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ABSTRACT

INVESTIGATING THE GENETIC DETERMINANTS FORESCHERICHIA
COLICAPSULAR POLYSACCHARIDEBIOSYNTHESIS

Caitlin Sande Advisor:
University of Guelph, 202 Chris Whitfield

Bacterial capsules are protective layers of high molecular weight polysaccharides that
surround the cell surfas®f many Grarmegative bacterial pathoger@zapsular polysaccharides
(CPSs) showemarkablestructural diversity and have classically been identified by their distinct
immunochemistriesin Escherichia coli this results in approximately 80- Kcapsular) atigen
serotypesin many pathogen£;PSs are often essential for cell survival and virulence within the
host because they allow evasion of immune defenses. The documented attenuation of
unencapsulated mutants in animal models of infection makes CPSthesgrand export proteins
candidate therapeutic targets. Probfprinciple is providedn the literatureby smaltmolecule
inhibitors of E. coli capsule assembly, which offer protection in a murine model of sepsis.
However, such A a nons requireud ftumdanwedtal wungepstandinga of ithe

underpinning cellular processes.

Despite their structural diversity, CPSs are formed by one of two conserved assembly
strategiesTheE. colingr oup 10 capsul es -daperglentapativayhbl. e d v i ¢
coiigroup 20 caps ul e nassesllystratgyithpaymer expartdeperdlenb y a
on an ATRbinding cassette (ABC) transport&his system is shared by extraintestinal pathogenic
E. coliisolatesNeisseria meningitididHaemophilus influenzaand other pathogens featured on

the World Health Organi zat -resistadtbactgria.dfhealédicgred i o r i



proteins involved in the synthesis and expoiE ofoligroup 2 CPSs are encoded bykpslocus
andthe protein functiongre known, to various degrees of dethil contrast,other supporting
cellular components involved in CPS expressant the global connectivity of this pathway with
the other cellular processémve not beerstablisked. Filing the information gapconcerning the
involvement of other cellular processes in C&%emblyrequires a different experimental
approach than the targeted strategies used toHkate, | used gnomewide phenotypic screening
as an unbiased approath identify fihousekeepingygenes(genes required for maintenance of
basal cellular functions)ecessary for capsule assemBlyrprisingly, tielist of newly discovered
genes required fagroup 2CPS biosynthesis larief and is often dependent on growth coidis,
indicating kps functionality is mostly independent of genetic background, and ydtighly
responsive to environmental cues. This may contribute teatbe of horizontal transfer of capsule
production to new isolatess there are fewadditionalgenetic requirements for the receiving

bacterium.

The conserved requirements of housekeeping elements across the two principle CPS
assembly strategies hget to bew e | | studi ed. The requirement
key protein ithemaintenance of outer membrane integrity and essential in the assembl{£of the
coli group 2 CPS export machinery) in capsule assembly by different strategies is investigated in
this thesis. The results show that the importance of Lpp varies depemdihg structure of the

outer membrane CPS translocon.

Thesestudes offer importantnew insight intoCPS assembly in Gramegative bacteria

andthe relationship between the CPS biosynthesis pathway and other cellular processes
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CHAPTER 171 Introduction

1.1 Preface

A portion of this chapter has been publisired modified formas Sande, C. and Whitfield, C.
(2021) Capsules and extracellular polysacchariddsstherichia coliand Salmonella EcoSal

Plus. doi:https://doi.org/10.1128/ecosalplus.EG833202Q (Sande and Whitfield, 2021)

1.2 An overview of the Gram-negative cell envelope and surface
polysaccharides

The Gramnegative bacterial cell envelope consists of two membraseggrated byan
agueousompartmentalled the periplasm that housethim layer of peptidoglycan (PG) igure
1.1) (Silhavy et &, 2010; Sun et al., 2022The cytoplasmicinner membrane (IM) is gypical
glycerghospholipid bilayecomposed of glycerophospholipids amény membranassociated
proteins, lipoproteins, and integral membrane prot@os and Tommassen, 2004; Laokiet al.,
2012) Processes such as cellular respiration, nutrient uptake, and synthesis and translocation of
cellular constituents occur at the IM and agporteddy the proton gradiemhaintainedacross
the membrandgSilhavy et al., 2010; Sun et aRPp22) The lipid bilayer structure allows the
diffusion of hydrophobic molecules but acts as a barrier to most hydrophilic or charged molecules,
which can only be taken into the cytoplasm by dedicated transporters. Reflecting the nutritional
versatility of bacteria, théM containsmany proteins with roles ithe transport of nutrients or
small molecules, as well as others required for the biosynthesis and translocation of other cell
envelope constituents amxtracellularly secretedmall molecules and proteirsuirink et al.,

2012)



The periplasm is a compartment containragousimportant macromolecules in constant flux
(Beveridge, 1999)This densely packed, viscous spaocatainsdegradative enzymes, binding
proteins, matcular chaperones, secreted molecules, and newly synthesized outer membrane
components and intermediat&ilhavy et al., 2010)The periplasm also contains a layer of PG
consisting of glycan strands with a backbone of altern&ttagetylglucosamine (6NAc) andN-
acetylmuramic acid (MurNACc) residues, which are substituted with short peftioléser et al.,

2008; Vollmer and Seligman, 201@Jrosslinks between the peptides help creatéggal mesh
like structure areimportant for cellshape and cktlivision, protect the cell against osmotic lysis,

andplay a role in anchoring cell envelope components.

Extracellular

@

space %M
S M
R

Figure 1.1 Simplified Gram-negative bacterial cell envelopeThe cartoon depicts the inner
membrane (IM), peptidoglycan (PG), outer membrane (AMdpolysaccharide (LPS), and
capsular polysaccharide (CPS). The large number of diverse membrane and periplasmic proteins
are not depicted.



The OM is an asymmetric lipid bilayer, where the inner leaflet is enriched in
glycergphospholipids and the outeedflet consists mainly of the glycolipid known as
lipopolysaccharide (LPS(Sun et al., 2022)LPS is a glycolipid composed of three paitse
hydrophobiclipid A domain is linked to theerotypespecific Gantigen polysaccharidéga the
short core oligosaccharid®ostOM pr ot ei ns ar e -bdrrelpotpimsdhiatefarrms o r
channe$ for the diffusion of molecules across the membr@®s and Tommassen, 2004)
However,as discussed belowxporing cell-surface macromolecudesuch as LPS requgtarge

envelopespanning complexgéundstedt et al., 2021)

OM proteins Lpp(a lipoprotein)and OmpA( a-bafrel protein)and IM protein TolRplay
critical structural roles byelpng maintain the relative distances between the PG layer and the
membranegBoags et al., 2019)nteractiondbetween proteins arfliG are proposed to be mainly
nortcovalent,except forthe lipoprotein Lppwhich has an Nerminal acyl chain inserted intoeth
OM and a &erminal lysine that can be covalently bound to the stem peptides(&rB@, 1975)
Maintaining the width of the periplasmic compartment Mo tethering is essential for signal
transduction from the OM to downstream effectors in themgsm(Asmar et al., 2017) This
distance is also important for taesembly of transnvelope protein complexdsor example, Lpp
positions PG at the interface of TolC and AcrA in the AcYABEIC multidrug efflux pump, which
is proposed to optimize isssemblyGumbart et al., 2021 Additionally, the linking of the OM
and PG through Lpp directly contributes to the stiffness and integrity of the cell envelope

(MatheliéGuinlet et al., 2020)

In addition to LPSD antigensGramnegativebacteria produce other surface polysaccharides
In Escherichia coli these includecapsular polysaccharides (CPSsiterobacterial common

antigen (ECA;foundin almost all members of thenterobacteriacege as well acolanic acid



(also called Mantigen) asecreted extracellular polysaccharide with a less robust association with
the cell surface, bacterial cellulose, and ol -N-Gcetyl glucosamine (PNAQ)yeviewed in
Sande and Whitfield, 2021)'he OM and its associated glycolipids/polysaccharidet as a
selective barrier against potentially harmful molecules, particularly hydrophobic ones, while still
allowing the uptake of required nutrienfSun et al., 2022) They also protect against
environmental threats, influence biofilm formation, aad act as virulence factofSilhavy et al.,
2010; Sande and Whitfield, 2021y he research topidn this thesis is the regulation and
biosynthesis oE. coli CPSs, and the remainder of this introduction will focus on these cellular

components.

1.3 Capsular polysaccharidesin E. coli

CPSs are high molecular weight polymers that are tightly attached to the cell surface and form
a thick hydrophilic, protective layer called a caps(fggure 1.2A (Sande and Whitfield, 2021)
CPSs contain repeanit structures that vary in the component sugars, the linkages between the
sugars, and the modifications to the repeat usitsieinclude branched repeanit structures and
nonstoichiometric, norsugarmodifications such as acetyion (Figure 1.2B) This immense
structural diversity leads to a variety of serotgpecific K (capsular) antigemngth more than 80

recognized examples . coli(drskov et al., 1977; Kunduru et al., 2016)

In general, diversity in CPSs is thougbtlie generated within a cell through regulation and
phase variation, and more globally, over a longer time scale, through recombination events, gene
loss, and/or horizontal gene transfer. This is well documenteB. inoli as well as other
Enterobacteriake InE. coli, there is evidence of frequent transfers of both ekpiségroup 2 CPS

biosynthesis) loci and individual genes between bacteria at the species and genyddvels



al., 2020) The consistent location &psin the genome, similar opan architecture, with blocks

of conserved genes, and commonly found transposable elements fligosatichelp facilitate the

gene transfer/recombination events that increase diversity. The most likely selective pressure
driving diversity is bacteriophagnfection (Mostowy and Holt, 2018)Phages must overcome
barriers on the exterior of bacteria, and many have evolved tail fibers specific to CPS and often
degrade CPS to reach the cell surface. Diversity in CPS is likely also influenced by host immune
systems over a longer timeframe, as these polysaccharides are often immufMgstowy and

Holt, 2018) Pathogens with novel K antigens have a selective advantage in naive hosts, but as
hosts build immune memory, different, unrecognized @&fants gain the advantage. This cycle

continues and builds antigenic diversity.

1.3.1 Structure and surface organizationof E. coligroup 2 CPSs

CPSs were originally sorted into groups (IA/IB or 1l) based omamurrence with particular O
antigens, chemicatomposition (Group | CPSs are typically acidic polysaccharides containing
uronic acids; Figure 1.2B), and serological criteria. K antigens mask O antigens during
agglutination tests in O antiserum, and the thermostability of this masking effect was a key
criterion; Group | CPSs are thermostable esrdain associated with the cell surface after baijling
while Group Il CPSs are thermolabile anad longer prevent agglutination in O antiserum after
boiling (drskov et al., 1977)These groups were later rexdsend renamed groups4lbased on
biochemical and genetic data, litteelocation of the genetic locus, attachment to the cell surface,

and the assembly strategy employéditfield and Roberts, 1999)
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Figure 1.2 Examples ofE. coli capsules(A) CPS forms a thick layer around the outside of the
cellin thisk. coliK1 cellcrosssectionpreserved by higipressure freezindEM image by C Sande
and E Roach)(B) Repeat unit structures for examples of group 1 (d&gyendent) and group 2
(ABC trarsporterdependent) CPS$C) Phosphatidylglycerol poliKdo lipid anchor conserved
amongkE. coligroup 2 CPSs.

All E. coli CPSsare synthesized via one of two conserved pathways: thedéfzgndent
pathway (groups 1 and 4) and the ABiIRding cassette (ABCtransporteddependent pathway

(groups 2 and JWhitfield, 2006) Both pathways employ large multiprotein complexes that must



span the cell envelope to export CPS from the cytoplasmic face of the IM to the cell surface
(Cuthbertson et al., 2009) he differences betweegroups 2 and are relatively minor. They
cannotbedistinguishedased omrarbohydrate structure or characteristic enzymes for biosynthesis
and export, and ndata suggest differences in general biological functiGusrently, the only
discernible differences lie itihe organization of the genetic loci and thermoregulatedesgion
(seebelow) Thus, in a recent reviewve suggestedhatgr oup 3 be considere
subgroup of group 2, with previous gr(fande 2 CP ¢
and Whitfield, 2021)Group 2 CPSs are glycolipidearly sudies implicated phospholipids as a
membrane anchaiGotschlich et al., 1981bput the actual lipid has since been definktbre

recently, lysephosphatidylglycerol was identified by mass spectrometry as the lipid anchor in
purified CPS(Willis et al., 2013) However,in vitro synthesis of the glycolipid, the labile nature

of the bond attaching the second hydrocarbon chain and newer data, as well as the limited quantity
of lyso-phospholipids in the bacterial membrane, suggests it is an intact phosphatidylglycerol
anchoring CP$ vivo (Willis et al., 2013; Doyle et al., 2019)he K-antigen structure is linked

to a phosphatidylglycerol lipid terminus via a conserved oligosaimtd composed &deoxy-D-
mannaooct-2-ulosonic acid (Kdo) residues, with alternatio®,4 andb2,7 linkagegFigure 1.2C;

Willis et al., 2013; Ovchinnikova et al., 2016; Doyle et al., 2019; Yan et al., 20Rk0ited
structural information, but extena bioinformatic data, indicate that teame linker structure is

found in other Grammegative mucosal pathogens includigjsseria meningitidiActinobacillus
pleuropneumoniaand othergWillis and Whitfield, 2013b; Doyle et al., 2019t a superfi@l

level, these CPSs share structural principles with LPS. In both, a lipid moiety is linked to the
remaining glycan backbone via one or more Kdo residadisifed in LPS and-linked in CPS)

in a conserved linker region, which is capped by a hypenlarghucture (the O or K antigen).



The group 2 CPS lipid moiety is thought to be responsible for anchoring the sespggikc
glycan to the outer membranwut in culture, only 260% of purified glycans are thought lbe
lipidated andthis may reflect the lability of the Kdo linkage under those growth condiiam

and Jann, 1990How much group 2 CPS is lipilee and released from the cell is uncertain
However, some nortlipidated molecules may still be retained at the cellface by ionic
interactions with other surface components, including (Bigénez et al., 2012)Capsule
synthesis occurs at distinct sites around the getierating clusters of CPS molecules which are
proposed to surround t ke @Elapphaketam20tifhesemftsy i n |
expand until they converge and completely coat the cell, but the final capsule is not uniform in
terms of thicknesssupefresolution fluorescence microscopy has been used to measure shorter
CPSs at theguatorial regions of the celapproximately 200 nincompared to longer CP8sthe

polar regiong250-400 nn).

1.3.2 Role of E. coligroup 2 CPS invirulence

E. coliis a diverse pathogen causing a variety of fundamentally different infections and the
causative isolates are defined in pathoty(paey, 2020) E. coligroup 2 capsules are commonly
associated with extraintestinal pathogenic (ExPHE&D)ates, responsite for urinary tract
infections, meningitis, and other infections outside the digestive(Maagtovic and Smith, 2014)

The @psuleis a key virulence factor in these isolates, allowing them to withstand the harsh
environments encountered in the hdst.addition to ExPEdsolates (including carbapenem

resistant clades}his system is shared byeisseria meningitidisHaemophilus influenzaeand

ot her pathogens featured on the WoranhtibioticHe al t h
resistant bacteri@racconelli et al., 2017Removingthe capsule irhost, either by degrading it

with a CPSdepolymerizing enzymé@Mushtaq et al., 2004pr by inhibiting its synthesis with a



small moleculgArshad et al., 2016was suficient to attenuat&. coliK1 and allow for immune
clearance of infection in murine sepsis mod@lsvealth of data supports the role of group 2
capsules in immune evasion through prevention of complement activation and blocking
phagocytosis(Taylor and Roberts, 2005However, the precise contributionsof CPS vary
according to the combination of O and K antigesmne O or K antigens are sufficient for serum
resistance alone(g.,K1/06), while others are required in combination for suahvir serumé€.g.,

K5/02) (Cross et al., 1986Key to the success of the complement system is the deposition of
complement components (specifically C3) on the bacterial cell surface, so the membrane attack
complex (MAC) can form and lyse the c@loing, 1988) One prominent example of capsule
based host immune resistance is the ability of some capsules to prevent C3 from binding antigens
on the bacterial cell surfacevan Dijk et al., 1979; Wilson et al., 2011Monosaccharide
composition of CPS caplay a key role in immunity; CPSs containing sialic acid (sudh asli

K1) are thought to bind complement factanihich initiates a pathway that inhibits complement

activation and MAC formatio(Michalek et al., 1988; Taylor and Roberts, 2005)

Anti-CPS antibodies can overcome the protective role of capbulésmune evasion can
be achieved though molecular mimicry of host glycan structures by CPS in some sdfotgpes
etal.,2014) One <cl assi cal exampl e -2i84nked phodysiakclacidant i g e
identical to theN. meningitidisserotype B CPS. The same structure occurs in the polysaccharide
on neural cell adhesion molecules (NCAMSs) in mamr{@dsley et al., 2014)Other group 2 CPSs
mimic mammalian glycosaminoglyca(GAGSs) (Cress et al., 2014for example, the K4 CPS
backbone is the same as the nonsulfated chondroitin pre@Bmbiguez et al., 1988)esembling
a GAG that exists primarily as a part of a proteoglycanin the extracellular matrix. The glucuronic

acid of the K4 repeat unit is decorated with a fructose side chak3aw8ich is easily removed
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in mild acidic conditions leading to a significant drop in observed serological reactivity in low pH
environments. The K5 CPS is composed of hepargdBayure 1.2) (Vann et al., 1981)the

precursor to the mammalian heparan sulfate and heparin, which exist as part of proteoglycans
found in the extracellular matrix and cytoplasm and on the cell membrane. Surface polysaccharides

are likely to mediate the indl interactions between pathogens and host cells, so displaying

mol ecul es recognized as fdAselfo is an effecti v
damaging consequences of overcoming this recognition barrier makebaB& vaccines
unsuitablefor these isolatesdespite very successful atPS vaccine campaigns against other

bacteria(Berti and Micoli, 2020)

In uropathogenid. coli (UPEQ isolates, bacteria expressing K1 CPS form bicfike
intracellular bacterial communities promoting persistence in the cytoamoepithelium cells
(Anderson et al., 2003; Goller and Seed, 2Gi®) serotype K2 CP&p9 genesare upregulated
in the presence of ure@Vithman et al., 2013)Genes responsible for K1 CPS production are
upregulated in the presence of human sefMia et al., 2018)Furthermore, mutations reducing
K2 CPS decrease survival in ser(Buckles et al., 2009 he key rolef these CPSs in adaptation
to and survival of harsh environments within the host during infectionstia&€PS biosynthetic
machinery an attractive target for aniulence therapeutics, but to exploit this stratelggre are

knowledge gaps surrounding CPS assembly and regulation that need to be filled.
1.3.3 Biosynthesis and export

Group 1 CPSs are synthesized via a Wependent pathwagFigure 1.3B; reviewed in
Whitfield et al., 2020; Sande and Whitfield, 202Rriefly, short repeat units are synthesized using

activated suganucleotidedonorsby antigenspecific glycosyltransferasenzymegGTs) at the
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cytoplasmic face of the IM on undecaprenol phosphate-®)n@hese repeat units are then flipped

to the periplasna face of the IM by the Wzx flippase, and then polymerized by the pathway
defining Wzy polymerase. Following polymerization, the CPS is exported across the periplasm
and OM to the exterior of the cell by conserved proteins fror@tlier membrane Polysa@ide

Export OPX) and Polysaccharide Gpolymerase RCB families (Cuthbertson et al., 2009)n

group 1 theseproteinsare the OM lipoprotein Wza and IM integral protein Wzc, respectiaeky,

they are believed tiorm a multimeric complex that creatan enclosed tunnel from the periplasm

to the cell surfac€éDong et al., 2006; Collins et al., 2007; Nickerson et al., 2014; Yang et al.,
2021) Details of the means of retaining the capsule structure are uncieuidine OM Wzi protein

plays a rolgBushell et al., 2013)as doe#s association with LPE-resno et al., 2006)

In contrast, goup 2 CPSs are synthesized via an ABC transpddpendent pathway, where
the entire CPS is synthesized at the cytoplasmic face of the IM, {post across the cell
envelope to the cell surfadgigure 1.3A) This processutilizes the pathwaylefining ABC
transporter,and representatives from the PCP and OPX protein families, akin to the Wzy
dependent pathwayVhile synthesis and export are likecoordinatedin vivo, they will be

discussed separately here for clarity.

The ¢ ons e4Kdoeldosgccharigen droup 2 CPSs synthesized by two dedicated
CMP-Kdo-dependent G T s-Kdb heaidues ttor phasghatidylglycdylvillis and
Whitfield, 2013b, 2013a; Doyle et al., 2019; Lanz et al., 2021)Kps S t r an¥doer s t h
residueand t he rKelonrasidnes arg trafsferred by KpsC, which contains two GT
modul es wi t h b2, 4 o r. Thé Anker prdvides lara gogwr frmpthec i f i C i

polymerization of the serotypspecific glycan.
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Figure 1.3 CPS biosynthesis and export strategies used Bycoli and the corresponding gene
operons.(A) The ABC transportedependent pathway for group 2 CPS. (B) The Wependent
pathway for group 1 CPS. Detailed explanations of the proteins and processes are provided in the
text.

The adition of the serotypspecific CPS chain requires two typess3F activity; an enzyme that

adds a residue(s) t hatKdohakerkoshe serotypspecifiasirsciurei on f
and GTs that polymerize the serotyggecific glycan. Capsular glycan chains from a single culture

have variable numbers of Kdesidues in their linker regions; i coliK1, all molecules contain

an odd number (9 residue} (Willis et al., 2013)and a receht revised structure suggests the

sameis true inE. coli K5 (Yan et al.,, 2020) The specificity of the transitiorneymeslikely

dictates thidor the acceptor linkagd his reaction also presumably limits thaturalpropensity

of KpsC to create unnaturally long linkefigp to 23 Kdo residues have been observed using

purified KpsCand a synthetic acceptdi)oyle et al., 2019)While the identities of transition GTs
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have not been experimentally established, candidates have been proposed in som@/gifisems
and Whitfield, 2013h)In a natural situation, the terminal glycadips presumed to be an obligate
acceptoffor the K antigerbut (in E. coli K1 at least)kpsSandkpsCmutants can result ifoff-
pathway polymerization on an unknown ngysiological acceptor. The resulting polymer
creates a cytoplasmic aggregate paymvhich cannot be exportéBronner et al., 1993; Willis

and Whitfield, 2013a; Lanz et al., 2021)

Polymerization of the structurally variable (K antigen) part of the glycolipid is achieved by
one or more GT enzymes. The polysialyltransferases (PSatsS)Nesponsible for the K1/K92
antigenspolymerizationare examples of wettharacterized singisite polymerizing GTs. K1
NeuS synthesizes a R8Ankages, amile the® KOR &NeuS genevates y
al t er ma t8R2,9 lpkadgéqSteenberge and Vimr, 1990; McGowen et al., 2008 single
amino acid substitution within the catalytic site of K2uS is sufficient to switch thiK92
enzyme to KiNeusS specificityindicating a simple mechanism for serotype diversificaticeys
et al., 2013)Although PSTs are singlate enzymes, some studies indicate they are not processive
in the conventional sense i.they do not retain the glycan during polymerization apératen a
distributive mechanism to generate a range of chain lengths. Howéese properties are
influenced by analysis conditiof¥akovlieva and Walvoort, 202@p the true situatiom vivois
still uncertain. In contrast to sing&zyme polymerization, K4 CPS biosynthesis requires two GT
modules, requiring different sugaucleotide precursors, found in a single Kfq@otein
(Ninomiya et al., 2002; Osawa et al., 2008he K5 CPS backbone also tains two different
sugarsln this case, synthesis is proposed to be performed by the alternating activity of KfiA and
KfiC GTs, which have differerdubstrate (Hodson et al., 2000)n addition to the GTs required

for thesynthesis of the CPS backbgseme serotypes have enzymes responsible for the addition

U
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of decorating residues such asa€etylation (e.g. K1;NeuO/NeulDeszo et al., 2005;

Steenbergen et al., 2006; Bergfeld et al., 2D07)efructobylation (K4;KfoE(Liu et al., 2014)).

Compleed group 2 capsular glycolipids are translocated to the cell surface by an ABE (ATP
binding cassette) exporter (KpsMT) in the inner membrane, together with two accessory proteins
bridging the periplasm and outer membrane (KpsHORe KpsSC, he exportransiocation
proteins are conserved across serotymesin other species that exploit the same CPS assembly
strategy Therefore they operate independently of the structure of the serespeeific parts of
the CPS. Recognition of the conserved terminata@lpid in the CPSs by the ABC transporter
may explain the ability to exchange these transporters beti#eenii serotypegRoberts et al.,

1986)and even between speci{g® et al., 2001; Silver et al., 2001)

ABC transporters arabiquitous andypically participate in imporhg and expoihg many
substrates, including larger molecules such as capsular glycgkoidsand Beis, 2019; Caffalette
et al., 2020) Each transporter contains two transmembrane domains (Jrpibgided bytwo
KpsM polypeptides to form the channel across the membrane, and two nuebsodithe domains
(NBDs; KpsT), where ATP is bound and hydrolyzed to drive the pump function. While the number
of domains is the same for all ABC transporters,dtrangement of these domains in terms of
protomers and structures can vgmhomas et al., 2020)Typical ABC transporters of small
molecules are thought to employ an inwéading/outwarefacing alternating access mechanism
but it seems unlikely thahé entire CPS molecule can be contained within the transporter in a
singlestep export process. Recent structucé ABC transporters exporting undecaprenol
diphosphatdinked O antiger{Bi et al., 2018; Caffalette and Zimmer, 2021; Spellmon et al., 2022)
and teichoic acid(Chen et al., 2020may offer insight into how export of loaghain

polysaccharides may be achieved. The transporter lumen is lined with aromatic amino acids,
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a |l | o wstackigpg with the glycan residues, while the lipid compofemtecaprenol phosphate

in examples with solved structuras)recognized for substrate engagement but likely remains in
the membrane throughout the export process. Binding and hydrolysis of ATP by the NBDs results
in conformational changes that may exertialpon the substrate, creating a processive translocase
model driven by iterative rounds of ATP hydrolysis until the long glycans chains are exj@rted

et al., 2018; Caffalette and Zimmer, 2021; Spellmon et al., 2022)

Like the group 1 CPSWzy-dependen system, thegroup 2 translocation machinery
involves proteins belonging to the PCP and OPX famitiesvever there are important structural
and (presumably) functional differendestween the two methods of CPS assenhsE belongs
to the PCP3 subfamily, which forms oligomers with extensive periplasmic doméimsue et al.,
2011) PCP proteins were initially identified in the Wzy/Wzxantigen biosynthesis system,
where a PCH (Wzz) acts a chailength regulator and interacts with the polymer@&ay) to
modulate its activit{Woodward et al., 2010Wzc, the PCRa from the Wzydependent CPS
biosynthesis pathway, is also required for correct polymerization, though primarily through the
cycling of phosphorylation on its additional cytoplasmic kinase dor{Bétchet et al., 2010)
Phosphorylation controls the oligomerization stat Wzc, where dephosphorylated Wzc forms a
stable octamer angrogressiveautghosphorylation of the four tyrosines at thete@minus
destabilizes the complgX¥ang et al., 2021)However, KpsE is not required for polymerization
nor does it contain thcytoplasmic kinase domain found in Wkarue et al., 2011)nstead, KpsE
may actbonly as a periplasmic adaptoetween the ABC transporter and Kpssystenanalogous
to the proteins bridging membrane pumps to outer membrane channels in tripaltiitdrag

efflux complexegFigure 1.4)XShi et al., 2019)
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Periplasmic
Domain
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Domain

TolC-AcrAB

Wzz Wzc KpsE AcrA

Figure 1.4. Comparison of PCP proteinswWzz (pdb: 6RBG) is the PGPchairlength regulator form
O-antigen synthesidNzc (pdb 7NHS) is the PCRa protein from thé&. coligroup 1 CPS biosynthesis
system. KpE (alphafold model) is the PC®from theE. coligroup 2 CPS biosynthesis system. AcrA is
the periplasmic adaptor protein from the T@ErAB (pdb: 5V5S) tripartite multidrg export system; AcrA
is coloured in a gradient (blue to red) from N to C terminus, TolC is depicteghirorange, and AcrB is
depicted in cyan.

However, this simple model of a contiguous translocation pathway from cytoplasm to the cell
surface Figurel.3A) has been challenged by the observation that the translocation substrates in a
related capsulexportsystem(involving KpsMT, E, and D) irBalmonella entéca serovar Typhi

are accessible to periplasmic glycosylhydroldseston et al., 2018)Whether this applies to all
examples of this expottanslocation strategy needs further investigation. The OPX protein in this
system is encoded b¥psD Given theinteraction of KpsD with a PCP with different
structure/function properties from the group 1 PCP, some differences in KpsD structure might also

be anticipated when compared to Wza. Howekergoli KpsD also turns out to be a structural
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outlier compareda other more Wzéike OPX representatives that participate with many BCP

proteins in ABC transportdyased translocation systentkig will be pursued ifChapter 4) As

part of the envelopspanning export complex, KpsD must be anchored to peptidoglip€anfor
efficient export of CPS and Braunot@®iadetg.opr ot e
2017; Sande et al., 2019)he underlying functional implications of the unique properties of KpsD
compared to other OPX proteins are unknama investigating this issue is part of this thesis

research.

1.34 Genetic organizationand regulation of the kpslocus

The proteins required for group 2 capsule biosynthesis and experiaéed by genés the
kpslocus,which isusually located neaerAon theE. colichromosomé& his locus is divided into
three regions in the classical group 2 prototypes like K1 andrigbire 13A). Central egion 2 is
serotypespecific, and encodes proteins required tfog synthesis and polymieation of the
serotypespecific CPS glycanRegions 1 KpsFEDUCS$ and 3 kpsMT) are conserved across all
examples of theclassic locus and encode the proteins required faynthesizing
phosphatidylglycerepoly-Kdo acceptor and the proteimeedée for export, which have been
described aboveregion lalso encodes additional copies of enzymes reqtar@doduceCMP-

Kdo; kpsFandkpsU.KpsF is ab-arabinose fphosphate isomerase, which conversbulose 5
phosphate tm-arabinose HhophatgMeredith and Woodard, 2006and KpsU is a CMiKdo
synthetaséRosenow et al., 1995Homologs of both KpsF and KpsU are encoded elsewhere in
the E. coli genome (bykdsD andkdsB respectively)reflecting the requirement for Kda the
biosynthesis of LPS, dg@sFUare not essential for CPS biosynthesis. However, an increased level

of this enzymatic activity is characteristic of bacteria produclagsicalgroup 2 capsule@-inke
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et al., 1990)In serotype K15, the region 1 content is preserveolut the orientation okpsC

andkpsSis flipped(Azurmendi et al., 2020)

In contrast to the classical organization, region Xhefgroup 2variantkpsloci contains
kpsDMTEandkpsCSand islocated downstream of the region 2 biosynthesis g@tasg et al.,
2019) kpsF and kpsU are absent, and there is no elevation of GRt® synthetase activity,
suggesting that the donor requirements of KpsS and KpsC in CPS production are sustained by
KdsB and KdsD alonéFinke et al., 1990)Iin contrast to the high level of conservation in the
common genes shared by most classical group 2 isolates, sequence data for gene loci from a small
collection of variant serotypes reveal (at least) two diverggmd(Hong et al., 2019)In these
loci, region 2 still carries genes proposed to be involved in the sergpgodic K antigen.
However, in most variant loci, region 2 also contains a block of seven conserved genes. The last
four genes in this blockrilIBDAQ encode enzymes known to produce dHfDBmnose
precursors, and most of the correspondingritigen structures contain rhamnose. The first three
genes encode putative GTs that have been proposed to be involved in synthesizing a variant linker
(presuna bl y i n a d«Kdotoligosaccharide). fThisewoutd create a complex structure
unique to the variantsyhich merits further biochemical and structural investigation to explain the

conservation of these additional genes.

To date, experimentally basetsight into transcription and regulatiof kpsgeneshas been
confined to classical group @ci. In serotypes K1 and K5kps regions are transcribed as
polycistronic mMRNAskpsFEDUCSconstitutes onéranscript while the promoter upstream of
kpsMT allows reaethrough transcription of regions 3 and(RBliss and Silver, 1996)This
facilitates independent regulation of region 1 and 3 promoters (PR1/PR3), potentially facilitating

fine-tuning of this energyntersive procesgAldawood and Roberts, 20228dditional layers of
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regulatory complexity exist, as there are a numifetranscription factorghat impact kps
transcription These act directly and indirectlyrom either one or botlpromoters and are
depemlent on the interactions between them, which in turn is affected by the relative levels of these

transcription factors present

Two proteins, HNS and SlyA, are known to influeng&gstranscriptionH-NS is a nucleoid
associated protein (NAP) that playsae in chromosome organizati@nd global regulation,
primarily as a repressor of transcriptilghinama and Shimada, 2028)yA is a transcriptional
regulator first identified irBalmonellaLittle is known about the function of SlyA other than its
role increasing the expression of hemolysin E through inhibitionNBHbinding as their binding
regions overlap and4NIS is displaced as SlyA bin@é/yborn et al., 2004)There isalsointerplay
between these two regulators at Kps operon However,rather than SlyA displacing NS to
derepress the operoslyA and HNS interactand bind together &R1 and PR3 for optim&bps
expressior{Corbett et al., 2007; Xue et al., 200BjtegrationHost Factor(IHF) is another NAP
with a role in mairdining nucleoid architecturandoperating as a global transcriptional regulator.

IHF has binding sites iRR1 and is required for optimigbstranscription(Rowe et al., 2000)

The transcription of region 2 depends onR&aH-dependent antitermination systera
JUMPStart(JustUpstream oMany Polysaccharidé&tars) sequence is located downstream from
PR3and contains theps (operonpolarity suppressor) elemer{Stevens et al.,994) RfaH is
recruited to the RNA polymerase elongation complex at a hairpin formed in teddimgy strand
of theopsto prevent transcription termination or backtracking of the RNA polymerase complex
(Kang et al., 2018 RfaH-dependenantiterminatiorallowsreadthoughtranscriptionfrom region

3 of the kpsoperonto the distalregion2 genes no transcription of region 2 occurs inffaH
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deletion mutant(Stevens et al., 1997RfaH has broader roles in cell surface systems, also

reguating the operons for LPS core, F pili, and hemolyBiailey et al., 1997)

Other proteins affect regulation by mechanisms that are still unclear, and they may act
indirectly. For exampleMprA is a transcription factor that contrdlse expression of the efflux
pumps and virulence factors severalhuman pathogensts inhibition by a small molecule (or
gene deletion) results in the loss of CP8shad et al., 2016However, no direct binding to the
kps promotershas been observedo st is proposed to influence CPS transcription indirectly
through an intermediat&imilarly, BipA (a ribosomeassociated GTPasks required for optimal
kpstranscription but it is proposed &xtindirectly through interaction with thlepsregulatory

network (Rowe et al., 2000)

Group 2 glycolipid production is responsive to environmental cues through regulatory
pat hways that sense change <Llassical gguh 2 CPlSa@rd er i ur
characteristically thermoregulatee(, only produced above 20 °C) andN$ and BipA have
dual roles in this phenotypBoth factorsare required for optimapsexpression at 37 °@s well
asthe repressiorof the operorat 20 °C(Corbett et al., 2007)'he dual role of FNS may be a
produd of modulation by its interacting partner SlyA. SIyA has temperadependent expression
and is not present at lower temperatures to interact wittstat the region 1 promoter to promote
kps transcription(reviewed in Aldawood and Roberts, 2022) definitive role for BipA in

repressingpsat low temperatures has not been uncovered.

Capsule production is dependentaiher growth conditions as welExpression of capsular
biosynthetic geness upregulated during growth indimited serum(Ma et al.,2018) The
anaerobic growtlesponsive transcription factor Fnr has binding sites in both PR1 and PR3 for

upregulating expressiohe master iron regulator Fur has binding sites in PR3 to rekpsss
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expression in replete iron conditions. CPS expressomlso temporally regulated, where
transcription from PR1 is most abundant during early/mid logarithmic growth and is repressed

during late logarithmic and static growth phasedingingIHF (Jia et al., 2017)

1.3.5 Genetic screens to investigate CPS biosynthesis and regulation

Unbiased genetic screens can offewinsight into systemd hese often utilize transposon
mutant libraries that span the entire genoaltbpugh alternative mutant libraries, or comparative
transcriptomics, are also methods that evaluate differences at a systems level. Two studies using
these types of screens hadentified CPS abeingessential for survival and colonization ©f
coli in the host. McCarthet al. (2018) used a Tn5 mutant library to investigate gastrointestinal
colonization in mice by Kdroducing EXPEC and their survival in human serum. Significantly
reduced numbers of the mutants containing mutations kpdaperon genes were recovered from
the GI tract compared to the initial pool of mutamssimilar result was obtained with mutants
surviving treatment with serynindicating the important role for CPS in host colonization and
avoidance of complement killing for this pathogdcCarthy et al.2018) In adifferent study,

Ma et al. (2018) compared the transcriptomes of-ptbducing EXPEC grown in either LB or
serumin a low oxygen environmenGenes upregulated during growth in serum include kash
genes and biosynthesis genes for LPS,molacid, and ECAMa et al., 2018)The effects of
these conditions okpstranscription were shown to be caused by the oxyged ironrdependent
regulators Fnr and Fur, respectively, as mentioned abhbese studiem EXPEC isolateseiterate
the importance of CP$extracellular polysaccharides (EP®) environmental adaptation, and
therefore inhost survivalHowever, they i not identify many of the nekpsgenes knowifirom

the investigations described abdweaffect CPS production in these bad.
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During the time this thesis research vis@ingperformed, genetic screemere alsaused
to specifically investigate the genes required for CPS biosynthesis in both uropathfigasiic
K1 (Goh et al., 2017andK. pneumonia&l and K2(group 1 CPS (Dorman et al., 2018Both
studiesfeatued Tn5 mutant libraries and identified changes in CPS through resistacapsule
specific bacteriophages, differential distribution in a density gradient centrifugatiarmeasure
of encapsudtion), respectively. The results from these two screeae significantly different.
Strikingly, the screesin K. pneumoniaadentified a broad range of genes important for CPS
production, including diverse metabolic genes, cell surface componentg)adoad regulators
(Tablel.1l). Novel genetic determinants wererrelated withboth increased and decreased CPS
production. Conversely, the screenHn coli identified only thekps genes, three previously
identified transcriptional regulators, and one novel CPS regulator, {railel.1). Notably, this
screen did not identify SIyA, #S, IHF, and Lpp, which are all required for optimal CPS
production in othefE. coli group 2 CPS syems (K2/K5)(Diao et al., 2017; Aldawood and
Roberts, 2022)Additionally, some ofthe region Zpsgenes weraot identified in the screen,
including the polysialyltransferasaguS required for polymerization of the K1 CPS polysialic
acid. Theauthos suggestethat the low abundance of dinsertions intmeuSmay explain it being
missedneuShas a low GC content, and the mim5 transposon used most commonly inserts into
GC-rich regions. Th results from these screengygest that 1) the geneticeleninants for CPS
cell surface assembly may vary based on the speciiatijenbeing investigatedand 2) that

genetic determinants can be misdegending ospecificscreening strategies

1.4 Research Objectives

The vital role CPSs play in the virulenaeGramnegative bacteria makes CPS biosynthesis

and export pathways and thassociated regulatory mechanisms potential targets for vaccines or
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therapeutics. The focus of my researck.i€oli K1. However,my findingsapplyto otherE. coli

group 2 capsular serotypes, and potentially to otheapsuléed bacteriathat exploit the same
CPS assembly strateg¥he hypothesis driving éhfirst part of thisresearch is that there is an
underlying network of genes outside of &pescluster requied forthe proper assembly of CPS at

the cell surface. Tmvestigatethis, a genomavide phenotypic screen was developed that used
sensitivity to a K1 CPSpecific phage as a readt for proper CPS assembly. This produced a list
of genes that could bewrfirmed as essential to CPS biosynthesis before defining the relationship

between these genes of interest and the CPS biosynthesis pathway.

For the second part of this research, | tested the hypothasisotikpsgenes required for
group 2 CPS assembly are also required for other CPS biosynthesis pathways. One housekeeping
proteinBr aundés | i p o peady knewn o beeduipeg for proper assémbly of group 2
capsules through interaction withp&D (Diao et al., 2017)l hypothesized that this interaction
would be important for other CPS pathways, despite variations in the assembly steatddhes
OPX proteins themselves. By defining and comparing the influenipg diletions in a group 1,
a group 2, and a group 2nant CPS system, differences in the requirements of these CPS

assembly systems for housekeeping genes became apparent.
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Table 1.1 Summary of highthroughput screens for identifying CPS genetic determinantsGenetic determinants were evaluated
by CPS phengpes for gene deletion mutargrown in shaking cultur&enes previously identified in the literature as required for CPS
biosynthesis/exporh the associated genaese boldedGenes are categorized by GO term for biological process where available.

Organism Screen Genes Identified i mutants have decreased CPS Genes Identified i mutants have
(K antigen) Strategy increased CPS
UPEC PA45B Tn5 library Capsule biogenesis kpsFEDUCS, kpsMT, neuABD G0:0010468 Regulation of  IrhA
(K1?) screened with | operon gene expression
K1-specific G0:0006355 Regulation  mprA, rfaH
phage of DNA-templated
(Goh et al., transcription
2017) G0:0042254 Ribosome  bipA
biogenesis
K. pneumoniae Tn5 library Capsule biogenesis manC, galF, gnd, wcaJ, wcaGHI, gmd, G0:0010468 Regulation of  hns, hha,
NTUH-K2044 screened with | operon KP1_3712, KP1_3713, magA, KP1_3715, wzx gene expression fis
(K1%) density (KP1_3716), wzc (KP1_3718), wzb (KP1_3719),
gradient orf2 (KP1_3725), wza, wzi,
centrifugation G0:0010468 Regulation  rfaH, rcsB, rmpA, slyA, segA, dksA, uvrY, barA, G0:0071897 DNA polA
(Dorman et of gene expression arcB, mprA, greA, argR, envZ_2, ompR, crsB biosynthetic process
al., 2018) G0:0005975 pgm, manA G0:0035556 Intracellular cyaA
Carbohydrate metabolic signal transduction
process
G0:1901135 galu G0:0055085 trkH,
Carbohydrate derivative Transmembrane transport sapABCF,
metabolic process ptsN, pitA
G0:0009246 ECA wzxE, wxyE wecA G0:0072521 Purine- purA
biosynthetic process containing compound apaH,
metabolic process ackA
G0:0009103 LPS rafZ, waalL, arnDEF, wabN, waaQ, wabH G0:0006096 Glycolytic aceE,
biosynthetic process process pykF
G0:0022900 Electron rnfACDE G0:0006808 Regulation of  gInD
transport chain nitrogen utilization
G0:0006457 Protein htpG G0:0016043 Cellular tolR, tolB
folding component organization
G0:0036211 Protein yjekK, yjeA G0:0005975 Carbohydrate  mdoG,
modification process metabolic process mdoH




G0:0016043 Cellular
component organization
G0:0120010
Intermembrane
phospholipid transfer
G0:0006865 Amino acid
transport

G0:0045454 Cell redox
homeostasis
G0:0006808 Regulation
of nitrogen utilization
G0:0006400 tRNA
modification process
G0:0042254 ribosome
biogenesis
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Ipp

mlaD

arcD
gor
ginB
miaA

rluD

G0:0006508 Proteolysis

G0:0006083 Acetate
metabolic process

G0:0070929 Trans-
translation

G0:0051252 Regulation of
RNA metabolic process

prc

ackA, pta

smpB

csrD

K. pneumoniae  Tn5 library

ATCC 43816 screened with

(K2) density
gradient
centrifugation
b

(Dorman et
al., 2018)

Capsule biogenesis
operon

G0:0010468 Regulation
of gene expression

G0:0005975
Carbohydrate metabolic
process

G0:1901135
Carbohydrate derivative
metabolic process
G0:0009246 ECA
biosynthetic process
G0:0009103 LPS
biosynthetic process
G0:0120010
Intermembrane
phospholipid transfer
G0:0006071 Glycerol
metabolic process
G0:0045454 Cell redox
homeostasis
G0:0051302 Regulation
of cell division

gnd, wcald, wza, wzi, orf2 (VK055_5013), wzb
(VK055_5016), wzc (VKO055_5017), mshA,
VKO055_5019, VK055 5020, VK055_5021, wzxC,
VKO055_5023, VK055_5024

rfaH, rmpA_2, segA

pgm

pgi

wzxE, wxyE
arnDEF, wabN

mlaD, yrbCEF, mlaA

glpD
gor

mioC_2

N/A

%K1 CPSs irE. coliandK. pneumoniaare different CPSs with different structures and different assembly mechanisms
bThis screen strategy was not conducive to investigating CPS up genes in this strain.
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CHAPTER 2 - Methods

2.1 Bacterial strains and growth conditions

The kacterial strains used in this study are listed in Table Qultures were grown in
Lysogeny Brot{LB) medium(Invitrogen at 37 °C unless otherwise stated. Cells were grown in
staticculturein tubes set in a watdath orgrown withaerationn a shaking incubator at 200 rpm.
For minimal medium, M¢gDifco) plus 0.4% glucose was used.-#ljBydroxybenzoic acid (DHB;
100 pg/n), chloramphenicol (34 pg/mL), kanamycin (50 pg/mL), streptomycin (100 pg/mL),
and ampicillin (100 pg/mL) were added as appropriate, with half concentrafieash antibiotic

being used for strains harbouring genomic copies of antibiotic genes.

Table 21 List of strains used in this study

Strain Description/Relevant genotype Reference/Source
EV36 E. coli K-12/K1 hybrid created throug (Vimrand Troy, 1985)
recombination of JL3664a(gA22galP23 rha
200 and RS1985 (Hfkps)
EV36 Hfr Hfr kps donor used for conjugation in higl This study
throughput screen. EV36 containing
chloramphenicol resistance cassette upstrea
kpsk and the Fconjugation machinen
downstream of thipsoperon.

Keio strain Single gene deletion mutants of every ni (Baba et al., 2006)
collection essential gene iB. coliK-12 parent BW25113
RS218 E. coliO18:K1:H7 (NMEC clinical isolate) (Silver et al., 1980)
TOP10 F- mcrA (mrrhsdRMSmcrBQ 80lacZz M15

lacX74 recAl ara 139 (arkeu)7697 galU galK
rpsL (StrR)endAl nupG

E69 E. coliO9a:K30:H12 (Drskov et al., 1977)

S. entericaserovar Vi-antigen producett(r p cy s @ear K.E.Sanderson,

Typhi Ty2 Salmonella Genetic
StockCentre,
University of Calgary,
Canada

CWG281 E69wza?M":aadA wz&3%:aacC1 (Nickerson et al.,
2014)

CWG1235 S.Ty p lvexC e (Liston et al., 2016)

CWG1380 E69Ipp::cat This study

CWG1381 S.TyphilppAB::cat This study

CFTO073 E. coliO6:K2:H1(UPEC) Genentech
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2.2 DNA methods

2.2.1 Cloning

Chromosomal DNA was extracted using the Purelink Genomic DNA Mini Kit
(Invitrogen) according to the suggested guidelin@Bgonucleotide primers were obtained from
SigmaAldrich (Appendix 1). PCRamplification was performed using KOD DNA polymerase

(SigmaAldrich) and products were purified using the Purelink PCR Purification Kit (Invitrogen).

Restriction digestand DNA | i gations were perfor med

using restrction enzymesand T4 ligaséfrom NEB. For cloning intahe pACYC184 vector,

acco

Gibson assembly{Thermo Scientific)was used. Plasmids created using these methods are

describedn Table 2.2. Plasmids were purified from overnight cultwkesansforned bactea

using Purelink Quick Plasmid Purification Kit (Invitrogen). Plasnmdert sequencewere

confirmed at the Genomic Facility at the Advanced Analysis Center at the University of Guelph.

Table 2.2 List of plasmids used in this study

Plasmid
pSIM6

pKD3
pKD4

pBAD24/tolC

pBAD244olC-his

pPACYC184tolC

pACYC184tolC-
his

Description Reference

Temperatures e n s i t-Red eexpressior (Datta et al., 2006)

vector

Template plasmid for chloramphenicel (Datsenko and Wanne

resistancedat) geneflanked by FRT sites  2000)

Template plasmid fokanamycinresistance (Datsenko and Wanne

(kan) geneflanked by FRT sites 2000)
Plasmid encoding Tol@om E. coli EV36;, This study
the DNA fragment was cloned into
EcaRI/Hindlll sites of pBAD24 vector

Plasmid encodingeV36 TolC with a G This study
terminal hexahistidine taghe DNA fragment

was cloned into EcaRI/Hindlll sites of

pBAD24 vector

Plasmid containirg tolC cloned behind the This study
constitutivecatpromoter in pACY C184with

the ribosomebinding sequencerlfs) from

pBAD24

Plasmid encodingeV36 TolC with a G This study
terminal hexahistidine tagthe gene wa:
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clonedbehindtheconstitutivecatpromoter in
pACYC184 with the rbs from pBAD24

pBAD24/ppAB  IppABcloned from thes. Typhi genome intc This study
the pBAD24 vector

PMAL -p2 Plasmid encoding periplasmic maltes NEB
binding protein MalHamR)
ASKA-marR Plasmid encoding. coliK-12 MarR with an (Kitagawa et al., 2005)

N-terminal hexahistidine taghe gene wa:
clonedbehind the F.jac promoter
ASKA-cecR PlasmidencodingE. coliK-12 CecRwith an (Kitagawa et al., 2005)
N-terminal hexahistidine taghe gene wa:
clonedbehind the R ac promoter
ASKA-glgS Plasmid encoding. coliK-12 GlgSwith an (Kitagawa et al., 2005)
N-terminal hexahistidineag and a @erminal
GFPtag the gene was clondzthind the s
lac promoter
pWQ552baeR Plasmid encodingeV36 BaeR; the DNA This study
fragment wagloned intoEcaR|/HindlII sites
of pWQ552 vector, a pBAD24 derivative
with a Ret promoter
PET-29his-fis Plasmid encodingeV36 Fis with an N This study
terminal hexahistidine tag; the DNA fragme
wascloned intoNdd/EcadRl sites of pET-29
vector
CIP13 Chromosomal integrative plasmid containi (Mori et al., 2015)
the machinery for f€onjugation that
integrates into th&. coliK-12 genome

2.2.2Mutagenesis by ambdared recombination

The lambdaderivedRed recombineering system was utilized to create genomic mutations,
as described elsewhef(®atsenko and Wanner, 200®riefly, cultures of the parent strain
harbouringa plasmid (pSIM6) encodinipe lambda red machinery, were groatr80 °Cto mid-
log (ODsoo ~0.4) before activating pSIM6 transcription by incubation at 42 °C for 10 min. Cells
were made electrocompetent before being transformedaindar DNAfragment amplified from
pKD3 or pKD4 containing an antibiotic resistance cassette flanke@dipns sharin(pomology
with thetarget for mutagenesi®utgrowth in LB was performed at 30 °C before plating amlls

LB agar containing the appropriate antibiotic. Mutations were confirmedntyifying and
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sequencing the regions of interest (AAC University of Guelph), awlingle genome sequencing

(MiGS Center, PA).

2.3 High-throughput genetic screening

2.3.1 Creation of an Hfrkpsdonor strain

For the genomavide screen, mHfr donor capable b transferringthe kps operon was
required.Since the final screen (below) involved moving kipslocus into the Keio collectiork(
coli K-12),E. coliEV36 (the k12/K1 hybrid) was used as tkpsdonor to prevent recombination
problems arising from genome mismatches differing between the donor and recipientBirains.
monitor kpstransfer, achloramphenicol resistance casseti#)(was integrated into the genome
upstream fronkpsF, before beingransformed with a chromosomal integration plasmid containing
machinery for conjugation (CjRMori et al., 201% with an integration site upstream kpsM
(insertion is targeted betweem@iQ and yghH in E. coli K-12 genome)A schematic of the

conjugatian process is shown in FiguBel

2.32 Hfr -mediated conjugal transferof the kpslocus tothe Keio collection

The highthroughputgenetic screewas performedby Dr. JP Cotéising pinning robotics
in the lab of Dr. Brown at McMaster UnivengifThe kpsoperon wagransferredoy conjugation
into each strain ithe Keio collectior{Baba et al., 20065 strain collection of single gene deletions
of nonessential genes iB. coli, as previously desibed (C6té et al., 2016)The EV36kpsHfr
donor was arrayed oplates ofLB agar containing chloramphenicol in a 1538ony density
format using the Singer rotor HAD (Singer Instruments, UK). Likewise, the Keio collection was
arrayed on LB agar containing kanamycin. After overnight growth, the Hfr donor and the Keio

collectionwere cetransferred to LB agar for conjugatioAfter incubationovernight at 30 °C,
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samples of each conjugant wéensferred to LB agar containing chloramphenicol and kanamycin
to select for successful conjugatioho screen for proper CPS assemblytba cell surface,
conjugants weretransferred to LB agar coated witHaavn of bacteriophagé@ K 1 Bpecific for
K1 CPS Echulz et al., 2010)n this screen, conjugants producicapsué werelysed by phage,

while those that weracapsular were able toayv.

Growth was monitored by colony density as previously desciibezhch et al., 2016)
Briefly, plates were scanned over time using Epson Perfection V750 transmissive scanners, images
were analyzed using ImageJ and data was normalized using thedrdetreloped in Frenddt al.
(2016).Those @ne deletion mutantshowingcolony growth 2.4standard deviationabove the

mean were consideré&hitsoin this screen.

2.4 Examination of Capsule Phenotypes

2.4.1Detection of CPS byWesternimmunoblotting

CPS profiles were examined in whatell lysates. Overnight cultures were dilutecato
ODs000.02 and grown to mitbg phas€ODes0oo~0.5). 1 OD unit equivalents of cells were collected
by centrifugation(2 min, 16000 xg)and resuspended in0% ethanol. Following a 20 min
incubation, cells wereollected by centrifugatiomesuspended in 100% etharetd incubateéor
a furthe 20 min. The supernatant was remowsgdcentrifugationand the pellets were airied.
Pellets were then suspendadl0 mM MgCl.containingl 0 € g/ mL each @aNase |/
100 ¢ g/ mL, arddysubaredoniehour at room temperature. Samples were mixed with
equal volumes SDEAGE sample buffeand incubated at 37°C for a minimum of 2 hours, before
separation by SDBAGE (with 10% resolving gels) followed by Western immunoblotting.

Samples were transferreding the Thermo Scientific Pierce Electrophoretic Blotting system to
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Biodyne B nylon membras€Thermo Scientific) The membranes were blockedb#b skimmilk
madein Tris-buffered saline containin@.1 % Tween 20(TBS-T) for 2 hrs and then incubated
overright at 4 °C with one of the following primary antibodies: rabbit-&3® (1:1000)XDodgson

et al., 1996)or rabbit antiVi antigen (1:250) (BD)Next, the nembranes were washed with TBS

T and incubated witlalkaline phosphataseAP)-conjugatedgoat ami-rabbit antibody (1:5000)
(Cedarlane Laboratorie®r 2 hoursFor K1 CPSmembranes were blocked and washed before
incubation witha Hiss-tagged antK1 antibody fragment (1:1000% (gift from W. Wakarchuk
overnight at 4 °CThe membrane watenwashed with TBST and incubated for 2 hours with
mouse antHiss (1:3000) (Qiagen). Membranes were washed with-TEfid incubated with AP
conjugated goat anthouse antibody (1:3000) (Jackson ImmunoResearch) for 2 hours. After a
final wash step, blots were developed using Hifte tetrazolium and -Bromo4-chloro

3’indolyphosphate-poluidine salt substrate.

2.4.2Whole-cell ELISA for quantitation of CPS on bacterial surfaces

SurfaceCPS guantitation was performed using a wiaak ELISA as described previously
(Diao et al., 2017)Briefly, cells were harvested at midg phase by centrifugation, resuspended
in PBS at 0.2 OD/mL, and incubated on a Nunc Max%cﬁﬁ well plate at 4C overnight.The
coated vells were incubated with blocking buffer (5% B$BS) for 1 hr at 25 °C, followed by
rabbit antikK30 (1:100) or rabbit ar¥i (1:100) antibodies for 2 hr at 25 °C. After three washes
with PBS, the wells were incubated with ABnjugated goat antiabbit antibody (1:2000) for 1
hr at 25 °C. The wells were washed again with PBS, and a detection solution containing p
nitrophenyl phosphate was added and incubated for 30tih@rabsorbanceas readcat 406 nm.
Control tests were perfored to ensure readings wesaurated andithin a linear rang. A control

reaction containing no primary antibody was used to subtin@dbackground signal from the
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sample reads. Capsutelll mutants were included as negative conjratgl each sample htdee

technical replicates. Results presented are representative of three independent biological replicates.
2.4.3 Immunofluorescence microscopfor CPS visualization

Cells were harvested at 5000 xg for 10 min and resuspended in 4 % paraformaldehyde and
incubated 16 h at 4 °The @lls werethenwashed once and resuspendeghosphatéuffered
saline PBS. Cell suspensions were added to a fiolysine-coated slide and incubatéar 15
min at room temperatureefore removal. Permeabilizee!l samples wergeneratedy treaing
slideswith 0.5 mg/mLlysozymeand 10 mM EDTAN 25 mM TrisHCI pH 8for 10 min followed
by 0.1 % TritonX in PBS for 10 min. Slidewith immobilized cellsvere washed three times with
PBS and mousanti-polysialic acid (1:100SigmaAldrich) was added to samplésr 1 h. Wash
steps were repeated, atite sampleswere incubated withFITC-conjugated goaanti-mouse
(1:200,SigmaAldrich). Wash steps were repeated before Vectashiddtér Laboratories, Ir)c
was added to the samples ambverslipwas theradded and sealed with nail polistmaging was
performed using amverted Leca DMi8 microscop€Molecular and Cellular Imaging Facility,
AAC, University of Guelph)images presented are representative of three independent biological

replicates.

2.5 RT-PCR

RNA was isolated from cells using the GeneJet RNA Purification Kit (Th&aonntific)
according to manufacturerods inst rRBODNAgmes . 100
Kit (Invitrogen) to degrade residual genomic DNBefore being reverse transcribed using
SuperScriptV Reverse Transcriptase (Invitrogen). cDNA was diluted 1:10 before being used in

RT-PCR using the PowerTrack SYBR Green (Applied Bioscience) and primers obtained from
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SigmaAldrich (Appendix 1). Reactions were amplified using the QuantStudio 3 (Applied
Biosystems) and analyzed using the Design and Analysis Software (ThermoFisher Coysi@ct).
was used as an endogenous conblou et al., 2011)o normalize transcript levels between
samplesThree technical replicates were used for each sampleéhamésults are representative

of three independent biological replicates.

2.6 Protein Methods

2.6.1 Release of periplasmic contents

Periplasmic contents were releasenh cells using a methadkscribed elsewhefgiston
et al., 2018)Briefly, cells wee harvestedt latelog phasdyy centrifugation (5000 xg for 10 min)
and 10 O[go unit-equivalents were resuspended in 0.7 mL 100 mM-HG$ pH 8.2 containing
500 mM sucrose. After incubation on ice for 5 min, lysozyme was addeéirial concentration
of 100 eg/ mL and EDT Afinplldon&ntratiansaf naMi @he cell duspension
was incubated for another 20 min on ice, and Mg88&s added ta final concentration ¢0 mM.
The resulting spheroplasts were collected by centrifugation ancgesslesd in the same volume
of water and the supernatant containing the periplasmic fraction was removed. Spheroplast and
periplasmic extract samples were combined with HIA&E sample buffer, heated at 1M and
examined by SDAGE and Western immunoblottinghe known periplasmic protein maltose
binding protein (MalE)XBassford Jr., 1990)as used as a contrtw ensure full release of the
periplasm RNA polymerasevas used as @ytoplasmic proteicontol to assespotentiallysis of
spheroplast ForE. coli, cultures were grown in 0.2% maltose to induce expression, ar®l for

Typhi, the pMAL-p2 plasmid (NEB) was used for MalE expression.
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2.6.2Membrane separation by sucrose gradient centrifugation

Inner and outer membranes were separated by sudeosgy centrifugation, as described
previousy (Osborn et al., 1972)Cells were harvesteat latelog phaseby centrifugation and
resuspended in 20 mL 5 mM EDTA pH 8. Cells were then lysed ustngngh Press and the cell
debris was removed by centrifugation. Membranes were collected by centrifugation at 100 000 xg
for an hour, resuspended in 3 mL 5 mM EDTA pH 8, and layered onto-stéparadient of 0.3
mL 65% sucrose and 1 mL 25% sucrose inM EDTA. The gradients were centrifuged at 117
000 xg in a Beckman ML:S0 swinging bucket rotor for 3 hrs to remove any residual soluble
proteins and the bottom 0.7 mL, containing the membranes, was collected. This membrane
fraction was mixed with 1 mL 5t EDTA and loaded onto a discontinuous sucrose step gradient
composed of 0.5 mL 65% sucrose, 1 mL 55% sucrose, and 2 mL each of 50%, 45%, 40%, and
35% sucrose in 5 mM EDTA. Gradients were centrifuged at 221 000 xg in a Beckmdt SW
swinging bucket rotordr 16 hrs and 0.4 mL fractions were collectdtiquots of each fraction
were combined with SD8AGE sample buffer and examined by SBSGE and Western
immunoblotting. YidC(Wang and Dalbey, 2018nd OmpA(Park et al., 2012)were used as
validated mekers for IM and OM, respectively. Fractions containing IM or OM were pooled and
combined with SDSAGE sample bufferand incubatedat either 100°C or 25 °C: OPX

localization was analyzed by SBFAGE and Western immunoblotting.
2.6.3 Examination of PG-as®ociated OPX proteins

PG-associated proteins were examined as described previ@ialy et al., 2017)Cells
were harvestedt midlog phasedy centrifugatio, resuspended in 20 mL 10 mM TFHECI pH 8,

and lysed using a French Press, prior to centrifogao remove unbroken cells and large cell
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debris. Membranes were collected from the resultingfieed! lysate by centrifugation at 100 000

xg for an hour and resuspended in 6 mL 10 mM-H@®& pH 8, containing 2% SDS and cOmplete
mini protease inhibitococktail. The samples were then centrifuged again at 100 000 xg for an
hour and the supernatant containing solubilized-e@lelope proteinsi.€., the SDSsoluble
fraction) was removed. The pellate(, the SDSinsoluble fraction), containing PG anaya
associated proteins, was washed once in water and resuspended in 0. 3mL 50-h®1 pHSS,
containing 0.4 M NaCl, 5 mM EDTA, and cOmplete mini protease inhibitor cocktail. Samples of
the SDSsoluble and SD#soluble fractions were combined with SIPEGE sample buffer and

examined by SD®AGE and Western immunoblotting.

2.6.4 Analysis of proteins by SDSPAGE and immunoblotting

Protein samples were separated by SIA&E with 12% resolving gels and transferred to
membranes using the Thermo Scientific Pierce Electrophoretic Blotting system. Nitrocellulose
membranes were blocked in TBScontaining 5% skim milk for 2 hrs and therncuated
overnight at 4 °C with one of the following primary antibodies: mouseMB® (1:5000) (NEB),
mouse antRNAPol (1:1000) (Santa Cruz Biotechnology), rabbit ®@mpA (1:50 000)
(Antibody Research Corp), rabbit aividC (1:20 000)(Diao et al., 2Q7), rabbit antiLpp (1:20
000) (Diao et al., 2017)rabbit antiWza (1:1000XDrummelsmith and Whitfield, 2000)rabbit
antikVexA (1:3000)(Sande et al., 2019)abbit antiKpsD (1:1000)Diao et al., 2017)or mouse
antirHis (1:3000) (Qiagen). Following incubation with primary antibodies, membranes were
washed with TBST and incubated with Afeonjugated goat antabbit antibody (1:5000)
(Cedarlane Laboratories) or Afnjugated goat anthouse antibody (1:3000) (Jackson
ImmunoReseargtfor 2 hours. After another wash stepmundlots were developed using niro

blue tetrazolium and-bromao4-chloro-3'indolyphosphate-foluidine salt substrate.
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2.6.5 Purification of hexahistidine-tagged proteins

Recombinant mteins wereproducedin E. coli TOP10 withcloned gene expression
induced usindL mM IPTG or 0.1 % -arabinose, as appropriate to the expression vector. Cells
were collected by centrifugation and resuspended in 50 mHRIgH 7.5 containing 500 mM
NaCl and 20 mM imidazole beftysis by sonication. Cell debris was removed by centrifugation
at 15 000 xg, followed by a lohr 100 000 xgcentrifugationstep to remove membranes. The
supernatants were applied to aMI'A agarose column (Invitrogen). The column was washed
with resuspnsion buffer containing 50 mM imidazole and eluted in 250 mM imidazole. Imidazole
was removed by buffer exchange using a PD10 column (GE Healtheeo®in oncentrations

were determined using absorbance at 280 nm before use in downsjrelarations.
2.6.6 Whole-cell proteomics

Whole-cell proteomicanalysisvasperformedusing the methodsescribedy Sukumaran
and Geddes#/cAlister (2022) Cells were growiin staticculture harvested by centrifugation and
resuspended in 100 mM T+#4$Cl pH 8.5 with protease inhibitdablet (Rochebefore lysis by
sonication. SD&nd dithiothreitol (DTT)wereadded to final concentratisof 2 %and10 mM,
respectively Samples were brieflgnixed on avortex mixer, incubated at 95 °C for 10 min with
shaking at 800 rpymand therto cookdon ice. lodoacetamide was added to a final concentration
of 55 mM, samples wenamixed, and then incubated in the dark for 20 min at room temperature.
Ice-cold acetone was added to a final concentration of 88n#&bthemixture wasincubaed
overnight at-20 °C then samples were centrifuged at 10 000 xg for 10 min at 4 °C and the
supernatanvasdiscarad. The residual gllets were washed twice with 80%-celd acetongair-

dried and therdissolved in 40 mM HEPEE&ontaining8 M ureaby sonicaton for 7 min (1 min
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on/1 min off)in a water bath sonicatoEPXH, Branson Ultrasoni€&s). Protein concentrations
were determinetly tryptophan absorbance using BSA as a staratatgamples wetbenmixed
with 300 mM ammonium bicarbonate. 100algjuots ofproteinsamplesveredigestedvernight
at room temperatungith a trypsin/lysc enzyme mixXA40007, Piercg2:50 v/iw enzyme:protein).
Proteolysis eactions were quenched with10 (v/v) 6 % trifluoroacetic acid. AStop And Go
Extraction Stag@Tip protocolusing three layers of Cidllica resin 8M2215, 3M Emporejvas

used to prepare dried peptides, as descelsmivherdRappsilber et al., 2007)

Samples resuspended in 80 % acetonitrile w0 acetic acidnd 0.1 % trifluoroacetic
acid were analyzed by singkhot labelfree mass spectrometry (EKS/MS), as previously
describedby Ball and Gedded/cAlister (2019) using anUltimate 3000 LC system (Thermo
Fisher Scientific) online coupled fbhermo Fusion Lumomass spectrometer (Thermo Fisher
Scientific) The mass spectrometry was collected at the SPARC Biocentre for Mass Spectrometry.
Data analysis and bioinformatics were performed as described els¢@&hkuenaran et al., 2021)
MaxQuant (V 1.6.3.4)Cox and Mann, 2008and Perseus (V 2.0.7.Q0Jyanova et al., 2016)
software packages were used to identify peptides. Common contaminants were filtered out, and
proteins identified in 3 out of 4 biologal replicates for at least one sample group were used for
analysis. Missing values were imputed based on a normal distribution-&savonp | e &t udent
test was used to compare sample groups and create a differential protein abundance-profile (p
value <0.05, False Discovery Rate (FDR) = 0.05,=S1). Analysis utilized protein sequences
from E. coliK-12 (MG1665), supplemented with sequences for the Kps proteind=rooli K1

(APECO1).

































































































































































































































