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Abstract

One of the most widespread bacterial secretion systems is the type three secretion
sysem (T3SS), which is critical for the virulence of many pathogens and responsible for
assembly of the bacterial flagellum. The virulemssociated T3SS is a molecular syringe
that uses a highly conserved export apparatus (EA) to secrete effector prdteugh

a needle directly into the host cell cytoplasm. The flagellar T3SS secretes flagellar
subunits through the EA which then sasemble into a filament. Despite recent
progress in the structural biology of T3SS, the highly conserved membrane darhains

the five inner membrane proteins of the EA have evaded structural characterisation.

Here, multiple cryeEM structures of complexes of the three core EA proteins from both
flagella (FIIiPQR) and injectisomes (SctRST) are presented, revealing a psaundotcex
helical complex. Remarkably, the complex is made up of a series of long, highly kinked
helical hairpins rather than the predicted canonical transmembrane helices. Many of the
hydrophobic residues predicted to lie in transmembrane helices are iddteaed at

the interfaces between subunits, leaving only a small membrane domain. In the
assembled T3SS this complex is encased in the basal body, above the plane of the inner
membrane, and connects to the helical filament, whose helical parameters ¢hest

The membrane domain of the fourth export apparatus protein, FIhB, is shown to form a
complex with FIIPQR, and the complex structure suggests a mechanism of how
interactions between FIhB and FliPQR could lead to opening of the complex. Finally,
stablerings of fulllength FIhA/SctV, the last EA protein, were prepared and-Efyo
confirmed the structure of the nonameric cytoplasmic domain. While little high
resolution information of the membrane domain was obtained, these studies provide a

framework forfuture studies.

Together these results reveal the structure of part of the secretion pathway and suggest

that the core of the export apparatus templates the assembly of the helical filament.
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1 Introduction
1.1 Bacterial protein secretionn pathogenesis

Cells are bounded by membranes made up of lipid bilagedsprotein(Gorter and

Grendel 1925Singer and Nicolson 19¥2n order to affect their surroundings, cells

must move molecules across the membrane e them into the membrane. While
some molecules may diffuse across the membrane passively, the most diverse class of
biological molecules, polypeptides, generally require dedicated mechanisms to cross the
membrane. In bacteriaa large array of secretiossystems has evolved which allow
secretion of proteinaceous effectors out of thgtoplasm(Green and Mecsas 20116

These secretion systems have been weaponised in the molecular warfare among
bacteria and between bacterial pathogens and the immune syst#maskaryotic hosts

(Lee and Schneewind 200haking bacterial secretion a medically relevant
phenomenonln addition to acting alone, for example as toxisemesecreted proteins
areassembld into large extracellulaappendagesuch as pili or flageli@ronzes et al.
2008, which can also be tools for virulenddost pathogens adherto host tissue,

secrete toxinghat disablehost immunityor invade cells to hide from the immune

system and finally exit the host again in large numbaAlisof thesecan be mediated by

secretion systemf_ee and Schneewind 2001

Bacterial scretion systems can be classified into one step and two step systems to
distinguish thosesystemghat rely on the Sec and Tat pathwaysetxport proteins to

the periplasm in dirst step followed by a second step of secretion across the outer
membrane from the nanomachines that secrete across both membranes in a single step
(Green and Mecsas 2018ype 2, 5, &nd 9 secretion systen{Bigurel.l) are two step
secretion systemsall of which have also bedinked tothe formation of extracellular
structures(Barnhart and Chapman 200&orotkov et al. 201,24 eyton et al. 2012 _asica

et al. 2017. In the first step proteins arexportedinto the periplasm through the Sec
translo®n or the Tat pathway Sec ®cretion substrates are recognised by either SRP
(cotranslationally) or Se&(co- or posttranslationally) and delivered to the SecYEG
translocon which uses energy from ATP hydrolysis and the proton motive force (pmf) to
secrete unfolded polypeptideinto the periplasm or insertheminto the membrane in

the case of integral membrane protei{Bapanikou et al. 2007Chaperones and other
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co-factorsare associated with the transloc¢B8achelaru et al. 20)4The Sec
independent Tat pathwagSargent et al. 199&8Veiner et al. 1998howeversecretes
folded proteins usingnergy fromthe pmf (Palmer and Berks 201 Zoteinsare

thought to be recognisetly the TatBC complex and the membrane is permeabilised
throughan unknown mechanism by TafBolhuis et al. 2001Rollauer et al. 2012In
Grampositivebacteria without an outer membrane, these general secretion systems

are sufficient for secretion intthe extracellular space.

Type ll Type V Type VIII Type IX
e —- ~e R —- e — e —-
o« N I .
—— e —-
" B

Tat Sec

Figurel.1 Two step secretion systems.
Membrane poresn two step secretion systems

The type 2 secretion system (T2SS) consists of a secretin in the outer membrane through
which folded proteis are pushed by a pseudopilus according to the piston model
(Korotkov and Sandkvist 20L9he secretin is a giadb-fold symmetricbeta barrel

pore (Majewski et al. 2018 A weltknown T2SS substrate is the cholera toxin, which is

an AB toxin whose activgibunit causesecretion of chloride ions by epithelial cells in

the intestine,resulting inwatery diarrhoeaand bacterial sheddinfsikora 2018 A

related secretion machinery is used for the assembly of type IV pili, which are
responsible for twitchingnotility and have been implicated in the pathogenesis of

Pseudomonas aeruginogieattick 2002.

Type 5secretion differs from the other secretion systems in that there is no dedicated
secretion machinery. Insteathostsubstrates are autotransporterspnsisting of
transportdomain that forms the outer membranaeta barrelpore (Oomen et al. 2004
through which thepassenger domaiis secretedLeyton et al. 201 Alternatively,n
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some casea separate protein can form th@ore. Anexampleisthe Yersinia

autotransporter YadAan essential adhesin possessing a collagedinghead domain

and a Factor H bindingialk domain, which confers resistanwecomplement mediated
immunity (Muhlenkamp et al. 2015A conceptually similasystem is the chapene-

usher pathway, in which an outer membrane pore, the usher, and a chaperone are
responsible for secretion and assembly of pilus subunits. This type of pilus is of particular

importance in uropathogeniBscherichiacoliinfections(Waksman and Hultgre2009).

The type 8 secretion system poresisionameric beta barrel through which unfolded
proteins can pasw assemble into bacterial amylo{Goyal et al. 201¢and the type 9
secretion system pore is a large monomeric beta barrel through which feldiestrates

are secretedLauber et al. 2018 Type 9 secretion is also associated with gliding motility.

A

target
membrane

mycomembrane

oM

=i

" U

Type | Type Il Type IV Type VI Type VII

Figurel.2 One step secretion systems.
Membrane pores in one step secretion systems. The presence of a pore in the
mycomembrane in type 7 secretiés not known.

One step secretion systems include type 1, 3, 4, 6 and 7 secretion sysigune(.2)
and they secrete substrates across the entire cell envelope in a singléTstemas et al.
2014 Ates et al. 2016Galan and Waksman 2018ype 1 secretion is a common
mechanism of secretion using an ABC transporter in the inner memligkamet al. 2015

Morgan et al. 201ylinked to an outer membrane protein such as T({Gronakis et al.
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2000. Secretbn substrates are secreted in a lahgunfolded state. The most well
characterised substrate is the haemolysin HIyA from uropathodeneolwhich is

thought to form pores in host cell membran@#iles and Mulvey 2013

Type 4 secretion systems (T48&)ATP hydrolysis powereathnomaclines that can
secrete proteins and DN€handran Darbari and Waksman 20 TEhey are found in
animal and planpathogens as well as bacterial cogative DNA transfer mechanisms.
The T4SE€onsissof a large, envelope embedded complg&ow et al. 201¥and often
includes a pilus, such as thefdilus of Agrobacterium tumefacientirough which DNA is
injected into host plant cellBabic et al. 2008 However, T4ASS dependent secretion of
periplasmic proteins, i.e. two step secretion, has been described foedmuman
pathogensBordetellapertussisecretes the pertussis toxin, an AB toxin, first through
the Sec pathway into the periplasm and then through a T4SS without \Malklen et
al. 2010Q. It is not knowrif the large AB toxin is secreted througletemall outer

membrane pore of the T4SS.

The type 6 secretion systeim a moleculatspear gus in which an effector protein at
the tip of the molecular speais propelled into another ce{Bock et al. 201)7 The
membranes of the secreting cell are protected by guiding secretion through the
membrane core complex whose periplasmic structure is knPvim et al. 2019 but the
inner and outer membrane domains of the membrane core complex have not been
solvedto high resolutionyet. Only the inner membrane pore ofi¢ type 7 secretion
system ofGrampositivebacteriahas been characterisg@eckham et al. 20371t is not

known how substrates pass the mycomembran&lycobacteria

1.2 Type three secretion
1.2.1 Discoveryof type three secretion

Type3 secretion(Salmond and Reeves 19%3ng et al. 201)dsa very widespread
mechanism obacterialprotein secretiorfound inrhizobial symbionts anthany
pathogens includindersinia pestighe causative agent of plagi€itasato 1894Yersin
1894). The three biovars ofersinia pestiG@ntiqua, mediaevalis and orientali®evignat
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1951) are responsible for the Plague of Justinian (antiqMégner et al. 2014 the
Black Death (mediaevali@os et al. 201jland themodern pandemigParkhill et al.
2001). Protein gcretion was discovereiah Y. pestiglue to growth restriction in the
absence otalcium ions at 37C(the low calcium responséKupferberg and Higuchi
1958. Upon withdrawal of calciunmyersiniasecretes a laje quantity of plasmid
encoded Yop protein@lichiels et al. 1990and this is required for virulend&oguen et
al. 1984. However, external administration of Yop proteimsituman cells has little
effect. Insteadmicroinjectionof Yop proteingevealedthat their targets are
intracellular(Rosqvist et al. 1995nd Yop translocation byersinianto host cells is
dependent on contact with the target c€Rosqvist et al. 1994In addition, Yop
proteins do not have a traditional signal sequence, but are recognised bytemmihal
signal(Michiels and Cornelis 199Anderson and Schneewind 193vhich is sufficient
for protein secretion. Aecond mechanism of substrate recognitiis through specific
chaperones that bind their cognate effector protein in the cytoplasm prior to secretion
(Wattiau and Cornelis 1993

As gene sequences lmue availablea high degree of sequence conservatiwas
observed between type 3 secretiongteins and certain flagellar proteirgdizawa 200},
especially those thought to be responsible for transport across the inner memjfi@ne
example SctV/FIhfPlano et al. 199IRamakrishnan et al. 19RStructural analyses
revealed further homology evein the absence of identifiable sequence conservatidn
needle complex corresponding to the type 3 secretion system (T3SS) nanomachine was
isolated fromSalmonellacellsand shown to resemble a syringe consisting of a series of
rings embedded in the innemd outer membransto which a thin needle is attached
(Kubori et al. 1998 suggesting that the T3SS is a molecular syringe that injects toxic
effector proteins into host cells, which is why it is also known as the injectisome. Cryo
EM laterdemonstratedthat secretion substrates travel through the needle ilmaely
unfolded state, but alpha helical secondary structure may be maintgiRadics et al.
2014). Thestructure of the needle compleKubori et al. 1998resembles that of the
flagellar basal bodfAizawa et al. 1985further reinforcing thesimilarityof the two

systems.



Bacteria have been known to be motile since their disco{digcnab 1999 Although
they were initially speculated to possess paws leliveg motility, improvements in
microscopy led to the first observation fihgella(Ehrenberg 1838 Flagellarotate like a
propellerto enable motility, as shown most conclusivblyobservation brotation in
tethered cells(Berg 1974Silverman and Siom 19749. The energy for rotation comes
from the pmf, not ATRLarsen et al. 19748 anson et al. 197)/ Like the injectisome
needle(Cordes et al. 2003the flagellar filament is a hollow tulieowy and Hanson
1965 and growth occurs at the distal erd the flagellar filament(lino 1969 Emerson
et al. 1970 or needle(Kimbrough and Miller 20QGrom secretedsubunits as they
emerge from the growing filament/needle and folinalogous to secretion in
injectisomes, flagellar subunits bind cognateaperones in the cytoplasm, both to allow
recognition as substrates and avoid premature formadmligomersn the cytoplasm
(Auvray et al. 2001

1.2.2 Flagella and injectisomes in motilitgnd pathogenesis

Flagellar motility has long been known to be related to chemot@&agelmann 1881

the movement towards favourable substances and away from unfavourable chemicals.
Importantly, rotation ofE. coliflagella was seen to change from counterclockwise (CCW)
in the presence of attractants to clockwise (CW) in the presence of repe{leartsen et

al. 1974h. While change of direction of the rotation would only cause a change from
forward to backward movement if a single flagellum is present, peritricflagela, that
originate from many different points around the cell envelope, fatend in the most

well studied organism$almonella entericaerovarTyphimurium(Salmonella
Typhimurium) ande.coli. Peritrichous flagellform a helical bundle during CCW rotan

and thisbundle comes apamvhen one or more flagella rotate CW, causing the cell to
tumble (Macnab and Koshland 19¥ & his reorients the cell into a random new direction

at the end of the tumble, leading the cell to explore its environment in acand/alk.

In order to allow the cell to swim towards nutrients and away from harmful substances,
the frequency of tumbling/direction changes is controlled, allowing the cell to follow
concentration gradients despite being too small to sense a gradiengalsrcell body

(Berg and Brown 1972InE. colia reduction in concentration of chemoattractant
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substances or an increase in concentration of chemorepellent substances causes
tumbling frequency to increaségading to a biased random walkwards attractants

and away from repellents.

Different swimming behaviograre found in other flagellated specieBor examplea

more complex mechanism is found in marine spediksVibrio alginolyticuswith a

single polar flagellunCCW rotation tthe flagellum causes forward movement and CW
movement reverses the direction of swimming, causing the cell to backtrack. Prior to
resumption of forward swimming, the flagellum acts like a rudder and causes a random

change in directiorfXie et al. 201

Due to the fitness advantagef motility and chemotaxis, flagella are common in
bacterial pathogengJosenhans and Suerbaum 2Q0Rut in addition to motility, flagella
can havdurther biological functions in pathogeniciycludingadhesion, biofilm
formation and invasioifDuan et al. 2013 Furthermore yvirulence factors can be
secreted throughlagella(Young et al. 199%nd inVibrio choleradlagella are used as a
sensor of the mucin layer in the host intestifieu et al. 2008 Due to the widespead
occurrence of flagella and their importance in virulence, the protein making up the
flagellar filament, flagellin/FIiC, is a major target of immune recepfides/ashi et al.
2001).

The injectisomes is a molecular syringensising of a basal body embedded in the cell
envelope and an extracellular needkeubori et al. 1998 Upon binding to host cells,
pathogens can insed translocon connected tthe tip of the needle into the eukaryotic
plasma membrane and secrete proteins i@ host cytoplasmpassing three
membranes in a single step secretion mechanisliekansson et al. 1996The secreted
effectors are very diversand have different functions that allow each pathogen to
cause diseasd=ffectors can manipulate host cell fttion to promote adherence to
target cells, invasion, direct cytotoxicity subversion of immune system function
(Coburn et al. 2007 The T3SS aften essential for virulence. For examp&glmonella

Typhimuriumencodes twanjectisomeson itstwo pathogencity islands (SPI and SR2)



(Galan and Curtiss 1989chman et al. 1996hea et al. 1996The SPL injectisome is
expressed early in infection and is responsible for invasion and early stages of
intracellular survivafZhou and Galan 20Q1Unusully, S Typhimurium triggers its own
endocytosis by endothelial cells. Multiple SRidffectors, including the bacterial actin
binding proteins SipA and SipC;aqmerate to induce actin polymerisation and uptake of
S.Typhimurium cell§Hayward andKoronakis 199%hou et al. 199P The cells are then
maintained in é&Salmonellacontaining vacuol€SCYwhich does not fuse with

endosome or lysosomesThe SR? injectisome isargely responsible for SCV maturation
and prevention of killing by phago@g(VazquezTorres et al. 2000S.Typhimurium

also exploits the immunogenicity of flagellin by secreting the protein through th& SPI

injectisome(Lyons et al. 2004

In contrast,Yeriniadoesnot hide from the immune system inside host celigl instead
killsimmune cellsYersinia pestipreferentially targets cells of innate immunity for
effector injection resulting in cell deatfMarketon et al. 200pb Effectors including
YopM(Kerschen et al. 2004nd YopJOrth 2003 can cause cell death directly atite

effector YopHPersson et al. 1999revents phagocytosis.

Injectisomes are also responsible for establishing symbiotic relationships, in particular
betweenleguminous plantand nitrogen fixingrhizobum bacteria(Viprey et al. 1998

In order to establish symbiosis, effectors such as NopL downregulate the plant immune
response and inhibit accumulation of the defensive pathogeredéted (PR) proteins
(Bartsev et al. 2004vhich allows the bacteria to colonise theot and induce the

formation of nodules.

1.3 Sructural biology of type three secretion systems

Assequence information of the subunits that make inpectisomesandflagellahas
become available, homolodetween most parts of the two systenmas been reased
(Figurel.3). But while a single set of gene names is usedldgella multiple
nomenclatures have traditionally been used fiojectisomegenes.Auniversal Sct

nomenclature has been proposédueck 1998andthis will be used in this thesighe
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homology between subunits of the two systems can be seen not only at the genetic level,
but increasingly also in structures of subunits as well as the intact nanomachines
(Diepold and Armitage 201 Portaliou et al. 2016 Furthermore, both systems gufoy
specific chaperones to recognise secretion substr@téishiels and Cornelis 1991
Auvray et al. 2004 both depend on the pmf for secretiofMinamino and Namba 2008
Lee and Rietsch 201&nd both nanomachines are assembled hierarchicpdytially
dependent on the order of gene expressidiinamino 2018 Wagner et al. 2018
Assemblyof the helical filaments is precisely controlled throwimolecular ruler

protein SctRand secretion specificity is switch@dinjectisome assemblgfter the
helicalneedle has grown to a certain lengtbournet et al. 2003Hughes 201Q The
homologous system in flagejlasing the ruler protein Flikpntrols the length of the
hook (Erhardt et al. 201(Figurel.3). Due to these similarities, flagella can be seen as
type of type three secretion system (fT3SS) that is evolutionarily related todhe

flagellar orvirulenceassociated type three secretion system (VT3SS).

~—needle rod, hook and ﬁlament"“"“’-f:’/

4,
i

secretin LP-ring

rod

MS-ring

Export apparatu

Stalk

<§Pokes 7
ATPase

Figurel.3 Cartoon model of vT3SS and fT3SS.

Cartoonmodelof the organisation of vT3S8)(and fT3SB] before the work on this
thesis was begun.




1.3.1 Structure of T3SS: thedsal body

The main structural component tifie T3SS is the basal body; a lacgenplexmade up

of a series otircularly symmetric rings @ach of the bacterial membrané8kiba et al.

1991 Ueno et al. 1992Schraidt and Marlovits 20)1Unlike the highly conserved
membrane proteins they surround, the basal bodies of injectisomes and flagella have
diverged in evolution, possibly related to the mechanical stresses assowdtethe

rotation of the flagellum. The inner membrane ring of the injectisome is composed of
two proteins, SctD and SctJ, each of which is built from multiple structueddited

domains termed rindpuildingmotifs (RBMsj}Spreter et al. 2000 They areeach

anchored in the membrane by a single transmembrane helix, with SctJ also possessing a
covalently attached lipid at the-derminusin most speciegAllaoui et al. 199

Together they form a 2fbold symmetric ring, with 24 copies of SctD envelopiniglatly
packed ring of SctJ. This in turn surrounds a central periplasmic structure known as the
cup and socke{Schraidt and Marlovits 20)1Recent neaatomic resolution structures

of the vT3SS basal bodiyce this study begamave made the stoichiomet and

structure of the SctDJ ring unambiguddgorrall et al. 201%

In contrast, the equivalent structure in fT3SS is formed by a single protein, FliF, which
forms a structure known as the M#ig (Ueno et al. 199 FIliF hagpreviouslybeen
visualised using lowesolution cryenegative stain electron microscopy which led to an
estimated stoichiometry of approximately Z6uzuki et al. 20Q4nd similar estimates

of the stoichiometry have been arrived at through the analysis of basaébgulirified

from intact flagellafThomas et al. 20Q6Recentlyhighresolutioncryo-EM of FliF
revealed stoichiometesof 33and 34 and multiple different symmetriem parts of the
structureformed bythe single chairof FliHJohnson et al. 20)9Housed ina specialised
patch of membrane at theentre of this inner membrane ring is thought to be the highly
conserved export apparatus through whickcestion substrates are exporte@Vagner

et al. 201QDietsche et al. 20LMinamino 2018.

In the perplasm the inner membrane ring contacts the outer membrane g8ahraidt
and Marlovits 2011 In vT3SSs this is the secretin, SctC. Earlier low resoluticiEbtyo

structures of related T2SS secretins had suggested variable stoichiometry, with
10



assemblies naging from 12 to 15ners proposed. However, recent advances in €&
have led to the determination of structures of ti&Typhimurium vT3SS basal body
(Worrall et al. 201§ including the secretin, and multiple T2SS secrdtitay et al. 2017

Yan et al2017, revealing a conserved architecture and stoichiometry. The core secretin
is a giant pentadecameric betmrrel penetrating the outer membrane at its upper
surface. Unusually for outer membrane proteins, the Betarel extends far into the
periplasm and is doublevalled. Nterminal to the barrel structurés a series of globular
domains that display structural homology to the RBM motifs of the inner membrane
components. In vT3SS these RBM domains span the periplasm and connect the secretin
to SctDJWorrall et al. 2015 Although the periplasmic RBMs were assumed to be 15
fold symmetric, following the symmetry of the membrane embedded domain, recent
results suggest that an additional fragment of SctC is part of the periplasmic complex,
making it 16fold symmetricat the periplasmic ring that contacts Sct@@doessweiner

Mohr et al. 2019Hu et al. 2019 Interestingly, although unrelated in sequence, the
periplasmic collar of the inner membrane FIiF ring seems to occupy the same space in

the basal body as the-términal secretin RBM domaiiSuzuki et al. 2004

Secretingare thoughtto assemble independdly of the rest of the secretion system
(Diepold et al. 2010 Secretin assembly is facilitated by pilotins. The pilotin promotes
proper assembly of the secretin and targets insertion of the secretin monomers into the
outer membrane rather than the inner e@mbrane(Majewski et al. 2018Leakage

through the secretin prior to the completion of the secretion system is prevented by a
periplasmic gate made up of two sites called GATE1 and GAp&gnuolo et al. 200

A pair of structures of th&.TyphimuriumvT3SS basal body with an assembled needle,
termed needle complex, and without the needle have recently elucidated the molecular
basis of this gating mechanigiworrall et al. 2016Hu et al. 2013 It is thoughtthat in

T3SS secretins assembly of the neddament causes the gate to flip from a position
parallel to the membrane to one that is perpendicular, where it becomes part of the

secretin betabarrel.

The outer membrane components thfe fT3SS arkess well understood. Flagella of most

Gramnegative species are thought to pass the peptidoglycan and outer membrane via
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the P and krings, formed by Flgl and FlgH respectiydbnes et al. 1997Neither of

these proteings predicted to be related to secretins. However, there are currently no
high re®lution structures of eitheringandFlhH and Flglo not resemble anprotein of
known structureat the sequence levelnterestingly, it has recently been shown that
when flagella are ejected under starvation conditions a plug appears in the outer
membrane ring(Ferreira et al. 2019 but it is not known whether the plug is made up of
a separate protein or formed by FIgH or FRpth secretins and the inner membrane
base of vT3SS have the ability to assemble independently and subsequently associate
with each otheWagner et al. 2018 however assembly of the secretin may be
promoted by the clearing of peptidoglycan near the growing inner membrane ring
(Burkinshaw et al. 2035In contrast, assembly of and Rrings were thought to be
dependent on the pesence of the rod and inner membrane bgKebori et al. 1992
Minamino and Macnab 199®inamino and Namba 200Q4Recently, assembly
intermediates of both individual inner membrane rings aAd tings could be observed
by cryeET in multiple specig&aplan et al. 200)8Separate assembly of outer and inner
membrane subcomplexedollowed by association of the subcomplexeay therefore

be possible in both systems.

Running through the centre of the basal body are the inner rod/needle of vT3SSs and
the proximal/distal rod of fT3S¥Radics et al. 2014-ujii et al. 201 These subunits are
secreted by the export apparatus and assemble onto the distal end of a growing helical
structure. In so doing the axial components of the T&®Duilt by the se@tion system

itself.

1.3.2 Structure of T3SShe Cring/sorting platform and the ATPase

At its cytoplasmic face, the basal body contacts another large assembly. In fT3SS, FliF
binds a continuous cytoplasmic ring structure termed @ieng made up of FliG, iM

and FIiN(Lynch et al. 201 7Xue et al. 2018 Together, FliF and éhGring form the rotor

of the flagellar motorwith the Gring alsoplaying rolesn flagellar rotational switching

in response to chemotactic stimand inthe recruitment of substreesfor secretion

The vT3S&ounterpart of the &ing, known as the sorting platform, on the other hand

has been shown consist &fA E  {Hu2tRI&201brather than a continuous ring
12



The cytoplasmic components of the T3SS are thought to researetionsubstrates
before theypass through the export apparatul vT3SSs, a complex of SctQ, SEQK
and SctL formthe sorting platform(LaraTejero et al. 201)ithat binds substrates
sequentially and delivers them to the export apparatus. THESS protein SctQ and
SctQ, the product of an internal translation start site within the SctQ gene that
produces a @€erminal fragmentcan form al to 2 complex. This is equivalent to the
flagellarcomplex formed by FliMand 1 FliNas both are made upf@ SpoA2 and 1
SpoAl domaiiiNotti et al. 2015McDowell et al. 2016 Although it was originally
thought that SctQQJFIIMN both form a ring in their respective systems, it is now clear
that in vT3SSs the sorting platform consists of six [fddset al.2015 (Figurel.4A)
attachedto a cytoplasmic extension of Satlbhough how the 24 copies of this
extension are coordinated to generate only 6 attachmatgssis not currently
understood.The highest resolutiom situreconstructionof an injectisomenas recently
been achievedan SalmonellgHu et al. 201Y. This revealed the location of a domain
unique to vT3SS. ThetBrminal domain of the basal body subunit SctD couldhewn

to connect the inner membrane rings with the sorting platform, a role carried out by the
unrelated protein FliG in flagelfaynch et al. 201;7Xue et al. 2018 Interestingly, it does
not form a continuous ring, but six clusters, each connected to oleegpods of the
sorting platform Figurel.4B-C). In the absence of the sorting platform, it does not
appear to form clusters, suggesting that the basal body magrdimate assembly of the

cytoplasmic sorting platform.

Despite the similarity of the MIN and Sct€Qccomplexes,tiis still controversial

whether both SctQ and Sc¢@re structural corponents of the sorting platfornSctQ@

has been reported to be essential@migellaMcDowell et al. 2016and Yersinia

(Bzymek et al. 20)2ut appears dispnsable in botifSalmonelle&SPi1 (LaraTejero et al.
2019 and SRR (Yu et al. 201)lvT3SSn the Salmonelle&SPI1 injectisomeSct@ has

been reported to contribute to assembly of the sorting platform but is absent in the final

assemblyLaraTejero etal. 2019.
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Figurel.4 The cytoplasmic assemblies.

A, Tomographic reconstruction of the vT3&8n S.Typhimurium SP1 with C6
symmetry applied (EMiB544).B, Slice of the tomogram showing the six clusters of
density corresponding to the cytoplasmic domaf SctD surrounding the toroidal
density corresponding tthe cytoplasmic domain of the export apparatus protein SctV
whose structure is shown in red (PDB: 4A&PEquivalent slice as iB) of the
tomogram of asctQ mutant (EMDB8445) after applying €symmetry D, View from the
cytoplasm of the subtomogramverageof the cytoplasmic parts of th€r3SS oBorrelia
(EMD9122) with an arrow indicating the rotation of theridg (reproduced fron{Qin et
al. 2019). E Structure of thevT3SRATPas&iewed from the inner membranwith an
arrow indicating the direction of the rotation of the stalk (PDB: 6NJP).

In fT3SS the-@ng interacs with the basal body protein FliF through a strong interaction
of the cytoplasmic @rminal helix of FliF with # Gring protein FliGLynch et al. 2017
Xue et al. 2018 Flicand FliGg are parts of a split domain and form a 1:1 heterodimner
and FliG can be fused to RliFsome organism@rancis et al. 1992Modelling of the
assembled-liFring suggested a stchiometry ofapproximately25 or 26 (Suzuki et al.
2004 Bergeron 201 However, the @€ing is thought to have a stoichiometry of
approximately 34Thomas et al. 1999Different models of how this symmetry
mismatch is bridged have been propog&dock etal. 2013, including an interaction
between FIiG and FliMN that is not 1:1 due to gaps in the FliG ring compared to the

FIiMN ring, two modes of interaction between FliM and FliG or dynamic exchange of
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FliMN in the flagellum with cytoplasmic poolde reent cryeEM structure of FliF
showed that a majority of recombinant M$#igs were 33old, but some were 34old
symmetric(Johnson et al. 20)9suggesting that the symmedssof Gring and MS&ing
are matched, although whether the stoichiometry in natiflagella is 33 or 34 or a
mixture of stoichiometries is not clear yet. This is consistent with the existence of a
natural FliFFIliG fusion ilChlamydigBergeron 201§ althoughflagella are not known to
occur inChlamydiaAs the diameter of the-@ng is not conserved in evolution, there
may be other stoichiometries in organisms with unusually large or smalg€(Abrusci
et al. 2013Qin et al. 2018 A cryeEMstudyof the Gring in a deletion fusion mutant of
FliF ad FliGn Salmonellamissingthe FliFGterminusand FliG\-terminusfound that the
density previously proposed to correspondth®se two terminidisappeared, confirming
the assignment of this most membraipeoximal part of the €ing (Sakai et al. 2019
Interestingly, the diameter of the-fihg was smaller in this mutant because the majority

of the assemblies were 3bld symmetric rather that34-fold asfound in the wild type.

The cytoplasmic components of the T3SS have recently been realised to be far more
dynamic than the membrane embedded proteins. Fluorescence imaging has revealed
that many ofthe cytoplasmic proteingxist in a cytoplasmic pool as well as the
membranelocaised complete assembly and that the two populations are in constant
exchange. Similarly, the flagellari@g components FliM and FIiN can also exchange
with their cytoplasmic poolfKihara et al. 199@elalez et al. 2030Fukuoka et al. 2010
Kudryasheet al. 2010 Delalez et al. 20)4A recent study using supegsolution
microscopy to track single molecules defined distinct complexes of SctQ and SctL
oligomers(Rocha et al. 20)8Interestingly, the distribution of oligomers shifted to
smaller species/hen secretion was turned off. Howevetrjs not yet cleathrough what

mechanisnthe cytoplasmic complexagsgulatesecretion.

SctNFlil, the ATPase, is at the centre of the sorting platf@€ring and has been

Gradz- t AaAaSR | a | OSy i Skigéllav TBR8KHid e@al. RG4S The Y2 ANI Y a
homology between SciRlil and FATPases has lead to tpeoposalthat in the fully

assembled complex Sdfil is a hexame(lmada et al. 200)f AlthoughATP hydrolysis is

thought to contribute to the energy requirement of secretion, it is dispensable under
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some circumstancesyhile the pmfisthought to beessential for secretio(Minamino
and Namba 2008The sorting platform is connected to the ATPasejigkeshat vary
in length depending on-@ng sizgAbrusci et al. 2013 SctMFlil is known to interact
with SctllFliHin a one to two complein vitro in both systemglmada et al. 2016
predicting a model in which 6 SctL/FliH dimers form 6 spddegever, a recent crydeT
study of the periplasmic flagella Borrelia(Qin et al. 2018has overturned this
hypothesis about the stoichiometry in the native complex. The reconstruction revaaled
46-fold symmetric @ing complex that is connected to tloertral hexameric ATPase
through 23 spokes, thought to consist of ttHmMolecules each. A subpopulation of
cells appeasto have a different number of spokes, ranging from 21 to 24.
Computational classification revealeatation of the ATPase complex relative to the
statorsof the flagellar motor, the MotAB compleRs the ATPase is attached to the C
ring via the spokes, it has been proposed that theng and the ATPase rotates a
single rigid bodyRigurel.4D). Morehigh-resolution tomographic reconstructions of
flagella of other organisms are required to clarify the conservation ofrthwvo

stoichiometry of the SctiNlil-SctlFliH interaction.

The monomer of the ATPase has been extensively characterised lammadogous to

the F/VATPasefimada et al. 2007Zarivach et al. 20Q7However, as the ATPase
complex is a homohexamer of SgaNl, unlike the trimer of heterodimers complex of
F/V-ATPases, it was not clear how rotation of the stalk, &diDis achiged. The cryo

EM structure of the assembled hexamer revealed ihgtortantly the stalk is in the

centre of the ATPase anlde SctNhomohexamer is asymmetr{dajewski et al. 2019

two subunits each are in the empty state and the other four are boundttarssition

state analogue of ATP. When looking onto the membrane proximal face of the complex
the transition state analogue is gradually bound more tightly going clockwise. Based on
this structure a rotation mechanism was proposed in which two subunith ese in the
ATP bound state, the ADP bound state or the empty state, similar tdFRases. The

stalk contacts the empty subunits through electrostatic interactions and rotates counter
clockwise Figurel.4E) as ATP is hydrolysed by each subunit in ttonformational

changes in the ATPase subsm@kpose a negatively charged surface in the empty state

which a positively charged region of the sthikds resulting in rotation. The direction
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of this rotation is the same as that of the flagellumEofcdi and Salmonellavhen the
cell is moving forwards. The function of rotation is not clear but the interaction of
SctJFliJwith the export apparatus protein Sot¥hAmay cause conformational
changes ints cytoplasmic domaithat facilitate dissociationfochaperonesubstrate
complexesvhich are known to dock onto SctV/FIfBange et al. 200)0Another
hypothesised function of the ATPase is to create a local proton gradient that could
power the export apparatugMorimoto et al. 2016 Terashima et al. 2038The
structural similarity of the SctN hexamer to FATPases supports this, howeveeiis not
clear which protein would function as an equivalentlué FATPase c ringtfacilitate
proton pumping. One candidate protein that has been observed to cdmahatons and
sodium iongMinamino et al. 201pis the membrane domain of the export apparatus

protein FINA/SctV (see below).

1.3.3 Structure of T3SS:aedle andflagellarfilament

At its extracellular face, a helical filament grows out of the basal bblagtlagellar

filament is made up of flagellin (FliCpwkver, contrary to expectations of a helical
filamentand unlike the vT3SS needle, the flagellum is not a straight filament. Instead, it
is shaped like a wave was proposedAsakura 197xhat this may be explained by
considering the FIiC helix, which is made up of 5.5 subunits per turn (11 subunits in two
turns), to be made up of 11 protofilaments that together form a tubke

protofilaments can be in two different conformations (L and3thall diferences in the
length of these protofilamentsould produce twisted structuresThe structures of the
L-type (Yonekura et al. 200&nd Rtype (Maki-Yonekura et al. 20)@rotofilaments

confirm this model. Switching from CCW to CW rotatbthe flagellumis though to

change the left handed flagellar supercoil (/pe and 2 Rype protofilaments) into a
right-handed supercoildetween 4 and 6 fype protofilaments) whichs unable to form

a bundle and sthe filaments of each flagellumetach from each ther, resulting in
tumbling rather than forward swimmin@Maki-Yonekura et al. 2090In contrast, the

VvT3SS needle is a straight helical filament with similar helical parameters as the flagellar

filament (Cordes et al. 2002 oquet et al. 201
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The fiament and needle are attached to their respective basal bodies via a helical inner
rod (vT3SS) or the rod and hook (fT388he pastfew years, cryeEM has produced
near-atomic structures for the major periplasnfiimentouscomponents of both

systems. In fT3SS, the proximal rod is formed sequentially by single helical turns of FIgB,
FIgC and FlgEhao et al. 2013 followed by approximately 5 helical turns of FIg@nes

et al. 1990 Fujii et al. 201). The helical rod isrpposed to be anchored onto the

circularly symmetric motor structure via an adapter protein called FliE, which shares
features with the mee distal rod proteingKubori et al. 1992Minamino et al. 200D A 7

A cryeEM mapof afilamentformed from by a mtated FliG, called polyrodFuijii et al.

2017 has confirmed its structural homology with the more distal hook filament
(Samatey et al. 20Q4with subtle differences in domain orientations proposed to impart

rigidity to the rod structure.

In vT3SS, coyEM of the fully assembled basal body has determined that the bulk of the

periplasmic lumenal filament is composed of the needle that continues into the

extracellular spacHu etal. 2018P ¢ KS LINRPGSAY LINBGA2dzat e ARSY
termed Scl, is proposed instead to function as an adaptor protein linking the needle to

the & O dzLJotkgERtructure (Marlovits et al. 200Bthrough just a single helical turn

made up of 5 or 6 subunitgonsistent with earlier mass spectrometry dgthu et al.

2018, GoessweineMohr et al. 2019 TorresVargas et al. 2099Similar to FliE, the cup

and socket hd been suggested to be a symmetry adapter, but the identities of the

proteins making up this structungere not known.

Atits distal end the needlés capped by tip complex This complex is thought to be
made up of four subunits of the tip protein Ipa®. flexnernomenclature) and one copy
of IpaB, but can be formed by five IpaD molecules when IpaB is dé{@beding et al.
2015. Following actividon of secretion, the translocators, IpaB and IpaC, are secreted
and inserted into the membrane to form the translocomeTstructure and activity of

the translocon is the least well understood part of type three secretion. Although it has
long been assued that the translocon is continuous with the needle, it has only
recently become possible to image the point of contact between the needle and the

host cell.Oyo-ET reconstructions dhlamydigNans et al. 2010tand SalmonellgPark
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et al. 2018 cells n contact with host cells revealed the presence of a gikeobjectin

the host cell membrane that is connected to the needle tip. ©hjsctcould be probed

in detail inSalmonellao show that this presumptive pona situis much smaller than

what had previously been observed with purified translocon componé€lus et al.

2001), suggesting that the tip complex may have a role in proper assembly of the
translocon.Thein situ structure of hietranslocon also unexpectedly protrudes into the
host cytopasm, however it has not yet been possible to unambiguously determine that
this structure consists of thiganslocatorsand no other components. Future studies will
be needed to elucidate the structure of the translocon and whether it plays a role in the

process of secretion beyond forming an open channel.

1.4 The export apparatus

When searching for genes responsible for secretion, five inner membrane proteins
(Figurel.5) were identifiedas potential components of an inner membrane export
apparatus (EA) through which the secretion substrates could be secreted from the
cytoplasm into the growing flagellufMinamino and Macnab 1999The EA was
hypothesised to reside within a patch of membeaat the centre of the basal body. The
high conservation of these and other proteimsginallyled to the idea that both
injectisomes and flagellatilise a similar type 3 secretion machinegntred around the

shared export apparatu@dlacnab 1993

DA LIAGS (2RIFI&2Qa OSNE RSGIFIAESR Y2t SOdz I NJ dzy R
T3SKPortaliou et al. 201pthe critical step of how the EA allows secretion substrates to
cross the inner membrane is still not understood. Revealing the structura foasi

permeabilising the inner membrane in T3SS is the aim of this thesis.
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Figurel.5 Topology diagrams of the five EA proteins.

Predicted topologies of the EA proteins followiiighardt et al. 201)f The structures of
the cytoplasmic domains of ScttlhB and SctV/FIh@&arivach et al. 200&Vorrall et al.
2010 and the periplasmic domain of FliP have been studied crystallographically
(Portaliou et al. 201G~ukumura et al. 200)but the structures of the membrane
domainswere not known.FliP containg signal sequend@alakooti et al. 199%

1.4.1 The major component of the apparatus

SctV/FIhA is the largest EA subunit and is made up of a large transmembrane domain
(SctfwFIhAry) and a large cytoplasmic domain(S¢BhA) (Figurel.5). Although
different oligomeric states of SctV/FIhA had bgeoposed(Lilic et al. 2010Diepold et

al. 2011 Li and Sourjik 203 1the nature of these oligomers was only revealed in the
crystal structure oB. flexnerBct\& The protein formed a nonameniing (Figurel.6A)

in the crystal and tomography supported threvivorelevance of the crystallographic
symmetry(Abrusci et al. 2013 The structure implied that the transmembrane domain
of SctV/FIhA also forms a nonameric ring and that the remainingr&ains form the

secretion channel inside of this transmembrane ring.
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Figurel.6 The major export apparatus subunit SctV binds to secretion substrates in
the cytoplasm

A, Crystal structure of Scg¥tom Shigella, which crystallised as a nonaiceng (PDB:
4A5P) B, Superposition of thetsuctures of the SctVcytoplasmic domaiifgrey, surface
representation) in complex witthe chaperond-liS and FIiC (PDB: 6CH3) tied
chaperoneFliT and FIiD (PDB: 6CHR)e four subdomains (SEBD4) are annotad. C
Nonameric model oFIhAin complex with a model of fulength FliS and FIiC (right,
modelledusing 6CH3, 1UCU and 5MAW) and FIiT and FliDrjkdelledusing 6CH2,
5GNA, 5H5VP, AFM image oflhAcon mica (reproduced froriTerahara et al. 2008

FlhAcis made up of four subdomains (SBY(Figurel.6B) and has beeproposedto act
as a docking site for flagellar filament proteins in complex with their cognate chaperones
(Bange et al. 207)0prior to the secretionof the substrate Recent crgtal structures of
FlhAcbound tofragments of theflagellar filamentcapping proteinFliD/chaperone(FIiT)
complexand the flagellar filament protei(FliQ/chaperone(Fli§ complexhave shed
some light on the precise mode of interaction with substrgiéisg et al. 2018 The
structures reveal thaFlhArecognises these substrates only through the cognate
chaperone Figurel.6B). The chaperones FIiT and FIliS, but not FIgN, require bidin
the substrate to induce a conformation compatible with binding-tbAs. In both the
crystal structures of the ternary complexes of HHIDF Sct\tand FIiTFIliS Sct\ta highly
conserved tyrosine residue in the chaperone makes extensive hydroptatiacts with

Sct\& Both chaperones can be seen to bind the same sitElbA;, a cleft between
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subdomains SD1 and SD2, and NMR measurements indicate that the third flagellar
chaperone, FIgN, also binds this site a tyrosine residudocking of modelsf full

length substrate/chaperone complexes onto a model of the fT3SS SctV positioned the
substrates adjacent to the inner membrane, presumably primed for entry into the
secretory pathwayKigurel.6C). However, it is unclear from the structures what the
mechanism of release of the secretion substrate from the chaperone would be, or what
the nature of the factors determining secretion order is. It has beeted that

chaperone bindingite identified in the crystal structureis not conserved inT3SS SctV
homologueqXing et al. 2018 although this may reflect the relative lack of conservation

of the chaperones between systems

Some insight into thenechanism of FIhAwas providedecentlyby combining
mutagenesis oFlhAwith high-speedatomic forcemicroscopy AFM imaging(Terahara

et al. 2018 (Figurel.6D). FIhAcwas found to assemble into nonameric rings on mica.
This AFM assayas used to verify the importance of a flexible linker at theeNninal

end of the cytoplasmic domaiManine substittions that disrupted the interaction
betweenthe linker of one subunit with theeighbouring subunit in the ring disrupted
nonamerisation. These mutations also reduced filament assembly and decreased the
affinity of FInA:-for the chaperone FIgN, leading tiee hypothesis that FIgN and its
cognate secretion substrates may bind across more than onéFleAsubunit, but this

is inconsistent with the crystal structures of FHdbstrate crystal structure&ing et al.
2018. Howeverpecause most of these maihts were still able to form hoekasal

bodies (HBBsyequiring secretion of early substrataswas also proposed that the
Sct\WFlhAclinker is responsible for triggeringcanformatioral switch in the nonamer
ring that alters secretiofrom early to &te substratesConformational changes in the
SctVFIhAfamily is lent credence by the large range of conformations observed in the
various crystal structures of SéBlhAhomologues, manifested as a hinging movement
around the central suldlomainto form an open or a closed stai@ange et al. 2010
SaijeHamano et al. 203,0Norrall et al. 2010Abrusci et al. 201)3Recent

crystallographic data suggest that the closed state is responsibkarfdingearly
substrates and that following specificity switching a conformational change is triggered

from the closed to the open stat@noue et al. 2019} however, so faonly the closed
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state has been observed in the assembled nonameric {@donusci et al2013) and it is

not clear how the observed conformational changes in the monomer relate to the
nonamer It is currently unclear how this proposed switching mechanism would
interface with the proposed switching mechanisms attributedsctUFIhB-SctPFIiK
(sectionl1.4.2). Also unclear is how these chaperone binding and secretion switch
models would apply to vT3SS Sabthe chaperone binding site is not conser{¥ohg

et al. 2018 and a different site has previously been suggested as important for secretio

(Abrusci et al. 2013

In addition, vT3SSitilise a secondspecificity switchAfter secretion of the translodars,

the final category of substrates, the effector proteins, are secreted. One of the proteins
regulating this switch is the gatekeeper, Bctwhich is thought to hold the secretion
system in an inactive state until a target host cell has been recog(i¥epold and

Wagner 2013 Recently, it has been shown in multiple systéBisen and Blocker 2016
Portaliou et al. 2017Yu et al. 201Bthat mutations inthe Gterminal subdomainof

Sct\& (termed SD4jesult in increased secretion of late effectors aeduced secretion

of translocatorslikely due to a weakened interaction of SctwW with SctV. Although the
structural details of the Sct8ctWinteraction and its effects on the conformation of
Sct\thave not yet been clarified, it is clear that SctV has a role in the regulation of both

secretion specificity switches of vT3SSs.

One of he least well understood componeswf the export apparatuss the
transmembrane domain of SAfhA (Sctw/FlhAry). It is thoughtto play a role
conducingions across the membrane to power secretion (Minamino et al, 2016).
Mutation of every conserved charged residue in fredicted transmembrane regions
of thefT3SS export apparadiproteins demonstratethat SctV is most likely the only
candidate for coupling the energy from tipenf with protein export(Erhardt et al. 201)
In particular, essential charged residues that could not be mutated while maintaining
function were located in the FHIPE#®Lif, ashort, conserved motibetween the
predicted transmembrane helices 4 and 5 of the Sumbrane domain. Some of these
were found to facilitate selinteraction of the FHIPERotif using suppressor mutations

anddouble cysteine mutants, implying thite FHIPEP motibrms a membrane

23



proximal ring. Erhardt et alsopropose that the protonation state of the cluster of
charged residues in this ring is sensed by the cytoplasmic domain and that proton
conductance igoupled to a cyclical movement of Sgt¥ and from the membrane
through retraction and extension of the linkbetween the two domainsHowever,
structural evidence for such a mechanism is currently lackingratite absence of
structural information abut the transmembrane domajmutational data has to be
interpreted with care Proposedroton conducting charged residues could be difficult to

distinguish from residues merely important for the structural integrity of the pratein

1.4.2 The switch protein

SctU/FIhB is a protein with a membrane and a cytoplasmic dorRa&gargl.5). Its
classification as an EA subunit implies ttte cytoplasmic domain ¢8JJ/FInE) is
positioned very close to the secretion pore in the inner membrane. FeitiB:- has been
genetically linked to SctP/FliK and hook length control as deletions in FliK led to
disrupted hookength and suppressor mutations were isolated in EifVilliams et al.
1996). SctP/FliK is a secretion substrated secretion levels are highest before hook
completion(Minamino et al. 1999 This led to the proposal that FliK measures hook
length and sends a signal to F§vithen the hook structure is completed. FihBould
then change the substrate specificity of the export apparatus from early substrates
(subunits of the rod and hook) to late substrates (subunits of the filaméig was
found to be cleaved specifically between residues Asn269 and Pr&8ZIAgphimurium)
in a conserved NPTH mofiflinamino and Macnab 20Q@vhich splits FIhginto FIhEy
and FIhBg and this cleavage is autocatalyierris et al. 2006 Interestingly, when
cleavage was prevented by mutating the cleavage site secretion specificity was locked in
the early substrates stat@-raser et al. 2003 Similar results were obtaineslith SctU
and SctP and changes in SctP length resulted in changes in needle(&ogtlet al.
2007). Despitelongdebate about the mechanism through which SctP/FliK signals
switching to SctU/FIhB, it is now accepted that SctP/FliK is a molecula(Julenet et
al. 2003 Hughes 201pwhose Nterminal domain is unfolded as it is secreted and
thereby fills the hook/needle. Only if the-fdrminal domain is extended inside the
hook/needle of the appropriate size then thetBrminus of the ruler reaches thend of

the growing filament at the same tinmes a conserved motif dhe Gterminal domain of
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the ruler will be positionedo allow binding toSctUW/FIhB: (Bergeron et al. 2016n the
cytoplasmJeading to a potential conformational change in S¢gRlhB:that results in
specificity switchingAs there is no evidence for this conformational change, another
model proposes a physical obstruction of the EA by ther@inal fragment,
SctWdFIhBy, which is released upon secretion of the fragm@jbrnfot etal. 2009
Frost et al. 201 Interestingly, the @erminal fragment Sctel/FIhBccis additionally
expressed from a separate gene in some organisms and this secon@Hb®chas
been proposed to function as a spare p@ftand et al. 2008 It is not khown why a

spare part is required.

The crystal structure of Scgdhowed that the mechanism of autdeavage is through a
cyclisation reaction of the asparagine which breaks the peptide bond to the proline in
the NPTH motifZarivach et al. 20Q08The structure is highly conserved in both types of
T3S§Meshcheryakov et al. 20).Despitethis extensive characterisation &ctlWy/FIhE,
little wasknown about the putative membrane domaior how the interaction between
SctPFliKand SctUFlhBcauseswitching.Even the stoichiometry of SctU/Flngasstill
unclear, as detergent purified FIhigdimeric(McMurry et al. 201% but estimates from

extracted basal bodies suggested presence of only one @lkgnat et al. 2016

1.4.3 The core of the apparatughe export gate

Not muchwasknown about the location and function of tH&ctRSTHIIPQRproteins

except thatthey wereknownto be associated with the basal body in both fTES® et

al. 1997 and vT3S8Nagner et al. 2020 The proteins FliP and FliR are a possible
nucleation point for assembly of the basal bodyla®ughan elegant use of
temperature-sensitive mutants the order of incorporation of flagellar subunits could be
monitored using autoradiographyhichrevealedtwo previouslyuncharacterised

proteins, now knowrtobeCf At YR CfAwX (G2 F2N¥Y alLl22f a¢é
assemblyJones and Macnab 199(IiP and FIliR synthesised early were preferentially
incorporated into flagella, except in FliF mutanindicating an interaction betweddiPR

and FliFand suggesting that a complex of FliP and FliR could nucleate FliF assEmebly.
pattern of incorporation also suggests that FliPR synthesised after basal body assembly

cannot be incorporated, but this atd not be shown at the time. More recently, this
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inability to assemble SctRST into {a&sembled basal bodiegaswasshown in vT3SS
(Wagner et al. 2010 Although the vT3SS basal body, like (Eléno et al. 199 could
assemble in the absence of thetea EA, only\SctVcould be incorporated into pre
assembled basal bodies. These experiments illustita¢ central position of

SctRST/FIiPQ#t just in secretion but also in assembly of the secretion system.
Furthermore, the stoichiometry of SctV/FllfAbrusci et al. 201Bsuggested thathe
membrane domain of this protein forms a large ring which would surround the other EA
proteins, leaving SctRST/FIIPQR to form the secretion channel or export gate in the inner

membrane.

In addition, the socket and cuUpature at the centre of the basal boayasobserved to
disappear irSctRSmutants(Wagner et al. 201(although it was not clear if the density
disappeared because it corresponds at least in part to the export gate or because its
components require seetion through the export gate. At the time it was proposed that
the cup corresponds ta periplasmic part afhe export gate proteins and the socket to
the inner rod as the socket density, but not the cup, also disappeared in other mutants
that destabili®d the inner rodMarlovits et al. 2005 Excitingly, recent results suggest
that in the absence of SctR8E inner membrane ring of thbasal body assembles into

a nonphysiological dead end complex with-&8d rather than 24fold symmetry(Butan

et al.2019 GoessweineMohr et al. 2019, illustrating the importance of SctRST for the

correct nucleation of SctDJ assembly.

One of the reasons for the few studies directly characteriSiatiRSHIIPQR is the
extreme hydrophobicity of thie sequences. Apart from a small stretch of residues in
SctRFIiP, which have been proposed to form a periplasmic dorfraikumura et al.
2014), the polypeptides are generally thought to be almost completely membrane
embeddal (Figurel.5) based ontopology pediction algorithms and experimental
topology mappindDietsche et al. 20L& aylor et al. 201,8Erhardt et al. 201;AWard et

al. 2018. However the topology is not predicted consistently and especially the
topology of SctTFIiR has been uncerta{Piethe et al. 2016Taylor et al. 201gand
prediction of the energetics @ctTtransmembrane helices in the membrane suggested

that a transmembrane location for two predicted transmembrane helices at the N
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terminus of FIiR is energetically unfavourafileetsche et al. 2016 Further confusion
comes from a study of the EA proteins in the vT3S&othomonaswhich used a PhcA
LacZ fusion strategy and found that only théekminus ofSctTwas membrane
embedded and the majority of the structure was periplas(@erger et al. 2010

Despite ths uncertaintythe complex is thought to reside in the specialised area of inner
membrane surrounded by the basal bo@acnab 2004 The location of Nand C
terminus in cytoplasm or periplasm is also not clear, onégyNHerminus of FIliP is known
to be periplasmic due to the presence of a cleaved signal sequ@tueshi et al. 1997
The termini ofSctSFIiQ andSctTFIiR are thought to be cytoplasniierhardt et al. 201)/
but this is not certainA fourth protein sgcific to fT3SS, FliO, is now known to be a
chaperone for the assembly afFliPQRomplexrather than a component of thEA
(Barker et al. 20L,(abiani et al. 2013, Fukumura et al. 209)7The difficulty in

determining the exact topology indicates the export gate complex to be an interesting
structural target with potential general implications for the entire field of membrane

protein biology.

Recently, two groups reported preliminary rdtsuon purification and characterisation of
a subcomplex of th&A(Dietsche et al. 2016-ukumura et al. 200)7While the Namba
group reported that a hexamer of FliP forms a ring that they proposed to bedtes
export gate(Fukumura et al. 200)7the Wayner group in collaboration with the Lea and
Robinson groups in Oxford used native mass spectrometry (nMS) and negative stain EM
to show that a pentamec ringof SctR formed the export gatPietsche et al. 2016

The latter study formed the basis of tiegperiments described ichapter 3 an attempt

to reconcile these two models. The observation of a ring shaped conmph®th studies
issupportive of the model that an oligomer of SERPis responsible for making the
inner membrane permeable to secreh substrates. However, the high degree of
sequence conservation between FIliP and SctR suggests that the stoichiometry of this
complex is conserved. An additional complication of the proposed models involving
perfectly symmetric FliP/SctR oligomers istthiach a complex would be expected to
have multiple binding sites father EA subung such aSctT/FliRbut just a single
SctTFliRsubunit is thought to be part of T3&8lkenat et al. 2016
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B C
Figurel.7 The export apparatus subunits FliP, FliQ arlR.
A, Model for dimerization of FliP based on the crystal structure of a small, soluble
fragment of the proteinFukumura et al. 20)7B, Model of the FIIPQRINB complex as

a hexamer of FliP (blue) stabilised by dimerization of the FliP periplasmiils (cyan).
FliR (yellow), FliQ (red) and FIhB (green) bind to the outside the FliP ring. Based on
(Fukumura et al. 2007C Model of the SctRSTU complex as a pentamer of SctR (blue).

SctT (yellow), SctS (red) and SctU (green) bind to the outsidetReifg. Based on
(Dietsche et al. 2016

helix 3 helix 3
FliP, FliP,

Additionally, the organisation of the FIiP ring was studidte putative periplasmic
domain of FliP fronT. maritiawasfound to form atetramer in solution and in the
crystal(Fukumura et al. 20)dpening the possibility that one of the interfaces between
FliP periplasmic domains in the crystal is responsible for formation of a FliP igere(
1.7A). The dimer interactions between FIliP subunits were further confirmeid biyo
photo-crosslinkig (Fukumura et al. 200)7Based on this potential dimerization via the
periplasmic domain, the hexameric ring was proposed to be a trimer of difRgysré

1.7B).

The trimer of dimers model is not compatible withe pentameiic SctR complex

(Dietsche et b 2016. In this study, thestoichiometry of theSctRTtomplex was shown

to be 5 SctR and 1 Sdiy rative MS.SctS was not observeatkspite being cexpressed
possibly due to dissociation during purificatidtegative stain EM revealed two types of
objects: the majority of particles werelassified asa smooth ring while a minority were
rings with a small protrusion. This was interpreted as a mixture of circulag SctR
complexes and SciiRngs decorated with a single SctT, leading to a model centred on a
pentameric SctR ring-{gurel.7C). In both models the switch proteictU/FIhBvas
suggested to bind to the SctR/FIiP complex.
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The two models of the complex of SctRSTU and HilgBRare incompatible, but these
highly conserved EA proteins are expededorm a similar complex in both native T3SS
as even many of the proteins less conserved at the sequence level assemble into highly
similar structure [Figurel.3). The study of the stoichiometry and structure of this

complex were a high priority in undganding this most central part of type three

secretion and putative pore in the inner membrane.

1.5 Aims of this thesis

The aim of this thesis is the establishment of structural understanaofitige membrane

proteinsof the export apparatus of T3SS.

1. Reconde the two different models of the stoichiometry of the SctRST/FIIPQR

complex (chapter 3)

2. Determine the structure of FIIPQR and examine whether this complex forms a

pore in the inner membrane (chapter 4)

3. Test the structural conservation of the FIIPQR comptarss different systems

(chapter 5)

4. Study the structure and function of the membrane domain of SctU/FIhB (chapter
6)

5. Determine the structure of the membrane domain of SctV/FIhA (chapter 7)
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2 Materials and methods

2.1 Chemicals

All chemicals were from Sigmddrichunless indicated otherwise.

2.2 Common media and buffers

Media

name Composition

LB 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl

2YT 16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl

TB(Hsher | 12 g/L peptone, 24 g/L yeast extract, 2.2 g/L Potassium Phosphate,
Sientific) | Monobasic, 9.4 g/L Potassium Phosphate, Dib&s#®4v/v) glycerol

Table2.1 Common bacterial growth media

Buffer
name Composition
TBS 150 mM NaCl, 100 mM TrispiM EDTA, pH 8
HBS 50 mM HEPES, 300 mM Ng&H 8
PBS 137 mM NacCl, 2.7 mM KCI, 10 mM;NBQ, 1.8 mM KKPQ, pH 7.4
15% (v/v)glycerol, 100 mM RbCI, 50 mM Mp@0 mM potassium acetate,
RF1 10 mM CaGJ pH 5.8
RF2 15% (v/v)glycerol, 10 mM RbCI, 10 mMOPS, 75 mM CafpH 6.8

Table2.2 Common buffers

2.3 Molecular biology

2.3.1 Strains and plasmids

Plasmid Vector | InserfReference Species Cha
pter
pMIB5689 pT12 | SCtRSFVSUPEctT 1251 | S.Typhimurium SP1 | 3
pT12_FliPQR pT12 | FliPQREV2strep! S.Typhimurium 3
pT12_FlIOPQR | pT12 | FliOPQR'>Strer! S.Typhimurium 3
pT12_Spa2®-29 | pT12 | SctRSTFVtrer! S. flexneri 3
pT12_FliOP pT12 | FliO™p S.Typhimurium 3
pT12_SpaPQR_fl pT12 | SctRSTFV2*trer! S.Typhimurium SPL | 3
pT12_Spa2®-29t | pT12 | SctRSTFVZS"PctT 1239 | S. flexneri 3
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pT12_FlIOPQRt | pT12 | FIIOPQR*"PEIiR 1238 | S.Typhimurium 3

pT12_YScRST | pT12 | SctRSTF/=rer! Y. enterocolitica 3

pBAD_FIhBA pBAD | FIhBA® S.Typhimurium 3

pT12_FlIOPQR_F pT12 | FliOPQR#=tep! P. savastanoi 3

ESH

pT12_FlIOPQR_V pT12 | FliOPQR#=trep! V. mimicus 3

BMI

pT12_FlIOPQR_Q pT12 | FIIOPQR*"PE|iQ E46A | S.Typhimurium 4

_E46A

pT12_FliLMNOPQ pT12 | FILMNOPQR'#Strer! S.Typhimurium 4

R

pT12_HrcRST | pT12 | SctRSTFV=trer! P.savastanoi 5

pT12_SsaRST | pT12 | SctRSTF/=rer! S.Typhimurium SP2 | 5

pT12_FlIOPQR_Q pT12 | FIIOPRYZS"PE £ A 384 n| S.Typhimurium 5

Y BL

pT12_FlIOPQRtt | pT12 | FIIOPQRY*"PE f A w- | P. savastanoi 5

PSESH 261

pBAD_FIhBA pBAD | "FIhB S.Typhimurium 6

pBAD_FIhBA pBAD | FIhB™ S.Typhimurium 6

pBAD_FIhBA pBAD | ®'FIhB S.Typhimurium 6

pT12_FlIOPQR_F pT12 | FIIOPQR FIHB/#=ter! V. mimicus 6

hB_VIBMI

pT12_FlIOPQR_F pT12 | FIIOPQR FIRB/#="er! P. savastanoi 6

hB_PSESH

pT12_Spa28-29- | pT12 | SctRSTG#=rert S. flexneri 6
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pT12_SsaRSTU | pT12 | SctRSTG 2='rer! S.Typhimurium 6

pT12_FlIOPQR_F pT12 | FlIOPQR FIHB/#*>er! C. sporogenes 6

hB_CLOSG

pT12_FliO_SALTY pT12 | FliQsrFliPQR FIRBEV>>"P! | C. sporogeneandS. | 6

_PQR_FIhB_CLO Typhimurium

G

pKD3 (Datsenko and Wanner 6
2000

pKD46 (Datsenko and Wanner 6
2000

pCP20 (Datsenko and Wanner 6
2000

pT12_W1 pT12 | FlIOPQR/&=tep! E. colw 6

pT12_W2 pT12 | FIOPQR**>"PE[iQ A41W | E. colW 6

pT12_ W3 pT12 | FIOPQR**>"PE[iQ A41D | E. colW 6

pT12_W4 pT12 | FlIOPQR**"PEliQ A41R | E. colW 6

pT12_WS5 pT12 | FlIOPQRY>*"™PEt A v | E. colWw 6

pT12_W6 pT12 | FIOPQRV>*S"PE[iQ T42W | E. colWw 6

pT12_W7 pT12 | FIOPQR>*>"PE|iQ T42D | E. colWw 6
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pT12_WS8 pT12 | FlhBEVaster! E. colw 6
pBAD W1 pBAD | FIhgBEVastrep! E. colw 6
pBAD_ W2 pBAD | FIhnB=/2°"PG132A E. colw 6
pBAD_ W3 pBAD | FIhB=V#*"P132D E. colw 6
pBAD_W4 PBAD | FIhB=V#*"Ph v e185 E. colw 6
pBAD_WS5 PBAD | FIhnB=/°"Ph m ai90 E. colw 6
pBAD_ W6 PBAD | FIhnB=/°"Ph m PO E. colw 6
pBAD_ W7 PBAD | FIhB=V#°"Ph v aiB7 E. colw 6
pBAD_ W8 pBAD | FIhBEV#*"PR135A E. colw 6
pBAD_W9 pBAD | FInBEV2SePL 127A E. colw 6
pBAD_ W10 pBAD | FInBEV#Stert 127D E. coliw 6
pBAD W11 pBAD | FInBEV#=eP 127A M136A | E. colw 6
pBAD_ W12 pBAD | FInBEV#*eP{ 127D M136D | E. coliwW 6
pT12_V1 pT12 | FIOPQRV>S"PEliQ A41W | V. mimicus 6
pT12_V2 pT12 | FIOPQR>S"PE|iQ A41D | V.mimicus 6
pET28_FlhA pET28| FInAEV2xstrepl S.Typhimurium 7
pET28_FIhA 4C | pET28| FIhAFY#S"PH170C, R1750 S.Typhimurium 7

K423C, D553C
pET28 FIhA takg pET28| FIhAEV2Strepl T. takaii 7
i
pET28_FIhA takg pET28| FINAFY>S"PH162C, R178C T. takaii 7
i 2C
pET28_FIhA 2C | pET28| FIhnAEY#S"PH170C, R175Q S.Typhimurium 7
pT12_FIhArGFP | pT12 | FIhAGFP=/&strep! S.Typhimurium 7
pT12_FIhACGFP | pT12 | FIhAGFP=/&step! C. trachomatis 7
pT12_FIhA-GFP | pT12 | FIhAGFP=/&strep! T. takaii 7
pT12_FIhf-GFP | pT12 | FIhAGFP=/2strep! M. xanthus 7
pT12_FIhA«GFP | pT12 | FIhAGFP=/2strep! V. mimicus 7
pT12_Flhi\-GFP | pT12 | FInAGFPEY2xstrepl V. parahaemolyticus| 7
pT12_SctVsGFP | pT12 | SctGFpPEvaxsterl Y. enterocolitica 7
pT12_SctyGFP | pT12 | SctVGFpPEvaxsterl S. flexneri 7
pT12_SctsGFP | pT12 | SctvGFpPEvaxSterl P. savastanoi 7
pT12_Sct¥+GFP | pT12 | SctVGFpPEvaxsterl C. trachomatis 7
pT12_SctM-GFP | pT12 | SctVGFpPEvaxStrerl M. xanthus 7
pT12_Sct¥:GFP | pT12 | SctVGFpE/2step! S.Typhimurium 7
pT12_Sct¥>GFP | pT12 | SctVGFp=/a=tep! S.Typhimurium 7
pT12_SctGFP | pT12 | SctVGFP=V#"PE502A, | S. flexneri 7
M5 K504A, R545A, R560A,

R577A
pT12_FIhATM- | pT12 | FIhAGFP=/#=tery 342 S.Typhimurium 7
GFP
pT12_FIiFGFP | pT12 | FIIRGFPEY2xSterl S.Typhimurium 7
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pT12 FlhAc pT12 | FIhA S GRPEY2xStert C. trachomatis 7
tevGFP

pT12_Flha pT12 | FInAEV2xstrepl C. trachomatis 7
PT12_Flhiyr pT12 | FIhATEGFpPEYaxStrenl V. parahaemolyticus| 7
tevGFP

pT12_Flhdy, pT12 | FlhAEY2xstrepl V. parahaemolyticus| 7
pT12_SctVe pT12 | Scty -GFpPEvaxSterl Y. enterocolitica 7
tevGFP

pT12_SctVs pT12 | SctyEVaster! Y. enterocolitica 7
pT12_SctXY¥ | pT12 | SctXYVEGFPEY&ster! Y. enterocolitica 7
tevGFP

pT12_FliPQR pT12 | FliPQREIhBAT™SGFP=V#"Pl v/ parahaemolyticus| 7
FIhBA,

pT12_FigD pT12 | FigDh V. parahaemolyticus| 7
pT12_FlhAg- pT12 | FIhA-"E\GFPEVZSteP837. | v/, parahaemolyticus| 7
tevGFP 696

Table2.3 Table of plasmids.

Srain Reference

BL21(DE3) (Wood 1966

Mt56 (Baumgarten et al. 2037

E. coliW obtained from DSMZ (DSM 111

E. coliwh Cf A | this study

E.coliwh Ct K . this study

Table2.4 Table of strains.

2.3.2 DNA amplification

Polymerase chain reaction (PCR) was performed using th&t Qfew England Biolabs

(NEB)T2f f 26Ay 3 GKS YI ydzf | PulifdaNgashidzor ghdraie YYSY R i
DNA template was mixed with forward and reverse primeraterand PCR master mix

(Table2.5). The reaction mixture was then transferred to a T10&rthal cycler (BidRad)

andheated Table260 ® 2 KSy dzaAy 3 L} | AYABpnlwds! | a (GKS
subsequently added to the reaction mixture and the solution was incubated overnight at

37 °C.Primers for amplificatiomf plasmids had no overhangs andmers for

FYLE AFAOFGAR2Y 2F AyaSNIla KFER mp G2 wn ydzOf

33



cloning site of theplasmid of interest. Primers for sidirected mutagenesis were

complementary to the sequence immediately upstream or downstream of the mutatio

A0S YR KFR I wmn (2 un ydzOft S20ARS pQ 20SNKI
sequence.

Solution +2f dzY'S ( Final concentration

Q5 highfidelity 2X master mi{NEB) 25 1X

Mn >a FT2NBI NR LINRA Y25 noép >a

Mn >a NBOSNAES LINRA Y25 noép >a

template DNA(B1n Yy Ik >f 0 1 0lndn y3Ik>t

water 19

Table2.5 PCR reaction composition

Stage Temperature(C) Time (seconds) Oycles
Initial denaturation 98 30 1
Denaturation 98 8 25
Annealing 65 25

Elongation 72 25 per kilobase

Final elongation 72 420 1

Table2.6 PCR protocol

2.3.3 Agarose getlectrophoresis

pn >t 2F t/w LINRPRdZOG 6SNB YAESR 6AGK mn >f
loaded on a 50 ml 0.7 &6 (w/v)agarose gel in TAE buffer (40 mM Fdgtate, 1 mM

EDTA, pH 8.5) containidX SYBR Salavitrogen).Gels were run for 20 to 30 minutes

at 100 V in a Suldell GT agarose gel electrophoresis systemRB)usingTAE as the

running buffer Bands were visualised arbafe ImageR.0 blue light transilluminator
(Hsher&ientific) and cut out of the gel. When the DNA was not used downstream, gels

were imaged on a Gel Doc (BRad) DNA was extracted from cut bands using the

vL! ljdzA 01 38t SEGNI OlGA2y (1Al recokrheBdatods | OO2 NRA
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2.3.4 Cloning Gibson assably and in vivo assembl{iVA)

New constructs were generated lagsembly of PCR products using overlapping regions

of 15 to 20 nucleotideat both ends of the PCR products. Gibson assembly was
perfformedbyY AEAY 3 m >f 2F t/ w LISE Pulifiddiby &g@irosé 2 (1 K LJt
3St St SOUNRLK2NBaAa oA0K o >f 2F gl GSNI I yR
mix (NEB) and incubating the reaction mixture at 50 C for 1 fpur.> f pg&duct i K S

was then introduced int@hemicallycompetent cells byransformation(section2.3.6).

It GSNY I GAGStes m >f 2F dzy LAZNAFASR t/ w LINER
used for tansformation of competent cells, in order to allow for assembly of the

plasmidin viva

Constructs for expression of stréggged proteins were clonedtima pT12 vector and
constructs for ceexpression of proteins together with the pT12 vector were cloned into
a pBAD vectorHigure2.1). The pT12 vector was provided by collaborators in Samuel

2 | 3y SNDa (Didtstr bidl. A02GNE

2.3.5 Cloning:Source of genomic DNA

Genomic DNA frors.Typhimurium(Le Minor and Popoff 198Wwas obtained from the
Tang laboratory at the Sir William Dunn School and genomic DNAViitlmio mimicus
(strainDSM 19130(Davis et al. 1981 Pseudomoas savastanaiDSM 21482(Hayward
and Waterston 196F Thermosulfidibacter taka{DSM 17441(Nunoura et al. 2008
Clostridium sporogend®SM 795) (Bergey et al. 192Blyxococcus xanthu®SM
16526) (Beebe 194}, Vibrio parahaemolyticu§DSM10027) (Sakazaki et al. 19%and
Chlamydia trachomati@©SM 1941)(Everett et al. 199Pwere obtained from DSMZ.
The virulence plasmids &higella flexnelCastellani and Chalmers 19Ehd Yersinia

enterocolitica(Frederiksen 1964Avere obtained from Dr Patzia Abrusci.
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pTACO12
5316 bp

Figure2.1 plasmid maps of the pT1@TACO12and pBAD vectors
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2.3.6 Bacterial cell transformation

E colicells were madehemicallycompetent using calciufrubidium chloride(Table2.7)

and transformation was carried out using heat sh¢tkble2.8).

1. Grow a 5 ml overnight culture of the strain of interest in 2YT media

no

Inoculate 60 ml of 2YT media with 0.3 ml of the overnight culture in a 250 ml flag
until the OD600 reaches 0.4 to 0.6

Incubatethe culture on ice for 10 minutes

Spin the culture (BO0x g, 10 minutes, 4 C) and discard the supernatant

Resuspend the pelleted cells in 20 ml RF1 and incubate on ice for 15 to 60 minu

Spin the culture (®00x g, 10minutes, 4 C) and discard the supernatant

Resuspend the pelleted cells in 4.8 ml RF2 and incubate on ice for 15 minutes

© N o g &M w

I fAljdz20 GKS OStt adallSyaArzy Ay p8dCt

Table2.7 Preparation ofchemically competent cells

Time (minutes)
doningor
multiple | Sngle
Sep plasmids | plasmid
1. 'RR m >f 2F LIXIFAaYAR o6mn G2
p >t 2F DAoaz2y laasSvyofe LINF
cells
2. Incubate on ice 30 5
3. Heat shock in a water bath at 42 C 1 1
4. Incubate on ice 2 2
5 'RR M Yf 00ft2yAy30 2N mnn 3
to the mixture
6. Incubate at 37 °C ia shaking incubator 60 0
7. Spread on an LB agar plate containing the appropriate
antibiotic
8. Incubate overnight at 37 C

Table2.8 Transformation of chemically competent cells
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2.3.7 Generation of bacterial chromosomaleletion mutants

Chromosomal deletion mutants were made using ¢he ws$siem(Datsenko and

Wanner 2000 The principle of this system is the recombination betweelC& Product

with 50 bp flanking regions homologous to the sequengestream and downstram of

the desired deletion, which is catalysed by the Red recombinase expressed from plasmid
pKD46(Datsenko and Wanner 20DQA selectable marker is amplified with primers
containing overhangs to introduce the desired flanking homology regadltving is

insertion in the genome in place of the target sequerféalowing successful gene
replacement, he inserted marker, which is flanked by FRT sites, is removed by

expressing the FLP recombinase from a helper plasmid.

E. colstrain W (DSM 111§Tastelani and Chalmers 19)8arrying plasmid pKD46 was
made electrocompeten{Table2.9) and transformed witra PCR produatontainingthe
chloramphenicol resistance cassette of plasmid pKIz@senko and Wanner 20P0

flanked by sequences homologous to the sequences upstream and downstream of the
desiredtarget sequence fodeletion. Transformation was carried out using an E. coli
Pulser transformation apparatus (B R0 | OO2 NRAYy 3 G KS YI ydzFl O dzl
recommendations. @llsresulting fromelectroporationswith a time constant between 4
and 6 seconds were grown in 1 ml 2YT media for 2 hours and plated on LB agar plates
containing20> 3k Y OKf 2 Sdledddikobyids @erd niade chemically
competent Table2.7), trangormed with plasmid pCP2@atsenko and Wanner 200

and plated on LB agar plates containing ampicillin @@k Ylie (pldtes were

incubated at30 °C and picked colonies growrernightin 2YT media at 37 The origin

of replication of pCP20 and pKDé@emperature sensitive, allowing the plasmids to be

cured by growth at 37C.
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1. Grow a 5 ml overnight culture &. colW carrying pKD46 in 2YT media
ddzLILX SYSYUGSR 6AGK dIORDSYAOAftAY opn

2. Ly20dzf S wp Y H,¢ YSRAIF &dzZLlL) SYSy
flask with the overnight culture to a final OD600 of 0.05 and grow at 30 C in a
shaking incubator

3. When the cells haveeached an OD600 of 0.15, add arabinose to a final
concentration of 0.3%

4.  When the cells have reached an OD600 of 0.4 to 0.6, chill the culture on ice for
minutes

5. Spin the culture (P00x g 10 minutes, 4C) and discard the supernatant

6. Resuspend the pelleted cells in 10 mtoméd sterile 106 (v/v)glycerol

7. Repeat step 5 and 6 two more times

8.  Spin the suspension (H0x g 10 minutes, 4 C) and discard the supernatant

0. Resuspend the pelleted cells in 1 ml-a®@d sterile 106 (v/v)glycerol

10. ' fAljdz2d GKS OStf adzallSyairzy Ay p8dC

Table2.9 Preparation of electrocompetent cells for lambda Red recombiniegx

2.4 Cell biology
2.4.1 Motility assays

E. colW mutant strains generated by deleting FIhB or FlIOP@&i0n2.3.7) were

transformed §ection2.3.6 with plasmids containing wild type or mutant sequences of

the deleted proteins. FIhB constructs were in thector pBAD and FlIOPQR constructs

were in the vector pT12. 5 ml cultures of all constructs were grown overnight in 2YT

media containing the appropriate antibiotic. On the following day, a soft agar plate was
prepared using 2YT media containing 8&2@v/v)agar, the appropriate antibiotic and

0.1% (w/v)arabinose for pBAD constructs or %gw/v)rhamnose monohydrate for
pT1l2constructs.3f 2F Sl OK 2@SNYAIKG Odzt (dzNBE 6 SNB
plates were incubated overnight at rootemperature. Experiments were performed in
triplicate. The diameter of the circle surrounding each inoculation spot of the mutant

constructs was compared to the wild type on the same plate.
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2.4.2 Fluorescence microscopy

A 5 ml culture of BL21 transformed withet GFP fusion construct of interest in the pT12

vector was grown overnight in 2YT media containing % @d/v)rhamnose

monohydrateand 3¢ 3k Yt |l yI YEOAYd ¢KS ySveie Y2NYyAy3Is
applied to a glass slide and covered with a coverslip.CEtls were imaged on a Zeiss

880 inverted microscopequipped with a plarapochromat 63x/1.4 NA objectivesing

an Airyscan detector. GFP was excited using a laser (488 nm

2.5 Biochemistry

2.5.1 Expression and grification of export gate complexes for native ass

spectrometry

The following protocol was used for preparationpobtein samples for native mass

spectrometry (nMS) in chapter 300 ml of TB supplemented with kanamyéiro n >3k Y 0
were inoculatedwith E. coliMt56 (Baumgarten et al. 203 ¢arrying theplasmid of

intered in the morning. In the evening, up to 16 2.5 L Tunair flasks (Sigma) were filled

GAGK M [ 2F ¢. &adzZll)X SYSYGSR 6A0GK 1yl Y@OAyYy o
by diluting the preculture to a final OD600 of 0.02. The cells werergat 37 C and

180 rpmovernight A G K2 dzi Ay RdzOAy 3 SELINBaaAzys & O2ff
laboratory reported that expression of export apparatus proteins was t@tie cells

were harvested by spinning the culture (830g 10 minutes, 4 <C).He supernatant was

discarded and the pellet was washed in PBS. TBS (17.5 ml per litre of the original culture)
containing a protease inhibitaocktaiz f @ 421 8YS om Y3akYfo YR 5y
added to the cell pellet anthe pellet wasesuspenéd by shaking and pipetting up and

down. The cell suspension was lysadhree passesthrough an Emulsiflex C5 (Avestin)

homogenizer at 15,000 psi. The lysate was spun (24,020 minutes, 4 C) and

membranes were pelleted by spinning the resultsupernatant in an ultracentrifuge

(200,0@x g 60 minutes, 4 C) using a 45Ti rotor (Beckman). The supernatant was

discarded and 5 ml TBS was added to each pellet. The pellets were disrupted using a

spatula and transferred to a dounce homogenizer usingsatiwe displacement pipette.

The membranes were homogenized with the loose pestle and then with 10 strokes of

the tight pestle. The protein concentration in the homogenized membranes was
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measured using a BCA assay kit (ThermoFisher Scientific) and peesioa was diluted

to a final protein concentration of 6 mg/ml in a glass bottle.

DDM was added from a 108/v) stock solution to a final concentration of 1(%4/v)

and the solution was stirred for one hour at 4 °C. The dissolved membranes were spun
agan (200,00& g, 60 minutes, 4 C) and a 5 ml StrepTactin Superflow high capacity
column (BA), binding the strep tagSchmidt and Skerra 20p)as equilibrated with TBS
containing 0.01%w/v) DDM. The supernatant of the spun membranes was transferred
to aglass bottle and recirculated through the StrepTactin column for two to three hours.
The column was washed until it appeared white using TBS contairii#ig(\b/v) DDM

and then the same buffer was recirculated through the column overnight. The next
morning, the column was transferred to an AKTA purifiee running buffer was TBS
containing 0.016%w/v) DDM using a flow rate of 1 ml/min. The column was washed
until the UV absorbance at 280 nm in the flow through stabilized and then the protein
was duted using 10 ml TBS containing 0.016% DDM and 10 +dé4tthiobiotin. The

LIS 1 FNIXOlA2ya ogSNBE O2yOSYyuNXrGSR G2 pnn
(Vivaspin). Before using the concentrator, it was first washed with-@iNiater and

then TBS coniaing 0.016% DDM. The eluate was concentrated by spinning the
concentratorat 750x gfor 2 minutes at 4 °C repeatedly until the volume reached 0.5 ml.

After each spin the solution was mixed by pipetting up and down.

A Superdex200 10/300 column (GE) wasguilibrated in HBSontaining0.0168% (w/v)
DDMon an AKTA purifier and the concentrated eluate was injected into a washed 0.5 ml
loop. The sample was injected into the column and eluted with HBS at a flow rate of 0.5

ml/min.

2.5.2 Puirification of FliP

FliP wa expressed with an-Mrminal histag between the signal peptide and the N
terminus of the mature protein. The gene was part of an operon withiRl&3pT12
plasmid. The protein was expressed and the membranes were prepared following the
same protocol asvas used foother proteins gection2.5.1). The membranes (7.9 grams)

were homogenised in 72 ml binding buffer (50 mM Tris, pH 8, 300 mM NaCl, 20 mM
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imidazole, 86 (v/v)glycerol) and 8 ml of 2@ (w/v)DDM was added. After stirring for 30
minutes at 4°C, unsolubilised material was removed by centrifugation (78,08 20

minutes, 4 C) and the supernatant was applied to a 5 rlINA column (Qiagen). The
column was connected to an AKTA purifier (GE) and washed with binding buffer
containing 0.% (w/v)DDMuntil the UV absorbance of the flow through stabilized.

Protein was eluted in a 50 to 400 mM imidazole gradient in binding buffer containifig 0.1
(w/v) DDM Fractions were analysed by SBSGE and the fractions containing FIliP were
pooled and concentratedlhe protein was then subjected to SEC &@@erdex200

increase column using 20 mM Tris, pH 8, 300 mM NaCl, 2 mM EDTA &gvv)DDM

as the running buffer. Fractions containing FliP but not BYiSDSAGEvere pooled

and concentrated.

2.5.3 Modified protocol for expression and prification of Streptaggedmembrane

protein complexes

The following protocol was used for preparationpobtein samples in chaptersi 6:

The earlier protocol for purification of membrane proteins for nid&cfion2.5.1) was
modifiedand simplified BL21 cells were used instead of Mt56 cells, as the genome
sequenceof Mt56 showed thatthe difference between BL21 (DEBYood 1966 and

Mt56 wasa mutation in the T7 polymerase, which is not relevant for expression using
the pT12plasmid(Baumgarten et al. 20)7Cells were grown at 200 rpm rather than 180
rpm shaking in order to improve oxygenation and achieve higher growth rates and final
cell densities. Expression was induced with rhamnose as cells continued growing when
induced(Figure4.20). The ultracentrifugation time and speed for isolating membranes
from lysate were increased in order to collect more membrand achieve higher yields.
Detergent was added in a specific ratio to the wet weight of the membranes instead of
measuring membrane protein concentration in the homogenised membranes in order to
simplify and speed up the protocdlhe solubilised membranes were clarified by
centrifugation at a lower speed and then filtered in order to avoid using an
ultracentrifuge, whth would require a longer preparation tim&.StepTactin resin from

GE rather thanBAwas used.
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E. colBL21cellscarrying the plasmid of interestere streaked on an LB agar plate
containing the appropriate antibiotic(s) and grown overnight. The cells were
resuspended using 2YT media and transferred to 250 ml flask containing 100 ml of 2YT
media supplemented with antibiotic. In the evening, up to 1612 Eunair flasks were

filled with 1 L of TB media supplemented with kanamycim( >)Zhmrd6rfampicillin

(100> 3 K) #stappropriate. The media was inoculated by adding the preculture to a final
OD600 of 0.02. After 12 hours of gronah37 °C, 200 rpmthe cells were harvested

(500x g 15 minutes, 4 C)TBS containing a protease inhibitor cocktail was added to

the cell pellet and the cells were resuspended using a dounce homogeniser pestle. The
cell suspension was passed throughEmnulsiflex C5 (Aves)i homogeniser at 15,000

psi three timesand the lysate was clarified by centrifugati(#%,0@0x g 20 minutes,

4 C) The supernatant was spun in an ultracentrifuge using a 45Ti rotor (Beckman)
(235,0@Mx g 60 to 180minutes, 4 C) The membrane pellet as transferred to a dounce
homogeniser and homogenised using 8 ml of TBS per gram of wet membraiaf a

10% (w/v)stock solution of detergent (DDM or LMNG) was added per gram of
membrane, resulting in a final concentration of {%4v). After gentle string for one

hour at 4 Cthe solution was clarified by centrifugati@i5,00x g 20 minutes, 4 Cand

the supernatant was filtered through 1 ®n p . A 5ml StedTiaBHR column (GE)
was equilibrated with TBS containing 0%02w/v)DDM or 0.0% (w/v)LMNG. The

filtered supernatant was applied to the column at a flow rate of 2 ml/min and the
column was washed with at least 50 ml of TBS contaidi@g% (w/v)DDM or 0.0%

(w/v) LMNG The protein waslated with 10 ml TBSontaining 0.02 (w/v)DDM or 0.02%
(w/v) LMNG and 10 mM-desthiobiotin The eluate was concentratedpon n >t A Y
concentrator with a 100 kDa MWG@Qncentrator(Amicon) ASuperdexX00increase

10/300 (GE) oBuperoséb increase 10/300 column (GEas equilibrated in TBS

contaning Q02% (w/v)DDM or 0.0% (w/v)LMNGon an AKTA purifier (GE) and the
sample was injected from a psgashed 0.5 ml loop. Tharotein was elutedvith 30 ml

TBS buffer containing 0.92(w/v)DDM or 0.0% (w/v)LMNG at a flow rate of 0.7

ml/min. Where smdl alterations to this protocol were made, these are described in the

relevant results chapters.
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2.5.4 Detergent screen for cgurification of FIhB with FIIPQR

mMman Yt ¢. &adzZlLX SYSYGUSR 6A0GK 11 yEIcYBIUGEAY 0O o0n

carryinga pT12plasmid expresagthe S.TyphimuriumFlIOPQR operon with a C

terminal strep tag on FliR and a pBAD plasmid expressing.ThygphimuriumFIhBA

operon with a @erminal his tag on Flhi the morning. In the evening, 4 L TB media in
2.5 L Tunaiflaskswere inoculated with the predture to a final OD600 of 0.02 and the
cultures were grown aB7 °C,180 rpm. After 30 minutes rhamnose monohydrate and
arabinose wereachadded to a final concentration of 0.02%. After 12 hoadditional
rhamnose monohydratand arabinose were added to a final concentration of 0.06%.
After an additional 3 hours cells were harvested by centrifugation@@010 minutes,

4 <C). 100 ml of TBcontaining a protease inhibitor cocktail, lysozyme (1 mg/ml) and
5yFasS L 0 neaddedand¥hé cells wee resuspended by pipetting. The cells
were lysed by passing the suspension through an Emulsiflex C5 (Avestin) homogeniser at
15,000 psi three timeslhe lysate was clarified by centrifugation (24,9020 minutes,

4 C) and the supernatant was spun in an ultracentrifuge usigTi rotor (Beckman)
(200,00 g, 180 minutes, 4 C). The pelleted membrane fraction was transferred to a
dounce homogenizer and homogenized in 80 ml TBS. The homogenatelivagsp

eight tubes and 1 ml of detergent was addedetach tube from a 1% (w/v)stock

solution. The detergents used were DDM, GDN, LMNG, thesit, OG, CHAPS, a mixture of
0.5 ml each of 1% (w/v)DDM and GDN and a mixture of 0.5 ml each é6X@/v)DDM

and GDN plus 0.293 ml 7.5 M ammonium acetate. 1 ml &6 H@'v)streptactin XT beads
(IBA were added to each tube and all tubes were rotated at 4 °C overnight. Beads were
pelleted (3,20x g 10 minutes, 4 °C), the supernatant was discarded and the beads we
resuspended in TBS containing 0@ 1w/v)detergent (LMNG, GDN, thesit) or 0992

(w/v) detergent (DDM) or % (w/v)detergent (OG, CHAP8gads resulting from
solubilisationin DDM GDN mixturesere washed only with GDN in TB®is step was
repeated two times. Protein was eluted by resuspending the beads in 0.75 ml 50 mM
biotin in TBS. Beads were pelleted (3,26010 minutes, 4 C), and the supernatant was
kept. The step was repeated and the two supernatants were podiédr SDSPAGE
analysighe DDM, GDN, LMNG, thesit and OG samples webenitted for proteomics in

the Dunn School proteomics facility.
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2.5.5 Corpurification of SalmonellaFliPQR and FIhB

Gterminally Strep tagged FIiR as part of the FILMNOPQR operon in the pT12nestor
co-expressed with Nerminally His tagge&IhB in a pBAD plasmithe two plasmids

were catransformed into BL21 cells. In order to avoid loss of the pBAD plasmid during
overnight expression, carbenicillin (186/ml) was used for maintaining the plaginin
addition, the TB media was supplemented with>@fiml kanamycin, 0.1% (w/v)

rhamnose monohydrate, 0.1% (w/v) arabinose and 0.05% (w/v) glucose. Glucose
represses induction by rhamnose and arabinose due to catabolite repre€simman et

al. 1995, resulting in autoinduction once the glucose has been fully metabolised.

Protein was prepared using a slightly modified version of the standard protocol (section
2.5.3. The cells were grown overnight at 37, 200 rpm and lysed in an emulsiflex C5
homogenser (Avestin). Membranes were prepared by spinning the clarified lysate
(235,000x g, 3 hours,°€). The resulting 14 grams of membranes were homogenised in
TBS and 11 ml of a 10% (w/v) LMNG stock solution were added to a final concentration
of 1% (w/v). Tis is a lower ratio of detergent to membrane than used previously. The
amount of detergent was reduced compared to the standard protocol in order to avoid
Gl akKAy3a 2FFé¢ (KS CtK. &dodzyrAild 6AGK SEOS&A
lipids that could be removed by detergent. The solubilised membrane proteins were
applied to a 5 ml StrepTrap column (GE) which was washed with TBS containing 0.01%
(w/v) LMNG and the purified FliP€gB complex was eluted using TBS containing 0.01%
(w/v) LMNG and.0 mM desthiobiotin. In all subsequent steps, TBS was made without
EDTA and supplemented with 0.01% (w/v) LMNG. The protein was concentrated and
further purified by SEC on a Superdex 200 increase 10/300 column (GE)

2.5.6 SDSPAGE

15% (v/v)polycrylamide gels ere madeas a 156 (v/v)resolving gel (1% (v/v)
Acrylamide/Bisacrylamide (ratio 19:1)375 mM Tris, pH 8.8, @d.(w/v)SDS, 0% (w/v)
ammonium persulfate, 0% (v/v)tetramethylethylenediamine) underneath a 54 (v/v)
stacking gel (5% (v/v)Acrylamide/Bisacrylamide (ratio 19:1)125 mM Tris, pH 6.8, @4
(w/v) SDS, 0% (w/v)ammonium persulfate, 0% (v/v)tetramethylethylenediamine)
and 420% gradient MinPROTEAN precast gels wptechasedrom BicRad. Loading

buffer was added to sampgeto reach a final concentration of 1XX loading buffer: 250
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mM Tris, pH 6.8, 28 (w/v)SDS, 5% (v/v)glycerol, 0.56 (w/v)Bromophenol Blue, 100
mM DTT) Samples were not heated before running the gel. The gels were run in the
Mini-PROTEAN tetra celliggRad) in SBDBAGE running buffer (25 mM Tris, 192 mM
glycine, 0.% (w/v)SDS) at 180 V and stained in InsBlog

2.5.7 Concentration of proteins

Protein concentration was carried out using 100 kDa MWCO concentrators (Amicon)

unless indicated otherwise.

2.5.8 SEEMALS

SEC was performed usiagsuperdex 2000/300 column (GE) or@uperose increase
10/300 column (GE) equilibrated in the relevant buffer. 200f purified protein at 1
mg/ml was injected into the column and the protein was eluted at a flow r&@ 4
ml/min. A Dawn HelecH lightscattering detector (Wyatt Technology) and an Optilab
TrEX refractive index monitor (Wyatt Technology) followed the colurtingn ASTRA
6.1.1.17 was used for analysis assuming a dn/dc of 0.186 ml/g for protein &8Il
for detergent. SEEMALS was performed by Dr Steven Johnson.

2.5.9 Exchange of samples into mass spectrometry compatible solvents

Membrane protein samples purified using the detergent DDM or LMNG were subjected
to SEQising TBS containingiaMS compatible detergerds a running bufferThe
detergentwasused at a concentration twice iSMC(0.5% (w/v)for C8ES5, 0% (w/v)

for C8E4, 0% (w/v)for C8E6, 0.0 (w/v)for C10E6, 0.1% (w/v)for C10E9 and 0.006
(wiv) for CI2ER 50>t 2 Bd mdduednd proteirat a concentration of at least 0.7
mg/ml were injected intoa Superdex 20hcrease 5/150 column (GE) on an AKTA
purifier (GE) equilibrated with running buffer and the protein was eluted usifigw

rate of 0.1 ml/minute. Peak fractiawere pooled and concentrated telow 101 >
using a 100 kDa MWCO concentrator (Amicon). This step was omitted when the

detergent for purification and analysis by nMS was identical.
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At the same time, a BiSpin 6 column (Bi®ad) was equilibrated Hyrst spinning the

column (1,00xgZ H YAYdziS&aX n c¢c/ O0d {dzoaSljdsSyaft ez
containing the detergent of choice at a concentration of twiceClCwere applied to

the top of the column and it was spun again (D8@ 1 minute, 4C). This was

repeated three more times. The concentrated protein sample was then applied to the

top of the BieSpin 6 column anthe column was spun in a clean tube (108Q 4

minutes, 4 C). Theluted sample was stored on ice and used for nMS amnafgssoon

as possible

2.5.10 Native mass spectrometry of membrane protesn

Samples were analysed using theactivehybrid quadrupoleOrbitrapmass
spectrometer (ThermoFisher Scientific) modified for transmission and detection of high
m/z ions and set up asuplished(Gault et al. 2016 The sample was sprayed through a
glass capillarwith a 1.2 mm outer diameter (Harvard Apparatasade irhouseusing a
P-97 micropipette puller (Sutter Instrument) ampgbld-coatedwith a PolaronSC7680
sputter coater (QuorunTechnologies(Hernandez and Robinson 20Q0A voltage of 1.2

kV was applied to the needle and the temperature at the ion source was 40 to 60 C
unless otherwise indicated. Thellisiongas was Argon at a pressure around’ hibar

and the collision voltge was between 100 and 200When required, additional

collisional energyvas used bypplying a voltage the source of the instrument.

Mass spectrometry data were analysed using Xcalibur (ThermoFisher Scientific) and
peaks were assigned using UnilfEarty et al. 201%or manuallyby calculating the
massusingan Excel (Microsoftypreadsheet obtained from the Carol Robinson group

When ionised, a protein of mass m will produce a series of peaks corresponding to
different charge states whose mass taacpe ratio is measured by the mass

spectrometer. A charge of +z resuftom z protons binding to the protein, which then

has a mass of m+z and a mass to charge ratio of (m+z)/z. Therefore, the values of both m
and z can be deduced by measuring the massharge ratio of at last two different

charge states from the same series of peaks.
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2.5.11 Negativestain EM

Carboncoated grids (Quantifoil) were glow dischargéd (A, 20 seconds) ina EM

ACE20®acuum coate(Leica). Subsequently, a20f R NP LJ 2aProtéint YLI S | &
concentration around 0.01 mg/ml unless otherwise specified was applied to a piece of

parafilm and the grid was placed on top of the drop with the carbon side facing down.

' FGSNI g2 YAydziSas GKS ANRAR sgvawvum®i i SR | yR
acetate. After 10 seconds the grid was blotted again andilefilter paperto dry with

the carbon side facing ugerids were examined on a T12 microscope (FEI) operated at

120 kV equipped with ®@neView CMO&amera (Gatan). Images weregaaed at a

magnification of 68,000 and a pixel size of 1473

2.5.12 Preparation ofgrids for cryogenic EM

Holey carborcoated grids (Quantifoil) were glow dischargé8 mA, 20 seconds) in &
EM ACE200acuum coate(Leica). Subsequentlgrids were picked pwith tweezers
andinserted into a Vitrobot Mark IV (FEI) at 100% humidity at room temperaiudeC
A3>f R NP LJwasTappiied t6 thigri; the grid was blottedwith filter paperand
plunged into liquid ethane cooled by liquid nitrogen. For the exact parameter$ aale
2.10and the relevant results sectionall grids were Au quantifoil gridexcept FIhA
grids, which were copper gridsample volume was always>B blot time wa always 3
seconds, wait time was alwa$go 10 secondexcept for graphene oxide grids where it

was 60 secondgirain time was always 0 seconds and humidity was always 100%.
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Sample Chapter | Concentration| Mesh| Sacing| Temperature
(mg/ml) size
FIiPQR + FIhB in LMN| 4 0.9 400 |1.2/1.3|22C
S.Typhimurium
FIiPQR in LMN®, 5 1 300 |1.2/1.3|22<C
savastanoi
FIIiPQR in LMN®, 5 1 300 |1.2/1.3|4<C
mimicus
FIIiPQR in LMN®, 5 2.7 300 |1.2/1.3|4<C
mimicus+ fluorinated
FCG8
SctRST in LMNS, 5 8.4 300 |1.2/1.3|22<C
flexneri
FIiPQR + FIhB in LMN| 6 2.5 300 |1.2/1.3|22<C
V. mimicus
SctV in LMNGY. 7 1 300 |1.2/134<C
enterocolitica
FIhA in LMNGY. 7 0.9 300 |2/2 4 C
parahaemolyticus
SctXYAGFP in GDN,. | 7 0.1(graphene| 300 | 2/2 4C
enterocolitica oxide coated
grid)

Table2.10 Grid preparation parameter®f selected samples

2.5.13 Acquisition and analysis of cry&M data

Grids were imaged using a Talos Arctica (FEI) or Titan Krios (FEI) microscope equipped
with a Falcon 3 (Gatan) or K2 (Gatan) detector respectiVeky pixel size for data
acquisition on the Titan Krios microscope was R8Bata was acquired automatioall

with EPU (FEUsing a defocus range of approximately 0.5 terd In general, pre
processingf the movies including motion correction and CTF estimation, and particle
picking were carried out in SIMP({feboul et al. 2018 The particles were then

subjected to 2D classification RELIOM.0 (Kimanius et al. 20)&nd 2D classes with

high resolution features were selected. The particles were then further classifiedim 3D
RELIOR.0 (Kimanius et al. 20)@&nd RELION.0 (Zivanov et al. 20)&ndclasses with
detailed features, little noise and accurate particle alignment as estimated within
RELION were selectednédly a high resolution volume was calculated usefghement

and postprocessing in RELION. The exact styafer data processing varied as
technology improved throughout the time in which data were acquired for this study.
Wherestrategies for data processimiffered from this general outline, the changes that

were madeare described in the relevant resultsapters.The final high resolution map
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was used for building an atomic model in C{femsley et al. 20)0Models were built
manually using predicted models of FliP, FliQ and(®GNRhinnikov et al. 20)%as a
guide.The models were then iteratively impred using phenix.real_space_refine
(Afonine et al. 201Band manual editing in Coot.
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3 Understanding the architecture of theore of the export apparatus
3.1 Introduction

As described in chaptdr, the proteins FIIPQR (fT3SS) or Sc{RE3SS) are thought to

be components of the export apparatasd are also known as the export gadiP and
FliRare among the first proteins in the nanomachine to assenjbd@es and Macnab
1990. In the case ofhe vT3SS SctRST it has been shown that basal bodies assembled
without SctRST are not functional and cannotrégaired by expression of SCtRST post
assemblyWagner et al. 2010They have been proposed to be located sp&cialised
patch ofinnermembrane at the centre ofthe basal bodyMacnab 200 but the highly
hydrophobic nature of these putative integral membrane protéiascomplicated
biochemical characterisationrigurel.5). Inthe case of the fT3SS a specific chaperone,
FliO, has been desbed, but when this work was begun it was not known whether FliO
is necessary for assembly of FliR@&rker et al. 2010 Recently, different

stoichiometries have been proposed for the SctRST and FIIPQR complexes despite the
high sequence homolog¥igurel.7). The aim of this chaptes to establishwhether the
stoichiometies of the two complexes ateuly differentand which, if any, modeif the
complexis correct.In order tominimiseartefacts from the recombinant expression
system, all constructs we cloned as operons including the genes for all three subunits.

The export gate genes are found next to each other in most orgar{idasnab 2004
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3.2 Purification of S.Typhimurium FliPQRand S. flexneriSctRST

Two export gatehomologues werénitially chosen fompurification, one from the fT3SS(
TyphimuriumFliPQR) and one from the vT3SSflexnerSctRST). The genes were cloned
as an operon in the pT12 vector, which has previously been tosgebducethe S.
TyphimuriumSPi1 complex S®T(Dietsche et al. 20061n the fT3SS gene clustdnet

FliO gene is found immediately upstream of FliP and has been proposed to promote
stability of FliRBarker et al. 201)) creating the possibility that FliO is a chaperone for
assembly of the FIIPQ8¢tRST complex. Therefore, an additional construct including

FliO in the operon was clon€Bigure3.1).

FliO signal sequence FliP/SctR FliQ/SctS FIiR/SctT STREP
FIOPQR [ ) >
FIiPQR S — E— >
SctRST — E— >

Figure3.1 Export gate constructs
Diagram of the operon structure of the export gate construotthe pT12 vectar

All constructs were expressed and purified following the protocskition2.5.1using

the detergent DDMTheexport gate complex could be purifiecing all three constructs,
but the sampleeluted from the Strep column using the FIIPQR construct wasliosg
concentration before the size exclusion step, likely duadgregation, and this

construct was excluded from further characterisatidie FIIOPQR ar®l flexnerSctRST
samples were thefurther purifiedby SECHgure3.2A). Interestingly, twgeaks were
observed in the SEC profile of FIOPQR-FAIEKFigure3.2B) showed thatthe first

peak contained two bands corresponding to FliO, consistent with previous analysis of
FliO(Ohnishi et al. 199y in addition to bands for FliPQ®Rhile the second peak
contained only FliPQR. The elution volume of the second peak was very similar to the
SctRST elution volume and the SEC elution volume of the previously pul3ished
TyphimuriumSP{1 SctRT complgietsche et al. 20)6consistenwith the second

peak corresponding to the assembled FliPQR complex and the first peak corresponding

to an assembly intermediate that is still bound to the chaperone FliO.
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4: FliOPQR SEC peak 2 pool. 5: SctRST Strep eluate. 6: SctRST SEC peak pool.

Figure3.2 Purification of FliPQR and SctRST.

A, SEC of FIIOPQR and SctBXeresentativel5% SDEAGE analysis of the result of
the purification ofa FlIIiPQR, FIIOPQR and Sctiv@iologue Strep eluate and SEC pools
of FIIPQR (left), FIORYImiddle) and SctRST (righthe identities of the proteins were
confirmed by proteomics ¢ded out by the Dunn School Advanced Proteomics Facility.

SDSPAGHIso revealedhe presence of a weak band around the expected size of
FliQ/SctS. Sctaadnot beenobserved in theS. TyphimuriumSPi1 export gate complex
even though the entire SctRST operon was expre@3edsche et al. 2006 This
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indicated that FliQ may be part of the export gate but binding is weaker irSthe
TyphimuriumSPi1 homologueNext, he protein from boththe FlIOP® peak and the
SctRSpeakwas pooled separately and analysed by negative stairfFadire3.3).

FliOPQR FliPQR SctRST
(FliOPQR peak 1) (FIiOPQR peak 2)

.t

Figure3.3 Negative stain electron microscopy of thexport gate.
Negative stain grids were prepared using samples at 0.003 mg/ml (left), 0.04 mg/ml
(middle) and 0.05 mg/ml (right).

The FIIPQR and SctRST samples both contained circular particles with a diameter of
around 10 nm, similar to the previously published assf theS.typhimurium SPil1

SctRT complefDietsche et al. 20D6Interestinglythe FIIOP@ complex was a
heterogeneous mixturef assemblies of three or four rings surrounding a central ring.
The similar size of the outer rings and the FIIPQR conspiggests that they correspond

to each other. The central ring could be formed by the FliO chaperone, but the exact
architecture of the FIIOPQR complex was not further investigated. After this experiment
was performed a study was published suggesting thatcentral ring in the FIIOPQR
complex isndeeda FliO ring while the outer rings are FIIiPQR compléxésumura et al.

2017).

3.3 Stoichiometryof FIIPQR

As SEC, negative stain EM and-BBRGE analysis all supported successful purification of

the S.Typhimurium fT3SS export gate FIIPQR and $hélexnervT3SS export gate
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SctRST the samples were used for stoichiometric analysiatiwe mass spectrometry
(nMS. The sample buffer was exchanged to 200 mM ammonium acesatdion2.5.9

and the sample waden analysed usingQ exactive mass spectrometesettion2.5.10.

The sample was sprayed through a glass capillary to which a voltage of 1.2 kV was
applied. The source temperature was @and the collision gas was Argon at a pressure
around 10° mbar.In nMS of membrane proteins collision of the proteietergent

complex with gas molecules is used to dissociate the relatively weakly bound detergent
molecules from the protein by collisianduced dissociation (CID) without using so

much collisional enesgthat the protein complex would dissociate.
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Figure3.4 nMS ofS.TyphimuriumFIliPQR

A, Mass spectrum of FliPQR in DDM. The sample was analysed in negativé.ikods

al. 2016 by reversing the polarity on the electrospray needle. The collisicag®iwas
200 V.B, Mass spectrum of FliPQ@Rrifiedin DDM and exchanged int0@8E5The

collision voltage wa$50V. C Relative abundance of different complexes in samples of
FliPQPRpurified in DDM and exchangaato C8E5C8E4nd a sample exchanged into
C8E4which wadeft for one hour at £C in between detergent exchange by SEC and
buffer exchange using a B&pin column (sectio®.5.9. The collision voltage wak50V.

D, Mass spectrum of Fligurified in DDM and exchangaato C8E5The collision voltage
was150V.
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When FIIPQR was analysed in DDM, the detergent used for purificatfogh voltage
(200V) had to be applied in the collision cell to achieve a sufficiently high collisional
energy to strip the DDM micelle fnothe protein. t was possible to obseryaeaks
corresponding to the mass afFliRR, complex and monomeriEliP and=liQ,which

most likelydissociated in the mass spectrometgr CIDFigure3.4A). Additionally a

large part of the spectrum remained urs@ved as can be seen in the large, broad peaks
to the right of each FI#R peak indicating the presence of larger species that could

potentially include a FliPQR complex.

One reason for why the complex could not be fully resolved coulthéteDDMbinds

the complex too tightly, preventing complete stripping of the micelle from the complex
in the mass spectrometer. range of detergents was screened with the aim of finding a
detergent in which the intact FIIPQR complex could be resolved at a lagiaololtage
(summarised imable3.1). The most stabilising detergent, in whiclsgecies including

the more fragile FIiQ subunit could bbservedand in which very little dissociation of
monomeric subunits was observed, was Ca§ufe3.4B). Thigevealed that the
complex in this sample laa stoichiometry of five FliP, one FIiQ and one FIliR.
Additionally, FliP hexamevgere observedin two detergents, C8E4 and C10E9, both of
which also caused partial dissociation of the complex as indicated hyr¢isence of FliP

monomers Table3.1).

Interestingly, when the FliP monomer peaks were inspected more closely, two peaks
were observed corresponding to FliP with different mature sequerEigsi(e3.5A). FIiP
contains a cleaved signal sequence and fleavage site has been studied previously
using Nterminal sequencingOhnishi et al. 1997and was found to be between residues
Ala21 and GIn2ZHoweverthe majority speciesbserved by mass spectrometuas
around 100 Da heavier than expected, consisteith a formylated FliP (2245).
Formylated peptides are not reactive totBrminal sequencing. It is possible that the
smaller FliP (2245) is a product of degradation or alternative cleavage by the signal

peptidase due to the ambiguous signal peptideavage sit€Figure3.5B).
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Sample Detergent | Major observed species Voltage (V)
FIIiPQR DDM FIiRRy 200
FIIiPQR C12E9 not resolved 200
FIIPQR C10E9 FliRRy, FliRRy, FliR and Flik 200
FIIiPQR C10E6 sample aggregated n/a
FIIiPQR C8E4 FIIRQiR,, FliBRRy, FliR and Flik 150
FIIiPQR C8ES5 FIIRQiR;, FlIiRR 150
FIiPQR C8E6 FIIRQ.R, FIiRR 150
FliP C8E5 FliR, FliR, andFIliR 150
FIiPQR (his

tagon Flip | C8E5 FIIRQR, FliRR, 150
FIIPQR (from

FIILMNOPQH

construct) [ C8E5 FIIRQ1R;, FliRRy 150

Table3.1 Summary of the main species observed by nMS of FliPQR in a range of
detergents.

The sample in the detergent CLOE9 was analysed using xenon rather than argon as the
collision gas. Xenon atoms are larger than argon atoms resulting in higher energy
collisions between collision gas and protdiorenzen et al. 20Q7A resolved spectrum

could not be obtained using the C10E9 sample with the lower energy argon collision gas.

A B
100 74 formyl-FliP 21-245 Prepratein
G 10 20 30 40
S MRRLLFLSLA GLWLFSPAAA AQLPGLISQP LAGGGQSWSL
,E
_E FliP 22-245 Mature Protein 32 42
g formyl-AQLPGLISQP LAGGGQSWSL
0 Wﬂhﬁm m/z
3400 3500 3600
FliP, (3

Figure3.5 FliP signal peptide cleavage site.

A, Closeup view of the 7+ charge state of the FIliP monomer. Two peaks could be
observed, one which corresponds to the mass of FliP residues 25 @@iformyl (29
Da) and a second, smaller peak which corresponds to FliP residues 22 B) 24
Sequence of the fitg10 residues of FliP in the preprotein and the mature protein
following signal peptide removal.
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In order to further investigate whether FliP hexamers were present in the original
sample despite not being observed in the spectra obtained using sampl&E® and
DDM orif the hexamer only forms after detergent exchange, Flik@Banalysedafter
extended incubation in C8ERigure3.4C). This showed that incubation iestabilising
detergent caused decrease in FI§2yR and anincrease in FliP hexamabundance,
suggesting that onean be converted into the other and that FliQ dissociates from the
complex in harsher detergents no spectrum could FiPe observed bound to either
FliQ or FliRAs there was no Fihtermediate, itwas not clear if he FliR complex

formed from FIiP monomers or from a larger subcomplex of&liR;.

In order to further validate the use of the detergent C8E5 and confirm that FliP in
isolation forms hexamers, as reported by the Namba gr@ykumura et al. 209)7FIiP
was expresseffom a pT12 plasmid containing a FliOP opesdth an Nterminal his tag
between theFliPsignal sequence and thetidrminus of the mature proteinkliPwas
purified as reportegreviously(Fukumura et al. 20 {section2.5.2) andwas then
analysedoy nMS after exchangato C8E5 and observed to be a pure hexankégifre
3.4D).Additionally, FliP monomers and pentamers could be observed. The pentamer
peak had a lower charge state than the hexamer, indicating that it was the ad90ID.

In CID of protein complexes a monomer is ejected from the complar unfolded state
taking with it a large proportion of the charge of the intact comfagel et al. 2000A
charge reduced complex is left behind, in this case the FliP pemtdius the charge
state indicates that FIiP pentamers were not present in the sample before entering the

mass spectrometer.

These experimentsuggestd that FIiR was an artefact that assedue to the tendency

of FliP to assemble into hexamers in thesabce of FliQ and FliR either because they are
not co-expressed or because they dissociate in a harsh detergent like E884ontrol

for testingif the his tag affects assemblg construct of hisagged FliP including FliQ and
Gterminally strep taggedrliR downstream of FliP in the operon waade and the

purified protein (sectior2.5.1) wasanalysed after detergent exchange into C8ES5. The

FIiIRQ:R, complex was again observed without evidence of & Bpecies Table3.1).
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3.4 Conservation of the corstoichiometry

A previous nMS study suggested that the vT3SS export gateSropphimurium 81 is

an SctRT, complex(Dietsche et al. 2006 consistent with theFliRQ;R, complex. SctS

was not cepurified, possibly due to the fragility of its associatiwith the SctRT
complex.In order toexplore the stoichiometry of SctS. flexnerSctRST was analysed by
nMS afterexchange into the detergent C8E5, the detergent that mast suitable for
analysis of FliPQR. The complasfound to bea mixture of arSctRS T, and an

SctRST; complex Figure3.6A), indicating that the core stoichiometry of the complex is
conserved but that the FliQ/SctS subunit is more variable and potentially sensitive to

detergent, consistent with the loss of FliQ after incubatioiC8E4Kigure3.4C).
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Figure3.6 nMS of SctRST.

A, Mass spectrum o8. flexnerSctRST purified in DDM and exchanged into CBieb.
collision voltage wa200V. B, Mass spectrum db.TyphimuriumSP41 SctRSThe
collision voltage wa$50V.C Relatve abundance of SGiR/FliRR,, SctBS T/ FIIRQ1R:
and ScteS T/ FIIRQ:R, in full length and @erminally truncated constructs in mass
spectra obtained undedenticalconditions The collision voltage was 150 V in all
experiments D, Mass spectrum of. enterocoliticé&ctRSTrhe collision voltage wésb0
V.
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S.Typhimurium SctRST was previously analysed in the detergent C12E9 and no SctS was
observed(Dietsche et al. 2006In order to test ifS. Typhimurium SctS can be observed

when the sample is preped in the same way & flexnerBctRST, th8. Typhimurium

complex wagpurified and exchanged into C8ES5 following the same protocol &3. for
flexneriSctRSTsgction2.5.1). Athough the peaks in the spectruof S.Typhimurium

obtained here are sharpghan what was observed befo®ietsche et al. 2006the

stoichiometry is the same, SR (Figure3.6B).

In the S.TyphimuriumSP41 SctRST construitte Gterminus ofSctT(residues 252 to 263)
was truncated. In order to €ude the possibility that SctS is not bound to the complex
due to the mutation of SctT, a full length construct was cloned and analysed in the same
way, but the stoichiometry was unaffecteBigure3.6C). In additiontruncatedS.
TyphimuriumFlIOPQRFIRresidues 239 to 264ndS. flexnerBctRSTSctTresidues 240

to 256) constructs were madend the complexes were purified and analysed as before.
The results were ambiguous, showing loss of FliQ binding after truncation dly in
TyphimuriumFliPQRHFgure 3.6C) suggesting that the-@rminus of FliR is part of the

FliQ binding site on the FIIPQR complex,dibier interactions keep SctS associated with

the complex, possibly with one of the SctR subunits

In order to further investigate the stoichicgtry of FIliQ/Sct3wo further vT3SS
homologues were prepared of which one yielded interpretable mass spectra
enterocoliticaSctRST wagsurified in DDMsection2.5.1). After screening a small

number of detergentsmost of which led to aggregation tife protein, the sample was

kept in DDM and the buffer was exchanged to the nMS compatible 200 mM ammonium
acetate containing 0.026 (w/v)DDM using a Bi&pin P6 columrséction2.5.9. Then,

the sample was diluted 3:1 in @8(w/v)C8E6 in 200 mM ammomuacetate and

analysed immediately. Due to the instability of this sample, data could only be recorded
for a few minutes before the signal disappeared, suggestingXhanterocolitic&ctRST

is highly sensitive to detergents. The spectrum obtained shoavetixture of species
(Figure3.6D), including a core SgfR complex with up to three SctS subunits as well as
an SctigT, complex. Due to the instability of this sample, it is possible that at least some

of the observed species atke result offormation of nonphysiological complexes,
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similar to theS.TyphimuriumFIliP hexamerHigure3.4). Asthe sequences of
FIIiPQR/SctR&re highly conservedt is likely that the stoichiometry is widely conserved
making the consistently observed core FRPPSctRT, complex bound by a variable

number of FliQ/SctS subunits the most likely physiological stoichiometry.

3.5 Probing the substructure of the export gate complex using atypical CID

When FIIPQR was analysed in DI re3.4A), negative modéLiko et al. 201pwas
used togenerate negatively charged iom#ich allowedanalysis othe intact complex.
When nMS was performed with positive charge, as used for all other samples, the
complex was observed to break apéfigure3.7A), complicating the stoichiometric
analysis Dissociation of a complex in the mass spectrometer into intact subcomplexes is
calledatypical CIQHall et al. 2018 and enables thetudyof the architecture of the
complexthrough analysis of the subcomplex®&® subcomplexes including FIiQ wee
observed, suggesting that at leastSilyphimuriumFIliPQR this subunit is bound weakly
to a more robust FIiPR core compleken the complex is extracted in DDivid

dissoci@es quickly in the gas phase inside the mass spectrom&abcomplexes of the
FliPR complexdicated that FliR is not a peripheral subunit: If FliPRFigPpentamer
bound by a FliR subunit on the outsifégurel.7D), the complex would be expected to
first fall apart into a FIIR monomer ancclsedFIliR ring, i.e. thedissociation behaviour
that was observed for FliQVhile FliPwas observed, other species, including /RiP
FliRRy, FliBR and FliPR, were also observed. This suggested thatsRIli3 a

heterohexameic ringrather than a pentamer plus a peripherdifFsubunit As the

structure of the export gate was expectedtoN& y 3 & K| LJS R(Dietdche®t I G R2y

al. 2016, FliR is most likely a component of that ring.
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Figure3.7 atypical CID of FliPQR.

A, Atypical CID d&.TyphimuriumFIliPQR purified in DDMhe collision voltage w&00

V with an addition 150 V of isource activatior{Gault et al. 201§ causing collisional
activation in both the collision cell and the ion funnel at the entrance of the instrument.

B, Dissociation oftte 20+ charge state & TyphimuriumFIliRQ.R; purified in DDM and
exchanged into C8ES5. The sample sample was activated in source (100 V) and the 8279
m/z ionswere isolated. The ioswere dissociated by applying 250 V in the collision cell.
This experimet was performed together with Dr Joe Gault.

In order to further investigate how FIliQ binds to the complex, FliPQR, exchanged into
C8E5, was analysed by selecting an ion corresponding to the 20+ charge state of

FIIRQ:R, inside the mass spectrometer foll@d by CID of just this idiFrigure3.7B).
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Interestingly, one dissociation product was a fEircomplex.This showed that FliQ not
only contacts FliR-{gure3.6C) but also FliP, suggesting that this FliQ subunit is bound to
the interface of FIiR andMiP subunit in the FKR; ring. Furthermore, no Flicomplex

was observed, which would be the result of dissociation of FliR, further strengthening

the idea that FIliR is not peripheral to a central FliP pentamer.

3.6 Stoichoimetry of the export gate puriéd in the detergent LMNG

The export apparatus subunit FInB/SpaS is thought to interact with the export gate
complex(Van Arnam et al. 20Q4but the stoichiometry of this interaction was unclear
(McMurry et al. 2013 making a FliPQRhB complex an attrdive target for
characterisation by nMS. A detergent screen was designed with the aim of finding a
detergent that would allow cgurification of S.TyphimuriumFIhB with FliPQEection
2.5.4). Purified samples were submitted for proteomic analysis inDi@n School
proteomics facility and@purification of FIhB was quantified by measuring the relative
intensity of FIhB to FliP peptideBSigure3.8A). This revealed that FIhB was enriched
more than 24fold in LMNG compared to DDMthough copurificationof FIhB was not

initially successfulo levels stoichiometric with FliPQBee chaptes4 and6).

Moreover, increased amounts of FliQ weseen to cepurify with FliPR wheextracting
and purifying the complewith LMNG(Figure3.8B). Therefore, he nMSanalysis was
repeated with FPQR/SctRST extracted in LMNG and exchanged into &8fi6r{2.5.9),
but the S.TyphimuriumFliPQR complesould not be fully resolved-{gure3.8C) The
broad nature of these peakbetween 8,000 and 12,000 m/&iggests binding of
molecules of heterogeneous mass to the complex, most ltikgihyly boundlipids
(Bechara et al. 20)5In addition a FliQdimerwas observd, indicatingthat the FIiQ

subunits in the assembled FIiPQR complex are in contact withcgheh
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Figure3.8 Analysis of the export gate in LMNG

A, Relative intensity of FIhB and FIhA pepicompared to FliP peptides by proteomics
in samples of FIIPQR-eapressed with FIhBA and purified in a range of detergd3)ts.
Representative 20%SDSPAGHradient gel comparing FIIOPQR and Sciir@fied in
DDM and LMNGQGZ, Mass spectrum db. TyphimuriumFliPQR purified in LMNG and
exchanged into C8E®%he collision voltage was 200Y,.Mass spectrum d?. savastanoi
FIiPQR purified in LMNG angichanged into C8EBhe collision voltage was 200Y.
Mass spectrunV. mimicug=liPQR purified in LMNG and exchanged into CBib.
collision voltage was 200¥. Mass spectrum d&.TyphimuriumSctRST purified in LMNG
and exchanged into C8EBhe colligin voltage was 200V.
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As the stoichiometry o%.TyphimuriumFIliPQR in LMNG could ndearly be resolved

two further FIIPQR complexeBpm Pseudomonasavastanopathovar phaseolicola

strain 1448ADSM21482 and Vibrio mimicus(DSM 1913Q)were cloned as FIIOPQR
operons in the same way as tiseTyphimurium FlIOPQR construct andre expressed
and purified in LMNGsection2.5.3. WhileP. savastandtliPQR was observed to be a
mixture of FliBQs;R; and FliBQsR, complexedy nMS(Figure3.8D),V. mimicusliPQR

was a homogeneous HBR complex Figure3.8E).S. flexnerSctRST purified in LMNG
(section2.5.3) was observed to be a complex mixture of STIRSctBS T;, SCtBST;,
SctRST; and SctesT; (Figure3.8F) This suggested that even though LMNG allowed co
purification ofa higher number oFliQ/SctS subunitger complex compared to DDM

the additional subunits may be more sensitive to detergent or more weakly bound than
the single FliQ subunit that was preuslypredicted to be locatedt a FIiP/FIiR interface
(section3.5). The average sequence identity betwegnTyphimurium FliPQR aM
mimicusFliPQR is 39%, the identity betweSmyphimurium andP. savastands 44%

and the identity betweerS.Typhimuium FliPQR an8. flexnerSctRST is 26%.

3.7 Modelling of the architecture of the export gate

The interaction between FliP, FliQ and FliR was additionally analysed using
bioinformatics.The evolutionary cevariation was calculated usirige GREMLIServer
(http://openseq.org/index.php (Ovchinnikov et al. 20)4Residues of botpredicted
transmembrane helices of FliQ eeary withresidues in the @erminal half of FliPRigure
3.9A) indicating a large interface between the two proteins that could potegt@ticur

at each FliP subunit. This would support a FliQ stoichiometry of five per complex.
Extensive contacts between FliP and FliR throughout the entire sequieigced3.9B)
support the position of FIiR as part of a FRRing as predicted aboveHgue 3.7). In
contrast, only helix one of FliQ-earies with FIiRRigure3.9C). Thiswas consistent with
the most tightly bound-liQ bindingat the FliPFIIR interface in the FIiPR riag
suggested by the analysis of truncated construEigyre3.6). Thesensitivity of FIliQ/SctS
to detergents and dissociation in the mass spectrometer suggests that it peripherally
surrounds the FliPR carmost likely in @ontinuouslayer as suggested by the FliQ
interaction with itself Figure3.8C) The stoichiometry of FIiQ cannot be determined

precisely due to the possibility of dissociation of this fragile subunit during the
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purification, but the highest observed number per complex, fis&onsistent with the
predicted interaction between FIliP dri-liQ, making thithe most likely correct

stoichiometry.
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Figure3.9 Evolutionary covariation

A-C Covariation within FIIPQR calculated usBREMLINOvchinnikov et al. 20340nly
contacts with a probability score greater than 0.75 are displaguhtacts were
calculated from pairs of sequences. Contacts within a single sequence are in the squares
at the top left and bottom right while contacts between the proteins are in the
rectangles at the top right and bottom leftheFliPGterminal 100 reglues cevary with
residues spreathroughout the entire FliQ sequencg)( FliP and FliR aary
throughout both of their sequence8) and the Nterminal 52 residues of FIiQ s@ry
with residues spread throughout the entire FIiR sequel@eTlihe MSAsantained 2,745
(A), 3,755 B) and 3,594 aligned sequenc&s.Cartoon model of the architecture of the
FIIPQRFIhB complext-liP=blue, FliR=yellow, FliQ=red, FIhB=green.

Additionally, FIhBsthought to contact FliRs a fusion of the two proteins is partially

functional and exists naturally @lostridium(Van Arnam et al. 2004yhich is supported
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by interactions between SctRST and SctU (FIiPQR and FIhB) showivbghoto-
crosslinkingDietsche et al. 2016)his would placd-IhBin the peripherallayermade of
FliQ that surrounds FliPBummarising all the data, a new model for the architecture of
the export gate complex could be propos@egure3.9D). The core complex is proposed
to be a heterohexameric ringhade up of 5 FliP subunits and 1 FliR subunit. This is

surrounded by a ring of 5 FliQ subunits and 1 FIhB subunit.

3.8 Discussion

In this chapter the stoichiometry of the export gatengplex FIIPQR/SctRST was shown
to be conserved in flagellar and virulent8SS. The core is formed by a heterohexameric
ring made up of five FliP/SctR subunits and one FIiR/SctT subunit. The exact
stoichiometry of FliQ/SctS could not be determined due to its sensitivity to detergent,
but it was clear that there were more than errliQ/SctS subunitith a maximum of five
observed in complex with FliPRidure3.8). Combinng all data with bioinformatic

analysis Bowed the construction of a newodel for export gate architecturef both

vT3SS and fT383gure3.9D). This model audradicts both older modeléDietsche et al.
2016 Fukumura et al. 2037

3.8.1 Comparison with older models

The disagreement between the data presented here and the SctRT pentamer model
(Dietsche et al. 200)&an be explained by misinterpretation of negativaiis data.
PreviouslyS.Typhimurium SctiR; was analysed by negative stain Bi(re3.10). A
mixture of particles were observed, the majority were rings while some appeared to be
ringswith an additional subunit outside the ring. The latter were proposed to be SctR
pentamers with an SctT subumiécorating theoutsideof the SctR ring and the former
were proposed to correspond to SctR rings from which the SctT subunit had dissociated.
However, a different possibility is that these are simply different views of the same
object. As shown abové&igure3.4), dissociation of FliR leads to formation of FliP
hexamers, which are also thought to be rir{fg§skumura et al. 200)7The tendency of

FIP to form hexameric ring structures when other export gate subunits are not present,

either due to absence in the recombinant expression system or due to instability in a
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relatively harsh detergent, suggests that the FIiP homohexamer is mimicking thre nati
FliPR heterohexameAs the sixth FliP subunit that completes the ring in the absence of
FliR and FliR can both fill the same position in the complex, FliR may adopt a structure
similar to FliPHow does the Scg®; complex, a minor species in the maggctrum ofY.
enterocoliticaSctRST, fit into this model? Considering the instability of this sample, the
lack of SctS in the complex and presence of SctSenterocolitic®&ctRST complexes
containing only 5 SctR subunits and the evidence from margr dtbmologous

complexes, this observation can be regarded as an ouittely resulting fronthe

formation of anon-physiological oligomeirom disassembled monomeric subunits

Original interpretation New interpretation

SctR pentamer Top view

SctR pentamer Side and tilted views
decorated with EE

a single SctT

Figure3.10 Reinterpretation of negative stain EM data.

Previousy} publidhed 2D class averages®iTyphimurium SP1 SctRTDietsche et al.

2016). The scale bar indicates 5 nm. The lower four averages were originally described
as pentameric SctR rings decorated with an SctT subunit. A different interpretation,
suggested byhe new model of the architecture of FIIPQR/SctRST, is that these averages
represent different views of the same object, which is a heterohexameric ring of 5 SctR
and 1 SctT.

3.8.2 Assembly of FIIPQR

As FIiP can form hexameric rings in the absence of FliRathe system may need to
prevent formation of these complexes which have been reported to cause toxicity by
making the inner membrane permeable to iofEetsche et al. 20%6Vard et al. 2018

In vivoformation of large assembly intermediates containiBtP, likely corresponding to
the FliRQ-sR, complex revealed in this chaptewas strongly reduced in the absence of

FliR(Fabiani et al. 201)7suggesting that in the native context FIiP is stopped from
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oligomerising before FliR is made. This would intipdy FliR is the nucleus for export
gate assembly. Nevertheless, FliP hexamers have been observed in complex with FliO in
a recombinant contexfFukumura et al. 2007 The assembly of the nemative

hexamers may occur only at a high concentration of EGER.

3.8.3 Effects of detergents on membrane proteins

The case of the export gate teaches that care needs to be taken to avoid formation of
artefactual stoichiometriesn this caseesulting fromformation of a symmetric
complex in place of the pseudosymmetriative complex due to detergent or

expression artefacts.

Asimilarexample of a membrane protein complex with controversial stoichiometry is
the complex of ExbB and ExbD. ExbB can form pentameric and hexameric complexes
(Celia et al. 20L,8Maki-Yonekua et al. 2018while a variable number of ExbD molecules
have been observed inside the ExbB ring. The different stoichiometries have been
proposed to be of functional relevance, howeweis possible that at least one model is
the result of artefacts of pressioror detergent solubilisation. A related complex, the
flagellar MotAB complex, is thought to be a complex of four MotA and 2 MotB subunits
(Yonekura et al. 20t Takekawa et al. 20)@espite the homology to the ExbBD
complex. It is possible thatpression and detergent solubilisation artefacts are partially

responsiblgor the different observed stoichiometries

Another case of controversial stoichiometry is found in a homomeric complex.
stoichiometry of the membrane protein complex of MscL can be manipulated using
detergents, lipids and temperature and this has been directly observed with native mass
spectrometry(Reading et al. 2035It is not knowrwhich stoichiometry is the

physidogically relevant one or whether different oligomeric states could be functionally

relevant.
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3.8.4 Future perspectives

The results presented in this chapter could form the basis for structural studies of the
export gate complex using crfeM. In particular, th discovery of a more stabilising
detergent, LMNG, with the potential to stabilise the sample when prepared forEMo

might prove useful for further structural studies.
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4  Structure of the export gate: membrane proteins outside the membrane

4.1 Introduction

Basal body

Figure4.1 Cartoon showing the proposed location of FliPQR in the basal body.

Model of the export gate in the basal body based on knowledge prior to work described
in this chapter The cartoon is based on the results in cha@and cartoonsn recent
papers(Ohnishi et al. 19971 orenzen et al. 200Fukumura et al. 2014Bechara et al.

2015.

In chapter3 the architecture of the export gate complex, FIiPQR, was analysed. These
experiments not only generated and characterised valuable reagénit also suggested
anarchitectureconsistingof a core FlifR/SctRT; heterohexameric ring surrounded by

a ring ofup to 5 FliQ/SctS subunitsvhich likely resides in the inner membrane
surrounded by the basal bod¥fiure4.1). In addition, experiments in chapt8rshowed
that the FIiPQR complex could be stabilised by extracting it from the membrane in the
detergent LMNG rather than DDM and that LMNG stabilised the interaction between
the regulatory protein FIhB and FIIPQR, mgl.MNG theletergentof choicefor

further studies In order to exploit these results, structural investigations using-Eilyo

were begun.
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4.2 Structure determination of FIiPQR
4.2.1 Imaging of FliPQi LMNG

Previous cryeEM and crystallography studies in the lab had focuse® .diyphimurium
SP{1 SctRTDietsche et al. 20J)&olubilised in the detergent DDM or the amphipolA8
35, but althougldata could be collected using Titan Krios microscopes, kEhgh
resolution volume could be calculated (experiments performed by Dr Patrizia Abrusci).
As even dat&ollected on the most advanced detectors and microsc@weslabledid

not lead to a higkguality reconstruction, a differeraamplewasusedhere. Flagéa

rotate by applying high torque to the flagellar filament, and higher torque is correlated
with additional subunits stabilising the nanomach(Beeby et al. 20261t is therefore
possible that the flagellar EA has evolved to be more stable than spect

homologues in order to withstand the forces resulting from rotation. Consistent with
this hypothesis, higher FliQ/SctS stoichiometries were observed in some flagellar
homologuegprepared in LMNG@sing native mass spectrometry (chap8yin particula

in Vibrioand PseudomonakliPQR, two species whose flagella rotate using higher torque
than those of the common model organistalmonellgBeeby et al. 2016&aplan et al.
2019. NeverthelessSalmonellaand Escherichidlagella are the most well studigBerg
2003 Macnab 2003and soS TyphimuriumFliPQR was chosen for structural studies in
this chapter.

S.TyphimuriumFliPQR was prepared in the detergents DDM and LMNG as before
(section2.5.3. CryoEM grids were prepared using samples Quantifoil Au 400 mesh
holey carbon coated grids with a hole diameter of 22 and a holespacing of 1.3m
using a Vitrobot Mark IYFEIat 22°Cand 100% humidityinitial screening showed that
a sample concemation between 0.7 and 1 mg/mésulted in ahighparticle densitywith
sufficient distance between particle&rids were imaged on a TalAsctica electron
microscope (FEI) operated at 200 kV using the program EPU (FEI) for automated data
collectionusing a defocus range of 0.5 te>th. The microscope was equipped with a
Falcon 3 detector (FEI) operating in linear mottee pixel size was 0.728 Micrographs
were preprocessed using the SIMPLE pipeim#uding an implementation of the
program Unblu for motion correction and an implementation of CTFFIND4 for CTF

estimation(Reboul et al. 2018 Particles were pickedsing GautomatclUrnavicius et al.
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2015 and extracted in a 240x240box 2D class averaging was performed in SIMPLE
(FIiPQRODM)or RELIOMN.4 (Scheres 200AFIiIPQR.MNG) Initial analysisshowed that
distinct particlescould beobservedwith more detail in top views of the complex in
LMNG samples compared to DRWen subjected to 2D classificatiocBome 2D
averages of the top view dfie LMNG sampléeaturedda A E G & 6 A NI 8¢ S KA OK Y
correspond to the six subunits of the BERPring. Howeverall averages from theMNG
sample lookedike discswith varying levels of internal detail, while clearly different
shapes could be seen in D¥Mgure4.2). The circular average is likely to correspond to
the top view of the membrane pore formed by FIIPQR while the other view may
correspond to a side viewhe high resolution features of the complex in LMNG
suggested that this sample was more likely to lead to a-Eybstructure, however the

lack of other views prevented an analysis in 3D.

Figure4.2 Initial cryo-EM characterisation of FIIPQR

A, 10 mos populated 2D class averagesTyphimuriumFliPQR in DDM calculated
using SIMPLE PRIMEBD10 most populated 2D class average$ dfyphimurium
FIIPQR in LMNG calculated usRigLIOMN.4.C, Closeup view of the highlighted averages
from (A). D, Clese-up view of the highlighted average frorB)(in which swirls can be
seen.
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4.2.2 Initial imagingof FliPQRn complexwith FIhB

In an attempt to both obtain side views by changing the surface of the protein and
prepare a larger complex, qaurification of FIhBvas attempted.The secretion

specificity switch proteifrlhB is made up of gredictedtransmembrane domain of
unknown structure and a cytoplasmic domdMieshcheryakov et al. 20)8chapter 1)
Addition of these two domain® the FIiPQR complex migbihange the orientation of

the particles in the crydM grid and the presence of the cytoplasmic domain outside
the detergent micelle might aid image classificati@o-purification ofsubstoichiometric
amounts ofFIhB with FIIPQR waseviouslyobserved ugg proteomics (chapteB),
suggesting that preparation of a monodisperse FIiH}® complexs possible For this
purpose, an operon oflifB and FIhAvas placed in a pBAD plasmvith a Gterminal his
tag on FlIhAandwas ceexpressed with FIOPQRa pTL2 plasmid. The culture was
supplemented with 0.1% rhamnose monohydrate and 0.1% arabinose and the
appropriate antibiotics and the FIIPEHB complex was expressed and purified using
the same protocol as for FlIPQR without FIhB using the detergent LE&§t®02.5.3.

The SEC profile of the resulting complex revealed a shoulder to the left hand side of the
FIIPQR pealE{gure4.3A). SEBIALS was used to further interrogate the shoulder of the
peak gection2.5.8. This revealed that although the mass loé tomplex corresponding
to the shoulder was very similar to that of the maieak, it was slightly largéabout 8
kDa) SDSPAGE analysis was also consistent withwafication of FIhnBRigure4.3B),

with the full FliPQHFIhB complex elutig in the shalder of the peak.

CrycEM grids were madasingdifferent fractions across the peand analysed on a

Talos Arctica microscope (FE)uantifoil Au 400, R1.2/1.3 grids made with 0.9 mg/ml
protein sampleat 22°Cand 100% humidityT@able2.10) from the fraction corresponding

to the shoulder of the peak contained a mixture of viewrg(re4.3C, D) when analysed
using SIMPLE and were selected for data collection on a Talos Arctica microscope (FEI).
11,650 movies were collected using a Falcon 3 detecalescribed above for FIIPQR in
LMNG gection4.2.1). 2D classification of the particles was carried olRELION.0

(Kimanius et al. 20)@&nd an ab initio initial mdel was calculated using SIMRBEboul

et al. 2018. This model was used as a refererior 3D classification IRELIOR.0and
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the particles in the highest resolution class were used for @afmement iINnRELIONR.O

resulting in a volume with a resolution of 728ising the FSC=0.143 criterion.
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Figure4.3 Co-purification of FIhB with FPQR

A, SEEQMALS of.TyphimuriumFliPQRFINB. The purple shading indicates the shoulder
of the peak from which grids for cry®M were madeB, 15% SDBAGE analysis of tig
TyphimuriumFliPQRFIhB purification in LMNG (left) and DDM (rigktjactions from
across the SEC peak were run on the Gleé arrow indicates the fraction equivalent to
the shaded fraction in the SEMIALS trace inX). All fractions C Representative
micrograph of FIiPQRINB.D, 9 most populated 2D class averages if@RFIhBimaged
using a Talos Arctica microscope (E&ldulated using SIMPLE PRIME2D.
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4.2.3 High resolution eyo-EMimaging ofFliPQRFINB

More data were collectedfrom grids made under identical conditiofsection4.2.2) on

a Titan Krios microscope (F&pberating at 300 kVising a FalcoB detector (FEI) and a

K2 detector (Gatanj counting mode andising EPWFEI¥or automated data collection.

The magnification used for the Falcon detector was 96,000 and the magnification for the
K2 detector was 165,@0resulting in a pixel size of ®.8 for both data sets in the setup

of the microscope in the Gord cryoEM facility (COSMIC). The datasets were pre
processed as described for the Arctica datacfion4.2.1) usnga SIMPLE

implementation of Wblur and CFFIND4 and particles were picked using Gautomatch

(Urnavicius et al. 20)%nd extracted in a 256x25fixelbox.

A

[ Krios Falcon Ill ] [ Krios K2 J
Initial model NG L& { 363140 particles 111485 particles
from Arctica A\
dataser b\ﬁ}g ﬂ 2D Classification ﬂ

x [ 152437 particles ] [ 75157 particles ]
[ 52960 particles ] t 3D C\ass'\ﬁcat'\on M
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Figure4.4 Single particle analysis &.TyphimuriumFIliPQR FIhB in LMNG.
A, Flowchart describing the data processing strat®&)selectedD class averages of
the particles calculated IRELIORR.O.

- )
O
//\w’f‘) ,/," M
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~360,000 Falcon Il particles and ~110,000 K2 particles were classified iRED @GN

2.0 (Kimanius et al. 20)@&nd the datasets were merge#igure4.4A, B). The cone
shaped Arcticanodel Gection4.2.2 was used as the initial modielr 3Dclassification in
RELIORR.0 of the FalconJparticles and the highest resolution class was subjected to
auto-refinement using a featwless ovoidbject of similar dimensions as the initial
model. The resulting volume, in which tubke densities could be resolved, was used as
the initial model for 3D classification of the entire dataset. High resolution features,
including clear tubes correspondjrio alpha helices, were observed in tim@st
populatedclass, while only noisy, amorphous objects were reconstructed in the other
classes. The highest resolution class was subjected terafiteement resulting in a 4.2
Avolume after postprocessing usimpa soft mask in RELIEN (Figure4.4A andTable
4.1). The resolution of the model was calculated using the gold standard FSC=0.143
criterion and further assessed using ResNawintKruse and Brown 200%§Figure4.5).

The data were processed in RELIQNDb Steven Johnson.

Data collection and processing
Voltage 300kV
Hectron exposure 48 /A% (K2), 5%/A? (Falcon 3)
Micrographs 2,088
Particles (total) 474,625
Particles (final) 97,718
Sampling 0.86 A
Defocus range 054> Y
Refinement

Resolution 4.2A
FSC threshold 0.143
Symmetry Ci

Map sharpening B factor | -227 X

Table4.1 Imaging and data processing statistics
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Final resolution = 4.2 Angstroms
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Figure4.5 Resolution of the cryeEM volume ofS. TyphimuriumFIliPQRFIhB
A, FSC curve highlighting the 0.143 threshB|dResMap representation showing
variation of resolution from the core to the edge of the map.

4.2.4 Reprocessing of the crydcM data in RELIGBLO

Following the release of RELK3N (Zivanov et al. 201&ivanowet al. 2019, the crye

EM data used to detrmine the structure of FliPQRere re-analysed. Motion correction
was carried out using MotionCor2 as implemented in RE&3OMNd CTFs were
corrected usin@CTFFIND4 implemented in SIMPR&boul et al. 2018 Tre previously
selected particle set yielding the 48structure was reextracted from the micrographs
using a 288x288 pixel box and afgerticle polishing, CTF refinement, atrefinement

and postprocessing in RELIEB\D the final resolution was 3.65(Figured.6A) using an
updated pixel size of 0.8&for the entire dataset The Bfactor for map sharpening was
80 A2. The finalFSC curvevas strongly improved and alpha helices and sidechains were
more well definedFigure4.6B, C).
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Figure4.6 Improved crycEM map of FliPQR.

A, SolventcorrectedFSC curve of th®. Typhimurium FIIPQR crEM data processed in
RELIORB.0 (red) and RELIGNO (blue). The 0.143 cudff is shown in blacks,
Comparison of the volumes calculated in REEB@Nleft)and RELIOR.O (right).C
Zoomed in view of Phe221 and Lys222 of,FliP

4.2.5 Model building

The resulting map revealed a complex with a diameter of aroundXl@td a height of

around 1204 (Figure4.7A). The volume is made up of a central six objects, diwehich

contain an external elaboration pointing away from centre the structure. Based on the

native mass spectrometric analy¢thapter3) and the fit of the crystal structure of a

small fragment of FliFFukumura et al. 20)4nto a part of the densityFigure4.7B),

these were assigned as FIliP, while the sixth one was assigned as FIliR. On the outside of

each FIliP, except the one to the right of FliR, a helical hairpin was observed, which was
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assigned as FliQlo density corresponding to FIhB was appdr® copies of the crystal
& G NHzO (i dzNBLIZ N LiBKISa Yekulide fiRigtothepesiplasmicdensityof
FliP(Figure4.7B,C), revealing thahis part of FliRloes not dimerisedisproving the

previously proposed trimer of dimers mod&ukumura et al. 2017

As there waso structure of a homologue of any of the components of the complex in
the PDB, model buildingas started using models for the subunits derived from
evolutionary cevariation(Ovchinnikov et al. 20)5Models were dowloaded from the
GREMLIN databashetips://gremlin2.bakerlab.org/meta.phpand fit into the density.
Although the predicted models locally fit into the map, the helices were straighter than
in the map Figure4.8A,B). The predicted models were used ashibsis for building the
models of the FIIPQR complex in C{iemsley et al. 2000

Figure4.7 CryaEM map of theS. TyphimuriumFIliPQR complex.

A, The 4.2A map coloured according to subunit. FE#ght and dark blue, Fli@ orange
and red and Flisyellow.B, Five copies of the structure of a water soluble fragment of
ThermotogaFliP (PDB:Hv2) werefit into the map.C, Comparison of 572 with the final
structure offull-length S. TyphimuriumFIiP.
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FliP FliQ

Figure4.8 Fit of the GREMLINnodels into the map
A, B, C Fit of the GREMLIN momdels of FliP, FliQ and FIiR in the respective densities (top)
and fit of the final models in the same density (bottom).

Hydrogens in th&SREMLIM0dels were deleted in the CCP4 program pdifgénn et

al. 2013 and the sequencewere manually mutated from thés. colisequence to thes.
Typhimuriumsequence irCoot. Thehelices of the modified GREMLIN model were fit
into the density separately agid bodies. Subsequently, the side chains were moved
into density using the Coot tool real space refine. Finally, the model geometry was
refined using multiple iterations of the program phenix.real_space_rd#fenine et al.
2018 and manual adjustmertf Ramachandranlpt and rotamer outliers in Coof his
model was originally built using the RELI®N volume Whenthis model wase-refined

in the RELIOMB.0 map using the most recent version of phenix.real_space_refine
(Afonine et al. 201Bmodel statstics were improvedTable4.2), increasing confidence in

the structure.
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RELIORB.0 model RELIORR.0 model
CGuiask 0.7981 0.7236
B factors 62 A° 227 K
R.m.s. deviations
Bond lengths 0.005A 0.01 A
Bond angles 0.78° 1.18°
Validation
MolProbityscore 2.2 2.6
Clashscore 13 25.7
Poor rotamers 0.15% 0.1%
Ramachandran plot
Favoured 89.8% 83%
Allowed 9.8% 16.3%0
Disallowed 0.4% 0.7%

Table4.2 Model refinement statistics for FliPQR.

4.3 Structure of the FIIPQR complex
4.3.1 Structural analysis of thesubunits

The structure revealed that five copies of FliP and one copy of FliR form a
heterohexameric, circular structure in the core of the complex. Surrounding the FliPR
core are four copies of FliQ, one subunit in front of the outside face of four dfltRe
subunits Figures4.7 and4.9). This was consistent with the native mass spectrometry
results (chapteB). Unexpectedly, at 126 the complex was much taller than a typical
membrane which, depending on lipid composition can have a thickofabe
hydrocarbon corén the range oR5to 35A (Nagle and TristrarNagle 2000
Furthermore, he threesubunitsdid not adopt a canonicatansmembrane foldwhich
would be expected to be parallelarrangement of helices the plane of themembrane.
All three subunits form much more extendsttuctures. Fli@onsistf a single hairpin
of two long, highly kinked helices, FliR of three such hairpins and FliP {Fityune4.9).
The hairpins are offset from each other, as previously predibtedeevolution analysis
(Taylor et al. 2016 In addition, there is a small periplasmic insertion in FliP, part of

which was previously crystalliseigure4.70.
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A FliP FliQ FIiR

Figure4.9 Structures of FliP, FIiQ and FIliR.

A, Structure of a single copy of each subuBjt3ructures in the context of the export
gatecomplex C Structures of a FliP subunit with an associated FliQ subunit (left),
structure of FliR coloured in orange and blue according to similarity to FliP (blue) and
FliQ (orange) (middle) and overlaidwttures of one FliP, one FliQ and one FIliR subunit.

Closer inspection of the structure of FIiR revealet it is a fusion of the structures of

FliP and Fli@rigure4.9C) Four of fiveFliPsubunintsare associated with a FliQ on the
outside of the corplex, generating a unit made up of three hairpifiee hairpin of FIiR

on the outside of the complex is the equivalentadfliQhairpinand the twoFIiR

hairpins on the inside are the equivalent of a FliP subunit. FliP only differs through the
presence ofhe periplasmic insertion between the two hairpirihis makes the FIIPQR
complex gpseuddexamer ofsixFliRlike, three-hairpin objects. fie structural similarity

of the FliRFliQpairand FliR might be an explanation for the observation of FliP hexamer

formation in the absence of FliR (chap8r
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4.3.2 FliPQR is a helical assembly

While analysing thenap andstructure, it was noticed that FIIPQR does not form a flat

ring. Instead, the structure is helical. As mentioned ab&W€QR can be regarded as a

hexamer of 5 FliFFliQ pairsone of which lacks the FliQ subumihd 1 FIiR. These units

are arranged along arigt F Y RSR KSt A Ol f -4 IERAKRINEF 2N A NS | Cak
topmost subunit and the FliP and FliQ subunits can be numbered from toptanioo

(Figure4.10). FliR separates the top and bottom FIliP subunits.

FliP(3)

FliQ(1) £H i

5900 4

FliQ(3)

Figure4.10FIiPQR is a helical complex.
Structure of the FIIPQR complex with labels indicating the numbers of the subunits
starting from the top of the complefin the periplasm)

Subunits per | Axial reference
turn rise (A)
FliRto FIiP (1) 51 5.6 this study
FliP 1) to FIiP 2) 5.6 4.9 this study
FliP 2) to FIiP 8) 5.8 3.2 this study
FliP (3) to FliP (4) 6 2.3 this study
FliP (4) to FliP (5) 6 3.8 this study
Average 5.7 4 this study
Flagellar filament 55 4.7 (Yonekura et al. 2003
Flagellar hook 5.6 4.2 (Matsunami et al. 2016
Flagellar rod 5.6 4.1 (Fujii et al. 201y
T3SS needle 5.6 4.3 (Cordes et al. 2003

Table4.3 Helical parameters of FIIPQR.
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Closer analysis of the helical parameters of the complex revealed that the subunits per
turn and the axial risparametersbetween subunitsare very close to that of previously
reported filamentous structures built by type 3 secretion systerhable 4.3). The
flagellar rod(Fujii et al. 201yand the injectisome needléCordes et al. 20Q3re helical
filaments that originate within the basal body, but it was not known how these helical
structures are built on the circularly symmetric basal b@@orrall etal. 201§. The
flagellar protein FIIE has been proposed to be an adapter between the circular and
helical symmetry(Minamino et al. 200)) and while no injectisome protein has been
proposed to carry out this function, it has been associated with the augp socket
feature of the basal bodfMarlovits et al. 2006 The shared helicalarametersof FIIPQR

and the helical filaments leads to the intriguing proposal thatpseudehexameric 5 to

1 export gate complextemplates the5.5 subunits per turrhelicd symmetry of the
filament as subunits are secreted through the export gate and assemiie its
periplasmic surface This implied that FIIiPQR is directly connected to the flagellar

filament in a single, long helix and would rotate with the flagellum.

100A

Figure4.11 The electrostatic surfaces of export gate and needle are matched.

A, Surface of FliPQR coloured by electrostatic surface poteitialelectrostatic
potential surface was calculated using the APBS plugin for pfgakér et al. 2001 Red
is negative charge, blue is positive charge and white is nelr@urface of the needle
(PDB: B\3) coloured by electrostatic surface potential.

Further support for the similarity of export gate and filament could be derived from an
analysis of the electsiatics of the complexHgure4.11). This revealed a small negative
charge on the outside surface of the complex and highly positively charged lumen.

Similarly, the outside surface of the injectisome negifa et al. 2018is highly
85



negatively charged while there is a small positive charge on the inside, consistent with
the idea that export gate and helical filament form a single conduit through which

secreted proteins travel.

4.3.3 Hydrophobic and electrostatic interactions sbédise the FIIPQR complex

Analysis of thenteractionbetween FliPR and the FliQ subunits showed that their
interface is highly hydrophobic and buries many of the residues previously predicted to

be part of transmembrane helic€Bigure4.12).

eu
P-228 P-225

Figure4.12 Hydrophobic interactions between FliPR and FliQ.

A, Surface of FliPR coloured according to hydrophobicity (orange=hydrophobic,
blue=polar) and FliQ as grey ribbor3. Surface of FliQ coloured according to
hydrophobicity and FliPR as grey ribbons. Tiee/wf the complex is reversed to
highlight the hydrophobic inside of the FliQ surfaCeEnlarged view of the interface
between FIliQ (orange) and FIiP (blue) highlighting specific hydrophobic residues.

In addition, electrostatic interactions stabilisifjP and the interactions between the
different FliQ subunits and FIliR were found. Four charged residues in FliP (Arg66 and
Glul78, Aspl197 and Lys222) were found to form two salt bridges istihetures
(Figured.13A). These residues were previouslyritibed in a mutagenesis study of all
perfectly conserved charges in the export apparatus and mutation of any of these
caused strong impairment of motilif§erhardt et al. 201;AWard et al. 2018 Similarly,
FliQ Glu46 and Lys54 form salt bridges conngdajacent FIiQ subunit&lu46 of FliQ
is lacking a neighbouring FliQ on one side and is instead forming a salt bridge with
Arg206 of FliRFfgure4.13B). Mutation of either of these residueskhQ to alanine
caused complete loss of motiliffErhardt ¢ al. 2017. Basic character at Arg206 is highly
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conservedErhardt et al. 201)/and thesalt bridgewith Glu46 of FliQis consistent with

the native complex containingo more than four FliQ subunits.

| 35kDa
25 kDa+:l— FliR

A AsPp.197 - FliP
e 15 kDa Flio
D) ‘O FiQ
[

v 10 kDa e

Figure4.13 Salt bridges within the FIIPQR complex.

A, Structure of FliP highlighting two salt bridgBsStructures of the four FliQ subunits
and FliR. Salt bridges connecting the FliQ subunits with each other and with Arg206 of
the outer hairpin of FIiR are higplited.C Pulldown of FIiQ (E46A) with the FIiPR
complex. The strep eluate was run on-2@%o gradient gel (BioRad).

Out of the three pairs of residues forming salt bridges, complete loss of motility when
either residue of the salt bridge is mutated ttaaine was only observed for the salt
bridge formed by Lys54 and Glu46 in KEghardt et al. 201); therefore this salt bridge
was selected for further investigation. FliQ Glu46 was mutated to alanine in the
expression construct fd8. TyphimuriumFliIOPQR and the complex was purifisection
2.5.3. Interestingly, FliQ could still be-parified with FIiP and FIiR despite the loss of
the salt bridge, suggesting that the loss of motility is not due to disrupted assembly of
the complex but may instehbe related to loss of function in the opening of the
complex to allow passage of secretion substrates. A possibility that could not be
excluded is that the mutant complex is not integrated into the flagellum due to quality
control that could be carriedut by the chaperone Fli@arker et al. 201,(GFabiani et al.
2017).

87



4.3.4 Structural analysis of the interaction with the membrane

As the dimensions of both thiadividualsubunits and the assembled complex were not
consistent with a location in the membrandgt interaction with the membrane was
further analysed. A band of hydrophobic residues could be seen at the bottom of the
complex Figure4.14A), this was also the location of the detergent belt seen in the-cryo
EM volume Figure4.14B) The width of the hytbphobic band is around 38, consistent
with the size of a lipid bilaygNagle and TristrardNagle 200 The topology of the
subunits in relation to the lipid bilayer was redrawn based on the location of the
detergent belt, demonstrating that many of thredicted transmembrane helices are in

fact not membrane associatgéigure4.14C)

100A

Figure4.14 Topology of FliP, FliQ and FliR in the membrane.

A, Surface of the structure of FIIPQR coloured according to hydrophobicity.
Orange=hydrophobic, blugslar. B, Surface as irAj with the detergent belt of the
cryo-EM map. Theletergent beltmap was generated as a difference map of the eryo
EM map minus a 18 map generated from the atomic model in Chim¢Pattersen et al.
2004). C Topology of the FIliP, FliQ and FIliR proteins as pred{Exvhrdt et al. 201y
(top) and as observed in the structure (bottom).
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4.4 Placement of the structure in the basal body

Due to the unusual geometry of the FIIPQR complex and its helical nature the
locaisation in the assembled nanomachine was further investigated. As mentioned in
the introduction, FIIPQR was considered to be located in a specialised patch of inner
membrane inside the basal bodylacnab 2003 Recently, high resolution
reconstructions othe basal body of the vT3SS have become avai(sidterall et al.

2016), enabling fitting of the FIIPQR model into those maps. The basal body has long
been recognised to house a central structure known as cup and s(®&etaidt and
Marlovits 201}, but its exact composition and function were not known due to the poor
resolution in this area of the older reconstructions. Comparing the most recent high
resolution reconstruction to the FliPQR structure revealed that the export gate complex
matches the cup ahsocket density welFjgure4.15A). Surprisingly, this placed even

the lowest point of the complex above tipgedictedplane of the inner membrane.

In order to further confirm this extrnembrane localisation of a membrane protein,
collaboratorsinPrd8 Sa a2 NJ { I YdzSt Tubingefperidiinad stustirelzL) A Yy
basedin vivocrosslinking and cysteine mutant cro$isking experiments in th&.
TyphimuriumSPI1 vT3SS. Residue Glul138 of the basal body subunit SctJ was mutated to
the unnatural amino acigpBpa and could be crodisiked to the FliPQR homologues SctR,
SctS and SctFigure4.15A, B). In addition, they purifie®. TyphimuriumSPi1 basal

bodies and treated them with the chemical crdssker DSS followed by mass

spectrometric detection of craslinked peptidesThis revealed that SctR could be cross

linked to a periplasmic residue in the secretin SctC.

The localisation of the export gate in the cup and socket density, which has previously
been suggested as an anchor for the rod and need\d 85%Schraidt and Marlovits
2011), suggests a mechanism for how the needle may cause activation of secretion in
response to target recognition. The direct contact between rod and top of the export

gate could facilitate opening of the gate.
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Figured4.15FIiPQR is an extrenembrane core component of the basal body.

A, FIIPQR (blue cartoon) fit into the craM map of the vT3SS basal body (grey mesh

and cartoonYWorrall et al. 201% Yellow spheres indicate residues of SctR that could be

crosslinked tothe basal body and red spheres indicate residues in SctC/Scdothldt

be crosdinkedto SCtRSBE  / 2f £ F 62N> G2NR Q difvivai SNy of 20 R (
photocrosslinking of SctR and SctT to SctJ. There was also a potentidinérostween

SctJ and Sc(®p right gel), but this could not be confirmed due to difficulties in raising

antibodies against SctS or introducing an affinity tag.

As a high resolution structure of the flagellar basal body is not available, it was not
possible to analyse how FliRQnay interact with FliF, the flagellar equivalent of SctDJ
(Bergeron 201§ but a similar mode of interaction is likely. It is not clear how the helical

pseudosymmetry of FIIPQR interacts with the circular symmetry of the basal body.
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