays with Tse2 homologs and Hcp, cells yeren to an Ol of 0.6 and
induced with appropriate reagent for four hourdt@as were harvested and pellets were
resuspended in 2 mL LIB (low imidazole buffer, 58riris HCI pH 7.5, 500 mM NaCl, 10%
glycerol, 30 mM Imidazole) and 1 mg/mL lysozyme aathicated 3 times. Nontoxic alleles of
tse2from P. aeruginosaontained mutations encoding substitutions T79A/@019) andM.
methanicacontained mutations encoding D63N. Clarified lysatere applied to 30L of
Nickel-NTA sepharose beads and incubated by ratdtiol hour at 4C. Beads were washed 3
times in 10 mL LIB and resuspsended ini0of loading dye. The same procedure was used for
E. colico-IP assays with Hcp homologs and Tsel, Tse3, TaeZaef’ with the exception

that pellets were resuspended in 2 mL of Buffeés@roM Tris HCI pH 7.5, 100 mM NacCl, 2%
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glycerol, 50 mM Imidazole, 0.1% Triton X-100) withmg/mL lysozyme and Nickel-NTA

sepharose beads were washed 5 times in 10 mL &Buf

Sedimentation Velocity Analytical Ultracentrifugation. Sedimentation velocity (SV)
experiments were performed using Hcpl purifiedrasipusly described (12). SV Experiments
were performed in 20 mM Phosphate, pH 7.5, 150 mrd€INand 2% glycerol (v/v). Data were
collected using a Beckman XL-A analytical ultracéage (Beckman Instruments, Inc.,
Fullerton, CA) using 12 mm Epon charcoal two sectterpieces at 50,000 rpm and@0
Absorbance data were collected at 230 nm, usingeirsg of 0.001 cm, with two average
measurements in continuous scan mode; scans wéreted every 7 minutes. The raw data

were analyzed using the SedFit data analysis (&) using c(s) with one discrete component.

Tse2 Stability Assays with Hcpl Point Mutantsk. coli BL21 plysS with plasmids containing
eachhcplallele (pET29b) antse2'" (pSCRhaB2-CV) were co-transformed ifocoli.
Overnight cultures were sub-inoculated (1:1000) BimL of 2xYT and grown to an Qgyof
0.6. Cultures were induced with 0.1% rhamnose &d\WL IPTG and harvested after 4 hours.
300ul from each sample were centrifuged at 16,000 Rdyrasuspended in 3 Buffer 1 and
30 uL of SDS-PAGE loading dye, boiled and analyzed bgstrn blot. Densitometry was
performed using AlphaViefQ software (ProteinSimple). The percentage of @talimulated
Tse2 was determined by the following equation: $¢d*]/[Tse2])/ ((Hcp1*])/[Hcpl]))*100,

where Tse2* = Tse2 accumulated in the presencaabf Elcpl point mutation (Hcpl?*).
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Secretion AssaysOvernight cultures dP. aeruginosastrains were used to inoculate 2 ml of LB
(1:1000) supplemented with 0.5 mM IPTG. Culturesengrown at 37°C with shaking to mid-

log phase and cell and supernatant fractions weeepsed as previously described (113).

Interbacterial Competitions Assays.Competition assays betweBnaeruginosatrains were
performed as previously described with minor véoiat (113, 204). Recipient strains contained
lacZ inserted at the neutral phage attachment siter(@jtFor both Tse2 and Tsel/Tse3
dependent competitions assays, donor and recigienhs were mixed at a 1:1 ratio andL5of
the mixture were spotted on a @ nitrocellulose membrane on LB low salt (LB-LS) 3#gar
and grown at 3T or inoculated into 2 mL of LB-LS and grown at@awith shaking.
Competitions were harvested at 6 hours for assésAatse2Atsi2 recipients and 12 hours for
assays withhtse1lAtsil Atse3Atsi3 recipients. The competitive index was determinedhfplate
counts of the initial and final time pointStatistical significance was determined using ANOV

and Tukey'spost hodest

Purification of Tse2-Hcpl Complex for TransmissiorElectron Microscopy. The Tse2-Hcpl
complex was purified fror. coli using a two-step affinity chromatography methbdo liters

of E. coliBL21 cells containing plysS, pET29tse2'"-Hiss and pPSV35hcp1VSV-G were
grown to an Olgy of 0.6 in 2xYT and induced with 1M IPTG for four hours at 3T. Cells
were harvested and resuspended in mLIB and 1 my/soizyme and lysed by sonication
followed by a 1 hour centrifugation step at 16,80f) Clarified lysates were purified by elution

from a metal-chelating affinity column. Eluted ftns were subjected to an addition
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purification step by immune-affinity chromatographigh anti-VSV-G conjugated agarose

beads. Samples were eluted with 1@@mL VSV-G peptide.

Single Particle Electron Microscopy of Hcp Rings ad Hcpl-Tse2 ComplexHcpl rings
purified fromE. coliwere negatively stained by 0.75% uranyl formatdescribed previously
(178). Images were collected on a transmissiortreleenicroscope T12 (FEI) at room
temperature under 120 kV, and recorded at a magtidn of 67,000 on a 4kx 4k Gatan CCD
rendering a final pixel size of 1.65 A on the spean level. 2872 particles were selected and
windowed into 1206« 120 pixel images using WEB (87). Projection avesgf Hcp rings were
generated after several cycles of reference-frdévarate statistical analysis using SPIDER
(87). Among all the particles analyzed, 2770 wéassified as intact ring-shape, and the rest
were deformed. 6-fold symmetry was applied to gpresentative projection averages using
command proc2d in EMAN (153). The same procedure applied to thé&. colipurified Hcpl—
V/Tse2-Hig complex. In this case, 3250 particles were seleatwl classified. Among them,

725 particles were un-filled rings, 2373 were ftllengs and the remaining were deformed.

E. coli Toxicity Measurements.E. coliBL21 plysS strains containing expression plasmads f
tse2wild type or catalytic point mutants from aeruginosar M. methanicgpSCRhaB2), and
immunity homologs (pPSV39-C\gr empty vector were diluted in LB from overnighitares
to 1€ at 10 fold dilutions. %l of each dilution were spotted onto LB agar platestaining
appropriate antibiotics and 0.05% rhamnose anduM@PTG. Photographs were take after

overnight growth at 3TC.
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Software. Protein sequences were obtained from NCBI (httpaiiwncbi.nim.nih.gov/). Full-
length sequence alignments were prepared with Geseaioftware using the MUSCLE

algorithm (73). Molecular graphics were generateidgPymol (www.pymol.org) (211).

131



ACKNOWLEDGEMENTS

The authors wish to thank Colin Murrell for proidiM. methanicagenomic DNA, Simon

Dove for sharing thespBknockout and expression constructs, Michele LeRmckBrook
Peterson for critical review of the manuscript,stdir Russell for assistance with bioinformatics,
and Spencer Anthony-Cahill, Peter Brzovic, RachielvK, and members of the Mougous
laboratory for helpful discussions. The Catalarbmtatory is supported by National Institutes of
Health Grant GM088186 and National Science Foundd&rant MCB1158107 The Gonen
laboratory is supported by the Howard Hughes Médicsitute. Work in the Mougous
laboratory was funded by a grant from the NIH (A1689). J.M.S. was supported by Public
Health Service National Research Service Award GBE7270 from NIGMS and by a Helen
Riaboff Whiteley Fellowship from the Department\icrobiology. J.D.M. holds an

Investigator in the Pathogenesis of Infectious BegeAward from the Burroughs Wellcome

Fund.

132



Table 4.1.Plasmids Used in This Study

Plasmid name Relevant features Reference
PEXG2 Allelic replacement vector containisgcB (200)
pPSV35-CV Expression vector wikkcl, lacUV5promoter, C-terminal (115, 200)

VSV-G tag
pPSV39-CV Derived from pPSV35-CV, lacking a crypttart codon  (200)

of the alpha fragment
pSCRhab2 Expression vector witRrhaB (37)
Mini-CTX-lacZ miniCTX with lacZ translational reporter fusion (110)
pPSV38-CV::PA4427 For inducible expressiorsspB (43)
pSCRhab2-CV::PA2702 Rhamnose inducible expressiontsé2for toxicity assays (113)
Mini-CTX-Ptse2laczZ Chromosomal integration vector ftae2-lacZreporter This study
pSCRhab2-CV::PA2702 T79A S80A Rhamnose inducibfgession of non-toxic Tse2 This study
pSCRhab2-CV::PA2702 D63N Non-toxige2for co-IP and toxicity assays This study
pSCRhab2-CV::metme3457 D53N Non-tosse2™ for co-IP and toxicity assays This study
pSCRhab2-CV::metme3457 tse2™™ for toxicity assays This study
pET29b::PA0085 hcpl-hig for stability assays, co-IPs, template for point (12)

mutants
pET29b::PFL6089 hep " -hiss for co-IPs This study
pET29b::metme0853 hcp™-his; for colPs This study
pET29b::t2584 hcp™-his; for colPs This study
pET29b::bphty4915 hcp? -hiss for colPs This study
pET29b::PA1512 hcp’-hiss for colPs This study
pPEXG2::PA0085 L28A For generating chromosommgh1L28A point mutant This study
pPEXG2::PA0085 S31Q For generating chromosomeall S31Q point mutant This study
PEXG2::PA0085 A29Q For generating chromosomatp1lA29Q point mutant This study
pPEXG2::PA0085 S35Q For generating chromosomatp1S35Q point mutant This study
PEXG2::PA0085 M42A For generating chromosontatp1M42A point mutant This study
PEXG2::PA0085 T59Q For generating chromosontatp1T59Q point mutant This study
pPEXG2::PA0085 S115Q For generating chromosontatp1S115Q point mutant This study
pPEXG2::PA0085 T122Q For generating chromosomatp1T122Q point mutant This study
PEXG2::PA0085 N124A For generating chromosomatp1N124A point mutant This study
pET29b::PA2702 T79A S80A tse2'"for Hcpl-Tse2 purification This study
pPSV35-CV::PA0085 hcplfor Hepl-Tse2 purification This study
pPSV39-CV::PA2703 tsi2 for toxicity assays This study
pPSV39-CV::metme3456 tsi2™ for toxicity assays This study
pPSV35-CV::t2586 taeZ”, amidase effector forr8. Typhi TY2, for co-IP (206)
pPSV39-CV::metme3457 D63N Non-toxtee2™ for expression ifP. aeruginosa This study
pPSV35-CV::bphty5187 tae®F, amidase effector frorB. phytofirmansfor co-IP (206)
pPSV35-CV::PA3484 tse3 for co-IP (113)
pPSV35-CV::PA1844 Tsel for co-IP (113)
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Figure 4.1: Tse2 Requires Hcpl for Intracellular Accumulatior. (A andB) Western blo
analysis of intracellular levels of I-T6S effectors (Tsel, Tse2 and Tse3hiaindicatedP.
aeruginosabackgroundskRNA polymeras (RNAP) is included as a loading contrUnless
otherwise indicated, the parental background is &midall subsequent figures AretS.(C)
Western blot aalysis of intracellular Hcpl and I-T6S effector levels in €lpXP-dependent
Hcpl depletion assaya8iples were processed 90 miniafter inducedsspBexpressio in P.
aeruginosastrainslacking the nave sspBgene and containing wild-tygeplor hcpl-D4
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Figure 4.2: Hcpl Interacts Drectly with Tse2. (A) Relative levels of-galactosidase activil
from the indicatedP. aeruginosestrains containing ehromosomallyintegrateclacZ reporter
fusedto the promoter region and first eight codontse2(Ptse2—lacZ Error bars represel
standard deviation based on three independentatgd (B) Western blot analysis (Tse2 from
total and beadssociated fractio of an anti-VSV-G immunoprecipitation frof aeruginosa
strains encoding Hcpl ectopically expressinHcpl. (C)immunoblot detectir total and bead-
associated fractions of a nickeIFA precipitation asse from E. coliexpressing nontoxic,
VSV-G epitope-tagged allele tfe: (tse2 -V (T79A S80A))with empty vector—) or a plasmid
containing the indicatekcp (hcpl or hcp2 homolog fused to a Hjsag.
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Figure 4.3: Hcp exists as a hexamer above 3uR1. Sedimentation velocity analytical
ultracentrifugation (SV-AUC) data was analyzed wBidFit (see experimental procedures). A
c(s) analysis shows a homogenous species consigtariticp hexamer at concentrations
between 3.21M and 10.3uM. Some apparent heterogeneity in the 6.1S spati@2uM is due
to low signal-noise at low concentration.
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Figure 4.4: Sequence Conservation Analysis of Hcp Surface representation of Hc(PDB:
1Y12)amino acid conservation, where highly conserveriuves are colored ired and highly
variable residues are colored in blue. A multiggueence alignment of 100 Hcp proteins
obtained using BLinkhttp://www.ncbi.nlm.nih.go). Sequence conservation values w
generated using Con8 (http://consurf.tau.ac..
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Figure 4.5: Tse2 binds to the pre of the Hcplring. (A) Representative Western ks
showing the effeadf the indicated Hcpl amino acid substitutionsrdrecellular levels o
Tse2Tin E. coli. The localization of the substitutions to the desor outside surface of the Hc
ring is noted(B) Surface representationthe Hcpl ringcolored to reflect Tse2 stabilizatis
activity of each variant tested (wr-red =100%-0.01%, gray = not testedhe lower imag:
depicts a cutaway view of the Hcpl hexamer. Legklese2 were calculated based on the 1
of band intensity of Tsé2 and Hcp1l point mutantnormalized to Tse2 analild-type Hcpl
(Figure S2). (C) Coomassi&ained SD-PAGE gel of co-purified Tsé2—Hiss and Hcp=V.
(D) Class averages with applied-fold symmetry from analysis of transmission elet
micrographs of Tsé2—Hiss -Hcp1-V and a Hcpl-V-only control. Thementage of particle
represented by each class avelis indicated in the corresponding frame.
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Figure 4.7: Representative transmission electron rarographs of Hcp and the Hcpl-Tse2
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and Hcpl-V-only (B) samples. Class averages wighieg six-fold symmetry for each sample
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CHAPTER V:

Conclusions and future directions
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The T6SS is a contact-dependent secretory pathovmdfabundantly in Gram-negative bacteria.
This pathway delivers effector molecules into eyi&ic and prokaryotic cells, and in some
cases, possesses dual functions — targeting bibtiymes (113, 157, 192, 216). The apparent
versatility of the T6SS, and the distribution akteystem among both pathogens and non-
pathogens, is consistent with its role as a vircgefiactor and as a mediator of interbacterial
interactions (215). The interbacterial targetingdiions of T6SSs also has the potential to be a
virulence determinant. Recent studies have fouatttte diverse and dynamic community of
microorganisms that are directly associated witlnéws can have an impact on disease outcome
(114). A candidate genetically encoded mechanisdetlying this phenomenon is the T6SS.
The findings from this thesis work, in combinatieith the continually expanding body of
literature, have broadened our understanding oTf 6&S and have laid the foundation for further

studies that could potentially elucidate its rai¢he environment.

In this thesis work, | have characterized postiedizal regulators that control H1-T6SS

activity in P. aeruginosaTwo distinct pathways — the phosphorylation-dejes and
phosphorylation-independent pathways — that aditreg H1-T6SS by promoting the assembly
of the H1-T6S apparatus and initiating effector@xjmave been elucidated (40, 115, 167, 222).
Several components of the phosphorylation-deperihtvay, PpkA, PppA, Fhal and TagR,
were initially identified and characterized by Mowg and colleagues (115, 167). These proteins
modulate the phosphorylated state of Fhal, wheteasphorylated Fhal triggers apparatus
assembly and effector export. In this pathway, skated PpkA phosphorylates Fhal, while

PppA antagonizes this process through phosphatéséya The periplasmic localized protein,
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TagR, acts as a co-receptor for PpkA by promotimglFphosphorylation through PpkA

dimerization and autophosphorylation.

The thesis work has added new dimensions to thepgbluoylation-dependent pathway, also
known as the TPP. First, this work has providedience that surface growth posttranslationally
triggers H1-T6S activation via the TPP (222). Speally, Fhal phosphorylation is enhanced
under these growth conditions, which, interestinghg conditions that also promote T6S-
dependent effector delivery through close cell¢t-contact. These findings are consistent with
the hypothesis that the H1-T6SS plays a role isikelsacterial communities, which are often
associated with chronic infection (55). Identificat of specific signaling molecule, or a
physiological change, that stimulates the TPP dusurface-associated growth could provide

important insights into the physiologically relev&mnction of the T6SS.

This thesis work has also resulted in the ideratifan of additional HSI-l1-encoded accessory
proteins that participate in the TPP: TagQ, Tag$BagT (40). These proteins are positive
regulators of the TPP, acting upstream of PppARpkA. TagQ, TagS and TagT stimulate the
TPP upon surface-associated growth. In collabaratibh Ina Attree’s group, we found that
TagS and TagT form a complex at the inner membrBagT exhibits ATPase activity; however,
it is not yet known how this activity contributes T6SS function. Through biochemical
analyses, TagQ was characterized as an outer meenlgpaprotein. Together, these proteins

promote phosphorylation-dependent activation ofHAeT6SS.
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In addition to the TPP, a second posttranslatibliall6SS regulatory pathway was identified
from this work (222). An HSI-I encoded accessomtgin, TagF, mediates this pathway by
repressing H1-T6SS activation independent of the. Athough derepression of the H1-T6SS
by TagF requires the presence of Fhal, Fhal phogphon is dispensable. Furthermore,
surface growth is not an environmental cue for plaigway. A physiological signal for the
TagF-mediated pathway remains to be identified. fifiding that two independent pathways
posttranslationally modulate H1-T6SS activity irates that this complex secretory pathway is
under tight control. The TPP and TagF-mediatedvpaytmay be important to initiate efficient

effector export under suitable environmental coads.

While the proteins involved in the TPP and TagFetelent pathway are encoded within the
HSI-I gene cluster, | found that they are dispetesédy T6S function and are thus true accessory
proteins. Consistent with their role in regulatierthe observation that homologs of these genes
are found in approximately 30% of sequenced T6% garsters (27). The distribution of these
homologs suggests that a portion of T6SS may enmgplmymmon mechanism to regulate the

activity of the secretory system.

Lastly, this thesis work has revealed that HcpT€8 receptor and chaperone for effectors. Hcp
forms a homohexameric ring with a 40 A pore that loag been hypothesized to assemble into
a tube and serve as a static conduit for effecamsit. In contrast to this model for effector
secretion, this work demonstrated that T6S-effacspecifically and stably bind to the inner
pore of the Hcp ring. These interactions are egddot effector secretion through the H1-T6SS.

Together, these findings indicate that substrageifipity is likely governed by Hcp-dependent
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effector interactions. Furthermore, this work hagealed that Hcp and effectors are likely co-
secreted as a stable complex, rather than Hcpngead a channel for effectors to pass through

transiently.

The identification of two posttranslational pathwalkat regulate H1-T6S activity and the
discovery of a T6S-specific effector receptor ahdperone contributes significantly to the
growing body of data that shapes our understanafitigis complex secretory system. Many
guestions remain regarding the signals and paththaysegulate the H1-T6SS and the

mechanism of effector secretion. Several of thessmswered questions are discussed below.

What are the environmental signals that stimulatvation of the T6SS?

Previous studies have demonstrated that the TaG88&tIglitransfers effectors into target cells in a
cell contact-dependent manner (113, 204, 216hitnthesis work, a physiologically relevant
trigger for posttranslational activation of the S surface associated growth — was identified.
Together, these findings suggest that physiologibahges that occur during surface growth
may directly or indirectly stimulate the T6SS. Deting the specific signal that is involved in
this process may provide further insight into wiaea where T6S-dependent interactions take

place in the environment.

A candidate signaling molecule that may be involwesgurface growth-dependent stimulation of

the H1-T6SS via the TPP is the secondary messemgjecule c-di-GMP. IrP. aeruginosaas

well as other Gram-negative bacterial speaedi;:GMP plays a key role, both directly and
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indirectly, in regulating the transition of cell®m planktonic to sessile growth, and vice versa
(106). A correlation between increased c-di-GMRelsyinduced by a mutation in a global
regulatorretS and elevated H1-T6S expression was previouslyrteg (165). Nevertheless,

this study did not examine the regulatory levelhich c-di-GMP influences T6S expression, or
whether this observation was direct or indirectink between c-di-GMP and T6S regulation has
also been suggestedViibrio alginolyticus where goppAhomolog appears to modulate c-di-
GMP levels (219). Specifically, deletion pppAinduced pleiotrophic effects on various cellular
processes, including the production of c-di-GMRhAugh the molecular mechanism for this

observation was not investigated, it suggests ailplesinteraction between PppA and c-di-GMP.

To determine whether components of the TPP or Tag8tated pathways directly interact with
c-di-GMP, several approaches can be employed.»amgle,in vitro or in vivo c-di-GMP

binding assays have been developed to identify@MP—protein interactions (108, 140). In
addition, a FRET-based reporter can be engineertdetprotein of interest to determiimevivo
interactions with c-di-GMP or other small molecu{é8). Previous studies have shown that c-di-
GMP binding proteins frequently undergo conform@aiochanges upon c-di-GMP binding. A
protein of interest could be modified with dualdtescence, for example YFP fused to the N-
terminus and CFP fused to the C-terminus, and th@mitored for conformational changes. A
binding event can be detected when the orientatidooth fluorescent proteins changes,

resulting in a shift in FRET efficiency.

Defining the full repertoire of protein effectoradhother substrates of the T6SS.
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Characterizing the activities exhibited by secresgstem substrates has aided in the discovery
of functions for secretory pathways. For examgie,itlentification of T6S substrates of the H1-
T6SS inP. aeruginosaevealed its bacterial targeting function (204).iM/Bubstrates have been
identified for a variety of T6SSs, there are maxgraples of T6SSs wherein no substrates have
been discovered. Previous studies have succesgfaltyified T6S substrates through global
analysis of secreted proteins frélmaeruginosandB. thailandensi$113, 206) These
approaches are not necessarily saturating. Tw@arkent reports have found tirat
aeruginsoastrains lacking the three previously identifiedeetbrs still display a partial T6S-
dependent fitness advantage (69, 144). These fisdinggest that unidentified effectors may be
responsible for the phenotype. More exhaustiveiassuake required in order to fully define the

substrates of this system.

Various high-throughput genetic screens could itatd the identification of new effectors.

Using transposon mutagenesis and high-throughjputeseing, T6S immunity genes were
identified inV. choleraeand led to the discovery of T6S effectors (69migir to previously
identified T6S-effectors—immunity pairs, the gedesovered in this screen were essential in the
presence of the adjacently encoded T6S-effectachnddso displayed antibacterial activity. This

approach can be applied to various species wheBeslibstrates are yet to be identified.

In addition to previous studies that identifiedeetbrs through secretome analysis, determining
the intracellular proteome could aid in the ideaéfion of new T6S effectors. This idea is based
on findings from this thesis work that demonstragtbility of effectors is fully or partially

dependent on Hcp. The intracellular proteome cbaldompared between a wild-type bacterial
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strain and a strain containing a deletiomgp. Relative changes in protein levels between these

strains could reveal putative T6S effectors.

What are the sequence or structural motifs of &ffsahat permit recognition by the T6SS?

The surprising role for Hcp as a T6S-specific chhape and receptor for substrates has raised
new questions about the mechanism of substratetisgtie This work has demonstrated that the
inner surface of the Hcp ring is a binding sitedffectors. Future studies will aim to dissect the
sequences or structural motifs present within ¢éfiscthat mediate these interactions. Substrate
truncation analysis is a basic method that has beecessfully employed to identify the minimal
secretion signal for other secretory pathways.Te8-substrates, 5-10 AA truncations can be
generated sequentially, starting at the N-termoruS-terminus. These truncated substrates can
be subjected to protein-protein interaction analyath Hcpin vitro and can be analysed for
T6S-dependent secretion efficienayivo. These studies may reveal a common sequence motif,
which, in turn, could facilitate the identificatiari addition substrates of the T6SS. However,
due to the low sequence homology among H1-T6S aibst it is more likely that effectors
share a common tertiary structure that could medreractions with Hcp. Therefore, a more
complex approach may be required to determinedbegnition mechanism, possibly through

the use of the structural information that is aafal for T6S-effectors.

In conclusion, this work contributes to the rapighpwing and fascinating field of contact-

dependent mechanisms that bacteria utilize to reedhgeractions with their environment. In
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addition, these studies have broadened our gemedalstanding of the diversity of mechanisms

that facilitate protein export.
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