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Abstract

Protein secretion in Gramegative bacteria plays a vital role in thsurvival in the
environment and thewrirulence. At least nine secretion systems have been identified in
Gramnegative bacteria, including the type VI secretion system (T6SS). The T6SS
appears to play an important role in the virulence of many pathogenic bacterisand a
in interbacterial competition. The T6SS corsist 13 core protein subunit§TssA-
TssM) some of which exhibit structural similarity to components of the bacteriophage
T4 contractile tail. The T6SS is predicted to employ an analogous mechanism to injec
bacterial effector proteins directly into host eukaryotic cells, competing bacteria or into

the extracellular medium.

The interaction between the 13 core componentsedf6SS was investigated by using
the bacterial adenylate cyclase tiwgbrid (BACTH) system. The results of the BACTH
analysis of the interactiortsetween these proteirshowed that many Tss subunits are
selfinteracting suchas TssH, Tssl, TssJ, TssK, TssL afissM. The results also
revealed a number of novel hetadigomeric interactins between the different
subunits. Furthermore, BACTH interaction resudbonfirmed that TssA selhteracts
mainly through its @erminal domain and also interacts with a number of other T6SS
subunit proteinssuggesting that it is central to the assgnolblthe baseplate complex of

the T6SS The analysis of proteolytic degradation products of Tsggport a model in
which TssAis organised intdwo domains linked bgnunstructured linker regiorSize
exclusion chromatography and analytical ultracergafion revealed that TssA forms a
large oligomer. Negative stain EM showed that TssA foaming 0f20-25 nmdiameter

with external projectionsvhich resemble the baseplate component of the T4 phage tall
complex. Moreoverpy constructing a MBHSssA Gteminal domain fusiorthe G
terminal domain of TssA was demonstrated to be necessary and sufficient for ring
formation. Twoehybrid analysis, SEC and negative stain EM suggest that a related
protein, TssA, encodedwithin the Aeromonashydrophila T6SS gene dister is

functionallyorthologous to TssA.
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1.1 The Burkholderia cepaciacomplex

The genusBurkholderia consistsof more than60 species ohonfermentaive, non
spore forming bacill i Rrotdoltactariaceatne thérefocel a s s
they areGramnegative(Compantet al, 2008. The Burkholderia cepaciacomplex
(BCC) consistsof 17 specieswith similar phenotypic featurebut distinct genetic
composition(Mahenthiralinganet al, 2008 Vanlaereet al, 2008. The first member of
the BCC was identified in 1950 bW.H. Burkholder, who descrilokit as the causative
agent of soft onion i (Burkholder, 1950 It was initially described as a member of
the genug’seudomonasdue to the close phenotypic resemblance tg#sidomonads
and namedP. cepaciaUntil the early 1970s, differenépeciesnow known to belondgo
the BCC were classed under the gelRseudmonas whi ch bel ongs to
of proteobacterialn 1973 considerablalifferences were demonstrated within the
pseudomonad family at thebosomalRNA homologylevel (Palleroniet al, 1973.
Therefore,P. cepaciaand 6 othelPseudomonaspeciegdPseudomonas solanacearum
Pseudomonas pickettiPseudomonas gladigliPseudomonas malleiPsedlomonas
pseudomallei and Pseudomonas caryophylliyere classified within RNA homology
group Il pseudomonas.akerthey werereclassifiedunder a new genusBurkholderia
based on their DNADNA homologyvalues cellular lipid and fatty acid composition,
16S rRNA sequences and phenotypic characteriffiabuuchiet al, 1999. By 1997,

it became clear thdB. cepaciaconsisted of at least fivdistinct genomoars (FV)
which are phenotypically similar but genotypically dististtains(Vandammeet al,
1997. Subsequently these were assigned species designati@s cepacia, B.
multivorans, B. cenocepacia, B. stabimd B. viethamiens)s Since 1997 further
studies haveesulted in addition o&nother twelvespecieso the BCC. Table 1.1 lists

the seventeeaurrentlyknownspecies thatonstitutethe BCC.

BCC bacteria are widelgistributedthroughoutthe environmenand commonly found

in soil, especially the rhizosphere of plarf®me species have beneficial interactions
with plantsand provide protection against fungal infectiobgesticidal properties)
such as infection of the seeds whizoctonia solanandPythiumspecies whicltause

a conditonk n own as i dAnother useful featuré adome members of the
BCC is the ability todegrade pollutantsecausef their abilityto usea wide varietyof

carlon sources such as growvatter pollutantsHowever, they have a dark side as some

19



Table 1.1 B. cepaciacomplex species and their habitdt

Name

Habitat

Reference

B. cepacia

B. multivorans

B. cenocepacia

B. stabilis

B. viethamiensis

B. dolosa

B. ambifaria

B. anthina

B. pyrrocinia

B. ubonensis
B. latens
B. diffusa

B. arboris

B. seminalis

B. metallica

B. contaminans

B. lata

Humans (CF and ne@F), elimination of
pollutants from the environment ar
biological control

Humans (CF and ne@F)

Humans (CF and ne@F), animals, soll,
plant, water, and biological control

Humans (CF and neBF), rhizosphere
soil, hospital equipment

Humans (CF and ne@F), elimination of
pollutants from the environment ar
biological control
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2001
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(Vermis et al,
2004
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(Vandamme et
al., 2009
(Vandamme et
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2008
(Vanlaereet al,
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(Vanlaereet d.,
2008
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2008

(Vanlaereet al,
2008

(Vanlaereet al,
2008
(Vanlaereet al,
2009

(Vanlaereet al,
2009

®Adapted from(Souseet al.,, 2010.
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species are able to cause opportunistic infections in hu(Rankse and GuriaSherman,
2001).

BCC are major opportunistic pathogens in immunocompromised patients. The severity

of infection with this type of pathogenic bacteria in cystic fibrosis patients can vary
considerably betweet hr oni ¢ |l ung infection to &6dbc:¢
combination of necrotizing pneumonia and sepsis leading to a rapid clinical
deterioration in lung function and eventually de@igles et al, 1989. Patients with

chronic granulomatous disease (CGD) are also at risk of serious BCGon$Speert,

200]). Cepacia syndroen is the second leading cause of death in CGD patients
(Johnston, 2001

Among BCC speciesB. cenocepacias the most common member of the group to
cause clinical infection in cystic fibrosis patients, resulting in as many as 70% of cases
of BCC infection in cystic fibrosis patients (Figure 1.1). However, recent studies shown
thatB. multivoranshas become the most common BCC isolate in the United States and
the United Kingdon(Reik et al, 2005 Mahenthiralinganet al, 2008. B. multivorans

is the second most frequent BCC pathogen isolated from cystic fibrosis patients
(Mahenthiralingamet al, 2002 Mahenthiralingamet al, 2005. The nucleotide
sequences of the genemof several strains & cenocepacidave been determined. In

one strain, J2315, the genome is 8.06 Mb and consists of three circular chromosomes
and one plasmid.

1.2 Virulence determinants of the BCC

A wide variety of virulence determinants may haveole in the ability of some species

of BCC to cause disease, such as biofilm formation, iron acquisition, the ability to
survive intracellulary and some protein secretion systems. Clinically; BCC species are
problematic because they can cause invasing tisease in immupcompromised and
cystic fibrosis (CF) patients and they are difficult to treat as they exhibit a high level of
intrinsic antibiotic resistance. Therefore, research on the virulence determinants is
important to identify bacterial procgss that might be targeted by a novel vaccine or

new antibiotics.
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Figure 1.1 Electron micrograph of B. cenocepaciastrain J2315. Reproduced from
http://accessscience.com/content/Burkholdegpaciacomplex. Image source: Emma Ralph,
Eshwar Mahenthalingam and Philip Sayre, Cardiff School of Biosciences, University of
Cardiff, UK.
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For instance biofilm formation in B. cenocepaciacan protect the bacteria from
antibiotics as well as the host immune respqistrelaet al, 2009. It is predicted that

in the CF lung B. cenocepacidive in biofilms, sometimeswith P. aeruginosaand
communicate tgether by using their quorumsensing systeswhich is another
virulence determinantof B. cenocepacigTomlin et al, 200). Another important
virulence trait of BCC species is the production ap to four types of siderophores
(pyochelin, ornibactin, cepaciachelin, and cepabactin) for iron uptake and chelation
(Thomas, 200)f However, most species only produce two of these, ornibactin and

pyochelin.

In addition, a number of secretion systems were found to have a role in the virulence of
BCC species by secreting effector molecules that disrupt cell functiooardbute to
causing a diseasé B. cenocepaciathetype Ill secretion system (T3SS) is required
for survival in a murine infection model as tbacterial mutant showed attenuated
virulence compared to the wild tyg@omich et al, 2003. One of the two type IV
secretion systes(T4SS)in B. cenocepaciaontributes to the intracellular survival and
replication in macrophages and airway epithelial ce(Sajjan et al, 200§. B.
cenocepciasurvive inside the macrophages within a membitamend vacuole (BcCV).
The type VI secretion system (T6SS) hasery interesting role in the virulence Bf
cenocepaciaThe T6SS was shown to triggerdrastic alteration in the morphology of
infected macrophages by inactivatieand reduction othe cellular poolof Racl and
Cdc42, members of Rho family GTPases whate involved in the regulation of
intracellular actin dynamg The T6SS also inhibits the recruitment of the NADPH
oxidase complexincluding Racl to the BcCV membrane(Flannaganet al, 2012
RosalesReyeset al, 2012f). Moreover,cooperatiorbetween type |l secretion system
(T2SS) and T6SS wasecently proposedin B. cenocepacia Several proteinsare
secretedo the extracellular environmehy the B. cenocepacid2SS such as there-
dependenh metalloproteases ZmpA and ZmpBat can degrade several substances
including host immunity protein@Kooi and Sokol, 2009 Although he T2SS cannot
inject its effectors directly intdhe target cél(Section 1.3.2),RosalesReyes and
colleagueshowed that a functional T6S&cilitatesthe translocation of Zmp#ato the

cytoplasmof macrophagefRosdesReyeset al, 20124
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1.3 Protein secretion systems in Grarnmegative bacteria

Protein secretion is defined as the transport of proteins from the interior to the exterior
of the cell. It is an important process for bacterial survival as it playsyade in
numerous aspects of the bacterial life cycle such as the mediation of the interaction
between bacteria and their eukaryotic hosts, biosynthesis of extracellular organelles
such as pili and flagella, and nutrition. The structure of Gpasitive and Gram
negative bacteria differ by the latter having two membranes which make protein
secretion a more complicated process. Protein secretion in-G¥gative bacteria
involves the transport of the secreted protein across the inner membrane (IM) and oute
membrane (OM) as well as passihgough the periplasmic space. &rther difficulty

faced by Grammegative bacteria is the lack of ATP or energy source in the OM
(Thanasskt al, 2005. Therefore, either the secretion process across both membranes
should occur in a single step or in separate steps in which case the energy required for
the transport of the secreted protein from the periplasm across the Gi\benacquired

at the IM(Thanassi and Hultgren, 2000n situations where the protein is secreted in

two steps, it is translocated across the IM using the Sec or Tat (see below).

Research on protein secretion has identified @dtl@ine specialised protein secretion
systems in Grammegative bacteria. Five of them, i.e. the Type\, -Vb, -VII, -VIII

and -1X secretion systems, use the Sec or Tat pathway for transporting the secreted
protein across the IM, whereas the otheret@mn systems, i.e. the Type-lll, -IV and

Type -VI secretion systems adopt a direct transport mechanism through both
membranes without a periplasmic intermedi&igure 1.2) Despite the involvement of

all these secretion systems in the pathogendfitipacteria, it has been found that the
evolution of several of these secretion systems are from bacterial organelles associated
with specific cell functions other than virulence. The type | secretion system (T1SS) is
believed to be evolved from ATBInding cassette (ABC) transporters, while the T2SS,
T3SS and T4SS are similar to type IV pili, flagella and conjugation machines,

respectively(Cascales, 2008
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T3SS T4SS T6SS

A A 7'

Target cell ECM

T1SS T2SS T5SSa T5SSb T7SS  T8SS  T9SS
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oM

periplasm

cytoplasm

Sec or Tat

Figure 1.2 Schematic representations of secretion systems of Granegative bacteria.The
diagram shows that type |, 1ll, IV and VI secretion systems transport their substrate proteins to
the extracellular media or to the target cell cytosol in one step, whereas, type Il, Va, Vb, VII,
VIIl and IX are twastep systems where the first step (translocation across the inner membrane)
is mediated via Sec or Takbbreviations: IM, bacterial innemembrane; OM, bacterial outer
membrane; ECM, extracellular milieu.
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1.3.1 The Sec and Tat systems
Translocation of protein across the bacterial inner (or cytoplasmic) memiarahe

periplasmic spacés controlled by two systemshe Sec (general secretoryand Tat
(twin-arginine translocation) pathways. The proteins that are transported by the Sec or
Tat pathways have specific-tdrminal signal sequences that arged to guide the
protein to the Sec or Tat system located in the cgypic membrane. When the protein
passes through the inner membrane, the function-triNinal sequence is completed

and therefore it i€leaved off by a signal peptisEa(Economou, 1999Sargentet al.,

2006.

The Sec system d&. coliis constitutel of two main parts, a chaperone located in the
cytosol named SecB, and a large protein complex in the inner raeenbf the bacterial

cell referred to aghe translocase. Thiunction of SecB chaperoné to hold the
proteins in the correct conformation for translocation, and also targeting them to the
translocase. The translocdsesan ATPasecomponen{SecA and amembrane protein
complex (Driessenet al, 1998 Stathopouloset al, 200Q. The proces of proten
translocation begmby selectivebinding of SecB to the preprotethat needs to be
translocatedDriessenret al, 1998. It is worth mentiomg that SecBchaperone cannot
differentiate betweensecretory and nesecretory proteinsas it does not have
specificity for signal peptidegKnoblauchet al, 1999 Stathopouloset al, 200Q.
Subsequently, the SegBeprotein complex bind to SecA and the preproteirs
released from SecB and bsitb SecA SecA undergoes conformational changes after
binding ofan ATP molecule to the nucleotidending site These resultg a part of the
preproteinand the signal peptidaeing inserted into the translocation charara ~ 2.5

kDa of the preproteinis translocated. Hydrolysis of ATPResultsin reverse of the
conformational changes of SecA and releafsthe bound preprotein. Then the cycle is
repeated until all of the protein is translocaedesseret al, 1998 Stathopoulo®t al.,

2000. The Sec pathway can only transport proteins in their unfolded state as they must
fit through the 88 A pore of the Sec system and the SecB chaperone keeps the
preprotein in the required conformati@Pugsley, 1993vVan den Berget al, 2009. If a
Secdependent protein folds prematurely in the cytoplasm nibh@gbe translocated via

the Sec system. This might result in accumulation of precursors and subsequent cell
toxicity. The Sec system is used to transport proteins in @sitive bateria, Gram

negative bacteria,ukaryotes and ArchadgRohlschrodeet al, 1997. In Gramnegative
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bacteria the secretion of Sdependent proteins a@®the OM must be completed by
separate mechems which are specialised secretion systéidrgeesseret al, 1999.

In E. coli the Tat systems composedof at least 3 main pteins that form the
translocaseTatA, TatB and TatGBerks, 1996Settleset al, 1997 Berkset al, 200Q.
Proteinsexported through the Tat system appeatto require a channel, as proteins are
extracted through a layer of TatA by Tat&sheret al, 200§. The Tat systerdisplays
preferene for proteirs that binds to a cofacton the cytoplasm suchsdaemor iron-
sulpher clustersand thereforehey arefolded before exportBerkset al, 200Q Lee et
al., 2006. However,in vitro studies showed that soncefactorfree proteins arealso
translocated by the Taystem(Berks, 1996Bruseret al., 1999.

The signal peptides of both Sec and Tat systems are short peptide chains of ~ 24 amino
acids that are composed of three different negfidhe Aregion, which is an Merminal
positively charged region; therlgion, which is a hydrophobic helical region, and a ¢
domain that contains the signal peptidase cleavaggvsite Heijne, 1985Izard and
Kendall, 1994 Cristobal et al, 1999. Tat systerdependent signal peptides have
additioral features, the most distinctive feature of which is a conserve®-K-F-L-

K motif. The name of the Tat system is related to this conserved motif which contains a
dispensable but highly conservedn-arginine motif(Chaddocket al, 1995 Sargentet

al., 1998.

1.3.2. Type | secretion system

The type | secretion system (T1SS) is-8wtependent and setes proteia across the
IM and OMin one step. Th&1SSconsists of three componentwo components of the
IM translocase an ATP-binding cassette (ABC) transporter andr@mbrane fusion
protein (MFP), in addition ta poreforming outer membranassocated proteinthe se
calledouter membrane (OMP) protein. The secreted substratesalmmrecleavable €
terminal signal sequend®elepelaire, 2004 The T1SS exports high molecular weight
toxins and exoenzymdsom theinside to the outside of the bacterial dellone step.
The OMP tbarrelihsouga which proteins are exportdd.example of a T1SS
is the secretion systefar a-haemolysin (HIyA) ofpathogenidE. coli (Kostakiotiet al,
2005.
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1.3.3 Type Il secretion system

The type 1l secretion system (T2SS), also referred to as the secreton, idep8edent
multi-protein complex composed of 1B proteins that span the inner and outer
membranegVoulhoux et al, 200). Apart from one subunit, the outer membrane
protein D (i.e. Gspr XcpQ), which is also known as the secretin as it forms a pore in
the QM, all the T2SS proteins are associated with the IM and periglldsnotkov et al,
2011, Van derMeerenet al, 2013. GspD is composed of two domaing highly
conserved @erminal domain and non-conserved Nerminal domainThe Gterminal
domain is integrated into the outer membrane and oligomerises into @Noogenet

al., 1999 Thanassi, 2002Peabodyet al, 2003. The Nterminal domains extended
into the periplasm, and has many roles, including substrate recognition. Iis\gsteras,
an additional proteirthe lipoproteinGspsS,is integrated into the periplasmic side of the
OM. This protein is known as a pilotin and it is involved ssembly of the secretin
(Hardieet al, 1996 Shevchiket al, 1997. The current model adhe T2SS sugg#s that

it is formedfrom three sukassembliegDouzi et al, 2013. A subcomplex associated
with the IM calledthe IM platform (IMP), which composed from GspGF, -L and-M
proteins; the cytoplasimtraffic ATPase the second subassembly,connected to IMP
via its interaction with Gspl(Bleveset al, 1996 Arts et al, 2007. In addition,the
T2SS contains five proteins Gsp4i, -1, -J and-K which are homologous tdhe type

IV pilin protein PilA and are therefore called pseudopiliiSauvonnetet al, 200Q
Korotkov and Hol, 2008 Lastly, the third subassembly is composed of the pore
forming GspD subunitin the QM which forms a channel through which secreted
proteins can pass to the extracellular environngBnok et al, 1999 Nouwenet al,
1999. It is proposed that GspC recrugtecreted proteins whicdre transferred to the
T2SS vestibule. Then the secreted protein is contacted by the &ppsdéudopilus
formed from the pseudopilin proteimich grows and pushesthrough the GspD pore
(Douzi et al, 20139. Examples of proteins secreted by the T2SS inchydkolytic
enzymes such as proteases, cellulases, pectinaseghplysses and lipases, as well as

someoxinssuch as cholera toxifgandkvist, 2001Hazes and Frost, 2008
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1.34. Type lll secretion system
The type Il secretion system (T3SS) is Sadependentand delives toxin into

eukaryotic cells in one step crossing both bacterial membranes and the eukaryotic cell
membranelt consistsof at least25 different poteins,which form two main parts: the

basal body, which spans the entire cell envelope, and the needle complex (NC) which
protrudes from the outer membrane and is also called the injecti@@alan and
Collmer, 1999 Galan and WoHwWatz, 2006¢. The injectisome shares similarity with
bacterial flagella and thearebelieved to share a common ancegktaiyeset al., 2010.
Bacteriathost contact is required for the activationtloé T3SS and it is used by many
pathogenic bacteria such asyersinia spp., Salmonella spp., Shigella spp. and
enteropathogenik&. cdi. Also, the T3SS is used by symbiotic bacteria. The T3S

been shown to deliver toxins, virulence factors and other effector proteins to the
extracellular milieu or directly into the host céMiota et al, 2005. TheT3SS effectors
havea spedic protein sequencthatacts as a signal sequence to direct these effectors
tothe T3SS. Also, many T3SS effectors reqaiokhaperone, which dissociates from the
effector and remains in the bacterial cytopladuming translocatiorof the effectorinto

the target cel{Ghosh, 2004 WhenT3SS effectorare injected intdhe target celthey
becomeactivated byhost factors which are not present in the secreting bacterium.
Thereforepreventing toxicity to theecretingoacterum (Dean, 2011

1.3.5. Type IV secretion system
The type IV secretion system (T4SiS)a complexand divese system which can be
divided into two main types:

1.35.1. Type IV A secretion system

The type IVA secretion systerfT4SSa)is similar to the cojugation system of bacteria
In addition to the secretion of protein effectohss tsystem aaexport ad import DNA
and therefore may facilitate the spreafl antibiotic resistance gend€hristie and
Cascales, 20Q31ayeset al, 201Q. Usually, direct celtcell contact is required for the
activation of T4SS. The T4SSia largely made up from threesubcomplexesa
pilus/adhesin thamediatescell-cell contacta secretiorchannel through which protein
passes, ahfinally a receptor for the channel's substrate protkimswvn astype 4
coupling proteifT4CP) A well-studiedexampleof a T4SSa is the VirB/VirD4 system

of the plant pathogeAgrobacterium tumefacienshich injects DNA directly into the
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host cell Thesecretion channel is composed of 11 proteins (\WvidB11) which are
known as matingpair formation (Mpf) proteinsin this systemT4CP is called VirD4

and itdelivers the transferred DNA strand to the secretiwennel. VirD4 protein may

actasa trandocase as it has DNependent ATPase activity. VirB4 and VirB11 are
also ATPass which may provide the energy required for T4ASS assembly and/or
secretionHayeset al, 2010.

1.35.2. Type IV B secretion system

The type IV B secretion system (T4SSianspors and delives effector proteins
directly into the cytoplasm of target cellChristie and Vogel, 2000 The T4SSb is
present inLegionella pneumophiland containssevenproteinsthat are alsgresent in
the T4SSaand two that arealso presentin the T6SS (DotU (IcmH)=TssL, and
IcmF=TssM)(Segalet al, 2005.

1.3.6. Type V secretion system
The type V secretion system (T5SS) is Spendent and can be subdivided itvo
typesbased on variations in therechanism

1.3.6.1. Type V A secretion system

The type V A secretion system (T5S$aplso called the @wotransporter (ATyystem
because thesecreted proteins can autonomously cross the outer lipid bilayer. The
substrates secreted blye T5SSa are mainly virulence proteins. Autotransporters are
composed of 3 main domains: aré&tminal Seadependent signal sequence, an internal
passenger donraiwhich will be delivered to the exterior of the gglhda & er mi n a |
domain(Kostakiotiet al, 2005.

As in other Sedependent protesthe N-terminal signal sequenceargetsthe protein

to the Sec sgtem which translocate protein across tin@eer membraneanto the
periplasm Once in the periplasm, thetCe r mi n a | r e-lgarred in thd auterms
me mb r a n eharrelTfdtibtateb the translocation of the passenger domain through
outer membraneavhich canthen be cleaved off and released intloe extracellular
compartment or remain anchored to the cell surfeiemdersoret al, 2004 Desvauxet

al., 2009. The first described autotransportesas the IgAl protease secreted by

NeasseriagonorrhoeagPohlneret al., 1987.
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1.3.6.2. Type V B secretion system

The Twopartner secretion (Tps) system, also known asyppe V B secretion system
(T5SSh),is Seedependent,rad is composed ofwo separatgolypeptides TpsA which
is the secretedsubstrate or effector, and TpsB which is the translocabonponent
(JacobDubuissoret al, 200). The Tpssystemis related tahe T5SSa The difference
i s t h-adarrel doman oban autotransporter isegparatgrotein in the Tps system
(TpsB). Therefore the Tps is considered as a unique secretion sfdeabDubuisson
et al, 2009. The TpsA contains an-Nroximal domain calledhe secretion domain
with a specific secretion signal. The tiat direcs the TpsAcomponehtowards TpsB
which form a channel in the OM for the secretion of Tp$PsA physically interast
with TpsB on the periplasmic side of the OM. Examples of proteins secreted by the Tps
include an iron acquisition protein, several adhesins and cytolysioh as the high
molecular weight adhesins 1 and 2 of Heemophilus influenza¢JacobDubuissoret
al., 200).

1.3.7. Type VII A secretion system

The chaperonesher pathwg secretion sstem, also known as thigpe VII secretion
system(T7SS), is a Sedependent pathwaysed by bacteria mainly to translocate the
proteins whichform surface structusesuch ascertain types of adhesive pili. This
system is formed frorgene clgter contains genes encoding an ushehagperone and a
pilus subunitNuccio and Baumler, 200.7Substrate pteinssuch as pih subunitsare
translocated to # periplasm via the Sec system where tfoggn a complex withthe
chaperone protein. The function of the chaperone proteirinigdonor strand
complementatiorthat allows the correct folding of the subunits, and simultargous
prevens premature subungubunit interactiongChoudhuryet al, 1999 Saueret al,
1999. Then, tle chaperone and usher proteins are involved in the secretion and
assembly opilus subunits into a piluBusch and Waksman, 2012

1.3.8. Type VIl | secretion syptem

The extracellular nucleatigprecipitation (ENP) pathwawvolved in the secretion and
assembly of curli, also known as thin aggregative fimbhas,beemproposed to béhe
type VIII secretion syster{if8SS)(Desvauxet al, 2009. As a Seadependent system,
the T8SS is pe oftheterminal branches dhe GSP(Stathopoulot al, 200Q. Several

pathogenic bacteria display curl their surfaces that play a role in biofilm foatron
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and specific interaction with eukaryotic cells. BEn coli, curli are made up from two
proteins, CsgA and CsgB. CsgG is a lipoprotein located in the OM and required for the
secretion ofCsgA and CsgB. The secretion mechanism of curli is poorly utodeks
There are two theories & how curli components crofise outer membrane using this
system, some proposing the CsgG ser@e a chaperone stabilizing the two curli
componentsothers suggesting that single CsgG form a channel through whith

componentareexportedLofereret al, 1997 Stathopoulogt al, 2000.

1.3.9. Type IX secretionsystem

A secretion system was recently discovered in the phfdaateriodeteslit was referred

to as the PorSS (Porphorymonas secretion system) as it was originally discovered in
Porphorymonas gingivalisMore recently it has been referred to as the ti)pe
secretion systenfT9SS) (McBride and Zhu, 2013Satoet al, 2013. P. gingivalis
cause periodontal disase and possesses many virulence factors such as
lipopolysaccharides, hemagglutinins, finae and proteinases. Gingipasia secreted
proteinase which can break down the periodontal tissue as it has high hydrolytic
activities PorSS is involved in theanslocation of the gingipain across the IM and OM
into the cell surface or the extracellular environm@ntumberof proteinsmake up the
PorSS which include PorK, PorL, PorM, PorN, PorO, PorP, PorQ, PorT, PorU, PorV
(PG27, LptO), PorW and SoGingipains arecomposed of thae proteinsthat possess
conservedC-terminal domain (CTD)with common motif RgpA, RgpB and RgpP.
Another 10 potential PorSS secreteffiedor proteinswere identified all possesshe
conservedCTD (McBride and Zhu, 201,3Satoet al, 2013. SomeP. gingivalisPorSS
proteinsshare similarity witH-lavobacterium johnsoniagliding motility proteins at the
amino acid sequencelevel. Nakane and colleagues demonstrated that the gliding
motility of F. johnsoniaeis mediated through the dynamic movementtled SprB
adhesin(Nakaneet al, 2013. A significant reduction in the motility df. johnsoniae

was observed irsprB deficient cellssuggesting that PorSS may be invalve the

gliding motility of thisbacterium(Braunet al., 2005.
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14. Type VI secretion system

1.4.1. Discoveryof the type VI secretion system

Approximately 10 years elapsed between the first identification of a T6SS component
haemolysin caegulated proteinHcp), in 1996 and the identification of the T6SS as
protein secretion systein 2006 Williams and colleagues identified Has a novel
secreted protein iNibrio cholerae.The absencan Nterminal cleavable signal peptide

from this proteinindicateda novel mechanisror its secretior{Williams et al., 199§.

Furthe evidence fora previously unidentified secretion systemas found in 1997,
when Roest andcolleagues discovered a chromosomal locus iRhizobium
leguminosarunwhich they ermedimp (impaired in nitrogen fixation)This locus was
required for secretion of a protein and is nkmown toencode a T6SSMutations in
this locus resulted in the mutant strédecomingable to nodulate and firitrogen on
Pisum sativunandVicia hirsuta (Roestet al, 1997. In the following yeara study by
Wang et al reportedthat the virulence ofP. aeruginosain neutropenic mice was
induced by a gendocus encoding a serinthreonine protein kinase (STPKThey
showed that null mutant sin of this locus exhibit reduced virulence compared to the
wild type in neutropenic mic@Nanget al, 1999. Another major discovery of T6SS
components was made V. choleraeby Daset al in 2003 when they identified a
cluster of conserved genes nampBunFassociatedhomologous proteins (IAHP),
because of the similarity between one of the genes in the cluster and the ig#h&ESb
encoded protein. The onhAHP genewhich was found to be present in T4SSb at that
stage wascmF. Later, another genacmH (dotU) also present in T4SSb was identified
in IAHP clusterdDas and Chaudhuri, 20D3

In 2002, Pallen and colleagues screehadterial genomes for the pezge of genes
encoding forkhea@ssociated (FHA) domains and surprisingly they found that many
species of pathogenic or symbiotic Graegative bacteria have homologous gene
clusters which contained a gene encoding an FHA dopratein(Pallenet al, 2003.

It is now known thatFHA domain proteins regulate some T6SSs at the- post
transcriptional leve(Mougouset al, 2007 Hsu et al, 2009. Also, in 2002it was
convincingly demonstrated that a novel genomicniglgSalmonellacentisome 7
genomic islandSCJ) in Salmonella entericaerovar Typhimuriumthat was similar to

33



icmF-containinggeneclusters in other bacteria, was important for the bacteria to invade

eukaryotic cells successful{ffolkessoret al, 2003.

Finally, in 2006, the name T6SS was given to the product of IAHP clusters when it was
recognised as a novel secretion mechanisrnméiviekalanos group, who demonstrated
that this system was responsible for cgxitity of V. choleraeagainstDictyostelium

discoideumand mammalian J774 macropha@eskatzkiet al., 2009.

1.4.2. Standardized nomenclature for T6SS genes

Many of the T6SS core components were discoveredlifferent Gramnegative
bacterial specieprior to the identification of the T6SS a functional secretion system.
Therefore organismspecific names of equivalent components exist, making
nomenclature anfusing.A scheme was proposed by Shalamd colleagues in 2007
who predicted the existence of 13 core components of the T6SS based on the
conservation of these genes in T6SS gene clugtkese core subunits were referred to
as TssATssM type six secrdion) (Table 1.2).In addition, genes thatre present in
some T6SS clusters, but not othewere referred to atag genes(T6SSassociated
genes) The tag genesncode accessory proteins suchaagiliary components of the
secretion system,effectors or regulatory proteins (transcriptional and post
transcriptionalShalomet al, 2007 Aschtgenet al, 20103 This nomenclature will be
used in thighesis and is now widely used in the field alongside some orgaspsmuific

designations whichtill prevail.
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Table 1.2 Standardization of nomenclature for type VI secretion systems.

Corresponding gene nomenclatue in other bacteria

Standardised S. V. APEC EAEC? E. tarda R. P. B. cenc
gene names typhimurium cholerae leguminosarum  aeruginosa cepacia
tssA SCIA vasJ aec29 aaiJ evpK impA hsiA2 bscE
tssB sciH VipA aecl7 aaiA evpA impB hsiB2 bscL
tssC scil vipB aecl8 aaiB evpB impC/impD hsiC2 bscK
tssD sciK/sciM hcp aecl6/aec3?2 NP evpC NA hcpC bscJ
tsskE sciD NA aecl9 aaiD evpE impF hsiF2 bscl
tssF sciC vasA aec20/a&c2f aaikE evpF impG hsiG2 bscH
tssG sciB vasB aec22 aaiF evpG impH hsiH2 bscG
tssH sciG vasG aec27 aaiP evpH NA clpv2 bdcF
tssl vrgS vgrG aeclb aaiG evpl NA vgrG2 NP
tssJ SciN vasD aec24 aaik evpL NP lip2 bscN
tssk sciO vask aec25 aaiL evpM impJ hsiJ2 bscO
tssL sciP vasF aec26 aaiN evpN impK dotU2 bscP
tssM sciS vaskK aec30 aaio evpO impL icmF2 bscB

4 One of the 3 T6SS presestill.
®One of the 3 T6SBresentHSKII.

°Two orthologues are presentthe sam@6SSgene cluster

4 Gene is present at another locus outsid&r®Sgene cluster
NA, no alternative name given; NP, no corresponding gene present in the cluster; APEC, avian pa&hogkritAEC, enteroaggregativi. coli.

35



1.4.3. Genomics of the T6SS

T6SS is widely distributed in Gramegative bacteria in both pathogenic and symbiotic
bacteria (Figure 1.3)Shalomet al, 2007 Cascales, 2008Gene clusters encoding the
T6SS have been identified in more than 25% of gersageienced bacter(8ingle et

al., 2009. It worth nothing that the type VI secretion system clusters usually exist in
pathogenicity islands in v@us bacterial species such the EAEC pheUisland S.
typhimurium SCI (Salmonella cenisome island now known as Salmonella
Pathogenicity Island 6(SPF6)) and Pseudomonas aeruginogdSI| (Hcp-secretion
island) (Folkessoret al, 2002 Mougouset al, 2006 Dudleyet al, 200§ andin many
cases ar@resent on thaccessoryacterial chromosome that encodes genes directly or

indirectly implicated in virulene or survival inside the host cé@ascales, 2008

The number of T6S$elated genem a T6SS geneluster rangefrom 12 to more than
20 genes, with different composition aoidjanisation between specigascales, 2008
Shalomet al, 2007%. The gene order and orientation of the T&g®es vary among
specieslt is worth mentiomg that in some caseassD (hcp) andssl(vgrG) are located
at other genetic lociAlso Zheng and Leung carried out a comprehensive study to
identify T6SS genes ikdwardsiellatarda, and they foundhat 13 aut of 16 genes of
the evp clusterwere crucial for the proper export of Hdike protein (EvpC), VgrG
(Evpl) and EvpRZheng and Leung, 20D.7These genes ampAevpG evpEevpland
evpkevpQ and they correspond tesAtssM(Table 1.2) Single or multiple copies of
T6SS are present in many pathogenic Giraagative bacteria such Bsaeruginosa(3
copies), Yersinia pestig4 copies) andB. pseudomalle{(6 copies)and many others
(Mougous et al, 2006 Shalomet al, 2007 Suarezet al, 2008. Studies onB.
cenocepacidiave shown that it carries one copy of TgB8bertet al, 2008 Holden
et al, 2009.
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Figure 1.3. Orthologous T6SS gene clusters observed in Gramrmegative bacteria
Genes ineachT6SSgene clusteare representebly block arrows. Direction of the arrows
represents gene orientatiddrthologousgenes are presented deiiical coloured arrows.
Uni-col our ed ar r o wkSSrsaebpnigene€tsyt hatchedoaowes Gepresent
T6SSassociated geneda@9. P.aeruginosatssl and tss2 correspond toP.aeruginosa
T6SSsHSI-I and HSHI (P.aeruginosahas3 T6SSgene clustersB. pseudomalleisssis
the animal pathogenicity T6SS & pseudomalle{B. pseudomallehassix T6SS gene
clusters),Y. pseudotuberculosiss4 is one of four T6SS gene clusters in this organism
Other Grarmmegative bcteria presented here hawesingleT6SSgene clusterUsed with
permisson (Shalomet al,, 2007.
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1.4.4. The diverse functiors of the T6SS
The T6SS habeen demonstrated to play versatile function&liamnegative bacteria.

Some of these functions are described below.

14.4.1 Role of T6SSin virulence

The T6SS has beerdemonstrated to play a role in the virulence of various Gram
negative bacteria. Several studies on Greagative pathogens have shotiat ther
virulenceis attenuated in mutarstrainslacking a functionalT6SS.For exampleV.
choleraeis significantly less virulenin some hostvhen the T6SS iabsent Thus, the
cytotoxicity of V. choleraecells towardDictyosteliumamoebae and manaien J774
macrophageswhich is contactlependent was significantly reduced irvas gene
mutans. Further studies oV. choleraeshowed that the T6SS was required for actin
crosslinking and cytotoxic effecton J774 macrophage cells ardictyostelium
(Pukatzkiet al, 2007. Aeromonas hydrophilanutants with a defective T6SS are less
cytotoxic towardhuman cells and less resistamtattack by human macrophages. They
are also less virulent in a mouse infectiood®l (Suarezet al, 2009. B. pseudomallei
possess six copies of T6SSs and TdS&as shown to play role in the infection of the
macrophagegShalomet al, 2007. T6SS1 gene cluster homologous was identified in
B. malleiwhich is closely riated species tB. pseudomalleand has been demonstrated
tobe essenti al for virulence in a hamste
(Schellet al, 2007. In addition,T6SS1 in B. pseudomallehas beershown to play

i mportant r ol e hcpmutanb wereless pathbgenrarndénave radsicedp
intracellular growth and cytotoxicityn a hamster model of acute melioidogBurtnick

et al, 2011).

Similarly, S. entericaserovar Typhis lesscytotoxic but more invasive toward human
epithelial cells ingsciG (tssH mutantcompared with the wild typ@Vanget al, 201).

A studyon S. entericaserovar Typhimuriunby Mulderet al showed that disruption of

four clusters of nowore genes of T6SS result in impaired intracellular replication and
systemic spread i n mi sc&.mutanthdisglay aignsioant f o u
reduction in the ability to replicate in maplagegMulderet al, 2013. A recent study

on the same bacteria aimed to identify the role of T6SS in the infection of the chicken
showed that PT6SS mutant had i mpaired al
organ of chicker{Pezoeet al, 2013.
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1.4.4.2 Role of T6SS inantipathogenesis

In addition to the role othe T6SSin pathogenesisn some caseg plays a role in
attenuating the virulence of thedieria which harbouhe T6SS i.e. antipathogensis
This functionenable the host cells and the pathogen to surtogetherby pushing the
relationship away from pathogenesis and towardemmensal interactiom.e. chronic
infection. Several studiesereconducted to study the role of T6SS in chronic infestion
Mutation in the HSIL cluster (one of the T6SS gene clusterB.iaeruginosamade the
mutant more virulent in the rat model of chronic pulmonary infec(Potvin et al,
2003. Also in 2003, Bladergroen group showed ttreg mutualistic interaction dRr.
leguminosarumand leguminousplanss is highly specific and deletion mutation iss
(imp) genesenabls the bacterium to infect pea plants. The resoiltthe study indicate
that theT6SS was involved in defining the host specificity of fRiizobiurplant

interaction(Bladergroeret al,, 2003.

Similarly, the T6SS inS. entericaserovarTyphimuriumallows it to survive longer in

host cells by limiting intracellular bacterial replication and thus attenuates the virulence
and favours chronic infectio(Parsons and Heffron, 2005Therefore, the T6SS i8.
entericais similar to that inP. aeruginosgHSI-1 cluster)as it can be induced iiné
chronic phase of infection to help the organism to survive within the Aostcent
study onHelicobacter hepaticualso suggests that the T6SS may have a role in limiting

the intracellula multiplication and virulenc€Chow and Mazmanian, 2010

1.4.4.3 Role of T6SS in interbacterialcompetition

The T6SShas also been shown to haveimportantrole in competitive interbacterial
interactiors by contactdepeneént injection of T6SS effectarMougous and colleagues
have identified and characterised thpegative T6SS effector proteins Tsdlse3 in P.
aeruginosa(Section 16.1). Tse2 protein has lethal effects emkaryotic cells and
bacteria when synthesisedrarcellularly (Hood et al, 201Q. Although Tse2 protein
was cytotoxic towardseukaryotic and prokaryotic cells when it wasbpically
produced inside tlsecells, further studies demonstrated that eukaryotic cells are not the

true target ofthe Tse2 effector.

A recent study omcinetobacter baumanndemonstrated that the T6SS is involved in

inter-bacterial competition ina cell contactdependent fashion. In this study,
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competition assays were carried out to assess the potenfabatimanniistrain M2
andderivedtssB andtssC mutants to outcompete. coli. The result showed that there
wasa significantdrop in the number of viable. coliwhen theywereincubated withA.
baumannij and thiswas dependent on the presencefwictional TssB and TssC
subunits(Carrutherset al, 2013. A similar result was obtaineoh competition assays
betweenSerratia marcescen®b10 and E. coli MC4100 as there was agsificant
reduction in the number o¥iable E. coli cells when it was cocultured witls.
marcescen®b10 whereas no significant reduction time number oE. coli cellswas
observed when MC4100 was coculiveith aT6SS mutan{Murdochet al,, 201).

Further evidace supportingthe role of the T6SS in interbacterial interactions was
obtained from studies ovi. choleraestrainVV52. This investigatiomlemonstrated that.
choleraestrain V52containing adeletion in the accessory toxihg/A rtxA, andhapA
was showrto be highly virulent against many Gramegative bacteria such Bscoli, S.
entericaand Citrobacter rodentium whereasa mutantstrains containing deletion in
vask (tssM gene ofthe T6SS) losits virulence against these Gramegative bacteria
(Macintyreet al, 2010Q.

1.5. Structural subunits of the T6SS

Although the existence of the T6SS was first reported only in 2006, a model for the
assembly and mechanism of the T6SS is starting to take. kagescussed earliethe

T6SS contains 13 core componemtbich are predicted to assemble inthe T6SS
apparatusCurrently, they arelassified into three groupSeveral studiesaverevealed

the remarkable similaritpetweensome T6SS proteins and bactphagecontractile

tail componentsand these proteins are classified as bacteriopligeomponents
(Figure 1.4) A second group of T6SS proteiase associated with the inner or outer
membranewhile the third groupinclude Tss proteinsvith no clearrole. Based on our
current knowledgef the T6SS, it has been suggested that T6SS core components are
assembld into a macrecomplex structure whichesemblesan inverted bacterioplye
tail-like structure embedded ithe bacterial celenvelopemembrane(Cascales and
Cambillau, 2012 Figures 1.4 and 1.5 pesent the current model of T6&Ssembly and

mechanism of actian
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Figure 1.4. Similar injection mechanisnms of bacteriophage T4 and the T6SSStructurally
similar proteins in bacteriophage T4 atite T6SS are shown in the same colours. A. The
bacteriophage T4 is attached to the surface of the target bacterium. B. AnEgative
bacterium withT6SS firing at atarget bacterium. Abbreviation: C, cytoplasm; IM, inner
membrane; P, periplasmspace; OM, outer membrane; ECC, extracellular compartment.
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1.5.1 Bacteriophage-like components (the injection apparatus)

1.5.1.1 The T6SS needle tail protein, TssD

TssD (Hcp) is a secreted protein first identifiedvincholerag(Williams et al, 199§.

TssD was detected in the pulmonary secretions of cystic fbpeients and TssD
specific antibodies were present in their sgv@mugouset al, 200§. In fact, TssD is
present in the culture supernatant of all bacteith wfunctioning T6SS. Although it is

a secreted protein, the absence of TssD results in inactivation of the(ZI6&%) and
Leung, 2007. This led to the conclusion that TssD is not only a secreted protein but it
also acts as a T6SS structural component. Another sufgpdtis assumption is that
secretion of another T6SS component, Tssl (VgrG), requires a functional TssD. It
appears that TssD and Tssl show a mutual dependence for their se@eakatzkiet

al., 2006.

The TssD crystal structuref P. aeruginosaTssD1 revealed that TssD monomers
assembled into hexameric rings with an outer diameter-8088 and an inner channel
diameter of 3510 A that can form nanotubés vitro by stacking on the top of each

other (Figure 1.6 and 1.7). The TssD nanotube is large enough to allow a small folded
protein or an unfolded or partially folded protein to pass througMadatugouset al.,

2006 Ballister et al, 2008. As TssD has been found in the culture supernatant and
periplasm of bacterial cells containing an active T6SS, tlggesis that the TssD tube
assembles at the inner membrane and then extends through the outer membrane.
However, assembly of the TssD tube has not yet been directly provemw.

The TssD monomer shares a common evolutionary origin witk.tbeli bacteiophage

T4 tail tube protein gpl9 and has struct
constitutes the bacteriophage tail tybeimanet al, 2009 Pell et al, 2009. Therefore,

TssD is predicted to form a phatjee tail tube component of the T6SS. The crystal
structure of the TssD monomer frofh aeruginosa(HSI-1 cluster) consists of an
identical fold o f t wo andgheatra l-taepin hexteasionb (Figure 1.7)
(Mougouset al.,, 2009.
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Figure 1.6. Negative stained EM images of TssD proteins frorR. aeruginosaPAOL1. A. EM
micrograph of TssD showing TssD rings. B. Refolded purified TssD protein after denaturation
in 8 M urea. Arrows indicate polymeric structures of TssD. Adapted from Ledtnai{2009).

Figure 1.7. The crystal structure of TssDprotein. A. Ribbon illustration of the secondary
structure of a TssD monomer. B. Top view of the TssD hexameric structure showing the lumen
with an internal diameter of 40 A. Each of the six subunits is coloured differently. C. Side view
of the TssD hexaericstructure(chain B in the Protein Datank, code 1Y12)Adapted from
Mougouset al (2006).
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There is someevidencethat TssD may also functionas an effector protein It was
shownthat ectopicexpression ofA. hydrophila TssD within eukargtic cells leads to
induction of apoptosiéSatchell, 200R Evidence that TssBan function as a chaperone
and effector recognitionvas revealed in very recent study P aeruginosaln this
study, TssD was shown to specificaliind to T6SSeffector moleculegthe three Tse
proteirs, butmainly Tse2. The interaction of TssD with Tse2 was demonstrated to be

required for the stabilisation and export of the T&&Rermanet al., 2013.

15.1.2 The T6SStail spike protein, Tssl

Tssl also known asvgrG (valine-glycine repeats) constitutesa family of proteins
containing conservedN-terminal and centrakegions but shoving high sequence
divergence at their @rmini. It has been found that thevo conserveddomains are
similar to the bacteriophage T4 gp27 protein and théer@inal domain of
bacteriophge T4gp5, respectivelywhich form the bacteriophage T4 tail sp(keiman

et al, 2009. The crystal structure of thmonservedN-terminaland centralegiors of a
Tssl protein from uropathogeni&. coli strain CFT073 that includes the reggo
corresponding to gp27 and gpévealed that Tssl consists of four domaisy o- D
sandwi ches, an Ul dothairm adomespondingd to the
oligosaccharide/oligonucleotidgnding (OB)fold domain of gp5 (Figure 18). In
bacteriophage T4p5is composd of three domains connected together by long lisker
the oligosaccharide/oligonucleotitbnding (OB}fold domain, the middle domain
termedthe lysozyme domainandthe C-terminaldomain whereas gp27 consists of two
similar domaiis named tube domaingLeimanet al, 2009. However, the lysozyme

domain is not present in the gjike region of Tssl.

The T4 bacteriophage tail spike consists of trimers of gp27 andi.gp%gp27.gp%)

which functions a® puncturing tooltowards the targetedl that facilitates insertionof

the bacteriophage tail tuband subsequennbjection of the viral DNA into the host cell
(Kanamaruet al, 2003. As the structures of the (gp27.gpBbmplex and the Tssl

trimer are analogoughe current model of the T6SS suggests that the Tssl trimer is
located on the top of the TssD tail tube and fundias a puncturing device, piercing

t he membrane of the target c-sahdishdgnfainsgur e
per Tssl monomer givea six fold symmetry to the Tssl trimer which presumably

facilitates interaction with the hexameric TssD rifi¢pe cylinder which is formedy
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the gp27 trimer complex has an internal diameter of 30 A, whereas the gp5 trimer
compl ex f or nhelicea with aniirmendiaoeter B3 A at the base and 25 A at
the tip resulting irna tapering structure like a needlBukatzkiet al, 2007. However,

the internal diameter dhetrimeric Tssl channel is too small to allow proteins through
it (Hachaniet al, 201). Based on this observatioone can speculate that the Tssl must
be detached frorthe TssD tubular structure to allow proteins to be secrétexligh the

tail tube (Silverman et al, 2013. The location of the Tssl trimesuggest that
outgrowth of the TssD tail tube puedout the Tssl trimer tigCascales and Cambillau,
2012. Similar to TssD, Tssl hdseen found in the culture supernatant of bacteria avith
functioning T6SS. Thereforéhe presence dissD and Tssh culture spernatant is the
hallmark of a functioning T6SS. As discussed above, TssD and Tssl showatual
dependencesince TssD is not presenttine culture supernatant tgsl cells andvice

versa This confirms the role of Tssl as an essential component ofa88.T

SomeTssl (VgrG) proteins cary C-terminal extensions and thesaee referred to as
evolved VgrGs(Figure 1.9). In several cases that have been studied Gterminal
extension of the evolvedgrG has been shown fanction as an effector domathatis
injectedinto the target cell cysol (Section 16.1) (Pukatzkiet al, 2007. Moreover,
many T6SScontaining bacteria contain multiplesl genes, even where only one T6SS
gene cluster is presente&ral d these may encode evolved VgrGs containing different

effector moieties.

The absence from Tssl de lysozyme domainvhich is presentn phage T4gp5
proteinandis involvedin the destruction and lysis of the bacterial cell walpuzzling.
However it was observed that thgp5 proteinof vibriophage KVP40, which ianother

type of T4 phage also lacks the lysozyme domain, and it is predicted to encode this
lysozyme domairsomewhere else in its genorfiRossmanret al, 2009. It is possible
thatthe T6SS utiliss asimilar mechanisnalthough the nature of such a lysozyme is
unknown However, it was recently shown that aeruginosanonevolved VgrGlcan
deliver peptidoglyca hydrolase effectoréTsel and Tse3) into the periplasm of target
Gramnegative bacterial cells resulting destruction and lysis of the bacterial cell wall
(Section 1.6.1JHoodet al, 201Q Russellet al, 201]). Therefore, in such situation, the

requirement for a lysozyme component in the T6SSstake no longer existét is also
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Figure 1.8 The crystal structure of Tssl encoded by theE. coli CFT073 ¢3393 and
homology to the bacteriophage T4 gp27 and gpB.. the bacteriophage T4 baseplate, showing

the location of the tail spike proteins gp27 and gp5. The gene products homologous to T6SS
proteins ag underlined.B. Crystal structure of bacteriophage ga#{Ys monomer. Domains are
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Figure 1.9. Schematic representation of the gp27 and gp5 subunits of the bacteriophage T4

tail spike compared to core and evolved Mg> subunits of the T6SS.The homologous
domains are shaded in the same pattern. A. gp27 and gp5 subunits of the bacteriophage T4
showing the individual domains of gp5. B. Core VgrG of T6SS. C. Evolved VgrG with
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notevorthy that some T6SS gene clusters, such as the dhecenocepaciaencode a
predicted endolysinTagV (M. Thomas personal communication).

Although the current model of T6SS suggdke formation of a needle apparatus via
assembly of theél'ssD tubewith a tip composed of dssl trimer on top,and more
recently it was proposed that a small PAAR (prol@ninealaninearginine) repeat
proteinsits on the top of the tip of th&ssltrimer to fisharpen it (Section 1.5.5)sucha

hypothesishas not been experimentally d{Shneideret al,, 2013 Filloux, 2013.

15.1.3 The T6SS needle sheatproteins, TssB and TssC

The tssB and tssC genes are always fourabjacent to each other and in teame
orientation in T6SS gene clusters indicating ttiety might be functionally related.
Accordingly, it has beendemonstratedthat TssB and TssGnteract and form
microtubules whichwere shown talisassembled by TssH into smaltrbcomplexes
(Bonemanret al, 2009 Hachaniet al, 2011 Lossiet al, 2013. A two-hybrid study on
the type VI secretiofike system of Francisella tularensisdemonstrated that IglA
(TssB) and IgIB (TssC) interact and form a complBttikingly, they alsofound, that
the same interaction is conserved betweeA khd IgIB proteins and corresponding
T6SS proteingrom other pathogan bacteria(Bromset al, 2009. The interaction of
TssB and TssC wasubsequentlydemonstrated in several organisms suchVas
cholerae, B. cenocepaciandP. aeruginoa (Bonemanret al, 2009 Aubertet al, 2010
Lossiet al, 2013.

Based on the structure of contractile phage tdiks,current modefor assemblyof the

T6SS suggests that TssB and TssC form a contractile sheath which surrounds the TssD
tail tube(Figure 1.4 and 1.5 hecylindrical complers formed by these proteins were
estimated to havan inner diameter of 100 And anexternal diameter of 300 Ay

electron microscopyFigure 1.10, which is large enough t@accommodate the TssD
conduits(Mougouset al, 2006 Ballister et al, 2008 Bonemannet al, 2009. The
TssB/TssC cmplex was shown to exist in two different structural conformations which

arepredicted to be thextended and contracted forms of the shé@#isleret al, 2012.

In bacteriophage T4, the tail sheath proggui8also forns acylindrical structure with

an inner diameter of 110 A and an external diameter of 250 A which can accommodate
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Figure 1.10 Negative stained EM images of TssB/TssC tubular complexeéhe micrograph
shows the tubular and ring form of TssB/TssC complex. Adapated fromeicas{2013).
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the gp19 tail tube. The contraction of the T4 bacteriophage tail sheath, which surrounds
the viral tail tube, provides the energyju@ed for injection of the tail needle into the
bacterial cell envelop@Aksyuk et al, 2009. Despite the fact that there no amino acid
sequence similarities between the TssB/TssC complex and gpl8, they appear to have a
similar structural organisation. Therefore, the TssB/TssC tubular compler d6HS

Is predicted to function in a similar way to the T4 bacteriophage tail sheath. In support
of this hypothesis, a recent fractionation studyFomovicidashowed that TssD, TssB

and TssC can be found in multiple fractions which suggest that theéesprare part of

a large compleXde Bruinet al, 201). Also, it was demonstrated that TssB and TssC
proteins are localised in the cytoplasm and the ouénimangBonemanret al, 2009
Aubertet al, 2010. Based on these observations, it is predicted thathitiekage of
TssB/TssC tubules might provide the energy for the needle tail and spike apparatus (i.e.
TssD and Tssl) to be injected into target céllsimanet al, 2009 Bonemanret al,

2010. A recent study oW. choleraedemonstrate that TssB/TssC tubules are formed

vivo and they undergo continues cycle of elongation, contraction and disassembly.
These tibules are positioned neperpendicular to the IM. Interestingly, TssH had been
shown to recycle the TssB/TssC tubules after effective contraction and also to prevent
the spontaneous assembly of qmoductive contracted tubuléi€apiteinet al, 2013.

15.1.4 The needle hubprotein, TssE

TssE isthe onlyone ofthe 13 core components ttie T6SSwhich wasshown to havea
significant (~ 40%) amino acidsequence similarity tca phage proteinthe T4
bacteriophage baseplate protein g@balomet al, 2007 Leimanet al, 2009 Lossiet
al.,, 201). In the bacteriophage T4gp25 is a constituent of the baseplate
(Kostyuchenkoet al, 2003 Yap et al, 2010Q. The interactions of gp25 with other
components of the bacteriophagaseplate depend on the staik the injection
apparatusln the resting state where the baseplate is comprised of six vsbdged
protein complexes that form a hexagon, gp25 interacts with the -2y complex
and n the active state dhe injection goparatusvhere the wedges reorientate to form a
six-pointed stailike structurejt interact with the tail tubgKostyuchenkeet al, 2003
Kostyuchenkeet al, 2005 Leimanet al, 201Q. Taking gp25 protein of bacteriophage
T4 asaplausible modefor TssE, TSE is predicted to contribute the assembly ahe
T6SS baseplate by interawd with Tsslin the resting statand TsD in the active state
(Leiman et al, 2009 Lossi et al, 201]). Figure 1.11 presers a model ofthe TssE

49



structure based on similarity withe gp25like phage proteitcSU0986 ofGeobacter

sulfurreducens

1.5.2. The sheath recycling protein,TssH

TssH(CIpV) is a member ofigroup of proteins termed AAAwhich all have a AAA
domain responsible for ATP hydrolysis and bindiA&A * proteins ATPasesssociated
with various cellulaectivities) play different roles in various cellular processes such as
protein refolding and degdation, and DNA replication and repai©gura and
Wilkinson, 2001 Saueret al, 2009. TssHis a ClpB homtomgue,which is conserved in
all T6SSs angblays anessential role in theecretiorof TssD and TsglBonemanret al.,
2009. ClpB forms hexameric rings and bisd\TP via its conserved AAAdomain and
usesthe energy of ATP hydrolysis tirive unfolding or disassembly of proteirfsee et
al., 2003. The domainstructure ofClpV is highly similar tothat of ClpB protein
(Figure 112), despitethe fact thatthey only share 335% amino acidsequence
homology. ClpV proteins have four distinct domains, ateihinal domain, two AAA
domains, each containing Walker A and WalRdvoxesinvolved innucleotide binding
and hydrolysisand a middle domain inserted into the first AAdomain. The two
AAA™ domains are highly conserved among Clgwl ClpBproteins, whereas the-N
terminal and the middle domains arariable in length andequencdéSchliekeret al.,
2005.

TssH was shown to interact with BE$ssCtubulesvia its N-terminal domainwhich
binds specifically to an Nerminal alpka helix of TssCThe Gterminal AAA™ domain
of TssHprovidesthe required energy for the dissociatiointhe contracted’ssB/TssC
tubules. Furthermore, the Nerminal domain is important fofFssB/TssC binding, and
the TssC will only bind to the TssH #&rmnal domain when in complex formwith
TssB (Bonemannet al, 2009. In the TssH ofV. cholerae a cleft in the Nerminal
domain is formed by ab-helix, and is where TssC bin¢Rietrosiuket al, 2013. TssH
prevens the accumulatio of TssB/TssC tubule in the cytoplasm which might interfere
with the translocation of TssB or TssC monomers into the periplasforno the
predicted tail sheattBonemanret al,, 2009 Pietrosiuket al, 201). As disussed before,
TssH had been shown tmave adual role as itrecycle the TssB/TssC tubulesd
prevent the spontaneous assembly ofpanductive contracted tubulg¥apiteinet al.,
2013.
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Figure 1.11 Predicted modelof TssE of P. aeruginosaBioinformatics tools were empley
to predict thestructure ofTssE (gp28ike protein)based on therystal structure of the gp25
like phage proteirencoded byGSUO09860f G. sulfurreducensA. Ribbon representain of
GSU0986, demonstraténe loop conformation betwe¢neU 1 a rhaliced)® Ribbon model
representation of TsskE based on the homology @&l0986 C. Ribbon representation of the
GSU0986 illustratingsome identical residues betweierand TssEAdapted from Losset al
(2011).

Figure 1.12 Structure similarities between ClpB and TssH (ClpV).The Ndomain is shown
in brown. In TssH the Ndomain has an Xerminal extension shown in re@he two highly
similar AAA" domainsare called NBD1 and NBD2and are shown in blue and green
respectivelyA and B deoteWalker A and Walker B boxe3he middle domain (M) is shown
in deep pink.
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1.5.3. The transmembranespanning complex(TssJ, TssL and TssM)

A recent studyon one of the three T6SSs IBAEC, Sctl, identified a complex
consising of four memlvaneassociated proteins: TssL, TssM, TssJ and TagL
(Aschtgenet al, 2010a. Localisation studietave shownthat TssM and TssL are
inserted intothe IM (Ma et al, 2009l), whereas TssJ ign OM lipoprotein which is
anchoredin the OM (Aschtgenet al, 200§. TagL is also embedded ithe IM
(Aschtgenet al, 2010a. TssM was shown tmteractwith TssL and TssJ. Therefore,
TssM links the IM and the ONZheng and Leung, 200®a et al, 2009} Felisberte
Rodrigueset al, 201)). Sequenceraalysis of T4SSbandT6SS gene clustersveal that

two of the membranecomponents are shared between these two systems: TssL
(DotU/IcmH) and TssM (IcmFDas and Chadhuri, 2003Nagai and Kubori, 200)11In
T4SSbthese two genes encode putative inner membrane proteins which interact with
each other and form a complex that stabilise the other core componentsppdnatus
(Sextonet al, 2004 VanRheeneret al, 2004.

TssMis embedded in the IM by three TMDThe Nterminus of TssM is located in the
cytoplasm and contains a few residuetiowed bytwo TMDs connected by short
periplasmidoop. A small cytoplasmic domairD@30 kDa) is located between the second
and third TMDs This cytoplasmic domain carrieenserved Walker A and B motifs
suggesting its function in ATBinding and hydrolysi¢Ma et al, 2009). Mutagenesis
studieshaverevealedconflicting data about the importance of the ATPase function of
TssM in different organisex The inactivation of the Walker A motif iB. tardahadno
effect on the secretion dissDandTssl proteins(Zheng and_eung, 2007, whereasn

A. tumefacienghe inactivation of Walker A motif completely abolesthe secretion of
Hcp (Ma et al, 2009b). However,some TssM ortholgues lack the walker box motifs.
In addition, manyT'ssM are predicted tchave only one TMQCascales and Cambillau,
2012. A large Gterminal periplasmic domai(D80 kDa) follows the last TMD, and
can be divided into two subdomainst ld-t e r mi-heliaal dorokain and a-@rminal
b-strand domair(FelisberteRodligueset al, 201). TssM interacts with TssJ through
its periplasmic domaifZheng and Leung, 200FelisberteRodrigueset al, 2011).

TssL is anchored irthe IM by a single @erminal TMD. The main part of Tssls
located in the cytoplasm and gude a particular shape similar to a hddischtgenret al.,
2012 Durand et al, 2013. This has been suggestéd recruit the T6SS secreted
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proteinsto the secretion apparat(Gascales and Cambillau, 2Q1Zhe crystaktructure

of the TssL cytoplasmic domain of EAEC demonstrateak this regionis constitutedof
two bundles of three heliceshich are connected by twashort helices Also, this
domain was shown to form a dim@urandet al, 2013. In many T6SS clusters, the
encoded Tsslsubunitcontairs an additional domain ahe Gterminus which is located
in the periplasnt space This Gterminal periplasmic domain contains a periplasmic
OmpA-like domain which carries a PGB motif. When fieptidoglycan bindingRGB)
motif is absent from TssL, it is usually carried by a T&S8Sociated protein (Tag), i.e.
TagL in the case of the EAEC StiT6SS, whth interacts directly with TssL (Section
1.5.5)(Aschtgeret al, 2010aAschtgenet al, 2010¥).

TssJ isinserted into the OM through the-tdrminal acylated cysteindschtgenet al,
2008. The crystal structure of Tdshowed that itontairsa -skndwich fold with four

s t r a n-sheets(FebsberteRodrigueset al, 201). A recent study onSerratia
marcescenshowedthat TssJ lipoprota oligomeriss (Raoet al, 201)). Therefore, it

is possible that the TssLssMTssJ sultomplex assembles as a Hiike structure to
form a channespanning thdM and the OM of the bacterial cell envelope, similar to
T3SS and T4SS membraspanning complexe@ronzeset al, 2009 Worrall et al,
2011D).

15.4. T6SScytoplasmic and predicted cytoplasmic componentfTssA, TssF, TssG
and TssK)

1.5.4.1TssK

TssK isatrimeric cytoplasmic protein that hdmeen shown to play amportant rolein
the assembly ofhe T6SS (Figure 1.13. The two subassembly complexes (phage tail
like and transenvelope)f the T6SS seem to be connected by TssKt interacts with a
number of T6SS componentsom the two groupsTssK in EAEC was shownto
interact withTssA, TssG TssD andl'ssL. Also, TssK was found to plagrole in the
sheath assembl{Zoued et al., 2013. The tssK genewas found to be organised in
tandem withtssL gene in more than 70% of T6SS gene clusters which ssggest
interaction between the two protsiar a functional relatioship (Boyer et al, 2009.
TssK proteinhas also beefoundto be present as a component of itheer membrane
proteome ofP. aeruginosavhich provides further evidence for the association BésK

with the menbrane compleXCasabonaet al, 2013. Also, TssKin V. choleraewas
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shown to be associated with the T6SS dhaatit copurified with the isolated sheath
addingfurther evidencefor the predictiorof TssK function as a connector between the

membrane and phagéke subassembligBasleret al, 2013.

1.5.4.2TssA, TssF and TssG

There is little published kErature on TssA, §sF and Tss@rimary sequencanalysis

or secondary staiure predictions of TssA, TssF antssG showed no obvious
similarities with bacteriophage T4 subunitdeverthelessCascales and Cambillau
predicted that these subunits are soluble cytoplasmiceipsotwhich might have
structural similarities with the bacteriophage T4 protgi@ascales and Cambillau,
2012.

TssA was discovered i8. entericaserovarTyphimurium in 2002 and referred to as
0 S c i(Fdlkessonet al, 2003. Alignment of B. cenocepacialTssA with TssA
orthologues present in other Graragative bacteria showed that thag¥minal region
of TssA proteinds conserved wheredke Gterminal region variebetween different
organisms. TsSsA proteins can be divided into two classes, based on divergence within
their Gterminal regions (M.S. Thomas, personal communication). The first ©dass
known as theSciA class (TssA&), which include TssA proteins witha C-terminal
region similar tahat of SciA such as TssA dB. cenocepaciaThe second clastermed
the enteric class (TsS} is encoded by T6SS gene clustersiafumber opathogenic
bacteriathat can caues enteric infectionsuch asV. choleraeand A. hydrophila In
addition, TssAis also found in T6SS clusters of some +eoreric pathogens such as
T6SS5 of B. pseudomadi and T6SS2 (HSHII) of P. aeruginosa

In manyT6SS gene clusters encoding TSs#thologuesa secondssAlike gene is also
present Thelattergene encodes a protein with a similatedminal region to TssPand
TssAE but the C-terminal region is distincfrom those of TssA® and TssAS, and it
contairs a region acoding a predicted MID locatedmidway along the length of the
polypeptide chainFigure 1.14). In V. cholerae it has been shawthat whereasthe
TssAF orthologue VCA0119 (Vas)), is essential for T6SS function, the otissAlike
gene,VCAO0121 (Vad.), is not(Zhenget al, 201). Thaefore, it can be defined as a
Tag (T6SSassociated genel). will be referredto hereas TalT TssAlike Tag). Where

tssAFand TalT occur together mT6SS gene clustassA is usuallylocated

54



Figure 1.13 Negative stained EM images of TssK of EAECThe micrograph shows the-tri
armed structure of TssK. A. Negative stain EM of TsskK. B. EM averaging of raw particles of
TssK. Adapted from Zoueek d .(2013).

TssAS (BCAL0348)
j T e 50 aa
. T
NTD
TssAE (AHA1844)
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NTD
TalT (AHA1846) T™D
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L J
Y
NTD
s~ predicted linker region conserved region

Figure 1.14 Predicted domain organisations of the two TssA classes and TalThe
conserved Nerminal region present in both classes of TssA and TalT is represented by the
chequered fill colour. Regions shown in uniform colour are comsewithin a TssA class or
TalT. Each type of TssA and TalT contains a predicterisiinal domain (NTD) and a-C
terminal domain (CTD) separated by a linker region (zigzag motif). Tsstains an
additional domain (middle domain, MD) separated from th® @Y a short linker region. TalT
orthologues are predicted to contain a tramesmbrane domain (TMD) between the NTD and
CTD (M. Thomas, personal communication)
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immediately upstream alksM and talT is located immediately downstream M
(Figure 1.15).

The secondary structure and domain organisation of s§8sA and TalT was
predicted by amino acid sequence alignments and the PSIPRED program (Figures 1.16,
1.17,1.18, 1.19 and 1.20). In all three groups of proteins ttezriinal 100130 anino

acids are conserved (Figure 1.16). This is followed by acooserved helical region
connected to the grotgpecific Gterminal region by a nenonserved random coil
linker region (which includes a TMD in the case of TalT). In the work described here,
for simplicity, the entire region located-tdrminal from the predicted linker sequence
will be referred to as NTD (Xerminal domain). The TsSAegion located @erminal to

the linker consists of 685 amino acids and is referred to here as ¥sgAFigure
1.20A). The longer TssAC-terminal region can be subdivided into at least two
domains based on the presencenoftconserved regions that are predicted to form
random coils. Thus, Ts$/appears to have a middle domain of ~ 150 amino acids and a
C-terminal domain of 8aL20 amino acids which is conserved over a 70 amino acid
stretch (Figure 1.20B). Therefore, TSshd TssA have predicted CTDs of similar size
but distinct sequence. Thet€minal region of TalT orthologues is approximately 120
amino ads in length and is conserved within this group of proteins (Figure 1.20C). It
bears no obvious similarity to the-t€rminal domain of TssAor the middle or €

terminal domains of Ts<A

As most of the work in this study was carried out on the TssA #ulifuB. cenocepacia

a TssA member, for simplicity itvill be referred to as TssA throughout this thesis.
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Figure 1.15. Organisation of T6SS gene clustersf B. cenocepaciaand A. hydrophila tss
genes encoding the 13 T6SS core components are eaf@dsas uniformly coloured block
arrows whereas thig genes tss associatedgenes) are hatched. The orientation of the block
arrows indicates the direction of transcription of the genes within the cl@steenocepacia
tsslorthologues are located elshere on th8. cenocepacigenome. Thd. cenocepacid6SS
gene cluste(BCALO337-BCAL0352) contains a singléssAgene, encoding a SciA class TssA
(BCAL0348). TheA. hydrophilaT6SS gene clustqfAHA1826-AHA1848) contains atssA
gene located upstreani tssMthat encodes an Enteric class TssA (AHA1844). In addition, a
tssAlike tag (talT, AHA1846) is located downstream ts6M
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Figure 1.16. Alignment of the Nterminal regions of TssA, TssA", TalT orthologues.
Alignment was carried out between TSsérthologues(red font) present inB. cenocepacia

strain J2315 (BCAL0348)P. aeruginosastrain PAO1 (PA0082)Bordetella bronchiseptica

strain RB50(BB0799),S. entericaserovar Typhimurium str. LT2 (SciAR. leguminosarurbv.

viciae 3841 (ImpA) andY. pestisstrain CO92 (YPO0499); TsSAorthologues(green font)
present inA. hydrophila subsp. hydrophila ATCC 7966 (AHA1844FE. coli (Aec29),
Pectobacterium atrosepticunsCRI1043 (ECA3433),Yersinia pestisC092 (YPO3602),
Burkholderia pseudomalld{96243 BPSS1493) an®. aeruginosaPA01 (PA1656) andralT
orthologues present . hydrophila subsp. hydrophila ATCC 7966 (AHA1846k. coli
0157:H7 (Z0249),avian pathogenid. coli BEN2908 (Aec31), Erwinia carotovora subsp.
atroseptica (ECA3431)ersinia pess CO92 (YPO1489) ancE. coli (Ec042_4550);and TalT
orthologuegblue font)present inA. hydrophilasubsp. hydrophila ATCC 7966 (AHA1846g,

coli O157:H7 (Z0249)avian pathogeni&. coliBEN2908 (Aec31)Erwinia carotovorasubsp.
atroseptica (ECA3431Yersinia pesti€092 (YPO1489) anc. coli (Ec042_4550) Alignment

was carried out using Clustal Omega and shading was conducted using BoxShade program.
Amino acids identical or similar in 50% of the sequences are shown in white font and shaded by
black a grey, respectively. The red arrow indicates théeitinal end of the Nerminal
homologous regions.
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Figure 1.17. Alignment of the Cterminal region of TssA® orthologues. Alignment was
carried out between TsSArthologues present . cenocepaciatrain J2315 (BCAL0O348P.
aeruginosastrain PAO1 (PA0082)Bordetella bronchisepticestrain RB50 (BB0799), S.
entericaserovar Typhimurium str. LT2 (SciAR. leguminosarurbv. viciae 3841 (ImpA) and'.
pestisstrain C0O92 (YPO0499). Adlnment was carried out using Clustal Omega simatling
was conducted using Bok&de program. Amina@cids identical or similar in ®6 of the
sequences are shown in white font and shaded by black or grey, respectively.
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Figure 1.18 Alignment of the Gterminal region of TssAF orthologues. Alignment was
carried out between Ts§Arthologues present iA. hydrophilasubsp. hydrophila ATCC 7966
(AHA1844), avian pathogenicE. coli BEN2908 (Aec29), Pectobacterium atrosepticum
SCRI1043 (ECA3433)Yersinia pesti€£092 (YPO3602)Burkholderia pseudomalld{96243
(BPSS1493) andP. aeruginosaPAOl (PA1656). Alignment was carried out using Clustal
Omega andhading was conducted using Bdwle program. Aminacids identical or similar
in 50% of the sequences are shown in white ortt shaded by black or grey, respectivélye
predicted middle domain is underlined by the red line and the predietedn@al domain is
underlined by the green line.
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AHAL846 353
70249 351
Aec3l 345
EcA3431 355
YPO1489 331
Ec042_4550 334
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Figure 1.19 Alignment of the C-terminal region of TalT orthologues.Alignment was carried

out between TaiTorthologues premt in A. hydrophila subsp. hydrophila ATCC 7966
(AHA1846), E. coli0157:H7 (Z0249)E. coli (Aec31),Erwinia carotovorasubsp. atroseptica
(ECA3431), Yersinia pestisC092 {fP01489) andE. coli (EC042_455Q) Alignment was
carried out using Clustal Omegadaghading was conducted using Bdwfle program. Amino
acids identical or similar in@®%6 of the sequences are shown in white font and shaded by black

SN AOALRQ eQDAlL K=TEQ
| JBERQGDEEKTLE EOYNAR NDTLQ

(QQRAAR. PLVEI H ALEQIS
(K. iLPEEA A€ NECMTII0

SQEN @ NEVSNI BF SLREGEL EAFASQEPJARE =N
NV QAE: Glde = Tl ESHE TR AR A®
VT QAE.L EUPEEYLLIQ Y QYRIRCY

AEL G

Sk D@ OIS PEFGIREE 1
INETN (ofs T RVPREEL L RQY QoM llEsts A RQ
E\/:G MQAFNRHzABE RRRYDEVENSNS: - EQQ{{K

E QS%Q ; LOT[R |L A ACR R E E-

GASG
NTIP[IIKKALNFNNIHEYKGVLNGEFNLFNTKW
TGQDMIATDNRTEPVHPTHb------mmmmo-

SNSA
PPG\Q
GIMK

or grey, respectively.

62



A. TssAS

cont: JHINInEna-ERNRNRNRNRRERNRNRRRRRNEnmn Ot
Pred: _E £) H2 —

Pred: CCCCHHHHHCCCCCCCCCCCCCCCCHHHHHHHHHHCCCCC
AA: MPINLPELLTPISEASPSGDDLLEFSNEFDAIQDARRYDDP

10 20 30 40
cont: JNNNRNRzznRNRRNERNRNRRNNNRn- R RNNNRNNNE
Pred: J W —] W

Pred: CCCCCCCCCCCCCCCHHHHHHHHHHHHHCCCHHHHHHHHH
AA: TLDQGEWVTEIKEADWGFVVDHAGELLRTRTKDLRLAVWL

50 60 70 80
cont: JNNNNNazalzazNNNNNNNNN NN NN NN NN N
R ) e — T

Pred: HHHHHHHCCCCCHHHHHHHHHHHHHHHCCCCCCCCCCCCH
AA: TEALALEDGITGLTEGYALLEGLCREFWDTFHPLPEDDDI

90 100 1140 120
conf: JINNNINENNEERRRRERERRznnRnRRnnn =D NRNNNNE
Pred: He/7 ) (B

Pred: HHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCHHHHHHHHH
AA: EHRLGNVAWLSGRTAELLRAVPLTDGASNAFSTLDWEVAQ
1 1 1 1

130 140 150 160

cone: JNNNmmaR NN nmnsn RN NRNNNR RN onnnRRNRE
Pred: (@]

Pred: HHHHHHCCCCCCHHHHHCCCCCHHHHHHHHHCCCHHHHHH
AA: HVAQSIKRDPEHADDIARGKPSIEQIDASRRVTSIAFYTA

170 180 190 200
cont: JHNNNNNNNNNNNNNNRRNNRAN-ANNRNnRRNNRNRNnN
Pred: H10 i 11

Pred: HHHHHHHHHHHHHHHHHHHHHHHCCCCCCHHHHHHHHHHH
AA: LLANLKAFEFALDAFEERLVERAGDSAPSFRQARDAFETV
1 ] 1 1

210 220 230 240
cont: JHINNIRENENE-EIRERENE Do RARRNRRNNNRRNNNE
Pred: ~) Hila )

Pred: HHHHHHHHHHCCCCCCCCCCHHHHCCCCCCCCCCCCCCC(Q
AA: YRLAERFARERPGYTGSAPHTOAVQOOAQPERTIEPVEGQOPI(

250 260 270 280

63



cont: JinnonoonnnEBRINNnnsonEnRRERRRRERRRRRRNDNE
Pred: a7 H12
Pred: |CCCCCCCCCCCCCCCCCCCCCCCCOBEEHHEEHHEREHHERH
AA: |TEETHVOOQTASRPPVTOT IAGIONRAQAVDQLRAVARYF
290 300 310 320
Conf

. JEEzENRNRENRERRRENN oA NRNNNRNRNE R on RO

Pred: J——Opnis —Hia)—<THIs
Pred: HECCCCCCHHEHHHHHHEHCCCCHHEEHHEHCCCHHHHEHH
AA: RQTEPHSPVAYLADKAAEWADMPLHKWLESVVKDDGSLSH

1 1 1 1

330 340

cont: JENNEnRNRNNRNNR

Pred:

350 360

o A
e

Pred: HHHHHCCCCCCCC
AA: IRELLGVRPDEQS
1

370

64



B. TssAE

- - 2o 0 N O O

e N N N LIS L L L S N S S S S N S N S S I I L L L L
red:
.
.

CCCCCCCHEEHHRCCOCCCCCOCCCCCCCHEEEHHEHEHHER
MSYQH pW-RRLLT:L ::C:R" L&:"?DWZTVZ'ELVT

'
- m -_;- 3»- s M
-V “w - .

= oI I i O O

—— ,
Preda: ] H3 ) )] H4 r
Pred: CCCCCCC :CCHHH}-ZZ'H'ri}-l'ZI-IZ-Z"H‘CI"F'HH}{IIIZHHH}{}-IHH"_‘
AA: LGSLAHSQVDLNAVAEACLGLLESRTKDMR QLLRCLO

!

(‘v-{‘)
D .

~ -~
- 'V

A
v

50

“or 7 30 I I B D O I

-} H5 =

|
H

e el el el 0t R R it s R R It e iR o it nln]

CCCCHHHHHHEHHHHHEHHHEHEER

el el et el adt it 1 Lo R ot o1 0 1 0 14

HCCCCCCCHHHEHEEHHEA

L&KP"\A“'KL.L!VQ

AA: HPAKATPLGAAISLLEAWI &E
'
90

T A BN,
-~V - W -

- .

-0V

cons: J IR -0l I et
=

el o

alalal e ale al ol e adas o

-
o CLLCULULU NN " ne LLLULLLULLULLU
- PRSI IND! v w - v .~ rADACo,
: DKGELLDPLVMGLKRAQRQ QMA.RMA.ﬁAagr-JJJAAAA
' '
170 1R0 190 200
- - - .

- - J1 1 5o 0 00 B0 8 08 oo > o 0 B s I O

N 8 N (5 5, vere ey
\_‘-’-x.-_-..\.\._..--\..._.__\.\.-_-_\._\_--H..nnnn iHHH

.
o
. 1 s MUIT SS A SUTUTD S SN — s
s |GSPASVASTASC ;’..u...u...l:\..v..‘hr:.v..»‘u.dﬁﬁ?o..-.(
L 1 I
- . -~ - ~a2n -~ AN
L4V LLN LIV LSV

Pred: — HO }

BOCCCCCrCCCrrer

Wa ad
' '

'
>S50 260 270 280
-\ L& 00 &IV « 0O

~r
—- . n 4
ERQPEVAVCYRLRRHAVWAGITAVPMSGAGNKT?
'

65



conz: IHININIEEIRIERIERIN oot
Pred A0 —— HiT____ T

LIt i Tl al el el s 20 Do L 004

Pred: CCCCCHHHHHHHHEHEHHCCCCHHHHERH
AA: Lﬁ?!"A;MV::V«ﬁAYN\F"’GL QR S

I ]

3

290 330

.-'.
ong: oma

Pred: ng }_;\ H1§

Pred: THHHHHTHHHCCu“Hthx:nHH;5“""
AA: HRLSAEVAEKLGFGA ECH AZELCT

'

-

30 34

B
HCCCCCCCCCC

QRILPALRELAFS
' '
3

o

R | )] L jclskEmag | L] o) spls] ] J] R

Pred
Pre

H14 )

e el e el el it itis it it it il al el ala alals
COULCL RN ..HH_C\_\.\__[-\..\.._\...
AA: .J\.:..Pr...;:-::‘l. PA’(\_‘;.JAG.\.:LA.J
) =
370 380

-
wiJilia o

Pred: — Hi6

Pred: CHHEHHHHHEHHHHHERCCCCHHHHHHHHHHHHHHHHHCCCCH
AA: GIAAALALLDERIAQILXKEPRDRFHALLVQAELLAQEGMEA

' ' ' '
410 420 430 &4

S | [[11 [ | FEehlclalksl ] | SRSkl |

Prec: H18 ) T H19

Pred: HHJHHAHHFHHHHHH:CCCC:CCJYHHHEHHHH:CC:C
AA: LARQHYQHLWQEASRLGLSHWEPGLVNRLESLAAP
' ' '
450 4€0 470

66

o0 36

-
-




C. TalT

32 NN O O O - o O O

afale
-

ed
ed

AA

P
P

-
1-

el el el
e

e

e
S

o~

. N S e
L 0L 01 B GLE By O Oy & oL
R
O

-
-

w:(I_S}-ZASRPZ;

TN
il
'

YEALRAE

-
L =

ML
'

GRDP:

v

K\

-
-

QQA

~OC
-

S

o
<

~
-

INEIENIEEb-nlEEIED kot

(& )
™

L& )
al

—_— H3 —

H2

Pred: —

nh n-.' w

e s
wiiA .

H4

ed

el e

-~

e

e

o
o™

= 4

LR}

i

Q

- O

R v

=

=]

[+ 4

]

i

o

e

- N -

N O

m-.

v

Al

i

-

~prr ey
oLy L2

-
»
- e

AA

R | Jislapmagd | DL R O] )] aekg ) e
cont:

Pred
P

HE

=)

e 3
RIPR

|

CCorry
LA

AT
WMV ae

Lnl
|

o a ad

-

nhnn
merr e
VLA

ed
AA

-
-

-
-0V

-: HlEINE I DmInyxl B RIEEIE

ed

S0

L )

Ll

el e
e

-
‘-

ol ol alolaele
O T AT AL L S S S S S L L S

.

N

T DDNUD
ATENVE
.

-~
—
—

v

"f : "Y

H7

Pr

R el
byl S

R st
SN PELLL

G
=
'

Lo )
(L8]
e

L )
r-

i

IR NININ I R ot

U Mr
L) ol
L) ™
Ok
0 0y
U
(8 W-
(S NS |
0o
L X
L e
S RO
SR
AR
(OIS
L
0w
SRL
SNe |
O
Fb Pt
QX
(S "
L)
SR
(N -
0w
@ -
O
Uwm
O Uy
O ix
S Nw]
Ow
(S
(OB X
OQ
Ow
U ¥
£ La)

U O

g o

b LX)

[ PR +

o
-
™~

(& )
™M
o™~

: hoWINmIBEmIm-omy ol Bl maL

.~
- -

HH
-y
v

'

U X
O
0O
0o
o i+
e,
oK C
o 3
= 0
4 o |
X x
e vl & )
R 2
i
0y
) o
L) of
QO
QW
o P |
4 T |
= O
= U
O
I
=
o b
X
I

o~

S e e

coree

e

> o

red
Pred
AA

P

L
w
™~

67



soz: Il mmEl i REIEN o omome it

- — , ‘ ’

. M_.v T A1l -H12——

Pred: HEHHHCCCCCCCCCCCCHEHEHHHEHHHHCHHEHHECCCCHEEH
AA:

QRLVQFP &A:LTT LSY::IRPAA-HLS%Q.“QAV”°DT

=N - . -~
2 ,
.{.JO 2V - a “w

oz RN o B I e o B B
Pred: : —

—<

Pread: 'HHHHC:HHH i HHHHEHEHHCCCCHHH
AA: VART:N“LTR-M,.J YWYRYGEGLRNSLOMLYPDSLAV
' '
:30 340 350 36C

oo JNERERN RN o o o 0 o o ol O I
Pred: H15 e H16

p—ef‘. TIPS RRFRTIRTLINS SRTIRT DAL 0 o oy oy o, o o o SRS P08 TARIEEERIIYIYISIYTSY
-
f g

HHHHEEHHEHECCCCCCCOCCHEEHHHHEEHHHEEHHEH
AA: (&L:KPWqR;'Pﬁu"”—V':"T Y.:AR.»\u-LL:C

1
370 380 39, M

sn: jilannmmEIRIENID-hEnRE R
Prec: IS ! Hi7 —— __ _Hi8
P

red: H:i
?
L

AA:

L& )
(&}

l

--vvr---nf-f—nvooo...-qv---o-o----vy--v...-.—-‘--.—-....H.q..-.-o TrrTYT LY

ML O U R N NN N L L U i NN

PR T LS Y SRR IR SR LN e SR B e . AT TS S el
:-:‘\.R— .\rn --‘!a—. J-u!fa‘ ‘:\ \"_.\.:‘r - s u\-u.—t«qau
'

410 0

coc- il I EEINIEEIEE IS - EEE
B— H19

D O B O B 1 1o b 1o a1 A f o R o510 F o h o o341 1o 4o 1o 1l o B B O B

Pred: HECCCCCCHHHHHHHHHHHHHHHHHHHHHECCCCCC
AA: KASQEPITAAELKSLENDLKALNIRLYQLOQGASGS
'

]
450 460 7

1
1

.
.
.
.

-

-

- ar
- “\-

oS-
N
oS -

o

(™

o -

68



Legend:
- helix Conf: L; ] lIE - confidence prediction
E -

- strand ]
Pred: predicted secondary structure

e - COI AA: target sequence

Figure 1.20 PSIPRED secondary structure predictions of B. cenocepacia TssA®
(BCAL0348), A. hydrophila TssA® (AHA1844) and A. hydrophila TalT (AHA1846). The
amino acidsequence of representative otach ofthe two classesof TssA and TalT was
submitted tothe PSIPRED program (v3.3) to predict the secondary structlRegions
highlighted with a red box are the predicted linker regidihg red arrow indicates the position
of the Gterminal end of conserved parttbe NTD.A. Thesecondary structungrediction ofB.
cenocepacial ssA° (BCAL0348) shows an unstructured peptide chain (linker regafny 55
amino acids separatiralarge Nt er mi n a | r-religés drom ad@érmidalregichof 4
Uh e | i éaises arelhumbered according to their position relative to tterminus. The
region corresponding to H6/H7 is folded into two helices (H6 and H7) in otebers of th
TssA’ class and the region foldedto the H8b helix is not predicted to form a helix in other
members of th&ssA° class.The Hl1aelixis a region with low confidence of prediction and is
not detectedvhenan older version othe PSIPRED program wassad (results not showr.
Secondanstructureprediction ofA. hydrophilaTssA™ (AHA1844) shows a predicted random
coil (linker region)of ~ 42 amino acids separating artNe r mi n a | theliges fooma o f
large Gterminalregiono f  -heiceddTheregion folded a$i14 is probably part of the middle
domainrCTD linker because it is not strongly conserved in offesA™ membersThe H15
regon is also not strongly conservefigure 1.18). Therefore a seconthker regionextending
from position 351 ta388 dividesthe C-terminal region into twalomains the middledomain
(MD) contairing 7 -helices andhe CTD contairing 4 or5 -hiélices.Uhelices are numbered
according to their position relative to thet&minus.C. Secondarystructureprediction ofA.
hydrophila TalT (AHA1846) shows anlong unstructured eptide chain (linker region) ~74
amino acids separating antNe r mi n a | theiogs froma poedlicted TMD (underlined
by the green bracket) and large Gterminalregionof 10 Uthelices.The region extending -C

terminal from the TMD to postion 352 is not well conserved among TalT orthologues and has

been omitted from the TalT CTD afiment(Figure1.19 Uhelices are numbered according to
their position relative to thef&rminus.
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1.5.5 T6SS accessory proteins

A number of proteins have been identified that serve as auxiliary subunits of the T6SS.
Many of these are referdeto as Tags (Section 1.4 &halomet al, 2007. Tags are not
present in all orgnisms that encode a T6S&hd in those that do contaiag genes,
their number and nature vari@he most studied Tag is TagL as it was demonstrated to
carry a specific domain, the peptidoglydainding motif of the OmpA/MotB/Pal family

of proteins whichanchors such proteins to the bacterial cell wAlkchtgenet al,
2010H. EAEC TagL was shown to interact with the BRGQrivo andin vitro (Aschtgen

et al, 2010a. In many bacterigpossessin@ T6SS, a peptidoglycarnding motif is
carried by the @erminal periplasmic domain of TssBefolved Tssb), whereasn a

few species such as EAEC and uropathogé&nicoli (UPEC) a P&binding motif is
carried by TagL(Aschtgenet al, 2010a Aschtgenet al, 20100). The PGbinding
domain is also located at thet€minus of other Tag proteins such as TagN and TagP
and in the central region of TagW. TagP is similar to T,sad/they share a conserved
N-terminal domainbut the Gterminal periplasmicdomainof TssMis replaced by the
PGbinding domairin TagP, Only a few bacteria contain TagN, suctBagenocepacia
TagW is a large polypeptide which was found in some speci&sbob such asVv.
parahaemolyticugAschtgenet al, 20101). The proposed function of the Hithding
motif is to stabilise the T6SS in the bacterial cell wall. It should be noted that some
bacteria with a T6SS lack avolved TssL and a Tag containing a-BiG@ding domain
(Aschtgenet al, 2010h. It is not clear how the T6SS in these organisms is anchored to
the PG.

TagJ haslso been observed i aeruginosaHSI-I, S. typhi(where it is also known as
SciE), B. pertussisV. parahaemolyticysSerratia marcescensand Rhizobium(ImpE)
(Shalomet al 2007; Mark Thomas personal communicatidi)is protein is present in
30% of ba&teria that contain a T6S@&ossi et al, 2013. TagJ inP. aeruginosais
specific toH1-T6SSand it was shown to interact with antNe r mi-helia In TSIB
encoded byH1-T6SS forming a subcomplex which might mediate the integration of
TssB into the T6S$Lossi et al, 2013. Also, tagJ ofS. marcescenwas shown to
interact with TssB frons. marcesceniterestingly, the HIT6SSencoded TssB has an
N-terminal helix that the o#r two TssBsubunitsencoded by H2and H3T6SS do not
have. Also the TssB subunit in bacteria with T6SS gene clusters deficient in the TagJ

like subunit often lack the 0 e r mi-helia tegiob. Moreover, the interaction of TagJ
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with TssB1 was shown to specific as TagJ does not interact with TsgBassiet al,
2012.

A very recent wdy to identify additional components associated with the T6SS tall
spike that correspond to orthologuén the bacteriophage T4 tail spike revealed an
accessory subunit. The study identified a PAAR protein which forms a sharp extension
on the tip of theTssl (VgrG) spike. Furthermore, the study showed that the PAAR
proteins are essential for the function of the T6SSAa@metobacter baylyiwhich
encodes 3 PAAR proteins, as a triple deletion mutant that removes all three PAAR
genes result in a significaméduction in TssD (Hcp) secretion and ~ a 10,000 fold
decrease in T6S8ependent killing ofE. coli. A similar result was obtained iX.
choleraewhich has two PAAR proteins. The authors suggest that PAAR proteins may
contribute to the T6SS assembly oeyhmay play a role in the translocation of the
VgrG into the host cell§Shneideret al, 2013). PAAR proteins also play a role in Rhs

effector secretion (Section 1.6.6).

1.6. Effector proteins of the T6SS

Despite intensive research on the T6SS, only askweted effector proteins have been
identified so far. The first identified effectorrgieins of the T6SS were VgrG
derivatives which showed a dual role as structural subunits and as secreted effector
proteins of the T6SS (Section 1.5.1.2). Some evidence was also provided that the TssD
subunit also has a secondary role as an effector ¢8et#.1.1). Some small and large
effector proteins were subsequently identified which are not subunits of the T6SS (see
below). In several cases, immunity proteins have been identified to specific VgrG and

nonVgrG effectors encoded adjacent to the etiegene in the producing bacterium.

1.6.1 Evolved Tssls (VgrGs)

The T6SSn V. choleraehas been shown to secrete three VgrG (Tssl) proteins: VgrG1,
VgrG2 and VgrG3, of which VgrG1 and VgrG3 are evolved derivatiPekatzkiet al,
2007. A well-studied evolved VgrG is VgrG1l. The-t€rminal domain of VgrGi,
which leads to actin crodmking, is homologous to the actin crosslinking domain
(ACD) of RtxA toxin of V. cholerae(Sheaharet al, 2004 Ma et al, 2009 The G
terminal region of VgrG3 (VCAO0123) V. choleraehas a peptidoglycahbinding

domain and exhibits p#&doglycan hydrolase activity. Interestingly/. cholerae
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protects itself from the toxic effect of VgrG3 by production tgpe six secretion
antitoxin B (TsaB) a product of the downstream géseB Therefore, VgrG3 and TsaB
represent a toxuantitoxin par (Brooks et al, 2013. VgrG2 has no @erminal
extension and therefore constitutes a core VgrG subikatzki et al., 2007.
Interestingly, it was demonstrated that inactivation of VgrG2 prevents the secretion of
TssD, VgrGl and VgrG3 and reduces the virulence Vof cholerae towards
Dictyosteliumamoebae and J774 macrophagfeskatzkiet al, 200§. The Gterminal
vegetative insecticidal prote@ (VIP-2) domain, which known is for its actin ADP
ribosylating activity, of VgrG1 inA. hydrophilawas also shown to induce stocell
cytotoxicity by modifying the cytoskeleton of eukaryotic cglBuarezet al, 201Q.
These observations have led to the assumption that theuwabredVgrG can target

bacterial cells whereas evolved VgrG can target eukaryotic cells.

1.6.2 Non-VgrG-derived peptidoglycan hydrolase effectors

Hood and ceworkers identified three ne¥igrG effector proteins TseIse3 {ype VI
secretionexported 13) secretd by the haemolysin eegulated protein secretion island
(HSI-)-encoded T6SS (HT6SS) ofP. aeruginosaand demonstrated that Tse2 is a
cytoplasmic toxin component of a toximmunity system. Tse2 can arrest the growth of
many prokaryotic and eukaryotitganisms, but it was shown to be specifically targeted
against the bacterial celldood et al, 201Q. Subsequent studies in the same lab
showed that Tsel ands@&3 are lytic enzymes that break down the peptidoglycan layer
of the targeted (prey) bacterium by amidase and muramidase activity, respectively
(Russellet al, 201]). In addition to Tsel, Tse2 and Tsé3, aeruginosasynthesizes

three immunity proteinsT6SS immunity 1, 2 and 3 (Tsil, Tsi2 and Tsi3), which
antagonise the effect of Tsel, Tse2 and Tse3, respectively. Tsil and Tsi3 are located in
the periplasm, wike Tsi2 is located in the cytoplasm. TherefdPe aeruginosarotects

itself from the lIytic effect of Tsel and Tse3 and the toxic effect of Tse2, injected by the
sister cells. These immunity proteins seem to be limitdel @eruginosand hence the
speces can use HIG6SS to attack closely related bacterial species which are in

competition withP. aeruginosdor niches(Russellet al, 2011 Li et al, 2013.

In 2012 Russellet al developed a heuristic approach for the screening of T6SS
substrates. Using this approach, they undertook a stud.otmailandensisand

identified BTH_I0068 an@TH_10069 as an ardaseimmunity pair analogous to thHe
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aeruginosaTlselTsil pair. They suggested the name TagRe VI amidaseeffector)

and Tai2 {ype VI amidaseimmunity) for BTH_I0068 and BTH_l0069, respectively,
and for other members of this family of proteffussellet al, 2013. The heuristic
approach was used to identify T6SS amidase EI pairs in 193 phylogenetically distinct
Gramnegative bacteria possessing a T6&Seffectors from the 419 predicted El pairs
identified in the large scale screen were divided into four families (Tsel, Tae2, Tae3
and Tae4) based on their primary sequence homology. The Tae3 and Tae4 families
include effectors present . typhiand S. typhimuriumrespectively which are able to
degrade peptidoglycan and have corresponding immunity proteins (Tai3 and Tai4). The
study by Russekt alalso identified TaeJai3 El pairs inP. fluorescengRussellet al,

2012. Tae4Tai4 EIl pairs were also identified EBnterobacter cloacaéZhanget al,

2013. The fou amidase El pair families have distinct cleavage specificities against the
peptidoglycan of Grammegative bacteria which provides a useful measure against the
structural variability of peptidoglycafiRussellet al, 2013.

Two T6SSdependent effector proteins (Sspl and Ssp2)Sinmarcescensvere
identified and confirmed as antibacterial toxins, along with their cognate immunity
proteins (Rapla and Rap2a).eT8spl and Ssp2 proteins contain a domain of unknown
function (DUF4285) which is present in both eukaryotic and prokaryotic proteins. Sspl
and Ssp2 were shown to be periplasatdting and were therefore presumed to target
the bacterial cell wal{Englishet al, 2013. In fact, these proteins were recagu as

being members of the Tae4 family of amidase effectors while the Rap proteins were
identified as member of the Tai4 family of immunity prote{Emnglish et al., 2012
Russellet al,, 2012 .

A more recent study identified a new group of peptidoglycan hydrolases that cleave the
carbohydrate backbone of PG (i.e. peptidoglycan glycosidases or muramiddises

than the peptide component targeted by the amidases. They identified three families of
Tge proteins, TgeTXge3, (ype VI secretiorglycoside hydrolaseffectors) along with
corresponding immunity proteins (Tgilgi3) (Whitneyet al, 2013.
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1.6.3 T6SS lipase effectors

A recent study idatified a divergent superfamily of bacterial phospholipases which
includes enzymes with phospholipase A1l and A2 activity. These enzymes are T6SS
effectors that mediate antagonistic bacterial interacti(Rassell et al, 2013.
Bioinformatics analysis identified 377 putative lipases which can be divided into five
different families calledype VI lipaseeffectors 15 (Tlel-5) (Russellet al, 2013. The

first four families (Tle14) share the GXSXG motif which is widespread in esterases
and lipases, while the Tle5 family have the dual HXKXXXXD motifs present in
phosphtipase D enzyme@Aloulou et al, 2013. A member of the GXSXG family was
identified inB. thailandensi§BTH_12698, Tle®) (Russellet al, 2019. A subsequent
study showed that the BFI2699 protein ofB. thailandensids an immunity pragin

that protects the host against Tl€land was named agpe VI secretionlipase
immunity 1 (Tli7) (Russellet al, 2013. A Tle2 lipase enzyme was idefieid in V.
cholerae(VC1418, Tle2®) (Russellet al, 2013. Analysis of the biochemical activity

of Tlel®’™ and Tle2® demonstrated that they act specifically a phospholipase A2
(PLA2) and a phospholipase Al (PLA1), respecti@uyssellet al, 2013. The Tle2'®

has also been investigated by Dong group, who rexfféo it asTseL (Dong et al,
2013. TseLwasshown to act as an effector in prokaryotic and eukaryotic Cetis.
killing effect V. choleragowardsDictyostelum discoideunamoebae was demonstrated
to require the action of both TseL and VasX (Section 1.6.4) as fimegtion
synergistically (Dong et al, 2013. A Tle5 famly member was identified inP.
aeruginosaas PIdA (PA3487) and named as TfefRussellet al, 2013. Tle5™”* was
shown to specify a eukaryotiike phospholpase D activitWildermanet al, 200). P.
aeruginosaexpresses PA3488 protein in the periplasm which acts as a cognate
immunity protein for Tle5”® Therebre, it was assigned the name TfifRussellet al,
2013.

1.6.4 VasX

VasX (VCA0020) was identified iv. choleraeas a virulence factor regulated by the
transcriptional regulatory protein VasH and contributes toward the killind>.of
discoideum(Miyata et al, 201). A recent study on T6SS effector and immunity
proteins inV. choleraeidentified the function of VasX as a T6$i8pendent effector
protein that targets the bacterial cell wall. Moreover, the study identified the

corresponding immunity proteins, TsiV2, for VasX required for the protection against
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the atack of sister cells. AdasXandvgrG3double mutant as well asvasXvgrG3tselL
triple mutant were unable to secrete TssD which suggest that they play a role in the
assembly of a functional T6§Bonget al, 2013.

1.6.5 EvpP

Zheng and Leung identified a small protein that is secreted by the T6SS. In their
comprehensive study on the T6SS componentg&.inarda, they found that EvpP
secretion is dependent o8 Evp proteins, including Hcp (TssD) and VgrG (Tssl),
whereas arevpP mutant is able to secrete TssD and Tssl proteins but not EvpP.
Importantly, theevpPmutant was shown to be neirulent (Zheng and Leung, 2007
These authors also showed that EvpP interacts with Tesldei and outside the

bacterial cell which suggests that this effector passes through the TssD tube.

1.6.6 Rhs

Therhs genes are a family of horizontally acquired genes which was first identified in
coli and shown to be widely distributed among Gnaggative bacteria. I&. coliit was
observed that the recombination of distindis genes leads to chromosomal
rearrangement, and they were therefore cakedrangemerttot spot (rhs) (Lin et al,
1984). The size of these genes ranges fre Xkilobase pairs (kb) and they consist of
long core sequences which are -@¢h and highly conserved and short tip sequences
which are low in GC content and poorly conserved. Similarly, Rhs protzi@s
predicted to include two domains: ant&minal large core domain which contains a
various number of tyrosiraspartate (YD) repeats and atétminal small tip domain
(Jacksoret al, 2009. TherhsTgene ofP. aeruginosawhichencodes a toxic protein, is
induced by contact with phagocytic cells. Translocation of RhsT into phagocytic cells
induces inflammasomdependent cell death. As RhsT protein lacks theerisinal
signal sequence, is predicted to be secreted by an8egemlent secretion system
(Kung et al, 2013. A recent study inDickeya dadantii3937 identified two Rhs
proteins(RhsA and RhsBthat carry nuclease domains invalven the degradation of
target cell DNA and therefore inhibit the growth of neighbouring bacteria. The study
also identified the role afhe T6SS in secretion of Rhs proteins by construction of a
mutant lackingsslg e n e s rHsAlrlesBiintgbitor cells. The mutant lost thability to

outcompete other bacteria. gmilar result waslsoobserved with a mutant lacking the

75



tssDgene. These results indicate that Rhs proteins are effector proteins secreted via the
T6SS(Koskiniemiet al, 2013.

The newly identified T6SS PAAR proteins which bind to the tip of VgrG and serve as
the membranegiercing tool were suggesito playarole in the secretion dkhsA and

RhsB. Shneideet al identified PAAR repeat regions in RhsA and RhsB and prediict

that these two T6SS nuclease effectors bind to PAAR proteins and therefore can be

secreted into target cellShneideset al, 2013.

1.7. Mechanism of effector protein secretion

Although information is beingapidly generated concerning effectorstbé T6SS, it is

still unclear by what mechanism ndfgrG effectors are recognised and secreted by this
system. Based on the T6SS subunit structure information, the current model of the T6SS
as an inverted bacteriophage tail on the surface of the -Gegaive bacteria
translocates the VgrBased effectors located at the tip of this structure into target cells
(Maet al, 2009aBasleret al, 2013. For norVgrG effectors, other mechanisms must

be used in order to translocate these effectors into target cells. For instance, the Tse
proteins of P. aeruginosa(Hood et al, 201Q Russellet al, 201) are not VgrG
orthologues. A different secretion mechanism is proposed for these small effectors
based on the fact that the emnchannel of the TssD tub&® (4 nm) can allow
translocation of folded proteins with a molecular weight less than 5qQMbagouset

al., 2006 Silvermanet al, 2019. Therefore, the known T6SS amidase effectorB.of
aeruginosaand S. marcescensan be transported by this mechanism as their sizes
would allow them to fit into the Hcphannel(Donget al, 2013. A recent study of®.
aeruginosademonstrates a direct and specific interaction of Tse2 and TssD1 of the H1
T6SS which helpin the stability and export of theffector protein. Also, Tsel and
Tse3 were shown to require a direct interaction with TssD1 for their secretion.
Therefore, TssD was proposed to function as a chaperone and receptor for T6SS

effectors(Silvermanet al, 2013.

However, the molecular weights of some knownclolerae T6SS effectors such as
VasX or TseL arenuch larger. Therefore, these effectors cannot be transported through
the lumen ofthe TssD tube in their folded stai@®ong et al, 2013. Dong et al

demonstrated a direct interaction between the TseL and VgrG3 effectdreloblerae
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and also showed that secretion of TseL depended on the presence of VgrG3. Therefore,
they suggesd another secretion mechanism &mcretion of T6SS effectors that does

not require transit through the lumehthe TssD tubeThey proposed that other T6SS
effectors might bid to a cognate VgrG orthologoe certain heterotrimers of VgrG and

are secreted in the form of an effeeXgrG camplex (Dong et al, 2013. A recent

study by Shneider and colleagues proposed two new mechanisms for the secretion of
effectors bythe T6SSthat depend on PAAR pi@in. In some cases they suggest timnat
effector may attach to this protein by Roovalent bindingwhereas in other cases the
effector may be fused to the PAAR proteisan N- or Cterminal domain extension
(Shneideeet al, 2013.

1.8. Aims and Objectives
1. To identify poteinprotein interactions between thesgene productef T6SSfrom
B. cenocepaciandA. hydrophia by the bacterialadenylate cyclasgvo-hybrid system

and perform confirmatory biochemical experiments

2. Tochaacterise the T6SS subunit protdissA.
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2.1 Bacterial strains and plasmids
The bacterial strains and plasmigsed in this study are shown in Tables 2.1 2ad

Table 2.1. Bacterial strains used in tfs study

Strain Genotype Reference

E. coli

JM83 F ar a(lacaroAB) rpsL(Sm) 0 &Zall5 (Yanisch-Perron et al,
Hsd 1985

C41( o[ Spontaneos mutantsoBL 2 1 ( «DE 3) (Miroux et al., 1996)
C4 3 ( o[ Spontaneous mutants ®&L 2 1 ( «aDE 3) (Miroux et al., 1996)

MC1061 hsdRaraD1 3 9araaU);s0788acX 74 galU galK (Casadabaand Cohen,
rpsL(Sm) 1980

XL1 blue  recAl endAl gyrA96thi-1 hsdR17(r/ m*) sugE44  Stratagene
relAllac[ F' proABlaclZ qoM1 5: : Tn 10 (

NEB fhuA2 [lon] ompT gal sulA1l (mef3::miniTnl10 Enhanced BL21
Express (Tc2 [dem] (zgh210:Tn10Tc®) e nd A1- derivative created by Nev
mrr)114::1S10 England Biolabs.

BTH101 F cya99 araD139 galE15 galK16 hsdR2 mcrAl karimovaet al, 1998
mcrB1 rpsL1(Sn)

B. cenocepacia

715j CF isolate, prototroph (McKevitt et al., 1989;
Darlinget al, 1998)
H111 CF isolate, prototroph (Romlinget al., 1994;
Gotschlichet al., 2001)
J2315 CF isolate from patient in Edinburgh Hospital, ET (Isleset al, 1984 Holden
lineage et al, 2009

Abbreviations used within this table: Snd, streptomycin resistanfTc', tetracycline resistant; ¥c
tetracycline sensitivandCF, Cystic Fibrosis.
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Table 2.2. Plasmids useth this study

Plasmid Description Source
pET14b E. colispecific expression ector for producing N Novagen
terminalHis-tagged protein
pET14b PET14b containingssA cloned betweerthe Ndd and (S.Shastri,
Hiss. TSSA BanH]I sites(Ap") 2011)
PET14BTssA pPET14b containingssAcloned betweerthe Xba and This study
BanH] sites(Ap")
pET14b pPET14b containingtssA and 10 histidine tagcloned This study
Hisio. TSSA betweertheNcd andNdd site (Ap")
pET14b pPET14b containingssA cloned betweerthe Xba and This study
TssA.Hisg BanH]I sites(Ap")
pET14b pPET14b containingssA.NTDcloned betweethe Ndd This study
Hiss. TSSA.NTD  andsitesBanHI (Ap")
pET14b PET14b containing ~250 bp thet€rminal end of TssA (S.Shastri,
Hiss. TsSA.CTD cloned betweethe Ndd andBanH]| sites(Ap") 2017
PET14kpT 7 E. colispecific expression vector with deleted ~ This study
promoter
pPET14bTssD pPET14b containingssD cloned betweenhe Ndd and (S.Shastri,
BanH]I sites(Ap") 2011
pET14b pET14b containingssDcloned betweeitthe Ncd (Psil) (S.Shastri,
Hiss. TssD andBanHl| sites(Ap") 2011)
PET14bTssE pPET14b contaiing tsskE cloned betweenthe Ncd (S.Shastri,
(BsHI) andXhd sites(Ap") 2011)
pACYCDuetl Expression vector containingvo MCS eachproceeded Novagen
by a T7 promotelac operator and RBS15A origin of
replication.
pACYCDuet pPpACYCDuetl containing tssA cloned betweenthe This study
TssA BanHI andNcad sites(CnT)
pACYCDuet PACYCDuetl containing tssA cloned betweenthe This study
linkerHis1.TssA BanHI andNcd sites(Cm)
pACYCDuet PACYCDuetl containingtssA.CTDcloned betweerthe This study
linkerHis2.TssA  BarHI andKpnl sites(CnT)
pACYCDuet pACYCDuetl containingtssAcloned betweethe Ncd This study
Hiss. TsSSA.CTD  andBanH]I sites(Cn)
S.tag
pGS301 pTrc99A containindd. pseudomallei fugene (Ap) (Lowe et al,
2007
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pACYCDuet
Hisio. TSSA

pACYCDuet
Hisg. TSSE

pPACYCDuet
Hisg. TSSEDT7.2

PACYCDuet
Hisg. TSSETSSA

pPACYCDuet
TssE.Hig-TssA

pACYCDuet
VSVg.TssD

pACYCDuet
VSVg.TssD
linkerHis1TssA

pACYCD-
VSVg.Tssh,

pACYCD-
VSVQg.TssDy-
linkerHis1TssA

pUC19gp27gp5

pPpACYCDuet
gp27gp5

pACYCDuet
VSVg.TssH

pACYCDuet
VSVg.TssH
linkerHis1TssA

PACYCDuetl containingtssAcloned betweethe Ncd This study
andBanHl| sites(Cm)

pACYCDuetl containing tssE cloned betweenthe This study
BanHI andHindlll sites(Cm)

PACYCDuetHiss. TssE containingdeletion of
second T7lac promoter

the This study

PACYCDuetHiss. TssE containingssAcloned in seconc This study
MCS betweernhe Ndd andBglll sites(Cn)

PACYCDuetTssA containing DNA fragment encodin
Tsse with Cterminal Histag cloned between
BsHI/Ncd andBanH| sites(CnT)

This study

pACYCDuetl containing DNA fragmentencodng
TssD with an Nterminal VS\G tag cloned between th
Ncd andBglll sites (Cm)

This study

pPACYCDuetl containing DNA encoding TssD with-N This study
terminal VSV-G tag cloned between th&lcd and

BanHI sites and TssAwith a hexahistidine tag in th

linker region cloned between thdldd and Bglll sites,

and (Cm)

pPACYCDuetl containing DNA fragment encodin
TssD, with an Nterminal VSV-G tag cloned betweel
theNcd andBglll sites (Cn)

This study

PACYCDuetl containing DNA encoding TsgPwith
N-terminal VSV-G tag cloned beteen theNcd and
BanHI sites and TssAwith a hexabhistidine tag in th
linker region cloned between thEdd and Bglll sites,
and (Cm)

This study

pUC19 containing DNA fragment encoding gp27¢g| This study
like region of Tssl BCAM0148 cloned between gmd

(Ap")

pPACYCDuetl containing DNA fragment encodin
gp27gp5like region of Tssl BCAMO0148 cloned betwet
theNcd andBanH| sites(Cn)

This study

pPACYCDuetl containing DNA fragment encodin
TssH with an Nlerminal VSV-G tag cloned between th
Ncd andBglll sites (Cn)

This study

PACYCDuetl containing DNA encoding TssH with-N This study
terminal VSV-G tag cloned between th&lcd and
BanHI sites and TssAwith a hexahistidine tag in th
linker region cloned between thEdd and Bglll sites,
and (Cm)

This study
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pACYCDuet
VSVQ.Tsst
linkerHis1TssA

pPMAL-c5X

pPMAL-c5X-

TssA.CTD

puUT18

pUT18C

pKT25

PKNT25

pKT25-Zip

pUT18GZip

PACYCDuetl containing DNA encoding Tss This study
BCAMO0148with N-terminalVSV-G tag cloned betwee|

the Ncd andBanHI sites and TssAvith a hexahistidine

tag in the linkerregion cloned between thdldd and

Bglll sites(Cm)

E. coli vector containingampicillin resistance gene New
(bla) and malE gene(encoding MBP) oder control of England
thetac promoter (Amp Biolabs

PMALc5X containing a DNA fragment encodin This study
TssA.CTD cloned between thddd and BanHI sites
(Amp)

Cloning and expression vector; encodes the Karimova et
fragment (amino acids 22399 of CyaA) with a MCS a al., 1998)
the Niterminalend of T18 (A

Cloning and expression vector; encodes the ' Karimova et
fragment (amino acids 22399 of CyaA) with a MCS a al., 1998)
the Gterminal end of T18 (Ap

Cloning and expression vector, encodes the Karimovaet
fragment (amino acidsi 224 of CyaA) with a MCS a al., 1998)
the Gterminal end of T25 (KM

Cloning and expression vector; encodes the Karimova et
fragment (amino acidsi 224 of CyaA) with a MCS a al., 1998)
the Ntterminal end of T25 (KM

Karimova et
al., 1998)

A derivative of pKT25 in which the leucine zipper
GCN4 (1) is genetically fused in frame to tAR5
fragment (Km)

A derivative of p18C in which the leucine zipper ¢ Karimova et
GCN4 (1) is genetically fused in frame to the T al., 1998)
fragment (AP

Abbreviations used withirthis table: Th trimethoprim resistant; Kin Kanamycin resistant; Ap

Ampicillin resistant; Crhy Chloremphenicotesistant.
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2.2. Bacteriological techniques
2.2.1. Bacteriological media

The following bacterial culture media were used raltithroughout this project

Luria -Bertani (LB) broth

Tryptone (Difco) 1049

Yeast extract (Difco) 5g

NacCl 109

H.O made up to 1 litrand autoclaved

Luria -Bertani (L B) Agar

LB agar plates were made by adding 15 g/litre of agar to LB medium before autoclaving.
When the agar has cooled to-60°C appropriate antibiotics and supplements were
added and poured into 90 mm Pelishes. The agar plates were left to set aititer

used immediately after drying or stored at rodi@ future use.

MacConkey-maltose agar

40 g of MacConkey agar basbifco) was dissolved in 1 litre of distilled water and
autoclaved. A stock solution of glucefee maltose (20% in water) was rdieed by
filtration. For MacConkeymaltose agar, mse (1% final concentration) as well as
antibiotics (ampicillin at 100¢e g/ ml and
autoclaved MacConkey medium just before pouring the plates. IPTG (isofr@pyl
thiogalactopyranoside, 0.5 mM) can be included in thedinme to induce full

expression of the hybrid proteins.

Brain-heart infusion (BHI) broth
43 g of BHI broth powder was added to 1 litre of distilled water. The solution was
mixed well to dissolve the powder and was then distributed into aliquots andsterili

by autoclaving at 15 Ib sq:frfor 20 minutes.

Auto-induction (Al) medium

This medium was used for inducing protein overproduction from vectors that employ
theT7 promoter system without the need for IPTG. anhydrowgufbse, lactose
(Fisher Scientit UK) and glycerol (Fisher Scientific UK) were added to a final
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concentration of 0.05%, 0.2% and 1%, respectively to 150 ml of LB broth in a glass
bottle and topped up to 200 mls with LB broth.

2.2.2. Media Supplements

IPTG

| s o p r-D-fhipdalactosié was dissolved to 1 M in distilled,8, filter sterilized and
stored ai 20°C.

Carbon sources
Maltose was prepared as a 20% (w/v) solution in deionized water and filter sterilized.

Antibiotics
To ensure that only strains containing the correct plasvei@ present on plates or in
the medium, antibiotics were added whenever appropriate.

Antibiotic stock solutions

Ampicillin (Ap) i 100 mg mf*in distilled water, filter sterilized and stored-a6°C.
Kanamycin (Km)i 50 mg mi* in distilled water, filer sterilized and stored a20°C.
Chloramphenicol (Cmj 25 mg mt* in 100% ethanol, and stored 20C. Antibiotic

were used at 106fld dilution in media.

2.2.3 Maintenance of bacterial strains (glycerol stocks)
0.7 ml of an overnight culture grown in LB was mixed with 0.3 ml sterile 50% glycerol
in a cryogenic vial, to give a final concentration G5~ glycerol. The vial containing

the culture was vortexed briefly and stored frozeigét°C.
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2.3.DNA preparation and purification techniques

2.3.1. Genomic DNA preparation

Genomic DNA fromB. cenocepaciatrains 715j, H111 and J2315 aAd hydrophila
strain ATCC 7966vere prepared using the Nexttec DNA isolation sysaeoording to
the manuf act uPwilied genomic BNArwascdissoleed 81 100 pl of EB
and stored a20°C.

2.3.2. Crude boiled lysate preparation of chromosomal DA

A crude genomic DNA preparation was prepared by suspending a loop of bacteria in
200 pl of TE buffer contained in tube and the suspension was heated’at fb@®
minutes in boiling water bath. The suspension was thefrifteyed for 1 minute at
13,200rpm and the supernatant was transferred into a new microcentrifuge tube.

TE buffer was 10 mM Tri#iCl (pH 8.0); 1 mM EDTA.

2.3.3 Plasmid DNA preparation

Small scale plasmid DNA preparations (plasmid minipreps) were generally performed
using the alkalia lysis procedure incorporating phenol chloroform step. However,
when DNA was required for nucleotide sequence determination, the minicolumns

procedures was used.

2.3.3.1. Alkaline lysis followed by phenethloroform method
Stock solutions for miniprep procedure
Solution 1

1 50 mM glucose

1 25 mM TrisHCI (pH 8.0)

1 10 mM EDTA (pH 8.0)

This was autoclaved and stored at 4 °C. This solution was prepared using sterile
(autoclaved) stock solutions of 1 M T#CI (pH 8.0) and 0.5 M EDTA (pH 8.0L M
Tris-HCI (pH 8.0) was made by adding 12.1 g Tris base in 70 ml water and adjusted to
(pH 8.0) using HCI on magnetic stirrer. This was then made up to 100 ml by adding
water, then autoclaved. EDTA (pH 8.0) was prepared by adding 3 g of EDTA in 70 ml
water, adjusting tgpH 8.0) using 10 M NaOH and then making the volume up to 100

ml by adding water following which the solution was autoclaved.
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Solution Il
! 0.2 M NaOH
1 1% (w/v) sodium dodecyl sulphate (SDS)

This solution was stored at room temperature without autoclaving

Solution 11
1 60 ml 5M potassium acetate
1 11.5 ml acetic acid, glacial
f 285mHO ( >18 Mq)

The solution was autoclaved and stored at 4 °C.

Miniprep procedure

Bacterial cultures were inoculated into 2 ml LB, and incubated overnight in the shaker
at 37C. 1.5 ml of each culture was poured into a microcentrifuge tube, and the cells
were collected by centrifugation 3,000 rpm for 5 minutes in a bench top
microcentrifuge The supernatant was discarded and the cell pellet thoroughly
resuspend e dution handlképbon &céd for-& 61 mi n. Then, 200
was added and the microcentrifuge tubes were inverédirBes gently and stored on

ice for 5 min. 150 ¢l solution 111 was a
they were kept on ictor a further 5 min. After this time the tubes were centrifuged at

13,000 rpm for 5 minutes in a bench top microcentrifuge

Following centrifugation, the supernatant was transferred to a clean microcentrifuge
tube. 4 00 -chlbrofoonf wasp dudednd the sample vortexed briefly and
centrifuged at13,000 rpm for 3 minutes in a bench top microcentrifuges upper,
aqueous, phase was then transferred to microcentrifuge tubes, and the nucleic acids

were precipitated using 2 volumes§0 0 € | ) etharmls ol ut e
The sample was vortexed briefly and left on the bench to precipitate the nucleic acids
for at least 5 min. Following this, the sample was centrifugeti32200 rpm for 5

minutes in a bench top microcentrifugidter that the ethanol was removeVing the
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nucleic acid to whiclpellet and 1ml of 70% ethanol was addatter brief vortexng,
the samples were +eentrifuged for 5 min, the 70% ethanol was completely removed
from the microcentrifuge tube, and it was then left open on the bench doyaior
about half hour. The dried nucleic acid pellet consisting mainly of plasmid DNA and

stable RNA was resuspended in 50 ¢l wat el

I n order to remove the contami MmitRNAsg RNA

Awasalded to the 50 ¢l pl asmid solution an

2.3.3.2 Alkaline lysis followed by minicolumn method

Plasmid extractions from cells (mini preps) were carried out using the Qiagen mini
prep kit per t he ma n uuttiarc (orlyr ferr DNA seguersihg). DNA
purification after digestions, or post gel extraction was also carried out using the Qiagen
PCR purification Kit.

2.3.4. DNA amplification by the polymerase chain reaction (PCR) for cloning
PCRs contained the followgncomponents (stock concentrations shown in parenthesis):
T 3 ¢l genomic DNA/boiled |l ysate
el KOD 10x buffer

el s@ysN)
e | dNTPs (2 mM each dNTPs)

e | 10 OM reverse primer
.5 ¢l DMS O
e | KOD DNA polymerase (1lu/ el)
4  etilled daies

(631

T 5
T 4
T 5
T 3 €I 10 OM forward pri mer
T 3
1T 2
T O
T 2

50 ¢l PCR sample made up in 0.5 ml PCR t 1

2.3.4.1. PCR regime
 95°C Temperature step for 5 minutes. After 3 minutes, cycler was paused and
KOD DNA polymerase was added. This fAh

of the primerdor their specific target sequences on the genomic DNA.
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After the initial temperature step, the following cycle was repeated 30 times.
1 Denaturation at $& for 30 seconds
1 Annealing br 30 seconds. Temperature vadepending on the length and G+C
contert of the primer. The annealing temperature was calculated using the
formula ((A+T) x 2) + ((G+C) x 45°C.
{ Elongation (polymerisation) at 2. The curation of step depended on the size
of DNA fragment being amplified. In order to polymerise 1 kilobase (Kb

DNA, 1 minute at 72 was allowed.

2342DNA amplification by PCR for recombi
PCRO)

Screening of potential clones to determine if they contained the correct DNA insert was
conveniently performed by PCR screening. HE@R was carried out as described in
section2.3.4 but the purified genomic DNA or boiled cell lysate was replaced by a
small quantity of cells from transformant colonidsdividual colonies were picked

using a sterile toothpick which was used to inoeua PCR tube followed by patching

onto an agar plate containing the appropriate antibiotic. Taq polymerase master mix
containing primers specific for the gene inserted, or regions flanking the cloning site in
the plasmid, was then added to each PCR tobh&aming colonies to be screened along

with positive and negative controls.

2.4. DNA manipulation techniques

2.4.1. DNA sequencing

DNA polymerase can introduce mutation in the amplified DNA sequences, all plasmid
constructs containing PC&mplified insets were sequenced with appropriate primers

to check the sequence of the entire insert. Sequence changes were confirmed as strain to
strain sequence variations or the result of mutations by sequencing the PCR product of a
separate amplification. Plasmid DNiAr sequencing was prepared using the QIAprep
Spin Miniprep Kit (Qiagen). DNA sequencing was carried out by Lark technologies at
the University of Sheffield Medical School Core Sequencing Facility.
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2.4.2 Restriction endonuclease digestion of DNA
Restiction digestions were performed using enzymes and buffers purchased from
Promega corporation. Reactions consisted of the following compore a final

vol ume of 50 ¢l

DNA 10 €I for PCR product or
Restriction enzyme buffed (0 x ) 5 ¢l

Bovine serum albumin (BSA) 0.5 ¢l (recommended)

Enzyme 1 ¢l

H>O up to 50 ¢l

For diagnostic restriction digestion the
of the buffer ad water were adjusted accordingly. Digestions were left for 2 hours at
37°C after which the digested DNA was purified using the Qiagen PCR purification
protocol, if it was to be used for subsequent enzymatic manipulation such as DNA

ligation.

2.4.3. Anneding complementary oligonucleotides

For the purpose of cloning very small DNA fragments complementary sirgleded
oligonucleotides were annealed that generated deattdladed DNA fragment with
restriction sitecompatible sticky ends. To do this 45 gach of 100 pmol rifl single
stranded complementary oligonucleotides in milliQ water and 10 ul of x10 annealing
buffer (10 mM MgC}, 200 mM TrisCl (pH 8.0) in milliQ water) were combined into

0.5 ml microcentrifuge tube and incubated at 90 °C for 10 esénamd then left at room
temperature to cool for 30 minutes. 1 pl of this mixture of annealed oligonucleotides

was used in the ligation reaction.

2.4.4 Ligations
Ligations were performed using Promega T4 DNA ligase and ligation buffer. The
following were addedd a microcentrifuge tube:

T 10 ¢l di gested plasmid DNA

T 10 ¢l di gested PCR product
T ¢l ligase buffer (10x)
7T 1 ¢l DNA |l igase (3u/legl)
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Made up to 30 ¢l with distilled water.
overnight.

A vectorcontrol (no PCR product or ligase) and ligation control (no PCR product) were

included to judge the effectiveness of the ligations and the digestions.

2.4.5 Transformation of E. coli with plasmid DNA

2.4.5.1 Preparation of competent cells

To prepare eampetent cells, the method of Hanaleas used1985) 0.5 ml of fresh
overnight culture of. coliwas inoculated into 50 ml LB broth and grown at@Gwith
shaking to exponential phase (§60.30.5). The culture was chilled on ice for-18

min, and bateria were harvested by centrifugation at 4,000 rpm for 10 mifiCatThe
supernatant was discarded and the cell pellets were resuspended by moderate vortexing
in 16 ml ice cold RF1 solution. The cells were incubated on ice for 30 minutes prior to
centrfugation for 10 minutes at 4,000 rpm, at 4 °The cell pellets were resuspended

in 4 ml of solution RF2 and kept on ice for 15 min. The resuspended competent cells
were aliquoted into microcentrifuge tubes and frozen immediate80¥E. As prepared,
competent cells were stored for a year without significant loss of transformation

frequency.

Solution RF1

KCI 3.73g

MnCl,.4H,0 4.95¢g

Potassium acetate 1.47g

CaCh.2H,0 0.75¢g

Glycerol 76 ml

The above were dissolved in ~300 midH ( >18 Mq), and the res

adjusted to pH 5.8 using 0.2 M acetic acid. The final volume was then made up to 500
m.The solution was sterilised by filtratdi
and stored at 4 eC.
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Solution RF2
! Sdution A: 0.5 M MOPS, (pH 6.8)
1 Solution B: 10 mM KCI
75 mM CaC}.2H,0
15% (w/v) glycerol

Both solutions A and BOweard matder aag atn 4

solution A and 9.8 ml of solution B were mixed together on the day of use.

2.4.5.2 Transformation procedure

1 ¢l of plasmid DNA or 15 ¢l of l i gati o
chilled on ice for ~10 minutes prior to .
A cell control without addition of any DNA was also paeed. The samples were then
incubated on ice for 30 minutes whereupon the tubes wersiheeited at 42°C for 2.5
minutes and returned to ice for 5 minutes. 1 ml LB broth was then added to each
mixture and the tubes were incubated at 37°C for 1 hour ltov axpression of

antibiotic resistance genes carried by the plasmid.

100 ¢l of each transformed culture was s
were incubated at 30 or 37°C as appropriate and for the recommended duration. The
remainder of the transformation mixture was kept in the fridge at 4°C for a few days in
case more transformants were required. In such cases the remainder of the culture was
harvested by centrifugation at 13,000 rpm for 30 seconds in a microcentrifuge. Most of
the supernatant was drained from ealth tu

pellets were resuspended and then spread onto a separate agar plate.

2.4.6 Agarose gel electrophoresis

Gel electrophoresis was used qualitatively to check DNA preparations, and
quantitatively for determination of relative insert and vector conagotrs in cloning
reactions. It was also used to separate and purify specific DNA fragments for cloning.
All agarose gels were prepared in 1XTAE buffer and heated to boilingZonib in

a microwave ovennormally 0.8% (w/v) agarose was used. Howevehigher
percentage (1:0.5%) was used to resolve bands of <500 Bpe molten agarose
was cooled and poured into the casting tray of a-gehitank (BieRad minigel
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system, a comb appropriate for the number and volume of samples was inserted to
form the DNA loading wells and the agarose left to set. After removing of the gel
comb and sealing tape, the gel was placed in the gel tank and submerged in 1XTAE
buffer and the sample; containing 2 pl of 2X DNA loading solution, 8 ul water and 5
pl DNA, was loadd into each well. A marker lane was always included which
contained either a supercoiled DNA ladder (Promega)-6tep 4 Quantitative DNA
ladder marker (Yorkshire Bio). Electrophoresis was carried out at 80 V for at least 60
min. Following electrophoresithe gel was transferred to a tray, covered with
ethidium bromide (0.1pg/pl) and shaken for-28 minutesto allow intercalation of

the ethidium bromide into the DNA within the gel. After rinsing the gel with tap

water, the gel was visualized on a UVnisailluminator and photographed.

50 X TAE buffer

1 242¢g Tris-base
T 57.1ml glacial acetic acid
1 37.2¢g di-sodium EDTA dihydrate

f HO (>18 Mq) to 1 L
The final pH of 50 XxTAE is 8.

10x DNA Loading Dye:
50 % (v/v) glycerol in milliQ HO, 0.1 % (w/v) bromophenol blue. Diluted to 2x using

further milliQ water when required.

2.5. Protein purification and analysis techniques

2.5.1 Protein analysis techniques

2.5.1.1 Growth of bacterial cultures and induction of protein overproduction

E. coli BL21( &= DE 3) cel | s h &xpilessingclaned garget lgenaspre d s
grown at 37 e C i dofl0B, inbtheptesence af thea appria®eD
antibiotic. 1 ml of the culture was taken immediately before addition of IPTG and left to
grow for a further 3 hours. IPTG was added to the rest of the culture to a final
concentration of 1 mM to induce expression of the cloned gene. Cells walaiad

for a further 3 hours. Samples were taken from the gand posinduction culture for
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analysis by SD$AGE. 100 pl of each sample was centrifuged at 13,200 rpm for 3 min,
the supernatant was discarded and the cell pellet was resuspended infS@sig o
buffer and mixed with 50 pl of 2X Laemmli sample buffer and boiled for 10 minutes to

denature and solubilise the proteins. Laemmli sample buffer consisted of:

Laemmli sample buffer 2X:
1 250 mM TrisHCI (pH 6.8)
17 10 % SDS
1 20 % glycerol
)l

% Bromophenoblue

The above components were made upto 99 ml wiB. Hror each 9.9 ml, 0.1 nfi-
mercaptoethanol was added.

2.5.1.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SEFAGE)

Gel preparation

SDS polyacrylamide gels were prepared according to the pracetkscribed by
Laemmli (1970).The resolving gel was poured betwdao glass plates separated by
0.75 mm spacer upto ~ 2.0 cm from the topallow for the stacking gellThe 10 ml
resolving gel can be used to pour 2 gels. A few drops of butanol were added to the top
of the poured resolving gel to maintain a level surfae®re polymerisation. The gel

was then left to polymerise for Z2D minutes and the butanol was then washed off the

surface using water.

12 % resolving gel (10 ml)
T 43 ml HO (>18 Mq)
7T 3ml 40 % acrylamide:biscrylamide (Fisher scientific)
T 25ml 1.5 M TrisHCI (pH 8.8)
T 100 €10 % (w/v) SDS
T 1200 €10 % ammonium persulphate
T 5 €1 TEMED (Sigma)
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15 % resolving gel (10 ml)
T 35m H,O (>18 Mq)
T 3.75ml 40 % acrylamide:b&crylamide (Fisher scientific)
1 25ml 1.5 M TrisHCI (pH 8.8)
T 100 ¢€1D % (w/v) SDS
T 100 €10 % ammonium persulphate
T 5 €1 TEMED (Sigma)

The stacking gel was applied over the resolving gel andeheomb was immediately
inserted in the gel. After polymerisation, the comb was removed and the gel was placed

into the gel tank filled with 1X SDS running (reservoir) buffer.

5 % stacking gel (4.5 ml)
1 3.2ml HO (>18 Mq)
T 625 ¢l 40 % acrylamide:bigciylamide (Fisher scientific)
1T 625 €| 1MTrisHCI (pH 6.8)
9 50 el 10% (w/v)SDS
T 50 ¢l 10 % ammonium persulphate
T 5 ¢l TEMED (Sigma)

10 X SDS running buffer

7 30.3g¢g Tris base

 144¢g glycine

1 10g SDS

T UptollL HO (>18 Mq)

2.5.1.3 Electrophoresisof the gel

The protein samples for SDS analysis were prepared as described above. Samples were
10-15 pl loaded in each well and a protein molecular weight marker was loaded in one
well. Then the SD$A gel was electrophoresed at 120 V for approximatdigsuntil

the bromophenol blue dye had migrated to the bottom of the gel). When the gel was to

be used for western blotting, a prestained molecular weight standard was used.
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2.5.1.4 Staining of polyacrylamide gels
Gels were routinely stained with Coorses brilliant blue R250 on a gently shaking

platform for ~2 hrs or overnight at room temperature.

Staining solution

1 40% Methanol

1 10% (v/v) Glacial acetic acid

1 50% dbD

T 0.2% Coomassie brilliant blue2B0

2.5.1.5 Destaining of polyacrylamide gels
Gels were destained by43washes (~10énl) on a gently shaking platform for2 hrs
at room temperature until the gel background became clear.

Destaining solution
1 10% Acetic acid
1 40% Methanol
1 50% dH,O

2.5.2 Solubility test of the overproduced protein

To test the solubility of the overprodu
culture containing an expression vector such as pET14b were grown and induced as
described in section 2.5.1.1hd cell culture was then centrifuged at 12,500 xg for 20

mi nhutes at 4eC in a 6 x 250 rotor and th

containing:

Wash buffer
T 25 mM Tris
T 130 mM NacCl
1T 2mMEDTA

Resuspended cells were-gentrifuged at 12,500 xfor 20 mi nutes at

cell pellet was resuspended5ml of lysis buffer:
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Lysis buffer
1 50 mM TrisHCI (pH 8.0)
1 2 mM EDTA (not used if protein was subsequently being purified by IMAC)
1 200 mM NaCl
1 10 % glycerol
1 10 mM imidazole (only used if prate was subsequently being purified by
IMAC).

To the cell suspension 0.1 ml of freshly made 10mig lysozyme was addewgith
stirring for 2630 minutes at & C. Whi | ePMSEF twiag added go, a final
concentration of 25ig ml™* from a freshly made 2.8g mI*stock solution in ethanol or
acetoneand sodium deoxycholate was added to a final concentration ofiG@aI™
from a25 mg ml* solution, and the suspension was left stirring for a further3Q0

minutes.

Foll owing this t he ubRded o(smibaiod for-ddimds fos30 we r e
seconds with 2 minute intervals on ice i
suspension was removed and boiled with 5
The remaining culture was centrifuged 0 mi nut es at 20, 000
supernatant was removed and boiled with
The four samples (uninduced cells, induced cells, crude lysate, and cleared lysate) were
then analysed by SDS PAGE using a Bio Radi ipiatean Il system at 120 volts. If the
desired protein was found to be soluble, then the growth and induction procedure was
scaled up to 1 litre. The washed cell pellet was stored frozeh@t e C and a
amount was processed to obtain the solulaetifon on the day of protein purification.

Only 5 ml of cleared cell lysate was used each time.

2.5.3 Immobilized metal affinity chromatography (IMAC)

The soluble cell lysate containing the protein of interest was prepared as described in
Section2.5.2.A 1 ml Hi-Trap nickel column from GE Healthcare was attached to an
AKTA protein purification system and equilibrated with 10 ml of lysis buffer. The lysed
cell supernatant containing the target protein was sterilised by filtration through a 0.22

um filter using 10 ml syringe and then applied to the nickel column at a flow rate of 1
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ml/min. The flowthrough from the column was collected and in some situations the
flow-through was recycled for further 2 times. After the entire sample had been loaded,
the colunn was washed with at least 20 ml of lysis buffer. The target protein was eluted
by a 16500 mM imidazole gradient applied over the column in a 50 ml volume elution
buffer which contained:

1 50 mM TrisHCI (pH 8.0)

1 200 mM NaCl

1 10 % glycerol

The elution of he target protein was monitored at 280nm, due to absorbance by
tryptophan and tyrosine side chains. The eluted protein was collected in 1 ml fractions
and 50 ¢l of each fraction was taken an
Laemml i b u f dadh samplel viias thein analysed by SDS PAGE. The protein
concentrations of the samples corresponding to the UV peak were also determined using
the Bradford protein assay.

Regenerating the nickel resin column

The 1 ml nickel affinity column was washed with ml 20% ethanol after finishing the
protein purification and stored at 4°C for future use. In order to completely remove
residual protein material from the column, it was washed with 5 ml 50 mM EDTA (pH
8.0) followed by 5 ml 500 mM guanidine hydrochla@idhat completely strip the
column by removing all the nickel along with any residual proteins. The column was
then washed with water several times and theshezged with 5 ml 2100 mM NiCl.

2.5.4 Anion exchange chromatography

Following IMAC, the proten solution was loaded into a dialysis bag with appropriate
molecular wt. cut off and the bag was sealed on both sides. The protein solution was
dialysed against 100 volumes of 20 mM Tris (pH 8.0) for 2 h then the dialysis buffer
was changed and dialysis ntmued with stirring at 4°C overnight. The dialysed
partially purified protein was applied onto an anion exchange chromatography column
for further protein purification. The chromatography matrix of the Q column employed
has positively charged moieties vedently linked to it which will interact with
negatively charged proteins. A mono Q column fromiBdalthcarevas used for anion

exchange chromatographyhe column wasquilibrated with low salt buffer before
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applying the dialysed partially purified pein to the column at a flow rate of 1 ml nin
The flowthrough from the column was collected and then the column was washed with

20 ml of low salt buffer:

Low salt buffer for anion exchange chromatography
1 50 mM TrisHCI (pH 8.0)
1 20 mM NaCl
1 10 % glycerol

The target protein was eluted with 2000 mM NaCl gradient applied to the column

in a 30 ml volume of buffer containing 50 mM THECI| (pH 8.0) and 10% glycerol.
Elution was followed at 280nm. Samples from each 1 ml fraction was then analysed by
SDS FAGE to check the purity of the eluted protein.

2.5.5 Amylose column chromatography of MBP fusion proteins
To purify maltosebinding fusion potein (MBP), the plasmid encodirtpe gene of
interest (PMAL c5x) was transformed into the NEB Express cells (fmgland
Biolabs) and the culture was processed as describefeation 2.52. The only
difference was the use of column buffer instead of lysis buffer.

Column buffer:
T 20 mM TrisHCI (pH 7.4)
T 200 mM NacCl
1 1.0 mM EDTA
1 1.0 mM sodium azide
1 11 mMb-mercaptodtanol
The above components were dissolved in 800 ml milliQ water, topped up to 1L with

water and autoclaved for 20 minutes.

5 ml of thesoluble fraction of the cell lysate containing the MBP fusion proteis
applied onto a 2 ml amylose column (New Emgl Bio Labs) prequilibrated with 10
ml column buffer. The flowthrough was collected and the column washed with 20 ml

column buffer. Then, the MBP fusion protein was eluted with the column buffer
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containingl0 mM maltose. Ten 3 ml fractions were coléet and analysed by SBS
PAGE.

Regenerating the amylose resin

After each use the amylose column was regenerated with the following sequence of
washes:

Water: 3x column volumes

0.1% SDS: 3x column volumes

Water: 1x column volume

Column buffer: 3x colum volumes

Following this, the amylose column was stored at 4°C for future use.

2.5.6 Size exclusion chromatography (gel filtration)

Size exclusion chromatography (SEC) was carried out using a Superose 6 or 12 column
(GE healthcare), according to the ided separation capacity of the column, by
attaching it to an AKTA protein purification system. The column was equilibrated with
the following buffer:

1 50 mM TrisHCI (pH 8.0)
T 200 mM NacCl
1 10 % glycerol

This was followed by | oading the col umn
via a 100 ¢l superl oop and ‘taoressthdcolumn.r at e
The flowrthrough from the column was monitored at 280nm. Samples collected from

the ske exclusion column were analysed by SDS PAGE.

The SEC column was also calibrated by known molecular weight protein standards
when the aim of the SEC was to estimate the size of the target protein. 2 mg of each
protein standardriponucleas€13.7 kDa), arbonic anhydrase (29 kDa), ovalbumin (43
kDa), conalbumin(75 kDa),alcohol Dehydrogenase (14%ba), thyroglobulin (669

kDa), apoferritin (443kDa) and the polysaccharide blue dextran (2000 k@&l

Healthcare)) were mixed and dissolved in equilibrabaffer and concentrated to 100
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e | before applying to the SEC column vi a
proteins was used to create a calibration curve using graphical software. From this curve
it was possible to estimate the approximate nohsarget proteins eluted from the SEC

column by measuring the time at which they elute.

2.5.7 Bradford assay

The protein concentration in a sample was determined by the Bradford Bssadfprd,

1976. A stock solution of 10 mg nilbovine serum albumin (BSA) was prepated
dissolving 50 mg of BSA in 5 ml of MilliQ kD. A sample of BSA at 1 mg fhiwas
prepared by dilution of thstock solution. The concentration of 1 mg'nBSA sample

was confirmed by measuring the sample at,§[M a quartz cuvette At OD,gp the
absorbance of a sample that is 1 mg/ml should be 0.667. This 1 Tngample was

used to prepare series of proteoncentration of standards at 0.2, 0.4, 0.6, 0.8 and 1.0
mg mi* in water. A serial dilution of the unknown protein sample was also prepared. 20

e | of each protein concentration standar
980 ¢l of B rmaxddf ttooroughlyrire aangiceonentrfuge tube and left for 5
minutes before beingansferred to a cuvette toeasure th®©Dsgs5. A sample without

any added protein was included as a blank. The measurements of the standards were
used to create a calibrationrea from which the proteirconcentration in the test
sample was calculated. Dilutions of the protein sample were used if the absorbance of

the original protein sample fell outside of the ranges used in the calibration curve.

2.5.8 Proteolytic cleavage 6MBP from MBP fusion protein

20 pl fusion protein at 1 mg Mvas mixed with 1 pl factor Xa diluted to 200 pg™ml
Another 5 pl of the fusion protein was placed in separate reientrifuge tube without

factor Xa (negative control). As a positive cahirl0 pl of MBP5paramyosirpS a |
(NEB) was mixed with 0.5 pl of diluted factor Xa. The three tubes were incubated at
room temperature and 5 pl samples were taken at 2, 4, 8 and 24 hours from the reaction
tube. The four test samples, the negative contrdlthe positive control (both controls

at 24 h) were mixed with an equal volume of 2x Laemmli buffer and boiled for 10
minutes. All samples were analysed by SBSGE.

After determining the optimal time for the cleavage, the experiment was scaled up. The

cleavage was carried out using factor Xa reaction buffer (recommended by NEB) which
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contained final concentrations of 20 mM THEI (pH 8.0), 100 mM NaCl and 2 mM
CaChb in 500 ml milliQ water. Filter sterilised using a cellulose nitrate membrane filter
(0.2um, Whatman)A small amount of the undigested fusion was saved as reference.

Samples should be chestkfor complete cleavage by SEFAGE.

2.5.9 Thrombin cleavage of Histagged protein

Small scale optimisation

The thrombin cleavage kit was purchasedrrblovagen. The thrombin enzyme was
first diluted in thrombin dilution/storage buffer. The Novagen protocol was used to
estimate the appropriate range of enzytaggetprotein. Serial dilutions of thrombin in
thrombin dilution buffer were prepared as 1:250, 1:100 and 1:200 containing ~ 0.04,
0.02, 0.01, and 0.005 U enzyme per pl, respectively. The following components were

added to five microcentrifuge tubes:

1 5 ul 10X thrombin cleavage/capture buffer
10 pg target protein
1 ul diluted thrombin (eachube received 1 pl of a different enzyme dilution.
The fifth tube received 1 pl dilution buffer only as a negative control)

1 deionized water to make up the total volume to 50 pl

The five micrecentrifuge tubes were incubated at room temperature and Hinples
were taken from each tube after 2, 4, 8 and 16 h incubation. The samples were mixed
with an equal volume of 2x Laemmli buffer and boiled for 10 minutes. The extent of

cleavage was determined by analysing the samples byPROE.

The reaction was ated up proportionately using the appropriate enzyme:target protein

ratio determined from the pilot experiment.

Biotinylated thrombin capture

Streptavidin agarose was used to quantitatively remove the biotinylated thrombin
following the proteolytic cleavge of the target protein. For each unit of enzyme, 16 pl
settled resin (32 pl of the 50% slurry) was used. The Streptavidin agarose beads slurry

was resuspended gently by inverting the bottle several times. The desired volume of
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agarose beads was addedhe reaction mixture and incubated at room temperature for
30 minutes with gentle shaking. Then the mixture was transferred to the sample cup of a
Spin Filter (supplied with the kit) and centrifuged at 500 rpm for 5 minutes. The filtrate
in the collectiontube contained the proteolytically released target protein, free of

biotinylated thrombin.

2.5.10 Nickel affinity pulldown

At least three micra ent ri fuge tubes were | oaded wi
and centrifuged for one minute at 500 rpafdre the supernatant were discarded. 1 ml

of low salt lysis buffer (50 mM TrilCI (pH 8.0), 50 mM NaCl and 10% glycerol) was

added to each tube and mixed gently by inverting the tubes several times. The tubes
were centrifuged again and the supernatarg veplaced with 1 ml of fresh low salt

lysis buffer followed by recentrifugation and removal of the supernatant. This wash
step was repeated two more ti mes. To t h
sample in low salt lysis buffer (50 mM T+#4Cl (pH8.0), 50 mM NaCl, 10% glycerol

and 10 mM imidazole) was added and incubated at room temperature with gentle
mixing on a rotating wheel for 2 hours at room temperature. The resin was collected by
centrifugation at 500 rpm for one minute and the supanavas removed. Beads were
washed by addition of 500 pl of fresh lysis buffer followed by centrifugation at 500 rpm

for one minute and removal of the resulting supernatant. The wash step was then
repeated twice. Bound proteins were eluted by the adddgidn 100 ¢ | | ysi
containing 500 mM imidazole and gentle mixing on a rotating wheel at room
temperature for 30 minutes. The samples were centrifuged at 500 rpm and the
supernatant was collected. Samples of the eluted proteins were boiled with bn equa

volume of 2x Laemmli buffer and analysed by SBAGE and western blotting.

2.5.11 Co-immunoprecipitation procedure

The EZview Red Protein Affinity Gel beads (Sigmaldrich) was used to carry out
coimmunoprecipitation (CdP) experiments. The solubl fraction of cell lysate
containing the target proteins was prepared as describ®ection2.5.2.1 ml of the
soluble fraction was pipetted into a 1.5 ml micentrifuge tube and mixed witR110 pl
of an appropriate dilution of antibody. The mixtureswthen vortexed briefly and

incubated at -8 °C with thorough, gentle mixing for 1 hour.
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The bottle of EZview Red Protein A Affinity Gel beads was carefully mixed and
aliquots of 30 pul of the 50% slurry were pipetted into a 1.5 ml reenmtrifuge tube

hdd on ice. The beads were washed and calibrated in low salt lysis buffer (50 mM Tris
HCI (pH8.0), 50 mM NacCl, 10% glycerol and 10 mM imidazole) by adding 0.75 ml of

the buffer to each tube followed by vortexing and centrifugation for 30 seconds at 8,200
rpm. The supernatants were removed and the tubes containing the pellet of beads set on
ice. The wash step was repeated two more times and then the washed bead pellets were
returned to ice. The cell lysate plus antibody mixture was transferred into theftube o
washed protein A beads, mixed briefly and left to stir for 1 hour-&t°€ to allow
antibodyantigen complexes to bind to the protein A on beads. The mixture was then
centrifuged for 30 seconds at 8,200 rpm, the supernatant was removed with a pipette
ard the tube with the bead pellet was placed on ice. The bead pellets were washed with
0.75 ml of low salt lysis buffer by vortexing and incubated with thorough, gentle mixing

at 28 °C for 5 minutes. After brief centrifugatiothe supernatants were removet

the tubes containing the bead pellets set on ice. The wash step was repeated two more
times. A 25 pl of lysis buffer was added to each bead pellet and vortexed briefly. An
equal volume of 2x Laemmli buffer was then added to the samples which wexé boil

for 10 minutes to elute antibodyntigen complexes. For analysis of immunoprecipitated
proteins by SDSAGE, the boiled samples were vortexed, and centrifuged for 30
seconds, whereupon the supernatants were transferred into clearcemcifuge tubes

for subsequent analysis.

2.5.12 Western blot analysis

Protein samples were electrophoresed in $BSgel along with EZRun Prestained

Rec protein ladder as molecular weight markessctfon 2.5.1.2). A piece of
polyvinylidene fluoride (PVDF) membrane (GEe al t hcar e: Am®Yy s ham
of the same size of the gel was soaked in 100% methanol for 15 seconds and then
washed in water for 2 minutes. The PVDF membrane, the polyacrylamide gel, two
pieces of filter papefWhatman 3M) thesame size as the gel aBdsponge pads were
saturated in 1x transfer buffer (for the recipe see below). To assemble the Western blot
stack, the gel was laid on filter paper set on a sponge pad and the PVYDF membrane was
placed on the top of the gel, then the second filter papeplaasd on the membrane
followed by the second sponge pad. Before adding the second filter paper on top, it was

ensured that no air bubbles were present between the layers. The stack was placed
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inside a transfer tank (BioRad) containing 1x western tranistéfer with 10%
methanol and transfer was carried out at 100 V for 60 minutes. An ice cassette was
placed inside the transfer tank for the duration of the transfer to keep it cool. The
membrane was then blocked in Fbisffered saline containing 0.05% {y/Tween® 20
(TBS-T) with 5% semiskimmed milk powder at room temperature for 60 minutes. The
membrane was then washed with FBSor 10 minutes on a shaker. This was repeated

a further 2 times. The membrane was then probed with the appropriate priniaogynt

at the required dilution in TBS$ containing 5% (w/v) senrskimmed milk powder. For
better results the solution was poured into a 50 ml centrifuge tube, the membrane was
inserted (protein side facing towards the inside of the tube) and the memimainated

with the primary antibody overnight at @ with gentle agitation. To remove the
unbound antibody, three successive room temperature washes (10 min each) were
performed with TBST. The membrane was then probed with the appropriate secondary
antibod/ at the required dilution for 60 minutes at room temperature in-TBS
containing 5% (w/v) senskimmed milk powder with gentle agitation. The membrane
was then washed with TBE for 10 minutes by gentle agitation. The washing step was
repeated a further ttmes. 1 ml of detection reagent (FEXCL) was made by combining

0.5 ml EZECL solution A and 0.5 ml EECL solution B. This was applied to the
PVDF membrane and incubated for 5 minutes at room temperature. The excess
detection reagent was removed and Western blot was imaged using the Htad

mol ecul ar i mager Chemi DocE XRSH+.

10X TBS (pH 7.4)
1 159  Trisbase
T 40g¢g NacCl
1 1g KCI
f HO (>18 Mqg) to 1 L
The final pH of10 xTBS was adjusted to 7.4 with HCI

10X western transfer buffer (pH 8.3)
1 30.3 g Tris base
1 144 g glycine
f HO (>18 Mq) to 1 L
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The final pH of 10 x transfer buffer was adjusted to 8.3.

2.5.13. Ammonium sulfate precipitati on

When high concentration of ammonium sulfate (AS) is present, proteinstéend
aggregate and precipitate. In order to determine the suitable AS concentration to
precipitate the target protein, different concentrations of AS were tested (5%, 10%, 15%,
20% and 30%). Before precipitation of the target protein with AS, nucleic acids was
precipitated first by polyethyleneimine (PEI) (each target protein was precipitated by
addition of 40 ul of PEI per ml of sample) and the protein resuspended in an equal
volume of lysis buffer containing 1 M NaCl. Then the treated cell lysate containing the
target protein was divided equally into five tubes and each tube received a certain
concentration of AS and rotated gently for1® minutes. The solution was centrifuged

at 10,000 xg for 10 minutes, the supernatant was removed and the precipitate

resuspended in 2 pellet volumes of buffer. Samples were analysed bBy/SES

2.5.14. Preparation of inclusion bodies

One litre ofIPTG induced bacterial cultunerepared as desbed inSection2.5.1.1was
centrifuged at 9,000 rpm for 15 minutes, and the pellet resuspended in 20 ml 2% sodium
deoxycholate solution. The suspension was then sonicated until the viscosity had
decreased. Then the sonicated suspension was centrifugg®@@ & g for 30 minutes

at 4n aé R 250 rotarto collect the inclusion bodie3he pellet, containing the
inclusion bodies, was washedtiree timeswith wash buffer.After each wash the
inclusion bodies were collected by centrifugation at 30,000fcr @0 minutesat 4 e C.
Then pellet was weigld and each 1 g of cell pellet resuspended in a 5 ml buffer
containing 50 mM TrigHCI (pH 8.0) 200 mM NacCl, 10 mM imidazole, 10% glycerol

and 8 M ureaand incubated for 1 hour 4 C hwgentle shakingA final clarifying
centrifugation was carried out at 30,000
containing the solubilised inclusion body protein, was retained for anddysgDS

PAGE.
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2.6. Bacterial two-hybrid assay

The bacterial adenylate dgse wo-hybrid (BACTH) system was employed to study
proteinprotein interactions in the T6SS. The principle of the BACTH system relies on
the interactiormediated reconstitution of adenylate cyclase activityEincoli. The
BACTH assay utilises the fadhat the adenylate cyclase domain frd@ordetella
pertussisCya A protein consists of two complementary fragments, T25 and T18. When
these fragments are physically separated, they are inactive. However, when they are
fused to interacting polypeptides, timgeraction of these hybrid proteins results in
functional reconstitution between T18 and T25 which leads to cAMP synthesis. Cyclic
AMP produced from the interacting fragments binds to the cAMP receptor protein
(CRP) (also known as the catabolite activaiartein (CAP)). The cAMP/CRP complex
activates the promoters of reporter genes, including genes dddland mal operon
required for lactose and maltose catabolism. The bacteria become able to utilise lactose
or maltose as the unique carbon source,efoez they are easily distinguished on

indicator media.

In order togeneratgusion proteins{ss geneswere inserted into the BACTH vectors
pKT25 and pKNT25which are kanamycin resistant and encode the T25 fragment with
the multiple clonig site locatedt the Gterminaland the Nterminalcoding regionof

the T25 fragmentrespectively, angUT18C and pUT18which are ampicillin resistant
and encode the T18 fragment with the multiple cloning site located at-teen@al

and the Nterminal coding regons of the T18 fragmentrespectively. The different
antibiotic resistancgenes allow selection fawo compatible BACTHplasmids within

one individualE. colicell.

The E. coli cya strain BTH101 was cdransformed with the recombinant fusion
plasmids ad was plated on M&onkeymaltose agarSection2.2.1) containingboth
antibiotics.Plates weréncubated at 3 andtransformant coloniesbserved after 72
and 120 hours incubatiohe plate should contain reasonable number of individual
colonies (lesshan 500 colonies)A Cya’ phenotype yields purplE. coli colonies, and

a Cyaphenotype gave rise to white coloni@sCya’ phenotypewas scored according
to the colour of the colonies compared to the positive contidl. BACTH

combinations were repest three times to confirm the results
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2.7. Electron microscopy (EM) grid preparation and staining

The negative staining procedure for fhetein samples was carried out using a uranyl
formate stain. 0.75 % (w/wWranyl formate stainvas prepared by addy 37.5 mg uranyl

formate powdeto 5 ml boiling waterwhich wasleft to stirfor 5 minutesThen ~8 ¢ |

of 5 M NaOH was addednd themixture stirred for another 5 minutes. Theanyl
formatesolutonwas f i |l ter steril i s e dnituasdstorgdima 0. 2

foil wrapped tube at°L.

Carboncoated gridswere glow discharged for 2B0 secondsinside the coating
machine Cressington 208carban)whereupon 5 e | of pr dthee i n
concentration of protein samples which submitted to &4 about 0.5 mg/ml. Three
dilution 1:10, 1:50 and 1:100 were prepared and examined for each samaplapplied

to the discharged carbon gridr 1 minute. Excesgrotein sample was removed by
blotting of the grid orclean filter paper. The grid walsenwashed twice using distilled
water and once using uranfgdrmate stain, with the gribeing blotted on filte paper
between each wash. Then the grid veabmerged in uranyl formate stain for 20
seconds and blotted to remove excess stain before dryisigpg a small vacuum pump.
The prepared carbon grid was examined byethetron microscopgind stored in a grid

box at room temperature for future use.
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Chapter 3. Investigation of protein-
protein interactions that occur within the
Burkholderia cenocepacidype VI
secretion system using the bacterial
adenylate cyclase twénybrid system

(BACTH)
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3.1 Introduction

The core components of the T6SS were identified byoenfermatics analysis by
Shalom and colleagues who implicated 13 proteins that were namedT3$sEA
(Shalom et al, 2007. In support of this study, Zheng and Leung carried out a
comprehensive mutagenesis study to identify T6SS subunit genedwardsiella
tarda and they found that 13 out of 16 genes inaglipT6SS cluster are cruwifor the
proper export of Hcp (EvpC), VgrG (Evpl) and a putative effector, E\jtieng and
Leung, 200}. These genes arevpAevpC evpEevpl and evpkevpQ and they
correspond tassAtssM These thirteen components of T6SS are proposed to interact in
some way to asser#the T6SS complex. The bacterial adenylate cyclasenydad
(BACTH) system was previously used to identify and characterise piuteiain
interactions between the Tsd9AsG subunits of the T6SS Bf cenocepaci§S.Shastri,
2011) The aim of the wde described in this chapter was to identify profeiotein
interactions occurring between the Ts§85M subunits of the T6SS, and between these
subunits and TssAssG.

The principle of the BACTH system relies on the interactiwadiated reconstitution of
bacterial adenylate cyclase activitykn coli. It provides all the advantages of working

with E. coli. The BACTH assay utilises the fact that the adenylate cyclase domain of the
Bordetella pertussisya A protein can be expressed as two complementagynnts,

T25 and T18(Karimovaet al, 199§. The interaction between these two fragments
leads to the synthesis of cAMLadant, 1988 When these fragments are physically
separated, they are inactiybadant andUlimann, 1999. Based on these facts, the
BACTH system was designed in an endogenous adenylate cydfsient E. coli

strain( qya). If T25 and T18 fragments are fused to interacting polypeptides, X and Y,
the interaction of these hybrid proteins will result in functional reconstitution of
adenylate cyclase activity which leads to cAMP synthéserimova et al, 200Q.

Cyclic AMP produced from the interacginfragments binds to th&. coli CAMP
receptor protein (CRP), also called catabolite activator protein (CAP). The cAMP/CAP
complex activates promoters of various genes involved in the metabolism of alternative
carbon sources, some which like the lac and mal operons required for lactose and
maltose catabolism, act as reporter genes for the assay. The ability of the bacteria to
utilise lactose or maltose as the unique carbon source can be easily distinguished on

indicator or selective medi&igure3.1).
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The BACTH system consists of two pairs of compatible vectors. The advantage of the
different plasmids is to allow construction of fusion proteins at tharld Gtermini of

the T25 and T18 CyaA fragments. pKNT25 and pKT25 are plasmids that specify
kanamycinresistance and encode the T25 fragment. The multiple cloning site (MCS) is
engineered at the-dérminal of coding region of T25 in pKNT25 andt€minal coding
region of T25 in pKT25 to facilitate the insertion of the gene of interest in frame with
the TS coding sequence either at the dF C-terminus, respectively. pUT18 and
pUT18C express ampicillin resistance and encode the T18 fragment. The MCS is
located upstream of the T18 coding sequence in pUT18 and downstream of this
sequence in pUT18C. Thereforthe fusion protein can be created at theoN C-
terminus of the T18 fragment, respectiveRigure 3.2). The pUT18 and pUT18C
plasmids are derived from ColE1l and are therefore compatible with the pl5A
derivatives pKT25 and pKNT25.

In addition to thesdour plasmids, the BACTH system provides two positive control
plasmids pKT2&ip and pUT18&zip which encode the leucine zipper region of the
yeast transcription regulatory protein GCN4 inserted intdKib@ site within the MCS

of pKT25, and between thepnl andEcaRl sites within the MCS of pUT18C, resulting

in production of T25 and T18 fused to a long (35 aa) leucine zifikarimovaet al,

1998. These fusion proteins can interact due to the dimerization of the fused leucine
zipper motifs resulting in strong Cyahenotype when they are used tet@nsform a

grya E. colistrain. The combinations of plasmids, both for controls and screening for

interactions, used in this study are shown in Table 3.1.
The BACTH system employs two alternatiZzecoli reporter strens, which are the nen

reverting adenylate cyclase deficieny# mutants BTH101 and DHM. The BTH101

strain was used in this study.
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A. In E coli Acya

B cAMP < . i
CRP \ On
—>
mal gene promoter mal genes
X and Y interact = Red/Purple colonies X and Y do not interact = White/pink colonies

Mal* phenotype Mal- phenotype

Figure 3.1 Principle of the BACTH systemA. Activation of the BACTH system. Interaction

of T25 and T18 leads to prodiagn of cCAMP. If the T25 and T18 components are physically
separated, this will lead to the cessation of cCAMP production. When proteins X and Y fused to
the T25 and T18 components interact, the T25 and T18 domains are brought together which
resumes cAMP @duction.B. cAMP produced by the reconstituted enzyme binds to catabolite
activator protein (CRP) and turns on the expression ofrrtakoperon involved in maltose
catabolism. This facilitates the utilisation of maltose by Eheoli grya host strain which

results in a Mdlphenotype which is distinguishable when the bacteria are grown on indicator
media such aslacConkeymaltoseagar shown here.
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A) pKT25 (3442 bp)

/l?ﬁ, 725 MCS , KanR

o2 Xbal Smal —  TTTTeeeeall .
“ Psil Sall BamH]1 Kpnl EcoRl

..T25 orf.. GCT GCA GGG TCG ACT CTA GAG GAT CCC CGG GTA CCT AAG TAA CTA AGA ATT C....
.AAGSTLEUDPRYV P K stp

B) pKNT25 (3469 bp)

I"ﬂ, Mcs T25 Kan®R
ji==c | L I
Sphl Sall BamH]1 _Kpnl EcoR1
Hindl1ll Psil Xbal — Smal Sacl

.. CCA AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA ...725...
P S L HAECERSTLEDP RV P SIS N S..

C) pUT18C (3017 bp)

plac, T18 MCS AmpR

- Sall BamH1 _Kpnt_ EcoRl "
Psil Xbal —— Smal Sacl

.T18...CAC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA TCG ATA TAA CTA AGT AAT..
..H CRSTLEDUZPRVPSSNSS I stp

D) pUT18 ( 3023 bp)

placy, MCS TI8 Ampt

Sphl Sall BamH1 _Kpnl.
Hindlll Psil Xbal Smal Sacl

.. CCA AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA ...T18..
wiP S LIHACRSTLEEDPRYVPS SN S

Figure 3.2 Diagram of the BACTH plasmids showing the MCS sequence®lasmids are
represented in linedorm below which is presented the nucleotide sequences of the MCS of
each vector showing the T18 or T25 reading frafjepKT25 = T25 coding sequence located
upstream from the MCS; B) pKNT25 = T25 coding sequence located downstream from the
MCS; C) pUT1& = T18 coding sequence located upstream from the MCS; D) pUT18 = T18
coding sequence located downstream of the M@&$apted from BACTH system manual

(Euromedex, 200esigned by Karimovat al. (1998).
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Table 3.1 BACTH system plasmid combinations used to analyse proteprotein

interactions

Plasmid encoding firsttssgene

Plasmid encoding secontksgene

Expected Mal

phenotype
A
pKT25-gene X puUT18gene Y Unknown
pKT25-gene X puT18Ggene Y Unknown
pKNT25-gene X puUT18gene Y Unknown
pKNT25-gene X puT18Ggene Y Unknown
pUT18gene X pKT25gene Y Unknown
pUT18CGgene X pKT25gene Y Unknown
pUT18gene X pKNT25-gene Y Unknown
pUT18Cgene X pKNT25-gene Y Unknown
B
pKT25-gene X pUT18gene X Unknown
pKT25-gene X pUT18CGgene X Unknown
pKNT25-gene X pUT18gene X Unknown
pKNT25-gene X pUT18CGgene X Unknown
C
pKT25-gene X orY puUT18 Negative
pKT25-gene X orY puUT18C Negative
pKNT25-gene X or Y puUT18 Negative
pKNT25-gene X or Y puUT18C Negative
pUT18gene X or Y pKT25 Negative
pUT18Cgene X or Y pKT25 Negative
puUT18gene X or Y pPKNT25 Negative
pUT18CGgene X or Y pPKNT25 Negative
pKT25zip pUT18zip Strong positive
D
pKT25 puUT18 Negative
pKT25 puT18C Negdive
pKNT25 puT18 Negative
pKNT25 puT18C Negative

A Plasmid combinations utilised to test hetefigomeric proteirprotein interactions.

B Plasmid combinations to test for horatigomeric protein interactions.

C Controlplasmid combinations.
D Empty plasmid combinations.
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3.2 Cloning of the Burkholderia cenocepaciatssHtssM genes into BACTH
plasmids

PCR amplification of thessHto tssMgenes was carried out from chromosomal DNA

of B. cenocepacidilll using pairs of primers designed specificatlyamplify each

gene. In each primer, a cleavage site for a restriction enzyme was included to allow
cloning of the amplicon into the MCS of each of the BACTH plasmids&dppendix 1

for the primersequences

In pKT25 and pUT18C, as mentioned above,Mh€S i s | ocated at t
T25 and T18 coding sequences, respectively, to allow constructioAfraine fusions

at the CGterminal end of the T25 and T18 polypeptides. Therefore the primers were
designed to ensure that ttesgene was in frameith the T18 and T25 coding sequence,
and the stop codon of tites gene was retained. On the other hand, in pKNT25 and
puUT18, the T25 and T18 coding sequences are located downstream from the MCS.
Therefore, eackssgene was cloned into these vectors s thwas inframe with the
translation initiation codon located upstream of the MCS and also with the T18 and T25
coding sequence downstream of the MCS, i.e.tdbgene stop codon was excluded.

For this reason, evengsgene was amplified with two ddfent pairs of primers with

the same forward primer being used but the reverse primer that was used to produce C
terminal fusions contained a stop codon at the end ofsdgene whereas the reverse

primer used to construct thetlrminal fusion was witbut a stop codon.

As shown in Figurel.15there is no copy of thissl gene in theB. cenocepacid 6SS

gene cluster, whereas there are 10 copies distributed around the genome. However, in
several other members of the BCC, one or more copidssbfare pesent in the
corresponding T6SS gene cluster. BCAM0148 was chosen as the Tssl orthologue for
this analysis based on its similarity to the ttgsl genes located in the corresponding
T6SS gene cluster oB. lata strain 383 (a member of the BECBLASTP sarches

with each of them as the query, revealed BCAM0148 as the most homologousBone in

cenocepacia2315.

Some Tss proteins contain-tBrminal signal sequences or transmembrane domains
(TMD) which may result in some protein domains being targetebdet@éeriplasm. To

ensure that the proteins remained in the cytoplasm, which is essential for the BACTH
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assay, these regions were excluded from the amptdgegene by making the forward
primer complementary to sequences located downstream from theegtide and N
terminal TMD coding sequences and the reverse primer complementary to sequences
located upstream of-@rminal TMD coding regions. This strategy was followed in the
case oftssJ which encodes an-Merminal signal peptideggndtssL, which enodes a €
terminal TMD (Durandet al, 2013. In the case of thessMgene, 3 TMD regions can

be identified in the encoded protein, two near thtemhinus of the gne (which was
avoided by placing the forward primer downstream of the sequence coding for the
second TMD) and one in the middle of the protein. Therefore, TssM was analysed as
two separate fragments, the cytoplemic NTD and the periplemic CTD, which were

fused separately to T18 and T25.

Using chromosomal DNA oB. cenocepacidil111 strain the proofreading enzyme,
KOD Hot Start DNA polymerase: was used to amplify the TssH, TssJ, TssK, TssL,
TssMytp, and TssMp coding sequences. For amplification teél, no product was
obtained from the standard PCR. Therefore, optimised PCR using a range of
temperatures and different concentrations of magnesium sulphate was tried. From
optimised PCR, again no product was obtainedtést Due to potential sequence
differences between thessl primers that were based on the J2315 genome sequence,
and H111 tssl sequence, amplification désl gene was repeated using chromosomal
DNA from B. cenocepaciatrains 715j and J231%he correct product dkslgene was
obtained fromboth strains. Therefore, it was decided to use the PCR produss|of

derived from 715j in this study.

DNA from each amplifiedtss gene was digested with two restriction enzymes
corresponding to the restriction sites included in the forward and revearserg
Simultaneously, DNA from each BACTH plasmid (obtained by plasmid mini
preparation from the ho&. coli strain MC1061 or JM83) was digested with the same
pairs of restriction enzymes used to cuttdsgenes. The ligation dssgenes with the
BACTH plasmids were caed out as detailed in Section 2.4E coli strain MC1061

or JM83 was transformed with the ligation of the BACTH plasmids wg&fgenes.
Transformants harbouringKT25-tss and pKNT24ss clones were selected on LB
plates supplemendewith kanamycin, while those containing pUT28&S and pUT13

tss clones were selected on LB plates supplemented with ampicillin. The transformants
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were screened by colony PCR and/or manual plasmid-pngparations to identify
plasmids with required DNAnserts.

To confirm that thessgenes were cloned successfully into the BACTH plasmids, the
correct sized clones for each gegilasmid combination were digested with the
appropriate restriction endonucleases and examined on an agarose gel. If the released
fragment was the expected size, then the column plasmidpn@paration procedure

was performed to prepare higher quality DNA for nucleotide sequence determination.
The nucleotide sequence of the insert was determined with the appropriate vector
primersto confirm that no mutation in the gene of interest was introduced during PCR,
and also to ensure that the gene was in frame with the T25 and T18 coding sequences.
For the large insertdssl, tssH.andtssMetp) sequencing was completed using primer

that anealed to sequences within the insert: tssINFOR, tssINREV, tssHINFOR,
tssHINREV, tssM2INFOR, and tssM2INREV, respectively. 27 out of 28 possible
clones were successfully obtained. pUdTI&dH was not constructed despite several

attempts.

Appendix 2 shows a comparison of the nucleotide sequences ofsggenes in J2315

with the caresponding gene derived froRil11 or 715j. The amino acid sequences of
J2315 and H111 or 715j Tss proteins with the amino acid changes highlighted in
different colours are shn in Appendix3. Differencesn nucleotide sequences between
tssgenes derived from J2315 and eithErl1 or 715] were deemed to be due to strain
variation if they were observed in independent amplifications oftdhgene. If the
mutation was present mne clone but not another, it was concluded to be due to a PCR

induced error and the clone was discarded.
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3.3 Investigation into the homaooligomerisation of TssH, Tssl, TssJ, TssK, TssL,
TssMnto and TssMcrp

To assess the possibility of TssHssT, TssJ, TssK, TssL, TsshM and TssMp self
interaction all possible setfombinations of T28'ss or TssI25 and T18Tss or Tss

T18 fusion proteins were tested using the BACTH system (26 combinations). The
analysis of TssHssH interactions revealedathboth tested combinations of TssH
fusion proteins gave rise to bright red/purple coloniesviaetConkeymaltose plates
after 72 hours incubatiorigure 3.3A). The other two possible combinations were not
tested because pUTII&sH not constructed. The @tig maltosepositive phenotype
generated by the two fusion protein combinations suggests that TssHtes@tts to

form an oligomer. Table 3.2 describes the system used to score the maltose phenotypes

presented in thiégures.

In the case of Tssl, albfir fusion protein combinations gave rise to a Mddenotype
after 72 hours incubationFigure 3.3B). The T25Tssl with T18Tssl combination
showed a strongnaltosepositive phenotype after 72 hours incubation. On the other
hand, T25Tssl in combination wh TsskT18 required 120 hours to give rise to a strong
maltosepositive phenotype. The other two combinations of Tssl fusion proteins gave a
weaker Mal phenotype with patchy red colonies dwacConkeymaltose plates
(colonies showed red (M3land white(Mal) ar eas which are term
results are consistent with previous observation that Tssl is organised as oligomer
(Leimanet al, 2009 Hachaniet al, 201)).

Regarding the analysis of TssJ for gatkeraction, it was found that all fusion protein
combinations yielded a maltesegative phenotype, suggesting that TssJ does not form

oligomers.
Three combinations of TssK fusion proteins gave rise to a pranotype(Figure

3.4A), whereas the combination of Ts3R5 with TsskT18 gave rise to a Mal
phenotype. These results suggest that Tds& selinteracts
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Table 3.2 Description of thephenotypes observed in the BACTH assay and the
classifications attributed to them.

Description of colony phenotype Attributed rating *

Very strong Mal phenotype giving rise to dark red/purg

coloured colonies with purple halo around the colonies.

+++++

Strong Mal phenotype giving rise to red/purple colour

colonies.

Mal® phenotype giving rise to moderate red/purple colot

colonies.

Mal” phenotype giving rise to weak red/purple coloured colol

++

Mal® phenotype giving rise to very weak red/purple colou

colonies

Colonies showed red (Maland white (Ma) ar eas (

P

*Colony phenotype observed whé&n coli strain BTH101 was transformedittv compatible
combinations of the BACTH plasmids and allowed to graw30°C for up to 120h on
MacConkey agar containing 1% maltose and the appropriate antibiotics
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pKT25-tssH

pUT18C-tssH

TssH

C 125 &

| + C 118

TssH |

pKNT25-tssH

pUT18C-tssH

Maltose phenotype

+++++

| TssH |—C T25 C+ C T18 6' TssH | tHttt

B. Maltose phenotype
pKT25-tssl pUT18C-tssl

C 125 & T8t |+ C T8 TS Fhb bt
pKT25-tssl pUT18-tssl

C 15 & Tsst | +[ T8t HC me (0 ++ 0P
pKNT25-tssl pUT18C-tssl

| 1ss HC 125 (+ C 118 & Tl +++ (P)
pKNT25-tssl pUT18-tssl

| Tssl l—( T25 C + | Tssl I—C T18 C e+

Figure 3.3 Analysis of TssH and Tssl seihteraction using the BACTH assay.Parwise
combinations of compatible BACTH plasmids encoding fusions of TssH or Tssl to the T18 and
T25 components of CyaA were introduced io coli strain BTH101. Transformants were
scored for their maltose phenotype on MacConkejtose agar after 72 ad@0 h incubation at
30°C. Combinations that gave rise to a maltpssitive phenotype are shown. The strength of
the maltose phenotype shown was scored after 120 h incubAtic@ombinationof TssH
fusion proteins that gave rise to a maltpsstive pherotype. B. Combinatiomf Tssl fusion
proteins that yielded a maltepesitive phenotype.
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It was found that one combinatia TssL fusion proteins]25TssL with T18TssL,
gave rise to red/purple coloniea MacConkeymaltose plategFigure3.4B). Also, one
combinationof TssMcrpfusion proteingT25- TssMcrpwith T18TssMcrp) gaverise to
red/purple colonieson MacConkeymaltose plategFigure 3.4C), whereas la the
combinations of Tssip fusion proteingave rise toa maltosenegative phenotype
These results suggest that TssHl,-K, -L and TssMrp selfinteract to form higher

order complexes.
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A. Maltose phenotype
pKT25-tssK pUT18C-tssK

C 125 & Tssk |+ C T8 Tssk | eess

pKT25-tssK pUT18-tssK

C 25 C—' TssK |+| TssK I—( T18 ( o+t

pKNT25-tssK pUT18C-tssK

| TssK |—< T25 C+ C T18 C—' TssK | +++

Maltose phenotype
pKT25-tssL pUT18C-tssL

C 125 & L |+ C 118 | TssL & e

C. Maltose phenotype
pKT25-tssM.CTD pUT18C-tssM.CTD

( 125 (—{ TssMCTD | + (C T18 — TssM.CTD | P

Figure 3.4 Analysis of TssK, TssL and TsshMp self-interaction using the BACTH assay.
Pairwise combinations of compatible BACTH plasmiencoding fusions of TssK, TssL or
TssMcerpto the T18 and T25 components of CyaA were introducedBntmli strain BTH101.
Transformants were scored for their maltose phenotype on MacComdeyse agar after 72
and 120 h incubation at 3D. Combinatios that gave rise to a maltepesitive phenotype are
shown. The strength of the maltose phenotype shown was scored after 120 h incébation.
Combination of TssK fusion proteins that gave rise to a maHossitive phenotype. B.
Combination of TssL fusioproteins that yielded a maltepesitive phenotype. C. Combination
of TssMerp fusion proteins that yielded a maltgsesitive phenotype.
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3.4. Investigation into interactions between different T6SS subunits

The BACTH system was used to screem proteirprotein interactions that occur
between different T6SS subunits. As an analysis of the interactions between TSsA to
TssG has already been carried out, this analysis screened for interactions between TssH
to TssM on the one hand, and TssA to TssMthe other. To do this, a pairwise
interaction analysis was performed betweenT25 or T25Tss and Ts318 or T18

Tss fusion proteins in all possible combinations.

3.4.1 Investigation of the interaction between TssH and TssA'ssGand TsskTssM

3.41.1 Investigation of the interaction between TssH and TssA

For each Tss protein combination, eight combinations of fusion proteins were screened
except for combinations involving 38, where it was only possible screen six fusion
protein combinationsue to the unavailability of the pUT48sH plasmid. Interestingly,

two pairwise combinations of TssH and TssA fusion proteins gave rise to a strong Mal
phenotype indicating that TssH and TssA interact with each other. THeoMaiotype

was observed onlyhen the Germinal ends of both TssH and TssA in the fusion
protein were free (Figure 3.5A). All other combinations of TssH and TssA fusion

proteins gave rise to a Mghenotype.

3.4.1.2 Investigation of the interaction between TssH and TssB

Three outof six combinations of TssH and TssB fusion proteins gave rise t6 Mal
phenotype. In one of these combinations, -T8SH and T18ssB, a weak Mal
phenotype was observed. The appearance of the colonies on MacQualkese plates
was pink/red with a patchgppearance. The result of the reverse combination-(T25
TssB and T18TssH) was similar. A stronger Maphenotype was generated by the
combination of TssB'25 and T18TssH, although again with patchy pink/red colonies
(Figure 3.5B). A maltoseegative pheotype resulted from the remaining combinations

of TssH and TssB fusion proteins.
3.4.1.3 Investigation of interaction between TssH and TssC

All combinations of TssH and TssC fusion proteins in the BACTH system gave rise to a

Mal” phenotype.
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3.4.1.4 Investigation of the interaction between TssH and TssD

Of the six possible TssH and TssD protein fusion combinations that could be screened,
two yielded patchy pink/red coloured colonies (Figure 3.6A). It was observed that in
order for these two proteins toteract, the @erminal end of both proteins should be

free (i.e. unfused).

3.4.1.5 Investigation of interaction between TssH and TssE

A very weakMal® phenotype was observed when the plasmid encoding the TR&SE
fusion was combined with the plasmidpegssing the T18'ssH fusion in the same cell.
Colonies exhibited a Mabkectors within theolonies after 120 hours incubation. The

rest of the fusion protein combinations gave rise to a phenotypeKigure3.6B).
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A. Maltose phenotype
pKT25-tssA pUT18C-tssH

CT25 6' TssA |+ ( T18 C—| TssH +H+ 4+

pKT25-tssH pUT18C-tssA

C T25 C—' TssH |+ C T18 (—| TssA +H+

B. Maltose phenotype
pKT25-tssH pUT18C-tssB

C 125 & TssH |+ C T8 TssB | 4+ (P)

pKT25-tssB pUT18C-tssH

C 1258 & TssB |+ C 118 & TssH | +++ P

pKNT25-tssB pUT18C-tssH

[ 18 B 125 C+ C 118 & TssH | +++4+(P)

Figure 3.5 Analysis of Tskl and TssA or TssB interactions using the BACTH assay.
Pairwise combinations of compatible BACTH plasmids encoding fusions of TssH and TssA or
TssB to the T18 and T25 components of CyaA were introducedEintmli strain BTH101.
Transformants were scorddr their maltose phenotype on MacConkagltose agar after 72

and 120 h incubation at 3D. Combinations that gave rise to a maltpssitive phenotype are
shown. The strength of the maltose phenotype shown was scored after 120 h incébation.
Combinatian of TssH and TssA fusion proteins that gave rise to a mattostve phenotype.

B. Combinatiorof TssH and TssB fusion proteins that yielded a malpasitive phenotype.

128



3.4.1.6 Investigation of the interaction between TssH and TssF

Figure 3.6C shows that Maphenotypes were observed in three pairwise combinations

of plasmids encoding TssH and TssF fusion proteins. A" Maénotype was found

when either T25I'ssH or TssHI'25 was combined with Ti8ssF. Also, TssH25 in
combination with T8-TssH gave rise to a Malphenotype. In all three cases, the
interactions gave rise to mMac ol oni es wi t h, a fApatchyo

combinations gave rise to a Mphenotype.

3.4.1.7 Investigation of the interaction between TssH and TssG
Mal® phenotypes were not observed when plasmids encoding TssH fusion proteins were
combined with those encoding TssG fusion proteins for any of the plasmid

combinations tested.

3.4.1.8 Investigation of the interaction between TssH and Tssl

A moderate Mdl pherotype was obtained for two combinations of fusion proteins when
the Gterminal ends of both TssH and Tssl were free. These results suggest that the C
terminal end of both TssH and Tssl is important for the putative interaction between the
two fusion proteis. Inaddition,a weakMal® phenotypewasobserved after 120 hours
incubation when th&sskT25 and T18TssHfusion proteinsvere ceexpressedin all

three combinations that gave riseaMal” phenotypethe colonies exhibited thpatchy

morphology Figure3.7). All remaining combinations gave rise to Mghenotype.

129



Maltose phenotype

pKT25-tssD pUT18C-tssH

125 € Ts0 |+ T8 TssH s4e(P)
pKT25-tssH pUT18C-tssD

T25 e' TssH I+ C T18 C—' TssD +++++(P)
pKNT25-tssE pUT18C-tssH

TssE HC 125 C+ C 118 | TssH + (P)

Maltose phenotype

pKT25-tssH pUT18C-tssF

TssH

S

T25

TssF

T18 (|

pKNT25-tssF

pUT18C-tssH

TssF |—C T25

T18 C—' TssH

pKNT25-tssH

pUT18C-tssF

TssH |—( T25

(+ @

T18 (—' TssF

++ (P)

+++ (P)

+++ (P)

Figure 3.6. Analysis of TssH and TssD or Tssk or TssF interactions using the BACTH
assay.Pairwise combinations of compatible BACTH plasmids encoding fusions of TssH and
TssA or TssB tahe T18 and T25 components of CyaA were introduced Entgoli strain
BTH101. Transformants were scored for their maltose phenotype on Mac@Quoakege agar

after 72 and 120 h incubation at°@0 Combinations that gave rise to a maltpsesitive
phenotyg are shown. The strength of the maltose phenotype shown was scored after 120 h
incubation. A. Combination of TssH and TssD fusion proteins that gave rise to a maltose
positive phenotype. B. Combination of TssH and TssE fusion proteins that yielded semalto
positive phenotype. C. Combination of TssH and TssF fusion proteins that yielded a imaltose
positive phenotype.
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3.4.1.9 Investigation of the interactions between TssH and TssJ
Mal" phenotypes was observed when plasmids encoding TssH were cdmiithe
those encoding TssJ in all plasmid combinations used. Therefore, no evidence of

interaction between these two proteins was obtained using the BACTH system.

3.4.1.10Investigation of the interactions between TssH and TssK

Mal® phenotypes were obsed when plasmids encoding TssH were combined with
those encoding TssK for three of the six combinations tested (Figure 3.8AJ.sEBb

in combination with T18TssK, and T25IssK combined with T1-d'ssH both produced

a strong Mal phenotype with patchy recolonies. Colonies cexpressing the TssK

T25 and T18TssH fusion proteins exhibited red patches after 120 hours of incubation.

3.4.1.11Investigation of the interactions between TssH and TssL

Probing for interactions between TssH and TssL revealetioagsMal phenotype
between T25ssH and T18ssL with pink/red patchy colonies on MacConkey
maltose plates. Interestingly, the other possible combination where-tiyendus of
each of the Tss proteins is free (TE&sL and T18TssH) gave rise to a wedWal”
phenotype with a patchy appearance after 120 hours incubation (Figure 3.8B).

3.4.1.12Investigation of interactions between TssH and TssM

The BACTH assay of TssHi18 and-T25 fusion proteins in combination with Tsgh

and TssMp fusion proteinsin all twelve possible combinations gave rise to ‘Mal
phenotype for all pairise combinationsThese results indicate that either TssH does
not interact witheither ofthe two TssM domains @uchinteractions wer@ot detected

using BACTH assay.
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Maltose phenotype
pKT25-tssH pUT18C-tssl

C T25 6' TssH |+ C T18 C—' Tssl | ++++ (P)

pKT25-tssl pUT18C-tssH

C T25 C—| Tssl |+ C T18 C—| TssH |+++++(p)

pKNT25-tssl pUT18C-tssH

| Tssl |—( T25 C+ C T18 C—' TssH | ++ (P)

Figure 3.7. Analysis of TssH and Tssl interactions using the BACTH assayPairwise
combinations of compatible BACTH plasmids encoding fusions of TssH and Tssl to the T18
and T25 components of CyaA were introduced Bteoli strain BTH101. Transformants were
scored for their maltose phenotype on MacConrk®ltose agar after 72 and 120 h incubation at
30°C. Combinationghat gave rise to a maltopesitive phenotype are shown. The strength of
the maltose phenotype shown was scored after 120 h incubation.
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A. Maltose phenotype
pKT25-tssH pUT18C-tssK

C T25 6| TssH |+ CT18 C—| TssK |+++++(p)

pKT25-tssK pUT18C-tssH

C 125 & Tk |+ C 118 [ TssH | +++4+0p)

pKNT25-tssK pUT18C-tssH

[ Tk HC 125 C+ C 118 & TssH | +++ 02

B. Maltose phenotype
pKT25-tssH pUT18C-tssL

CT25 6' TssH |+ C T18 (—' TssL +++++(P)

pKT25-tssL pUT18C-tssH

C T25 C—| TssL |+ C T18 (—| TssH | +(P)

Figure 3.8 Analysis of TssH and TssK or TssL interactions using the BACTH assay.
Pairwise combinations of compatible BACTH plasmids encoding fusions of TssH and TssK or
TssL to the T18 and T25 components of CyaA were introducedBntmli strain BTH101.
Transformants were scored for their maltose phenotype on MacGord&yse agar after 72

and 120 h incubation at 3D. Combinations that gave rise to a maltpssitive phenotype are
shown. The strength of the maltose phenotype shown was scored 24jtér incubationA.
Combinationof TssH and TssK fusion proteins that gave rise to a mattosgve phenotype.

B. Combinatiorof TssH and TssL fusion proteins that yielded a malpaussitive phenotype.
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3.4.2 Investigation of interactions between Tssl and TssA'ssG and TssJdTssM

3.4.2.1 Investigation of interactions between Tssl and TssA

Strong Mal phenotypes were observed when plasmids encoding Tssl fusions were
combined with those encoding TssA fusions for three out of the eight catidnis
tested (Figure 3.9A). T2%ssl in combination with T1:FssA, and T25IssA combined

with T18Tssl both gave rise to deep pur@ecoli colonies after 72 hours incubation.
These results indicate that both proteins require a fregrinus to interet or it could
simply be that T18 and T25 are too far apart in some of the other combinations. Also,
transformant colonies harbouring the T$85 and TI18TssA fusion protein
combination turned red and exhibited the patchy phenotype after 120 hours of

incubation, but the reverse combination was negative.

3.4.2.2 Investigation of interactions between Tssl and TssB

Screening of Tssl and TssB protein interactions using the BACTH system showed that
two out of eight pairwise combinations yielded a makpgstive phenotype Kigure

3.9B). When Tssl was fused to the&minus of T18 and combined with TssB fused to
the N or Cterminus of T25 this gave rise to pink/red colonies with a patchy appearance

after 120 hours incubation.

3.4.2.3 Investigation of interactions between Tssl and TssC
A very weak Mal phenotype was observed after 120 hours incubation of colonies
containing the T28'ssl and T18IssC fusion protein combinatioffrigure 3.9C). All

other compatil@# combinations gave rise &aMal” phenotype.
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Maltose phenotype

pKT25-tssA pUT18C-tssl

( T25 6' TssA | + C T18 C—‘ Tssl | +++++
pKT25-tssl pUT18C-tssA

C 125 & 18l |+ C 118 | TssA | +eses
pKNT25-tssl pUT18C-tssA

| Tssl |—C T25 ( + C T18 (—' TssA | +++++(P)

B.

Maltose phenotype

pKT25-tssB pUT18C-tssl

C 125 & 7158 |+ C 118 & Tssl | +++0P)
pKNT25-tssB pUT18C-tssl

| TssB |—C T25 C'l‘ C T18 C—' Tssl | ++++(P)

C. Maltose phenotype
pKT25-tssl pUT18C-tssC

C T25 6' Tssl | + C T18 (—' TssC +

Figure 3.9 Analysis of Tssl and TssA or TssB or TssC interactions using the BACTH
assay.Pairwise combinations of compatible BACTH plasmids encoding fusions of Tssl and
TssA or TssB or TssC to the T18 and T25 components of CyaA were introducdsl wub

strain BTH101. Transformants were scored for their maltose phenotype on Mac@aalkese

agar after 72 and 120 h incubation at@G0Combinations that gave rise to a maltpsesitive
phenotype are shown. The strength of the maltose phenotype stemsvacored after 120 h
incubation. A. Combination of Tssl and TssA fusion proteins that gave rise to a maltose
positive phenotype. B. Combination of Tssl and TssB fusion proteins that yielded a maltose
positive phenotype. C. Combination of Tssl and Tss§ioh proteins that yielded a maltese
positive phenotype.
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3.4.2.4 Investigation of interactions between Tssl and TssD

A strong Mal phenotype was generated when 28D and T18Tssl were both
present in the same cell, giving rise to pink/rectipatcolonies on MacConkayaltose
plates. The other possible combination where Tssl and TssD are located at the C
terminus of both fusion proteins (i.e. 7I5sl and T18TssD) also yielded a Mal
phenotype with patchy appearance after 120 hours incubatibiwugh the phenotype

was not as strong as the F25sD and T18ssl combination (Figure 3.10A).

3.4.2.5 Investigation of interactions between Tssl and TssE

BACTH encoding Tssl fusion proteins were examined in pairwise combinations with
TssE fusion prteins for possible TsslkEss| proteinprotein interactions. Out of eight
possible combinations, only one combination, F$&5 with T18Tssl, gave rise to a

Mal” phenotype, with colonies displaying a pink/red patchy appear&igaé3.10B).

3.4.2.6 Investigation of interactions between Tssl and TssF

Three Tssl and TssF fusion protein combinations gave rise to pMehotype (Figure
3.10C). A patchy Mdl phenotype was observed for colonies containing the TE2%
and T18Tssl fusion proteins on MacConkayaltose plates. In contrast, the reverse
combination (T25Tssl and T18TssF) gave rise to a Mabhenotype. TssT25 and
T18TssF, and the analogous combination (F§86 and T18Tssl) both yielded a M&l
phenotype with uneven pink/red colour of the cadsnpatchy phenotype). A maltese
negative phenotype was observed for the remaining five combinaigtween Tssl and

TssF fusion proteins.

3.4.2.7 Investigation of interactions between Tssl and TssG
Mal" phenotypes were observed in all 8 pairwise comions between plasmids

encoding Tssl and TssG fusion proteins.

3.4.2.8 Investigation of interactions between Tssl and TssJ

Of the eight possible combinations of Tssl and TssJ fusion proteins, only one
combination (TssI25 and T18Tssl) yielded a modate Mal phenotype with pink/red
patchy coloniesKigure3.11A).
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3.4.2.9 Investigation of interactions between Tssl and TssK

Two combinations of Tssl and TssK fusion proteins gave rise to a weak maltose
positive phenotype with pink/red patchy colonig2%TssK with T18Tssl, and T25

Tssl with T18TssK). In both fusion protein combinations theée@minus of TssK and
Tssl is free Figure 3.11B). No other fusion protein combinations yielded a *Mal
phenotype.

3.4.2.10Investigation of interactions betweenTssl and TssL

Three combinationof Tssl and TssL fusion proteins yielded a maklpssitive
phenotype with patch pink/red colonies. ¥P8sl with T18TssL and the analogous
combination (i.e. T2&ssL with T18Tssl) gave rise to a moderate Mahenotype
after 72 hours incubation. A weak maltgsasitive phenotype was observed after 120
hours incubation when BTH101 was-ttansformed with plasmids expressing the Issl
T25 and T18TssL fusion proteinsHigure 3.11C). Other combinations led to a Mal
phenotye.
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Maltose phenotype

pKT25-tssD pUT18C-tssl
T25 6' TssD | + C T18 e Tssl +++++(P)
pKT25-tssl pUT18C-tssD
125 € Tssl |+ (7118 | TssD +++(P)
Maltose phenotype
pKNT25-tssE pUT18C-tssl
TssE |—( T25 C + ( T18 e' Tssl ++++(P)
Maltose phenotype
pKT25-tssF pUT18C-tssl
T25 C—' TssF | + C T18 6' Tssl ++++(P)
pKNT25-tssF pUT18C-tssl
s HC 125 (+ 118 & Tl +++(P)
pKNT25-tssl pUT18C-tssF
Tssi HC 125 (+ C 718 TssF s 4+ (P)

Figure 3.1Q Analysis of Tssl and TssD or TssE or TssF interactions using the BACTH
assay.Pairwise combinations of compatible BACTH plasmids encoding fusions of Tssl and
TssA or TssB to the T18 and T25 components of CyaA were introduced.imtoli strain
BTH101. Transformants were scored for their maltose phenotype on Mac@Quoakege agar

after 72 and 120 h incubation at°@0 Combinations that gave rise to a maltpsesitive
phenotype are shown. The strength of the maltose phenotype shesvaceored after 120 h
incubation. A. Combination of Tssl and TssD fusion proteins that gave rise to a maltose
positive phenotype. B. Combination of Tssl and TsskE fusion proteins that yielded a maltose
positive phenotype. C. Combination of Tssl and Tsskofuproteins that yielded a maltese
positive phenotype.
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A. Maltose phenotype
pKNT25-tssJ pUT18C-tssl
Tssd HC 125 (+ C 118 € Tssl s+ (P)
B. Maltose phenotype
pKT25-tssK pUT18C-tssl
725 € TssK 718 (— Tssl ++(P)
pKT25-tssl| pUT18C-tssK
C T25 6' Tssl T18 6' TssK +(P)

pKT25-tssL

pUT18C-tssl

T25 C—' TssL

T18 6' Tssl

pKT25-tssl

pUT18C-tssL

Maltose phenotype

+++(P)

Crs & 1580 |+ a8 E Tk | +eep)

pKNT25-tssl pUT18C-tssL

| s HC 125 (C+ e & Tt |+

Figure 3.11 Analysis of interactions of Tssl with TssJ, TssK and TssL using the BACTH
assay.Pairwise combinations of compatible BACTH plasmids encoding fusions of Tssl and
TssJ or TssK or Tssto the T18 and T25 components of CyaA were introducedEntooli

strain BTH101. Transformants were scored for their maltose phenotype on Mac@aalkese

agar after 72 and 120 h incubation at@G0Combinations that gave rise to a maltpsesitive
pherotype are shown. The strength of the maltose phenotype shown was scored after 120 h
incubation. A. Combination of Tssl and TssJ fusion proteins that gave rise to a rpalidse
phenotype. B. Combination of Tssl and TssK fusion proteins that yieldealtasepositive
phenotype. C. Combination of Tssl and TssL fusion proteins that yielded a rpittee
phenotype.
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3.4.2.11 Investigation of interactions between Tssl and TssM
None of the 16 possible combinations of plasmids encoding Tgehfpsoteins with

those encoding TssMp or TssMerp fusion proteins gave use to a Mphenotype.

3.4.3 Investigation of interactions between TssJ and TssAssG and TsskTssM
All of the 80 possible pairwise BACH fusion protein combinations involving) Essl

TssATssG or TssJ and TsskssM gave use to a maltesegative phenotype.

3.4.4 Investigation of interactions between EsK and TssATssG and Tssl-TssM

The investigation of interactions between TssK fusion proteins and fusion proteins
involving TssATssG and TssiTssM using the BACTH system suggested that TsskK
interacted with four T6SS proteins in addition to TssH (section 3.4.1.10) and Tssl
(section 3.4.2.9). The details of these positive combinations are given in the section
below. The BACTH asay yielded a Maphenotype between TssK, on the one hand,
and TssB, TssC, TssE, TssG, TssJ, TgpMnd TssMpon the other.

3.4.4.1 Investigation of the interaction between TssK and TssA

Pairwise interaction analysis of the eight combinations oKTard TssA fusion
proteins showed that one combination, TIASK in combination with TIFSsSA,
yielded colonies with red/purple patches on MacConkegitose plates. The analogous
combination with the @ermini of TssA and TssK both free (i.e. FZ5sA conbined
with T18TssK) also gave rise to a similar result (Figure 3.12A). The other BACTH

fusion protein combinations gave rise to a mahosgative phenotype.

3.4.4.2 Investigation of the interaction between TssK and TssD

All compatible TssK and TssD gémid combinations were examined by the BACTH
assay. A Mal phenotype was detected when TR&K was combined withT1BssD in
which the Cterminus of both encoded Tss proteins was free (Figure 3.12B). This
combination revealed red patchy colonies on Mad&@gmaltose agar. The other
combination where both Tss proteins were located at tberminus of the fusion
proteins and the combination of Ts3RS with T18TssD yielded weak maltose
positive phenotypes after 120 hours incubation. The remaining conanisaésulted in

a maltosenegative phenotype.
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3.4.4.3 Investigation of the interaction between TssK and TssF

Figure 3.13A illustrates the combinations of TssK and TssF fusion proteins that were
observed to give rise to a maltgsesitive phenotype. WhensskK, fused to either the

N- or G- terminal end of T25, was combined with TssF fused-&r@inal end of T18,

it resulted in pink/red patchy colonies on MacConk®gltose agar. Similar results were
obtained when TssF25 or T25TssF were combined with TiBsskK. All other

combinations gave rise to Mahenotype.

3.4.4.4 Investigation of the interaction between TssK and TssL

BTH101 competent cells were transformed with the all eight pairwise combinations of
TssK and Tsslfusion proteins When TssK fusedat N- or C-terminus of T25 (i.e.
pKNT25-TssK or pKT25TssK), was combined with TssL fused at thet€minus of

T18 (i.e. pUT18CTssL), it resukd in a maltosepositive phenotype with patchy
pink/red coloured colonies on MacConkeyaltose agalFigure 3.138). A maltose

negative phenotype was obserweth the remainingombinatians.
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A. Maltose phenotype

pKT25-tssA pUT18C-tssK
Crzs_cf ]+ @] K] oo
pKT25-tssK pUT18C-tssA

C 125 TssK |+ T8 TssA | +++ssP)

B. Maltose phenotype
pKT25-tssK pUT18C-tssD

( T25 6' TssK | + C T18 6' TssD | ++++(P)
pKNT25-tssK pUT18C-tssD

| TssK |—C T25 ( + ( T18 C—' TssD | +++ (P)
pKT25-tssD pUT18C-tssK

C T25 6' TssD |+ ( T18 6' TssK | + (P)

Figure 3.12 Analysis of TssK and TssA or TssD interactions using the BACTH assay.
Pairwise combinations of compatible BACTH plasmids encoding fusions of TssKsaf or

TssD to the T18 and T25 components of CyaA were introducedEintmli strain BTH101.
Transformants were scored for their maltose phenotype on MacGord&yse agar after 72

and 120 h incubation at 3D. Combinations that gave rise to a maltpssitive phenotype are
shown. The strength of the maltose phenotype shown was scored after 120 h incubation. A.
Combination of TssK and TssA fusion proteins that gave rise to a malbsge/e phenotype.

B. Combination of TssK and TssD fusion proteirat tyielded a maltospositive phenotype.
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A.

pKT25-tssF

pUT18C-tssK

Maltose phenotype

C 125 & 71s5F |+ C 118 & TssK | +4(P)
pKNT25-tssF pUT18C-tssK
| TssF |—C T25 C + C T18 C—' TssK | ++(P)
pKT25-tssK pUT18C-tssF
C T25 6' TssK | + C T18 6' TssF | +++++(P)
pKNT25-tssK pUT18C-tssF
| Tssk HC 125 C + C 118 & TssF | ++(P)
B. Maltose phenotype
pKT25-tssK pUT18C-tssL

TssK

C 125 &

|+ C

T18 TssL

S

| ++++ (P)

pKNT25-tssK

pUT18C-tssL

TssK |—C T25

(+ @

T18 C—' TssL

| +++(P)

pKT25-tssL

pUT18C-tssK

TssL

C 125 &

| + C

T18 6' TssK

| +(P)

Figure 3.13 Analysis of TssK and TssF or TssL interactions using the BACTH assay.
Pairwise combinations of compatible BACTH plasmids encoding fusions of TssK and TssF or
TssL to the T18 and T25 componenfsCyaA were introduced int&. coli strain BTH101.
Transformants were scored for their maltose phenotype on MacGord&yse agar after 72

and 120 h incubation at 3D. Combinations that gave rise to a maltpssitive phenotype are
shown. The strengtbf the maltose phenotype shown was scored after 120 h incubation. A.
Combination of TssK and TssF fusion proteins that gave rise to a mptissize phenotype. B.
Combination of TssK and TssL fusion proteins that yielded a matosigve phenotype.
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3.4.5 Investigation of interactions between TssL and TssATssG and TssM

3.4.5.1 Investigation of interactions between TssL and TssA

All four TssL fusion proteins were tested for interactions with all four TssA fusion
proteins. It was observed that the two fusion protein combinations where both
proteins are located at thet€minus of T18 and T25, a strong Mahenotype with
pink/red patchy patterned colonies was obtained, i.e-TE8k with T18TssA and
T25-TssA with T18TssL Figure3.14A).

3.4.5.2 Investigation of interactions between TssL and TssB

BTH101 was cdransformed with eight pairwise combinations of TssL and TssB fusion
proteins. Combinations of TssB fused to either th@ION-terminus of T25 with TssL
fused at &erminal end of I8 yielded a weak maltogmsitive phenotype with patchy
colonies (Figure 3.14B). All other combinations gave rise to a mattegative
phenotype.

3.4.5.3 Investigation of interactions of TssL with TssC, Tssk and TssG
BACTH assays of TssL fusion protsinwith TssC, TssE and TssG fusion derivatives

gave rise to a maltogegative phenotype in all possible combinations.

3.4.5.4 Investigation of interactions of TssL with TssD

TssL andTssD fusion proteins were examined for potential interactions usir@TBA
assay. Of the eight pairwise combinations screened, colonies with a weak maltose
positive patchy phenotype were observed wh@s-TssD was combined with T18

TssL (Figure 3.14C). All other combination gave rise to a malteggtive phenotype.

3.4.5.5 Investigation of interactions between TssL and TssF

Screening for potential interactions betwd&essL and TssF using the BACTH system
showed that three fusion protein combinations gave rise to colonies with patchy Mal
phenotypes Rigure 3.15A). Thus, whe the T25TssL fusion protein was combined
with T18TssF, it gave rise to a weak maltgsasitive phenotype. Also, the alternative
plasmid combination where TssF and TssL are encoded at-tiienii of the fusion
proteins (i.epKT25tssF combined with pUL8GtssL) gave rise to a maltogmositive
phenotype, but it was obvious$fronger. The combinationthat gave rise to a maltese

positive phenotypavas TssFI25 with T18TssL which resulted in colonies witla
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weak maltosepositive phenotype on MacConkegaa. All other combinations of TssF
and TssL fusion proteins were negative.

3.4.5.6 Investigation of interactions between TssL and TssM

A strong Mal phenotype was observed after 72 hours incubation when TssL was fused
to the Gterminal end of T25 and oabined with the cytoplasmic domain of TssM
(TssMytp) fused to the @erminal end of T18. The analogous combination with both
Tss domains located at thet€mini of the fusion proteins (i.e. TZBssMyrp with T18

TssL) yielded a similar result (Figure 3.15Bn both cases, the colonies had a patchy

appearance. The remaining fourteen combinations gave rise tphdabtype.

3.4.6 Investigation of interactions of TssMyrp and TssSMctp With TSSA-TssG

Each of the four TsspMp and four TssMrp fusion proteinswere tested for possible
interactions with each quartet of TssA, TssB, TssC, TssD, Tssk, TssF and TssG fusion
protein derivatives. All 112 pairwise combinations gave rise to a malegative

phenotype.
3.4.6.1 Investigation of interactions of TssMrp with TSsSMctp

A maltosepositive phenotype was not observed for any of the fusion protein

combinations of TssMrp with TssMetp.
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A. Maltose phenotype
pKT25-tssA pUT18C-tssL

C1s & ts5a |+ 118 ] Tl r+++(P)

pKT25-tssL pUT18C-tssA

C T25 6' TssL |+ CT13 6‘ TssA ++++(P)

Maltose phenotype
pKT25-tssB pUT18C-tssL

C T25 6' TssB |+ CT18 6‘ TssL | ++(P)

pKNT25-tssB pUT18C-tssL

| TssB |—C T25 C+ C T18 6' TssL | +(P)

C. Maltose phenotype

pKT25-tssD pUT18C-tssL

C 125 & T |+ C 118 E TesL +(P)

Figure 3.14 Analysis of interaction of TssL with TssA, TssB and TssD using the BACTH
assay.Pairwise combinations afompatible BACTH plasmids encoding fusions of TssL and
TssA or TssB or TssD to the T18 and T25 components of CyaA were introducdsl icb

strain BTH101. Transformants were scored for their maltose phenotype on Mac@aalkese

agar after 72 and 120 incubation at 3T«. Combinations that gave rise to a maltpsesitive
phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h
incubation. A. Combination of TssL and TssA fusion proteins that gave rise to a maltose
positive phenotype. B. Combination of TssL and TssB fusion proteins that yielded a maltose
positive phenotype. C. Combination of TssL and TssD fusion proteins that yielded a maltose
positive phenotype.
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A.
Maltose phenotype

pKT25-tssL pUT18C-tssF

( T25 6| TssL |+ ( T18 6| TssF | +4(P)

pKT25-tssF pUT18C-tssL

C 15 & 1ssF |+ C 118 & TsL | ++es(P)

pKNT25-tssF pUT18C-tssL

| TssF |—C T25 C+ C T18 6' TssL | +(P)

B. Maltose phenotype
pKT25-tssM.NTD pUT18C-tssL

(C 125 E{TssMNTD | + (C 118 € TssL .

pKT25-tssL pUT18C-tssM.NTD

C T25 C_| TssL |+ C T18 6|TssM.NTD| +444(P)

Figure 3.15 Analysis of interaction of TssL with TssF and TssMyp using the BACTH
assay.Pairwise combinations of compatible BACTH plasmids encoding fusions of TssL and
TssF or TssMypto the T18 and T25 components of CyaA were introducedHEntooli strain
BTH101. Transformants were scored for thaaltose phenotype on MacConkealtose agar

after 72 and 120 h incubation at°@0 Combinations that gave rise to a maltpsesitive
phenotype are shown. The strength of the maltose phenotype shown was scored after 120 h
incubation. A. Combination of Tsshnd TssF fusion proteins that gave rise to a maltose
positive phenotype. B. Combination of TssL and TggMusion proteins that yielded a
maltosepositive phenotype.
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3.5. Investigation of interactions between TssA domains and other T6SS subtsi
Two-hybrid assays have previously indicated that TssA interacts with itself, TssB, TssD,
TsskE and TssKS.Shastri, 2011)Here, we have also provided evidence that TssA
interacts with TssH, Tssl, TssK and TssL. Therefore, TssA potentially interact8 with
other T6SS subunits and so is likely to be central to the assembly of the T6SS. For this

reason, we focussed our subsequent effort on this subunit.

Amino acid sequence alignments and the PSIPRED secondary structure prediction
program have suggested tlae Nterminal 250 amino acids of TssA may fold into a
domain composed of 11 2 -helices (HtH11) which is separated by an unstructured ~

55 amino acid peptide chain from a shortete@ninal domain of 70 amino acids which

i s f ol deldlices (HR-6115)4(Setlion 1.5.4.2). DNA encoding the predicted
TssA N and G terminal domains (i.e. TssAo which include 1256 amino acidand
TssActp which include 29373 amino acids) has been previously cloned into all four
BACTH vectors and pairwise combinat® of these plasmids with compatible plasmids
expressing TssA, TssB, TssD, TssE, and TssF fusion proteins were used to screen for
the role of each TssA domain in interactions with these sub{$i&hastri, 2011)To
complement these experiments, BACTH agss were performed on the two TssA
domains in combination with fulength TssH, Tssl, TssK and TssL fusion proteins, as
full-length TssA fusion derivatives yielded a Mphenotype in combination with these
subunits. Furthermore, as it had become cleanduhe course of this work that the
previously constructed pKT2ZbssActp plasmid was defective, this plasmid was
reconstructed and the twybrid assays between both TssA domains and TssA, TssD,
TssE and TssF (and their domains where appropriate) nepeated. As a comparison,
BACTH assays were also repeated betweeAduljth TssA and its domains with TSSA,

TssA domains, TssD, TssE and TssF.

3.5.1 Analysis of TssA domain interactions with TssA and its domains

To confirm previous observations rediug the oligomerisation of TssA and the role of
the CTDin the procesgS.Shastri, 2011)all four plasmids encodindull-length TssA
fusion proteins anall four plasmids encodingssActp fusion proteins were tested in
the BACTH assayn all possible pawise combinationsAll four possible pairwise
combinations of fullength TssA fusion proteins, all eight possible pairwise

combinations of fullength TssA fusion proteins with Tsgf fusion proteins, and all

148



four possible pairwise combinations of TgsAfusion proteins gave rise to colonies
exhibiting a strong Malphenotype with a uniform deep red/purple coloBigyre
3.16A, B and C)All these results are in agreement with those observed previously
(S.Shastri, 2011)We also confirmed that when Tss#as fused either at the- ©r N-
terminus of T25 and combined with TT8sAyrp, it gave rise to weak Maphenotype
(Figure 3.1@D). Other combinations of TssAp fusion proteins with fullength TssA
revealed a maltoseegative phenotypd-rom these resudtwe can conclude that TssA
selfinteracts to forma homaooligomer of unknown stoichiometry and that the CTD

plays an important role in this process.
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A.

pKT25-tssA pUT18C-tssA

C 125 & T15A |+ C 118  TssA |

pKT25-tssA pUT18-tssA

CT25 G-l TssA |+| TssA }—C T18 C

pKNT25-tssA pUT18C-tssA

TssA |-C T25 C+ C T18 e TssA |

pKNT25-tssA pUT18-tssA

TssA }—C T25 C+| TssA |—C T18 (

Maltose phenotype

+++++

+++++

+++++

+++++

B.

pKT25-tssA pUT18C-tssA.CTD

C T25 6| TssA |+ ( T18 6|TSSA.CTD|

pKT25-tssA pUT18-tssA.CTD

C 125 & TssA | +[Tssacd KT8 (

pKNT25-tssA pUT18C-tssA.CTD

TssA HC 125 (+ ( 118 & TssACTD |

pKNT25-tssA pUT18-tssA.CTD

TssA  HC 125 ( +[Tssacto HCTie

pKT25-tssA.CTD pUT18C-tssA

C T25 C—'TssA.CTD | + C T18 6| TssA |

pKT25-tssA.CTD pUT18-tssA

CT25 e TssA |+| TssA |—( T18 C

pKNT25-tssA.CTD pUT18C-tssA
| TssA |—C T25 C + C T18 61 TssA |
pKNT25-tssA.CTD pUT18-tssA

TssA |—C T25 (+| TssA |—C T18 C

Maltose phenotype

A+ +

A+t

A+

+++++

+++++

+H+++

+++++

+H+++
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C. Maltose phenotype

pKT25-tssA.CTD pUT18C-tssA.CTD
(C 125 EHTssACTD | + ( 118 € TsSACTD | w444+

pKT25-tssA.CTD pUT18-tssA.CTD

C 25 6' TssA.CTD | + | TssA.CTD |—C T18 ( A+

pKNT25-tssA.CTD pUT18C-tssA.CTD
[ TssActD HC 125 ( + ( 118 & TssACTD | #4444
pKNT25-tssA.CTD pUT18-tssA.CTD

[TssactD W 125 ( +[ TssACTD {118 ( +++++

D.

Maltose phenotype
pKT25-tssA pUT18C-tssA.NTD

C T25 C—' TssA |+ C T18 6' TssA.NTD| ++(P)

pKNT25-tssA pUT18C-tssA.NTD

| TssA |—C T25 C+ C 118 & TssANTD | ++(P)

Figure 3.16 Analysis of interaction between TssA and TssA'sSAcrp, and TssAyrp, and
between TssA+p and itself using the BACTH assay Pairwise combinations of compatible
BACTH plasmids encoding fusions of TssA with TssA, Tesfr TssAirp, and TssAmp with
TssActpto the T18 and T25 components of CyaA were introducedBntmli strain BTHLO1.
Transformants were scored for their maltose phenotype on MacComeyse agar after 72
and 120 h incubation at 3D. Combinations that gave rise to a maltpssitive phenotype are
shown. The strength of the maltose phenotype shown was scored 2ditér incubation. A.
Combination of TssA and TssA fusion proteins that gave rise to a malbsge/e phenotype.
B. Combination of TssA and Tss#y, fusion proteins that yielded a maltgsesitive phenotype.
C. Combination of Tss&p and TssArp fusion prdeins that yielded a maltogmsitive
phenotype. D. Combination of TssA and Tggffusion proteins that yielded a maltgsesitive
phenotype.
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3.5.2 Interaction of TssA and its domains with TssD

Two out of eight combinations of TssA and TssBifm proteins yielded a maltese
positive phenotype. In both cases, thdée@ninal ends of TssA and TssD were free
(Figure 3.17A). These results are in accordance with previously reported observations
(S.Shastri, 2011)Testing combinations of TssD with Psgomains revealed a maltese
positive phenotype for one combination, TegAT25 with T18TssD (Figure 3.17B).

3.5.3 Interaction of TssA and its domains with TssE

Co-transformation oE. coli BTH101 with all possible pairwise plasmid combinations
encodirg full-length TssA and TsskE fusion proteins was carried out. Only one
combination of fusion proteins, TsSR25 with T18TssA, gave rise to colonies with a
patchy maltosgositive phenotype (Figure 3.17C) in agreement \(@!shastri, 2011)
However, in cotrast to previous observations, no combinations of Tgs& TSSAD

with TssE gave rise to a Mgbhenotype. Previously, it was observed that both pairwise
combinations of Tss&pand TssE, where both proteins were located at theriNinus

of their respctive fusion proteins, were positive in the thwbrid assay(S.Shastri,
2011)

3.5.4 Interaction of TssA and its domains with TssF

Cotransformation oE. coli BTH101 with all possible pairwise plasmid combinations
encoding TssA or its domains and sFs fusion proteins was carried out. Four
combinations of fullength fusion proteins gave rise a maltosgpositive phenotype
with pink/red patched coloni€Bigure3.17D)in agreement witl{S.Shastri, 2011 Also,
two combinations of Tss&p with TssF gae rise to a maltospositive phenotype
(Figure3.17E).
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