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Abstract

The type VI secretion system (T6SS) is a relatively recently discovered nanomachine found in many
Gramnegativebacterialspecies which is capable of delivering effector proteins directly into target
cells. Composed of at least 13 protein subunits, the T6SS is capable of targeting both prokaryotic cells
and eukaryotic cell8urkholderia pseudomallé a soidwelling sapropyte found in Southeast Asia

and Northern Australia. It is of interest because it is an opportunistic human (and animal) pathogen
which causes the potentigl fatal disease melioidosis. One of the histopathological features of
melioidosis is the appearancef multinucleated giant cells (MNGCs) formed by the fusion of
neighbouring cells which is believed to facilitate intercellular spread of the bacteria. The fusion of
neighbouring cells has previously been shown to be induced by3,68%® of six T6SSs eded in

the genome oB. pseudomallei.

TheT6SS gene clustecontainsfour genes which are not found in all T6SS gene clugtegs,, tagB,
tagCandtagD.One aim of this study wdse elucidate the role of these gen@sthe function of T6SS
5 andto identify the proteins which are secreted by TE@SS 0 avoid the complications of working
with B. pseudomalleithe closely related, but ncewmirulent speciesBurkholderia thailandensigzas

employed which also induces MNGC formation using T6SS

Eachtag genein the B. thailandensi36SS gene clustewas deleted and it was determined that all
four geneswere required foB. thailandensisxduced MNGC formation in a macrophddes cell line.
To determine whether or not theag genes were required for ptein export by T6SS, expression of
the T6SS gene cluster was induced by introducing tlegulatoryvirA and virG genes into thetag
mutants. Analysis of supernatant samples using a custom antibody prepared dlgaisstreted T6SS
component, TssB3howed thatall four ofthe tag mutantswere T6SSH deficient. Mass spectrometry
was used to identify proteins secreted by T&S8owever, apart from the expected secretion of the

TssD and Tssl components of the Té83ovel secreted proteins were detecte

Plasmidsexpressing FLAG epitopegged Tag protemwere constructed and introduced into thge
thailandensis tagnutant strains. Although TagGeand TagBR advere nonfunctional as determined
by MNGC formation assays and T8s§&cretion assays, Tagaand TagB agdemonstrated the same
behaviour as their WT counterparts and were used irnomunoprecipitation experiments. Mass
spedrometric analysis of the cammunoprecipitations suggested that TagA interacts with the 5SS
baseplate protein Tssband the tail spike protein TsSI Although Tssh was enriched in the T&g ac

pull down it was not statistically significant. Bacterial adenylate cyclasenyivad (BACTH) assays



were performed in an attempt to identify specific Tag protein inte@ctpartners However, none

were found. An attempt to produce the Tag proteingincolifor structural studies was unsuccessful.

Therole of the tssA5 gene inB. thailandensisvas also investigated through generation oBa
thailandensigssAS mutant by allelic replacementAlthough theB. thailandensis tssBmutant was
unable to induce the formation of MNGCs, Td€sBecretion appeared to be reduced, rather than
abolished entirelyUnder the culture conditions used in the TsSBecretion assay, anahT6SS gene
cluster, T6SS3, is expressed. Based on the hypothesis thatt#s&gene from this cluster might be
partially compensating for a loss td§sAb, atssAb and tssAl double mutant was constructed.

However tssAl had no effect on T6SSfunction.
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ATP Adenosine triphosphate

AmB Ammonium bicarbonate

Ap Ampicillin

B.m Burkholderia mallei

B.o Burkholderia oklahomensis

B.p Burkholderia pseudomallei

B.t Burkholderia thailandensis

BHI Brainheart infusion

bp Base pairs

cAMP Cyclic adenosine monophosphate
CA Cellassociated

CAA Casamino acids

CAP Catabolite activator protein

Cm Chloramphenicol

CTD Gterminaldomain

Da Daltons

DTT Dithiothreitol

dBHI Dialysed Brauieart Infusion
ddHO HPLC grade sterile water

DMEM 5dz2 6 5002Qa Y2RAFTASR St 3f
DMEMFCS 5dzf 6S002Qa Y2RAFTFASR S| 3f
DMSO Dimethylsulfoxide

DNA Deoxyribonucleiacid

16



DNase Deoxyribonuclease

dNTP Deoxyhucleotidetriphosphate
EDTA Ethylenediaminetetraacetic acid
FCS Foetal calf serum

g Grams

GSH Glutathione

HRP Horseradish peroxidase

IM Inner membrane

IMAC Immobilised metal ion affinity chromatography
IPTG L a 2 LIN{R-1-tieidgalaictopyranoside
IST Iso-sensitest

kb Kilobase pairs

Km Kanamycin

I Litres

LB Lysogeny broth

m Metre

M Molar concentration (moles/I)
Mbp Megabase pairs

MCS Multiple cloning site

MeCN Acetonitrile

MNGC Multi-nucleatedgiant cell

MOPS 4-morpholinepopanesulfonic acid
MW Molecular weight

MWCO Molecular weight cubff

17



NTD

°C

oD

OM

ORF

PAGE

PAAR

PBS

PCS

PDB

PG

PMSF

PVDF

rRNA

RNAP

SDS

T1SS

T2SS

T3SS

T4SS

T5SS

T6SS

T7SS

N-terminal domain

Degrees centigrade

Optical density

Outer membrane

Open reading frame
Polyacrylamide gel electrophoresis
Proline alanine alanine arginine repeat protein
Phosphate buffered saline
Polymerase chain reaction
Protein data bank
Peptidoglycan
Phenylmethylsulfonyl fluoride
Polyvinylidene fluoride
Rbosomal ribonucleic acid
RNA polymerase
Supernatant

Sodium dodecyl sulphate
Type | secretion system
Type Il secretion system
Type lll secretion system
Type IV secretion system
Type V secretion system
Type VI secretion system

Type VII secretion system

18



T8SS
T9SS
TAE
TBS
TBST
TCA
TE
Tp
Tris

uv

viv
wiv
Xg

X-gal

Type VIII secretion system

Type IX secretion system
TrisacetateEDTA buffer
Trisbuffered saline

Trisbuffered saline with tween
Trichlooacetic acid

TrisEDTA buffer

Trimethoprim

Tri (hydroxymethyl) methylamine
Ultra violet

Volts

VolumeAolume ratio
Weight/volume ratio
Gravitational acceleration
5-Bromao4-chloro-3-indolyH -D-galactopyranoside

Deletion

19



Chapterl Introduction

20



1.1 Melioidosis

Melioidosis is an important disease of humans and is caused by infection by the environmental
saprophyteBurkholderia pseudomalléB.p. The vast majority of cases occur in Southeast Asia
people who are exposed tmacteria lving in the environmenfThe intrinsic resistance of the bacterium

to a variety of antibiotics make it difficult to treat, resulting in a high mortality (&tersinga et al.
2012) The mortaliy rate itself varies considerably depending on a number of factors including the
geographic location, underlying health problems and the site of the body that is affected. Mortality

rates of between 19 and 68% have been repoif€tieng & Currie 2005)

It is also possible for animals to suffer from melioidosis, in particular livestock such as sheep, goats
and pigqChoy et al. 200@nd while transmission from animal hosts to humans is rare, the infection

of animals does represent a potential financial impact of the disease. The relatively high mortality rate
and ability of the causative agt to survive in the environment have led to the classificatioB.pias

a category B bioterror thregRotz et al. 2002)

1.1.1 Route of infection

Infection withB.pcan occur at a number of sites. Inhalation of aerosolized bacteria is believed to be
the most common route. Infection via brek skin is also commonly observed. It is also thought to be
possible to be infected by drinking contaminated wgldmmathurotsakul et al. 2014Determination

of the site of infection can be difficult &pis capablef dissemination to a variety of sites within the

body in a process predicted to be facilitated by dendritic ¢g¥#liams et al. 2014)

1.1.2 Symptoms

As a consequence of the range of sites the bacteria can spread to within the infected host, melioidosis
can present itself as a wide range of symptoms. Pneumonia is commonly associatBdpivitlction
(Meumann et al. 2012and in cases ahelioidosisassociatecchronic pneumonia, is often mistaken

for tuberculosis due to the similanhg Xrays observedWiersinga et al. 2006)Skin lesions are also
commonly observed in patients with melioidogizibney et al2008) Parotitis (infection of the parotid
glands) is particularly prevalent children with melioidosis (observed in 38% of cases in children)

comparedto adults (observed in 6.3% of all cas@3ance et al. 1989)

One of the fasciating aspects of melioidosissiability to persist in the body asymptomatically case
of melioidosis iran 82-yearold patient in Texas/JSA was speculated tave occurred aa result of
exposure toBp during his imprisonment in Japanese labour camps in parts of Southeast Asia,
including Thailand, during the Second World War. The diseasechaained dormantor 62 years,
dzy G At | Odzi 2y anteMl@rate¥d: 1yid3 aot uni idifiaitreabnr@t®failed andn depth
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background questioning was performed that the unlikely (at least in his part of the world) cause was
identified. The man had not left the United States since returning from the war, suggesting that the

disease had originated duringstordeal over half a century previoughfgauy et al. 2005)

Although a remarkable case due to the large time period involved, it is not unique, with another case
of the disease from the same conflicteenerging after 26 year®lays & Ricketts 1975The Vietnam

War has also been the source of infection and subsequent rel@gags & Ricketts 1975Yhis has
raised concerns that as veterans of this conflict age, more wikkisérorn melioidosis, hence why
some have labelled the@iS| &S GKS WxASGylyY GAYS 02Y0Q0®

1.1.3 Diagnosis

The currentgold standard for clinical diagnosis of individuals suspected of having meliogindtare

on Ashdowns agar, a technique which has adewnsitivityand takes a number of days to yield results
(Limmathurotsall et al. 2010) Given that early diagnosis is crucial for the successful treatment of
melioidosis, a great deal of work is underway to develop novel diagnostic techniguesttheast
Thailand, an area where melioidosis is endemic, immunofluorescene assay (IFA) using a
fluorescently labelled antibody specific Bopis used to aid diagnosis. The drawbacks of this approach

are its low sensitivity and the requirement of specialised operafdesmdhavanant et al. 2013)

Another technique that isometimes used is the latex agglutination assay, which uses latex beads
coated in aB.p specific antibody(Ekpo et al. 2007)Althoughthe assayhas good sensitivity and
specificity jt still requires culture oB.pfrom the patient sampleRecently a lateral flow immunoassay
(LFI) has been developed. The LFI asesnoclonal antibody againBtpcapsular polysaccharide and
generates results with good sensitivity and specifigiithin 15 minutes The tests can also be carried

out by individuals with minimal training and the results asesy to interprefHoughton et al. 2014)

A study using blood samples found that the LFI offered poor (40%) sen¢Riotigrtsoret al. 2015)

A real time PCR assay which targets a type three secretion system (T3SS) is éMailabbnn et al.

2006) although it is not in regular use, possibly due to PCR inhibitors present in patient samples
(Richardson et al. 2012)

1.1.4 Riskfactors

Unsurprisingly melioidosis is most prevalent in those who are commonly in contact Bvith
pseudomallei In Northeast Thailand, rice farmers make up almost 85% of patients infected
(Suputtamongkol et al. 1999 he constant exposure of these workers to soil and water contaihing

pseudomallemakes them a very high risk group.
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Like many pathogens that can also exist in soil environmBryss oppotunistic, and most commonly
infects patients who have other factors which make infection more likely. In a study performed in
Northern Australia, 80% of patients who presented with the disease had one or more risk factor. The
most common risk factors werexcessive alcohol consumption, diabetes and chronic lung disease.
These risk factors also increased the chances of succumbing to the condition, in one study only 1
patient in 51 who had no associated risk factor died, while 48 out of 201 people who had owee

risk factor succumbe(Currie et al. 2000)

Of all of the risk factors, Type 2 diabetes is particularly associated with the dige@bkailand up to
60% of patients with melidosis suffer from the conditio(Limmathurotsakuét al. 2010) The reason
for this inceased susqaibility may be the impaired phagocytic activity observed in Human
polymorphonuclear neutrophils (PMN) isolated from diabetic subjects compared with those isolated
from healthy subject¢Chanchamroen et al. 200PMNs from diabetic subjects are also impaired in
migration in response tmterleukin-8 andin their apoptotic response to infectiogfChanchamroen et
al. 2009) Additionally,Woods et al(1993)found the growth ofB. pseudomallein rat and human
serum was increased when insulin was depleted artifigialhg in experiments where the levels of
insulin were reduced in infant rats, the dgor intraperitoneal infection was reduced. Furthermore,
the growthof B. pseudomallen M9 medium was ihibited when insulin was addedokever research
has since indicated thahe inhibitory effect wadikely to be a result of a preservative present in the

insulin preparations usesimpson 2000)

1.1.5 Treatment and prevention

The most effective treatment of melidosis is with ceftazidimevhich has been shown to reduce
mortality by 50% compared to other antibiotic treatment methods but mortality rates remain high,
particularly during the first 48 hours following diagnd¥igersinga et al. 2012L eftazidime treatment
is usually followed by a regime ob-trimoxazoleto eradicate the bacterigLimmathurotsakul &
Peacock 201{lpance 2014)

A range of vaccines have been trialled in animal modetsimber of vaccines have attempted to use
live strainsattenuated by the mutation of genescluding thosencodingcomponents of biosynthetic
pathways(Breitbach et al. 2008)nd virulence factoréStevens 2004 )0thers have usedhole,killed
B.pcells, in inactivated vaccingBarnes & Ketheesan 200PurifiedB.pproteins including typell
and type I\Vsecretion system proteins have also been tested as antifiensar et al. 200§Burtnick

et al. 2011) Althoughsome of these vaccindsave elicited partial protection, to date none have
offered completeprotection from infection andhere iscurrently no vaccinevailableagainst(Silva &
Dow 2013)
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At present the only method of preméing the disease would be the recomendation that those who
aremost at risk avoid contact witanvironmentalreservoirsof B.p.However, this is impractical given
how widespread the bacterium is in the environmavtiere melioidosis is endem{&uputtamongkol
et al. 1999)Prophylactic antibiotic treatment following exposureBgis also not considered a viable

preventative measur¢éDance 2014)

1.1.6 Global distribution oB. pseudomallgind melioidos

Since the first identification of melioidosis in Myanmar in 29%hitmore & Krishnaswami 1912;
Whitmore 1913)the disease (and bacteria) has been identified throughout parts of Southeast Asia
and Northern Australia. Historically generally considered endemic to just these areas, the list of
countries inwhich melioidosis is considered endemic has been increasingBanidas since been
identified in Banglades@lilani et al. 2016Malawi(Katangwe et al. 2013Brazil, India and southern
China(Currie et al. 2008)A map highlighting the current understanding of the global distribution of
B.pand melioidosis is shown Kigurel.1l. One of the factors which makes determination of the global
distribution of B. pseudomalledifficult is a lack of awareness of melioidosis d@hd absence of

coherent strategies to identif3.pin the soil.

The perceived icrease in global distribution and incidence Bip can largely be attributed to
researchers trying to identify endemic areas as well as advances in detection methodology. However,
it is also likely that human impacts on the environment increase the sliijabi areas forB.p
colonisation. Soil altered by human activities such as farming and waste disposal is classified as
Wi yiKNR &2t Qo B.piKBgher INBrihf®soi®mashdrotsakul et al. 2016)nd as the
incidence of this type of soil increases with the growth of human populations, a greater area will be

suitable forB.phabitation.

Like the distribution oB.p,increases observed in the distribution and incidence of melioidosis are
likely to be a consequence of increasing awareness and improvements in diagnosis. As the prevalence
of diabetes and kidney disease (both risk factors for melioidosis) increasess dbe world, so too

does the number of humans acutely susceptibléBtpinfection. The increase in suitable niches for
B.pcombined with an increase in the number of people at risk from infection means that the impact

of melioidosis is likely to increa. There is currently a great deal of research directed towards
identifying the true global distribution dB. pseudomalleiparticularly in areas where there is little
awareness of the bacteria and the ability of diagnostic techniques is limited. ikelg that the
incidence and distribution of melioidosis is currently underestimgtashmathurotsakul et al. 2016)
Identifying the true global burden of melioidosis will be important for the implementation of effective

strategies to combat the disease.
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Il Complete (presence)
I Good
I Moderate
Poor
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" Poor
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Il Complete (absence)
® Melioidosis occurrences

Figurel.1 Global distribution ofBurkholderia pseudomallei

Countries coloured according to confidence of evidence supporting the presence (red) of :
(green) of B.p. Black dots indicate a recorded case of melioidosisBgrin the environmeni
Reproduced, with permission, frommmathurotsakul et al. 2016

25



AlthoughB.pis not generally found environmentally outside béttropics, there have been a number

of cases of melioidosis in individuals outside of these areas. These are normally cases where people
have contracted melioidosis while visiting endemic regions before returning home and developing
symptoms(Ezzedine et al. 2007; Bodilsen et al. 20T%)is was a particular problem in the wake of

the Vietham war which saw thousands of US milif@ysonnel who had potentially come into contact

with B.preturn from endemic area@atterson 1967; Morrison et al. 1988)owever, there have been

a few cases where melioidosis has been contracted outside of an endemic area. The most serious
incident was an outbreak of the disease in the Paris Zoo in W8t spread to othr zoos in France;

at least two people died as well as a number of anif@fgague & Neubauer 2004here have also

been cases where individuals handlBgpin a laboratory have been infectéGreen & Tuffnell 1968;

Schlech et al. 1981)

1.2 TheBurkholderia peudomallegroup

TheBurkholderiagenus is comprised of at least 60 species and includeskait and clinicabkolates

which were previously classified as pseudomorsadHowever,based on a number of physical
characteristics and 16S rRNA analyk&y were classified as a negenusin 1992 (Yabuuchi et al.

1992) Subsequent analysis has indicated that there are two n@jmtersof Burkholderid W! Q g KA OK
contains plartassociat® I YR & | LINE LIK & (i A Ocoritdid$ @ehtSathogeysRindthe Q 4 K A

Burkholderia pseudomallgiroup.

The pseudomallei grouplé&xonomy ID: 111527contains a number of species which are closely
related toB.p.Members of the group include the equine pathodgurkholderia mallgiB.m), the non
virulent environmental isolateB. thailandensi¢B.t), and B. oklahomensiéB.9 which was isolated in

the USA.

1.2.1 Burkholderia pseudomallei

B.pwas formally identified i1913 and has been given a variety of names, the moduringof which
wasPseudomonas pseudomal(antil the introduction of theBurkholderiagenus) The genome d8 p

has been sequenced and is comprised of two chromosomes made up of 4.07 and 3.17suaqmaiza
(Holden et al. 2004)The totd size of 7.24 Mbp makes it one of the larger bacterial genomes to be
sequenced so far and perhaps reflects the variety of ni€hpsan occupyB.pis predominantly a soil
dwelling saprophyte that is also cagalof living in standing watem fact it ras been demonstrated

to survive in distilled water for 16 yeafBumpuang et al. 2011)

The ability to cause disease in humans and other animals seems likely to have arisen as a result of the
fiercely hostile niche provided by the soil. The capacity to combat predatory amoebae that would feed

on Bp could have provided the bacterium with an armoury of genes that are also capable of infection
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of more complex eukaryotes. Given that the methods phagocytic cells employ to combat infection are
similar to the methods used by amoebae to fegkrman et al. 2013}his would also explain how

B.phas becme so adept at immune evasion.

1.2.2 Burkholderia mallei

B.mis a clonal derivative d@.p thought to havebecome host adapted during a melioidosis infection

and wlike Bp, Bm s incapable of surviving in the environmd@odoy et al. 2003)This is reflected

in it its genome sequence, which lacks functional versions of a large number of genes which are
present inBp, including those involveth nitrate metabolism and amino acid syntheflidierman et

al. 2004)

B.mis the causative agent of glandersgiaeasewhich primarily affects horsesdonkeys andanules,

but can als be spread tthumanswho are in close contact with equingslanders has been recognised
since ancient times andias once considered major diseas€Sharrer 1995)Today, glanderfias
largely beereradicatedfrom Western countries where the use of horses as a beast of burden has
declined, an exception being laboratory acquired infectioin an American military laboratory
(Deitchman & Sokas 200Xjowever in parts of Africa, Asia, Central and South America and the
middle East it remains endemic in hord&han et al. 2013)The disease presentation in tmans is
similar to melioidosisjndeed one of the initial repors of melioidosis r&J2 NIi S Rnddrslikex 3
diseasé (Whitmore 1913) Depending on the site of infection it can causeetation, abscesses and

pneumonia, dissemination can lead to septicae(Man Zandt et al. 201.3)

Cultures oB. malleiwere used in the First World War aslandestine biological weapon by German
agents who infected horses awaiting shipment in Amefaeelis 1998)More recently, a previous
employeeat a biological defence facilifip the former Soviet Uniomas also indicated théB.mwas
weaponised and used in the 191989 SovieAfghan warAlibek & Handelman 1999)ike Bp, B.m

it is considered a potential bioterror agefRRotz et al. 2002)

1.2.3 Burkholderia thailandensis

Initially B.t was identified as &.p strain isolated from the environment which showed a drastic
increase in LEin a hamster infection modah comparison to virulent strain®rett et al. 1997and

an ability to utilize farabinose, a propertyot found in pathogeni®p (Smith et al. 1997 ) atterly,
16S rRNA sequence analysis determined that it was actually a separate ¢Besiest d. 1998)

Although generally consideretn-virulentin humangSmith et al. 1997)here have been a number
of cases wherd®t has been isolated from human(Lertpatanasuwan et al. 1999; Glass, Gee, et al.

2006) However,in one of these cases there wetcgcumstances thabhad compromised the immune
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system so that it was unable to fight infectiongar accident which led to the affecte@tyearold
almost drowning. Although it is presumed that a large inocuBiwas ingested during the trauma,

the bacterium could not be isolated from the locatiohthe accident(Glass, Gee, et al. 2006)

Bt represents a useful tool for the study B asits reduced virulence has resulted in its classification
as a hazard group 2 pathogen,comparison toBp, which belongs to hazard group 3hiE makes
working withB.tfar more convenientThe reduction in virulence is most markedly observed in Syrian
Hamster and mouse models of infection, where theylfdr infection with Bp is <10 and ~1Q0
respectively(Brett et al. 1997; Smith et al. 1997hese numbers contrastith the LR of >1x 10°in
hamsters(Brett et al. 1997)and >1x 10° in mice (Smith et al. 1997jor B.t In addition to this,
expaiments using cultured epithelial cells show tHat is less capable of adherence and invasion
(Kespichayawattana et al. 2004)his highlights that there are differences in the two species and

therefore caution must be taken when making assumptions about one based on the other.

Despite the differencesB1t still exhibits similar properties and methods of infection, making it an
attractive model organism for the study of melioidosis. In particularjtidection of theformation of
multinucleated giant cells (MNGGs)an obvious feature im vitro infection assaygFrench et al.
2011) While the MNGCs induced bB.p infection express increased levels of osteoclast (a
multinucleated bone céllmarkers, those induced tB.tinfection do not(Boddey et al. 2007)This is
thought to be due to the absence of thi#pA gene inB.t. Genes absent fronBt, but present inB.p

make good candidates for genes involved in the virulence of the agent that causes melioidosis
(Reckseidler et al. 2001An example of such a gene is BPSL1#4i@h encode®Burkholderia lethal

factor 1, a helicase inhibitor presentiBpbut absent fromB.t(CruzMigoni et al. 2011)

1.2.4 Burkholderia oklahomensis

B.owas initally identified in the wound of a farmer from Oklahoma, UB#o had sustained a serious
injury which had become contaminated with soil. The baatarvas cultured from the patient and
demonstrated similar result® B.pin diagnostic tests (which was nathBseudomonas pseudomallei

at the time of initial identification)that led to it being initially classed as Bplike organism.
Environmental samples taken from where the injury occurred also contained the bacterium
(McCormick et al. 1977)n another case, a man who had suffered injuries in a car accident in Georgia,
USA, was infected withBi.plike organisn{Nussbaum et al. 1980%ubsequent analysis of the strains
isolated from these two cases hassulted in their classificatioas B.o, distinct from B.p (Glass,
Steigerwalt, et al. 2006B.0is nonvirulent in micgDeShazer 200@nd unlike the other pseudomallei

group members, it does not induce the formation of MNGCs or &ailsin vitro (Wand et al. 2011)
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1.3 Burkholderia pseudomallgrulence factors

The large genome &.pencodes a diverse repeiite of genes which facilitate the infection of a broad
range of host species. An outline of the steps involved in cell infection, replication and intercellular
spread isshownin Figurel.2. Like some other bacterial diseases, such as tuberculosis, one of the
major histopathological features associated with melioidosis is the observation of MNGCs in infected
tissueg(Wong et al. 1995B.p(as well a8.mandB.t) is capable of inducing the formation of MNGCs

in a range of cell types, both phagocytic and pdragocytic(Harley et al. 1998)indeed, MNGC
formation caused by.pis not restricted to mammalian hosts; it can also induce the fusion of cells in
the Madagascar hissing cockrogéhsher et al. 2012}t is thought that MNGC faration allows the
bacteriumto spread between host cellshite evading the immune systetdpon invasion of host cells

the expression of a range Bfpgenes in induced, the global regulatory factor RpoS is believed to be

involved(Utaisincharoen et al. 2006)

1.3.1 Intracellular motility

To propel itself within infected host celB,pis capable of polymerising actin, resulting in distinctive
WwO2YSG GIAfaQ gKSy OSKéspichdydwhttard étlalA200NRe niedhankm LIK | £
by whichB.pinduces actin polymerisation to achieve intracellular motility is different to other actin
motile intracellular pathogenéBreitbach et al. 2003)nstead of utilising hostWASP or Ena/VASP
proteins,B.prelies on the BimA protein which can induce polymerisation of actin aBmaimAnull
mutants are unable to form actin fain vitro(M. P. Stevens et al. 200&d display a 10 fold reduction

in median lethal dose compared to the wild type in a BALB/c mouse model of inféctipar Adler et

al. 2015) B.p BimA is a trimeric autotransported (type V secretion system) protein in which each
subunit contains three WASRomology 2 (WH2) motifs, but only two are required for activity
(Sitthidet et al. 2011; Benanti et al. 2015)

Proteins similar to BimA are foundBamandB.tand have been shown to restore actin based motility
to B.pmutants lacking Bir (J. M. Stevens et al. 2008.mBimA induces actin polymerisation in a
similar fashion tdB.pBimA, directly polymerising host actin, although each subunit oBimeBimA

trimer only contains a single WH2 dom#&Benanti et al. 2015)

Although able to restore motility to B.pBimA mutant, the mechanisms by whiBtt induces actin
filament polymerisation is markedly differef;tBimA recuits the hostArp2/3complex which results

in the formation of shorter, curved tails. Compared with the direct movemem.pfaind B.mwithin
cells, the movement oB.tis much more erratic. It has been suggested that the variations in actin

polymerisation mechanisms in pseudomallei group species is a consequence of evolution to suit
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Figure 1.2 Proposed mechanism of invasion and intercellular spread utilised Byrkholderic
pseudomalleiduring infection

Entry intohost cells is either facilitated by phagocytic cellg)(or induced by factors present in 1
bacteria that facilitateits entry into nonphagocytic cells1fp). Bacteria inside the cell are initic
sequestered insidendosomesZ?) before escapé a processnediated by T3S$ (3). Once inside tt
cytoplasm the bacteria replicate amanmove by the polymerisation of actin by BimA resulting ir
formation of actin tails4). Bacteriaspread betweercells by inducing embrane fusion, a proce
dependent onT6SSS which leads to the formation of distinctive muhucleate giant cells (MNG
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replication within different hostgBenanti et al. 2015)Surprisingly, a knockout 6fmA in B. mallei

did not display reduced virulence in hamstégshell et al. 200 despite its apparent importance.

1.3.2 Flagella

B.pis motile by means of aift of two to four polar flagellgdDeShazer et al. 1997)here is currently

a lack of clarity in the role that the flagellaBfpplay during infectionSyrianhamsters and betic

rats showed no attenuation in virulence when injected with transposon mutants that were motility
deficient as a result of disruption of the gefi&€ (DeShazer et al. 199Mlowever mice infected via

the nasal route with an aflagellate mutant showed a significant reduction in death and number of
bacteria recovered from the lund€hua et al. 2003)This was in contrast to results from the same
study which showed no diffence in replication of bacteria lacking flagella in human lungioeligro.

Other work in the amoebAcanthamoeba astronyxfeund that flagella aided in invasion in a manner
that was not just a result of increasing chances of contactthmutelevarce of this findingto infection

of higher eukaryotes is uncleéinglis et al. 2003)

Interestingly B.t encodes another flagkim, fla2, which is predictd to be a lateral system and can
partially compensate for a lack of actin polymerisationbimA mutants to drive intracellular
movement(French et al. 2011 5o0meB.pstrains possess this system, while it is absent in others. It is

unclear if ths system plays a major role in melioidgdisanyok et al. 2007)

1.3.3 Capsule

The capsule oB.pplays a key role in infection. Mutations in genes enongdiapsule components
result in drastic attenuation in a mouse modglkins et al. 2002)The capsule is composed-8}-2-
O-acetyt6-de-oxy- -Imannc—heptopyranose(l— (Perry et al. 1995and has been shown to prevent
the binding of a component of the innate immunesponse, complement factor C3b, B.p
(Reckseidlezenteno et al. 2005)This could potentially reducehe effect of the innate immune
responseA capsule mutant was also impaired in its ability to enter and repligdatén macrophages
(Wikraiphat et al. 2009)

1.3.4 Lipopolysaccharide

Lipopolysaccharidd_PS) is found in the outer mémane of Grammegative bacteria and is important
in recognition by the innate immune respem It is composed of three major components: lipid A,
which is part of thephospholipidbilayer; coreoligosaccharide and-@ntigen.B.pLPSs a type Il ©
polysaccharide and is required for virulence in guinea pigs, mice and infant diabe{ibe@tsazer et

al. 1998fWikraiphat et al. 2009)Unlike wild tye B.p,LPS mutants are incapable of growth in3%%
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normal human serunfDeShazer et al. 1998 contrast to other pathogen®3.pLPS is not believed
to stimulateinducible nitric oxide synthasan important part of the host cell defen@gtaisincharoen
et al. 2003)

1.3.5 Pili

Another important factor inB.pinfection is the ability of the bacteria to adhere to host céBsown

et al. 2002) One ofthe methodssome pathogenibacteria employ to factitate this is the use of type

IV pili(Craig et al. 2004 heBurkholderia pseudomallgenome possesses amber of genes for type

IV pili. 2letion of the structural gengilA, decreased virulence in both a mouse and nematode model
of infection and alsded to anin vitro reduction in adherence to human ce(Essex opresti et al.
2005)

1.3.6 Anti-microbial resistance mechams

B.phas an intrinsic resistance to a range of anicrobials, mediated by a range of mechanisms. The
drug efflux pump AmrABprA confers resistance to aminoglycoside and macroljiiexore & al.
1999) The BpeEPprC efflux pump has been found tesponsiblefor resistance to trimethoprim
(Podnecky et al. 2013pne of the drugs used in the eradication phase of treatment. Although
resistance to ceftazidie (the drug of choice for the intensive phase of treatment) is low
(Wuthiekanun eth2011F a2 YS &aU0NI Aya &akK2g NBaAadl yoS- oe
lactamase or deletion of BPSS1219, which encodes penicillin binding pré&ih\geizer 2012)

1.3.7 Type lll secretionystem

Type Il secretion systems (T3SS) are critical to the virulence of a variety oh&gative human

pathogens. Thd. pseudomallejenome encodes three T3SSsnief these systems, T38Salso

referred to as theBurkholderiasecretion apparatus, or Bsag, similar to one found to be important

to the virulencecharacteristicof Salmonella entericéStevens et al. 2002)

The knockout of the T3SStranslocator gendipDin B.presulted in a reduced virulence in a mouse
infection model(Stevens 2004)The effect of T3S®on the nomphagocytic HelLa cell line has also
been investigated; inactivation of tlgeene encoding th&3SS secretegffector protein bopEresulted

in B.pcells that displayed a poor level of invasibat did not lead toa reduction inintracellular
replicationin a mouse macrophagéke cell line. However, deletion disaZ a component of the
secretion apparatus greatly reduced the number of intracelllacteriarecovered post infection
(Stevens et al. 2002)

Delivery of aB.t mutant lacking a functioning T38Slirectly to the cytosol oHEK293ells using a

dzLIN
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the wild type. Howeverwhen the same mutant was used in regular infection assays, no MNGC
formation occurred(French et al. 2011)This suggests that this secretion system plays a role in the
initial infection of bacteria, podsly in escape from erabomes.This finding also suggests that the
bacteria travel between cells in a method other than by the formation of membrane protrusions into
neighbouring cells resulting in the formation of vacuoles, as a mutant in38B8VId be unable to

escape fromhese and would therefore be unable to foldNGCs.

1.3.8 The type VI secretion system

The typeVlisecretion system (T6SS) is a macromolecular machine found in a variety eh&gative
bacteriawhich is capable of delivering proteins into a target cell (a mordepth descriptionof
general T6SSs given irsectionl.5). Six T6S3mve been identified iB.p(Schell et al. 2007; Shalom
et al. 2007) These are labelled6SSL to T6SS using the nomenclature of Shalom et &007) As
indicated inTablel.1, ome of thesesystemsare alsopresent inBm and B.t. B.mlacksa functional
T6SSL andT6SL, while inB.t, T6SS3 is absen{Schell et al. 2007J o date, only the activities of T6SS
1 and T6SS have been determined. Thushile T6SS is involved in intebacterial competition,

T6SS is a key virulence factor regead for virulence in multicellular eukaryotéSchwarz et al. 2010)

Usingin vivoexpression technology (IVET) it is possible to determine thewexpression of genes
within bacteria are affected during infection(Mahan et al. 1993)Using this technique it was
determined thatT6Sb a likely virulence factor as expression of a number of genes within this system
are increased during infection of a macrophage cell(Bfgalom et al. 2007Yhe delethin ofthe core
T6SS componentfssD5,in B.p confirmed the suspicion that6SSvas involve in virulence. Mutants
lackingthis gene had@east al,000fold higher Lk in a hamster model of infection when compared
with wild type cells. Deletionf allof thetssDgenes present in the othdive T6S§ene clusterin Bp

had no effeciBurtnick et al. 2011)

The deletion of other genes essential to the functionf66% in B.mresulted in mutants that were
unable to induceMINGCrormation following infection othe murine macrophagéke RAW 264.7 cell
line (Burtnick et al. 2010)WhenT6S$% was knocked out ifBt, the resulting mutants showed
redudion invirulence in a mouse modébchwarz et al. 2010nterestingly, deletion of an apparently
core component of the T6SSSAS (referred to ahimEby the authors), irB.mdid not have an effect
on virulence in a hamster model offection (Schell et al2007) This was despite mutants in other

core components being nevirulent (Schell et al. 2007)
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Tablel.1 T6SS gene clusters Bip, B.tandB.m
Locus tag

T6SS gene  B. pseudomalldl96243 B. thailandensi&264 B. malleiATCC 23344

cluster

1 BPSL309BPSL3111 BTH_I1298TH_I2968 BMA2826BMA2833

2 BPSS009BPSS0116 BTH_II0119BTH_I110140 Absent

3 BPSS016BPSS0185  Absent BMAA1897/BMAA1915
4 BPSS051BPSS0532 BTH_11188493TH_111902 BMAA0438BMAA0455
5 BPSS149BPSS1511) BTH_II0878BTH_I10854 BMAAO729BMAA0744
6 BPSS209BPSS2109 BTH_110248BTH_110265 BMAAO396BMAA0412

2The T6S3 gene cluster ilB.MATCC 23344 is thought to be némnctional as it lack$ssB, tssC
tssD, tssJ, tss&ndtssL
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In contrast to similaexperiments using a T383nutant aB.t T6SS mutantisincapable of inducing
MNGCiormation when delivered directly to the cytosol a mammalian cell linfFrench et al. 2011)
By bypassing the internalisation and phagme escape stepshis demonstrated that MNGC
formation is mediated specifically by Té&3t also demonstrated that a single intracelluit cell
was capable of inducing the host cell to fuse with its neighbour, supporting the argumenolerof

MNGC formatiorin facilitating intercellular spread.

Currently theprecise mechanisrby whichT6SS facilitates MNGC formation g p, B.mandB.tis
unclear.However recent investigations have suggested a critical role for ther@inal domain of

Tssib (Schwarz et al. 2014; Toesca et al. 2014kl proteins are components of the T6SS that are
secretedl f 2y 3 gAGK ¢&das53 OGKSANI LINBaASyOS Ay Odz GdzNB
Fdzy QliA2yltf ¢c{{Pd {2YS ¢aaL LINE (-BrinyiakextérNishd tBalNBE R i :
serve as effectorsThe deletion of the @rminal domain of T4s5 (retaining theW O 2 TNdke@jion

conserved amongst all Tssl protéimsB.pand B.t abolished their ability to induce the formation of
MNGCgqSchwarz et al. 2014; Toesca et al. 2044 renderedB.t avirulent in a mouse model of

infection (Schwarz et al. 2014However, unlike mutations genes encoding structural subunits of

the T6SS, whichaffected MNGCformation and secretion of Tssb(a marker of T6SS activityhe

removal of the CTD of Tdsidid not have a detrimental eff¢ on the secretion of TssB(Toesca et

al. 2014) Although the CTD of Td€slisnecessaryor the inductionof cell fusion, it is unclear if any

other factorsare required. Given that MNGC formatican be induced in a wide rga of cells, it is

likely that cellfusion is mediateckither by bacterial proteins alone, or the host factat is utilised

by the T6S5 is well conservedAlthoughB.odoes not induce the formationf MNGCsn vitro, B.o

tsst5 was able to restore MNGC induction toBap tssi5 mutant when it was expresseid trans

(Toesca et al. 2014 his suggesthat either Tssl is not secretedoor one or more of the virulence

factors required for edier infection steps is abselfitvand et al. 2011)

An unusual property othe T6SS machineryis its position within thecell When theB.t T6S$H

subunit, Tsskp, wasfluorescently labelled with GFR clearly demonstrated thaT6S< localises to
the poles of the bacteriungSchwarz et al. 2014Jhis is in contrast t8.t T6SS, which is randomly
distributed around the cellke theVibrio cholera@nd enteroaggregativEscherichia coli6 SSéasler

et al. 2012; Durand et al. 2019)he significance of the specific localisation of TB83unclear

The regulation othe T6S% gene clusteappears to be fairly complex and-oodinated with T3SS.
They are both dependent on host signals for their activation, with -B38&ng most upegulated
during the early stages of infection and without internalisation. This suggests that the upregulation of

T3SS3 is based on signals received from contact with host cells rather than intracellular triggers.
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contrast, T6SS is not upregulatedvhen internalisation oBp by a macrophage cell lirs inhibited
by gstochalasin Chen et al. 2011lipdicating that an intracellular component or property wa® th

signal for induction of T6SBexpression.

A two-component regulatory systensomposed of the histidine kinase sensdirA and the DNA
binding response regulator VirGaigritical component of the regulation ®6SS duringB.pinfection.

Under standadl laboratory growth conditions (i.e. LB medi@SSh is not expressed, as determined

by the absence of secreted TsSPhowever when th@irAand vilGgenes arentroducedin transand
overexpressedl6SSh expression is increas€Burtnick et al. 2011)'he same result was observed in
Bm (Schell et al. 2007The intracellular signals for induction of expression of T8 host thiols,

in particular glutathione. When glutathione is defgd from host cells infected witB.t, the level of
tssD5 expression and the ability of the bacterium to form MNGCs are reduced. Glutathione reduces
the thiol group ofa periplasmic cysteine residue of VirA (VirA is embedded in the bacterial inner
membrane by 910 predicted transmembrane helices) which results inritthomerizationand the

induction of T6SS, presumably via Vir@GVong et al. 2015)

As well as results in animal amtvitro models, evidence for the role @6SS in human infections
has been found in serum from patients infected wBhp Western blotting of serum &m 10 patients
with melioidosis gave a positive result for T€s0Qvhile TssBubunits from the other T6SSs present in
the organism were absent. MoreovefssBb was absent from uninfected contro{Burtnick et al.

2011) Thisis in accordance withther experiments suggestiniSh is expressed during infection.

In addition to those conserved across all T6SSs, theT §88e cluster also contains four additional
genes, he type six associated genemagA, tagB, tagGnd tagD), which are located immediately
downstream oftsst5 (which encodes the secreted taipike protein)XFigurel.3). As the effectors of
other T6SSs are often encoded downstreartssfgenes, theag genes could encode T65Secreted
effector proteins.The locus tag of each ORF of the TB$Bne clusters iB.p, B.tand B.mis shown

in Tablel.1 and inFigurel.3.

1.4 Secretion systems in Gramgative bacteria

For many bacteria, the diiyy to secrete proteins into thie environment is crucial for their survival.
This is true of both Gramegative and Gramositive species, although for the former there is an
added complexity, the presence of an extra membrane. To overcome this cleli@éregnnegative
bacteria have evolved a diverse repertoire of secretion systems, to mlatehave been identified
(Type 1Type IX Secretion Systems: FTTSSS)To confuse matters, a Granegative protein secretion
system has also been dgeatedas aY®&ilLJS + L L a S ONsalldh2t/ al. A0073A8 tBi Q
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mechanism is only present in Grgpositive species its designati@s a type VIl secretion system

remains controversial.

Apart from the chaperona@isher systen{T7SS)the Gramnegative secretion systems are classified |

to IXaccording to the order in which they were formally identified. They are broadly categorised into
two groups, the Sedependent systemswhich secrete their substrates inwo-step processand the
Seeindepencdent systemsvhich translocate proteins across both membranes in a single stgpmple
outline of T1SS to8SSs given irFigue 1.4.

1.4.1 Seecindependent protein secretion systems
As their classification suggests, the Satependent systems do noely on £c to transport proteins
across the inner membrandnstead they translocate substrates across both membranes in a single

step. This means that there is no periplasmic intermediate

1.4.1.1 Type | Secretion System (T1SS)

The T1S8& comprised ofwo inner membraneproteins, theABC(ATP binding cassettgyotein, the
membrane fusia protein (MFP, which also spans the periplasm) and a pikaéouter membrane

(OM) protein (Costa et al. 2015 he T1SS ABC protein is a member of the ABC transporter protein
family. The AB@ansporter family facilitates the transport of a wide range of substrates including
ions, amino acids and antibiotics in a mechanism energised by the hydrolysis (fli§ggiRs 1992)

The family is widespread, examples ofCABansporters can also be found in eukaryotes and archaea.
Proteins secreted by the T1SS are predicted to bind to the ABC before the energy provided from the
hydrolysis of ATP transfers the unfolded protein into the periplasmic cavity of the MFP. The OM
component then opens to form a pore which allows the release of the substrate into the extracellular
space where it fold¢Costa et al. 2015)The T1SS is capable of secreting a wide range of protein
substrates (which contain a-@&rminal signal sequence) of various molecular weights from 20 to 900
kDa(Thomas et al. 201450me substrates of the T1SS are associated with the acquisition of nutrients
and include theSerratia marcescerison scavenging protein HagKanonenberg et al. 2013)hile

others, such ak. colHIyA are virulence factodhomas et al. 2014)
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Figue 1.4 Gramnegative secretion systems

Outline of the mechanisms used to secrete proteins in Gnagative species, the T9SS is not sh
OM, outer membrane; PG, peptidoglycan; IM, inner membrane. Image modified and reproduct
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1.4.1.2 Type lll Secretion System (T3SS)

The T3SS is a nanomachammposed of over 20 protein subunitghichis capable of translocating

proteins across thebacterial envelope and deliveringfe€tors into target eukaryotic cel{®arlovits

& Stebbins 2010p KAt S GKAA& aSOGA2y RSFKHfta 6AGK GKS Sdzl I NB
T3SSs are also key components of bacterial flagella wheyeexport extracellular components, the

two types of T3SS share an evolutionary ancefMby & Rocha 2012FEffectors delivered by the

T3SS act on a variety of host cell proteins. T3SSalnmonellaalone deliver effectors that act on the

host cytogeleton, the ubiquitin pathway and host signallifgurkinshaw & Strynadka 2014)

TheT3SS forms a syrindjke structure which is made up of two major ssitbuctures: a base which
spans both bacterial membranes and a nedike structure which extends from the outer membrane

into the extracellular spac€Schraidt & Marlovits 2011)The basecontains two inner rings, a neck
which spans the periplasm, and two outer rif@alan & WoHWVatz 2006) The needle is made up of
multiple copies (over 120) of a single protein which form a 50 nm long filament with an 8 nm external
diameter and a 2 nm inner diamet@urkinshaw & Strynadka 2014)3SS substrates are translocated
through this needlén anunfolded state(Radics et al. 2013he tip complex is found at the end of the
needle which senses contact with host cells and regulates effector secretion. The tip complex interacts
with the translocon which is believed to form a pore in the target membrane, facilitating translocation

of effector proteingSato & Frank 2011)

1.4.1.3 Type IV Secretion System (T4SS)

As well as Gram negative bacteria, the T4SS cabalfeund in Gram positive species as well as some
archaeaAlvarezMartinez & Christie 2009)Jniquely, the T4SSs is capable of secreting DNA, proteins

or a combination of both DNA and protein. T4SSs are diverse, withcdewponents conserved

throughout all systems, as such there are a number of classification systems in place. A recent
GS@2tdziA2y I NE oFaSReé aeaidsSy LXIFIOSa ¢n{{a Ayluz2 S,
known systemgGuglielmini et al. 2013)

A number of human pathogens utilise a T4SS. A T4SS known as Dot/Egiomella pneumophilis

requiredfor traffickingof the bacteriao an ERderived vacuolen which it replicate¢Berger & Isberg

1993) One of the causative agents of cat scratch diseBagpnella henselgaises a T4SS to modify

host cytoskeletal proteinsotfacilitate its internalisatiofiRhomberg et al. 2009)

1.4.1.4 Type VI Secretion System (T6SS)
The T6SS is outlined in detail in sectioh
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1.4.2 Seedependentprotein secretion systems

As their name suggests, the Stependent systems are reliant dne Seetranslocase pathway which
transports unfolded proteins across the inner membrane in an ATP dependent manner. Proteins
translocated by Sec are either maintaihin an unfolded state by chaperones before they are directed

to the system, or translated directly from the ribosome into the Sec apparatus, although the latter
technique is primarily utilised by membrane proteifMatale et al. 2008)Norrmembrane proteins
which are transported across the inner membrane by the Sec system are directed to the motor protein
SecA, which hydrolyses ATP to translocate the unfolded protein through the SecYEG. difamnel
SecDF complex isdught to liberate the protein and release it into the peripladmicklama a Nijeholt

& Driessen 2012)An Nterminal signal sequence marks proteins for export by thet&etslocase
(Natale et al. 2008)

1.4.2.1 Type Il Secretion System (T2SS)

Although considered ae8-dependent system, T2SS substrates can also be delivered to the periplasm

by the twinarginine translocation (Tat) protein export pathway which translocatedefblproteins

across the innemembrane(Nivaskumar & Francetic 2014he T2SS is also unique amongst Sec
dependent secretion systems in that the delivery apparatus spans both membfiheskumar &
Francetic 2014)The folded protein is loaded onto a type VI pilike structure within the periplasmic
chamberof the T2SS which polymerises and pushes the protein out of thékaethtkov et al. 2012)

T2SSs are capable of secreting a wide range of proteins, at least 18 proteins are secreted by the T2SS
in V. choleraalone(Sikora et al. 2011)ncluding cholera toxi{Sarthez & Holmgren 2008yVhile it

is a virulence factor in many species, includigeudomonas aeruginosand the fish pathogen

Aeromonas hydrophilats primary role is in nutrient acquisitiqiNivaskumar & Francetic 2014)

1.4.2.2 Type V Secretion System (T5SS)

The T5SS can secrete virulence factors as well as mediate intercellular interactions and biofilm
formation (Leyton et al. 2012)Thereare five classes df5SSlabelled T5SSa to T5SSe according to
their transmembrane domaifLeo et al. 2012)Although the transport and effector domains of most
T5SS proteins are part of the same polypeptide (prior to processing), in the T5SSb class the two
domains are separate, they are still considesedotransportersaccording to the definition ofeo et

al. (2012)as they do not rely on cytosolic energy sources. Members of the T5SStacilitsse their

own movement across the outer membrane tye formation of a por§dHenderson & Nataro 2001)

Once the unfolded T5SSa protein has been released from the Sec systetaritar@l domain is
recognised by the outer membrane protein BamA which irséte Gli S NJY Abgrrelf doniain into

the outer membrane which forms a pore. The secreted portion of the protein (tteFiNinal domain)
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(KSYy LI 84838 GKNRJAK (KA& L} NEhelaShiclepiBs the forged Of SI ¢
et al. 2012)

As mentioned, the T5SSb class utilises a sepgmatein to cross the outer membrane. The T5SSc
proteins form trimers but are exported using a similar mechanism to the T5SSa class. However, once
the Nterminal domain of thesubunitspasses through the membrane pore, the protein is not cleaved

and remainsattached to the outer membranéLeo et al. 2012)T5SSd and T5SSe are not as well
characterised. Proteins of the T5SSd class are predicted to be a fusion of the two domains of T5SSb
class, while the T5SSe class appears to be inverted, i.e-tdrenDal domain passes through the N

terminal domain whichs embedded in the membrar(&eo et al. 2012)

1.4.2.3 Type VIl Secretion System (T7SS, also known as the chaysrenpathway)

The T7SS is used to assemble pili which are multisubunit appendages that extend from the cell and
facilitate attachment to host cells and biofilm formatigwright et al 2007) To date, the most well
a0dzZRASR ¢17{{&a NP G(K2aS oKAOK aasSvyofS GKS {e&LJS
composed of a rod which contains multiple FimA subunits in the type | pili or PapA subunits in the P

pili. Once the subunits of thelphave crossed the inner membrane, they are folded and stabilised by

a chaperone (FimC in type | and PapD in P pili). The subunits pass through an outer membrane pore
01y26y |a Fy WdzZaKSNRO YIRS dzJ 2F SA(K®&INCoSd Y5 2 NJ
et al. 2015) The tip of the type | pilus is made up of one subunit each of FimF, FimG and FimH (found

at the end of the tip), while the P pilus tip contains multiple copies of PapE and onefd®ayF, PapG

(found at the end of the tip) and Paj&osta et al. 2015)

1.4.2.4 Type VIlI Secretion System (T8SS, also known as the curli biogenesis system)

¢tKS ¢y{{ Aa O2YY2dgénesisys®pQYd |ILal (1aKEI0MEEIENT prateih S
CsgA, which is found in large quantitiegircolbio-films. A periplasmic protein, CsgE, directs CsgA to

an outer membrane pore formed by 8 CsgG subunits. CsgF interacts with CsgG at the outer membrane
where it stabilises and localises anothemyloidlike subunit, CsgB. CsgA travels through the CsgG
pore and interacts with CsdBvans & Chapman 2014he role of curli in pathogenesis is not entirely
clear, although they do bind to many host proteins including the extracellular matrix proteins
fibronectin and lamininas well as the antigen presenting major histocompatibility (MHC) class |

proteins(Barnhart & Chapman 2006)

1.4.2.5 Type IX Secretion System (T9SS)
The T9SS was recently identifiedParptyromonas gingivaliswhere it is required for secretion of a
protease(Saiki & Kontd 2007) P. gingivaliss a member of théBacteroidetesa diverse phylum of

bacteria, many members are motile by gliding motility. As well as secreting effectors, the T9SS also
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exports outer membrane proteins necessary for gliding motilitBacterodetes (Sato et al. 2010)
Bioinformatic analysis has demonstrated that T9SSs are common among@sdteroidetesbut not
found in other phylgMcBride & Zhu 2013)

1.5 Type VI Secretion System

The T6SS is a macromolecular machine which is capable of delivering proteins into targe68é&lls.
genes have been found in roughly a quarter of Glmnegative genomesvhich have been
sequencedBingle et al. 2008)he bacterial T6SS was first identified in 2006 in the lup@hogen
Vibrio cholera (Pukatzki et al. 2006 A transposon mutant seen was performed to identify genes
critical for the bacterium to avoid predation by the phagocytic amoBiEyostelium discoideunA
number of the mutants were identified as having a redugedtein secretion profile and it was
determined that thedisrupted genesencodedcomponents of a novel secretion system which was
RSaA3ayl GSR GKS a i 2df6SSThe systBriddfiisityght o dgeiats Wysthe
formation of a contractile tubulésheath)surroundirg an inner tube. On contraction of tlsheath the
AYYSNI (1dzo S OF LIWISR 068& WalLWA|SQ inpcRdigothedabgetbied RN O
(Bonemann et al. 2010)he components of the T6SS and the mechanism of secretion is displayed in
Figurel.5. This mechanism is not unique; in fact, it is remarkably similar to the wagaheactile
bacteriophageT4 delivers DNA and proteins into target cefsgurel.6). S me components of the
T6SS share sequenard structural homology with a variety bacteriophagecomponents (Leiman

et al. 2009)As the T6SS is a fairly recently discovery, inroadgdhietooles of the components of the

system are constantly being made.

Currently there are a variety of differemamingconventionsin place forcomponents otthe T6SS;
these vary depending on organism being investigated the groups that are studyingedm. For
convenience, the nomenclature proposed®lyalom et al(2007)is used heredemonstrated inrable

1.2, this labels the 13 core componentsEssATSsSM.

1.5.1 Membrane complex

The minimal T6SS membrane comp@chors the injection apparatus to the bacterial cell envelope
andis made up of three components, TssJ, TssL and TssM. TssJ is an outer memimaneirtiplo
resides in the periplasm and is tethered to theter membrandipid bilayer byan aglated cysteine

that is located at the Nerminus of the protein following removal of the signal pepti@eschtgen et

al. 2008) TssJ interacts with the periplasmic domain of TssM with a stoichiometry (@elisberte
Rodrigues et al. 2011ssM is embedded in the inner membrane by three transmembrane helices in

its Nterminal domain which also facilitates sétteraction (Zheng & Leung 2007; Ma et al. 2009)
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Tablel.2 Standardised names of genes encoding core components of the T6SS

Standardised

gene name

tssA
tssB
tssC
tssD
tsskE
tssk
tssG
tssH
tssl
tssJ
tsskK
tssL

tssM

Common
alternative

gene name

hcp

clpV
vgrG

COG

COG3515
COG3516
COG3517
COG3157
COG3518
COG3519
COG3520
COG0542
COG3501
COG3521
COG3522
COG3455
COG3523

Burkholderia

mallei

bimE
tssA
tssB
hcpl
tssC
tssD
tssE
clpVvl
vgrG1
tssJ
tssK
tssL

icmF1

46

Vibrio cholerae  Pseudomonas

vasJ
VipA
vipB
hcp
VCAO0109
vasA
vasB
vasG
vgrG
vasD
vasE
vasF

vask

aeruginosa
HSH HSHI
tssAl  hsiA2
tssB1  hsiB2
tssC1 hsiC2
hcpl hcpC
tssEl  hsiF2
tssF1  hsiG2
tssG1  hsiH2
clpvl clpVv2
vogrgl  vgrG2
tssJ1  lip2
tsskl  hsiJ2
tssL1  dotU2
tssM1 icmF2

Edwardsiella

tarda

evpK
evpA
evpB
evpC
evpE
evpF
evpG
evpH
evpl

evpL
evpM
evpN
evpO



A recent study bfpurand et al. (2015Jemonstrated thathe Gterminal region offssMforms an arch
which crosses the periplasm. Each membrane complex has ten TssM subunits which form a dynamic
periplasmspanning double ring structure. In an active T6SS, TssiWleast partially exposed to the
extracellular environmentsuggesting it may form an outer membrane pore to facilitate the passage
of Tssl and TssD through the outer membrane efftBSSontaining cel(Durand et al. 2015Most
TssM proteais containa Walker A motifin the cytoplasmic Nerminal domain Such motifs are
commonly found in ATPases. The role of the Walker A motif in TssM is uncledwdndsiella tarda

the Walker A motif of TssM is dispensable for TssD secrétmeng & Leung 2007 however in
Agrobacteriumfabrum, modification of this motif abolished TssD secretifMa et al. 2009)

As well as mediating sdliteraction, the Nterminal region of TssM aldacilitates interaction with

the other membranecomplexprotein, Tssl{Ma et al. 2009) Tsslcontains a cytoplasmic-términal
domain thatis anchored to the lipid bilaydsy a single transmembraneelix (Durand et al. 2012)
Many TssL pteins carry geriplasmicGterminal peptidoglycan binding domain which interacts with
the cell wall to stabilise the T6SS membrane com{Nxet al. 2009Aschtgen et al. 2010yVhen this
domain is absentan additional proteincompensatespy interacting with both peptidoglycan and
another T6SS component. For example, TagL interacts Wgth to anchor the T6SS meare
complex to the cell wallAschtgen et al. 2010)

The membrane complex is composed of ten subunits each of TssJ, TssL and TssM. Unlike most other
T6SS components drcomplexes which demonstrate 3 off@d symmetry, the T6SS membrane
complex is unusual ithat it demonstrates Hold symmetry(Figurel1.7). Thus,It is unclear how

interactions with the tail tube and sheath components are facilitgiedrand et al. 2015)

1.5.2 Baseplate

In bacteriophages which share the contractile delivery mechanism of T6SS, one of the essential
components is the baseplate. Thacteriophage Téaseplateis a complex structure made up of 6
wedges each composed of seven protewtsch surround a centralub. Each wedge contains gp11,
gp10, gp7, gp8, gp6, gp52 and ggk&iman & Shneider 2012Jhe central hub, which penetrates the
outer membrane of the target bacterium, is made up of a complex of three gp27 and three gp5
subunits(Kanamaru et al. 2002)n the T6SShe baseplate is held close to the inner face of the
cytoplasmic membrane by the TssJLM membrane complex. The basbpkteeen proposed to be
made up of TssE, TssF, TssG Tssl an@Brasi€tet al. 2015) TssE exhibits a remarkable 40% amino
acid sequence similarity to the bacteriophage T4 base plate protein, pdBan et al. 2009)
although its precise role is unknown, it is required for the correct assembly of the TssD inner tube

(Brunet et al. 2015pndit interacts with the sheath component, Ts&dued et al. 2016)
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Anotherbaseplateprotein critical to the operation of the T6SS is TE&heng & Leung 200%chwarz

et al. 2010which forms a trimeric strcture (Zoued et al. 2013)This protein interacts with the TssF

TssG heterodimer to form a complex which is recruited to the cytoplasmic side of the inner membrane
by interaction with the inner membrane proteins TssL and Ti@&Med et al. 2013; English et al. 2014)

TssK also interacts with the TssC and TssD proteins, suggesting it may act as a link between the
membrane complex formed by TsB3skTssM and thecontractile sheath composed of Ts$BsC

surrounding the TssD inner tulfEnglish et al. 2014)

TssG is almost always found downstream of TssF in T6SS gene (Bmterset al. 2009nd in the
UropathogenicE. colistrain 06:K2:H1 CFTO/they are expressed as a fusion protein from a single
ORF(Brunet et al. 2015)TssF and TssG are homologues to the baseplate proteins J and | of
bacteriophage P2, respective(Brunet et al. 2015)The baseplate of bacteriophage P2 is more
straightforward than bacteriophage T4 and contains four proteins; protein V which is equivalent to
the central hub, protein W, a homologue of gp2% homologue of gp6 and J, a homologue of gp53
(Leiman & Shneider 2012Ynsurprisingly, given their genetic-taxalisation, TssF and TssG interact
with each other. TssG interacts with TsskE and the sheath compdise@. Both TssG and TssF interact
with the inner tube protein, TssD. The T986G complex interacts with Tssl and Ti&fkinet et al.
2015)

Also commonly referred to as valiggycine repeat protein G (VgrGxsTis a core component of the

T6SS which is also secreted. Its presence in culture supernatants alongside TssD indicates a functional
T6SS. Some Tssl proteins have an additional region at teim@ius whichserves asn effector
Quchsubunitsk NB NB T S NNEB RrsslipfoteingRukatz&i @it 20 Rf@ms trimers which

are similar to the tail spikes used by bacteriophages to puncture target(Pelkatzki et al. 2007)n

particular, the Nterminus and @erminusof nonS @2 f SR O A ®Sd  WliregemBléthieNI f Q0
bacteriophage gp27 and gp5 proteins, respectiBlykatzki et al. 2007Yhe Tssl trimer sits on the

top of the inner tube, thereby forming the spikieigurel.7). Tssl interacts witthe inner tube subunit

TssD(Lin et al. 2013mnd is required for the assembly of functional (i.e. stacked in the correct

orientation) inner tubegBrunet et al. 2014)

Recently another compwent of the T6SS was identifieBAAR (prolin@laninealaninearginine)
superfamilyproteins fom a sharp conical extension to the Tssl trirfégurel.7) and are thought to

facilitate the transport of some effectors. It is also essential for T6SS a¢Bhitgider et al. 2013)
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1.5.3 Inner tube and contractile sheath

Further evidence of the similarities between the T6SS and bacteriophages churk in the
structures that project from the T6SS baseplate into the bacterial cytopbeiemto secretionBasler

et al. 2012) This is made up of an inner tubemposed of stacked hexameric rings of TssD which are

surrounded by a sheath made of TssB and TssC subunits.

TssD (also referred to as haemolysiAregulated protein, Hcp) was one of the earliest components
of the T6SS to be identified. In fact, it wdentified as an unusud. choleraesecreted protein in 1996
(Williams et al. 1996)years before the identification of the T6SS. The presefdessD in culture

supernatants i®ne of the hallmarksfoa functional T6SS (the other being Tssl).

The crystal structures of a number of TssD proteins have been elucidated. All of the structures
determined so far have demonstrated that TssD forms hexameric rings which stack on top of each
other (Mougous 2006Jobichen et al. 201@sipiuk et al. 2011)Although in each structure solved,

TssD rings interacted with one another, the apparent orientation of the stacking varied between
different TssD proteins studie®,. aeruginosdssbl rings stacke® K Sto-RF A f Q@ F2NXAy 3 f 2
(Figurel.8) (Mougous 206), P. aeruginosdssB3 formed double rings which adopted a hemdhead
conformation(Osipiuk et al. 201yhile the rings formed b¥dwardsiella tard&ssD adopted a talil

to-tail conformation Jobichen et al. 2090Work byBrunet et al. (20143ubsequently demonstrated

that the headto-tail conformation represented the physiological structure of TssD hexamers.

The hexameric rings formed by TssD typically have an internal and external diameter of ~40 A and ~85
A, respectively and resemble thoemed by gp19 which makes up the phage T4 tail tfiséman et

al. 2009) Accordingly,TssD forms a structure wdhi is equivalent to the tail tube of contractile
bacteriophagesTssD hexamers assemliéo long tubes in the cytoplasavhich aresurrounded by

the TssBTssC sheath. The sheath and inner tube extend from the membrane across almost the entire
diamete of the T6SSontaining cellOn contraction of the sheath, thianer tube ispushed out of the

cell, delivering the Tssl tail spike protgitong with the PAAR proteimto the target(Basle et al.

2012) Although primarily regarded as a structural component of the T6SS, TssD has been proposed
to perform a number of other roles; IA. aeruginosal'ssD has been shown to act as a chaperone for

a secreted effector protein, Tsg@reventing is degradation prior to secretiofsilverman et al. 2013)
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Bioinformatic analysis of genes encoding T6SS components demonstratetssBammmediately
precedestssCin most T6SS gene clustdBoyer et al. 2009and TssC is similar to phage sheath
proteins. It has been found that TssB arg$T interact to form aontractedbacteriophage sheath

like structurein vitro (Lossi et al. 2013; Kube et al. 2004th an internal diameter which is sufficient

to accommodate the TssD inner tufiegurel.8) (Lossi et al. 2013Nthough TssD was not qaurified

with the TssBI'ssC sheath, it is likely that that the sheath adopts its contracted conformation which

pushes out the TssD inner tube in the absence of other T6SS comp@Basltsr et al. 2012)

1.5.4 TssA

An unusual component of the T6SS is Tog#& protein forms dodecamers thaitteract with TssD and

TssC (components of the inner tube and sheath respectivéilydlso cepurifies with the T6SS
membrane complex, to form a structure which is visible by electron micros@gyed et al. 2016)
suggesting it forms a component of the baseplate. However, when fluorescently labelled TssA was
observed inE. colialongside fluorescently labelled TssB, it was obsergethdove away from the
membrane as the sheatlas extendedndtherefore it was predicted to incorporate inner tube and
sheath componentd y 12 G KS 3INBgAyYy3I aGil Af (Zduedetal FOHGNA y 3 |

1.5.5 TssH
Also known as ClpV, TssH is anAPase which facilitates the disassembly effthsBTssQubules

following contractionBoénemann et al. 2009YssH is unable to access the TssC when the tubinre i

Qx¢
Q¢

its extended conformation.¢ivever, F 2 f f 2 g Ay 3 O2y GNI OGA2Y 2F GKS aKS|

N-terminus of TssC is exp allowing access to TssH and subsequent disassembly of tgkulzses
et al. 2014) Another protein involved in the disassembly of the sheatlsome T6SSs is TagdgJ
recruits the respective TssH of the T6SS to the TssB subunit of the sheath rather th@goisteCet

al. 2014) Thus, TssH allows recycling of sheath subunits in contrast to the contracted phage sheath.

1.5.6 Mechanism of secretion by the T6SS

An outline of he mechanism of secretion by the T6Sshiswnin Figurel.5. Based on assays which
used fluorescently labelled TssL and TssM, the first stage of naeemlsomplex assembly is believed
to be theanchoring of the lipoprotein TssJ in tbater membrane. IrE. coliand other species, the
localisation of the T6SS machinery is ranfjordistributed around the cell. ddvever, in B.t it
specifically localises the poles of the cel[Schwarz et al. 20143ugesting another factor is involved

in the membrane localisation @&.t (and presumably other pseudomallei group members). Insertion
of TssJ into the outer membrane is followed by the addition of TssM and thetoTeslduce the cell
envelope anchoring coplex TssA is then recruited to the membrane complex which is followed by

assembly of the baseplate. Rings of TssD surrounded by th&$s€Bsheath then assemble from this
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baseplatecomplex in a structure which eventually stretches across almost theeemiilth of the cell
(Basler et al. 2012)As the inner tube/sheath extends, the TssA protein moves away from the

membranewith the growing end of the tube/sheat{Zoued et al. 2016)

Once the system is assembled, firing is inducgd mechanism that has not been elucidated to date,
although it is suspected that a conformational change in the membrane components is involved
(Durand et al. 2015)Whatever the cause, the sheath contracts which pushes thetipped TssD

tube out of the attacker cell and into the target cell. This alslvdrs the PAAR protein and any other
proteins associated with Tssl and TssD into the target. The AEBldse is then recruited to the
contracted sheath to dismantle it. After the system has fired and disassembled, the membrane

complex remains, alloivg further rounds of secretion.

1.5.7 T6SSxported effectors

One of the most striking observations regarding the effectors secreted by T6SSs is their sheer diversity,
020K Ay GSN¥Ya 2F GKSAN FdzyOliAzy FyR YSiK®R 2F R
be identified wasV. choleraeTssil, which contains an RtxA domain at thée@mninus, which is

capable of crostinking actin in its purified monomeric form, in eukaryotic cell lysates and in whole

J774.2 cell§Pukatzki et al. 2007)hisTssl contributes to inflammation and is required for infection

of the intestine in a mouse model of infectigMa & Mekalanos 2010Aeranonas hydrophildssil

induces the rounding and eventual apoptosis of HeLa cells by the modification of host cell actin in a

mechanism that is distinct fro. cholerad'ssil (Suarez et al. 2010)

A number of effectors secreted by T6SSs target the peptidoglycan of bacterial cell walls, and they are
classified according to their specific activities. Type VI secretion amidase effectors (Tae), cleave the
peptides and croslridges of peptidoglycan. The Tae group are further divided into four clades based

on evolutionary history (Tae4), each clade has a different specifi¢Russell eal. 2012)

T6SSxported peptidoglycan glycoside hydrolases which cleave the glycan strands of peptidoglycan

FNE NBFSNNBR (2 Fa we¢e3aSQ | yR [ -BiwhimeyMdiak 30M3) RA OA R S
Another peptidoglycan targeting effector ® choleraeTssi3, is an evolved Tssl with a&@minal

domain which binds to and degrades peptidoglycan, increasing the ability of the bacteria to compete

with E. coli(Brooks et al. 2013A further set of T6SS effectors are phospholipases which have been
classified (sticking with a similar naming convention to the Tae and Tge effeasdig)}l-5 (type VI

lipase effectors B) based on pylogenetic distribution and sequence comparis@Raissell et al.

2013) AB.tTlel, aVv. choleradle2 and &. aeruginosdle5 have all been shown &xertlytic effects

on bacteria(Russell et al. 201®ong et al. 2013Jiang et al. 2014)As the substrates for lipases are

not confined to bacteria, these effectors are also capable of targeting eukaryotic cells, indeled the
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aeruginosar6Ss secreted phospholipases PIdA and PIdB have effects ondbactgieukaryotic cells
(Jiang et al. 201450me Tle effectors appear to be more spec#idle5 oKlebsiella pneumoniaie
essential for virulence in a mouse moaélinfection but does not appear to exert an effect Bncoli
(Lery et al. 2014)Type VI DNase effectors (Tde) have relgebeen identified, inAgrobacterium
fabrum (tumefaciensa pair of Tde proteins allow. fabrumto outcompeteP. aeruginosdn a plant

co-infection model(Ma et al. 2014)

1.5.7.1 Mechanisms of effector delivery

The mechanisms utilised by the T6SS to deliver effector proteins are outlinEdjure 1.9. As
YSY(iA2yYSR LINBGA2dzatesr a2%P02CAERQLMNRIASA VINE (i SIEF S N.
domainsat the Gterminuswhich act upon target cells. These domains are dispensable for the activity

ofthe T6SSasjudgedbytdd A y G Sy yOS 2F GKS aSONBilA2Yy 2F ¢aas
the effector region is removed. Effectors that are fusedstauctural components of the T6SS are
NEFSNNBER (2 & W thiScdttdr domdrR aré dvalbriylipded thedspike

protein, they are delivered to the recipient cell as part of the puncturing device. Other effecters (so

called cargo effectors) must associate with the T6SS in order to be secreted.

It hasbeen speculated thasome types of effector proteinsinteract with Tssl proteins aharecarried

across the membrangShneider et al. 201®urand et al. 2014)This is based on the obsetion that

the Tle2 effector ol/. choleraénteracts with TssB (Dong et al. 2013 Effectors that interact with
O2YLRyYySyita 2F (GKS ¢c{{ [ Nibe ddliBefyDNdiie Rffecio? prdtetns isP O NH z
believed to beenabledd & |y  WpradetGvaiéh 2ntéfacts with both Tssl and the effector. For
example V. cholerag@/asW is dispensable for Tssl secretion, but essential for secretion of the effector

protein VasXMiyata et al. 2013)

The recently discovered PAAR proteins may facilitate further methods of transportation for effectors.
Like evolved Tssl proteins, some PAAR proteins possess extetgiedir@l regions which contain
putative specialised effectors, including proteases, dggaand nucleasefShneider et al. 2013)
Additionally, some PAAR proteins contaitnamsthyretin domain Such domains facilitate interaction
with other proteins and therefore may act like an adaptor to enable the secretion of additional cargo

effectors(Shneider et al. 2013)
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Figurel.9 Mechanisms of T6SS effector delivery

Diagram showing the predicted mechanisms employed by the T¢
0N yat20lGS STFSOU2NR Ayid2 GF N
interact with TssD, Tssl, PAAR proteimsan intermediate accessc
LINPGSAY 606fl Ol ONR&a&AULT aidl NaA 2
to secreted core components of the T6SS. Black arrows indice
interaction.
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In addition to its structural role, some small effectors, sucmasy of the Tae effectors, are thought

to insert inside the TssD innt&be. Here, TssD may act as chaperones as described in se&igra

TssD oP. aeruginosais believed to facilitate the delivery of thiese2 protein into the target cell. This

is based on the observation that Tse2 occupies the central pore of TssD hexamers when analysed by
electron microscopySilverman et al. 20131\ putative TssD protein 8almonella entericaubspecies
arizonaeO2 y G Aya | Llzit GABS o1 OGSNA2O0A Y- LI HEzaAIAWH
alternative nomenclature for TssD), However, it is unclear whether or not it is functional as a TssD

protein or toxin(Blondel et al. 2009)

1.5.7.2 Immunity proteins

As many of the effectors secretdry T6SSs are atiacterial, one would expect such effectors (i.e.
DNases, peptidoglycan hydrolases and lipases) to harm the cell which produces them or its siblings.
Therefore, to avoid seloxicity and detrimental effects from accidental targeting byigidouring
siblings, many effectors have cognate immunity proteins which bind to and inhibit their function.
Immunity proteins are almost always encoded immediately upstream or downstream of the effector

to which they provide immunity.

Type VI secreted fdctors are not thought to be exposed to the periplasm during delivery by the T6SS
and therefore Tae proteins secreted by the attacker cell will not come into contact with the cell wall.
However, cells are still at risk of the toxic effects of amidasdsatet by siblings. To protect from
fratricide, Tae proteins have cognate type VI amidase immunity proteins, referred to ag Tail
(corresponding to Tae4) which are transportethto the periplasm, where they either exist as soluble
proteins or outer membane bound lipoproteingRussell et al. 2011; Russell et al. 2012; English et al.
2012) Another periplasnd immunity protein class is the type VI secretion lipase immunity (Tle)
proteins which are labelled THi according to the effector protein (Tl€s) they provide protection

from (Russell et al. 2013)Jnsurprisingly the Tde proteins also have cognate immunity proteins

referred to as TdiMa et al. 2014)An unusual example of immunity proteins is the Raplb and Rap2b

(resistance associated protein) proteins. These Tai4 yamémbers are encodedn the Serratia
marcescengenome but do not interaclvith anyS. marcescenbae4 proteins. It has therefore been
suggested that Raplb and Rap2b may protect the cell from amidases which are not prodi&ed by
marcescenand are expresed purely fodefence against proteins secreted by other species or strains

(English et al. 2012; Srikannathasan et al. 2013)

1.6 Hypothesis

Based on the fact that they are not conserved amongst all T&B&sheir genomic location,

immediately downstream of TsS| | predict that theag genes encode effector proteins secreted by

56



T6SS which are required foB.tto induce the formation of MNGsin vitro. It is also possible that
T6SS secretes other effector proteins required for virulenédthoughtssAis generally considered
an essential component of the T6Sghell et al(2007)found that aB.m tssA5 mutant wasstill
virulent in a hamstemodel of infection, while mutigon of othertssgenes rendered@.mnon-virulent.
Thus, | intend to determine whether or noBat tssA5 mutant is capable of inducing MNGC formation

and if the deletion ofssAb5 has an effect n T6SS activity.

1.7 Aims of this study

Determine whether theéag genes are required for MNGC formation
Determine whether thdag genes are required for T6SSactivity
Identify proteins secreted by T6SS

Identify interaction partners of the Tagoteins

=A =/ =2 =4 =

Determine the role of TssBin T6SS
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2.1 Bioinformatic analysis

Bioinformatic tools utilised in this work are showriTiable2.1. DNA and amino acid sequences were
obtained from theBurkholderiaGenome Databas@Vinsor et al. 2008)

Table2.1 Tools used in bioinformatics analysis

Tool Function Reference(s)

BoxShade Shading of multiple alignments for displa No publication, tool available at
http://www.ch.embnet.org/

software/BOX_form.html

Culstal omega Multiple sequence alignment. (Goujon et al. 2010; Sievers et
2014)

EMBOSS Needle Pairwise sequence alignment. (Li et al. 2015)

InterProScan Scans sequences against the InterPro  (Jones et al. 2014)

database to provide functional analysis.

Phyre Protein 3D structure prediction. (Kelley et al. 2015)
PSIPRED Protein secondary structure prediction. = (Buchan et al. 2013)
PSORTDb Protein subcellular location prediction.  (Yu et al. 2010)
PyMOLv1.8 Manipulation and visualisation of 3D (SchrodingerLLC 2015)

protein structures.
ScanProsite Scans a protein for matches against the | (de Castro et al. 2006)
PROSITE motif collection.

2.2 BacterialStrainsand plasmids

Bacterial strains useid this work are shown ifiable2.2, plasmids are shown ifiable2.3

Table2.2 Bacterial strains used in thistudy

Bacterial Strain Description Source
Burkholderia Soil isolate obtained from a rice field in cent (Brett et al. 1998)
thailandensi€264 Thailand.

. o0 plaal E264 with a markerless Hirame deletion of This study

1,671bp of the central portion of tsSAS
(BTH_I10878
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. ®0 -p b agalli az E264with a markerless iframe deletion of 1,671 This study
bp of the central portion otssA5 and 963 bp of
tssAL (BTH_1295y

. o0 plhaay E264with a markerless iframe deletion of 1,194 This study
bp of the central portion ofssk5 (BTH_I1085)

B.tp G -3 ! E264with a markerless iframe deletion otagA-5 This study
(BTH_110862)  tagB5(BTH_l10861)  tagG5
(BTH_110860andtagD-5 (BTH_11085p

. o0 npdl 3l E264with a markerless iframe deletion of 2,49% This study
bp of the central portion ofagA-5 (BTH_11086Q

. o0 npdl 3. E264with a markerless iframe deletion of 927 by This study
of the central portion otagB-5 (BTH_110861)

. ®0d npdal 3y E264with a markerless iframe deletion of 621 by This study
of the central portion otagG5 (BTH_110860)

Btpnidl 35 E264with a markerless iframe deletion of 816 bp This study
of the central portion ofagD-5 (BTH_11085p

Escherichia caliM83 F arap(lacproAB)s y fiaBh a mp RNo { Y (YanisckHPerron et

al. 1985)
Escherichia col thi-1 thr leu tonA lacY supE reRR42-Tc::Mu (Kf) (Simon et al. 1983)
{ amn<LIANJI (I pir)
Escherichia col F ompThsdSg(rems)dcmgalk 6 59 o 0 (Studier & Moffatt
. [ HM<590 1986)
Eschericlai coliBTH101 F,cya,(Snb) (Karimova et al.
1998)

Abbreviations: Tf, trimethoprim resistant; Snf streptomycin resistant; Af, ampicillin resistant;

KmR Kanamycirresistant.

Table2.3 Plasmids used in this study

Plasmid Description Source

pET14b E. colispecific vector for expressiomtroduces N Novagen
terminal hexahistidine tag. (AP

PET14EHis. TssD PET14b containingssDcloned between Ndel ant This study
BamHI. (AP
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PETDuetl

pETDuetagA

pETDuetagB

pETDuetagA-tagB

pPACYCDuet

pACYCDuegragC

pACYCDuegragD

pACYCDueabgGtagD

pBBR1IMCS

pBBRIMGEsA

pBBR1IMGEsK

PBBRIMGS&gAD

PBBR1MGSigA

PBBRIMG&gAFLAG

pBBR1MGSigB

E. colispecific vector for expressiofContains two
multiple cloning sites (Ap

pETDuet containintagA cloned between Ncol an
Hindlll of MCS1

pETDuetontainingtagB cloned between Ndel an
BamHI of MCS2

pETDuet containintagA cloned between Ncol an
Hindlll of MCS1 anégBcloned between Ndel ant
BamHI of MCS2

E. colispecific vector for expressiof€ontains two
multiple cloning sites (Ct

pACYCDuet containirtggC cloned between Nco
and BamHI of MCS1

pACYCDuet containirtggD cloned between Nde
and Bglll of MCS2

pACYCDuet containirtggC cloned between Nco
and BamHI of MCS1 atayD cloned between Nde
and Bglll of MCS2

Broad host rangeloning vector, (Ch
pBBR1MCS containingsAcloned between Hindll
and BamHlI, (CH

pBBR1MCS containinigsKcloned between Hindll
and BamHlI, (CiH

pBBR1MCS containiriggA, tagB, tagGand tagD
cloned between Hindlll and BamHI, (§m
pBBR1MCS containit@gA cloned between Hindll
and BamHlI, (CiH

pBBR1MCS containitagAmodified to contain a €
terminal FLAG epitope&loned between Hindlll an
BamHl, (Cf)

pBBR1MCS containitagB cloned between Hindll

cloned between Hindlll and BamHlI, (§m
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Novagen

This study

This study

This study

Novagen

This study

This study

This study

(Kovach et al. 1995

This study

This study

This study

This study
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This study



pBBR1IMG&gB:Lac

PBBR1MG&gC

pBBRIMG&9Giac

PBBRIMG&gD

PBBR1IMGEgDrac

pSCrhaB2

pSCrhaBirAG

pSCrhaB®irAGtssA

pSCrhaBZirAGtssK

pSChaB2virAGtagA

pSCrhaBirAG

tagArLaG

pSCrhaBXirAGtagB

pBBR1MCS containitegBmodified to contain a €
terminal FLAG epitope&loned between Hindlll an
BamHlI, (Cf)

pBBR1MCS containimggCcloned between Hindll
and BamHlI, (CH

pBBR1MCS containitegCmodified to contain a €
terminal FLAG epitope&loned between Hindlll an
BamHlI, (Cf)

pBBR1MCS containitagD cloned between Hindll
and BamHlI, (CH

pBBR1MCS containitegDmodified to contain &
terminal FLAG epitope&loned between Hindlll an
BamHlI, (Cf

Broadhostrange vector, expression inducible |
rhamnose (TP

pSCrhaB2 containingrA and virG cloned between
Ndel and BamHI (Tp

pSCrhaBirAG containing tssA cloned between
BamHI and Xbal, taken from digesting LITMUS
tssAwith Bglll and Xbal

pSCrhaBXirAG containing tssk cloned between
BamHI and Xbal, taken from digesting LITMUS
tsskwith Bglll and Xbal

pSCrhaBXirAG containing tagA cloned between
BamHI and Xbal, taken from digesting LITMUS
tagAwith Bglll and Xbal

pSCrhaB®irAG containing tagAsac cloned
between BamHI and Xbal, taken from digest
LITMUS 28iagAracwith Bglll and Xbal
pSCrhaBXirAG containing tagB cloned between
BamHI and Xbal, taken from digesting LITMUS

tagBwith Bglll and Xbal
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pSCrhaB2irAG

tagBriLac

pSCrhaBirAGtagC

pSCrhaBirAGtagD

LITMUS 28i

LITMUS 28issA

LITMUS 28issK

LITMUS 28&iagA

LITMUS 28agAeac

LITMUS 28iagB

LITMUS 28iagBeiac

LITMUS 28iagC

pSCrhaB®irAG containing tagBeac cloned
between BamHI and Xbal, taken from digest
LITMUS 28iagB- acwith Bglll and Xbal
pSCrhaBirAG containing tagC cloned between
BamHI and Xbal, taken frodigesting LITMUS 28
tagCwith Bglll and Xbal

pSCrhaB®irAG containing tagD cloned between
BamHI and Xbal, taken from digesting LITMUS
tagDwith Bglll and Xbal

E. coliplasmid vector for transcription of doubl
stranded RNAAR)

LITMUS 28i containintgsA cloned between Nco
and Xbal taken from digesting pBBR1M&3with
Ncol and Xbal

LITMUS 28i containintgsK cloned between Nco
and Xbal taken from digesting pBBR1M&3with
Ncol and Xbal

LITMUS 28i containingagA cloned between Nco
and Xbal taken from digesting pBBR1M&3&with
Ncol and Xbal

LITMUS 28i containintagArLac cloned between
Ncol and Xbal taken from digesting pBBR1N4GS
with Ncol and Xbal

LITMUS 28i containinigB cloned between Nco
and Xbal takefrom digesting pPBBR1M@&Awith
Ncol and Xbal

LITMUS 28i containintpgBrLac cloned between
Ncol and Xbal taken from digesting pBBR1M4GS
with Ncol and Xbal

LITMUS 28i containinagC cloned between Ncol
and Xbal taken from digesting pBBR1M&Awith
Ncol and Xbal
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LITMUS 28iagD

PEX18TgpheS

PEX18TgpheSntssAS

PEX18TgpheSntssAl

pPEX18TfheSntssk

pPEX18TgpheSntagA

pPEX18TfpheSntagB

pPEX18TgpheSntagC

pPEX18TgpheSntagD

pEX18TgpheSntagA-D

pKT25tssA
pUT18assA
pKT25tssC
pKNT2&ssC
pUT18tssC
puT18@&ssC
pKT25tssl
pKNT2&ssI
pUT18tssl
puUT18@&ssl
pKNT25agA
pUT18tagA
pKNT25agB

LITMUS 28i containinggD cloned between Nco
and Xbal taken from digesting pBBR1M€&3&with
Ncol and Xbal

Suicide vector containing the mutapheSgene for
allelic replacement iBurkholderisspecies. (Tf)
pEX18TgpheSwith the deleted tssA5 SOE PCl
product cloned between Acc65l and BamHF(Tp
pEX18TgpheSwith the deleted tssA1 SOE PCl
product cloned between Acc65! aamHI (TP
pEX18TgpheS with the deleted tssKk SOE PCl
product cloned between Acc65!1 and BamHR[Tp
pEX18TgpheS with the deleted tagA SOE PC
product cloned between Acc65!1 and BamHR[Tp
pEX18TgpheS with the deleted tagB SOE PCl
product cloned between Acc65!1 and BamHR[Tp
pEX18TgpheS with the deleted tagC SOE PCl
product cloned between Acc65!1 and BamHR[Tp
pEX18TgpheS with the deleted tagD SOE PCl
product cloned between Acc65!1 and BamHR[Tp
pEX18TpheSwith the deletedtagA-D SOE PC
product cloned between Acc65!1 and BamHR[Tp
pKT25 withtssAcloned between Xbal and BamHI
pUT18C withissAcloned between Xbal and Bamt
pKT25 withtssCcloned between Pstl and Xbal
pKNT25 witlissCcloned between Pstl angbal
puUT18 withissCcloned between Pstl and Xbal
pUT18C withssCcloned between Pstl and Xbal
pKT25 withtsslcloned between Pstl and BamHI
pKNT25 withissIcloned between Xbal and Kpnl
pUT18 withissicloned between Xbal and Kpnl
pUT18C withissIcloned between Pstl and BamHI
pKNT25 witliagA cloned between Pstl and Bamt
pUT18 withtagA cloned between Pstl and BamHI
pKT25 withagBcloned between Hindlll and Bam|

64

This study

(Barrett et al. 2008)

This study

This study

This study

This study

This study

This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study



pUT18tagB pUT18C withtagB cloned between Hindlll an: This study

BamHI
pKT25tagC pKNT25 witltagCclonedbetween Pstl and BamH This study
puUT18GagC pUT18 withtagCcloned between Pstl and BamHI This study
pKT25tagD pKNT25 witltagD cloned between Xbal and Baml This study
puUT18&agD pUT18 withtagD cloned between Xbal and BamH This study

Abbreviations: Tf, trimethoprim resistant; S streptomycin resistant; A, ampicillin resistant;

KmR Kanamycin resistant.

2.3 Growth media

2.3.1 Lysogeny Broth (LB)
For the preparation of L of LB, the following were weighed out: d.@yptone (BD), 1§ NaC(Fisher),
5 g yeast extract (BD). The components were dissolved in@aiAd atoclaved for 20 minutes. Agar

(Oxoid) was added to 1.5%/v) prior to autoclaving if plates were being prepared.

2.3.2 Iso-Sensitest Broth (IST)
IST broth was prepared by dissolvidy4 g IST broth powder in L ddHO and autoclavingAgar

(Oxoid) was added to 1.5%/v) prior to autoclaving if plates were being prepared.

2.3.3 BrainHeart InfusiorBroth (BHI)
BHIbroth was prepared by dselving37 g of BHI powder (Oxoid) in 1 L d@tdnd autoclaving

2.3.3.1 Dialysed Brathleart Infusion Broth (dBHI)

BHI contains large MW proteins which could interfere with downstream analysis when analysing
culture supernatants, to remove these dialysis was performed. For 1 L of @8BHlof BHI powder

was dssolved in 50 ml of ddi® and poured into a suitable length 8200614000 MWCQlialysis
tubing (Thermo) which had been soaked in ddtdnd sealed at one end with a dialysis clip. A dialysis
clip was added to the other end to seal the concentrated BHitisol. The tubing was placed in a
container with 1 L of dd# and incubateat 4°C overnight. The dialysate dBHI (i.e. the larger volume)

was sterilised by autoclaving.

2.3.4 M9 Minimal medium

For the preparation of 10l of M9 minimal agar, 0.§ of glucose ah1.5g of agar were dissolved in
90 ml of ddHO before autoclaving. The solution was allowed to cool to rougHi§ B@fore 1Gnl of
10X M9 salts were added along with @lof 1M MgSQ and 0.1ml of 0.1M CaClbefore pouring. If

0.1%w/v p-chlorophenylalanine (cPhe) plates were being preparedg @flcPhe was dissolved in the
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medium prior to addition of agar and autoclaving. When preparing plates for the blue/white colony
screening of DNA inserts cloned into pEX1BhpS$glucose was oniéd and casamino acids added

to 1.0% (w/v). The following were added after coolingnll50% glycerol, 58 £ M2 0 KA YRy SZ
mg mi* Xgal dissolved in DMSO, 3G M IRTG.

10X M9 Salts

The following were dissolved inL1ddHO before autoclaving.

- 60 g NaHPQ
- 309 KEPQO
- 5gNacCl

- 10 g NHCI

2.3.5 MacConkey agar

MacConkey agar used in bacterial conjugations was prepared by adding 43 g of MacConkey agar base
(Difco) to 1 litre of distilled water. The solution was mixed and then autoclaved for 20 minges. 1
lactose (Fisher) was added immediately before pouring the plates. If the plates were to be used for
the BACTH assay, 43 g of MacConkey agar base was added to 950 ml of distilled water which was
mixed and autoclaved for 20 minutes. 50 ml of a 20% (wigjtose (Fisher) stock solution (filter

sterilised) was added immediately before pouring the plates.

2.3.6 Media supplements

2.3.6.1 Glutathione (GSH)
A stock solution was prepared immediately prior to use by dissolving reduced glutathione (Sigma) in
ddH:0 to aconcentration of 100 mM and filter sterilising. An appropriate volume of the stock solution

6l a FRRSR GKS YSRAI 0S8Ay3 dz&aSR (2 3IAGS | g2NY]AY:

2.3.6.2 L & 2 LINR1ldofjalattopyranoside (IPTG)
An IPTG stock solution was prepared by digsgj in water to give a concentration of 1 M. The stock
solution was filter sterilised and stored a2C°C. In solid media (i.e. agar plates) a working

concentration of 0.1 mM was used, in liquid media a working concentration of 1 mM was used.

2.3.6.3 Thiamine
A stock solution was prepared immediately prior to use by dissolving thiamine (Sigma).@ twk
concentration of 1% (w/v) and filter sterilising. An appropriate volume of the stock solution was added

to the media being used to give a working concentmatof 0.0005 % (w/v).
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2.3.6.4 5-Bromo4-chloro-3-indolyH -D-galactopyranoside {&al)
A 20 mg/ml stock solution was prepared by dissolvi@gekin DMSO. The stock solution was protected
from light and stored at20°C.

2.3.6.5 Antibiotics

Antibiotics were stored a20°C and used at the working concentrations indicatedatie 2.9.

Ampicillin (Ap)
A stock solution was prepared by dissolving ampicillin (Thermo) inQitliHa concerration of 100

mg/ml. The solution was filter sterilised.

ChloramphenicdlCm)
A stock solution was prepared by dissolving chloramphenicol (Sigma) in 100% ethanol to a

concentration of 50 mg/ml

KanamycifKm)
A stock solution was prepared by dissolvingdm@ycin (Thermo) in ddi® to a concentration of 25

mg/ml. The solution was filter stdised.

Trimethoprim(Tp)
A stock solution was prepared by dissolving trimethoprim (Sigma) in 100% DMSO to a concentration

of 50 mg/ml

Table2.4 Antibiotic working concentrations irE. coliand B.t

Supplement Medium 22N]J Ay3 02y O0OSy

E. coli B.t
Ampicillin (Ap) LB 100 -

Chloramphenicol LB 25 50
(Cm) M9 - 250
Kanamycin LB 50 50
(Km) DMEMFCS - 250
Trimethoprim IST 25 50
(Tp) M9 25 50
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2.4 Culture techniques

2.4.1 Escherichia coli

E. colicells were grown on Lysogeny Broth (LB) agar plates containing appropriate ar{8piotitsoe
Sensitest(IST)agarwhen trimethoprimwas used as a selectable markerhé&® DNA inserts cloned

into pEX18TypheSwere being screenedM9 glycerol + thiamine + Xgal + IPTG Agar was used. Liquid

broth cultures were grown overnight by inoculatitigee growth mediumwith a single colony picked

from a plate using either a sterile dthpick or loop. Cultures were incubated at°@7with aeration.

Colonies growing on agar plates were sealed and stored for up to a monfiCatdr longer term

storage glycerol stocks were prepared using 200 2 F 2 OSNY A IK(G Odzf ®END nY A E

glycerol in a cryovial and stored -80°C.

2.4.2 Burkholderia thailandensis
Cultures of B.twere grown for 4&hours at 37C on M9 minimal plates supplemented with 0.684v)
glucose. Overnight cultures were grown in LB &C3With shaking. Glycerol stockenms prepared as

for E. coli

2.4.3 RAW 264.tells

The mousenacrophagdike cell line was maintained i dzf 6 Srib@ifR@Eagles medium (DMEM)
supplemented with 10% foetal calf serum (FCS). Cells were grown on standard tissue culture plastic in
a 3 PCincubator with a 5% CQ@tmosphere to a confluence of up to 80%. To passage, all but 0

the culture medium was removed and the cells were detached from th&aserusing a cell scraper.

The cell density was determined using a Neubauer improved hagometer and viability
determined by trypan blue staining. 2 x®4able cells were added to T75 flasks and the final volume
made up to20 ml with fresh DMEM + 10% FCS.

To freeze, cells were detached from culture plastic using a cell scraper and teaspahsion was
centrifuged at 400 x g for 5 minutes. The growth medium was removed and the cell pellet was
resuspended to a density of 1 x"Ills/ml in ice cold freezing solution containing 10% (v/v) DMSO
and 90% (v/v) FCS. 1 ml aliquots were dispersedl.2 ml cryovials which were transferred to a
polystyrene ice box lined with paper towel which was placed-80%C freezer for ~90 minutes before

storage of thecryovialin liquid nitrogen.

To thaw, cryovials were placed in a°G7water bath. Judbefore complete thawing occurred, the
outside of the cryovial was wiped with 70% ethanol and the cell mixture in freezing solution was
transferred to a 125 culture flask. 9 ml of serum free DMEM was then slowly added to the flask which

was placed in thencubator.
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2.5 DNA extraction ethods

2.5.1 Boiled lysate genomic DNA isolation

Burkholderiagenomic INA for use as a template in PCRas prepared by picking a single colony

growing on an agar plate using a sterile laop resuspending itin 1086 f 2 F ¢ @ sciedzF F SNJ A
capped microcentrifuge tube. This tube was then transferred to a boiling water bath for 10 minutes

to lyse cells. The tube was allowed to cool before centrifuging at 13,8005 minutes taemove

insoluble cell debris. The supernatant wassterred to a clean microcentrifuge tube and stored at

20°C until required.

TE buffer
- 10mM Tris
- 1mMEDTA

2.5.2 Plasmid DNA extraction

Purification of plasmid DNA was performed using a GeneJET Plasmid Miritp(€phekmo) The

protocol provided by the manufacturer was followed with the addition of an extra wash step after the

Of FNAFTASR OSft fealrdsS slFa LIFaaSR GKNRBJAK GKS O:
(Qiagen) to the column which was eluted by centrifugiatiThe step was added to completely remove

endonucleases present in th& colistrain harbouring the plasmid.

2.6 DNA manipulationechniques

2.6.1 Polymerase Chain Reactif?CR)

Reaction components detailddr each polymerase usedere prepared at room temperaturian 50

>f t/w (dz Sa o CraspektiBaNdolfmerasBngyimk Wak Gdaletl imen&dfately prior to
commencing thermal cycling. All PGiere performed in either a GSTORM GS1 or a Brad T100
thermal cycler using # cycling settings shown below. Primer annealing temperature was calculated
using the NEB Tm Calculator or determined empirically by using a gradient annealing step, whereby a
number of identical reactions were carried out over a range of annealing tetpemsm As a rule,
primers used to ampliyfBt genomic DNA were at least Aip long with a ~50% GE€bntent

Oligonucleotide primers used in this study are listedatle10.3.
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Step Temperature {C) Time (s) Cycles

Initial Denaturation 95 120 1
Denaturation 95 30

Annealing (Primer dependent) 30 30-35
Extension 70 309kb

Storage 10 - -

2.6.1.1 KODDNA plymerase

For amplification of DNA that was to be usedlawnstream applications where a low error rate was
essential, such as insertion into an expression vector or the generation of mutants, KOD Hot start
polymerase was used (Merck Milliporéljhe components of each KOD PCR are givEalite2.5, the

MgSQ concentration was typically hM, but could be adjusted when amplifying difficult targets.

Table2.5 PCR components faeactions using KOD polymerase
Reagent(stock concentration) +2fdzyYS FT2NJ |
Genomic DNA 3.0>t

C2NBI NR LINAYSNJI 6wmn3.0>f

WSOSNES LINAYSNI 6 mn3.0>f

DMSO 25> f

KOD x10 Buffer 5.0>

dNTP mixture (2 mM each dNTP) 5.0> ¢

MgSQ (25 mM) 2.04.0>

Yh5 124G {GFNIL 5b! 05>¢

ddHO (to a final volume of 56 f |

2.6.1.2 Q5DNA plymerase
PCRs were performed with Q5 polymerase (NEB) as an alternative to KOD polymerase for difficult
templates. The components of each Q5 PCR are givehable2.6. The same conditionsutlined

previouslywere used with the exception of the extension temperature which waC.
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Table2.6 PCR components for reactions using Q5 polymerase

Reagent(stock concentration) Volume for a50> f NB
Genomic DNA 3.0> f

Forward primer (16> a 0 2.5> ¢

Reverse primer (18 a 0 2.5> ¢

Q55x Reaction Buffer 100> ¢

Q5 GC enhancer 100> ¢

dNTP mixture (2nM each dNTP) 5.0>

Q5 HighFidelity DNA Polymerase (2 units/n 0.5> {

ddHO (To a final volume of 58 )t

2.6.1.3 GoTadPNA polymerase

For PCRwhere the amplified DNAvas not being usetbr downstream applications which required
highfidelity replication (i.e. in PCR screening experime@g)Tagpolymerase Promegawas used.
Template DNA was provided by either single bacterial colonids. foolor boiled lysate foBt. MgCh
concentration could be adjusted, but was typically 2 nRdactions were set up as indicatedliable
2.7 and thetemperature cycling steps shovabove were used but ith the extension temperature

increased to 72C.

Table2.7 PCR components for reactions usi@pTacgpolymerase

Reagent(Stock concentration) Volume for o n readtion
Genomic DNA 3.0> ¢

Forward primed mn > a0 3.0>f

WSOSNES LINAYSNI 6mn  3.0>f¢

DMSO 25> §

GoTacgreen buffer 5.0> ¢

dNTP mixture (10 mM each dNTP) 1.0> f

MgCt (25 mM) 40> f

GoTad.)2f @ YSNI &S 6 p dzy 025> f

ddHO (to a final volume of 56
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2.6.1.4 Deletion by splice avlapextension
For the marketless inframe deletion of genes, it was necessary to generate PCR fragments containing

a deleted version of the gene with homology either side to allow allelic replacement.

In practice, two DNA fragments were first created; thstfif NI 3 Y)Svglsiconiposed of ~50p
sequenceupstream of the start codon and ~1& downstream, the forward primer contained a

restriction site to allow its cloning into the plasmid pEX1®he® ¢ KS &SO02y R FTNI 3YSyi
contained ~1%p upsteam of the stop codon and ~5@@ downstream. The primers were designed

so that the primer pairs annealing to the region within the gene added a region complementary to

each other. This meant that when the shorter fragments were wsedemplates for thirdk°CRan

amplicon(¥ NI 3 Y) &g5producedwith the middle portion of the gene deleted. It was important

that the primers were designed so that the deletion waframe to minimise polar effects. For a more

comprehensive guide, séeleckman & Pease 2007)

2.6.2 PCR purification
For the removal of contaminating enzymes and other molecules such as dNTPs and primé&sifrom
samples followingechniquesuch as PCR or restriction digestitthe GeneJET PCR purification kit

(Thermo) was used as per manufacturers instruction.

2.6.3 Agarose gel electrophoresis

For the separation of DNA molecules based on their size and for rough estimation of DNA
concentration, agarose gel electrophoresis was performed. To prepare gels, between 0.8 gimal 1.2

of agarose (Fisher Scientific) was dissolved in TAE 606 M Tis, 0.1142% (v/v) acetic ac®l001

M EDTApy boiling in a microwave oven. Volumes of gels varied between 50 anthR@E&pending

on number of samples. After dissolving the agarose, the volume of the solution was returned to the
desired volume with digted water to compensate for evaporation and allowed to cool to roughly
55°Cbefore pouring into a cast and adding a suitable comb. For gel extraction of DNA, larger wells
accommodating greater sample volumes were used. The gel was left at room temgei@tdr hour

to set before the comb was removed and the gel transferred to an electrophoresis tank with the wells
positioned at the cathode end. The gel was covered with TAE buffer. Typically, 12 ¥ gel- 5b!
loading dye Thermg was mixed with 5 t saZnple before lading into wells. Suitable DNadders

were run with a volume recommended by the manufacturer.

The gel waglectrophoresedat a voltage dependent on gel size {820V were normally used) until
the bromophenol blue dye front was approximite2 cm from the end of the gel. The gel was
transferred to a suitable container and covered in ethidium bromide staining solutior>(@% Y f 0 ©®

Staining was performed by gentle shaking on an orbital shaker f@02@inutes before rinsing the
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gel with wate. DNA was visualised using a UV transilluminator and images captured ndtidp&s

290 imaging systertKodah.

2.6.4 DNA Extraction fromgarose Gels

When PCRgave rise to a background of incorrect bands/smears, or different sized DNA fragments
needed to beseparated, gel extraction was performed. The entire sample was loaded into an agarose

gel with wells large enough to accommodate it. The DNA was electrophoresed and the desired DNA
fragment(visualised using a UV transilluminatercised from the gel with scalpeafter staining with

ethidium bromide. The excised gel slice was transferred to a sterile microcentrifuge tube, weighed

FYR | @2fdzyS 2F o0dzZFFSNIv-wm O6vAI3ISYyoO SldaAgdrt Syl
agarose in the gel sliogas dissolved by incubation at ®Dfor 10 minutes to release immobilised

DNA. DNA was then extracted using the PCR purification méseation2.6.2).

2.6.5 Restriction digestion
wWSAGNROGAZ2Y Syl eyvyS RAISaldA2y 2F 5b!  dgRromegh)S NIF 2 NY
instructions inavolume of 589t ® t NA2NJ (2 dzaS Ay R2g4yaidNBFY | LILX

was purifiedoy PCR purificatio(section2.6.Zrror! Reference source not foungd.

2.6.6 Ligation

Lication of digested DNA was performed ir@dume of30> fising aoughly3:1 molar inserto vector

ratio judged by band intensity on an agarose gel. T4 DNA ligase (Promega) was used overnight as
YI ydzF I OG dzZNENRAa Ay adNHzOG A gayfch of DIEA2fidgm¥rdsanto a ingadized y OS &
plasmid, a vector control containing no ligase enzymas included. This vector control allowed the
assessient ofthe efficiency of digestiorAligation control containing no insert DNyas also included

to accour for the occurrence of seligation of the plasmidvhich could occur if one of the enzymes

had not cut effectively These controls aided assessment of how many colonies to screen after

transformation.

2.6.7 Nucleotide sequencing
To check the integrity of thBNA cloned into plasmids, constructs were sent for sequence analysis at

the University of Sheffield core sequencing facility.

2.7 Transfer of DNA into bteria

2.7.1 Preparation of competent cells
Escherichia cotiells were prepared to allow them to take up geioehaterial using Hanahans method

(Hanahan 1983)A single colony of thE. colistrain being prepared was grown overnight and used to
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inoculate 50ml of appropriate media. The culture was growrB@C with shaking to an@y0.3-0.5

and placed on ice for 15 minutes before centrifuging at 4009 for 10 minutes at 1. The
supernatant was discarded and cells were gently resuspended iinl ©® RF1 before placing on ice
for 30 minutes. The cellgere centrifuged again at 400Qy for 10 minutes at% and the supernatant
was discarded before the addition ofdl of RF2 solution and gentle resuspension. The cell suspension
was placed on ice for 15 minuteadaliquots of 200400> f ¢ S NB  to NicrgcanifigehiBeR.

Competent cells could be used immediately or stored indefinite3@IC.

RF1
- 100 mM KCI
- 61.1 mM MnGCl
- 30 MM CHCQK
- 10 mM CaGl
- 15% (w/v) glycerol

Thecomponentswere dissolved in distilled water before adjusting the @Hbt8 with 0.2 M acetic
acid. The solution watter sterilisedthrougha0.22 Y YSYOo NI yS Ayid2 | aGdSNARES
then stored at 4C.

RF2
Solution RF2 was prepared fresh by adding'@l.2f Solution A to 9.&l of solution B.

Solution A:
- 0.5 M MOPS @norpholinepopanesulfonic acid)

MOPS was dissolvad distilled water before the pH was adjusted to 8filter sterilisedthrough a
022>Y YSYoONIryS IR &ad2NBR |G n

Solution B:
- 10mM KCI
- 75 mM CacCl2
- 15% (w/v) glycerol

Thecomponents were dissolved in distilledater, filter sterilised througha0.22 Y YSYOo N} yS | yF
stored at 4C.

2.7.2 Transformation
E. colcompetent cells were thawed onice anddf 2 F LJ | & YA R 5hofthedigat®rNd € A 3

reaction was used) was aed to a micreentrifuge tube placedonic&00>t 2 F O2YLISGSy G O
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addedto the microcentrifuge tube containing the plasnaddthis mixture was then left on ice for 30

minutes, and agitated by flicking the tube every 5 minutes.

Transformation mitures were transferred to a 42 water bath for 2 minutes 30 seconds to heat
shockthen returned to ice for 5 minutesTo allow the expressionf antibiotic resistance genes prior
to plating on selective agat,ml of LB or BHI broth (IST broth if usingiethoprim resisance as the
selectable markerjvas addedto the transformation mixtures whickvere incubated at 3%C for 1
hour. 100> f thétansformation mixture was thespreadonto an appropriate agar plate to select

for transformantE. colicellswhich contained the plasmid.

2.7.3 Conjugation

Bacterial conjugation was used routinely to introduce plasmid DNA htehailandensis To
accomplish thisthe E. coliO2 y2dza I f R2 y 2 NJ wasiusdd Xhs Straiphasvtire ssefLIA ND =
transmissible plasmidARl integrated into the chromosome. Separate overnight cultures ahiLof

each of the donor and the recipient cells were prepared. Cells were harvested by transfemiraf 1

each culture to microcentrifuge tubes and centrifuging at 13,000 x g for 5tesinlihe supernatant

was discarded angelleted cells were washed by resuspension imiLof 0.85% (w/v) saline and-+e
centrifuging to remove any antibiotics/debris that might hinder the growth of either cell type. The

cells were centrifuged again at 13®fg for 5 minutes before the supernatant was discarded and the

pellets resuspended in 100t 2 F ndy p: 66k B0 alfAySo

Donor and recipient cellsuspendedn saline6 Hp >t 2 F S| GiMnicrocer8riiiBe tubeR RS R
and mixed by tapping the tubed 25mm circularnitrocellulose filter membrane with a pore size of

045>Y gl & LI I OSR 2y | v dddck@eSadar plawhwihksterdeSobcaps. Thael O/ 2 Y
cell suspensions were therarefully pipetted onto the membrane. The plates with the inoculated
nitrocellulose filters were then placed in the incubator at@G7or 8 hours before the cells were

recovered. This was achieved by transfegrihe nitrocellulose filter to 4nl of 0.85% saline in a 25l

universal tube followed by thorough vortexing. Flkiell suspension was then plated out. For transfer

of suicide vectors, 108 f 2 F dzy RAf dzi SR OSf f & dzavhsplafedl Aug Wheh & ¢ St f
aplasmid capable of replication inside the host strain was delivarediluted, 1 in 10, 1 ind0 and

1 in 1,000 dilutions were plated out.

2.7.4 Deletion of genes iBurkholderia thailandensig allelic replacement

For the generation of deletion mutants the method Bérrett et al. (2008yvas employed using the
pPEX18TgpheSplasmid. This system utilises a mutgiiteSgene under control of a strong prwter
which, when introduced intoBurkholderiaspecies, causes cell death in the presence of p

chlorophenylalanine (cPhe). By using the trimethoprim resistance gene as positive selection for
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incorporation of the plasmid into the chromosome, a second recombination event can subsequently

be selected by growth on plates containing cPhe.

Once the deleted gene had been cloned into pEX487g5(see sectior?.6.1.4 the plasmid was used

to transform anE. colistrain encoding the RP4 transfer functions for delivery iBtorkholderia
thailandensidy conjugation. Single recombinants that weesistant to trimethoprim were selected

for and purified by streaking on trimethoprim containing plates. Single colonies were then streaked
on the same medium containing 0.1%/v) cPhe to select for a second crossover event, resulting in
the loss of the @smid along with the wild type or deletion allele. Genomic DNA was prepared from a
single colony growing on the cPhe plate and the deletion was confirmed by PCR with primers flanking

the original cloned region.

2.8 Protein echniques

2.8.1 Overexpression of protes from plasmids containing T7 RNA#pendent pomoters

A single colony of arE coli strain 6 . [ H M 6 enéofirg tbacteriophage T7 RNA polymerase
harbouring a plasmid containing the gene of interest located downstream of a T7-éRpaRdent
promoter was moculated into 10ml of BHI broth containing the appropriate antibiotic. This culture
was grown overnight at 3C with aeration and used to inoculate fresh antibiotic containing medium

at a dilution of 1 in 100. The culture was incubated &CWith shakig until the Ol reached 0.5,

at which point IPTG was added to a final concentrationmoMLand the culture incubated for a further

3 hours. Protein over production was assessed by comparing samples taken before and after induction
which were adjustedd the same number of cells based on theirsgprior to centrifugation at 13,000

X g. After the supernatant was discarded the pellet was resuspended inf50 2L&emmli sample

buffer beforeanalysis by SBIFAGE

2.8.2 Puification of soluble l$-taggedProteins by IMAC

Cells were harvested by centrifugation at 4,6a9for 30 mins at %C. The supernatant was discarded
and the cell pellet resuspended in 0.5 volumes of wash buatiataining25mM TrisHCI (pH 7.5), 150
mM NaCl an® mM EDTAThe celbuspension was centrifuged again at 4,008 the supernatant
discarded and the cell pellet stored-20°C overnight to aid lysis. To complete cell lysis, the pellet was
resuspended on ice in lysis bufiesntaining 50mM TrigiCl (pH 8.0), 2mM EDTA, 2@@rlaCl, and
5% glycerol. The volume of lysis buffer used was equivalent to 5 ml aer gf cell pellet. This
suspension was subjected to repeated rounds of sonication at 15% power using a miRootijgls of
sonication wereseparated by three minute intgals on ice to prevenoverheating which could

denatureproteins. The number of times a sample was sonicated was determined by the viscosity of
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the solution. Following sonication, the lysate was clarified by centrifugation at 3% @d@r 30

minutes at 4C. The cleared lysate containing soluble proteins was subsequently used for IMAC.

To purify proteins which had been engineered to contain a polyhistidine tag, a idekpélarose
column was used. Before use, anl HisTrap (GE Healthcare) column was gteg and recharged.
The first step involved washing witm@ of ddHO before stripping with Bnl of 50mM EDTA (pH 8.0)
to remove the nickel followed by a second water wash step. The column was then washedmntith 5
of 500mM guanidinium hydrochloride toehature and remove any residual proteins followed by
another water wash. To replace the nickelmb of 100mM NiC} was passed through the column
before a final water wash step was performed. Columns were stored in 20% etharfal #itley

were not to be used immediately.

Prior to loading the protektontaining sample, the column was equilibrated imbof lysis buffer
containing 10mM imidazole. The cleared bacterial lysate was then passed through=a¥.2 & & NA y 3 S
driven filter before applying to theolumn. The flowthrough, containing proteins that did not bind to

the column was collectedo analyse the binding efficiencifhe column was then connected to an

AKT Apurifier system (GE Healthcare) which had been washed with ethanol and equilibvitethe

lysis buffer containing 1M imidazole. The column was washed withmdloof lysis buffer containing

10mM imidazole to remove residual unbound proteins, this was also collected. Taddisd protein

was eluted bygradually increasing the concentien of imidazole from 10 mM to 500 mM over a

volume of 30ml. 1 ml fractions were collected and proteins visualised by-BBSENd staining with

Coomassie blue

2.8.3 TCA pecipitation ofB. thailandensisulture sipernatants

To collect extracellular proteins, the trichloroacetic precipitation method was utilised. Overnight
cultures ofB. thailandensisvere used to seed 28I of M9 minimal medium containing 0.5% glycerol

and 0.5% casamino acids to anggbDf 0.01 or 0.05. Ifhe cultures were glutathione induced, reduced
glutathione (Sigma) was added from a filter sterilised stock at 100 mM in water to give a final
O2yOSy (NI GA2Y 2F nwnn >ad hyos GKS RSAANBR 2L 4AOI
were centrifuged at 3,900 x g for 20 minutes &G The supernatant was collected and filter sterilised
GKNRdzZAK | n®HH >Y LE2NB a&8NAYy3IS FAEGSNI dzyAd oarff
O2yOSYyUuNY GA2Y 2F wnn >3k YT . 1D0YoRW/VA TCO (Htetmd)wssaddedy A OS
to the supernatants to give a concentration of 10% (v/v) TCA and the mixture frozen overnight at

20°C. The supernatants were thawed and centrifuged at 3,900 x g for one ho®(€ .atHe resulting
supernatant was discaedl and the pellet washed by resuspension ml3ce cold 100% acetone and

incubated at-20°C for one hour prior to centrifuging at 3,900 x g for one hour and removing the
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supernatant. This wash was repeated and the pellet was allowed to dry for one leforeb

resuspending in 6 M urea containing 25 mM ammonium bicarbonate.

2.8.4 SDS polyacrylamide gdéetrophoresis (SDBAGE)

Gels for Sodium Dodecyl Sulphate Polyacrylamide Gel ElectrophoresiBASEY were prepared
according to the recipes beloiw Table2.8. The resolving gel was prepared first and carefully poured
between two glass plates in a mipioteanll (BicRad) gel casting systerfihe volume offesolving gel

used was appropriate to leave sufficient space for the stacking gel and cat@moBwas added to

the surfaceof the resolving getb remove any bubbles and kedpe surface level, the gel waiowed

to set for 30 minutes. After the gel haet, the surface was rinsed wittlistilledwater and dried using

a small piece of tissue. The stacking gel was added, the comb placed in and the gel was allowed to set

for 30 minutes. If not used immediately gels were stored in tissue soaked in runrfieg &u4°C

Samples to be analysed on the gel were mixed 1:1 with 2 x Laemmli sample buffenNILZ€is 4%

(w/v) sodium dodecyl sulphate, 20% (v/v) glycerol, 10% (WAmercaptoethanol 0.004%6 (w/v)
bromophenol blugoH 6.8 and incubated in a hedock at 100C for 10 minutes and then centrifuged

at 13,000 x g for 10 minutes prior to loadiMyhen ready, the gaunningapparatus was assembled

and the comb removed. The gel tank was filled with running buffer and samples were loaded using gel
loading tips. The gel waslectrophoresedat 100V until the blue dye in the Laemmli sample buffer
migrated through the stacking gel, at which point the voltage was increased t¥.1@0ce the dye

front had reached the bottom of the gel, the gel was removedrfritne glass plates and stained in
Coomassie blue staining solution (0.1% Coomassie brilliant bA%¥ R50% methanol, 10% glacial
acetic acid) for one hour. Destain solution (40% methanol, 10% glacial acetic acid) was added and

replaced every 20 minutestil protein bands were visible.
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Table2.8 SDSPolyacrylamide gel ingredients

Volume (ml)

Component 10% Resolving 12% Resolving 15% Resolving| 5% Stacking

Gel (x4) Gel (x4) Gel (x4) Gel (x4)
ddH:O 9.6 8.6 7.1 6.3
40%acrylamide: bis 5 6 7.5 1.25
acrylamide37.5:1
1.5M TrisHGQ (pH 8.8) 5 =
1 M Tris-HCI(pH 6.8) - 1.25
10%(w/v) SDS 0.2 0.1
10%(w/v) ammonium 0.2 0.1
persulfate
TEMED 0.01 0.005

2.8.5 Western Blotting

Samples were electrophoresed as above, but before staining the proteins were transferred to
Polyvinylidene fluoridéPVDF) membranes. Proteins were transferred for one hour at 100 V using a
Mini TransBlot cell (BieRad) filled with ice cold transfer buffeontaining 25 mM Tris, 190 mM glycine
and 20% methanol adjusted to pH 8.3. After transfer membranes were blocked for one hounin 20
5% (w/v) milk powder (Marvel) in TBS containing 0.1% (v/v) T\R84ABS). Primary antibody was
diluted between 1 in000 and 1 in 5000 in 5% milk in TB&nd the membranes incubated overnight

in a 50ml centrifuge tube on a roller at°€. Membranes were washed three times withfROTBST
before the addition of horseradish peroxidase conjugated secondary antibodyispedifie species

the primary antibody was raised in at a dilution of between 1 in 5000 and 1 in 10,000 in 5% milk in
TBST. Membranes were incubated for one hour at room temperature inma entrifuge tube on a

roller before washing three times with TB&nd once with TBS. EELL (Biological Industries) was
added to the membrane and emitted light was detected using a ChemiDoc XRS+ imaging system (Bio
Rad) and analysis performed using Image Lab softwareR@i). Blots were stripped of primary and
seconary antibodies by the addition of 20 ml Restore PLUS western blot stripping buffer (Thermo)

before blocking and staining again. Antibodies are showreite 2.9
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Tale 2.9 Antibodies used in this work

Antibody Epitope Animal raised in Source
Anti-TssDB5 B.t TssB5 Rat (antiserum) This study
Anti-w b ! t W & dzo &EARNAR T Mouse (IgG1, monoclonal) Biolegend

Anti-FLAG FLAG epitope Mouse (IgG1 monoclonal) Sigma

Anti-Rat Rat IgG Goat (polyclonal, HRP BioLegend
conjugate)

Anti-Mouse Mouse IgG Rabbit (polyclonal, HRP = Thermo
conjugate)

Anti-BCAL0343 B. cenocepaciBCAL0343 Rat (antiserum) (Spiewak 2016)

2.8.6 In-Gel Trypsin digestion for mass spectrometry

The solutions used in this section are describetliahle2.10. Protein samples were electrophoresed

and stained with Coomassie blue as describeskeition2.8.4 The staining and destaining of the gel
was performed in a sterile plastic container using freshly prepared solutions to avoid protein
contaminants. After the desired staining intensity was achieved, the gel was rinsed wit® datid
placed on a sterilelpstic surface. A sterile scalpel blade was used to excise each lane from the gel and

each lane was cut into 12 horizontal strips (cut perpendicular to the resolving direction of the gel)

To remove the Coomassie blue stain, each gel slice was transteged I W[ 2. AYRQ YA ONER O
O9LIISYR2NFOU F2tfft286SR o6& GKS | RRA G RRfyr 3@nfinutesn n = > f
¢CKS fAljdZAR gFa NBY2OSR FTNRY GKS (GdzoS I'yR RAAO0OINR
1 and incubation aB7°C for 30 minutes. The previous step was repeated once more and the liquid
RAAOINRSR® Hnann >t 2F {2fdziAz2y p &I°Gfol3RMRIKMRS. (12 §KS

The liquid was discarded and the remaining gel pieces were dried in a vacagent@ator.

Hnn >f 2F wSRdAzOGA2Y 0dzFFSNI 61 & | RRZRorédacethe OK 3I S
proteins, thereby breaking any disulphide bonds in the protein. After almng incubation, the tubes

were briefly centrifuged to collect adif the liquid, which was then removed. The proteins were
Ff18fFGSR 08 GKS FTRRAGAZ2Y 2F wnn >t 2F tl1etlda
room temperature away from light. This irreversibly modifies the cysteine residues so they can no

longer form disulphide bonds. The tubes were briefly centrifuged to collect all of the.liquid

¢2 ¢lakKz wnn >t 2F {2fdziA2y Hw 6l & | RRSR (G2 SI OF
minutes. The tubes were briefly centrifuged and the liquid removEds wash step was repeated
G6A0S Y2NBP ¢KS ISt LIASOSa 6SNB 4 aKSR 2y 0SS Y21
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incubated at 37C for 15 minutes. The tubes were briefly centrifuged and the liquid was discarded

before the gel pieces were dried énvacuum concentrator.

¢2 RA3ISalG LINRGSAya Ay (GKS 23St atAoSaz pn >t 27
4dz0 YSNHSR o6& (KS FTRRAGAZ2Y 27F pn >eCfd shans.Nigey n |y
tubes were briefly centrifged to collect all of the liquid (which contained the digested peptides) which

gl a adzoaSlidSyate GNIyYyaFSNNBR G2 + ySg 26 0AYR
tubes containing thegel slicesvere incubated at 37 T2 NJ mn Yok SobtioiSGiwas then > f
added to the tubes which were mixed prior to incubation a@7or 10 minutes. The tubes were
centrifuged and the liquid was transferred to the new low bind tubes containing the digested peptides.

'3 AYI wn >f 2dadtofthe tubded doafhingthedyél piecds RiRch were incubated at

3?/ F2NJ mn YAydziSa F2tt26SR o6& (KS | RRAMARY 27F |
minutes. The tubes containing the gel pieces were briefly centrifuged and the liquid watetrad

to the tubes containing the digested peptides.

pn >t 2F {2fdziAz2y T 6Fa FRRSR (2 GKS 0edda O2yi
minutes. The liquid (containing the remaining peptides) was collected by centrifugation and
transferred to the tubes containing the rest of the digested peptides, the gel pieces were discarded.

The tubes containing the digested peptides were placed in the vacuum concentrator to evaporate the

liquid. The dry digested peptides were then submitted to TrongaKRham at the University of

Sheffield Chemical and Biological Engineering department who performed the mass spectrometry

analysis of the samples.

Table2.10 Solutions used for irgel trypsin digestion

Solution Components

Solution 1 200 mM ammonium bicarbonate (AmB), 40% (v/v) acetonitrile (MeC
Solution 2 50 mM AmB

Solution 3 50 mM AmB, 50% (v/v) MeCN

Solution 4 40 mM AmB, 10% (v/v) MeCN

Solution 5 100% MeCN

Solution 6 5% (v/v) formic acid

Solution 7 50% (v/v) MeCN, 5% (v/v) formic acid

Reduction buffef 10 mMdithiothreitol (DT, 50mM AmB
Alkylation buffer* = 55 mM iodoacetamide, 50 mM AmB
Trypsin solutio® 36 mM AmB, 0.1 mM HCI 9% (vMeCN, 20> 3k Yt G NE LJA A

aFreshly prepared on the day of use
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2.9 Infection &says

2.9.1 Multinucleate giant cell formationsaay

To assess to ability &ft strains toinduce the formation ofmultinucleated giant cells (MNGCs), single
bacterial colonies were used to inoculate overnighltunes in LB. 24 well plates were seeded with
RAW 264.7 cells at a density of 2 X délls/ml 16 to 24 hours before infecting. On the day of infection

1 ml of the overnight culture was transferred to a microcentrifuge tube and cells colleoyed
centrifugation at 20,000 x gThe supernatant was discardeddathe pellet resuspended in fl
phosphate buffered saline (PBS) before the centrifugation was repeated and the pellet resuspended
in another ImI PBS. The optical density of the bacterial solutions@béWas measured and used to
adjust the Oy to 0.4 in PBS. An appropriate volume of this solution was then used to inoculate
DMEM containing 10% FCS to 2 XcIs/ml. Culture medium was removed from the wells of the 24
well placed and replaced withriil of the bacterial suspension in DMEM. After two hours the medium

in the wells was removed and washed three times with PBS before the additiombbflculture
medium supplemented with 256 3 & Rénamycin to kill extracellular bacteria. 16 hours attes

initial infection the culture medium was removed and wells washed three times with PBS before fixing
with 300> bf 100% ethanol for 30 minutes. The ethanol was then removed and the well left to dry
for half an hour. Cells were stained with 38I0of undiluted Giemsa solution (Sigma) for 5 minutes
before the stain was removed and the wells gently rinsed with tap water until the desired staining

intensity was achieved. Images of the wells were collected using a Leica DMI4000B microscope.

Nuclei within gant cells (as defined as having three or more nuclei within a single cell) and total nuclei
per field of view were counted usitgK@S Wt O2dzy G SN (22t Ay LYIF3ISW &=z
within giant cells was divided by the total number of nualed multiplied by 100 to give a percentage

fusion index.

2.9.2 Intracellular eplicationassay

To assess the ability of that strains to invade and replicate within RAW cells, overnight cultures were

used to infect mammalian cells growing in 24 well plateslas/e. At specified time points following

the addition of medium containing 250 3 &k K&namycin, medium was removed and the wells washed

three times with PBS before the mammalian cells were lysed irb260 M’:  -CORISigraay. The

lysates containing®. thailandensisvere serially diluted in LB and 20f 2 F RAf ddbAR® y & T NP
were pipetted onto LB plates and grown at@7until colonies could be counted and used to calculate

the colony forming units per well.
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2.10 Interaction @says

2.10.1 Coimmunoprecpitation

Overnight cultures dB. thailandensiexpressing FLAtagged bait proteins were grown in M9 minimal
medium containing 0.5%v/v) glycerol and 0.5%w/v) casamino acids and used to inoculate an@5
culture in the same medium to a starting €&of 0.05. The culture was grown to an éd»f ~1.0
before the centrifuging at 3,900gfor 10 minutes at 4C and the resulting supernatant discarded. The
cell pellet was gently resuspended imbTris Buffered Saline (TBSYdre centrifugation at 3,90@ g

for 10 minutes at 4C, the supernatant was discarded and the pellet froze2@Cto assist lysisThe
pellet was resuspended in 2rBl of lysis buffercontaining50 mM Tris pH 7.4, 150M NaCl, InM
EDTA, 1%v/v) Triton-X100 and 206 3 kIyozymeand incubated on an orbital shaker for 30 mins at
room temperature. The lysate was then placed on ice and phenylmethanesulfonyl fluoride (RPA4SF)
added to a concentration of 58 3 K béfore ten rounds of sonication in 30 second bursts. Insoluble
material was removedby centrifugation at 22,000 x fpr 10 minutes at 4C and the soluble
supernatant collectedTo wash the binding mediurth,ml of TBS was added to 50of ANTIFLAG M2
affinity gel (Sigma) in a microcentrifuge tube which was gently ntiedore centrifuging at 5000 x g
for 30 s at £C to collect theaffinity gelat the bottom. The gpernatant was removed carefully to
prevent the beads being disturbed and the process repeated twice mare.of soluble lysate was
added to the washed beadsd incubated for 2 hours af@ with inversion. After binding the niixe
was centrifuged at 5000 xfgr 30s at £C and the supernatant removed. The beads were washed four
times before bound proteins were eluted either by the addition obbRx Laemmilbuffer and boiling
for 10 minutes or by the addition of 581 TBS containing 158 3 k MLAG peptide (Sigma) and
incubating at 4Cfor 30 minutes with inversion followed lpentrifugation at 5000 x dor 30s at £C
and thecareful collection of eluted teins Eluted proteins were analysed BDSPAGEwestern

blotting or mass spectroscopy

2.10.2 Bacterial adenylate cyclase tMagbrid assay

The bacterial adenylate cyclase two hybrid (BACTH) assay utilises the catalytic doBwaitetd|la
pertussisadenylate cyclase (CyaA) which catalyses the conversion of adenosine triphosphate (ATP) to
cyclic adenosine monophosphate (CAMP). cAMP binds to the catabolite activator protein (CAP) which
in turn binds to the cAMIZAP promoter. The CyaA protein is compbsitwo domains, T25 and T18.

In the BACTH assay, BncolicyaAmutant is used and the two domains are added separately, T25 is
fused to a protein of interest by cloning the respective gene into the pKT25 or pKNT25 (both
kanamycin resistant) plasmidshike T18 is fused to a protein of interest by cloning the respective

gene into the pUT18 or pUT18C (both ampicillin resistant) vectors. When there is no interaction
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between the proteins being tested, the T25 and T18 fragments are not brought into clogenjtyo

and therefore there is no cAMP production. When the proteins do interact, they bring their fused T25
and T18 domains into close proximity, making a functional adenylate cyclase which results in an
increase in intracellular cCAMP levels. cCAMP bindSA® which in turn induces the genes downstream

of a cCAMPCAP promoter, in BTH101 cells this promoter is upstream of the maltose operon. Therefore,
when intracellular cAMP levels are high, the maltose operon is expressed and the cells can ferment
maltose,which produces an acidic end product. This means that when these cells are grown on agar
containing maltose and a pH indicator, such as MacConkey agar containing maltose, a red/pink colony
colour indicates a protein interaction. However, when there isteraction the levels of intracellular

cAMP remain low, resulting in no maltose fermentation and amdfite/brown colony colour.

To investigate specific protejprotein interactionsE. coliBTH101 cells were transformed with two
plasmids, one encoding 825 fusion protein and another encoding a T18 fusion protein (i.e. a
combination of pKT25/pKNT25 and pUT18/pUT18C) and spread on MacConkey agar base (Difco)
LX F0Sa O2ydFAyAy3a mM: 06k@0 YIfG2aSs mnn >3k Yt
incubated at 30C and the colour of the colonies growing on the plate was assessed after three nights
FYR FAGS yAIKGAQ AyOdzmlt A2y o
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Chapter 3Bioinformatic analysis of the
B. thailandensis tagenes and their

protein products
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3.1 Introduction

To date, much of the research conducted on bacterial type VI secretion systems has focussed on the
WO2NBQ LINE G S A tgsh® geSes, WRidR &r& prasant iniai f8nctional T6SSs. Considerable
effort has also beeimvested in identifying and characterising the effector proteins secreted by these
systems. In addition to Tssl, which itself can contain a varietytefn@nal effector domains, a wide

range of secreted effector proteins have been identified (althougDTis secreted, it is not normally

considered an effector).

G GKS 2dziaSié 2F (GKA&A 62N)] GKSNB gl a tAYALGSR
3 Sy &gsxpf tlieB.pT6SS. Homologues ahgA-5, tagB5, tagG5 andtagD-5, are associated with

a number of T6SSs in a variety of species, but are not present in all systems. As shigureBil,

the tag genes are not alwgs present together. In the absence of direct experimental evidence,
bioinformatic analysis offers a potent tool in the prediction of protein function. Therefore, a
bioinformatics approach was employed to gain information as to the nature and possiblef thie

Tag proteins.

3.2 Geneticorganisation

Thetag genes are always located downstream da$sl ORF suggesting they might betcanscribed.

It is not uncommon for genes located immediately downstreartssifgenes in T6SS gene clusters (as
well as thoseencoded downstream dfsslgenes present outside of T6SS gene clusters) to encode
secreted effector proteins. As indicatedigure3.1, when thetag genes are found in a T6SS gene
cluster, all four of them are present, or jusagAandtagD.When all four of théag genes are present,
tagA encodes a protein which contains an extended pentapeptide repeat domain which is absent
when onlytagAandtagDare in the gene clustetagDgenes also encode TagD proteins which possess
a variety of effector domains when they are present alongsad alone. In contrast, of théagD
genes found alongside all foteg genes, only theBordetella bronchiseptica tagfene encodes a
protein with an effector domain. ThB.t (andB.pandB.m) T6S$ gene cluster contains all fotag
genes(seeFigurel.3 for the fullB.t T6SS gene cluster)

3.3 TagA5

The first T6S&ssociated gene in the T6S5$ene clustertagA-5 (BTH_II086R is found immediately
downstream otsst5. This encodes the 91.Dla protein, Tagh.
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TagMBD

Burkholderia thailandensis E264 (T6SS-5)

0859 0861 BTH_l10863
(ragD-5) (tagB-5) (tssl-5)
0860 0862
(tagC-5) (tagA-5)

Burkholderia pseudomallei K96243 (T6SS-3)

0185 0183 BPSS0181
(ragD-3) (tagB-3) (tssl-3)
184 0182
(tagC-3) (tagA-3)

Burkholderia thailandensis E264 (T6SS-4)

1889 1891 1893
(tagD-4) (tagB-4) (tss)-4b)
1890 1892
tagC-4 (tagA-4) BTH_l11894
(tagC-4) (tssi-4a)

Yersinia pseudotuberculosis 1P32953 (T6SS-4)
0652 0650 YPTB0648

0651 0649

Azotobacter vinelandii DJ
26550 26570 26590

26560 26580 Avin_26600

Bordetella Bronchiseptica RB50

BB0806 BB0797 BB0795 BB0793
(O
BB0798 BB0796 BB0794

Serratia marcescens subsp. marcescens Db11

2250 2248 2245

2249 2247 2246 SMDB11_2244

Leptospirillum ferrooxidans C2-3

2285 2283 2281

2284 2282 LFE_2280

TagA&®

Pseudomonas aeruginosa PAO1 (H1-T6SS)
PA0099 PA0097 PA0095

PA0100 PA0098 PA0096

Escherichia coli UTI89
C0254

C0255 UTI89_C0253

Vibrio parahaemolyticus RIMD 2210633
VP1399 VP1397 VP1395

VP1415 VP1398 VP1396 VP1394

Burkholderia cenocepacia J2315
BCAL1296 BCAL1294

BCAL1295

Agrobacterium fabrum C58
2639 3641
3638 3640 Atu3642
Rhizobium leguminosarum 3841
120483 120481

120484 120482 pRL120480

m m Z O O

tssi DUF2169 Pentapeptide DUF4150 DUF4150
(tagA) repeats (tagB) (tagC) (tagD)

N E N B

Peptidase Nuclease Lipase antitoxin

Figure3.1tag genes in T6SS gene clusters

Schematic diagram illustrating selecteadsttag
gene clusters within T6SS gene clusters. The
are separated according to whether they con
tagA, tagB, tag@ndtagD or justtagAandtagD.
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3.3.1 TagA proteins iBurkholderia pseudomaligioup members

Including TagA there are twotagA genes present in thd3.t E264 genome, the other kagA4
(encoded byBTH_ 111892 found within the T6S8& gene clusterB.pand B.m, however, possess an
additionaltagAgene fagA-3, BPSS0182 B.pand BMAA1900 iB.m) whichis found with the T6SS
genecluster of these bacteridhis gene cluster is not presentliht. B.t TagAb shares 76.7% sequence
identity with B.p TagA5 (encoded byBPSS15Q4and 76.3% sequence identity with.m TagAS
(encoded byBMAAO0738,, also known as TsdpandB.mshare 99%4% identity).

3.3.2 Protein family analysis of TagA

Entering the amino acid sequence of Tdgito the protein BLAST (BLASTp) search engine identifies

a number of protein families and conserved domains. THerMinal end of the protein contains a

DUF2169 doma, while the Germinus contains a series of pentapeptide repedg(re3.2). The

DUF2169 domain is found across the proteobacteria and its function is not known, but it is only
present in proteins associated with the T6SS. Using the nomenclat&feaddm et al(2007)proteins

whichcori Ay GKS 5! Cumcd NB yI YSRpTHypd I D@ IKAK. LI |
account of the @erminal pentapeptide domain which resembles the TagB protein. | refer to a TagA
LINPGSAY O2y il AyAy3d LISyl LISLIGA R &t dNS(@S. Iharbkburonly |y WS
I 50 CuhmMcd R2YFAYO0 a Iy WryOSadaNIfQ ¢3! @

Pentapeptide repeat sequences are found among both prokaryotes and eukaryotes in numerous
proteins which have a variety of rol€getting et al. 2006)The pentapeptide repeat has a consensus

sequence of [S,T,A,V][D,N][L,F][S,T,R][G]. In the structures of pentapeptide-cep&ining proteins

which have so far been experimentally determinéte repeats form a coiledoil like structure. Each

coil is formed from four faces in which each pentapeptide makes up a face. Pentapeptide repeats
ISy SNI f f-RBelixThwéder the type of turn present in the helix is variable. Each face either
adopid F O2yFAIdzNY GA2Y SKAOK KIFa (GeLJS LL GdzNya | yrF
G LIS L=+ {dzNY StragdKThedoils FtaciNav top of bne another and the pentapeptide

repeats interact with the repeats which are positioned abawne below them. The lumen of the helix

is comprised of hydrdmbic residues which stack onpof each othe(Vetting et al. 2006)

3.3.3 Cellular location of Tag&

The amino acid sequence Bft TagA5 was submitted to the PSORTb search tool which predicted
TagAb is an extracellular protein. This was due to the homology between-Sag@l theSalmonella
typhimurium type three secreted effector PipB2. THEMHMM tool does not identify any
transmembrane helices in the TagAxquence and the SignalP servayed not identify a signal

sequence. A cell fractionation studyYrsinia pestiKIM6+identified an evolved TagA, y3665
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RV eI N AN AN YHENDRT. S TGALACFALRADAPAGPGDLAPEASLWOQVARQWLGEHAPL.DDGLPKPSGEFLVY
GDACAPPGRDRAARAPFAVRARTGAACKE RERENRVASIENNANYR AT PPSHPERSRDLGPFDERWLAARWPHLPAGTR

AEHFHTAPRDORTAGFWRGDEDTIELVNLHADRPATAGALPRVRARCFVERWVGGVARTIDACPMRAETVWLFPGAACGTV
I VAT DDEDGDDVVRVIAGWEHADAPPLPDEAYIGRPAPEDEGSRPALAPAAAPAATADDDARADAGDAADRAPGA
PASAAHAHSPAAPESSAEPPAPDLSALERDAAATAAQTDALLAAAGLTEADVARLLPPRDAPADMTLDELTALAAETLDA
RTAQWOAQYDAAAAERDEASSPASPNSAAAHDASTLADLLRQADAQIRALVDOHGLSRAQMEAAARDRPELAALADALDA
LDAPLDIDALTAGLAAPAGDEAIVEPDAPAGPDRPAGADRPADGAPASMHAAAPSAGDAPPAEPLTREQVIERHARGLG

FAGLDLSG LE RIER‘RL
DETG ASLAD ARFDE LAAA
AEWYG AQLRS SRADASTSFRQ

SLAR DLTH SNLOGHSHRRARLD

SSR

Figure3.2 Amino acid sequencef B.t TagA5

Amino acid sequence of thB.t TagA5 protein. Sequence highlighted in dark blue represents
coverage of the DUF2169 domain. Sequence highlighted in alternating green andigditaies th:
locations of the pentapeptide repeats.

89



(identical to theYersinia pseudotuberculosf® TB0648rotein shown in the alignment iRigure3.3),
in the membrane fraction of cells. However, the authors also detected Tssl in the same fraction even

though it is secretedPieper et al. 2009)

3.3.4 Amino acid sequence alignmemtsTagA homologues

An amino acidsequencealignment was performed with a representative selection of full length
DUF2169 family proteinadluding a number which, likg.t TagA5, contain a @erminal pentapeptide

repeat domain. As shown Figure3.3, the sequences show intermittent regis of homology and few
residues were conserved at a single position in all the sequences. Intere&itighgA>5 is unique in

that it appears to have a gap in its sequence when compared with the other members of the DUF2169
family members. This is coat@nt with the InterPro analysis of tH&t TagA5 amino acid sequence
which predicted that its DUF2169 domain extended from residue 22 to 108 before there was a break
and resumed again from residue 124 to 240. The absence of sequence in this regioroizsatsed

in theB.pandB.mTagA5 proteins (not shown). The role of this region is unclear and the consequence
of its absence (if any) is unknown. TBe cenocepacigrotein included in the alignment (BcTagA,
BCAL1295) contains a unique linker domain which does not show homology with the other sequences

in the alignment.

The @ SNX¥AYIlIEf NBIA2ya 2F (KS WwWS@2ft 3SRQ ¢3! LINRBGSA
Ay GKS FftA3IyYSyYyl 6KAOKSO2YVBDERPSRYRKISHAA PSRy &l
y20 aK2gyo0d ¢KSNBF2NB>X (KS /¢5a 2F GKS WwWS@2f OSRC
WS@2f SRQ ¢ 3! LINR G SA Y &s. AQ ahduinliigyr&R, altiiBighitiere&éJi A RS |
long, nonconserved regions in the sequence, there are several sections which display homology, there
are several blocks of conserved sequence. There are also a number of sites where hydrophobic

residues are conserved at sites across the sequences.

3.3.5 Structure predictiorof TagA5

The secondary structure of TagpAwas predicted using PSIPRED \Bigure3.5). The predicted
seconday structure contains a number of alpha helices and beta sheets in the region corresponding
to DUF2169. There are also a series Ipha helices @erminal to the DUF2169 before there is a
disordered region after residue 486 that is rich in proline residues which could be a linker domain.
Another alpha helix (54%49) is located Merminal to the pentapeptide repeat domain (residue$55
872). The pentapeptide repeats are predicted to be disordered with a few shorsretads, although

this prediction is made with a low confidence.
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[VpTagA 1 - Q" WDIEAYPSIKGRFQRDEEDEVWYVAKRTIQFDGEM---------

EcTagA 1M EKNNTPFPSF--- EK/GRYELLFDV/ATKMSLRIKNGF----------

BcTagA 1 - NEFRNLTHEHA/AF--- NAVDV(ENEIH KAAREEPAQSFDPDGDTHRCVLLYGL
PaTagA 1 - JEFENATHEAAAYN-- QGLDA[ERE IAK [€S=OBPLDG-------

AfTagA 1 - WE QNRIPFPAYAF--- EQ:DAEeGRDCW-\'RAT: THVQDG-------

LRITagA 1 - YD INRPFPA/AF--- [RQ=DANEDLDC RETZVHRQGD-------

[BtTagA-5 1 |- A C--- [TLRFEEIDRMS| GALRC:ABRADAPAGR

LfTagA 1 - G [@W--- [T RRNe- H GTVGPFAT--—- P---ee-

BpTagA-3 1 |- Al|SHET---- RV, 'RMKERE LLIAT@GD---- E--------

AvTagA 1 -E G/MH--- BTHWRHG AlBLATEEE----  S--------

SmmTagA 1 |- SAIH---- EP=SW(EQN LILAD GA----  Se-emmmm-

BbTagA 1 - GlS---- [§P.(RMEERQHEGIA FALATEDE----  Q-------

BtTagA-4 1 |- :H [GQAALAT---- TNTQIG.QPNEG 51"/ GMGREDQR------------

LYpTagA 1 - 2QQV. [EK---- SSQIGHESH G/ MAGCBSKP-------------

[VpTagA 49 -- SEIFDDPQ(L[€EEGFSAIKVD eKIARSYAKK PVTY--- QECIi
EcTagA 47 FQKELS SO= (YEESETSSLKSE e \H PIED- K- SQ-- WKA
BcTagA 57 NAYPLA SD= E€ETGKSSVKW RATIH.PHET- PAAS-- WPA
PaTagA 47 =QQTLLIVD L[E€FIQ.PCER- PVQ®- LTAG
AfTagA 46 EQES QWED/AEEDPHQTVLLRJMITPONEG TP ISFL [€DISPSQE PQKS-- WRAIB
|[RITagA 46 KQED QWED/AD€DPHASPLLRQBIITPERVGTEITFL [N 7"PCEE- PAPS-- WQV|5
[BtTagA -5 48 |[EAS MQ ARQ|L(€- E-—-- \C.PHER- DRAARAPFAVRA
LfTagA 42 QAP | LAAECR E----- YGel - PVET-- RRISY
BpTagA-3 43 |[ESAIRIAGPELR------- KY.S- DPHACACEV
AvTagA 43 ZQE WAL LD=ALD- E-----

SmmTagA 43 |[EPEQ AAFELTLS-----

BbTagA 43 EAD US| AGEALE- E-----

BtTagA-4 43 |[=AA NEALKAA-----

L YpTagA 43 =SQ MQAWKAA----

[VpTagA 103 [

EcTagA 102 |RUNSFS----

BcTagA 113 |RIFDAGTMVIIY

PaTagA 103 RV

AfTagA 102 RV(OMS

|[RITagA 102 RV(ORS

[BtTagA -5 101 |[3 [€AAG----

LfTagA 92Q Yes'R----- G

BpTagA-3 94 GLE G 5

AvTagA 93 2 DDRG---- <&

SmmTagA 94 Q E G ﬁ

BbTagA 93 RYE E @R

BtTagA-4 97E| | DGRKIV-- SCATQ[€FE--------------mmmmo- HER-- G-- GCVRAl DH
LYpTagA 93 -- €SI TR R- W(|-- E€=S------------mmmomo- NKT--- GLVIKLR)S! DH
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[ VpTagA

| YpTagA 123 TQE  EIKGG-----------mmmmo-- iL€REYNDERKPF-----cnennen
[ VpTagA 165  |------- LLEQKES'FYPKEEWSS
EcTagA 175 |- NTSCQYK&®/ | TSSALSENA----------=mm---
BcTagA 217 IPGPLPKIAEIAA 20 [EAWDIFI TSLDVAEHAASGLDARQMKEVVAS
PaTagA 178 |- AEIVGTP 'ATEKL =1 ———
AfTagA 196 |- DT- PPVRARGII TSPEER! D-----nmmmmmmmmmmev
RITagA 196  |---- DQ APVAAR O TLPEEK! Ne-mmmmmmmmmmmmmeeeee
BtTagA -5 118
LfTagA 154  |------- ESPVSENESPLFPTIS ----nnmmmmmmmmmmmee-
BpTagA-3 151 |------- GAPRD[& ' i8Y AHSFYRF----- - mmemmemmev
AvTagA 153  |------- GERWHg EHD (@] =] =] = ——
SmmTagA 154 |------- GRIHR![= EPLQGRAS— ...................
BbTagA 153  |------- VRTRR[g | [BPARGRQR------------------
BtTagA -4 152  |--------mm-mm-- RSFeVGR
L YpTagA 148 |- VIS IG M p ey W———
VpTagA 197 PF E
EcTagA 212RW QK
BcTagA 276 RA T
PaTagA 212 RH Q
R
R

| YpTagA 171 HD

143 TC
EcTagA 141 EL
BcTagA 157 EQ
PaTagA 142 AS
AfTagA 157 TN
RITagA 157 SK
BtTagA-5 116

LfTagA 131 TRS

BpTagA- 3 129 DI

AvTagA 128 RR
SmmTagA 129 R|
BbTagA 128 AH
BtTagA-4 128 R

(R Ha] ][ ————— QY I V(= —
(Vo] ] am— GMEKLVF QRGP e] P—
(TSRVALAQSAKGTSADLELNEV e\VVEKRFLDRATHKSVVASLCA
(SHASP-------- DNPGFMDCY €\WWFPRSADT----------
(TIPGT----—- GDTETDTPADVE GV [Hp] 7 —
(QIPGT------ GDPENETPADVE GIYN[Ha] Y= V—
(D) A — G N p S =) S—
(Y] ——— YR e —

AfTagA 228 PW
RITagA 228 PW

BtTagA-5 129 P$

LfTagA 186 LA
BpTagA- 3 183 A4
AvTagA 186 IDA
SmmTagA 186 IT
BbTagA 185 PL
BtTagA-4 170 C

(< <Y< < < < <

m

0>
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[ VpTagA 250 M | [{SGFCHDTISF----- SKELYRAIATFK-- D-- GSYR/DIA D- AZZKT]
EcTagA 265S | MEGFFKFEQVV-- KT MEEIRPVLI[IKTK-- H- NTSHMFLPV/
J BcTagA 328E | [BANIARPEHTRIEFLRA: B cHaEl VA RFK- S-- GEIVP[IE )
PaTagA 264L | [MLNITGEERAAR---- *RREVPVTFFLK K-- GGIETAQA ﬂ
AfTagA 281 E TLGVHC SR- E-- DRIOSWHY [ :G
[ RITagA 281 Q TLGVRGVG- H- GRIEWYI'S °G
[ BtTagA-5 182 E T

LfTagA 239L
BpTagA- 3 238 E
4 AvTagA 241 EFL
SmmTagA 242 R
BbTagA 240A
BtTagA -4 228 E
L YpTagA 230K

VpTagA 299 S SKEHLI/ST---------- SITKVEEVSEHR------cn-nemenv
EcTagA 316 Y ] V(= — o] | [m—— PE- CIGKKYIG
] BcTagA 383 SAT PAVRVCEARFELDRHAPLUR/PKTTSEPERWQTT----------
PaTagA 314 E =IN] I = =S — AQ/l--- VGSKSBWWRAR ELGKDYPS
AfTagA 332 27V} = iy y— TR/R-- LKAPET- [FA---msmemen
LRITagA 332 EAGETRTL------- TR/Q-- VKATAD- AD---cmenmen
BtTagA -5 236 DEDGDIVR ---------- R N— WEHADAPPLPDEYG
LfTagA 293 TDDASEAS -------- Y [— SA-DPGENRPESRH{LA
BpTagA- 3 290 AFDASD/QT---------- Y =S A=ASGHARPADWRQ
] AvTagA 296 A DEQASDQ Yo-mmemmeno- Y - S AF -AGAAPRGLERJAE
SmmTagA 296 EDDAAIMG---------- Y - S— Al “TEGEPRSTARJRQ
BbTagA 292 DDDGALEL--------- P\ - S— A " AADAPRPLARJEA
BtTagA - 4 280 | LDDSPTM------- [E—— AFK- DDAERIDVDALMK
L YpTagA 282 HLFDERIDT---------- \VA— LE- DSHSLRELENQQ

Figure3.3 Amino acid sequence alignment of TagA proteins

Alignment of TagA proteins performed using Clustal Omega, shadirigrmed usin
2E{KIFIRS® 1 YAy2 | OARa&a GKIG N8 ARSyI
sequences are shown in white font with a black highlight while those that are sin
XprE: 2F OFLasSa NB akKz2gy Ay g Kdgthip®teids avgr
aligned. However only the NTDs (corresponding to DUF2169) are shown (sequenc:
box).! T WIFyOSadaNIfQ ¢ 3! TViiE pardhGamalytichSAR 8D¢
EcTagAE. coliUTI89 C0254 BcTagA,Burkholderia cenocepaci8CAL1295 PaTag/
Pseudomonas aeruginosBA0097 AfTagA,Agrobacterium fabrumAtu3641 RITag/
Rhizobium leguminosarupRL120481BtTagAb, Bt BTH_110862LfTagA, Leptospirillur
ferrooxidans LFE_2282 BpTag/, B.p BPSS0182 AvTagA, Azotobacter vinelani
Avin_26580 SmmTagASerratia marcescens subsp. marcesc8hOB11_2247BbTag/
Bordetella bronchisepticaBB079% BtTagA4, B.t BTH_l11892 YpTagA, Yersinii
pseudotuberculosi§PTB064%Accession numbers of proteins are listed ablel0.1.
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BtCTDTagA- 4 430 S RFDGWKFDDVRFERCTLDRSEW[ENQN--------- HA\ECSHADV
YpCTDTagA 427 ADNKQFRYCMFTGCHHRTKKDCTIEHCQE|QSDF----  ENSRWNNV
LfCTDTagA 587 3 BJISKCDFSESDLIGCDFSEdIO(E---------- SLF(Q

BtCTDTagA-5 558 ARERADLRDARIERTCHeOR eASFI; AR
BbCTDTagA 562 DIIR--------------- eT\\'(ECA
AvCTDTagA 559
BpCTDTagA 3 513
SmmCTDTagA 538

BtCTDTagA-4 480 E-SAWLNEIER ---------- ISL FIZ6RIDDUAVAG--- G
YpCTDTagA 482 AFT CKVEKSTREYEVFKHIQFTDNAIENGL (| NHEDESL----- G
LfCTDTagA 637 iSFQKTVLSGTT/=18L "D DGADLSNI

BtCTDTagA-5 618 ASEHCAHARE :SA| I QLAAIRLDGAHA
BbCTDTagA 607 SSPVLDGIVL\ISA -AS:IIND-- C
AVCTDTagA 604 § QA RNAGSERTFGEIQCWEARH DR HAL (G- |

BpCTDTagA 3 558 SPIAIFEQVHLRE SRFNEVLS---- T
SmmCTDTagA 583 HETNIQQTLFQIEDRIMASLRD-— L

BICTDTagA-4 525 V(05 {cmm— GVRGDVQDVQWNSVSWSEVSAFRNFADLVAI
YpCTDTagA 537 SETHCDQTF NQVIITSC
LfCTDTagA 692 PAARFMREGALSPSSSQSDGQSERFL  FRDV
BtCTDTagA-5 678 TS

BbCTDTagA 662 0T0/\=1 (o) |/— TFWQGTE—  LRETGAANIIA:IT
AVCTDTagA 659 pTe/\V/| (SIo E—— SLHACR----- LSRA=EVAASESA T
BpCTDTagA 3 613 GHATERE - mm- IFIEQS - FSG\E=DRT RILL
SmmCTDTagA 638 Y2 AL [\ — TLMELG---- LEQUF:-HRIID. 'S5
BtCTDTagA-4 572 TVEQCMAKFE| [ILJIDLS]- SVIQRSMIFAVESHG---  TSIN[EERET
YpCTDTagA 542 DGPKA ESTIFKTSRY— $SSVEVRR:HSY  NSLITGLNTN ‘ESHFEC
LICTDTagA 747 gDF% ‘GC(]!PGA o CGPSTEK? KGVFAQSVQFQG SGA
BICTDTagA-5 700 QIATHTRATEAFROCIGAE YGAQAR- AQLRQSERGSRADAISFRAV DFA
BbCTDTagA 705 [FO@ENDEIDEAJRRERRCATQEQCEGAPN A 8CV- QE PHS RS
AVCTDTagA 701 | ESYRERACZE DELYAYRS PDA oY VLGS [EA A=S
BpCTDTagA 3 655 |BAFALYRESARS *IGFGIYUQALQL s NKACFVGRCIGH =V
SmmCTDTagA 680 |/ @RELA NFEERRE-SCAN UET- QSLIGH ARE ABAFAAL P2 NG

BtCTDTagA-4 626 VFISSTIQELRADRVIDHSSFMQLNAQHLHAQEWSELLDAANIMRQLTGTSFDRC
YpCTDTagA 623 SENKIGFLK\NLQSSTFINESL=SCCDIFSRTLI .CDMTAVR ‘NLVHSHWQNT
LfCTDTagA 806 g BCEGENWQHTRSG ;R EAREQ TRIRW V-

BICTDTagA- 5 759 DRAJAHRIAS “TLSL‘RRADLT ADLyjiRA -
BbCTDTagA 764 @ c AN ApD

AVCTDTagA 760 g

BpCTDTagA 3 715
SmmCTDTagA 739

2VJIR Ta CAD R% -----
A R /\ I
A

BtCTDTagA-4 682 KEAVFYdS 'BRQTREDANIMEVRTEWIHPFEAGATRENLNAG QLI = V-------
YpCTDTagA 683 QQL FYNSIEATFQRNIAJANEAN| SQN HCLTESTHV/[ER Y TVPA--
LfCTDTagA 861 DFRAAFLIBIKFANFJeSH C EAQE ALLELTTIT [gGESK-----
BtCTDTagA-5 815 CEASER:ARE €A ICYGTAGRS QL iNVERTLFYVPGRPELASSR
BbCTDTagA 819 Pea Q” L| ADLRGANLFRA ‘D T=DTHEAY THLANTHHSARHGR--

AvCTDTagA NG| (YIe]e (RRADLRGADLRCEL FEEDLINVEED D |_|_ ETD BVAFHERTRSEAAS
BpCTDTagA 3 770 Ol NEAYVERAKEDEZSERANEIZINE Q) |L SAVRAZLAEART---
SmmCTDTagA 794 NFI ﬂ K@Y SGAD[@GANLFRADEOE]0) lQ RL VKT R ENGKEV--

Figure3.4 Amino acid sequence alignment of the CTDs of TagA protelns containing pentapt
repeats

Alignment performed using Clustal Omega and shaded using Boxshamieo acids that al
ARSY(GAOIt G GKS O2NNBALRYRAY3A LRaAGAZY
KAIKEAIKG gKAETS (GK2aS GKFdG FNB aAYAL I N
Only TagA proteins containing pentapiele repeats was included and the region of the prot
containing the DUF2619 was excluded. BtFAgAB.t BTH_I111892 YpTagA, Yersini
pseudotuberculosisyPTB0649 LfTagA,Leptospirillum ferrooxidand FE_2282 BtTagAb, Bt
BTH_110862 BbTagA, Bordetella bronchiseptica BB079% AvTagA, Azotobacter vinelanc
Avin_26580 BpTagA3, B.p BPSS0182SmmTagA Serratia marcescens subsp. marcest
SMDB11 2247Accession numbers of proteins are listedaible10.1.
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The 3D structure oB.t TagA5 was predicted using the Phyrda SNIBSNJ Ay WAY(iSyaa@ds
generated a predicted structure with 35% of residues modelled at >90% confidence. The region of
TagA5 which gave the highest degree of confidence for the mada$ the @erminal domain

containing the pentapeptide repeat&igure3.6). However, The f&rminus ofB.t TagA5 (the region

containing DUF2169) was modelled with a very low confidence due to a lack of available structures

for proteins which aligned with this remi. Therefore, the Merminus of the predicted structure is

probably unreliable.

Phyré used the previously determined structures of a number of pentapeptide repeataining
proteins to inform predictions on the structure of Ta§AThe structures used inform this prediction
included the cyanobacterium HetL proteBOUlin the protein data bank. colNleL ubiquitin ligase
secreted by the T3SSNB2in the protein data bank) and the plasmidediated fluoroquinolone
resistance facto@QnrB1(2XTWn the protein data bank). Therefore, it predicts theéeEminal domain

of B.t TagA5 to be solenoidike with each of the pentapeptides coiling around each other to form a

helixlike structure.

3.4 Tagkb

The second T6Sfsociated genein the T6SS gene cluker tagB5 (BTH_11086) is located
immediately downstream afagA-5 in the T6SS gene cluster. ThieagB-5 gene encodes a 37.6 kDa

protein.

3.4.1 TagB proteins iBurkholderia pseudomaligioup members

There is one otheW¥ {i | g&ne Qresent in thd.t E264genome,tagB-4 (BTH_11891). Homologues of
these proteins are found iB.pandB.m,which also possess an additionad)B gene,tagB-3, which is
absent inB.t. B.t tagB5 shares 84.2% identity with botB.pTagB5 (encoded by the BPSS1505) and
B.mTagB5 (encoded by BMAAQ736B). TBigpandB.mTagB5 proteins are 99.2% identical.

3.4.2 Protein family analysis of TagB

Detection of conserved domains using a BLASTP search did not identify any protein families or
domains of unknown function. However, it digtdct pentapeptide repeats. Searching the InterPro

database with theB.t TagB5 amino acid sequence was also unable to assign TagB to a protein family

and again identified pentapeptide repeats. The pentapeptide repeats extend across almost the entire

length of TagRFigure3.7)® ¢ KS NBLISF Ga FNB aAaAYAfIFN) G2 d(dK2asS 2
LINEGSAYA YR SFOK NBLISKG |+ LILINEEkgtheindmenclatgre ol { = ¢ =
Shalom et al(2007)LISy (i | LISLJGARS NBLISI G LINRPGSAya 06KAOK R2Y
GAGKAY ¢c{{ 3ISyS OfdzaAdSNE IINB yIYSR W¢I3. Q0
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Figure3.6 Predicted structure oB.t TagA5

Structure predicted using PhyteDisplayed in rainbow colours with thetdminus in blue and -C

terminus in red.
LS TRWL
Qc CEAA
HLN SDES MEF
SLFS ATLA

Amino acid sequence of thB.t TagB5 protein. Alternating yellow and green boxes above
sequence indicate the rough locations of pentapeptide repeats.

Figure3.7 Amino acid sequence dB.t TagB5
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3.4.3 Cellular location of TagfB

PSORTD predicts TafBo be locatedextracellularly based on its homology with tisalmonella
entericaserovar Yphimurium PipB2 protein which is a substrate for a T3SS. No transmembrane
helices or a signal sequence were identified when the amino acid sequence was entered into the
TMHMMseach engine or the SignalP server, respectively. The same experiment which identified the
Y. pestigy3665 protein (a Tagprotein) in membrane fractions also detected the TagB protein y3664
(identical to theYersinigpseudotuberculosigPTB0650rotein shownin the alignment irFigure3.8),

in the same samples. Agalmw much confidence can be made in this observation is debatable given

a secreted Tssl ptein was detected in this fractiofPieper et al. 2009)

3.4.4 Amino acid sequence alignmemtsTagB homologues

As shown irFigure3.8, the TagB proteins do not contain many residues which are conserved across
all of the sequences, this is likely due to the variability within the pentapeptide repeats. However,
there are sections which do show a higher degree of similarity particularly at the leucine and

phenylalanine residues which make up the central amino acide pentapeptide repeats.

3.4.5 Structure prediction of TagB

The secondary structure &.t TagB5 was predicted using PSIPRED V3.3. PSIPRED predicted a single
alpha helix at the Nerminus of the protein, followed by an apparently disordered region thatmos

to the Gterminus and is interspersed with an occasional very short-satand. This is very similar to

the prediction for the @erminus of Tag/ (Figure3.9).

The 3D structure oB.t TagB5 was predicted using the Phyreerver with over 90% confidence for
79% of residues. A number of known structures were used to make the structure prediction, all of
which contained pentapeptide repeats, including the fluguinolone resistance protein Qnrbl.
Although an overall solenoilike structure was predicted, like that observed for the T&gBterminal
domain, the middle of the solenoid (residues 108 to 165) is interrupted by a disordered region that is
extruded fom the solvent FFigure3.10). The disordered region on the structure corresponds to the
residues of the amino acid sequence that were modelled widweconfidence and therefore this part

of the predicted structure is probably unreliable.
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BtTagB-4 1 ----  KIRSA'PPPPLPEIEEQRY VSAQRIARADT SHFER E'TEC

YpTagB 1 PSD--- TP MPPDSPI@EERHFTQR!)(E SEVVEIQ[ETFTD S=AEIA

LfTagB 1 PETQK VDM TD- [€ER QE SEABJISHE | [§INTRAI EAR-DRCIEZNIL
BtTagB-5 1 DTVHAALAATD-- TRT S SIISEC T HRVEREANLS ACIDAIR
BpTagB-3 1 TRADREDA -JH--- RDTAD GDFDWl EERVRFIE/SMKRVDEAV
SmmTagB 1 SKPEQ[EQR//R--- SER G DIRGA NEL e N-sDCIEDEV
AVTagB 1 -eeeeeee R--- R PCLR eS| QeTTRACL
BbTagB 1  -- MDAETEDW/ Q- eRP e BIR AEEARIAE LQ EAALACSRVEDER
YpTagB 57 SHFTHLRLIERYENGERASIFN------nemeno- VSAGEVSILNTSAEVQ
BtTagB - 4 56 QUEDANGETS! | (S0 ST R - S— A TQSAIQRV$NECE
LfTagB 58 AL SESWeAS FARNCRI | S— DH‘SGQNS l2SD
BtTagB -5 58 eDET -ARVIATHGE £ HAVARGASLRATTGDAFAIR, DLC TDALARAT
BpTagB- 3 58 8| FRDVDMRANGCARGED EE --------------- RVDL° SEERDCMMNGTI-
SmmTagB 58 SM-HAG TR N — SESH ELTMEN CR
AvTagB 47 AD-RNARIDEVQ QNOABA------------- DEMERCQIES
BbTagB 56 8R-QTLY READAQC[FFREEMA-------------- 5 AECAGAT ECR

BtTagB -4 101 EGAIAE KDVVCSQSKEG:W{FBAVRGAH: \.’LVAGEYAG‘/LRC WS IGSR
LfTagB 103 S NHSSO8VFCeTAZBAADIEKT: ﬁVHGSFPG IGQT
BtTagB -5 118 FERVD [g8:AQCARIAL CEA DCHg=R--------------- ERF A

BpTagB- 3 103 AA [V IU."R ESA\ESET ARA gA RKA <LI

g

YpTagB 102 WQ gCYL G%ERWLLTECEDEEQLQDIQ NYWVQETPI THLIMEDS CQLESHGCT
€

SmmTagB 103 [IEQS NQQ SATQHDRIFY=SFIDGAML CLV
AvTagB 92 ARA GGLA QS TEAET:=N c RDCFﬁA

BbTagB 101 AA [EADGR T HGS %E REG EQA LA

YpTagB 162 QQSV/KNS-------- ELI GEVEZECEQAIQSDTVVWISELEQVDFRHQP
BtTagB - 4 161 VDLRLESVGLENLIAGQ SRGINVEIDSRIERM 1/QE@ELKJBAWSHST
LfTagB 163 A A ---------- RNF IKVS EID - SNN‘ PM\SASSSIESETR
BtTagB -5 163 [MSWRED T---------- RLTNAL FNeL RGO e ARC TMTHLN >
BpTagB- 3 163 ADA --------- DIGAEANIACIS]L -----

SmmTagB 163 CKT SCLYA—— gﬁv FEeDH; €KS -

AvTagB 152  [BGEVOERET---------- SV ses CL -----

BbTage 161  [EREDUNCA-—- RLEVYEVESOISEle]1L -
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YpTagB 212  LENSNFHKSETEC pA AGIAAAGGVORT

BtTagB -4 221 [IATGEIH.S €VRAPRIALR--
LfTagB 208 V- SO RL NE A QKTS
BtTagB -5 208 |=c---- T AFRR
BpTagB-3 208 = - A AYeA\p)
SmmTagB 208 |5=----- A (:QFDQAFSHAT
AvTagB 197L  [j-—-- A AJRQ
BbTagB 206 LR  ----- A ADR

YpTagB 262 [@RDCIFDTR Q INLTRCHEQVNETKABLRSCBEESSLQ SKLSRIEAR
BtTagB -4 278 - DAWIL RV OQLDA QYREEEVi [2leA C—— CRSGIIVG

LfTagB 263 ARTIDL SLSQWRQSD DSN//S: cIEHANEK HSLFCEANLNGY|
BtTagB -5 263 IS@NARGLRARMS{-S ADCASLTLAGEHFV ((pJeSHA T[N RABCT 1A SHA GID
BpTagB- 3 263 ARRID O] TC IHEADFSYAD GAE DHa AL
SmmTagB 263 A YQC SHSRSARC) DS TR Q| GABLERH R AH
AvTagB 252 A ATWAILCRN E RHA =L YZANIF | AL A R S
BbTagB 261 A aRAAGIAND WMADFSY AD [RBA M aRC R

YpTagB 322 IPTL  ------ DTPLQMBLLESQI Y€ 1| QPGPKNNPKFPSIPSGASRYV

BtTagB -4 321 RG- TEAAADTRD, \FE-ATSADRUYIWGVQPGARGM-----------
LfTagB 323 ED 1D SGSEPLGHETRREIQ
BtTagB -5 323 DR | IRUDGAC TEACATTHA
BpTagB- 3 323 AP IA{JRD- HHEA
SmmTagB 323 QQQT RYSD- E dl

AvTagB 312LED P&g=DS- [gO€L
BbTagB 321 QE ARVBEERREGY

Figure3.8 Amino acid sequence alignment of TagB proteins

Alignment was performed using Clustal Omega and were shaded using BoxShade. An
GKFG FTNBE ARSYGAOFf i GKS 0O2NNBa&LR Y R Aoyt
gAGK | ofl 01 KAIKEAIKEG o6KAES (Kz2asS GKI
with grey shading. YpTagBersinia pseudotuberculosf®TB065BtTagB4, B.tBTH_11189;
LfTagB,Leptospirillum ferrooxidans. FE_2283 BtTagEs, B.t BTH_II081;, BpTagE3, B.f
BPSS0183mmTagBserratia marcescensSMDB11 2248AvTagBAzotobacter vinelanc
Avin_26570 BbTagBBordetella bronchisepticaBBB0796 Accession numbers of proteins
listed inTablel0.1.
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Figure3.10Predicted structure oB.t TagBR5

Structure predicted using Phykrdisplayed in rainbow colours with thetdrminus in blue an
Gterminus in red.
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3.4.6 Relationshipf TagBrvith WS @2 TaglS R Q

One of the striking things about the occurrencetafB genes in a genome is that, so far, they have
only been identified immediately downstream of an evoltagAgene. The relationship is reciprocal
in that evolvedtagA genes, which encode proteins containing an extendddr@inal pentapeptide

repeat domain, are always succeeded bpgBgene.

Unsurprisingly, given the presence of the pentapeptide repeatsdnth ¢ 5 2 F WS @2t GSRQ ¢
and the fact that TagB is comprised almost entirely of these repeats, there is clear homology between

the two proteins when they are aligne&i@ure3.11). As stated previously, the authors $ifialom et
al.(2007)RS&aA3yIFGSR ¢l 31 WwWe¢l 3. Q 2y | 002dzyt 2F GKS
proteins displaythe highestdegreeof similarity around the hydrophobic phenylalanine and leucine

residues which are often the central residue in the pentapeptide repeats. The predicted structures of

B.t TagA5 and Tagl® both contained solenoitlke domains corresponding to the pentapeyi

repeat domains, which were similar to the experimentally determined structures of a number of
pentapeptide repeat proteins including QrnBEidure3.12 A-C). The inner face of the solenoid
domainsis mostly populated with hydrophobic residues such as leucine and phenylaldfioner€

3.12D-F). These residues correspond to the central residues in the pentapeptide repeats.

3.4.7 PipB and PipB2

The second type three secretion system (F3p& Salmonella typhimuriureecretes, amonrst other
effectors, PipB(Knodler et al. 2002and PipB2(Knodler et al. 2004)Both of these proteins are
targeted to lipid rafts of the internal membranes of the infected host cell and PiBgcts with the
molecular motor protein kinesii (Henry et al. 2006and a S. typhimurium pipB2anutant is
attenuated in a mouse model of infection. Like TagAnd Tagi, both of theseS. typhimurium
proteins cantain pentapeptide repeats in their-@rminal domains and although they are associated

with separate secretion systems, they could play analogous roles irphattsbgen interactions.

3.5 TagEs

The T6S&ssociated gene of the T65S)ene clustertagG5 (BTH 110860, is located immediately
downstream oftagB-5 and upstream oftagD-5. Comparison of the encoded product with the
equivalentB.pand B.mproteins suggests that the annotation @&gG5 in the B.t E264 genome has
placed the start codon 6 codons earlyhe correctedB.t TagEs protein consists of 258 amino acids
and has a molecular weight of 27.1 kDa. The sequence of the corrected protein is sheigare
3.13.
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BICTDTagA- 4 87 ERLSAFEEA ---- NRNAKLPGAP--- RGGENWRTRQAKTP[EAN'T/RONESER
YpCTDTagA 82EQQ - KSEEQETLGDLNVPAAGK----  EEAGTQIAE- SKEDTATNTFLE eT
YpTagB 1 - MTPSDTP[|PPD-----------=- SHER!I ERHFTQR T
BtTagB-4 1MSK - |- RSAVPPP[PEI--- VEGQRYY-

BbCTDTagA 210LHA - A HHQPPAEAARPARAARLRRR\LIA-- GFDIAE

AVCTDTagA 203 RDS -- V------- HCCGAAPAQGAAAEALRRIAQAYA- RIgD A€

BpCTDTagA 3 163 QQC-- A------ QHQDAPARHGAAARARREBSAAA- AGQS QV/ARIITETNIE]
SmmCTDTagA 182 LMS - A------- QAQSPAL[RSGDLAQIIRQR/AAATL-- ROZD SE [slITeT IR
LfCTDTagA 235VRS = -- V- HFFAPPPEDRPMGRGRQIEQ K-- SENFRKWEREZYSIEEN
BtCTDTagA-5 262 PAS -- M------ HAMPSAGDA--- PPAER TREQV- IESEHAFC GF

LfTagB 1 s T----- PETQH VDNIIT-- DGEPQE D

BtTagB -5 1 = -ee-eeemmeeeeees S----- DTVHAALAAT-- D ﬁ

BpTagB-3 1 e S----- TRADRRDAIR-- H -A RDTAD :BFDeHD
SmmTagB 1 oo T---- SKPEQRQRK-- RGEP SFI
AvTagB 1 R- RGEA e

BbTagB 1 MDAETRDWR-- QP ]
BtCTDTagA- 4 138 FD [E€wW DDVRFERq!DRSEWTNq!NQVHA\/

YpCTDTagA 132 DNK(FR----- YCMF{€CHFDKAT[ZDCIgEH--------- SQFTQS[ZE--------
YpTagB 32 ISEV ----- QCTFTDISFAEIA NIHEES— --------- SHFTHLRLDERVENCS

BtTagB-4 24
BbCTDTagA 259 %RCVGTWME €ALLDDAMMSQAILAR-------- AHAEET:STRAAVEAGAN

AvCTDTagA 252 RLTGVLLESAMADARLDG EA LAR---------- ARRD SLR DCRGAN

BpCTDTagA 3 212 RLAGAMLENARSDADLTGABSRT LVR---------- ADETR KLV TAAN
SmmCTDTagA 231 [MCQNLRGALLENABRQTRLVGQOR;EA! LAR---------- ADESE VLQQ: SHAS
LfCTDTagA 283  [ASKCIFS—- EsOll €CDFSESETGS EQGAWASHGRFLQNStSKIDAANAGHSE
BtCTDTagA-5 306 [MSS/ALE---- RAIR--—- RDARERT(RAG --------- ReIS:E AL SRAD
LfTagB 33 MsHeI [§l - NTRAICARFDRCENTHEDS --------- SeSN QAS HLAS
BtTagB-5 33 NSECTLH--- RVIEREANLSAAMDATR)LH---------- T</RVD@TMGESS
BpTagB-3 33WS  [€c\VEE----- RVRFI€VSMKRVEDEARID ---------- 8| FRDVDMRIGCARCT
SmmTagB 33 mAe -MaN--—--  ELNANEVNFSDC:DS (ESD---------- elEH G- TRADEKQTA
AvTagB 22 HAe L ZR---- GCIREeSDWQGTH; AC! [&ID ---------- O$E D:R A%DEVQ
BbTagB 31 BAe LLQ--- DCIUREAALAGSRIZDSHESG --------- eR EQTIRAADAQCA
BICTDTagA-4 170 ----emeemmemeemeee DCEADVKISEGWIKGGLQRCNLERSAWLNVEIERIS
YpCTDTagA 169 NSR!NNV:LSGCIFKQAEWQKAAHSK
YpTagB 77 21201 (= S— DVSAEVSILNTSCIEVQWQGCYI{ECLIERWLLT®Q
BtTagB -4 24 coeeeeeeeeeeee e SAQRD TLEVDCEFERVE! £ CHESNLEVNST
BbCTDTagA 309 LGQAA  [ID-----mmrmem- GVDLAZRESSPVLDGIVLVDCAS 'SRWNDSLAGAR
AVCTDTagA 302 LSRAQAR  ----cnmeemmenee NA iTFG GQCWEFFETA:E-HARFGGILQSE
BpCTDTagA 3 262 LSLAHCE -------xm-x- RTOzSESHRS Gl ZEQ\: LRDCRaNESVEAST; :DASR
SMMCTDTagA 281 LALAKCE -----c-nmemen AT ‘aH TNIQQTLFQR(E MA\ﬁéDLLGYETL
LfCTDTagA 338 MKGVRAIGASFQ  ---------- KTVLSETTFELCLLDNSGFDGALENIS [SRT;AKA@S
BtCTDTagA-5 346 [:SNAIMIREATFVDAS-- APGAZREBANDRARLAHADFTCHE RAJIADC CAHAR
LfTagB 78 (0] ) S —— RA(gDHASGQNSRVESDLSGS DTﬁﬁHSSV q
BtTagB-5 78 HAVA RGASLRATTGDAFAMTDA TPALARATFERYZ AQCARALLI&E\E/
BpTagB-3 78 5] =103 )| —— RVDLS SEER:CMMNGIAAGY ARASGI CVKSD
SmmTagB 78 \[o]o S Su——— SESH ELTMENDG LEQSEE-RLNQS 'MEQ
AvTagB 67 (o] o7/ N—— AqE!ERCQLIESGLAR A GGLAIQSV
BbTagB 76 =21 -1 —— BECAGABVEGAAG/AiGR.TREHGS -V{EA
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BtCTDTagA- 4 208 [MBECRIEDLKVAGS------------------- MLS QGRGG-- VREDVQDVQW
YpCTDTagA 197 W KSIFEYGVY FKHA(g 'IDNABDNCLINESEFSLETFDHC
YpTagB 122 YWIVQDTPR ' THLTNEDSKIQDSIHGCT QQSY.KNS
BtTagB-4 61F EKLEVESSR | REGAISQS/ARQ:V:ENECE  DCEAIAEC
BbCTDTagA 354 DTVI[EWQGTHERET(FAAR VI \LDC=[EDGL A
AvCTDTagA 347 EDLELHACR [RSRP3gVJASESAV/I I\ VESIEEA Fa
BpCTDTagA 5 307 F RELI§IEQS- FSGV AT RIMLLNi CAFADVIES S
SmmCTDTagA 326 ANIJILMELG BEQL ARED VERV (CHEILAV S@
LfCTDTagA 388 FPGAR MRIEGALSPSSSQSDGQSERHARDVIg=GSNMESLIEM {CEFLAV

m x>

BtCTDTagA-5 401 F [BESAMTQLAAARLDB GAHARAGCAMDAALGFAR!P:ANGQ ATETALTRAHAQC
LfTagB 123 F BGTAg"----- (ﬂD—-- EKTEFVHGS FPGTIg=CaK' | K TARIGQTENQ: FIgACRIF
BtTagB-5 138 AADCR  [g&----- R-------mmmmmmmmee- T SAEME: FEAVEAPESS ReDATHA
BpTagB-3 123 GDC(go----- mR—-- ESA\ESDTR [BAR RAA'R A\EY Lo ETS VgADRAF
SmmTagB 123 GANgS----- ATQ-- HDRTIFYESR RDGAMLNERECLVI|gF:LNRCKT(gESVNF
AvTagB 112 HAYg=----- AT--- [FAETEENECD [BRDCIg (RSET|LFEL "BCSVIFAETRF
BbTagB 121 BGARLE----- AE--- ||REG(ZAECT [REQASLAGARRQTIFFEABRTIDLAARE

BtCTDTagA- 4 244 NSVS %VSA PEWT TRVRADDLAIVECAMAGLTVETQLA- KPS LLT%EASVWQRS

YpCTDTagA 238 NGCF |[-§2THG DQTENQVIITSCIFEKCDG--- PKAQET- EST, EKTIgISS EWVGV
YpTagB 173 IRQVMGSCVL KE®Q Q [IQSDTVV. EQCEQV
BtTagB-4 112 KDVVCSQSKG - GIW{gDAVRGAHVSL--------- VAGEA- VTIRGGIEDT-WIGS
BbCTDTagA 406 RRCA [IVQSQCG:PNIAGAM-------------- QTSCVV ETD, PHA\RAJA MREC
AVCTDTagA 398 DCSL\ETRS PDA VGAE --------------- SZEYMVL SMEABLEGERIAES
BpCTDTagA 5 358 »GFGIVETQASGQLEDRAS -------m---mn- NKAGVGRCDGR N ETEV
SmMmMCTDTagA 377 =SCAIVETET- QSLIEHAAHR- - TASARAAKTLEPQ A Nac
LICTDTagA 447 PGAT  :LECCG PSTTgKRAIBTKGVFA-------- QSVEQ [ESSFGS EANERGV
BtCTDTagA-5 457 [EGAEYGAQASEAQLRSAM-------—--- RGSRAD - STEFROA
LfTagB 174 RNPI IKVSL - K€ID BESNM{B-----------—- PMVQASSSIUSETRIVGSIIRLA
BtTagB-5 174 TNALLC  [EADL- REQREARCIN---------—--- TMTHLN A AG VQT
BpTagB-3 174 DTVEASANL: ACQRLQGQR-------mmono- RH AGC
SmmTagB 174 RVT-HECDH REKSTAGQ--------------- IA T DN DD RQS
AvTagB 163 SVI|-SGSNE SEQCLMRT[R-------------- LEDG(L SQA
BbTagB 172 RV\:VECDL SEQRLAGQE - GGS v- EAF< DG AQC
BtCTDTagA- 4 302 MLT  -------- FAVLSHGTS----- NEARLTDCEKSSMQELRADRVQVDHCSFMQ
YpCTDTagA 291 RLSHCYLNSLTTG ---- LNTNESESHFEQCSLNKNEGKVNEQS--- STFINCSMLE
YpTagB 206 DF  [fe---emeemeee HQHIENSNFHKSTLTQAES IANIAZ----- J I——
BtTagB-4 160 RLVDLRLESVGLENLIAGQSGFER EMEVECRGINVEI SR ER---- MTVQGCELKQA
BbCTDTagA 450 SL  [fo--emmemmemev DTVAD

AVCTDTagA 442 NL  |s--e-memmeemee cvils

BpCTDTagA 5 403 NF  [j---mmeemmenev ETQV

SMMCTDTagA 421 NL [j---emeemmeeee omflo

LICTDTagA 496 DLS  —----eememv GSDFR

BtCTDTagA-5 491 VLS  -----meemmecee GAJID

LfTagB 217 NFY  —oeeeeemeeee st NS FE B Sy = C—
BtTagB -5 217 MFF  --eemeemeeee AADREdATHACARGRH R ----------------
BpTagB-3 217 NFQ  —--emeememev RAKET €/DAPNT(EF DAPD ---------------
SmmTagB 217 NF  [feememeemecee GAJIR TSVQAQQSLL ---------------

AvTagB 206 VF | eeememeeeeee DAV VEARYA ---------------

BbTagB 215 NF  |femeemeemeeee GAJIR ASGARA ----------------
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BtCTDTagA- 4 347 LNAQHL
YpCTDTagA 341 SCCDRDFSQATLIAETAVAR----- KDA
YpTagB 237 -eeeeeeeeeeeeee FSEATLEGCDFNAQLAAA:

BtTagB -4 215 AWSHSTWATGEIHASRLPIASFDHASVNGLTVTNSELPQA[ZDIAS ADSAAQGVRAPRI
BbCTDTagA 479  ---eoeeceeeeceeee weeeeee - RSLAHBRAPDS[EIR IBNIGAASE--------
AVCTDTagA 471 : EsAWIRTERE -
BpCTDTagA 5 432 BKAEGS [EVANITRADE---—---
SmmCTDTagA 450 3 S=RSPIISHAIR--------
LICTDTagA 536 D IEIAD LR AN -o—
BtCTDTagA- 5 524

LfTagB 246 ‘SPE AVLKMAR QKTSARTI --------
BtT agB-5 246 ARLAEAVFDECIgAHARES JANA--------
BpTagB-3 246 \TARORALRGS IARRIDF- -------
SmmTagB 246 40 'G QFDQAIS N THD AN F---—----
AvTagB 235 D -Q RFAQSA AAQIAdADF-------
BbTagB 244 ADCS@RMPQS A Al VF --------

Figure 3.11 Amino acid sequence alignment of the CTDs of pentapepiitdataining Tag.
proteins with TagB proteins

Alignment performed using Clustal Omega and shaded using BoxShade. Amino acids
ARSY(GAOIt G (GKS O2NNBaALRYRAY3I LRaAAGAZY
KAIKEAIKG gKAETS GK2aS GKIFG | MNEe fodt with §reyrshatlir
Numbers of the TagA sequences relative to the end of DUF2169. Numbers of the TagB s
relative to the first residue of the amino acid sequence. BtICTDZAg§ABTH_110862YpCTDTac
Yersinia pseudotuberculosPTB0649YpTagBY. pseudotuberculosiPTB0650BtTagR4, B.1
BTH_111891BbCTDTagMordetella bronchisepticBB0795; AvCTDTagAzotobacter vinelanc
Avin_26580BpCTDTagh, B.pBPSS018E5mmCTDTag&erratia marcescerssibsp.marcescer
SMDB11_2247; CTDTagA,eptospirillum ferrooxidansFE_2282; BtCTDTagAB.t BTH_II086;
LfTagBL. ferroxidand FE_2283tTagBs, B.tBTH_110861BpTagEs, B.pBPSS0183mmTagBs
marcescenSMDB11 2248A\vTagBA. vinelandiAvin_26570BbTagBB. bronchisepticBB0796
Accession numbers of proteins are listed'able10.1.

107



Figure3.12/ 2 YL NA a2y 27F GKS LINBRA O &nd Tags ®ith the/sIved
structure of QnrB1

A-C) Displayed in rainbow colours with theté&minus in blue and @rminus in red. A) Predict
solenoidlike domain of TagA extending from resiges 664 to 843. B) Section of the predicted F
5 structure extending from residues 1 to 163. C) Structure of QnrE).Mew down the centre of tl
solenoid structures coloured according to hydrophobicity with the most hydrophobic re:
displayed irred. D) Predicted solencitke domain of TagA extending from residues 664 to 843
Section of the predicted TagBstructure extending from residues 16 to 163. F) Structure of Qn
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3.5.1 TagC proteins iBurkholderia pseudomaligioup members

TheB.t TagGs protein shares 76.5% identity with tlepTagG5 protein (encoded bBPSS1506nd
75.7% identity with thé8.mTagG5 protein (encoded bBMAA073%. TheB.pandB.mTagG5 proteins
share 98.4% sequence identity. There are tagCgenes present ithe B.tgenome {agG4 andtagG
5), compared with three in th8.pand B.mgenomestagG3, tagG4 andtagCh).

3.5.2 Protein family analysis of TagC

Entering theB.t TagG5 amino acid sequence into the BLASTP search engine identified amino acids 48
through tothe Gterminus as corresponding to a DUF3540 domiigyre3.13). Proteins of this family

are found only in T6SS gene clusters and little is knowseraing the structure or function of this
domain. Entering the same sequence into the InterPro search engine also identified the DUF3540
domain (which extends from residue 52 to 258ihTagC5) and a prokaryotic membrane lipoprotein

lipid attachment signal sequence at thet&minus of B.t TagG5. The designation of proteins
O2y il AyAy3 GKS 5! Copnn | & W¢ IShlbenn(R0oa7) 6 &SR 2y

3.5.3 Cellular location of Tagfc

Further investigation into the putative lipoprotein signal sequence using the Prosite search suggests
that B.t TagGh is posttranslationally modified by the addition of a lipid to the cysteine residue at
position 18and the removal of the Xerminal 17 residues by proteolytic cleavage between residue

17 and 18 by signal peptidase Il. The mature lipoprotein is then translocated across the inner
membrane and anchored into either the inner or outer membranes. Howevken the amino acid
sequence 0B.pTagEh was entered into the same Prosite search, it is not indicated as a lipoprotein.
This is because the first cysteine residsimcated at position 67 iB.pTagEh. In fact, of the 8 TagC
proteins encoded by thgenomes oB.t, B.pandB.m,only B.t TagGh has a putative lipid attachment

site according térosite The absence of a signal sequence for lipid attachment in other TagC proteins

suggests that Tag&is also not a lipoprotein.

PSORTb was unable to pieidthe cellular location of Tag& (note that PSORTb does not identify
lipoproteins) and th& MHMMprogram did not detect any transmembrane helices. The SignalP server
did not detect a Sec or Tdependent signal peptide in TagCA TagC protein ofersnia pestiKIM6+
(y3663 which is identical to th&'. pseudotuberculosiéPTBO65protein in the alignment irFigure

3.14) was detected in culture supeatants, suggesting TagC proteins might be secreted.

3.5.4 Amino acid sequence alignments of Tag@ologues
Proteins to enter into the alignment were selected using the InterPro database of DUF3540 proteins.
As shown irFigure3.14, there is a conserved amirazidsequence motif around the proline at residue

80 in Tag® as well as a hydrophobic region around the alanine at position 112irtksar what the
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MTHDSRASMTTMPSFYSCSCASASSCAGAAAPRPPADAPSAPHADASTRACRVTGRAGDWLS LDDPAGRARRADGCLLYV
PDLGDHVLIWAPAHARSHPGGDASGAPHAYVLAVLARAGAPRAATALPGGVALEAGADGLRIDAPRIALAARERIDACA

PREFDVSAHRARVHAAHLDARAQS I DGRAHDVRLVARRFTSTIGRALHTLGDCFRRVCGVDDLRAARARWRIDERAHLHA
RDVALLADRHVGIDGERIDLG

Figure3.13 Amino acid sequence d.t TagGs

Annotated amino acid sequence Bft TagG5s, highlighted sequence indicates the coverage of
DUF3540 domain.
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YpTagC 1 MERLTTLLKPKN--- SLPGYLS--- YSHgTPLP
BtTagC-4 1 MSMREMAVAHDALAYEGDDDSASRRALTRIMKGGARGSDAEAGAHALPAR ER
LfTagC 1 MR FP
BtTagC-5 1 - MTHB------- AAHgP- PADA
BpTagC-3 1 AKPDI- R-[ER
BbTagC 1 ARZL- Y- P
AvTagC 1

SmmTagC 1

YpTagC 30SA| [gPe---- VITRY ---- RHENA

BtTagC-4 61 AL [gA AAAAT LI EGERTAECE d

LfTagC 7 SPYSEKSSSVAAENEY- SVECP- HLT

BtTagC-5 39 PSAPHADASLRAC [f{T- GR/¢c-- DI-

BpTagC-3 14 S$VPD - KA - GALHpJeV.

BbTagC 13YD| [RVH---- [ A- RREIBJEA

AvTagC 11 AL EAN----- SA AAREBDL:L

SmmTagC 13 AP [gQe-—- AN NULARESLWE

YpTagC (o Y [FE—— QQ N TR MYETISPDAR L MN{E HLVTTA El-------- S
BtTagC-4 120 | ------------ ERC-\ /YN0 AADETNDKTTI FGDAKA!- RIRDRVEA
LfTagC 63 | --------mm-- ECGL:L SEETSREISE P ---mmo- EG D RS{EN/S ST
BtTagC-5 94 ARSHPGGDASGAPH P HAATA PE AGADGR! - D.PR AllAA
BpTagC-3 66 | ---------- S-RC “ Iy [EARAN ADGV(ER /e AT- RR/C TScDA RUIAS
BbTagC 65  |---------- A- ER Nt EQAD- RAQATHE ERE RSRTADS EA-EE G
AvTagC 63 [ --------m- SMPE:H— ER/SHACARL OVECHINN| /XST—— GHes A
SmmTagC 65 |------------ HQ ARSI FPQSTAREC A€l (QI = T-------- PNeES S

YpTagC 119 P RUEIHTR:F LTRTTLY-RTMHQAES
BtTagC-4 166 R "RES B/ AQAS oo QV
LfTagC 102 T Q R [EcGT/EA nGTCRQSFSI\BIE TTAAITGNLESFVARKEEQIRTVE  TAHVI
BtTagC-5 151 R =R DAC P:FD/IAHHRRVHAAIDAR. ------ QS| DERAHD I, :RFT-TIG:A
BpTagC-3 112 R =diSIE.Q RAMALTSE TTLTS------ AAFLERIGK [l fe:LL[E
BbTagC 112 AQA | RETE NGACAALATHYV - DEVEEA GS IWVeV Y=A
AvTagC 103 AQS [MD'ASE WA -IMAJNELAVE: INCSE------- VLW(ET GT. [giVYe; V=
SmmTagC 104 AQA MK SEDA st DCHVIX KYSE------ EENS.F. SIS RINERA=: (WHE
YpTagC 151 FR ARH SQUA"QS'M N

oY

BtTagC-4 184 [ AERQ'I'EFSGT ATHXESTLVHT=RHEA
LfTagC 162 E&E

BtTagC-5 204 L

BpTagC-3 165A @
BbTagC 165 oL = MARQTSE
AvTagC 156 M
SmmTagC 157

o InTaloTaYaNalnlnl

Figure3.14 Amino acid sequence alignment of TagC proteins

Alignment was performed using Clustal Omega, shading performed using BoxShade. Amino
FNBE ARSYGAOIE G GKS O2NNBaLRyRAY Ie fadpvith aiblaé¢
KAIKE AIKG oKAETS GK2aS GKFEG INB aAYATIFN AY

box indicates the DUF3540. Red box indicates conserved hydrophobic section. Green box
conserved @erminal residues Regigs conserved across all sequences indicated belov
alignments. YpTagCyersinia pseudotuberculosigPTB0651 BtTage#, B.t BTH_I111890 LfTag(
Leptospirillum ferrooxidankFE_2284BtTages, B.t BTH_110860BpTage3, B.p BPSS0184BbTag(
Bordetella bonchisepticaBB0806 AvTagCAzotobacter vinelandiAvin_26560 SmmTagCS$erratic
marcescens subsmarcescenSMDB11 2249ccession numbers of proteins are listed ablel10.1.
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significance of these regions is. It is also interesting thattarr@inal glycine residue is almost
absolutelyconserved throughout the TagC proteins (all but four of the 545 DUF3540 proteins in the

InterPro database have at€minal glyane residue).

3.5.5 Structure predictiorof Tages

The secondary structure &.t TagGs was predicted using PSIPRED, this anticipated thatg agS
primarily organised into betatrands and a single alpha helix (residues 19304) Figure3.15). The

3D structure oB.t TagGs was predicted by entering the amino acid sequence into the Pegreer.

This was only able to model 528fresidues at over 90% confidendeiqure3.16). Interestingly the

top template used to model Tagfiowas the Enterobacteria phage P2 spike proteir Gys such, the
predicted structure bears some resemblance to a monomer of the tail spike protein. As the amino acid
sequences of the DUF3540 proteins and the phage GpV spike proteins do not show a convincing
alignment Figure3.17), it is unclear how robust this structure prediction is. Compared to the
predicted secondary structure, there are few betimands present in the structure predicted by PHyre

and is largely disordered. There is also a single alpha helix extending from residue 191this243

in a similar location to the one predicted by PSIPRED

3.6 TagDs

The fourthtag encoded by the T6SBgene cluster igD-5 (BTH_110859According to he annotated
B.tE264 genome th&agD-5 open reading frame is 120 codons in length which encodes an 11.98 kDa
protein. However, based on alignments with tBe and B.mTagD5 proteins, the actual start of the

B.t tagD5 open reading frame is likely to Becated a further 33 bp upstream, extending the open
reading frame to 131 codons that gives rise to a 13.09 kDa protein. Therefore, all the bioinformatics

described below was performed based on the assumption that the longer ORF is correct.

3.6.1 TagD proteingn Burkholderia pseudomaligioup members

Of the five T6SS gene clusters present inBligenome, there is tagD genepresent in two of them;

T6SSt and T6SS. InB.pandB.mthere is an additionalagDencoded within T6SS (TagEB). There

are no TagD proteins encoded outside of T6SS gene clustBre &md B.m However, inB.t, the
BTH_11023@ene locus, which is not located within a T6SS gene cluster, encodes a TagD protein which
does not appear to dve any obvious.por B.mequivalent. The closest match isBopTagDb3 (the

T6SS3 gene cluster is absent Bit) with which it shares 55% identity.

The B.t TagD5 protein shares 90.8% identity with tH&.p and B.m TagDB5 proteins (encoded by
BPSS150and BMAQ734, respectively) indicating there is a good chance th&.tlpeotein performs

a similar function to it8.pand B.mhomologues. Th8.pandB.mTagD5 proteins are identical.
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Figure3.16 Predicted structure oB.t TagCs

Structure ofB.t TagGs as predicted bhyre displayed in rainbow colours with thet&rminus in
blue and @erminus in red.

114



PN T VAR VI'X=TAY/o J—

PaGpV 1

EpGpV 1 oo

BtGpV 1

YpTagC 1 MSRLTTLLKPKNSLPGYLSYS  --------me-- PRTPLPAVSAPP® VIT

BtTagC-5 1 MTH- DSRASMTTMPSFYSCSCASASSCAGAAAPRPPADAPSAPHAD BREG
AvTagC 1 SVPFEPQGAALPAN-- LS AARG
BpTagC-3 1 M{E| EAKPDIRGRSSVPR-- KA GALP
AfGpV 27 RK 1 cE SDDK KARILAINEG\: VD e-[O)\D '\ 'SEN
PaGpVv 17 LPCV A BLAR (R RWELANeKV:HW c-6G /| 'SPS
EpGpV  19RT I ME Bl NAC QWLIHHNERS: TW G VG
BtGpvY 15RK 9 DigliA PWLIPIAXEAT:EWV G AM
YpTagC 44 GN $ SLEGYETLPVTRS FAZENEPLYSA |-
BtTagC-5 59DWL -}- S/BDHR 3 PBRG WAPA
AvTagC 26 DDLF = “GHa *EHe AAiV-
BpTagC-3 29 DGVY =CGGA aR[e CiA-
AfGpv 87 €------- TDZ-- QIDFSTYSDDRRENS DTPFHIKIGDTIE--------------

PaGpVv 72 €------- G/SNe-- TEHIPENYGIRAGTARDNSASSETWRF[€BIASYDWAAHRYRVELP
EpGpv 74 €------- DT:-- FVEPE YSGDNPRSVSADALHIRFPIEA /| EYEPETSALTVSGI
BtGpV 75 € - ACE-- VAR AFPAZDHEPNTHTRVYAEAR SYDHDAHALTAELP
YpTagC 79 - DQQ( A 2TSPDAPL MN----- SGE PEHLVT----- T----
BtTagC-5 93 HARSHPGUASG PH aaPRAANAL ------ Pde ABEAGA---- DGLRI
AvTagC 62  ---—--—-- DSMPIZ A A AAREQ\----- DGD 'MASGR---- G---
BpTagC-3 65  ---------- DSR Cipgil \PNADGV (@R V:----- EGD /[MEATR---- RVCVT
AfGpv 123 - Y DR TSPAT----- VESPNVQLGGIESR- VAR
PaGpV 123 SGTVEVRV [CASER'------- SDEAVIBRKAR S SLEEPEI AGTLTSGDI"[e

EpGpV 125 KTAS TASESVTAT PVV- MVKASTR\EDTPE VCINARTTETLEVQGGT - [§

BtGpV 126 ASAT REIl \PVSIT ETESAT/KR SVTFDAEQTTC VKGPLVI:SGMESG SAG
YpTagC 113 - A'E HSPDRE HTR:FS LTR --------------------- W-

BtTagC -5 142 DAPR A-RER! DACAE*FD, R HAA; DAP QS DERAHLY:L--
AvTagC 97 --- SURER:IAQSI DUASE:LA AVE NG VEW(ETLG T /5L -

BpTagC- 3 103 SGDA | REASREQS/[EAGLT TSE TTLISAAFTERLGKI:L--
AfGpV 155 €D 'HVMSESSGKWHYEES=H an

PaGpV 170G (€S| DTAGIEN------------

EpGpV 179 - N - EHTGGELS eKVLHTH

BtGpvV 185G G RIDGAADFTGEVR
YpTagC 147 ADS FVRAKQA[R----
BtTagC -5 200 [€:AFHTLGDCIg----
AvTagC 152 D: L QVAREHR----
BpTagC- 3 161 E:'/AQSCREHE

ENTEDYAREISQLADQSLNINS: IGS[INASAVLKI
e\ "D -HARARWRIDERAHHA=DVALIEDRHVGPBIEER
=QL=Q nAQLDYEGSVRLFRC HTA TARDVLKAI[ERC
=TV=H RSIIDHAAAESMI?HA HTUETRETLTKI BXACG

AfGpv -
PaGpv -
EpGpVv 207 T - [€sPL
BtGpv 221E SPPL
YpTagC 203 H [€---
BtTagC-5 256 D |‘[e---
AvTagC 208 H e---
BpTagC-3 217 H e---

Figure3.17 Amino acid sequence alignment of TagC and phage GpV proteins

Amino acid alignment of the indicated proteins performed usingst@l Omega and shad
dzaAy3 . 2E{KFRS® ! YAy2 | OARa& GKIG | NB
aSljdzSy0Sa IINB akKz2gy Ay 6KAGS F2yd 6A0GK
of cases are shown in white font with grey shadiBlye boxes indicate conserved sequen
AfGpV,Agrobacterium fabrumAtu0454 PaGpVPseudomonas aerugino$2A0616 EpGp\
Enterobacteria phage P2;\BtGpV,B.t BTHII1337 YpTagCyYersinia pseudotuberculc
YPTBO065BtTagsh, Bt BTH_110860AvTagChzotobacter vinelandAvin_26560; BpTag&B.f
BPSS0184ccession numbers of proteins are listed able10.1.
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3.6.2 Protein family analysis of TagD

When the amino acidequence of Tagb was submitted to the BLASTP search tool, the conserved
PAAR_4 domain was identified. The PAAR_4 family falls within the Pélki{@laninealanine
arginine)like superfamily which contains eight members, PAAR_1 to PAAR_5, PAAR ARHETPA

and PAAR_CT_2 (the final three are grouped according to theinmihal extensions). One of the
members of the PAAR superfamily, PAAR_1 has been shown to form a sharp conical extension which
sits on top of the Tssl spike. The PAAR proteins am@viel to assist in puncturing the target cell and

may act as adapters which facilitate interactions between Tssl and effector proiBmseider et al.

2013) The PAAR_4 and PAAR_CT_2 families are unusual amongst the PAAR_like superfamily in that
they do not possess conserved histidine or cysteine residues which are present in all other PAAR_like
superfamily nembers. In PAAR_1 family members, these residuesrdioate a zinc atom which
stabilises the proteifShneider et al. 2013)

The region of Tagb whichfalls within the PAAR_4 domain group based on amino acid sequence
homology extends from amino acid 16 to 118. Some PAAR superfamily proteins possess effector
R2Yl Aya ONBFSNNBER iPgeuddbmbnasi£LdgnbsBr8RM whichi arteihs dn a
endonuclease domain. TagD> K2 g S@SNE 2yt & | LIISFNER (2 O2ydl Ay
Searching the Tagb sequence using the Pfam database indicates that -Bag@htains the domain

of unknown function 4150 (DUF4150). Téksnain extends from residue 10 to 1{Figure3.18) and

therefore encompasses a very similar region to the PAAR_4 domain. Only the PAAR_4 family of
proteins contain MF4150 and all of the PAAR_4 proteins contain a DUF4150, suggesting that they are

the same. According to InterPro, domains containing DUF4150 are found across the proteobacteria.
Based on the nomenclature &halom etal. (2007)1 consider genes encoding proteins containing

5! Cnmpn O0lFYyR KSy®OIS350! wynov G2 o6S | W

3.6.3 Cellular location prediction of TagD
PSORTb was unable to assign a putative cellular location forSrag® submitting the amino acid
sequence ofragD5 to the SignalP 4.1 server suggested that Tagbunlikely to have a signal peptide.

TMHMMdid not identify any transmembrane helices.

3.6.4 Amino acid sequence alignments of Tagihologues

As shown irFigure3.19, alignment of the Tagh amino acid sequence with those of other selected
proteins of the DUF4150 family, clearly demonstrates regions of homology which define the DUF4150
domain. The protims appear to form two groups within the DUF4150 family. At first glance it appears
that this is down to the presence or absence ofteithinal effector domain (i.e. evolved and ancestral

TagD proteins, respectively). However, Biebronchisepticarotein included in the alignment has a
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MEVVTTASGLCMSPADVCKTPTPGGPVPIPYPNTGLPMMAAST TTKVLVCGMPALTKKSTIPMTNGDQPGTAGGAVSGK
IMGKVEFAAGSAKVKLEGSPAVRLTTPTKHNDGNATGAVLQPS QOKVMVMS

Figure3.18 Amino acid sequencef B.t TagD5

Amino acid sequence d@.t TagD5. Coloured box above the sequence indicates the extent ¢
protein that corresponds t®@UF4150. Sequences highlighted in orange indicates the putative ¢
interaction with Tssb based on the predicted 3D structufeigure3.23).
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- EcTagD [ Y] NpAmm— HI[EDGECRFRYCSSENWEV G-----
AfTagD 1 —---  MSIPRDN--- YIGEPQYPDTWTTKTPREGLRIDIZE
RITagD 1 - MSIPRDN--- YVGEPDYPATWTTRQPREGL 5
E J BcTagp 1 MIRKD(
VpTagD 1 MRSLLLFNQQNSNGLVMGVTVGANG------ LSIVHKGS
PaTagD 1  -—---ooemmmmeen MANEVYANN---  MEISCKAA
BbTagD 1 - MEADCOLle D F- = [okygat-----
f YpTagD 1 MTAINTRACE ! SFIGS
BtTagD-5 1 MFVVTTAle CISPA
BtTagD-4 1 MFINCS# DV (T —
A { BpTagD-3 1 MVNSSpE NARTS-- INLT|-----
AvTagD 1 MFMNTQJeKd AN QX T - —
SmmTagD 1 MEINSQME' D F- EnVeLLaS-----
LfTagD 1 MENTQIE A [F-
[ EcTagD 27 -- QYKE:DYYQTLDSERGS YWAECHA!- N G=VIAGH-

AfTagD 49 SSV

RITagD 49 SSV
E 1 BcTagD 24 SST
VpTagD 51 KPI
PaTagD 39 P
BbTagD 22 P

VEIRZE\\V DFCGHDKNP-WRFTEKKA - V/R=CTTHV
VRIRE= VDY CGHING YiP-YIFTEKKA - VIR-RTTHV
ASLGDSQMK \YFANENGI | RFDS FARD!
KSADLAGGT!|SDEGNS AIKGETFSK
LSKDTTKGIR | RITRKEVILKNK:YYKT
A GPN ENVW MIMGRH NHLITIAL

YpTagD 17 DPM APNANE [RNVSNYFCEGNER
BtTagD-5 24 GGP \AMIEHNT €L PMNYASI T PA
BtTagD-4 23 ANKPE: NVPﬁ
A 1 BpTagD-3 19 ‘PRAI\ NVGHF
AvTagD 22 AEAMMISRGCY
SmmTagD 23 LAPT ;ENAFI\I F
L LfTagD 24 aAGPTEIEPVR I [BF
[ EcTagD 79 QGT EDCVI TEP eKE AYHGSVVQEINHNC LYTK|KSPM-----------
AfTagD 106 E -- SVCER GHAD e¢SH' | [RHUBRFHINSKNT Al F--1 VRS-------- TQT
RITagD 106 E -- NVCEP EHAD NANT A F--{ VRG-------- TQT
E 1 BcTagD 82G -- AKCW[PDHSK GNYVY KEAKAARWRGRKAQIAEAREK
VpTagD 109E | -- .EAKRIS:SP KA{!TM LGGA! QNP-------- SVS
PaTagD 99 K -- EKVYFTS M HASFHENTP\4- LDQ
| BbTagD 79 M -- AQARRTCVP TINT R\V-- LKV
[ YpTagD 72S -- AKMDRJeRGKYF NWAPSTQ A-- TKY
BtTagD-5 81 M| -- [eKVEFAAGRAKYK DQNA ViQ- QKV
BtTagD-4 80S | -- €PSRHA[EESKYM NQNT SAV- TIT
A 1 BpTagD-3 76 S| -- €SSRNA(EASKTL NNNTI [eSGSS- TIV
AvTagD 79 M -~ LQSRY AERY NNNIA (€ R T-- NIV
SmmTagD 80 M| -- €PSRHEI T[EAF STNA R V-- LKV
| LfTagD 81 M -- €ESAMC OEAN GINA GlLV-- VTV

meawlvxyz I OAR &S1ljdSy0S FtA3yYSyid 2F ast:

Alignment carried out between members of the DUF4150 family using Clustal Omega,
LISNF2NYSR dzaAy3a . 2E{KIRS® ! YAy2 | OAR& (Kl
4SljdzSy0Sa FINB akKz2¢gy Ay oKAGS F2yi 6AGK |
are shown in white font with grey shading. Only the region extending from therminus to the ¢
terminal end of the DUF4150 domain for each proteishiswn as there was little homology after-
DUF4150. E, evolved. B, Ancestral. Blue box outlines the DUF4150. Purple boxes highlight «
residues which make up the DUF4150. Green boxes indicate conserved residues uniqu
proteins encoded by ges in T6SS gene clusters where all tagrgenes are present. EcTadb,co
UTI89_CO0255 AfTagD, Agrobacterium fabrum Atu364Q RITagD Rhizobium leguminosary
pRL120482BcTagDBurkholderia cenocepacBCAL1296VpTagDVibrio parahaemolyticuyP141%
PaTagDPseudomonas aeruginodaA0099 BbTagD,Bordetella bronchiseptic®B0797 YpTagl
Yersinia pseudotuberculo&®TB065BtTagkb, B.tBTH_110859BtTagi4, B.tBTH_111889BpTagE
3, B.pBPSS0185AvTagDAzotobacter vinelandivin_26550 SmmTagD&erratia marcescens sub
marcescensSMDB11_2250LfTagD) eptospirillum ferrooxidansLFE_2285Accession numbers
proteins are listed iTable10.1. 118



CTD which contains a putative nuclease. Instead, it appears that, the proteins are separated into two
IANRdzLJA RSLISYRAY3I 2y gKSOGKSNI 2N y2i-teimo&8 thel2 aaSaa
DUF4150. Interestingly, the genesiieh encode the DUF4150 proteins which contain this motif are

located within T6SS gene clusters which contagfCgenes (and hencegA encoding a protein with
pentapeptide repeats anthgB). It is possible that these motifs facilitate interaction witheoof the

other Tag proteins.

An alignment oB.t Tagb5 and other DUF4150 (PAAR_4) proteins with PAAR_1 proteins shown in
Figure3.20 demonstrates that although they both fall within the same superfamily, there are clear
differences between the two subfamilies. PAAR_1 proteins are stabilised by the presence of three
conserved histidine residues and a single conserved cysteine whardioate a zinc atom. However,

these residues are not conserved in DUF4150 proteins. It is possible that other residues bind the zinc

atom to stabilise the protein fold or that this family of proteins to not exhibit zinc binding.

3.6.5 Structure prediction of Tay5

The secondary structure &.t Tagb5 was modelled using PSIPRED V3.3. This predicted a number of
short betastrands separated by disordered regioféglre3.21). The 3D structure dB.t TagD5 was
predicted using the Phytéd SNIOSNJ Ay WAY(ISYyaA@dSQ Y2RS® ¢KA& Y2RE
of over 90%, suggesting it was a reliable prediction. The templates which matcheé TdtiDthe

highest degree of confidence were the enterobacteria phage T4 Gp5.4 prdieicolic1882 andv.
choleraeVCAO0105 proteins. All three of these proteins belong to the PAAR_1 family (unlik& TagD
which is PAAR_4) and all three are located at the tip of thespdldle in phage T4 and the T6SS of
uropathogenickE. colistrain CFTO7&nd V. choleraeserotype O1 straiMTCC 393&L.respectively. To

date, the only T6SS proteins in the PAAR_like superfamily for which a crystal structure has been
experimentally determinedare the Vibrio choleraeVCA0105 andescherichia colt1882 proteins
(Shneider et al. 20137 he structures of VCA0105 and c1882 were determined wheprdteins were

in a complex with a modified Tdéte beta helix based on a fragment of the phage T4 gp5 spike protein
(Shneider et al. 20183hneider et al. 2013)(Shneider et al. 2q$Bneider et al. 2013)(Shneider et al.
2013)(Shneider et al. 201®hneider et al. 2013)(Shneider et al. 2@$Bneier et al. 2013)Shneider

et al. 2013Shneider et al. 2013In this structure, a single PAAR protein was positioned on the top of

a Tsslike trimer Figure3.22).

Unsurprisingly, given the templates used for the structure prediction, the modelled structuBe of
TagD5 is fairly similar to the crystal structure of both VCA0105 and c188Rrg3.23 A-C). Like the
PAAR proteins, the predicted structure of TelgBPontains three hexpeptide motifs which form a
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Figure3.20 Amino acid sequence alignment of TagD proteins with PAAR_1 proteins

Alignment of indicated proteins performed using Clustal Omega, shading performed using Bc
' YAY2 | OAR&a GKFdG FNB ARSYGAOFf |G G K Svni@@hie
F2yG sAGK | ofl Ol KAIKEAIKG gKAES GKz2asS i
grey shading. Black arrowheads indicate conserved histidine and cysteine residues in PAAR _
involved in zinc atom coordination. EpRREnterobacteria phage T@p5.4; VcPAAR|brio cholera
VC_A0105SePAARSalmonella enteric®16_0021EcPAARE. colic1882 BpTagEB, B.pBPSS018
BtTagDkbs, B.t BTH_I10859Bordetella bronchiseptic®B0797 LfTagD,Leptospirillum ferrooxidal
LFE 2285 Accession numbers of proteins are listed able10.1
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Figure3.21 Predicted secondary structure d.t TagD5

Prediction of the secondary structure &.t TagbD5 performed by PSIPRI
Orange boxes indicate sequence predicted to be at the base of the predic
structure of TagE (Figure3.23).
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Figure3.22 Structure of ¢1882 with gp5

Crystal structure of a singke colic1882 molecule (tan) in complex with a trimeric
(Enterobacteria phage T4)ssl ¢1883 chimera (red), 4JIW in the protein data be
Image adapted from the structure solved (8hneider et al. 2013)
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Figure3.23 Comparison of known structures of PAAR proteins with the predic
structure of TagEb

A-C) Displayed in rainbow colours with thedé¥minus in blue and -@rminus in rec
zinc atoms in magenta. A) Structuretofcolic1882 4KUQin the protein data bank
B) Structure ofV. cholerae/CA01054J1Vin the protein data bank). C) Predic
structure of B.t TagD5. DF) Structures viewed from below, coloured in grey &
from the putative interaction sites with TsSlin orange. D$tructure ofE. colc1882
E) Structure of/. cholerad/CA0105. F) Predicted structureBofTagD5. Gl) Surfae
representation of structures coloured by element (carbon in grey, nitrogen in
oxygen in red and sulphur in yellow) viewed from the side showing conical shi
Structure ofV. cholerad/CA0105. Hjtructure ofE. colic1882. 1) Predicted structe
of B.t TagD5. Images presented using PyMol. Solved structures adapted
(Shneider et al. 2013)
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triangular basdike structure Figure3.23 D-F). Although the predicted structure indicates these
regions are unstructured in Tagl) the secondary structure predictiofrigure3.21) indicates that

they are likely to form betstrands as do the corresponding regions in the PAAR protiinte
experimentally determined structures of VCA0105 and c1882, the equivalent residueswmakehup

the base of the cone facilitate interaction with an engineered Tssl profégu e3.22). Therefore, in
TagD5, this platform presumably fditates the interaction of a single TagDprotein with the Tssb
trimer. The first amino acid each of the hepeptide motifs is a lysine which is followed by a valine
residue Figure3.18). The alignments with other TagD proteins did not show any conserved residues

around this sequenc@-igure3.19).

One of thedifferences observed when TagD and PAAR_1 proteins are aligigene3.20) is that
TagD5 does not contain the conserved histidine and cysteinédtess which ceordinate the zinc

atom in PAAR_1 proteins (displayed in magent&igure3.23 A&B). The zinc atom is believed to
stabilise the fold othe PAAR protein. Although the overall shape of the PAAR proteins and the
predicted shape of Tagb, is conicalKigure3.23 G1), in TagEb there are projections, this because

the three loops (which are brought into close proximity in the PAAR proteins by the stabilising zinc
atom) are further apart, preventing the formation of a sharp tip. It is possible that other residueh

as arginines, lysines or glutaminesjardinate a zinc atom in Taglbto form a sharp tip as is observed

in the PAAR proteins.

3.7 Discussion

A summary of the predicted roles of the Tag proteins is giverabie3.1. Although it is present in
T6SSelated proteins from a variety of species, it is unclear what role the conserved DUF2169 core
domain of Tag/ plays. It is also not clear why in some cases it isgoiteas the core protein with an
evolved TagD and why in others it is present in the evolved form (i.e. possessing a pentapeptide repeat
CTD) together with TagB, TagC and core TagD proteins. The PipB and PipB2 proteins of another
intracellular pathogenS.typhimurium,are secreted effectors which havet€minal pentapeptide

repeat domainsAlthough PipB and PipB2 are exported by the TB&3pgical to suggest that TagA

5 and Tag® couldbe secreted effector proteinshat are attached to the TsSlL However, the
members of the pentapeptide repeat family perform a wide array of functions including conferring
resistance to fluoroquinolone antibiotig¥etting et al. 2011)The fact that, so fatagB genes have
2yfe 088y t20FGSR AYYSRRyAjdéssugResthatthbyNdight intedE WS &2
with one another.The observations oPieper et al. (2009) suggest that TagA and TagB might be
membrane proteins, while there are no transmembrane helices present in either protein, it is possible

that they interact with another membrane bound component of the T6SS.
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The same study which idefidd TagA and TagB as membrane proteins, also detected TagC in culture
supernatants, suggesting it could be a secreted effector. Other than this, few predictions can be made
of the role of Tag® as the DUF3540 domain has not been studied and it doesontdio any known
functional domains. It is possible that it interacts with Tégér TagEs astagCgenes have only been

found in gene clusters where the pentapeptide repeats are present.

TagD5 demonstrated homology with the PAAR proteins, which alloitsedtructure tobe predicted

with a high degree of confidence. This suggests that Faghikely to function in a manner similar to

the PAAR proteins; sharpening the Ts#il spike. If this is the case, then Tegould be expelled

into the culturemedium alongside TsSlduring firing of T6SS Although Tag does not contain

any of the @erminal effector domains that are seen in evolved DUF4150 family members, it could act
as an adapter, enabling the interaction of effectors with -bsahd faditating their delivery into the
target cell.tagD genes in T6SS gene clusters which also contaagdl, tagBand tagCencoded a
conserved tripeptide sequence (PS@gninally to the DUF4150, which was not found in other TagD

proteins. It is unclear whahis motif is for.
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Table3.1 Summary of bioinformatic predictions

Protein
TagA

TagB

TagC
TagD

Predicted function

Secreted effector protein S typhimurium PipB

Secreted effector protein S typhimurium PipB

Similar proteins

and PipB2

and PipB2

Secreted effector protein None known

PAAR protein,

AKI NLISY Ay 3

ALA1 SO

LINE (i

PAAR proteins
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Predicted structure

TagAWO2 NB R2 YLl Ay
terminal pentapeptide repea
domain predicted to be solenoic
like.

Predicted to be solenoitke.

Unclear.

Triangle based pyramid.



Chapter 4 Investigating thele of the
T6SS tag genes in multinucleategiant
cell formation and intracellular

replicationof B. thailandensis
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4.1 Introduction

In tissues infected wittBurkholderia pseudomalléBp) and B. mallei(B.m), one of the major
histopathological features is the presence of distinctive multinucleated giant cells (MNGC®¢d form
by the fusion of neighbouring cells which is thought to facilitate the spread of the bacterium within
the body of the host. This effect on eukaryotic cells can also be observed when a variety of cell types
are infected withB.por B.m in vitro MNGC famation is also observed when eukaryotic cells are
infected with the closely related, but nerirulent relative ofB. pseudomalleB. thailandensi¢B.1).
Previous studies have shown that straindBgqf, B.mandB.t containing mutations in genes encoding
components of one of thaype six secretion systems (T658are capable of invasion, escape from
endosomes into the cytoplasm and replication (to a varying degree) within eukaryotic cells, but not
formation of giant cells, indicating that MNGC formatioa i§6S$ specific phenotypéFrench et al.
2011)

To date, the specific cause of the giant cell formation has not been elucidated. However, one of the
interesting features of the gene cluster encoding FT6§=agurel.3) is the presence of four Type VI
associated gnes fags) designatedtagA, tagB, tagCand tagD. Although homologous genes are
present in some of the T6SS gene clusters present in other bacteria, and indeed those encoding T6SS
4 of B.p, B.mandB.tand T6SS of B.pand B.m(this system is absent B.f), they are not present in

all of them. Basedmthe fact that thetag genes are located immediately downstream of the gene
encoding the tail spike protein, Tssl, and the observation that it is not uncommon for effector proteins
secreted by T6SSs to be encoded immediately downstreatasbive hypothessed that the Tag
proteins were secreted. Furthermore, due to the observation ttaafA-5 and tagB-5 are similar to

the Salmonella typhimuriuf3SS effectongipBandpipB2 respectively, it was hypothesised that they
could encode T6SBsecreted effectoproteins responsible for MNGC formation. If this was the case,
then the inactivation otagA-5 and tagB-5 would eliminate MNGC formation. AdditionalkggD-5
encodes a protein which contains a PAAR domain, such proteins are proposed to be associated with
Tssl proteins and are required for its penetration of target cells. Again if this hypothesis was correct
then deletion oftagD-5 would likely impair the function of T6&Sand have an effect on MNGC
formation. As there have so far been no investigatiants ithe role oftagClike genes it was also
included as a candidate gene required for MNGC formation due to its genomic location wite3ise

5 gene cluster
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4.2 MNGC formation assays

4.2.1 B. thailandensisiduces the formation dfINGCsn vitro

Before it could be determined if thiag genes had any effect on the formation of MNGCs it was first
necessary to confirm that the formation of giant cells could be observed when eukaryotic cells were
infected with a wild type (WT) strain ddurkholderia hailandensis(E264). RAW 264.7 mouse
macrophagdike cells were utilised in these assays as previous studies have shown that they form
giant cells when infected with WH.pandB.mbut not when T6SS is inactivatedBurtnick et al. 2010

2011) RAW cells were seeded at 2 X d€lls/m andinfected 1418 hours later wittB. thailandensis

cells suspended in DMEM containing 10% foetal calf serum (DMES), at a multiplicity of infection
(MOQI) of 10 bacterial cells to 1 eukaryotic cell. Wells containing RAW cells were also left uninfected to
act as a control, but were treated in an identical fashion to the infected cells henceforth. Two hours
after infection, each well was washed three times with PBS before the additiombDIMEMFCS

with 250> 3 K Kéanamycin to kill extracellular bacteri@ixteen hours after the initial infection, wells
were washed three times with PBS and fixed with 100% ethanol for 30 minutes. The ethanol was
removed and wells were left to dry for 30 minutes before the addition of 100% Giemsa. After 5
minutes staining, ezh well was rinsed with tap water to remove excess stain. The image of one
random field of view per well was captured using the 10 x objective ladfieaDMI4000Binverted
microscope. The number of nuclei contained within single membranes which conthiresddr more

nuclei (giant cells) were counted along with the total number of nuclei. The number of nuclei within
giant cells was divided by the total number of nuclei and multiplied by 100 to give the fusion index as
a percentage. Three independent repsatvere performed for the uninfected ar. thailandensis

infected cells.

As shown irFigure4.1, MNGC formation could be observed in wells infectéith WTB. thailandensis
but not in wells to which bacteria were not added. Membranes and nuclei could be distinguished, and
the fusion index was calculated to be ~20%, but there was a very high standard deviation. This was a

probably a result of not imaginenough fields of view therefore not having many nuclei per repeat.

4.2.2 Construction of 8. thailandensis tssKmutant

In order to determine whether or not thiag genes were involved in MNGC formation it was necessary
to have a control strain which lackedunctional T6SS and therefore was unable to form MNGI@s
vitro. Based on a previous study Bghwarz et al2010)which demonstrated that the deletion of
tsskb5 attenuatesB.tin a mouse infection model and the observation thsdKis present in all T6SS
gene clusters and is required for function by the TE@#®ng & Leung 2001ssk5 (BTH_I11085)Avas

selected for inactivation.
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Figure4.1 Confirmation of giant c# formation in RAW 264.7 cells infected witB. thailandensis

RAW 264.7 macrophagike cells were infected at a MOI of 10:1 and stained with Giemsa dilute
in PBS. Images were obtained using the 20 x objective of a Nikon Eclipse TS100 micro
Uninfected cells. B) Cells infected whthailandensi® { OF £ S 6t N&A I T1p >
over three independent repeats in; Ul, uninfected cells; WT, cells infected witB.\ifailandens

E264 Error bars represent one standard deviatidim unpaired-test was performed using GraphF
Prism P <0.05.
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To avoid polar effects on expression of downstream genes, it was detticgzherate a markerless
in-frame deletion oftssK.To achieve this, the splice overlagtensionPCR (SOGECR) method was
employed to generate the mutant alle{elorton et al. 1989hich was introduced o the B.tgenome

by the allelic replacement method describedBarrett et al.(2008)as outlined inFigure4.2. For the
SOEPCR, a PCR (PCR1) was performed using KOD hot start polymerase, with a boiled lysate prepared
from WT B. thailandensisaas a template and primers tssKSQEfand tssKkSOEmidrev (a and b,
respectively, irfigure420 G2 3JISYSNI GS GKS poc oL FNisyam8yid h O
the first 78 bpof tssK PCR2 was performed using the same conditions but with tssKSOErev2 and

tssk SOEmidfor (d and c respectivelfigure4.2)i 2 ISy SNI GS GKS ndy oLI FNI I
the final 123bp ofssKand the first 368 bp ofssL These two fragments contained a 36 bp region of
2OSNI LI AYGNRRdIZOSR o0& LINAYSNA (aaY{h9YARNBOZ I yR
i S ySEG aidSL® CN}3IYSyd h yR FNIIYSYyd i 68N

YR dzaSR Fa | GSYLXFGS T2NIt/wo G6KAOK 8AStRSR G

>

first 78 bp (26 codons) and final 123 bp (41 codons) of4kK5 open reading frame, but lacking the
central 1194 bp (398 codons), was digested with the restriction enzymes Acc651 and BamHI which cut
at the restriction sites introduced by the tssSKSOEfor2 and tssKSOErev2 primers. This digested fragment
was then ligted into the pEX18FpheSsuicide plasmid (4487 bp) which had been digested using the
same enzymes. CompeteBt coliJM83 cells were transformed with the ligation mixture and plated

2y 02 ad | 3 N Oe2tyniethdpyid, Y& (wW/iN)pcasamihe acid8,5% (v/v) glycerol,
nonnnpd: 66kB0 IKRRE YR Y R3IBTO fllowed kyYntubation for two nights at

30°C. Several white colonies were used to inoculate culturesih¥ L{ ¢ oOoNR UK O2ydl Ay
trimethoprim and grown at 37T ovenight. Plasmids from these cultures were isolated by plasmid
miniprep and electrophoresed in an agarose gel to identify a construct of the correct size (5501 bp)
which was confirmed by determining the nucleotide sequence of the insert (performed by the

University of Sheffield core sequencing facility).

The resulting pEX18TheSn (i pBasrid was then used to transformtiecol{ a M1 0 <LJA N O2y 2
donor strain and subsequently delivered into \BTthailandensi®y conjugation. Exconjugants were

selected2 Y a | 3 NI O 2IyriinétHopfik.yAS pEK 18 Fiplre HeriVatives are colEhased

replicons, they are only capable of replicatiorEincolistrains and therefore, in the context of other

species, pEX18TpheSis a suicide plasmid. Selection fbe antibiotic resistance marker contained

on the plasmid results in creation of strains in which the plasmid has integrated into the genome
through a single crossover recombination event occurring at the locus that is homologous to the

region carried onhie plasmid. Therefore, trimethoprim resistant exconjugants were either the result
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Figure4.2 Schematic illustration of the deletion dB. thailandensigenes by splice overlap extensi
PCR and homologougcombination.

B. thailandensiboiled lysate was used as a template along with primer a and primer b in the re
t/ wvm SKAOK 3ISYSNIGSR FTNIXIYSyild hodo ¢KS alyYs
(2 3ISYSNIGS FNIIYSYY iy o NAYSNSBGOZEFL2 K ySI
2F GKS FyySrtAy3a aA0GS 2F LINAYSNI Od t NARYS!
complement of the annealing site of primer b. These overlapping complementary extensions f.
thS FyyStfAy3a 2F FNIIYSyYyd h FyR FNIFIIAYSYyd |
LINAYSNE | FyYR RZ ISy SbdeM A DIATHI AVEAYy DSy 1 Q2
then cloned into the pEX18gheSsuicide vector which wamtroduced intoB. thailandensidy
conjugation. Integration of the plasmid into the chromosome by homologous recombinefis
selected for by resistance to trimethoprim. The excision of the plasmid from the chromosor
selected for by the ability torgw on plates containing chlorophenylalanine. Resulting col
containing the deletion were identified by a PCR screen using primers e and f.
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of plasmid integration into the chromosome facilitated by homologous recombination with the T6SS
5 sequence located either side of ttesKgene lacking its central portion present on the suicide vector,

or spontaneous mutants.

Colonies of various size veestreaked ontéf NS & K a ¢ | 3+ NJ Oitefriopri t6 pwyifd pn > 3
them. pEX18TpheScontains theB.p pheSBPSL1941gene engineered by codon substitution to
reduce nucleotide homology and encode a PheS protein with a single A304G m(Bioett et al.

2008 t KS{ A& GKS h &adzodzyAl 2F (GKS LIKSy®eRheSt | vyt
protein can charge tRN& with the toxic phenylalanine analogygchlorophenylalanine (cPhe).
Therefore, culturing bacteria containing thiheSmarker in the presence of cPhe results in cell death

and it can be used to counteselect strains harharing the plasmidColonies containing the integrated
pEX18TmpheSn (i aw&r¥ then streaked onto M9 agar containing 0.1% (veAghlorophenylalanine

(cPhe) which only allowed the growth of colonies in which the mupdn@Sgene had been lost in a

second reombination event. Colonies growing on M9 cPhe agar were restreaked onto fresh M9 cPhe
agar. Colonies growing on this second plate were used to prepare a boiled lysate which was used as a
template in a diagnostic PCR witBoTagusing the tagDSOEmidfor artdsKscrnrev primers
(corresponding to e and, f respectively,Higure4.2) which annealed upstream and downstream of

the annealing sites for tssKSOBfand tssKSOErev2 primers, respectively. When the desired deletion
was introduced into the chromosome, this reaction amplified a 1749 bp fragnrempntrast to a

2942 bp fragment generated from the WT strahiigure4.3 D).

4.2.3 Effect of deletion ofssk5 on MNGC formation induced By thailandensis

The empty pBBR1MCS vector was introduced into the WThaihdi53trains ofB. thailandensiby
conjugation. The resultingxconjugantswere chloramphenicol resistant, allowing the overnight
cultures used in the infection assays to be grown in LB containing chloramphenicol to reduce the risk

of contamination.

O
NN

Overnight cultures oWT pBBRIMCS apdii aLd. Y. wma/ { 6SNBE 3INB gy wly [ .
chloramphenical The cultures were washed twice with PBS before thesQias determinedThis
solution was used to inoculate DMERCS with 1 x 2Cellsiml B. thailandensis RAW267.4 cells
seeded at Ix 1@ cells/well of a 24 well plate 126 hours previously were infected by replacing the
culture medium with 1ml of the B. thailandensi© St £ & 2 f dzii A 2 yinfectiongthe WKIB dzNE Q L
were washed twice with PBS before the addition shiDMEM contA Y Ay 3 wmsE: Cml{ YR
kanamycin 16 hours post infection, wells were washed three times with PBS and fixed with ethanol

for 30 minutes. After fixing, wells were allowed to dry and cells were stained using 100% Giemsa for

five minutes before rinsing ith tap water to achieve the desired staining intensity.
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Figure4.3 Construction of theB. thailandensig (i astiaih

A) Agarose gel electrophoresis analysis of DNA fragments amplified from a WTlysaitedemplat
dzZiAy3d Yh5 LRte@YSNIraSo [yS mZ v{GSLIn 5b!
YR (GaaY{h9OYARNBG LINAYSNEZ flyS oT CNI3Y
primers. B) Agarose gel electrophoresis of digestedi8fEppheSandii KS 5b! ¥ NJ 3°
68 Yh5 t/w dzAAYy3 FNIrIYSyda h FyR i Fa
Lane 1, Qstep4 DNA ladder; lane 2, pEX48Tg&digested with Acc651 and BamHI; lane 3, Fragi
1 RA3Sa i SRandsBaiiHL C) AQafose gel electrophoresis analysis of plasmid DNA ¢
by miniprep from cultures inoculated with colonies of JM83 transformed with the product:
ligation between pEX18TgheSandtssk¥ NI AYSy i 1+ & [ | yBheSwetto; faves B4,
plasmid DNA isolated from cultures inoculated with colonies of JM83 predicted to contain pE
pheSp  dlan¥ 5 supercoiled DNA ladder. D) PCR screen to idgniify ABY-pEX18TigpheSp (i
recombinant was challenged with cPhe antielesistant Tpsensitive colonies were screened by
screen with the primers tagDSOEmidfor and tssKscrnrev. Products were analysed by ag
electrophoresis. Lanes-3, cPheresistant colonies; lane 4, Generuler DNA ladder. Solid
arrowhead imdicates the size fragment expected when the WT gene is present, open arrc
indicates the size expected whenii disiphesent. Numbers indicate size in base pairsE) Plasmi
of pEX18TypheSn (i &céeafed using SnapGene
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As indicated irFigure4.4 B the WTB. thailandensistrain containing pBBR1MCS was able to form
MNGCs in RAW cells, indicating that the presence of this vector did not gfé&a@bility of B.t. to
form MNGCsn vitro. However, then i &5&tyain was incapable of MNGC formatidfigure4.4 C),

suggesting thatsskb5 is required for T6SS activity, validating the use of this strain as a control.

4.2.4 Construction of assk5 complementation plasmid

Although the marketess inframe deletion method had been used to minimise potential polar effects,

in was necessary to confirm that the observed changes in phenotype were due to the specific
mutations introduced rather than polar effects resulting frdior, example, the altered expression of
neighbouring genes caused by these mutations. This was carried out by performing a
complementation experiment in which a wild type copy of the inactivated gene is introduced into the
mutant genein trans. To re-introduce the wild type copy of the deleted genigstransthey were
amplified and cloned into the broad hesinge pPBBR1MCS plasnfikbvach et al. 1995Yhis vector

was chosen as it confers resistance to the antibiotibr@mphenicol. It was necessary to avoid
plasmids which contained a kanamycin resistance gene as kanamycin would be used in the MNGC
formation and replication assays to prevent the extracellular growth of bacteria. Previous studies have
also successfullysed pBBR1IMCS to-metroduce the WT versions of genes into mutantsBirp
(Suparak et al. 20053uggesting that théac promoter present upstream of the muttle cloning site

is sufficiently active i.pto provide adequate expression of the cloned gene. Given the similarities
betweenB.tand B.pit was reasoned that pBBR1MCS would be suitable for complementatidn in
also. It is also convenient that theater allows blue/white screening, making the cloning process

easier.

To prevent the generation of a LacZ fusion protein when the gene was cloned into tiy@entibning

site of pPBBR1MCS, in each case, the forward pnmasidesigned to introduce stop odon in frame

with the lacZstart codon.To illustrate the principle, the examptd# the construction of pBBR1IMES
tssK is outlined. The strategy for cloning the wild type copies of the other genes used in
complementation experiments waglentical but using the appropriate primers and restriction
enzymes. Boiled lysate was prepared from Wih&landensisnd used as a template for a PCR using
the proofreadingQ5 polymerase rad the tssikompfor and tssikomprev primers to generate a 1428

bp DNA fragment containing thessKgenetogether with 16 bp of the upstream transcribed region
that includes the native ShiARalgarno sequence. The forward and reverse primers contained a
Hindlll and @8amHlI restriction sittE NB & LIS O (i A @ S These rektriction 0 hadvgredhers y R
usedto digest thetsskgeneampliconand the pBBR1MCS vectorgive a linear fragment of 468%

(Figured.5 A). Theresultingfragments were ligated togethexndthe ligation mixturesvere used to
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AtssK/pBBR AtssK/pBBR-tssK

Figure4.4 Effects of the deletion ofssKgene of theB. thailandensisST6SS gene cluster

RAW 264.7 cells infected at a MOI18f1 for 16 hourdbefore fixing with ethanol and staining w
Giemsa. Images acquired using the 10x objectivel@i@DMI4000Bnverted microscope magnifit
to make nuclei visible. A) Ul, Uninfected. B) E264/pBBHB.\Wikilandensisontaining pBBR1ME C
niapBBR¢ ®{ goitdininy pPBBRIMCS. P)i apBBRssK . ® (i goiitaininy pBBR1ME
tssk{ OFtS O6FNIJT Tp >Y®
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Figure4.5 Construction of pPBBR1IMG&SsK

A) Agarose gel electrophoresiswector andtssKPCR DNA fragment digested with Hii
and BamHI. Lane 1, pBBR1MCS; lane 2, Generuler DNA ladder; lane 3, DNA f
containing thetsskgene. B) Agarose gel electrophoresis of plasmids isolated from ove
cultures ofE. colipBBRMCS transformants which were predicted to contain the de:
insertion based on PCR screening of colonies using the M13for and M13rev primer
1-4; colonies #4; Lane 5, Supercoiled DNA ladder. Black arrowhead indicates the prt
size of pPBBR1MEssKDNA size markers are shown in bp. C) Plasmid map of pBB¥F
tssK generated using SnapGene viewer.
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transformE. coldM83 cells. These cells wesfgreadon LB agar containirgh> =t chloramphenicol,
100> alPTGand 40> 3mt Xgal. White colonies were screented the presence of the desired insert
using GoTagpolymerase with the M13forward ant¥13reverse primers. A colony producing the
correct sized fragmer(tL633 bp)was used to inoculate an overnight culture, 816 bpplasmid was
harvested from these cells by the miniprep meth@Fgure4.5 B) and the plasmid sequenced to

confirm it contained the correct fragmefffigure4.5 B).

4.2.5 Reintroduction of the WTtssk5 gene into thetssk5 mutant restores MNGC
formationin trans

ThepBBR1MGSskS5 plasmid wasised to transfornE. coliSM1® < Ldall§bllowingwhichit was

introduced into the. ® ( KI A f I 6 Riayitdbycanjugaiiod Bh¥ conjugation mixtures were

spreadon M9 minimal agaplatescontaining 250> 3t chloramphenicol to select for cells containing

the pPBBR1MC&sKplasmid.

RAW 2674 were grown in 24 well plates 16 hours prior to infection witesk5 pBBR1MG&sKat a

ahL 2F mMnYm dzaAy3a G§KS LINE OSR dneRion2ce#s ivere/washed INS B A 2
fixed and stained with Giemsa. When observed under a microscaguet, gells containing three or

more nuclei within a single cytoplasmic membrane could be obserkaglirg4.4 D, Figure4.8),
demonstrating that pBBR1M@&sK5 restores MNGC formation to the (i &5&thain. This indicates

that the phenotype observed in (i &wiasynot a consequence of polar effects the expression of
downstream genes and the pBBR1MCS plasmid can be used for complementation in this assay.
Therefore, other genes of interest were deleted using the-BOR and allelic replacement method

and any phenotype complemented using the respectWE gene cloned into pBBR1MCS.

4.2.6 Construction of 8. thailandensis tagAB&ieletion mutant

To determine if one or more of thiag genes were required for the formation of giant cells, all four
were deleted simultaneouslyolcreate a markerless iftame deletion otagA-5 (BTH_110862}agB-
5(BTH_l10861}agC5 (BTH_110860YagD-5 (BTH_110859) as a block, the SOE PCR method combined
with allelic replacement was employed using the same principle outlinets$t%5 in secton 4.2.2

First, two PCRs were performed with KOD hot start polymerase, one teA$SOEf@ and
GFr3! . /5YARNBG (2 3ASYSNIGS | c doftsssSBTHNDBSAEyYY &g (i Sy O
first 69 bp oftagAand another using primers tagDSOErev2 and tagABCDmidfor to generate an 869 bp
fragment that included the final 78 bp tdgDand the first 751 bp afssJd5 (BTH_110858 These were

then used as a template foPCR3, this employed the primers tagASOEfor2 and tagASOErev2 to
generate a 1447 bp fragment which was digested with Acc651 and BamHI before ligation into pEX18Tp
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pheSto create the 5934 bp plasmid pEX18ieStagA-D which was confirmed by nucleotide
sequencing. This plasmid was used to introduce the deletion into thaWhailandensistrain as
described fortssKin section4.2.2and the tagAscrnfor and tsskainev primers were used in@oTaq

PCR which distinguished WT colonies (6459 bp product) from those in which the desired deletion was
present (1710 bp product). The deletion left the first 69 bp (23 codorns)géts fused to the final 78

bp (26 codons) akgD-5in the resultingy G -39 strain

4.2.7 The B. thailandensis tagAB&Ddeletion mutant is incapable of inducing MNGC
formation

As with thetssk5 mutant, the empty pBBR1IMCS vector was delivered jntd |-33 via E. coli

SM10kpir) by conjugationBacteria containing pPBBR1MCS were selected for on M9 containing 250

> Tt chloramphenicol. A colony of (i I-33 pBBR1MCS was used to inoculatal4f LB containing

H p 1 mbcBAlartamphenicol which was grown overnight at@#awith shaking. A tnl aliquot o this

culture was washed twice by centrifugation and resuspension in PBS before ghev@Pmeasured.

This measurement was used to determine the volume of cell suspension to add to {BKIEND

obtain a cell density of 1 x $CFUMI. This bacterial ceuspension was used to replace the medium

in the wells of a 24 well plate containing RAW cells which had been seeded af telldfvell 16

hours previously (an MOI of 10:1After two hours at 37TC, 5% CfHwells were washed three times

with PBS befor¢he culture medium was replaced with DMEBY/ { O2 y i | Anykana@ycim p 1 > I K

to kill extracellular bacteria. After another 14 hours (16 hours after the initial infection), wells were

washed three times with PBS before the addition of 100% ethanol foriBGtes to fix the cells. The

ethanol was removed and the wells allowed to air dry before the addition of 100% Giemsa for 5

minutes to stain. Excess stain was removed by rinsing gently with tap water and the wells were imaged

using the 10x objective oflaacaDMI4000Bnverted microscope.

As shown irFigure4.6 A, then (i -B33 strain of B. thailandensiss unable to form multinucleated
giant cells, sugesting that one or more of these genes is required for full virulence, consistent with
the hypothesis that they are effector substrates of T6S8s the deletion aiagA-Dremoved a large
section of DNA (4749 bp) it is possible that this is the resuttotdr effects on the expression of

downstream genes in the T653)ene cluster.
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AtagA-D/pBBR

Figure4.6 Effect of the deletion of all foutag genes on MNGC formation . thailandensis

RAW 264.7 cells infected at a MOI of 10:1 wit® (i 4D Gdntaining pBBR1IMCS aBdn i |-E
containing pBBR1M@8gA-D for 16 hours before fixing with ethanol and staining with Gier
Images acquired using the 10x objective akicaDMI4000Bnverted microscope. A) (i |-VpBBF
. ®( D6 lcadthining pBBRIMCS. R){i |-B/pBBRpBBRtagA-D, B.t n { I-35! harbouring
pPBBRIMG&QGADS5.{ O £t S 6FNJT Tp >YO
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4.2.8 Construction of aagABCzomplementation plasmid

To ensure that the abolition of MNGC formatiohserved inFigure4.6 A was not a consequence of

polar effects on downstream genes, it was necessary-atreduce the WT genes into the i |- !

5 strain ofB. thailandensis The level of expression wisKfrom pBBR1MG&sKwas demonstrated to

be sufficient to restore MNGC formation totssk5 mutant (Figure4.4), therefore he pPBBR1IMGS
tagA-Dplasmid was constructed using the same procedure outlined in se¢tibd The tagAcompfor

and tagDcomprev primers were used in a PCR with Q5 polymerase to amplify a 5135 bp DNA fragment
which contained all four of théag genes. This DNA fragment and the pBBR1MCS plasmid were
digested with Hindlll and BamHI before ligating together to create9810 bp plasmid, pPBBR1MCS

tagA-D which was purified using plasmid miniprep and analysed by nucleotide sequencing.

4.2.9 Reintroduction of the WTagA-D-5 genes into theagA-D-5 mutant restores MNGC
formationin trans

Once it had been confirmed that the plasnaiohtained the correct sequence it was delivered into the

tagA-D mutant by conjugation, previously described for ttesKcomplementation plasmid. RAW

264.7 cells were infected as described previously and stained with Giemsa to allow the visualisation

of membranes and nuclei. As shownFigure4.6 B, thetagA-D mutant harbouring pBBR1MG&gyA-

Dwas able to form MNGCs. This demonstrates that the lodNGC formation observed when cells

were infected withB.tn (i I-Bwas not down to polar effects, confirming that at least one of g

genes is required for MNGC formation.

4.3 The Effect of deletion of eathg gene on MNGC formation induced By

thailandensis

As theB. thailandensistrain lacking all fourag genes was incapable of inducing MNGC formation in
RAW 264.7 cells, the next step was to determine which of the individgaenes were required for

MNGC formation. Therefore, each indivedtag gene was deleted and the resulting strains used to
infect RAW 264.7 cells. If the deletion of any of thggenes had an effect on MNGC formation, then
it would be necessary to smtroduce the corresponding WT gene into the mutant on a multicopy

plasmid to confirm that the observed phenotype was not a consequence of polar effects.

4.3.1 Construction of 8. thailandensisf tagA-5 mutant

To create thepn G - n . ¢ 1 YL Ly cBi thailahdemsistheypringers tagASOEfor2 and
tagASOEmidrev were used i t / wm (G2 3JISYSNIGS | con oOLWBSHENI 3YSyYy
(BTH_110863) and first 69 bp @fgA-5. The primers tagASOErev2 and tagASOEmidfor were used in

PCR2 to generate a 701 bp fragment containing the final 57 tagé#5 and the first 599 bpf tagB-
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5. These two fragments were mixed and used as a template in PCR3 with tagASOEfor2 and
tagASOErev2 which generated a 1299 bp DNA fragment. Both the PCR product and {pBEX38Tp
were digested with Acc651 and BamHI before ligating the two DNA fragnmegether to create
PEX18TgpheSp ( | 3766 bp). Once the correct plasmid had been verified by DNA sequencing, it
was delivered into WB. thailandensidy conjugation followed by a twstep allelic replacement
procedure to yield thgx i |-Sstrain. Thedeletion of the central segment of thagA-5 gene to leave

the first 69 bp (23 codons) fused to the final 57 bp (19 codons) was confirmed by screening with the
tagAscrnfor and tagCSOEmidrev primers which annealed to genomic sequences either side of the
region cloned into pEX18FheSn ( | Bhis gave rise to a 4413 bp fragment when the WT gene was
present and a 1920 bp DNA product wheni I \#ak present. Before using in infection assays the
pBBR1MCS vector was introduced by conjugation.

4.3.2 B. thailandensitagA5 is required for MNGC formatidn vitro

TheB.tptagA mutant containing pBBR1IMCS was grown overnight & 37Ay [ . O2 ynill Ay Ay 3
chloramphenicol. The cultures were washed twice with PBS following which thg @Bs

determined. This was usedd inoculate DMEMFCS with 1 x f@ells/ml B.t. RAW267.4 cells seeded

at 1 x 10cells/well of a 24 well plate 226 hours previously were infected by replacing the culture

medium with 1ml of the B. thailandensigell suspension. Two houp®stinfection, the wells were

washed twice with PBS before the addition ol DMEMC/ { | Yy Rml kapamycim.3& hours

post infection, wells were washed three times with PBS and fixed with ethanol for 30 minutes. After

fixing, wells were allowed to grand cells were stained using undiluted Giemsa (0.4% wi/v) for five

minutes before rinsing with tap water to achieve the desired staining intensity.

As shown ifFigured.7 A, RAW 267 .4 cells infected with thgAmutant were unable to form MNGCs.
To confirm that this phenotype was a result of the mutation introduced, it was necessary to re

introduce a WT copygf tagA

4.3.3 Construction of d&agA-5 complementation plasmid

To create pPBBR1ME&gA, boiled lysate prepared from WH. thailandensisvas used as a template

in a PCR with the tagAcompfor and tagBcomprev primers which introduced a Hindlll and BamHI site,
regpectively. The amplified 2717 bp DNA fragment and pBBR1MCS were digested with Hindlll and
BamHI before ligating together. This ligation mixture was used to transform JM83 cells which were
spread on LB agar plates containing chloramphenicol, Xgal and IfgiGwere then placed at 3€
overnight. Selected white colonies on these plates were grown overnight and the plasmids from these

cultures extracted by miniprep. The plasmids were run on an agarose gel before a plasmid of the
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Figure4.7 Effect of deletion oftagA-5on MNGC formation induced bB. thailandensis

RAW 264.7 cells infected witB.t ptagA5 containing pBBR1MCS arit ntagA-5 containing
pBBR1IMGE&gA-5 at a MOI of 10:1 for 16 houtsefore fixing with ethanol and staining with Gien
Images were acquired using the 10x objective of.eica DMI4000Binverted microscope.
nial BBR, ®i 4 dohtdning pBBRIMCS.|BYi I @BBR, ® i 5 dohtdning pBBR1ME
tagA-5.Scale bar=75 Y @

143



correct size (7384 bp) was sequenced. The correct pBBRidgGS/as introduced inton G | B!

conjugation and used in an infection assay as described previously.

4.3.4 Introduction of WTtagA-5 into the B.t tagA5 mutant restores MNGC formation

As demongtated inFigure4.7 B, MNGC formation was restored when tiagA gene wasntroduced
into the tagA-5 mutant on the pBBEMCS plasmid. This indicates that the deletion of tdogA gene
did not introduce polar effets on the expression of downstream genes in the I H§&ne cluster and

thereforetagA-5 is required for the formation of MNG@s vitro.

4.3.5 Construction of 8. thailandensief tagB-5 mutant

A markerless in frame deletion ¢dgB-5 (BTH_110861) was createby using the tagBSOEfor2 and
GF3. {h9YARNBD LINAYSNA Ay 2yS t/w ONSI GagAadd || pHA
the first 78 bp of thetagB ORF and tagBSOErev2 and tagBSOEmidfor primers to create a 582 bp
fragment incorporating the final®bp oftagBandthe first 498 bp otagCin another reaction. A third
reaction was carried out using the tagBSOEfor2 and tagBSOErev2 primers with the fragments from the
previous two reactions acting as a template. This third reaction amplified a 106®&Bpflagment

which was digested with Acc651 and BamHI, and ligated into pEXit&Hwhich had been digested

with the same enzymes. This generated a 5533 bp plasmid, pExh&%p (i -5 which was used

to introduce a version ahgB-5 possessing only itg$t 78 bp (23 codons) fused to the final 60 bp (20
codons) of the gene. The ~500 bp of DNA upstream and downstream of the rem&gB§
sequence facilitated the integration of the pEX1$FeSp ( I-H plasmid (and hence the
trimethoprim resistance andpheS genes) into theB.t chromosome by a single homologous
recombination which was selected for by trimethoprim resistance? fEsistant colonies were
restreaked on M9 agar containing cPhe and the plasmid was excised by a second homologous
recombination event necessary to allow the bacteria to grow on this agar containing cPhe. The
creation ofp { I-5was confirmed using the tagAcompfor and tagDSOEmiprieners in aGoTaq

PCR which produced a 4220 bp fragment when the desired mutation was present on the chromosome,
compared to 5175 bp when the WEagB gene was present. The pBBR1MCS plasmid was then

introduced into the mutant by conjugation.

4.3.6 B. thailandesis tagBb is required for MNGC formatidn vitro

RAW 267.4 cells growing in 24 well plates were infected withBligitagB-5 mutant containing
pBBR1MCS at an MOI of 10:1 using the procedure outlined previously. 16 hounsf@osbn, cells

were washe, fixed and stained with Giemsa. When observed under a microscope no giant cells
containing three or more nuclei within a single cytoplasmic membrane could be obsé&igeided.8

A), suggesting thatgB-5 is required forB.tto induce MNGC formation in RAW 267.4 cells.
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AtagB/pBB AtagB/pBBR-tagB

Figure4.8 Effect of the deletion otagB-5 on MNGC formation induced bB. thailandensis

RAW 264.7 cells infected witB.t ntagB-5 containing pBBR1IMCS arlt ntagB-5 containing
pBBR1MGE&gB-5 at a MOI of 10:1 for 16 houisefore fixing with ethanol and staining with Giem
Images were acquired using the 10x objective ofeca DMI4000Binverted microscope.
nil PBBR, @i 4 cohtaning pBBRIMCS.B)i | BBBR, @i 5 ohtaning pBBR1ME
tagB5.{ OFf{S 6FNJT Tp >Yo®
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4.3.7 Construction of aagB-5 complementation plasmid

A PCR with the proofreading Q5 DNA polymerase wdsnpeed using tagBcompfor and tagBcomprev

to amplify a 1130 bp DNA fragment from a \BT boiled lysate template. This DNA fragment was
digested with Hindlll and BamHI which cut the DNA at the sites introduced by the tagBcompfor and
tagBcomprev primers, regctively. pPBBR1IMCS was digested with the same enzymes and ligated with
the digested PCR product. Following transformation of JM83 with the ligation mixture, white colonies
growing on LB containing chloramphenicol, IPTG and Xgal were selected and gravghbwe liquid
medium to facilitate purification of plasmid DNA by the miniprep procedure. A plasmid which
migrated with a size corresponding to 5794 bp in an agarose gel was identified and the nucleotide

sequence of the insert was determined.

4.3.8 Introduction of WTtagB-5 into the B.t tagB5 mutant restores MNGC formation

The correct pBBR1M@&yB-5 plasmid was introduced into thB.ttagB-5 mutant by conjugation and
atransformantwas used in a MNGC formation assay as described previ€iglye4.8 B showsthat
introduction of thetagB-5 complementationplasmid into theB.tn { |-Emutant restores the ability

of the strain to induce RAW 267.4 cells to fuse resulting in MNGC formation. This result demonstrates

that tagB-5 is indeed required for MNGC formatidémvitro.

4.3.9 Construction of 8. thailandensisef tagG5 mutant

To create a rarkerless in frame deletion adgG5 (BTH_110860), a splice overlap extension PCR was
first performed. The first reaction used the primers tagCSOEfor2 and tagCSOEmidrev to amplify a 531
0L LINPRdAzOG O2y il Ay Ay 3 tagBSandaalshoidit NBKES 2/ F 28 Si KSQ p )
5. A second used the primers tagCSOErev2 and tagCSOEmidfor to amplify a 565 bp product containing
the final 78 bp ofagG5, all oftagD-5 and the first 29 bp ofssJ5. These products were gel extracted

and combined as temates for a third PCR which used the tagCSOEfor2 and tagCSOErev2 primers to
generate a 1060 bp fragment. This PCR product and pEXt®Bwere digested with Acc65] and
BamHI and then ligated together. The products of the ligation reaction were usednsférm JM83

and transformants were selected on Mfycerol CAA agar containing trimethoprim, Xgal and IPTG at
30°C. Minipreps from white colonies were screened for the presence of presence of plasmids of the
expected size (5527 bp). One such plasmid wagirted as containing tha G I BNA fragment by
nucleotide sequencing. This plasmid, pEX38A@Sn G I, Ivas introduced into the WTB.t
chromosome by homologous recombination following conjugation and selected for by acquisition of
trimethoprim resistane. Selection for cPheesistance was then applied to identify bacteria in which

a second recombination event haxtcurredresulting in the excision of the plasmid leaving behind
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Figure4.9 Effect of the deletion otagG5 on MNGC formation induced bB. thailandensis

RAW 264.7 cells infected witB.t nptagG5 containing pBBR1MCS ariit ptagG5 containing
pBBR1MG&gGS5 at a MOI of 10:1 for 16 houtsefore fixing with ethanol and stainingitlvy Giemsa
Images were acquired using the 10x objective of.edica DMI4000Binverted microscope.
nial @BBR, ®i 4 cohtaining pBBRIMCS.BYi I @BBR, ®(  cohtaning pBBR1IME
tagG5.{ O £ S ©0FNJT Tp >Yo
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