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Abstract

Protein glycosylation is a wadbtablished post translational modification occurring infalins

of life. In the past two decades, protein glycosylation has bertensivelystudied in bacterial
pathogensunderscoringits importancein virulenceand colonisationHowever, despite the
wealth of information regarding protein glycosylation bacterial pathogens, little is known
about this process in gut commensal bacteria. The gut microbiota hasateed with ands
largelyadapted to its hostleading to mutually beneficial interactionBhese interactions often
involve the adhesion of the badia to the gastrointestinaltract using specialised adhesins.
Lactobacillus reutelis a common gut symbiont found in a widenge of vertebate hosts. As
such, it isused asa model organism to studye co-evolution between gut commensal bacteria
and thdr hosts. Here, we useld. reuteril00-23 fodentisolate) ATCC 53609ig isolate)and
MM4-1a (human isolatefo study the glycosylation of proteins in gut commensal bacteria. An
initial bioinformatics approach to identify putative glycosylation clusseiggested the presence

of two putative O-glycosylation system@tfl/gtf2 and secA/Y>) that could be involved in post
translational modification of proteingn L. reuteristrains Further genetic and biochemical
analyses suggested th&tfl is involved in a general glycosylation system targeting multiple
proteins inL. reuterj whereas proteins encoded form tiemcAY: clusterare dedicated tothe
glycosylation of aerine rich repeat protein (SRRRgctin screening of the secreted peats
from L. reutericombined with mass spectrometry analysis identified mucus binding protein
MUBszs0s SRRRs0s and SRR23, the major adhesins df. reuteriATCC 53608 and 123,
respectively, as glycoproteinBlUBsss0sis a putative target oGtfl-mediated glycosylation. The
glycans present othis adhesirwere biochemically characterisehd found to carry -galactose
and galactofuranosepitopes that could be involved iimteractions with thehost immune
system The glycosylation of the SRRRas studied by mass spectrometry and biochemical
assays.SRRBsos harboured GlaNAE-GIcNAc moieties, whereas SRR was found to be
glycosylated with GlGlecGIcNAc trisaccharides. THata produced in thisvork providednovel
insights into thel. reuteriglycosylation systems, the nature of glycoproteins and the structure
of their glycansfurthering ourunderstandingof the underpinningmechanisms behind the

beneficialinteractions with the host.
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1.1. Gut Microbiota

1.1.1. Occurrence in the gastrointestinal tract

Microbes can be found on any surface of the human body, such as the skin, the oral cavity and
the respiratory tract, as well as thgastrointestinal (Gl) tract and the urogenital system. The
largest population of microorganisméiowever, is found in the Gl tract, which harbours
hundreds of trillions of microbes per gram of tissue, collectively referred to as dhe
microbiota An unewen distrbution of the microbialpopulationis observedalong the Gl tragt

while a few thousands cells per gram of tisssiervive the highly acidic conditions of the

stomach, more than & cells per gram of tissuesidein the colon(Figurel) (1).

) Small intestine ,

Duodenum Jejunum lleum

/‘\‘ Y N /\\ ; /\ /\
(oo} EA [ N

[ \ N\ / 0 A . —
T ot ] \\ A A /| 10''-10"2g'| ——
@ Y'Y \‘\/'\ e ) /

Rectum
<= Cecum
f ! I |
Stomach Large intestine (colon)

Figurel. Distribution ofthe gut microbiota throughout the Gl tra¢adapted from(1)).

The gut microbiotas comprised mainly of bacteria, but archaeBiykaryotesand virusesre also
part of the microbial community2). The composition of the gut microbiota is highly dynamic
and depends ommany environmental and gertee factors thus it differs greatly between

individuals, as well as within a single host.

The olonisation of the GI tract begiret birth - some studies suggest even earl{@) - and
changes throughout lifewith different genera prevailingt different stageg[reviewed in(4)].
The great majority obacterialgut symbionts foud in healthy humans fall into the phyla of
Firmicutes and Bacteroidetes and a minor proportion of the microbiota consists of

ActinobacteriaProteobacteriaand other phylg2,5)
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While related individuals share some similaritytérms of microbiota composition(6), a core
microhiota, i.e.a group of speciethat arecommon across the populatiois considered unlikely

to exist In contrast,common functions between differerihdividuakOmicrobiota have been
identified and this has led to the hypothesis of a core microbionmvijch includesgenes that
perform conserved functionsacrossall microbiota (7). This also implies thatfunctional
redundancies exist between differesets of specie€8), favouring the phylogenetidiversityof

the microbiotabetween and within individualsPhenotypic diversity isonsidered to be an
advantage in evolutionas it provides organisms with various traits which may benefit them

under environmental challengesuch as in the gnvironment

1.1.2. Factors affecting the microbiota composition

1.1.2.1.Mode of delivery

The initial colorgation of the Gl tract plays a pivotal role in shaping the future composition of
the microbiota(5). The method of delivergreatly affects the initial microbiota compositipn
children born pretermly or bycesareansection are exposed mainly twosocomialmicrobes
such asClostrida, Staphyl@occi and Streptococgiaswell as skin related specieb addition,
Jacobssn et al.(2014)showedthat children delivered by Section hadadecreased microbiota
diversity andthat colonization of the gut by members of tliBacteroidetegphylum, one of the
predominant phyla in adtimicrobiota, was significantly delay€d). In contrast,naturally born
babies, as well as those that did not require the administration of antibicthcsved high
numbers ofLactobacillia species that dominates the vaginal flora, ad a®increasedumbers

of Bifidobacterisand Bacteroideg5,10)

1.1.2.2.Diet
Diet is one of the primary driving forces that shafiee microbiota compositionAfter birth, the
environment of the gut favours the colonisation of facultative anaerobic bacteria, and bacteria

that carry genes for lactose utilization, which agrees with a diet enriched irf4vblkin addition
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to lactose, breast milk contains short oligosaccharides that act as prebiotics to promote
colonization by specific species, suchBifsddobacteriaand Bacteroideteswhich preferentially
utilize these carbohydrateg411¢14). In contrast, formuleed children are colonized by
Bacteroidesfragilis, Clostridiumcoccoidesand Lactobacilli(12) and show greater microbial
diversity(10,15) In addition to providing nutrients for early colonisers, breast milk also carries
a plethora of bacterial speciebdt babies get exposed turing lactation the composition of

this group of bacteria changes throughout the lactation peri»@,17) Once the oxygen is all
consumed, strictly anaerobibacteria take the opportunity to colonise tl@rge irtestine (4)

and by the age of one year old, and aftee timtroduction of solid food, bacteria that can digest
dietary carbohydrateemerge and the microbiota diversity increag&sl8) At the age of 23

yearsold, the gut microbiotamaturesand resembleshat of anadult (18,19)

In an adulilike microbiota, the spatial distribution of bactardiffers, not only in the number of
microbial cells found in each part of the Gl tract, but also in the type of bacteria. For instance,
the small intestine harbours facultatively anaerobic bacteria that can adhere onto the host tissue
and feed onmsimpleor shortsugars(20,21) In contrast,strictly anaerobidacteria that exploit

complex andotherwise- indigestiblecarbohydrates live in the large intestii20).

Even though aradultlike microbiota is considered relatively stapleis very dynamic and
responds to changes in environmental factors sucthagdiet. A common trend is thaa diet
rich in dietary fibres favosrthe colonisaton and growth oBacteroideteswhereasa diet rich
in fat promotesthe growth ofFirmicuteq22,23) In addition, highfat diets promote the growth
of bacteria that are bilacid tolerant, likeAlistipes sp.and Bilophila sp as bile acids are

bactericidal for many speci€g4,25)

However, itisdifficult to establish a clear connection between diet apecificbacterial species
as most studies report changes at the phylum le¥ar examplea study by Wu et a(2011)

showed thatBacteroideteandActinobacterigositivdy correlatedwith ahigh-fat diet, whereas
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Firmicutesand Proteobacteridbenefitedfrom afibre-rich diet(26). Similarly, murine microbiota
from mice on a lowfat diet showed higher abundance Bfrmicutes in contrast to those on
highfat diet that showed increased numbers Bacteroideteg27). Such differences were also
reported using specific oligosaccharides, sucilsamaltooligosaccharids (IMOsWwhich have
been shown to either benefit Bifidobacteriain rats (28,29) or lead to adecreasein their
population (29). In addition, different dietary fibres seem to benefit different species. Fo
instance, inulin promotes growth @&ifidobacteria(28,30)whereas IMOs favour the growth of
Lactobacill(28). Interestingly Lactobacilluspecies that are adapted to the Gl tracan utilize a

wider range of carbohydrates compared to thdselatedfrom food source$31).

It is apparent that the wayariousbacterial speciesespond tochanges irdiet is incongstent
between individualsAs there is functional redundancy between different microbiota and even
different species, it idikely that a specific diet will select for a microbiome rather than a
microbiota. For example, a fibmch diet will select for genes that can digest complex
carbohydratesather than specific bacterigpeciesSuch genes can be found in members of the
Bactepidetesor the Firmicutesphyla (19). Thiscould account forthe differences observed
between studies, where identification of the different bacteria reaches down to the species

level, butdoesnot inform about the genetic repertoire of the strains

1.1.2.3.Host genetics

It has been proposed that the geneprofile of a host plays a role in shaping the gut microbiota.
Thisarose from studiesshowing that related individuals have more similar microbiota than
unrelated oneg7,32,33) Host geneencoding proteinsnvolved in bile acid metabolisii34),
antimicrobial peptide productio(35), metabolism and mucin glycosylatibave been shown to
affect the microbiota omposition(Figure2). Most of our understanding on how specific genes

affect the microbiota comes from studies investigating the role of single génémw studies
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havelinked genes associated with metabolisexg. Apo-E1 and leptin) with differences in the

microbial community(36¢38).

Lumen

IgA

Inner mucus layer
Outer mucus layer

Epithelium
Heavily glycosylated mucins

Mucin degrading
-~ commensal bacteria

athogenic bacteria

Antimicrobial peptides

Bile acids

Bile acid-tolerant

commensal bacteria Commensal bacteria

Figure2 Host genetics affect the microbiota composition by mucin production, to provide binding sites and nutrients
to the commensal bacteria, by regulating the immune system to tolerate or attack commensal or pathogenic bacteria,
respectively, or by secretion diile acids, which promote the survival of bdeid tolerant bacterigadapted from

(39).

The mucus layer is a gelatinous layer that covers the Gl tradsanthprisel mainly of mucins,

large glycoproteins in which the glycans account for more than 80% of their fasn
O-glycosylation(seesection1.4.1.1) occurs in the Golgi apparatus where mucins are modified

by carbohydrate chains that consist ofaetylgalactosamine (GalNAc);adetylglucosamine
(GlcNAc) and galactog&al) and are often apped by sialic acid and/or fucog¢euc)(40). In

early life, the profile of the capping monosaccharides is the same in the mucus across the Gl

tract, but later in lifean increasing gradient of sialic acid and decreasing gradieRuois
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observed from the small intestine tiie colonin humans(29). Mucin glycosylation an affect
bacterial colonization by either selectively providing adhesion sites to bacteria expréssing
right repertoire of adhesins(40) or by providing carbohydrates as nutrients that onBrtain
bacteria can utiliz€41). It is well documented that mouse rdels with altered or deficient
mucin glycosylation show changes in the microbiota compos{t@h For example, detion of
FUT2, a fucosytansferase responsible for capping mucin glycans Willg results in lower
microbial diversity and altereshicrobiotacomposition in micé43). An earlier studyith Finnish
individuals showed a link between FUTRe presence of ABO antigens in the muems! the
microbiota compositionwith differences in the populations d@ifidobacteria Baderoidesand

Clostridiabetween individuals with different antiger{d4).

The increased sialic acid content found in the largestine also contributes in shaping the
microbiota. As sialic acid protects the mucin carbohydrates, it requires specific bacteria
expressing sialidases to release it and expose the underlying glycans. Upon release, other
bacteria can either us&ee sidic acid or the rest of the glycan to fe¢4b,46) Recently, a new

type of sialidase was discoveredsinains ofthe gutcommensaRuminococcus gnavughich
released a modified sialic acid thtte bacteriacan preferentially metaboliseproviding an
ecologicahdvantage to this speci€41). A similar synergy between bacterial species is observed

in cases where bacteria rely alegradation ommetabolic products of other species to survive,

as for examplewith species that utilize short chain fatty aci@®CFAs)s carbon sourcél?).

Genesencoding proteinsthat are involved inthe regulation of theimmune system also
contribute to the selection ofthe gut microbiota These include antimicrobial peptides,
proteins, such as defensins, various types of lectiewall degradingenzymesand immune
modulators all of whichare part of the innateimmune systemand directly interact with
microbes Some of thesesuch as Regl]lcan lead to disruption of the cell wall or membrane

and eventually lysis of the bacterfd8¢50). In addition, secretory Ig#that are found in large

24



amountin the mucus interacts with bacteria and contribute to biofilm formatiomnimizing

exposure of the epithelium to the bacterigl).

Bile acids, although their primary role is the emulsification of fats, are also part of the innate
immune system, owing to their antimicrobial propertigs?). As suchthey play a direct role in
shaping the microbiota community, by stressing the bacteria, damaging their membranes or
leading to protein misfoldind52,53) thus selecting for strains that are bile acid tolerant.
Bacterial species that feed on bile acids can also be seldetedxample mice fed a higmilk-
derivedfat diet led to production ofbile acids conjugated with taurine to more effectively
emulsifythe fats. Thisin turn,increased the availability of organic sulfur and sulféducing

bacteria, such aBilophila wadsworthigcausing colitis in mic&7).

1.1.2.4 Antibiotics

Antibiotics which are often use to treat infectious diseasedarget a wide range of bacteria,
regardless of theipathogenicity thus, gut symbionts are also affected. Depending on the
mechanisnof actionof a given antibiotic, differenbacterialclasses are affected. For example,
a recent study showed strong increase in damagdeéirmicuteswhen cell wall synthesis
inhibitors were used, such as ampicillin or vancomy¢s4). Interestingly, while vancomycin
specifically target$&srampositive bacteria, it was found that th@&acteroidegpopulation was
substantially reduce@55,56) suggesting a complemterplay between different species. In the
same study, members of tHenterobacteriaceatamily, which is normally undeepresented in
the gut microbiota, dominated the population following antibiotic treatmei65). Alsq
antibiotics can disturb the balance of commenkatteriaand reduce their diversity57). This
cause a disruption to the normal gumicrobiotal £ 82 {y 2 6y ,bulalsa poses A 2 & A

the host to pathogenic species.
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1.1.3. The role of the gut microbiota in human physiology

It is now clear fromanalysisof metagenomics studies that there #ssignificantcorrelation
between the composition of the gut microbiota and the health or disease state of individuals
(58). Humangut bacteria play a crucial role in our health amdll-being by affecting various

levels of the human physiologgs discussed below

1.1.3.1.Food digestion

The gut microbiota is essential in processing otherwise indigestible polysaccharides from our
diet. For example, severRuminococcuspecies are able to digest insolulsl@bohydrates like
celluloseand resistant starcfb9)whereasBacteroidetespecies are characterized byyumber

of polysaccharide utilizatioloci (PULXlusters (60). These species, along with others from the
Bacteroidalesnd theClostridiale®rders, can convert these polysaccharides into SCidich

can be utilized by the hos60,61) These SCEBAprovide up to 10% of the daily energy
requirement(62). Whenthe diet is rich insimplesugars and depleted in dietary fibres, SCFA
producers such asPrevotella are diminished26). Additionally, bacteria that feed on diata

fibreswill consume hossugarsvhen fibres are not available frothe diet(63), leading to a thin

mucus layer and eliciting an immune response from the (@%f Therefore, thegut microbiota

Oy SykKIFIyOS (G(KS K2a0Q& I 0Af xthéfodngacBrisaqehc@i Sy
an imbalance imicrobiota composition has been associated with nutritional disorders, such as
diabetes(61,65)and obesity(36). Also, conventionalization of gerfree (GF) mice ks toan

increasan body mass and insulin resistan@b)and the transfer of microbiota from obese mice

into lean donorscan resultin a phenotyjic change of these micf6). In addition, the gut
YAONROA2GF A& FoftS (G2 AyONBlIasS GKS Kz2aiQa Y2

same time, increase thge novaohepatic lipogenesiss).
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1.1.3.2.Vitamin production

Humans only carry limited biosynthetic pathways for vitamins. To covarerds in all essential
vitamins,we rely on vitamingvailablein the food orprovided bymembers of the gut microbiota
that can synthesise them. It has been shown, for example, that members &ifidebacteria
genus cartde novosynthesise folatewhile Lactobacillus reutestrains can produce vitamimp
the only vitamin exclusively produced by bactedad closely related analogué§7,68) Gut
bacteria have also been implicated in tbe novosynthesis of riboflavin(69), vitamin K(70),

biotin (68,71)

1.1.3.3.Shortchain fatty acidsproduction

The most impaiant SCFAare acetate, propionate and butyrat&@heseare small molecules that
act as signals in the Gl tract and regulate various proce3$es.are end products of the
anaerobic fermentation of dietary fibres by the microbiota, which takes place mairtlye
proximal colon(72). Bacteroidetegproduce mainly acetate and propionate, whereas butyrate
mainlyresults from Firmicutesactivity (73). In addition totheir role in energy provision, SCGFA
are involved in regulation o&ppetite (74) as well asfatty acid, glucose and cholesterol
metabolism (72). In addition, antinflammatory and antcancerous properties have been
attributed to butyrate(75)and the gradientof butyratethat is formed between the lumen of
the gut and the bottom of the crypts has been proposed to mediate cell apoptosis at the tip of
the villi and cell proliferatiorat the bottom of the cryptthus contributing in the regeneration
of the brush border epitheliunf76). Butyrate was also shown to enhance the tiginiction
assembly(77), probably by increasing the production of-1B, which isresponsible for

maintaining epithelial integrity78)and mucin productior{79).

1.1.3.4.Maturation of the immune system
In addition to contributingto the food digesiton capacityof the host, the gt microbiota isalso

required for the developmenand maturationof the immune systemMany studies irGFmice
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revealedvarious malfunctions, reflectingn immature immune systentor instance, GF mice
showdefectivedevelopment of lymphoid tissueandadministrationof gutbacteriarestored its
proper function(80). Insufficientmicrobial exposure in early life can resultanalteration of
the gut microbiotain adulthoodanda defectiveor allergy-susceptible immune syste(81). Anti-
inflammatory immune responsesstablish toleance against noipathogenic microbesand he
gut microbesplay a pivotal role in maintaining this tolerance, bggulatingresponses of the
innate immune systeng82). For instance, it has been shown that micrsipeodudng butyric
acid one of the main SCEAcan induce colonic regulatory T ce(lBeg), which are a key
component in inflammation and allergy suppress{88). In another study, administration of a
cocktail ofthree commensal bacteria in mice resulted in higher countsgt@lls, which ld to
increased K10 and TGHoroduction,whichare known for their antinflammatory activity(84).
Similarly polysaccharide A froBacteroidedragilis showeda protective activity againstolitis
in mice by inducing & differentiation, while reducinghe level ofpro-inflammatory cytokines
(85). It was recently shown thdtactobacillus reutedtrains was necessary for the differentiation
of CD4/ 5 y dbublepositive intraepithelial lymphocyte@6), cells that are involved in the

suppression of inflammation in the g(87).

Interestingly, host-specific microbiota composition is required thie proper development of a
mature immune systemit was recently shown thainly GFmice colonised bynousederived
microbiota could developa fully matureimmune systemin contrast tomice colonised with
human or rat-derived microbeg88), supporting the concepif ca-evolution between thegut

microbiota and its host

Members of the gut microbiotaan alsgoromote restoration of damaged epithelial tissue in an
ex vivomodel of intestinal epithelial cell@9). In addition, it is well established that certain

commensal bacteria, such akkermansia muciniphilaan induce mucin production leading to
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thicker mucus laye¢90), or change the glycosylation profidé mucins(41,91) thus protecting

the host against infection®2).

1.1.3.5.Competition against pathogens

The potective effects of the gut microbiotaalso derive from theability of gut symbiontsto
competewith pathogensfor available nutrients anétinding sites For examplegommensakE.
coli can outcompeteCitrobacterrodentiumin nutrient utilisation in mice as they bothutilise
similar carbon sourcesThe same effect was also observed vBttithetaiotaomicron(93). In
addition,the imbalance in th@ut microbiota compositiorcausedby antibiotics administration
or gut inflammationin micecan provide enteric pathogens, suchamaella typhimuriunor
Clostridiumdifficile a greateropportunity to infect the hosi(45,94) Commensal bacteriaan
alsoprevent adherencef pathogens to the host tissue, as shownregiluced the adherence of
enteropathogenicE. coli(EPEC)o epithelium bllowing pretreatment with L. reuteristraing

due tothe occupationof available binding site®5).

To assisthe hostfight against pathogens, commensal bactezanalsoproduce antimicrobial
compounds, known as bacteriocins, which can haetent inhibitory effecs on harmful
microbes(96). It hasalsobeen postulated thatommensal bacterianay exclude pathogensy
forming aggregatesnd trapping tham into it, thus prevening invasion in the hos{97), They

can also protecthe host from viral infection§for a review se€98)).

Another protectie property of gut commensdlacteriacomes from their ability to metabolise
unabsorbedbile acidconjugates, which act as germinants in spore germinatio@. difficile,
using bile acid hydrolases. Theseymegemove the amino acid conjugate and releasinary

bile acidghat competitivelyinhibit germination(99).

1.1.3.6.Probiotic effects

To confer the beneficial effectslisted above the gut microbita is in a constant

interaction/communicatiorwith the host. Thisoccurseither directly, where the microbial cells
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come in contact with the host tissue, maiwnia surface proteins or carbohydrates, or indirectly,
via the action ofsecreted proteinsor other molecules. These interactions often trigger a
response cascadevhich either exerts an immune response (fnflammatory effect) or
attenuates the immune system (antiffammatory effect) Gutderived microbegan beused as
probiotics (.e. live organisms thatwhen administered in adequate amountsonfer a health
benefit on the hostaccoding to the World Health Orgamition (100) in order to exploit these
immunomodulatory effectsProbioticscan either suppressmmune responsego mitigate
chronicinflammationor elicit a stronger immune response against pathogefieey arealso

actively involved in metabolispdirectly competewith pathogensand maintain the epithelium

integrity (Figure3).
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Figure3 Schematic of the mechanismaderpinningprobioticshealth beneits (1).
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1.2. Lactobacillus reuteri : Occurrence in the Gl tract and its impact on

host health
The Lactobacillus genus is one of the most commonly represegedsin the gut microbiota
across vertebrateand one of the first to colonise thmammalianGl tract(4) as it is often found
in breast milk(101) It includes facultative anaerobic, Grapuositive, bd-shaped bacterial.
reuteri, in particular,is a widespread bacterial speciesommonly foundn the gut of humans

(101,102) as well as other vertehtes,including rodents, pigs and chick&r03)

L. reuteristrains from different hosts show a great level of hepecificity(104) For example,
murine isolateswere found to be the most successful colonisers of the murine Gl tract,
compared to strains isolated from different hogt€03,105,106)Similar results were observed

for poultry strains, when colonizing the chicken Gl td€7) This evolutionary adaptation of
different L. reuteristrains to their respective hosts was first reported by éal. (2010)(108)

and many genes and gene clusters specific to strains th@msame host haveince been
identified (108,109) An importantfeature of host adaptation is the difference in the nature and

the number of large ceburface adhesibetween human, porcin@oultry and rodentisolates.

The specialization of different strains towards specific hosts has been shaped evolutionally by

various events of horizontal gene transfer and deletions of g€he3)

Lactobacillhave been used in a rangelafman intervention gidies as probiats, toinvestigate

their health promoting effect§110) ForinstanceL. reuterDSM 17938 was used in clinicahlsi
against infant colic and showed important improvement in the treated groups compared to the
placebo groug111,112)In addition, administration of.. reuteriATCC 557 3@sulted inmilder

cystic fibrosis symptoms by reducing pulmonary exacerbations caused by infection or
inflammation, and also by reducing the infections of the upper respiratory {dd@) L. reuteri
RC14, along withL. rhamnosu&R1, was used in a study of Hifected patients in sutsaharan

Africa. Despite having no effech thewhite blood cell numbers, the patients who received the
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probiotics had a 15%ncrease in CD4cells and also showed a significant improvement in
symptoms like clinical diarrheand nausea114) In addition, manyL. reuteristrains have
demonstratedanti-inflammatory properties in animal studigSor exampleadministration otL..
reuteriDSM17938ncreased-oxp3 Tegcellsin an induced necrotizing enterocolitis (NEC) mouse
model (115)and reduced lipopolysaccharide (Lit&uced gut inflammatior{116) L. reuteri
anti-inflammatry properties were also shown inG@rodentiuminfection mouse mode(117)

The results showed that infected mice that were also exposed to stress exerted a stronger
immune response compared to infectesly mice. But infected/stressed mice that were given

L. reuterias a probioic showed normal immune responseésg. higher levels of -defensh 3 and
reduced expression of CClhgh{ch recruits inflammatory monocytes to the colon) and TNF
(117) While L. reuteriwas not able to outcompetéC. rodentium.there was adecreased
translocationof the pathogento the spleen, probably due reduced loosening of the tight
epithelial junctions(117) L. reuteriwas also tested for its ability to reduce inflammation in the

Gl tract. A mixture of fouk. reuteristrains was found to protect mice against dextran sodium
sulfate (DSSnduced coliis (118) More specifically, administration of reuteriR2LC, JCM 5869,
ATC PTA 465thd ATCC 55730 prior to and during the DSS treatment showed a protective
effect, by significantly reducing mucosal damage inlthetobadli-treated mice. In addition, p
aStSOGAYS I LINRPGSAY |aa20AF0SR gAGK O2ft AGAA

Lactobacilltreated mice, whereas it was significantly elevatedSSreated mice(119)

Other strains oL. reuterihave shown potent activity againgtfectious diseases in preliminary
experiments conductedn vitro or in animals. For example, the human strainreuteril22
produces bacteriocins that kill and inhibit the growth of methicitlsistant Staphylococcus
aureusin vitro (120) Reuterin, one of taL. reuteriL22bacteriocinsproduced, can reduce the
growth of Salmonella pullorumPATCC 912id vitro, whileL. reuteriATCC 55730, another reuterin
producer,exhibits a protective rolein a Salmonellanducedpullorum digase model chicken.
However,L. reuteriL22did not improve the survival of chicken in the same study, suggesting
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that the protective role ot. reuteriATCG5730 could not be attributed to reuterin exclusively
(121) Table2 summarises some of the studitsstingL. reuteristrains as a probiotic in various
diseases, ranging from infectious diseases to genetic disorders. The resultssefstueies
suggest that.. reuteristrains have artinflammatory properties, as in most cases they attenuate

immune responses.

Table2 Summary of studiesn thein vivoprobiotics effects of.. reuteristrains

Strain Host Condition Outcome Ref
L. reuteriDSM 17938 Human Infant colitis Reduction in crying time (111)
L. reuteriATCC 55730 Human Cystic fibrosis Reduction of pulmonary (113)

exacerbations, reduction of
upper respiratory tract

infections
L. reuteriRG14, Human HIV infection  No effect in white blood (114)
L. rhamnosus$sR1 cells, increased CDéells,

reduction of clinical
diarrhea and nausea
L. reuteriDSM 17938 Human T2Diabetes No change in glycated (122)
haemoglobin,
improved insulin sensitivity
in a subset of participants

L. reuteriDSM 17938, Human Helicobacter Reduced side effects, (123)
L. reuteriATACPTA 6475 pylori infection reduced gastridl7,
increased rate of
eradication
L. reuteriDSM 17938 Mouse Necrotising Increased FoxpgJegcells, (115)
enterocolitis reduced LPgduced gut
inflammation
L. reuteriATCC 23272 Mouse C rodentium Decreased translocation of (117)
infection/stress C. rodentiunto the spleen,
L. reuteriR2LC, Mouse DSSnduced Reduction of mucosal (118)
L. reueri JCM 5869, colitis damage, normal expressior
L. reuteriATC PTA 4659, of p-selectin
L. reuteriATCC 55730
L. reuteriTB-B11 Mouse Ovalbumin Reductionof diarrhea, (124)
induced food  reduction of ovalbumin
allergy specific IgE titre
L. reuteriATCC 55730 Chicken Salmonella Increase in survival rate of (121)
induced the modelorganism
pyllorum
disease
L. reuteriL22 Chicken Salmonella No significant protective (121)
induced effectin viva
pyllorum
disease
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Although the exact mechanisms underpinning the health promoting effedts rfuteriremain
undefined, immunomodulatory effects and thability to colonise the human intestine are

considered agey elements ofhese properties

1.3. Lactobacillus cell surface: role in adhesion to the host

The ability of gut commenshhcteriaand probiotics to colonise the host is one of the key steps
in symbosis and health promotior©ne of the mechanisms mediating a specific interaction with
the host isvia specific surface structuresuch as exopolysaccharides (E&®) cell wallor
surfaceproteins(Figure4), which canbind to components of the epithelium, the mucus or the
extracellular matrix (ECM), depending on tiiehe the bacteri@olonisein the Gl tractln Gram
positive bacteria,ieseproteins are anchoredn the peptidoglycan (PG) layeria specific cell

wall anchoring domains, or the cell membrane (CM), through lipid modificaiéigare4).
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Figure4 Architecture of the surface dfactobacillspecies. The cell membra€M)is protected by a thick layer of
peptidoglycan(PG)covered with exopolysaccharidéEPSpand surface layer proteingidhesins and other surface

proteins are anchored onto the PG layer by various domains such as SH3 and LysM, as well as LPxTG motifs. Wall
teichoic(WTA) and lipoteichoic acidd_TA)re bound onto the PG and ti@&V, respectively(125)

1.3.1. Exopolysaccharides

EPS are high molecular weight carbohydrate polymers that are produced by bacteria and
secreted io their microenvironmento form the EP$ayer. They have diverse composition
even within the same specieand rangein sizefrom 10 to 1006kDa(126) The EPS layer is a
multifunctional structure involved inbacterial aggregation, as well as adhesion to the host,
among othemiologicalroles.EPSs believed to plagither adirectrole in adhesion bycting as

a ligand that mediates adhesion and-aggregation or indiredy by holding surface proteins in
place (127) Bacterial aggregation can alemhance adhesion to host tissuby increasing

hydrophobicity(128) However,in somecases EPSemovalcanlead to enhancedadhesion
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which may result from exposure giroteins involved in adhesiorio the microenvironment
(129) For instance, mutants dfactobacillugohnsoniithat do not produce EPshowed greater
biofilm formation and adhesion to chicken gut explardascompared to the wiletype strain,
probably due to expage of hydrophobic components deir surface(130) Similar results
have been observed with the pathogetreptococcugpneumoniae where removal of the
capsular polysacchae led to the exposure dectins thatwere responsible for agglutination of
human red blood cell§131) These seeminglycontradicting results suggeshat there are
different mechanismsn bacterial adhesion and aggregation, waéfPS may favour or impede

cellcell interactions.

1.3.2. Teichoic acids

Walkteichoic acidWTA)and lipoteichoic acidLTA)are cell wadlglycopolymers characteristif
Grampositive bacteria(132) WTAIs attached to thePGlayer wheread TAis anchoredviaa
lipid moiety to the cell membranél33) BothWTA and LTAave been implicated in adhesion
of pathogenic bacteria to host tissue, and specifically to scavenger receptoiGigpe lectins
expressed on the surface of macrophages, dendritic cells and epithelial tissue of tHé3R)st
An early study bysranato et al(1999)showed that treatment of Cae@ cells with pure LTA
decreased binding df johnsoniito the cells (134) suggesting direct interaction between LTA
and the cells This interaction between LTA and C&aells may be mediated bthe
carbohydrate component of LT@vhich could also be found on other glycoconjugates)bgr
the lipid moiety, which could also be involved in other functions (e.g. profiotein
interactions) by occupying hydrophobic pocketdowever, anore recentstudy also suggested
that LTAmay bediredly involved in adhesion, dsisteria monocytogenethat lacked the B
alanine modification of LTAdhered inadequately to Ca&bcells, compared to the wiltype
strain(135) Despite the originaliewthat LTA only hdwan indirect role in adhesiornthesedata

suggest that imay bean important contributorof bacteria adhesion to host tissue.
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1.3.3. Cell surface adhesins
Surface proteins, such as adhesins or lectins, are an impactass ofcell surface molecules
that are involved iradhesion ofjut bacteria to the host tissuyeespecially the gut epithelium and

mucus layerby interactingwith host proteins oglycoconjugtes

The mucus layelis a thick mixture of glycoproteins (mainly mucinsjimunoglobuling
antimicrobial peptidesindother intestinal proteins, lipids and electrolyté$0), covering the Gl

tract. Many bacterialadhesinshave been experimentally shown to bind mucus components
such as mucins, mucin glycans or immunoglobuy#@3 These include moonlighting proteins,
surface appendages like pili and flagella, as well as specialized surface adhesins that bind to host

tissue components (summarizedTable3).

Table3 Summary of the main characterised adhesinkaotobacilluspecies

Adhesin Organism Ref.
32-Mmubp L fermentumBCS87 (136)
CmbA L. reuterdCM1112 (137)
DnaK L. agilis (138)
EFTu L. johnsoniLal,L. reuterdCM1081 (13%¢141)
Enolase L. johnsonii, L. agilis (138)
FormytCoA transferase L. johnsonii (138)
GAPDH L acidophilusL. plantarum (142¢144)
GroEL L. johnsoniLal (145)
Lam29 L mucosaeME340 (146)
Lar_0958 L. reuteriMM4-1a (247)
MapA L. reuteril04R (148)
MBF L. rhamnosu&G (149)
Msa L. plantarumWCFSL (150)
Mub L. reuterj L. plantarum, L. acidophilus (151¢157)
Peptidase C1 L. johnsonii (138)
phosphofructokinase L. johnsonii (138)
Phosphoglycerate kinase L. agilis (138)
Phosphoglycerolmutase L. johnsonii (138)

Pili L. rhamnosu&G (158)
SRR L. reuteri(pig and rodent isolates) (109,159)
Triosephosphate isomerase L. johnsonii (138)
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1.3.3.1.Moonlighting proteins

Moonlighting proteins are proteins with more than one functions. Many moonlighting proteins
that have been experimentally shown to bind mucus have no apparent mucus binding domains
or a signal peptide necessary for secretiBlongation factor Tu (EFu)is a wellstudied example

of moonlighting proteins involved in bacterial adhesion to the host tissue. Its primary role is
believed to be in the translation of MRNA, where it carries the aminetB&NA to the ribosome
(160) However, studies have shown its involvement in the formation of bacterial cytoskeleton
(161) as well as to adhesion to host tiss{189,140,162)In particular, EFfu was found to be
upregulated whenLactobacillistrains were grown in presence of mucin and solubleT&F
inhibited binding ofLactobacillias well asE. coliand Salmonellaentericastrains(163) In ®me
cases though, EFu may be masked by EPS, thus its contribution to adhesion is li(hi&)
EFTu fromL. reuteriJCM1081 was found taind tomucin sulphated glycar{41) Other similar
examples of mucin binding, moonligihg proteins includehe heat shock protein GroKL45)

the enzyme GAPDf43) enolase and DnaK, aiff which can be found both intracellularly and

on the bacterial surfac€l25,138)

1.3.3.2.Surface appendages

Pili and flagella are large polymeric proteins that form long surface structures which are involved
in bacterial adhesion. Although rare Brampositive bacteria, pili have been identified in
Lactobacillus rhamnosusG where they confer binding to mucy464)and are predicted to

exist in otherLactobacillispecies based on genomics analys@®5) Flagellar proteindave

been extensively studied in pathogens but not in commensadteria For example, flagellar
proteins of the enteropathogenic and enterohaemorrhadic colias well as those of
Campylobacter sphave been shown to be important components of adhesion tethissue
(165,166) A fewLactobacillspeciesave the potential to produce flageNehichcan induce pro

inflammatry responses bthe host(167) but their role in adhesioremairsto be elucidated
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1.3.3.3.Cellsurface adhesins

Thisgroupof adhesingontains proteins that have been primarily characterized for their ability
to bind components of the host tissue, suchcadlagen, fibronectin and mucu$he Collagen
Binding Protein froni. reuteriNCIB 11951168)andL. crispatusCM 581(169,170) as wdl

as Fibronectinbinding protein A (FbpA) frorh. acidophilusNCFM(171) and Surface Layer
Protein (SIpA) fronk. brevisATCC 828{L72)are examples of this grouphe latter comprises
the majority of the bacterial surface protein load and plays key roles in aggregatidriratidg

to mucusor ECM(125,173)

Many adhesinsare cell surfacebound; theyinclude a signal peptide at the-ftdrminus that
directs their secretionby specialized secretion systemas well as a -@rminal celiwall
anchoring motif through which they are covalently bound onto the cell iyadipecific enzymes
called sortase¢174) Lar_0958 fronL. reuteriMM4-1a is such a protein, containingYs&5IRK
signal motif at the Nerminus, as well as a LPXxTG anchoring motif at #eer@inus. This protein
family was recently identified as major adhesin ofiumanL. reuteriisolates(147) In addition

to the signal and anchoring motifs, these proteins were shtavoontain a varying number of
repeating domais, the presence of which correlates with the capacityh& microorganism to
adhere to mucus. The crystal structure of this repeat showed structural similarities with
internalins fromL. monocytogenesproteins that are suggested to mediatelhesion to the Gl

mucus(147) Other examples ahajorcellsurface adhesinsom Lactobacillare detailed below.

1.3.3.3.1. Mucus binding protein

MucusBinding proteins MUBs) containing Mub repeatbave been identified primarilin lactic

acid bacteria(125) and are more common in those colonizing the Gl trg&é65) no mucus
binding protein has been identified in foaterived Lactobacilli(31). MUBsssesfrom L. reuteri

ATC@®G3608 is one of the most studied examplesrafcus adhesingl54) It is a high molecular

weight protein thatconsists of sitype 1 Mub (Mubl) repeats anaighttype 2 Mub repeats

39



(Mub?2), based osequencehomology Each repeat ifurther dividedinto two domains, a mucin
binding(MucBP) domaiand an immunoglobulin bindingdg-binding protein) domain(155,156)
(Figure5). The Mub repeatgnediate bindingto mucin glycans, through interactions with
terminal sialic acigl52,156) and immunoglobuling a nonantigenic manne(155) In addition,
MUBszs0s presentsa Gterminal LPXTG anchoring motdnd an Nterminal secretion signal
peptide. MUBszs0shas the shape of a long, fibfike structure of around180 nmin length and
forms appendices similar to pili founeh pathogenic and, more rarely, other commensal
bacterial species. This elongated structure afidar the exposure ofall 14 repeats, each of
which has the capacity to bind onto mucus componeiitss isproposed to allow the bacteria
to firmly adhere totheir host in contrastto many pathogenic adhesinghich only show
adhesion capacity at the-drminal tip (156). In addition, MUBszs0s Was recently shown to
interact with elements of the immune system vitro, as it elicited immune responsdsom
monocytederived dendritic celldeading toincreased levels of primflammatory cytokines and
CD83175) Proteins containing one or more copies of MucBPs have been identified across most

species of the.actobacillugienus, as well as proteins containivgib repeats(40).

' D Ig binding domain

‘ ‘ MucBP binding domain

|Looeoooooouoooo

IIII Mub1 Mub2 Mub1 N-term

Figureb Graphic representation dflUBszgosfrom L. reuteriATCC 53608&ix Mubl aneight Mub2 repeats comprise
MUBs3s08 Each repeat hasvo domains, an Ig binding domain at thet&minus and a mucin binding domain (MucBP)
at the Gterminus Adapted from(156)

1.3.3.3.2. Serine rich repeat proteins
Another recently identifiedype of adhesinin Lactobacillibelongs to the serineich-repeat
protein (SRRP¥amily. This protein family was originally identified @rampositive oral

pathogenic bacteria, such ageptococciand staphylococci(176¢179), where it was shown to
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be important foradhesion to host tissuand virulencg180) As a resultnost ofour knowledge

onthese adhesing derived fronstudies conducteavith SRRPs fropathogenic specie§hese

include SraRrom Staphylococcus aure@OLSrrl and Srr2 fror8treptococcus agalactiddCTC

10/84 and COH1, respectively, Hsa fr8ineptococcus gordoridL1, GspB fror8treptococcus

gordonii M99, Fapl fromStreptococcus parasanguinidV213 and PsrP froi8treptococcs

pneumonia€el IGR4summarised irmable4).

Table4 SRRPs from differemicroorganisms and their binding substrates

Origin SRRP Substrae Reference
name

Lactobacillus reuterf00-23 SRR Forestomach epithelium (203)

Staphylococus aureusCOL  SraP Surface molecules of bloo (181)
platelets

Streptcoccus gordoni99 GspB Human salivary proteins (182,183)
glycoprotein 1b

Streptococcus agalactia¢ Srrl Platelet fibrinogen (177,184)

NCTC 10/84

Streptococcus agalactia¢ Srr2 Fibrinogen (184)

COH1

Streptococcus gordonbL1  Hsa Sialic acid containing MUC (131,182)
human salivary proteins

Streptococcus parasanguini Fapl Saliva coatedooth model (185)

FW213

Streptococcus pneumonia PsrP Keratinl0, BRsgy extracellular (186¢188)

TIGR4 DNA

Streptococcus salivariu: SrpA, SrpB Epithelial cells (SrpB), EC (189)

JIM8777 SrpC proteins (SrpC)

The sr geneencoding SRRPBIlocated ina genomic island that encodes for proteitat form

an accessory secretion system, dedicated to the glycosylation and secretion Bf BiRR

secretion system typically consists of two translocases, 5£8e8Y, three to five accessory sec

systemproteins(Aspl1-5), and a variable number gfycoyltransferasesranging between two

to eight(190,191)

The SRRPs almmposed oflistinct subdomains: aleavable andinusually long signal peptide

which, in some cases, is followed byaanineserinethreonine rich (ASThotif, a short serine

rich repeat regiont

OAYRAY3 NBIAZY

0 | duat@ its iinyistiad gbmpositiond 6 | & 7
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of basic amino acigsa second and much larger serine rich repeat region, and a cell wall

anchoring motif{Figure6) (192)

,| Canonical SecA1-SecYEG-
mediated export

+-charged Hydrophobic Cleavage site

N terminus core
f r 1

¢ G GG

‘ - - ‘ Mature portion
Signal peptide

SecA2-SecY2-
mediated export

Figure6 Schematic representation of the SR&main organisation. There is an unusually long signal peptide that
blocks secretion from the canonical SecA system, followed [afeanineserinethreonine (ASJ domain and a short
serinerich repeat region(SRR1)The binding regiofor basic regionBR is followed by a second, larger seririeh
repeat domainSRR2and thecell wallanchoring motifCWA)LPXTG is fourat the Gterminus(193)

Substrates for the various SRRePmracterised to datenclude a tooth surface model for
streptococcal Fapand staphylococcal Srg®85,194) which implies its importance in dental
diseases&ch as caries and periodontitithe platelet surface for the staphylococcal SraP, and
the streptococcaHsa and Gsp@.81,183195), sug@sting a role in transport theart valves and
bacterial endocarditis, as well as various keratihat can be found in the lung®r the
pneumonococcal St and PsrR(177,186,188) In addition, SrpB and SrpC from the lora
commensalS. salivariugiIM8777 were found to specifically bind to epithelial cells and ECM,
respectively, suggesting a role in colonisation of the oral ci/89) The binding or the SRRPs

to their substrates is mediated by the binding regi®R) However, different substrate
specificites can be observed within the same BR domain. For instance, PsrP was shown to bind
keratin 10 in mice lungs, as well as other PsrP molecules to promote aggregation, but different
regions in the BR domain were responsible for eabtéraction (188) While binding of PsrP to
keratin-10 is not glycan mediated, it was found to bind various Lewis blood group related glycans
in a sialic eid independent mannef131) further suggesting different binding specificities for a

single BR region. Strikingly, in addition to protein and carbohydrate substrates, PsrP was found
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to bind extracellular DNA during biofilm formaii, which greatly expands the nature of
substrates this protein binds onto, using a single BR doifid@i) Pyburn et al(2011)also
observed distinct binding domains within the BR region of GspBrhy &rystallography196)
supporting the idea that there may be diffetebinding sites in a BR domailm addition,
defective glycosylation of SRRPs also leads, in many cases, to impaired binding of these adhesins
onto their respective substrates. This suggests that the glycans have a role in adhesion, either
by mediating glycamprotein interactions, or by contributing to proper folding and stability of the

adhesin.

The mechanism of secretion of SRRPs is not yeufullgrstood, and seems to vary slightly from
one organism to another. The two translocases along with the Asps are important for the export,
as Secfand Secxform the channel through which SRRP is secrdtgglue?). Deletion of either
secAor secYleads to accumulation of GspBStreptococcus gordor{iL80) but the deletion of
secY in Streptococcus parasanguirdg not fully abolish Fapl expoft97) SecAwas shown

to interact with GspBiathree glycine residues found in a hydrophobic region of tiHermhinal
signal peptide to mediate secretion, and when these residues are mutated terpours
through the canonical SecA systéi®8) In addition, SecAvas found to readily interact with

the N-terminal of the AST motif, but interaction with thet€minal of the same motif occurs
only when the Asps are presefi99) Deletion of any of thespgenes results in the defective
export of SRRR200) showing the importance of these proteins in the secretion process. Asp3
appears to have a central role in the coordination of the export machinery, as it was found to
interact with theother Asps, as well as with SeeAd SRRR01,202) The interaction with SRRP
occurs in the SRR regionsiop to complete glycosylation, so mutationsasp2or asp3also lead

in altered glycosylation of the SRRP7,202,203)It was recently shown that in addition to its
role in export of GspB, Asp2 is also an acyltransferase taae@lates GIcNAc residues found

on the adhesi(204) However, the role of Asp3 in glycosylation remains elusive. Interestingly,
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secretion of SRRP through the Sg¥Asystem does notebend on the glycosylation of SRR, but

this modification blocks export through the canonical SecA sy£26%)

Cytoplasm ATP

C000000000000C
CM

X X000

SecY2

Figure7 Predicted model of the SeglX, export mechanismAsp13 (purple) targetSRRPs (blactq the accessory
SecAprotein (red). During the translocation proceksough the SecYchannel across the cell membrane (CRg2
and3modifythe glycan composition and complete the glycosylatioBRRP@rown dot). A signal peptidasé€SPask
cleaves the signal peptide adapted frd206)

To date,secA/Y: clusters have been identified in the genomes of varibastobacillus species
(159) In L. reuterj the clusterhasonly be found in isolates of murine or porcine origins, and it
appears to babsent from isolates of human orig{h03,159) The clustein the murine isolate

L. reuteril00-23 is crucial foradhesion of the bacteria to the forestomach epitheliwhthe
murine Gl tract as shown by colonisation experiments in mice withreuteri100-23 and
mutants lacking putative adhesinglutants lacking the ecA gene showed defective adhesion,
whereas mutants lackingrrshowed the most reduced colonisation, compared to other putat

adhesing109)tested

1.4. Protein g lycosylation

Proteinglycosylationj.e.the covalent attachment of a carbohydrate moiety onto a proteim, is
highly wbiquitous protein modificatiorin nature and considered tdarget the most diverse

group of proteinsascompared to other postranslational modificationsRTM)(207) Although
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it was originally beliewdto be restricted toeukaryotic systemsnd later to archaeait has
become apparent nowadays thptotein glycosylatiois a common feature in all three domains
of life. In fact, it is now believed that at least 70% of eukaryotic and 50% of prokgryatiins

are glycosylated byosttranslational modiitation (208)

1.4.1. Mechanisms of protein glycosylation

Protein glycans are secondary gene products, as they are synth@siaewtemplate manner

by the sequential action of multiple enzymes, caltfgicoyltransferasegGTs)(209) These
enzymes transfer morgaccharides froractivated sugar nuelotides (donor) onto a lipid carrier,

or the target protein (acceptors). The nature of the primary acceptor defines the glycosylation
mechanism that each species has develog&e distinctglycosylation mechanisms have been
identified to date In the firg one, the glycan is first synthesized onto a lipid cafikdichol in
Eukaryptes and undecaprenol irProkaryotey, and then transferredas a wholeonto the
acceptor protein.In the second mechanism, the glycans are built directly onto the acceptor
protein. InEukaryotesin most cases, an initian blooglycosylation occurs, followed by further

extensionof the glycans directly onto the protein.

Of the 20 amino acids found proteins, onlysix of these have been found to accommodate
glycans with asparagine (Asp, N), serine (Ser, S), threonine (THigiigthe most common

ones whereas tyrosine (Tyr, Y), cysteine (Cys, C) and tryptophan (Tgmd/gjutamine (Gln,
Q)haveonly been identified as glycosylated in very few and specific cases. On these amino acids,
the glycans can be found on the nitrogen of #hepor Glnamido group(N-linked glycans), the
oxygen of the Ser, Thr, or Tyr hydroxyl groudif®ed glycans), theulfur of the Cys thiol (S

linked glycosylation) or the C2 of the Trp indol ring.

1.4.1.1.Protein glycosylation inEukaryotes
Protein glycosylation in eukaryotic systems is a process that occtrarsdationally, as well as

posttranslationally andcan be eithe N- or Olinked. Nglycosylation begins the endoplasmic
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reticulum (ER)where sixGTsatalyse the synthesis tife core MannoseN-acetytglucosaming
(MansGIcNAg) on dolichylpyrophosphateon the outer membrane of the ERlansGICNAgis
then flipped towards the ER lumen and expanded by four Man and three glucose (Glc)
molecules. The complete GldansGIcNAgglycan is then transferred by the Stt3b active subunit
of the oligosacchantransferase (OST) complex onto the asparagine of the haghigerved
consensus sequalspXxxSer/Thr(where Xxxcan be any amino acid, other than prol)rf210)
The glycoproteins are thesubjected to further modications by two ER-glucosidases that
remove theGle, and sometimes bgn" -mannosidase that removes one or two mannose units.
Up to this point, the glycans serve as quality control markaisfolded proteins aréagged for
ERdegradation,whereas folded proteins ar&ransferred to the Golgi apparatu3.here, the
glycans are further trimmed by mannosidases down to MEoNAg and then extendedvith
galactose (Gal)N-acetylgalactosamine (GalNAc), or GIcNAc and capped witrcdyt
neuraminc acid (Neu5Ac) and/or fucose (Fuo)yield complex MNylycans(211) (Figure 8).
Mammalian systems other than humans can also cap the glycans usgjlygdlytneuraminic
acid (Neus5Gcyvhereas yeasts generalixtend the glycans with mannose only, yielding high

mannose structure§212)
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Figure8 En blod\-glycosylation ifukaryotes The core glycan is synthesisadthe cytosolic side of thendoplasmic
reticulum(ER)flipped over to the ER lumen and transferred onto the acceptor protein before it is translocated to the
Golgi apparatus where the glycan is furtmeatured (213)

O-glycosylation(often referred to asémucintype O-glycosylatiog) takes place in the Golgi
apparatus(214,215)andis characterized bthe synthesis of the glycachaindirectly orto the
acceptor proteinby the sequential action of multipléTs (Figure9). The process igitiated by
the addition of am -GalNAdo a Ser or Thr residu@nantigen) which, under normal conditions
is extended by i -1,3-Gal (Fantigen). As an exceptiothe Tnrantigencan be extended biy-
1,3Df Ob! O 0 O23NFINAC chare S Nitestinal epithelial cell§216) The T-antigen
and core3 (GIcNAt-1-3-GalNAh) structures are further elongatedr branchedwith Gal and
GIcNAc, and capped with Fuc or Neusghmilarly to Nglycans Core Structurescan be capped
by anh-2,6-Neu5Aq214) In disease states, such as cancer, theafid Fantigens may not be
extended, orimmediately capped with sialic acid, generating siahdr sialylT-antigeng(216)
While no consensus sequon has been identified fgly@osylation (in contrast to the-XS/T

sequon in Nkglycosylation), there is evidence that the primingadtetyth -galactosaminyl
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transferaseshows a preference forhr over Seresidueswhile glycosylation is favoured by the
presence of a prolinelose to the glycosylation site and may be inhibibgetharged amino acids

flanking the glycosylation sii@14)

GalNAc _) Normal pathway
Gal -
Additional pathway
A Fuc ) in Gl tract a
Il GlcNAC ’ Glycosylation in
& NeuSAc cancerous cells UDP-
r\‘ Protein <
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Figure9 Mucintype protein Qglycosydtion in Eykaryotes. EacBT extends the glycan directly ont the acceptor
protein to generate diverse carbohydrate epitopes (adapted f{@d6). Core structures are shown.

To summarise, proteiN-glycosylation irEukaryotestarts during protein synthesis in the ER by
the addition of the preassembled core fdlycans on the asparagine residue of the sequeé N
S/T. The glycans mature in the Golgi apparatus, whegly€bsylation also takes place, by
sequential addition of momsaccharides to the extendingygan, directly onto the acceptor

protein. A limited number of monosaccharides are employezlikaryotic protein glycosylation,

48



including Glc¢ Man, Glc (only in the premature-gdycans), Gal, GalNAc, Fuc, and Neu5Ac or
Neu5Gc. Additional modifications, such as addition of sulfates may occur under certain

conditions(217,218)

1.4.1.2.Protein glycosylation inbacteria

Protein glycosylation ibacteriashares several similarities with that &fikaryotes, but also
shows somesignificant differences. Similar to eukaryotic glycosyfatizacterialglycoproteins
can bemaodified primarily on Asp ({@glycosylation) or Ser/Thr (§lycosylation)However, n
contrast to eukaryotic glycosylation, wheregh/cans arepre-assembledonto a lipid carrier
before beingtransferredonto the acceptoiprotein and Gglycans are synthesized directlyton
the acceptor protein, bacterial glycosylatiosi more diverse, both interms of mechanisms
employed, as well as in the nature of the carbohydrates ukedddition, while glycosylation in
Eukaryotesoccus co, as well as postranslationally, glycosylation ibhacteriais believed to

occur posttranslationally

1.4.1.2.1. N-Glycosylation: The Campylobacter jejunparadigm

The first complete glycosylation system ever identified in bacteria, and indeed the most well
studied, is that fronC. jejuniC. jejunB1-176harbours a protein glycosylation clusiggl)of 13
genes(219)that are responsible for the glycosylation of various protdi2®0) These genes
encode i)enzymeghat synthesise bacilosamine (2Hacetamide2,4,6trideoxyglucose) found

at the reducing end of the glycaii) GTsthat are involed in the production ofi KS 3f-& Ot y
GalNAg1,4) h-GalNAg1,4) ®iGle(1,3)]- h-GalNAg1,4) h-GalNAe(1,4) h-GalNAg(1,3)h -
diNAcBag on undecaprenephosphateii) a transporterthat flips the glycan to the periplasm

andiv) an oligosacchantransferase (NOSTase) that glycosylates the target prot@h9)(see

FigurelOA).

This system resembles the eukaryotiglcosylatiorpathway,as the glycan is synthesizedton

a lipid carrier, beforéeingflippedacross a membrane and transferredbloconto the acceptor
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protein. In addition, PglBthe NOSTase, is homologous to the Stt3b subunit that glycosylates
the newly synthesised proteins in the EREnfkarptes and, as suchit recognizes a similar
consensus sequgralthough extended to Asp/GllyrAspXxxSer/Thr(221) This may reflect

the fact that the glycosylation site of unfolded proteinsemkaryotic systems are more flexible
and, thus, readily accessible by theO$Tase, whereas fully folded bacterial proteins are more
rigid and require this extended sequon to better expose the glycosylation site toTRgtByas
shown inin vitro glycosyation reactions were PgIB was used to glycosylate ndfivéejuni
glycoproteins or bovine ribonuclease A. PgIB had greater affinity for the native substrates,
compared to folded RNase A, lduld glycosylatenfolded RNase A as efficiently as the native
proteins (222) Homologues of PgIB from other organisms, however, have been shown to
possess a more relaxed specifidibwards the acceptor peptide, yet retaining the requirement
for the AspXxxSer/Thr motif(223) PgIB has been shown to haaeelaxed specificity towards

the oligosaccharide it can transfgt24,225) The nature of the monosaccharides does not seem
to restrict transfer, as heterologous expression and glycosylation systems have been used to
modify proteins even with eukaryotike glycang225) The length of the glycan is nstrigent
either; transfer of longer or shorter glycans has been achieved in cases waertgenderived

glycans were used for protein glycdsyion (224)

Homologues oPgIB, the key enzyme ofishiN-glycosylation systerin C. jejunj arepresent in
most1 - ands- proteobacteriaanalysed to dateHowever, the organisation of thduster varies
between species and straina terms of the number of genes and in particular the GTs
expressed For examplesomeCampylobacteand Helicobacterspeciescontain two putative
copies ofpglB whereas theogl cluster inHelicobactecanadenss MIT98-5491is split between
multiple loci(226) H. pyloriseems to be an exception, as it lacks all homologues fronpghe

cluster and, to date, no {glycosylation has beedentifiedin this specie$227)
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In addition, as this type of glycosylation takes place in the periplasm, and requires flipdieg of t
lipid-linked glycan acrosthe inner membranethis Nglycosylation systenhas not been

identified or predicted to exisin anyGrampositivespecies.

1.4.1.2.2. Alternative N-glycosylation iny - and r -proteobacteria

Ly O2y NI &l enbBcN-glycsylatich 8ystifeuhdfiniCampylobacteand othert -
and 8- proteobacteria(as described abovg)a different Nglycosylation systenhas been
reported in / -proteobacteria.ln particular, HMW1, an adhesin iflaemophilugnfluenza(Hi),
was found toundergoglycosylaibn in the cytoplasnby HMW1C with one or two hexogglex)
molecules at over 30 sitg228) In contrast to other glycosylatiosystems, Were one enzyme
is responsible foaddng the initial monosaccharide and other enzymes act to elongate the
glycan,HMW1Ccan perform both tasks,e. form an Nbond between the firstHexand the
acceptor protein,and extendthe glycan byforming an Oglycosidic bond with a secortdex
(229)(seeFigurel0B). Based on itamino acicsequence, the enzyme étassifiedas aGTfamily
41 o the Carbohydrate Active Enzymes (CAZy) datafvasgv.cazy.ord (230) which contains
almost exclusively Qlycog/ltransferases (231) HMW1C recognises the same -XS/T
consensus sequence required for the typical eukaryatiprokaryotic Nglycosylatiorprocess
with a single exception in the native sutze HMW1 in which the consensus sequeragpears
to be reversed T-FN-V-E) (229) It is still unknown, however, if HMW1C is itwaxd in the
glycosylation of other proteins, or if it isolely dedicated to the modification of HMWL1.
Regardingts sugarspecificity the enzymewas shown to initiate glycosylation widither Glc or
Gal but the glycan was further extended with Glc or Gal only when Glc wanitiating
monosaccharid€228) Thisis in contrat to other N-glycosylation systems were the reducing

sugar is &N-acetylhexosamineHexNAL

HMW1Clike proteins are predicted to exist in many families eand - proteobacteria(231)

Some of hem are clustered closely with predicted adhesins similar to HMW1 and translocases,
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suggesing that the adhesins may be the target proteins, but othdrave no apparent
glycosylation targets (231) Of these, HMW1dke protein from Actinobacillus
pleuropneumoniadAp), Kingella kinga@nd Aggregatibacter aphrophilusere experimentally
shown to possesafunctionsimilarto HHMW1C. Most importanthyApHMW21Clike protein was
shown to havearelaxed specificity towards the glycosylation site, which also incl&deor Gin

residues(232)
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Figure10 N-glycosylationpathway in Prokaryotes. A) Then blocglycosylation system i€. jejuni Synthesis of
diNABac is mediated by the enzymes PgIFED. The heptasacchasdensbled onto udecapnel-phosphateby the
GTs PgICAJHefore flipped to the periplasmic spabg Pglkand transferred onto the target proteiby PgIBB) The
sequential Nglycosylationsystemin Haemophilus influenza HMW1 is glycosylated in the cytoplasm by HMW1C,
and is then secreted through the SecYEG and HMyli&Bnelq233)

1.4.1.2.3. N-glycosylation inmycoplasmas
Whilethe family of enzymevolved in cytoplasmibl-glycosylatiorappears to be restricted to

limited classes ozramnegative proteobacteria,similar glycosylation mechanisms cannot be
excluded fromGramypositive bacteria In fact, evidence for {glycosylation ilmycoplasmas
specieshas emergedMycoplasma are Grampositive bacteria with a unique surface structure.
In a recenstudy,Asn and Glnesidues ousideof the N-glycosylatiorconsensus sequence were
found to carry a single Har Mycoplasma pulmonis and Mycoplasma arthritighich could
suggest a similar glysglation mechanism to that found iH. infuenzag234) However, no

intracellular glycoproteins could be identified, suggesting that this process takes place
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extracellularly. In addition, it was shown that the bacteria could use frigesdccharides from
the growth media, without the need to synthesise glycans internally to faseprotein

glycosylation(234)

1.4.1.2.4. O-glycosylation in bacteria

Similarly toEukaryotesbacteria also have mechanisms to perforagl@cosyléion by modifying
protein targets with glycans o8eror Thrresidues and, likeprokaryotic Nglycosylation, two
mechanisms have beeientified: either en bloctransfer of a preassembled lipidinked
oligosaccharide, or modification of the acceptor miotdirectly, by the sequential action GfTs
(235) In thefirst case the mechanism is identical to that of thegdliycosylation syem, i.e.the
glycan is synthesised on undecaprenol, the lipid carrier found in bacteria, flipped over to the
periplasmic space and transferred onto the acceptor protein by the action of an O
oligosaccharyltransferase {OTase).In the second case, multplGTs act directly on the

acceptor protein to extend the glycan, using sugar nucleotides as donors.

En blocO-glycosylation

Several Grammegative species have been identified to harbour genes encoding O
oligosaccharyltransferase {OTase), includingNeisseia, Pseudomongs Aeromonas and
Burkholderia spf209) The most well studied example eh bloc O-glycosylation is that of
Neisseriggonorhoeae where PglQthe active GOTaseglycosylates multiple proteins with a O
acetylated (OAelalGaldiNAcBaq236¢238) Often, the GOTase utilises lipilinked glycans

used in Gantigen biosynthesi¢239) as in the case of PilO froRseudomonas aeruginosa
(240,241)and Francisella tularensi@42) In this case, the @ntigen subunit is built on an
undecaprenyl phosphate lipid carrier on the cytosolic side of the inner membrane, as in the case
of N-glycosylation, by the sequential action of a varying numbéTd Then it is flipped across

the membiane to the periplasmic space by the transmembrane flippase Wzx. AttHue

either the Qantigen polymerase Wzy forms a glycosidic bémdink two subunitstogether
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(243) or the OOTase uses the synthesised subunit to transfer the glycan onto a glycoprotein

(FigurellA)(239)
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Figurell O-glycosylation in Gramegative bacteriad) En bloc O-glycosylatiorof Neisseria meningitipili; after the
synthesis of the necessary nucleotidetivated monosaccharides, the glycan is assembled onto undecaprenol
phosphate, before flipped in the periplasmic space, where it issfiemed onto the target proteinB) SquentialO-
glycosylatiorof the C jejuniflagella;ithe glycan is synthesised directly onto the target proieithe cytoplasm, before

the glycosylated protein is secreted

As Neisseriaspecies lack @ntigens(244) their glycosylation clustersnay bededicated to
protein glycosylationBurkholderia cenocepasialso has an @lycosylation system that is
independent of the @ntigen biosynthesiand can transfer HecNA¢exNA-Hex moieties onto
acceptor proteing245) Most of these systems have been studiedtia context of flagellar or
pili glycosylation in thie respective orgasims, and it is not clear whether flagellar subunits are
the only targets of glycosylation. Recent studies have shown that ijly@sylatiorsystemsn

B. cenocepasiand N. gonorrhoeaeantarget multiple proteins(237,245) whereas PilO from
P. aeruginosavas found tatarget proteins other than pihs, when heterologously expressed in
E. coli suggesting that it could potentially glycosylatiher periplasmic proteis (246) TheN.
gonorrhoeagglycoproteins were found to be mdad in bw-complexityregions (LCRS), rich in
Ala, Serand Pro residueq237) suggesting there may be some structural features that are

identified by the GOTases, since no consensus sequence has been idertitieestingly, two
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O-OTases were ideffiied in Acinetobacter baylyADP1 one beingspecific to pilin glycosylation,

whereas the othepne could target several protein@47)

While the specificity of the enzyméowards the acceptor protein is not yet fully understood, it
is clear that @O Tases from different organisroan transfer a wide range sfigarsFor instance,
PglL fromN. meningitidisand PilOfrom P. aeruginos&an transfer, in addition to their native
glycans, theC. jejunglycan synthesised duringgdlycosylation, as well dse E. coliO7 antigen.

It is worth mentioning that while PgIL could facilitategfycosylation using glycans comprised of
more than three repeating units of the. coliO7 antign, PilO was not active when more than
two repeats were use¢R44) In addition,PgIL was also able to glycosylate a pilin subunit using
UDRdiNAcBac, but not UDBIcNAc or UDBalNAc, as donan vitro. However, thislonor is

not present in the periplasmic space, where this reaction naturally takes place, so it is considered
unlikely for this reaction to occuin vivo (248) Rutative OOTases fromBurkhdderia
thailandensisand Vibrio choleragdentified and expressed heterologousiere shown to be

active,when provided withthe right combination of glycan donor and protein acce@49)

O-glycosylation by sequential action of5Ts

In addition to theen blocO-glycosylation systems, many bacteria encedeymes that mediate
mucintype Oglycosylation, where the acceptor protein is modified intracellularly by the direct
action of apriming GT, followed byextenson of the glycan by the action of additional Glhsits
simplest form, the acceptor protein imodified by a single monosaccharide, with no further
elongation of the glycan, as the caseflagellar proteins fronC. jejuniand C. coliwhich are
modified bya singlepseudaminic acidPse)or legionaminic acidLeg)or their derivatives,
respectively (Figure 11B). In both cases, the genesoding for enzymes involvedn the
biosynthesis ad subsequent transfeof the sugaionto the protein are all located downstrea

of the flaAflagellin geng250,251)
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Examples of this @lycosyation mechanismhave also been described inrange of Gram
positive species. For example, strains @fdifficile glycosylate their flagella with two types of
glycans: Type A is composed of aBIONAc modified with a thviaa phosphodiester bon(rhr
P)and Type B of an-GIcNAc, extended with two rhamnose (Rha) molesubccasionally
methylated, and capped with a unique sulfonated peptidglosaming252,253) Glycosylation
with the Type A glycan is mediated by the actioa &T encodedby CD024({254) followed by

the addition of the preformed Thr-P at G3 of the GIcNAc moiety by CD242, before CD243
methylatesthe amine on the th{255) The synthesis of Type B glycans requires the action of
five gene productsGTlinitiates glycosylation by adding the reducing GIcNAc, GiEh@x the
glycan by adding two Rhasiduesand methylatingeither or both Rhawhereas GT3 adds the
non-reducing terminal peptidyinodified fucosamingwhich is synthesised by the action of
CDR20291 0245 and 02¢d552) In contrast toC. difficile, Chotulinumglycosylates its flagella
with a single hexuronic acid or Leg derivative per glycosylatiof2&& Bacillus antharaciand

the closely relatedBacillus cereuglycosylateheir spore protein with 3>-Me-Rhah -1,2-Rhah -
1,3-GalNA¢capped either with anthrose or cereose, respectively, sugars characteristic for each
strain (257) A distinct glyosylation system is founith L monocytogeneswhere the flagella is
modified on several amino acids by a single -linked GIcNA¢258). This is nexpected as it
resembles the cytosolic -GlcNAcylation mechanism that is involved in signalling pathways
(259) rather thanthe typical Oglycosylation pathways where the reducing sugar is most often

in h-configuration(see sectiori.4.1.]).

The accessory secretion system S#€€Aglycosylation pathway

As described abovél.3.3, several pathogeni&Grantpositive bacteria possess an auxiliary
secretion systemaSecA), in addition to the canonical SecA system. This system contains the
necessary genesncodingproteinsthat facilitate the expression, glycosylation and subsequent
secretion of serinegich-repeat containing proteins (SR# (for details seel.3.3. The cluste

also containsa variablenumber of GTsdepending on the micarganisms The most well
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studied SecA-mediated glycosylationsystem is that of Streptococcus parasanguinis
(191,205,260265) which shows some unique features, not found in other glylati®n
systems.In total this cluster contains si§6Ts First, glycosylatiorof Fapl, the SRRP &
parasanguiniFW213,is initiated by thecombinedaction of twoGTs GtfA and GtfB. These
enzymes interact with the acceptor SR&d with each other throgh a conserved domain
DUF1975 and mediate treddition of the reducing GICNAGLfA acts as the activ®T, whereas
GtfB interacts with the acceptor proteiactingas a chaperoné66,267) An enzyme previously
annotated asa sugar nucleotide synthase like protein (NSS) extends the glycadding a
glucose uni(thusthis enzymehasbeenrenamedGtfQ. dGTlcontainstwo distinct GTdomains
(DUF172in N-terminus, which is a recently described-BType glycogtransferase fold, and a
GTA typeGTfold in Gterminus (262) and creates a branching point by addingGicand a
GlcNAaesidueon Glc. GalT2 ad& Rharesidueonto the second glucose arte glycosylation

is completedby the addition of a Gleesidueonto GIcNAdy Gly(Figurel?2) (191)

Recently, the Seeh> glycosylation system frors. pneumoniad IGR4 was elucidatg@68)

This cluster contains teGTs Glycosylation of PsrP, the respective SRRP in this orgagism,
initiated bythe addition of GIcNé& by GtfA and GtfBGtfA was recently shown to belong @r
family 4, suggesting the addition of &RO-GIcNAc(267) Gtf3 catalyses the second step in
glycosylation by adding@lc unit, similarly to the Fapl glycosybat The third step is catalysed

by GlyD, GlyG or Gly&milarly to dGT1, GlyD is also composed of two GT domains: a DUF1792
at the Nterminus and a GT8 domain at the€@minus. GlyBurizeprimarily mediates the third

step in PsrP glycosylation by adglinithera Glcor a Galresidue When GlyG, a Giamily 2
glycoyltransferase, mediates the third steghe glycan is extended witBlc, whereas GIyE, a
GT8enzyme adds a Gaksidue These three enzymes, in addition to GIyA can also mediate the
fourth glycosylation step; in particular, GlyG can add an additional Glc to the extending glycan,
whereas Glybrg GIyE and GlyA can extend the glycan with a Gal residuepJaiylTan
contribute by adding either a Glc or a Ghalying the third glycosylation spg(Figurel?). So far,
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no adivity has been attributed to GlyB, GlyC and GlyF, although GlyB was shown to possess

hydrolytic activity against both UBBIc and UDI&al, whereas GlyF was more active against

UDRGal(268)
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Figure 12 SRRP Glycosylation mechanism of FapS$tieptococcus parasanguinBN213 (top) and PsrP i8.
pneumonia€TIGR4 (bottom). The adhesin is glycosylated inthalegly, by the sequential action of a number of GTs.
The glycosylated product is secreted through the S&6Axport machineryDuring secretion the signal peptide (SP)
is cleaved and Asp2 acetylates GIcNAc residues on the SRRPs.

Glycosylation of thés.agalactiaeSrr1 is mediated by th&Tsfound in the SecAY- cluster.
However, it shows great glycan heterogeneity and the role of &itls not yet understood.
Importantly, a novel modification was identified in the-&rglycan: some HexNAc residues also
carry an additional @cetyl group, probably on the-® position(269) This modification had
previouslybeen identified on GIcNAc in the peptidoglycan layer of vari@aeobacillspecies,
where it protects the PG from enzymatic hydroly&30) However, while OatB was responsible
for generating the @Acetylated GIcNAc (BcGIcNAc) used in the peptidoglycan, Asp2 was

found to modify GIcNAc residues on SRRP4)
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Recentlya functionalSecA/Y; clusterhas beeridertified in the oral commensa&treptococcus
salivariusJIM8777, which harbours genes encoding three SRRPs and fo{1r83) & contrast
to other studied SecAY, systems, GtfA and GtfB the cluster were not involved in glycosylation
of the SRRPs. Instead, two genetically linked GTs foutsetle of the cluster were shown to act
on the SRRPs, as well as other surface and secreted pr¢i&ays SRRPs in this cluster were
found to be glycosylated with-@cetytHexNAc, HexNAc and HexNAe&x residues, only in the
serine rich repeat regiond 89) in contrast to Srl from S. agalactiaen which glycopeptides

from the Nterminal domain were identified269)

Table5 SPPR glysglation in bacteria.

SRRP | Organism Glycans

PsrP | Streptococcus pneumonidéGR4 GleGleGleGIcNAC
GleGalGleGIcNAC
GatGleGleGIcNAC
GatGalGlcGIcNAc
Fapl | Streptococcus parasanguim¥V213 @ GlcGIcNAgRhaGIc}GlcGIcNAc
Srrl | StreptococcuagalactiacH36B N.D.*
Contain HexNAc,-ABcHexNAc, Hex
GspB | Streptococcus gordori99 N.D.*

Contain HexNAc,-BcHexNAc

*N.D: Not determined

1.4.1.3.Protein glycosylation ingut commensal bacteria
While protein glycosylation has attracted much interiespathogenic bacteria underscoritie

role of glycanén virulence and pathogeniciip many clinically important bacterial specidise

nature and functiorof glycoproteingn commensal bacteria remains largely unexplored.
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Various glycoproteinkave ben identified inB. fragilis, one ofthe most studied gut commensal
bacteria Most proteins wereshown to befucosylated as shownsingthe fucosespecificAleuria
aurantialectin (AAL) The bacteria coultoth synthesise GDRicose from GDifhannose,and
acquire Fucfrom the growth media and activate it with GDP, after phosphorylatidoth
phosphorylation and subsequemtctivation arecatalysed by a single enzyin@71) Affinity
chromatography with AAfollowed byMS analysiglentified glycoproteins of variouinctions
including peptidases, chaperones and protepredicted to beinvolved in proteirprotein
interactions. All the identified proteins were predicted to be periplasmic or associated with the
bacterialouter membrang272). It was also found that glycosylation took place in the periplasm,
which suggested aen blocglycosylation mechanism. Indeed, a gene cluster resembling a
capsular polysaccharide (CPS) biosynthesis cluster was identified, which lacked a polymerase
gene. Afterits deletion,the protein recognition byAAL was lost, suggesting thhis clustemplays
acriticalrole in a general @lycosylation systerand thatthis system is indegndentof the CPS
biosynthesis pathwayUsng an antibody specific for thd. fragilisglycan against protein
extracts of variousBacteroidesspecies, it was suggestdtiat most of them including B.
thetaiotaomicronand B. ovatus produce simiér glycansNo glycosylation was observénul B.
vulgatus suggesting eithea lack ofglycosylation, or, more likely different glycan structure,
asthis bacterid speciescontains a homologous glycosylation systétii2) Interestingly,even
thoughthere is no consensus sequence identified fegl@osylation, theB. fragilis O-OTase
seems to be specific for tharee-amino-acid long sequon L&/THA/I/L/IM/T/V). Mutation of

the first Aspled to a loss of glycosylation in the proteins tested, and thevas a clear
requirement for an amino acid with at least one metioup in {s side chairin the position
following the glycosylation sit€273) Based on this sequence, more than 1000 putative
glycoproteins were identifiedh B. fragils, and by introducing this sequence &oputativeh -

fucosidase fronB. fragilis, which does not carry a glycosylation motif and was shown to lack
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glycosylation site-specific glycosylation was achieviedvivo(273) However, the structure of

the glycan has not yet been determined.

Lactobacillusspecies have been extensively studieding to the importance of certain

Lactobacillustrainsas probiotics, evidence for protein glycosylation has recently emerged.

InL. plantarumWCFS/la general glycosylation systdmas beerdescribed274) This system is
very similar to that initiating glycosylation of SRRIgstwo GT, named as GtfA and GtiB L.
plantarum, but here will be referred to as Gtf1 and G{&b as to avoid confusion with the GtfA
and GtfB from the Seek; cluster) areinvolved inthe addition of a single HexNAnolecule
onto each glycosylation site of trecceptor proteing274) deletion of either Gtfl or Gtf2 leads
to aloss ofprotein recognition by theGIcNAespecific lectinrvheat germ agglutinin (WGA). This
suggests that botlTsare required foprotein glycosylation and that the added sugar is most
likely GIcNAcThese twoenzymescontain a DUF197 N-terminuswhich probablymediates
the interaction between the two Gland the target proteineind aGTdomainin Gterminus as
described fothe SRRBpecificGtfA and GtfB, suggesting a similar mode of actiortontrast

to the L monocytogenedlagellar glycosylation and the-GlcNAcylation systems that add a
singlel -O-GIcNAc, this system is likely to dddinked GGIcNAc, as Gtfl is highly similar to GtfA
from S. pneumoniaé67) The muramidase Acm2 from plantarumWCFSWas identified as a
glycoprotein targeted by ftils glycosylation systemAnalysis of the glycosylatioof the
muramidase AcmBy MSshowedthat it is glycosylated by single HexNAc residues at mae th
20 sites, all found within the AST domé&75) This isn accordance to previous studies showing
that O-glycosylation occurs in low complexity regioBy. deleting the secretion signal peptide
of Acm2, Fredrikesn et al. (2012) showed that glylai®n occurs intracellularly and therefore
precedes secretio275) It was also shown that glycosylation of Acm2 inhibitsdenzymatic
activity, by causing conformational changes. These were proposed to occur by interaction of

GlcNA moieties either with the active site, or with the SH3b motifs, which are responsible for
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binding he GlcNA-rich peptidoglycan layef276) Glycosylation also increased the resistance
of the AST domain againsypsin(276) MS analysis of surface proteiimsL. plantarumWCFS1
revealed numerousdditional proteins carrying @slcNAc residues, suggesting that this is a
general glycosylation system. These proteins includeng othersDnak, a chaperone involved
in protein folding, PdhC, which is involved in the anaerobic metabalfdractobacillias well as

a mucus binding protein, similar tdUBsssosfrom L. reuteriATCC53608, probably involved in
adhesion of the bacterito the host surfac€277) This analysis also identified a HexNAex
moiety on gammaD-glutamatemesadiaminopimelate muropeptidasewhich suggests that
either the GIcNAc residues can be further extended by the action of other GTs, or that there is
an additional glycosylation systein L. plantarum(277) In addition toWGA,Dolichos biflorus
agglutinin a lectin specific fof-GalNAcand Lensculinarislectin, which is specific fdr-Man,
were also shown to interact with. plantarumproteins (274) This wouldalso suggest the
presence of additional glycosylation system(s). Howeveletibn of four other putative GTs
(including one with a DUF1975)milar to GtfA fron& parasanguinisn L.plantarumWCFS#id

not lead to any changes in tlrecognitionof the proteinsby these lecting274)

TheMajor secreted protein 1 (Mspl) is a muramidase, similar to Acm2, found to be glycosylated
in L. rhamnosu§&G(278) It has a predicted molecular weight (MW) of 48 kDa, but was found
to migrate at 75 kDan SDSPAGE and interact with Concanavalin A (ConA), a lectin specific for
Man and Glc residues.Mspl shows low complexity, as it consists of 224 residues
Monosaccharide composition analysis of Mspl confirmed the presenb&anfin agreement

with ConA affinity to Msp{278) As reported folrAcm2 the glycosylation of Mspl protected ¢h
protein against proteases. However, in contrast to Acm2, glycosylation of Mdpiot affect

the hydrolytic activity of the enzyme or its ability &xtivae the Akt signallingpathwayin Cace

2 cells(278) L. rhamnosu&Galsoexpresses proteins that are responsible for the formation of
pili, arare feature in theLactobacillugenus. These are composed of the thy@etein complex
spaCBA, which is assembled by a fgipecific sortas€158) The spaCBA proteirfgave been
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involvedin adhesion to intestinal epithelial cells (IEC) anthiénattenuation of proinflammatory
responsesfrom these cells(279) Atomic force spectroscopy (AFM) of the pili using
functionalised tips with lectins specific ftan and Fucsuggestedhe presence of these two
monosaccharides, in contrast to the glycosylation analydis ddmnosusGGMsp1, which only
showedMan residues and nd-uc Furthermore, he glycosylated pili were showw interact

with dendritic cellsviathe DCSIGN lectinan important receptor of the immune system that
recognises primarily higmannose structures,and induce the expression dfhe antk
inflammatorycytokinell-10, as well as 46 and 1E12p35(280) WhileL. rhamnosu§&G contains

a pair of putative GTeontaining a DUF1975, these have not been experimentally assessed for

their involvement in glycosylation efther Mspl or the spaCBA pilin.

Similar to pili, flagella are alsarestructures in thd_actobacillaceatamily. However, they were
recently discovered ia motile strainof Lactobacillusagilisand were shown to be glycosylated
by means of periodic acid/Schiff (PAS) sfa8i) but the nature of glycosylation was not further

investigated

Slayer proteins (Sk) are expressed by many bactésaeciesand form a twedimensional layer
that surrounds the bacterial cel{282) InGrampositivebacteria, Slps arfound attached onto
components of the PG layer, such as (lipo)teichoic acids or neutral polysacch@8@gdn
Lactobacillusspecies, these proteins usually consist of fei@inal carbohydratebinding
domain, used for attachment of the protein onto the cell wall, and a-asembly Nerminal
domain that forms the 2D laydP83) Althoughthere areolder reports of glycosylated Slps
Lactobacillus helveticuand L plantarum based on PAS staif284) it is believed that
LactobacillusSlps are generally neglycosylated173) However, recentetailed studies @ L.
kefir strains (173) L. addophilus (285) and L. buchneri(284) reveakd glycosylated -fayer
proteins. Screening ofariousL. kefirstrainsshowedthat Slp glycosylation is conserved within

this species(173) but the nature of the glycan or the glycosylation mechanism remain
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unexplored. SIpA ih. acidophilutNCFMwas found to be glycosylated witflycans containing

Man andFug as shown by AFM experiments with specific ledf285) Similarly to spaCBA ipil

from L. rhamnosusSIpA fromL. acidophilusnduced the production of HLO from DC, by
interacting with DESIGN(285) MS analysis of SIpA froim buchnerCD034showed thatthe

protein is glycosylated orger residues in the sequon3&BSASSA, consistent with previous
reports for Oglycosylation in low complexity and ABdh regions.The glycans found on each
glycosylation site consisted oh average? residues oft 1-6 linked Glc It was alssuggested

that glycosylation occurs extracellularly, as no glycosylated SIpA was found in the cytosolic
fraction(284) In the same study glycoside kidrolase (GH)elonging to GH familysaccording

to the CAZy database classification, was also found to carry a modification corresponding to the
mass of eight glucose units, suggesting that the system that is responsible for SIpA glycosylation

may targe other proteins as well284)

Table6 A summary ofdentified glycgroteins fromLactobacilluspecies

Protein Organism Glycan Method Reference
Mspl L. rhamnosus Man-containing Pro-Q Emeraldstain, (278)
GG Lectin affinity
(WB AFM)
MS
spaCBA L. rhamnosus Man and Fuc | Lectin affinity (AFM, (280)
GG containing WB, ELLA)
FIIG/FIIG L. agilis " uncharacterised PASstain (281)
SpB/N L. buchneri Gla-Glg MS (284)
CD034, L.
buchneri NRRL
B-30929
LbGH25B/N Putative L. buchneri Glcs MS (284)
glycosythydrolase CD034, L.
buchneri NRRL
B-30929
Jp L. kefir uncharacterised PAS stain (284)
Acm2 L. plantarum GIcNAc MS lectin affinity| (275)
WCFS1 (WB)
DnaK L. plantarum GIcNAg, MS (277)
WCFS1 GIcNAgHex
Lp_2162 L. plantarum GIcNAg MS (277)
(muropeptidase) WCFS1
Lp_2260 L. plantarum GIcNAg MS (277)
WCFS1
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Lp_1643 L. plantarum GIcNAg MS (277)

(mucus binding WCFS1

protein)

PdhC L. plantarum GIcNAg MS (277)
WCFS1

FtsY L. plantarum GIcNAg MS 277)
WCFS1

Lp_2793 L. plantarum GIcNAg MS (277)
WCFS1

FtskL L. plantarum GIcNAg MS (277)
WCFS1

Lp_3421 L. plantarum GIcNAg, MS (277)

(muropeptidase) WCFS1 GIcNAgHex

Ftsz L. plantarum GIcNAg MS (277)
WCFS1

In addition to the characterised glycosylation systems and glycopratessribed abovéTable

6 provides a summary of the identified glycoproteins fraractobacillus sp. there is also
indirect evidence for additional protein glycosylation systamgut commensal bacterid-or
instana, the presence of a functional Sef¥ cluster in the murine isolatk. reuteril00-23
(103)shows that this glycosylation system is not exclusivedthogenic bacteria. In addition,
MUBszsosfrom the porcine isolatd. reuteriATCG3608 was recently shown to interact with DC
SIGNvia Gtype lectins(175) suggesting the presence of a carbohydrate componghts, in
addition to its aberrant electrophoretic mobilit{154) suggest that that protein may be
glycosylated. However, glycosylation of the major adhesins ireuteristrainshas notbeen

investigated

1.5. Aims- objectives

The aim of this project is to analyse tBecretedglycoproteome ofL. reuteristrains
isolated from different vertebrate hostsSpecific objectives include {gentifying the
cellsurface and secretedlycosylated proteingind (ii) determining the nature of the

glycans.
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Chapter 2
Materials and Methods
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2.1. Materials

Chemical reagents were purchased from Sigma Aldrich (UK), and enzymes were purchased from
New England Biolabs (UK), unless otherwise stated. Antibodies with their suppliers are listed in
Table7. Plant &ctins were purchased from Vector Labs (UKjb(e 8). Human intelectirl

(h-Int1) was provided by Dr. Amanda Ducan and Profrd.&iessling (University of Wisconsin

Madison, WI, USA).

Table7 Antibodies used in this study.

monoclonal antibody

Antibodies Specificity SuppliefReference
Rabbit antiMUBs3606R5 | MUBs3505R5 repeat (155)

polyclonal ab

Rabbit antiMUBs3s0sR1 | MUBs3s0s5RI repeat (155)

polyclonal ab

Rabbit antiSRRs3605 polyclonal| Binding region of SRRRs (286)

ab

Mouse antii -O-GIcNAc| Serine Ginkedi -GIcNAc Millipore, UK

Mouse antih-gal monoclonal
antibody

Gal 1-3Gal 1-(3)4GIcNAR

Absolute antibody
UK

StrepMABClassictHRP Streptag Il peptide IBA lifesciences
conjugate Germany

Goat antirabbit antibody, AR Rabbit antibodies SigmaAldrich UK
conjugate

Anti-mouse  antibody, HR| Mouse antibodies Jackson

conjugate laboratories USA

Table8 Fluoresceirabelled pgant lectins used in this study.

Lectin Abbreviation | Specificity Fluorescein/
protein ratio
Concanavalin A ConA h-mannose 5:1
Lotus tetragonolobukectin | LTL h-L-fucose 4:1
Peanut agglutinin PNA Galo 1,3)GalNAc {] 4.21
antigen)
Ricinus communisgglutinn | RCA Gal or GalNAc 6:1
Sambucus nigragglutinin SNA h-2,6-linked sialic acid 7.7:1
(h-2,3linked sialic acid
with lower affinity)
Ulex europaeuagglutinin UEA h-L-fucose (differs from 2.6:1
LTL)
Wheat germ agglutinin WGA GIcNAc or sialic acid 3.1:1
GriffoniasimplicifoliaLectin || GSH B4 h-Gal 251
isolectin B4
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Maackia amurensikectin| MAL | Gal -1,4-GIcNAc 8.9:1
Maclura pomiferdectin MPL Gal -1,3-GalNAc 3.9:11
Table9 Antibiotics used in this study
Concentration
Antibiotic (>g/ml)
E. coli| L. reuteri

Kanamycin (Kan) 50 N/A

Chloramphenicol (Cm)| 34 10

Erythromycin (Ery) 250 10

Ampicilin (Amp)/ 100 N/A

Carbenicillin (Cb)

2.2.

All strains used in this study are listedTiablel0.

Table10Bacterial fains used in this study

Media and bacterial growth

Strain Antibiotic | Reference
required

Lactobacillus reutei00-23 wild type (WT) N/A (109)

Lactobacillus reuted00-23 pasp2 Ery Prof. Jens Walter (University
Alberta, Edmonton, Canadd
(109)

Lactobacillus reutei00-23 nsecA2 Ery (109)

Lactobacillus reuted00-23 ngtfB Ery Prof. Jens Walter (University
Alberta, Edmonton, Canadq
(109)

Lactobacillus reuted00-23 psrr Ery (109)

Lactobacillus reuted00-23 pgtfl N/A Dr. Rebbeca Duaand Prof.
Jens Walter (University ¢
Alberta, Edmonton, Canada)
This study

Lactobacillus reute00-23 pftf Ery (287)

Lactobacillus reute ATCG3608 N/A (288)

Lactobacillus reutei063N N/A (151)

Lactobacillus reuteiMM4-1a N/A (147)

Escherichia cobH5a N/A

Escherichia cobH5a pOPINF Amp/Cb

Escherichia cobdH5a pOPINgtfl Amp/Cb | This study

Escherichia cobdH5a_pOPINgtf2 Amp/Cb | This study

Escherichia cobdH5a_pOPINgtfA Amp/Cb | This study

Escherichia cobH5a_pOPINgtB Amp/Cb | This study

Escherichia cobH5a_pOPINgtfC Amp/Cb | This study

Escherichia cobH5a_pRSFDuét Kan This study

Escherichia cobH5a_pRSFDuétgtfl Kan This study

Escherichig@oliDH5a_ pRSFDuétgtfl/2 Kan This study

Escherichia coBL21 (DE3) N/A
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Escherichia coBL21 (DE3) pOPINF Amp/Cb

Escherichia coBL21 (DE3) pOPHgE1 Amp/Cb | This study
Escherichia coBL21 (DE3) pOPIgE2 Amp/Cb | This study
EscherichigoliBL21 (DE3) pOPINJEA Amp/Cb | This study
Escherichia coBL21 (DE3) pOPIJEB Amp/Cb | This study
Escherichia coBL21 (DE3) pOPKJEC Amp/Cb | This study
Escherichia coBL21 (DE3) pRSFDet Kan

Escherichia coBL21 (DE3)_pRSFDdegtf1 Kan This study
Escherichia coBL21 (DE3) pRSFDdejtf1/2 | Kan This study

Typically, de MafRogoseSharpe (MRSTable 11; ThermoFisher Scientific, UK) medium or

Lactobacillus defined mediuft (LDMII; prepared in houselablell), supplemented with the

appropriate antibioticsTable10), was used for the growth &f. reuteri

E. colistrains were grown LuriBertani (LB) mediumTé@ble 12), supplemented with the

appropriate antibiotics Table10). Where plates were used, LB was supplemented with 1.5%

w/v bacteriological agar. Super optimal broth kvitatabolite repression (S.0.C.) medidralfle

12) was used for the recovery &f colistrains after heasshock transformation. Autinduction

medium (AIM;Table12; Formedium, UK) was used for the overexpression of recombinant

proteins.

Tablel1l Composition of media used far reuterigrowth.

LDMII

Ingredients Amount per L | Ingredients Amount per L
K:HPQ (anhydrous) 15¢ Glutamic acid 50 mg
KHPQ (anhydrous) 15¢g Arginine 50 mg
Sodium acetate 159 Lysine 50 mg
Sodium citrate 0.22¢g ThiamineHCI 0.2mg
Tryptophan 50 mg p-Aminobenzoic acid 0.04mg
Asparagine 50 mg Calcium pantothenic acid| 0.4 mg
Cysteine 50 mg Niacin 1.0 mg
Glycine 50 mg PyridoxineHCI 0.5 mg
Serine 50 mg Biotin 0.05 mg
Alanine 50 mg Folic acid 0.1 mg
Phenylalanine 50 mg Riboflavin 0.4 mg
Histidine 50 mg Adenine sulphate 10 mg
Isoleucine 50 mg Uracil 20 mg
Methionine 50 mg GuanineHCI 10 mg
Proline 50 mg Cytidine (acid) 50 mg
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Threonine 50 mg Thymidine 1.6 ny
Valine 50 mg Tween80 1.0 mi
Tyrosine 50 mg MgSQ H,O 0.163 g
Leucine 50 mg MnSQ 7HO 23.4 mg
Glutamine 50 mg FeSQ7H0 13 mg
Aspatrtic acid 50 mg Sucrose 30¢g
MRS
Ingredients Amount per L | Ingredients Amount per L
Enzymatic digest of casein | 10 g MgSQ7xHO 0.2g
Meat extract 10g MnSa 4xHO 0.05¢
Yeast extract 49 K:HPQ (anhydrous) 29
Trirammonium citrate 29 Sorbitan moneoleate 1.08¢
Sodium acetate 59 Glucose 20 g
Tablel2 Composition of media used f&. colgrowth.

LB S.0.C.
Ingredients Amount per L Ingredients Amount per L
Tryptone 10g Tryptone 10 g
Yeast extract 59 Yeast extract 59
NaCl 10g NaCl 49

AlM

Tryptone 12 g NaHPQ 7.19
Yeast extract 24 ¢ Glucose 05g¢g
(NH).SQ 3.3¢g h-Lactose 24
KHPQ 6.8 9 MgSQ 0.15

2.2.1. L. reuteri growth assays

2.2.1.1. 96-well plate formatassay

To assess the growth df. reuteri strains on different disaccharides, LDM (200 >I),
supplemented with 2% wi/v sucrose, maltose or lactose was added to each well cwell96
plate. The wells were inoculated with>1 from an overnight culture df. reuteriin MRS. Wells
with no carbon source, or no inoculum were included as controls. The@&s monitored for

24 h on an Infinite® Ffate readernTecan, Switzerlandnd plotted as a function of time.

2.2.1.2. Endpoint growth assay

To assess the ability af reuteristrainsto utilise different carbohydrates, overnight cultures in
MRS (50>l) were used to inoculate 10 ml filtesteriised LDMI containing appropriate

carbohydrates at 2% w/v concentration. The reactions were inadander static conditions
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at 37°C for 48 h. Ok measurements were taken after 48 h. Cultures in LIDBupplemented

with 2% sucrose were used as control.

2.3. Sedimentation assay
L. reuteril00-23 WT andnhgtfl, orL. reuteriATCC 53608 and 1063N were grovamf glycerol

stocks in MRS overnight. The cells were centrifuged at 4000 g for 5 min and washed twice with
phosphate buffered saline (PBS). Thes@Basnormalised to 1 unit for each sample. 2 ml of
each sample was loaded to a cuvette. The wild typkswere inserted into the reference cell

of aU-3010spectrophotometer (Hitachi, UK) and the mutasgllsin the measuring cell. The
change in OBRowas monitored for 18 h. At the end of the experiment, the samples were

vortexed and the Ofowas measured.

2.4. Preparation of E. colicompetent cells

E. coliDH® or BL21 (DE3) were streaked from glycerol stock onto LB agar plates, containing
appropriate antibiotics, if needed. The plates were incubated overnight @ .3X single colony

was used to inoculate 25 rbB broth and the culture was grown for 6 h, until thes6vas
approximately 0.8L. The culture was placed on ice for 10 min and then centrifuged at 3000 g
and £C for 3 min. The pellet was resuspended indokl CaGIl0.1M and incubated on ice for

20 mn. The cells were centrifuged again and after removal of the supernatant were
resuspended in 5 ml ieeold CaGl0.1 M in 15% glycerol. The suspension was aliquoted and

stored at-8C0°C.

2.5. Transformation of E. coli

An icethawed aliquot ofE. colDH® or BL21 (DE3) competent cells (X8Pwas mixed with 1
>| of plasmid Tablel3), or all of the IFFusion® reaction (s&e7.2.2 and the cells were kept on
ice for 15 min. The cells were then heat shocked &iGlfor 45 s and then put back on ice for 2

min. S.0.C. medium (9640) was added to the cells and they were incubas@7C for 1 h. An
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aliquot (typically 10Gl) was plated onto LB plates supplemented with appropriate antibiotics

and the culture was incubated overnight at°g€7

2.6. Heterologous expression in E. coli

Glycerol stock oE. colirecombinant clonegTable10) was used to inoculate 10 ml LB broth
supplementa with appropriate antibioticsT{able9). The culture was incubated for 16 h afG7

and 250 rpm. This culture was used to inoculate either LB or AIM, with the necessary antibiotics
at 1% wl/vol. The cultures wer@ncubatedat 37°C for 2.5 h and P& for 3 daysit 250 rpm If

LB was used, IPTG was added to the cultbefore temperature decreaset a final

concentration of 1 mM.

2.7. DNA/RNA manipulation

2.7.1. Polymerase chain reaction (PCR)

PCR reactions were performed using Q5 DNA polyradifdew England BiolapgK, following
G§KS YIydzZFI OGdz2NBNDRa AyadNdzOldAzyad ¢eLIAOHEf&x
and contained 10 of reaction buffer,1 > € 2T wMn Y al offéck prinér, Dhobp
template DNA, and 0.8l of Q5 polymerase. ¥ was used to adjust the volume to 50 When
the PCR product was only required for agarose electrophoresis (e.g. colony PCRGR)RIhe
PCR reactions were scaled down proportionally to a final volume of. ICR reactions were
performed on using Veriti Thermal Cycler (ThermoFischer Scienti§c A typical protocol
consisted of an initial DNA denaturation step at°’©@8for 30 s, followed by 35 cycles of
denaturation at 98C for 10 s, annealing between 55 and®®&or 20 s, dependinon the
properties of the primers used, and extension at@2or 30 s/kb. The reaction was completed
with a final extension step for 5 min. For a list of primeeeTablel5. The PCR products were
analysed on an agarose gel (1% wi/v agarose in ladeisc acieEEDTA (TAE; 40 mM, 20 mmM
and 1 mM, respectively) buffer, at 100 V for 30 min. FGPRR products, 1.2% w/v agarose was

used and the electrophoresis was fmmed at 100 V for 1 h.
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2.7.2. Preparation of recombinant plasmids

2.7.2.1. Plasmid preparation
Plasmids were extracted from 1.5 ml of overnightcolicultures, using the Monarch® Plasmid

Miniprep Kit (New England Biolghgik) = F 2 f 2 g A y 3 idskustions y dzF I Ol dzNB
2.7.2.2. Cloning

Restriction digests of the purified plasmids were performed using High Fidelity® (HF) restriction
enzymes (New England Biolalh$d for 15 min at 2837°C, depending on the enzyme used.
Typically, a reaction contained a maximum ofgIDNA, 2| CutSmart® reaction buffer, and 0.5

>| of the required restriction enzyme in a final volume of 80 The reaction products were
analysed by agarose electrophoresis, and digested DNA was purified using the Monarch® PCR
and DNA Cleanup Kit (Newdand BiolabsUK. The digested vectors were mixed in 1:1 ratio

with the desired insert before addition of the -fusion buffer and enzyme (Clonetech
laboratories, USA as instructed by the manufacturer. The reaction was incubated %t 5

15 min andthen quenched on ice. The reaction was used to transfaxncoliDH3 cells, as
describedin section2.5. After plating and growth aB7 °C for 16 h, three coloas were picked

and grown in LB medium with the appropriate antibiotic for 6 lasmidswere prepared from

the three cultures and digested with appropriate enzymes to confirm insertion. The reaction
products were analysed by agarose electrophoresis, asriteed above. Positive clones were
sequenced to confirm correct orientation and fidelity. The plasmids were then used to transform

E. colBL21 (DE3), atescribed irsection2.5.

Tablel3 Plasmids used in this study

Plasmid Selection marker | Restriction enzymes usg Reference
for cloning and plasmigq
analysis
pRSFDuet Kan Dr. Susar

Schlimpert  (John
Innes Centre, UK)

pRSFDuet_gtfl Kan Pstl/Hindlll This study
(first position)
pRSFDuet_gtf1/2 Kan EcorV/Kpnl This study

(second position)
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pOPINF Amp/Chb
pOPINF_gtfl Amp/Chb Hindlll/Kpnl This study
pOPINF_gtf2 Amp/Chb Hindlll/Kpnl This study
pOPINF_gtfA Amp/Chb Hindlll/Kpnl This study
pOPINF_gtfB Amp/Cb Hindlll/Kpnl This study
pOPINF_gtfC Amp/Chb Hindlll/Kpnl This study
pET28b_GH89 h{| Kan Dr. Lucy Crouch an
GIcNAcase) Dr. David Bolan
(University of
Newcastle, UK)

2.7.3. DNA extraction from L. reuteri

Genomic DNA (gDNA) was extracted friomreuterigrown in MRS for 18 h, using the GeneJET
Genomic Purification Kit (ThermoFischer Scientiid0 = F2ff2gAy 3 GKS Y
instructions for preparation of DNA froi@rampostive bacteria, with minor modifications,

including the addition of 10 U/ml mutanolysin in the lysis buffer and extension of the incubation

period to 1 h. DNA preparations were stored-20°C until needed.

2.7.4. RNA extraction from L. reuteri
L. reuteril00-23 and ATCC 53608 cultures in MRS were used to inoculate fresh MRS and LDM

I, respectively, at 1 %olivol. The cultures were incubated under static conditions &C3for

24 h. An aliquot (1.5 ml) was collected from each culture after 7 h incubation, vilee®Rqo
reached 1.2. the cells were centrifuged at 5000 g for 10 min and after removal of the spent
media (SM), the cell pellets were treated wilRNAprotect, Qiagen USA, following the
YIEydzZFlF OGdzNBENRa AyaidNHzOGAzyad ¢KS GNBFGSR OSH
supernatant was removed. The cell pellet was storee2BC overnight. A second aliquot was
collected after 24 h of growth, and treated in the samay. RNA was extracted from the cell
pellets using the RNeasy Mini Kit (Qiage®A. The cells were resuspended in lysis buffer (100
>|, TrisHCI 30 mM, EDTA 1 mM, pH 8), containinglI@iagen Proteinase K, 20 mg/ml lysozyme
and 5 U/ml mutanolysin) anthe lysis reaction was incubated on an Eppendorf thermomixer C
at 25°C, 1000 rpm for 1 h. RLT buffer (Z0pwas added to the samples. These were transferred

to autoclaved 2l safelock tubes with acid washed glass beads (660 >m diameter). The
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cells were mechanically disrupted 3 times for 1 min at 6.5 m/s on a FastPrépGlassic
homogeniser (MP BiomedicalslSA. Cells were kept on ice for 2 minhbetween runs. The

samples were centrifuged at 17000 g for 10 s. Ethanol (80%,>§9%as added to the
supernatant, the lysate was loaded onto an RNeasy Mini spin column and centrifuged for 15 s

at 17000 g. The column was washed with 3@RW1 buffer. On column DNA digestion was

OF NNASR 2dzix dzaAy3 vAlI3ASY 5bl &S Thecoldhnhivds2 ¢ A y -
then washed with 50&1 RPE buffer and RNA was eluted twice wittPbBNasdree HO. The
concentration was measured on a NanoDrop 2000 (Theé&isker Scientific, UKand the
NBEO2@SNBR wb! gl & FdzNI KSNJ (i NB SdiebtiR; UB, folioiingt | w. h
0§KS YI ydzZFl OG0 dzZNBNRAE& Ay &G NUzO G-20Cyudtineetle .S wb! &Y
2.7.5. RT-PCR analysis

RNA purified fromL. reuteri 10023 and ATCC 53608 was treated with TURBO DNase
(ThermoFischer Scientifidkd = T2t f 26Ay 3 GKS YI ydzZFl OG dzZNBNR A
from the recovered RNA, using tlriantitect Reverse Transcripti@it (Qiagen USA, following

0§KS YI ydzF I Ob dzNB NI & > af REAIWEz2dEted vigh®BIDNANFp&F @Bt = M+
50°C for 15 min, before addition of the reverse transcription buffer, the primers and the reverse
transcriptase. Initially, the random hexamers provided with Reverse Transcriptiokit was

used as primers. When the TR did not yield any products, gespecific reverse primers

(Tablel4) were used for cDNA synthesis, at a final concentration of 50 nM each.
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Tablel4 Primers used foRFPCR.

DNA template

Intergenic region targeted

Primer name { SljdzSyoQBO 6 p Q
10023gtfef-op ACTTTGCACGCTTGATCC
10023secyz-op GCACAGGAACGGTACAACC

10023secy#-op

TGATTGTAATGTTTATGCAGG

10023aspir-op

AGTTAATTGGTTTAATTTAGTG(

10023aspif-op

CATTAATCAAGGATTAGATTATT

10023aspz-op

ATCCGCTAATTTGGTCC

10023aspZ-op

GAAAGCTAATAAGGCAATCC

10023aspa-op

GAGTTATGAAACTCAACACTAG

10023asp&-op

CCATTACTGCCAGCTACTACTT!

10023secAz-op GCCGCAAATGCCCGTGG
10023secAZ-op ATAATTTGATGCTGAGTACC
10023gtfAr-op AAGTCAGCGATATTATTTCC
10023gtfAf-op TGCTGACTTGACTAAATTCC
10023gtfBr-op AAAATTTAATGGGAGATTCC
10023gtfBf-op TAGCTAGTGAAGTTAGTGTCC
70895r-0p TGAGCGAAAACTTACAGG
70895f-0p TGCTCTTGATTTTGATATTGG
70896r-0p TATCGTAATTTGCGCATAGG
70896f-o0p ATTGGTAAGAATAAGCATACG
7089Fr-op CGTAGATTTTGACATCACG
70897f-op TGGCGAATAAGCATACC
70898r-0p AACGATTAATATTCACAAACC
70898f-op TTACTTTGATTAATGGTCAGG
70899r-0p GATTCACTTTTATAACGAACG

L. reuteril00-23

25000708872500070888(dtfC-secY)

25000708885000708894ecY-asp])

250007088%25000708904sptasp?

250007089625000708914sp2asp3

250007089125000708924sp3Sech)

25000708922500070893gecA-gtfA)

2500070892500070894dtfA-gtiB)

25000708942500070895dtfB-gtfBcterm)

25000708952500070896((tfBoierm- gtiD)

25000708962500070897 dtfD-gtfE)

25000708972500070898dtfE-gtfFv-term)

2500070898500070899dtfFv.term-TNase
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70899f-0p GCCCTTGCTTGTTGTAGAGAC 2500070892500070900thase gtfFcterm)
70900r-0p TTTGCTAAAATTTGTTGATTATG

70900f-0p GGTATGCTTATTCTTTAACTT 2500070902500070901 dtfFcerm-RTase
70902r-op TTTACCTTCACCATAATCG

7090%f-op CTTATGAATATGTCCAAGACG 25000709012500070902RTasesrr)

70902r-op AAAAGAGTTTGAAGAAGCG

70902 _intF CCAGTGCATCTACCAGTACCTC 25000709024, internal regiol

70902 _int R GAGGCTAGGGCAGCATTCG

SRR-s-F TTTCGATGAGTGAAAGTCTCAGC LRATCC53608_09(#r, internal regiol

SRR-s-R TTGGTAGTCTTAAGACCATTCCC

sir-F-op TGGTAATGAAAAGCATTCAACGG LRATCC53608_090BRATCC53608_09GTr(C gtiC)
nss-R-op GGCAATTTGATTTTGAGCAATT

op_nss_{ AATGAAATGGTCCAACGAG LRATCC53608_OBOLRATCC53608_09@gfCsecy)
op_secY2_r TGTCGAAATGTTAACTAATGGC

op_secy2._f GATTGTAATGTTTATGCAGGG LRATCC53608_®OLRATCC53608_09@@CY-asp])
op_aspl_r TTGCGTTGGTGAGATCG

op_aspL f GCAAATTTCTGATATCAATAAGGG _ LRATCC53608_(BOLRATCC53608_09(E®BpLasp2
op_asp2_r CTGGACGCCTTCTGTAATTATC L. reuteri ATCC 53608

op_asp2_f CTATTTGTTAGTAAAGGATTTCC LRATCC53608 T®- LRATCC53608_09(Ekp2asp3
op_asp3_r GGACCAATTTAGTTGCC

op_asp3_f CTTTCCACCATCAATGCAG LRATCC53608_TB- LRATCC53608_09(EBp3SecA)
op_secA2_r CGTGGTAAGATATCATCAACTG

op_secA2 | AAACTATCAGTTATCGTTCAGC LRATCC53608 1B LRATCC53608_09(E@CA-gtfA)
op_gtfA_r AATCTGATCAGCATTAAAACC

OP_gHiA _f ACTGAAGATTGGAGTAATTCAC LRATCC53608 D8 LRATCC53608_09(GHA-gtiB)
op_gtfB_r GCCAGTAACGTGGTAAGG
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Tablel5 Primers used for gene expression. The underlined sequences indicate the overlapping region of the insert and the plasmid.

R2

Primer { SljdzSyoQdBy 6 p Q DNA template Regiortargeted | Vector used
name

0089F AAGTTCTGTTTCAGGGBTGGTTTTTTTCCTAAACGATAATA "

0089R ATGGTCTAGAAAGCTIMATTCCCCCTTTTCCTTCATG g

0090F AAGTTCTGTTTCAGGGGTIGEATTTTTTTGTAAACCAATACT o

0090R ATGGTCTAGAAAGCTRAPAGCTGATAGTTGTTGCC g

0913F AAGTTCTGTTTCAGGGBTGECTGTATATAATATTAATTTAGG A OPINE
0913R ATGGTCTAGAAAGCTGBATGCTGTAACTCTCCTATCAATT g PR
0914F AAGTTCTGTTTCAGGGBTGGTTAATTTATTTGATAACTTTG 5

0914R ATGGTCTAGAAAGCTITIPACTTTGCAAGGCTCCAATC L. reuteriATCC 53608| 9

0907-F AAGTTCTGTTTCAGGGTTGACAGTTCATATTACTAACCTTT o

0907-R ATGGTCTAGAAAGCTITIRATAATATAATTTAAATACTGCTTC g

EcoRI -Gtfl-F | GCCAGGATCCGAATRTIECTTTTTTTCCTAAACGATAATA ORSFDULL
gindlll -Gif1- | ATGCGGCCGCAAGIRICTCTTCCCCCTTTTCC gtfl Cloning site 1
EcoRV -Gtf2- | AGATCTCAATTGGATSTATTTTTTTGTAAACCAATAC

= gtf2 PRSFDuet-1
Kpnl -Gtf2-R | TTACCAGACTCGAGBIATAGCTGATAGTTGTTG Cloning site 1
PRSFDuet-1- | GGATCTCGACGCTCTCCCT

PRSFDUet1- | GATTATGCGGCCGTGTACAA Cloning site 1

PRSFDuet1- | TGTACACGGCCGCATAATC PRSFDuet-1 N/A
PRSFDuet-1- | GCTAGTTATTGCTCAGCGG Cloning site 2
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2.8. Protein purification

2.8.1. Spent media (SM) Protein preparation from L. reuteri

L. reuteristrains were grown from glycerol stocks in MRS, overnight aiC3dnder static
conditions. This culture was used to inoculate fresh MRS orIL289) supplemented with 2%
sucrose, unless otherwise stated,0.2 % wl/vol. The fresh cultures were incubatadderstatic
conditionsat 37C overnight. Cells were centrifuged at 4000 g for 5 min. The SM fraction was
concentrated 1€fold by spin filtration using Vivaspin protein concentrator KDa MWCO
(Sartorus, UK and proteins were extracted by addition of 1.33 vol of chloroform and 2.67 vol
of methanol. The supernatant was removed after centrifugation at 17,000 g for 10 min and

proteins were resusperetlin H,O andstoredat -20°C.

2.8.2. Purification of MUBsssos and SRRR360s from L. reuteri ATCC 53608
Glycerol stock of. reuteriATCC 53608 was used to inoculate MRS medium. The culture was

incubatedunder static condition®vernight and was used to inoculate 1 L of L-DMt 1%
vol/vol. The fresh culture was grown under anaerobic and static conditioBg@tfor 24 h. The

cells were removed by centrifugation at 100004%; and SM proteins were precipitated upon
addition of ammonium sulfate, at a final concentration of 60%. The ptat#pivas dissolved in

HO and the proteins were extracted in a stefise manner, using &iple phase partitioning

(TTP) system. Ammonium sulphate was again added to the sample to a final concentration of
20% and one volume of teliutanol was added to thesample. After thorough mixing by
vortexing, the sample was centrifuged at 5000 g for 10 min. The upper phase was removed, the
protein pellet in the interphase was recovered and dissolved i® ldnd CHAPS (B3-
cholamidopropyl) dimethylammonj&-propanesifonate) was added to the sample at 0.5% wi/v
final concentrationMUBszsoswWas purified from this fraction by gel permeation chromatography
(GRD), using a Superose 6 10/30 GPC column (GE Healthcare, UK). PBS supplemented with 0.5%
CHAPS was used as thetieln buffer, at a flow rate of 0.4 ml/min. The collected fractions were

analysed by SDIAGE and fractions containitjUBsssos and SRREs0s Wwere pooled together
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and dialysed in a 100 kDa MWCO dialysis membrane against 50 mM ammonium bicarbonate for
48 h,with 4 changes of buffer. The dialysed sample was loaded onto an agaosase wheat

germ agglutinin (aWGA) affinity column (Vector labg), which was preonditioned with 10

vol of lectin washing buffer [L0 mM HERE®-hydroxyethy1-piperazineethaesulfonic a),

pH 7.5, 150 mM NacCl]. The column was washed with 5 vol of lectin washing buffer. The flow
through and wash fractions containitlUBsssoswere concentrated by spifiltration using a 100

kDa MWCO Vivaspin 2 spin filter. Bound BRE& was eluted with 3 vol of wash buffer,
supplemented with 0.5 M GIcNAc. The eluant and the concentrated wash fraction were dialysed
using a 100 kDa MWCO dialysis membrane against 50 mM ammonium bicarbonate for 48 h, with

four changes of buffer, and stored &G

For purification oftruncated MUBioesn (tMUBoszy), @ similar workflow was followed, witthe
followingmodifications.L. reuterilO63N was grown in MR&fter GPC, the fractions containing

tMUBiosswere pooled andvere not further purified by affinity chromatography.

2.8.3. Purification of SRRP 10023 from L. reuteri 100-23

An overnignt culture ofL. reuteri100-23 in MRS was used to inoculate 1 L of LHDM
supplemented with 2% maltose. The culture was incubateder static conditionsovernight at

37°C and then the cells were removed by centrifugation at 10000 g for 10 minicgRRRAS

purified from the supernatant by an aWGA affinity chromatography column, as described for
SRRBeos(section2.8.2). The eluted protein was dialysed extensively in ammonium bicarbonate,

to remove the excess of GIcNAc and then store@@iC.

2.8.4. IMAC purification of recombinant proteins

Afterinduction of the expressio(see sectior?.6), cells were pelleted by centrifugation at 5000

g and washed twice with Tris buffer (50 mM Tris, 150 mM NaCl, pHC&Mlg.were either lysed
dzaAy3a (GKS . dz3. dzadSNY¥Y NBIF3ISyld o69a5 aAffAaLlRNB

resuspended in Tris buffer and lysed by sonicafidh>m, 15 cycles of 10 s sonication, 45
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break on icg using a Soniprep 150 (MSHHK. The cell debris and insoluble material were
removed by centrifugation at 12000 g for 15 min and the soluble and insoluble fractions were
analysed by SBDSAGE. Where the target protein was found in the soluble fraction, this was
loaded orto a Hisbind® rem (BicRad UK column, charged with Rii following the
YIydzZFl OGdzZNBNDRa AyadNdzOGA2yad ¢KS dzyoz2dzyR YI i
supplemented with 10 mM imidazole. The bound proteias eluted with 6 column vaf Tris

buffer supplenented with either 250 mM imidazole or 100 mM EDTA. The eluted protein was
concentrated by spin filtration, using a 10 kDa MWCO Vivaspin® Turbo 15 spin filter (Sartorious
UK and buffer exchanged into Tris buffasing aPD10 desalting columns (GE Heakine

Lifesciences, UKX F2ff 2gAy3 GKS YIydzZFI Ol dzZNBNRA Ayaild N

2.9. Protein analysis

2.9.1. SDSPAGE
Typically, 6.5> of protein was mixed with 2.5l lithium dodecyl sulphate (LDS) buffer 4x

(ThermoFischer Scientific, YJiand 1>I dithiothreitol (DTT; 200 mM)The samples werkeated
at 7C°C for 7 min and were then loaded oto 4-12% BisTris NUPAGEpolyacrylamide gel
(ThermoFischer Scientific, YKhe electrophores was typically performed at 200 V for i5in.
The gel was then washed in® before staining withnstantBlue (Expedeqrul, for 30 min,

before being washed with 4. Alternatively, the gel wagsed for western blotting.

2.9.2. Western blot analysis
Proteins from SDSUPAGE gels were blotted ontolary SNE Kl Yn | @62y R1g t 2§

PVDMnembrane (GE HealthcakéesciencesUK), using the XCell 1l Blot module (ThermoFischer
{OASYGATAOST 'YOS F2ft26Ay3 GKS YI ydzFl Ol dzZNB ND
modifications: no methanol was used in the transfer buffed &ransferring was performed for

2 hfor large proteins (3800 kDa).The membrane was blocked witPierce proteiniree PBS

blocking buffer (ThermoFisher Scientific, UK) foraht thenimmersed in10 ml PBS blocking

buffer supplemented withthe primary anibody (Table7) at appropriate concentratioffior 1 h.
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The probed membrane was then washed three times viRBS supplemented with 0.1%
Tween®20 (PBBand then probed witlthe appropriate secondary antibodyable7), before
being washed again three times with PBST. When horseradish peroxidase-doifRjated
antibody was used, the blots were visualised by the adduifdhe chromogenic ktep3,3',5,5*
Tetramethylbenziding TMB) blotting substrate solution (ThermoFisher Scientific, UK), until
bands appeared. The blot was then washed extensively with M/hen alkaline phosphatase
(AP)conjugated antibody was usethe membrane was first washed once with 10 ml-H@

0.1 M, pH 9.6, before 10 ml of the visualisation solutom n > &, 0.4 &M titroblue
tetrazolium, 0.1 mM5-bromo-4-chloro-3indolytphosphate toluidine\was added until bands
appeared. The blots e then washed extensively with®l. After colour development, the

blots were airdried and then scanned on@S800 calibrated densitometer (Biead UK.

Alternatively, PBS blocking buffer supplemented witkgdml of an appropiate fluorescein
isothiocyanate=1TClabelled lectin ftlectin; Table8) was used instead of primary antibodies for

1 h. The membrane was then washed with PBST thinreestand scanned using a Pharoé§"

Plus molecular imager (BRad UK, using excitation and emission wavelengths of 495 and 520

nm, respectively.

2.9.3. Slot blot
{ft20G 0ft2Ga4 6SNB LISNF2N)SR dza (iednoRischerB8ehtfid\h t w

UK) The protein sample was loadedtora prewet! YSNBEKIF Yn | @02y Rt t 2 S
PVDFmembrane (GE Healthcare Lifesciences, Uk)lowed by two washes with PBS. The

membrane was blocked and probed wifttectins or antibodies, as describ@dsection2.9.2

2.9.4. Trypsin digestion and mass spectrometry

Protein bands of interest were excised from S\PAGE gelandcut up to small cubic pieces.

¢KS ISt LY dzZ3a 6SNBE g akder 200mCG§ueosish aimkoniunm 1 > f

bicarbonate irb0%acetonitrile ACN for 15 min and then twice witACNor 10 min. The excess
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of ACNwas removed and thgel plugs were aidried for 15 min ADTTsolution (200>l, 10 mM

in 50mM ammonium bicarbonate) was addeand the samples were incubated at°@0for 30

min. Thenthe DTTsolution wasremoved anduponaddition 0f200>I iodoacetamidesolution

(20 mMin 50 mM ammonium bicarbonajethe plugs were incubated at room temperature in

the dark for 30 min. The iodaetamide solution was removed and the washing steps were
NBLISEFGSR® ¢ NEMWME AW D2(f, BY véN@idedd kthe gel plugs along with
equal amount of 10 mM ammonium bicarbonate. After incubation &C3fbr3hz Hn >f 2 7F
formic acid wasidded and the samples were further incubated at room temperature for 10 min.
The solution was then transferred to a clean tube and tryptic peptides were further extracted
FNRY GKS 3ISf LI dzZAa 0 ACNarkRnkubdtighyfor 20fminratnroomt 2 F
temperature. The two samples were pooled together ahttekd on a Vacufuge®us vacuum
concentrator (Eppendorf, UKyhe peptide mixtures were analysed by nLC MS/MS, using and
Orbitrap Fusion trihybrid mass spectrometer coupled withnano flow UHPLC system
(Thermd-ischer ScientifidJK. The peptides were separated, after trapped ongp@e-column,

using a gradient of-30% ACN in 0.1% formic aciol(vol), over 50 min at a flow rate of 300
nL/min, at 40°C. The peptides were fragmed in the linear ion trap by a datependent
acquisition method, selecting the 40 most intense ions. Mascot (Matrix Scieddevas used

to analyse the raw data against anhinuse maintained database of thereuterproteome. The
tolerance on parenionswas 10ppm and on fragmentsvas 0.5Da. Carboxymethylation of
cysteine was selected as fixed modification aogidation of methionine as variable
modification One miscleavage was allowed.

2.9.5. Endoprotein ase C digest

Endopeptidase C (GluC>§) was addd to 5>| purified protein MUBsss0s0r SRRE3s0¢ 5 >1) in

50 mM TrisHCI, pH 8, containing 0.5 mM glutamagteitamate The reaction was incubated at
37°C for 16 h and quenched by the addition of LDS loading buffer. The reaction products were

analysed by western blot, using suitable probes.
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2.9.6. Differential scanning fluorimetry (DSF)

DSF was used to assess glycosyltransfeyasgar donor interactions by mearing changes in

the melting temperature (Tm) of the protein, upon interaction with the sugar nucleotides. The
reactions were set up at a final volume of:30n TrisHCI 50 mM, pH 7.5. Proteins were used at

a final concentration of 18M and SYPRO Oran(r hermoFischer ScientifidK, the fluorescent

dye used in the assay was used at 5x final concentration. Ligand and ion concentration ranged
from 0-50 mM. The reactions were initially kept at°@for 10 min and then the temperature
increased in a steprise manner, with increments of @G every 15 s, up to 90. Measurements

of the fluorescence were taken every 15 s dBi@Rad/ C - dc ¢ 2 diD&PCR W&dction

System. The results were analysed using CFX Manager 3Ra@BIdK.

2.10. Enzymatic assays

2.10.1. N-acetyl-glucosaminidase assay
Purified SRRR230r SRR&s0s (3 >I) was mixed with 2| reaction buffer §odium acetate200

mM, NaCl 100 mM, pH 5), 8 h-GIcNAcase (cloned and expresseehanise) at a final
concentration of 0.17 W/l and/or 1>l of i -N-acetythexosaminidas€0.5 UAI; New England
Biolabs UK. The reaction was incubated at 5 3?C, or 42C for 24 h. The reaction was
quenched by addition of 38 LDS loading buffer supplemented with DTT and the samples were
analysed by western blptusingf-WGA and antSRRs3s08 antibodies(seesection2.9.2 and

Table?).

2.10.2. Sialidase assay
Protein sample (%I) was mixed with 0.&l of GlycoBuffer 1 (New Emgld Biolabs) and 0.4l

neuraminidase A (~1.5 Bl/final concentration). The reaction was incubated at@GTor 16 h,
quenched by the addition of 28 LDS buffer and 2l DTT 100 mM and analysed by western

blot (see sectior2.9.2) usingf-SNA
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2.10.3. MUBs3zs0s €nzymatic deglycosylation assay
PurifiedMUBsss08(125>1) was mixed with 1081 reaction buffer §odium acetate200 mM, NacCl

100 mM, pH 4.4) and 0.3l h-galactosidase and/ot -galactosidase at 1 mU/ml final
concentration. The reaction was incubated af@5or 16 h and the productgere analysed by

western blotusingf-RCAand anttMUBsssosantibodies.

2.11. Glycan analysis

2.11.1. Monosaccharide composition analysis

2.11.1.1. Mehanolysisof glycoproteinsand trimethyl-silylation of monosaccharids
SM proteins (~106 3T 0 6 SNB LINB OA LdkctionAis &nd fesuspéned iORA 6 S R

Myo-inositol (2.5>g) was added to the suspension, which was then lyophilised. The dried sample
was resuspended in 0.5 ml methanolic HCI 1N and incubated@tf®016 h. The methanolysed
sample was cooled down to 25 and silver carbonate (~50 mg) veakled, followed by 1061
addition of acetic anhydride. Thedtetylation reaction was incubated at room temperature for

24 h. The sample was centrifuged at 3000 g for 5 min and the supernatant was transferred into
a clean vial and dried under a gentlerestm of nitrogen. TriSil HTPreagent (200>,
ThermoFischer ScientifitJ§ was added to the sample and the derivatisation reaction was
incubated at 88C for 30 min. The sample was dried again under nitrogen, resuspended in 1 ml
hexane and sonicated for 15 min. After centrifugation at 3000 g for 5 min, the supernatant was
transferred into a clean vial and dried under nitrogen. The dried sample was didsote 100

>| dichloromethane and transferred to a @Gmpatible vial.

2.11.1.2. GCGMS chromatography
The samples were analysed on Agilent 7890B G®IS system paired with an Agilent 5977A

mass spectrometry detectofAgilent, UK) using an BPX70 column (SGE AicalyScience
Australig. Helium was used as the carrier gas. The inlet was maintained & 2PP.9 psi, and

23 ml/min flow. The injection volume was> in split mode (1:20). The oven temperature
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increased initially from 10@C to 120C over 5 min, fétdwed by a second increase from 220to

230°C over 40 min.

2.11.2. Sialic acid release, labelling and HPLC-based analysis
Protein sample (1061) was mixed with 106l acetic acid (4 M) and incubated at°80for 2.5 h.

The reaction mixture was dried using a a#gal evaporator and the sample was dissolved in
100 >| DMB labelling reagent (14 mM i¢eamino4,5-methylenedioxybenzene, 3 mM acetic
acid, 1.5 mM -mercaptoethanol, 36 mM sodium hydrosulphitén aliquot of the Glyko® sialic

acid reference panel (Pzgme USAwas used as a positive contrdhe reaction was incubated

for 3 h at 58C and the mixture was transferred in an HPLC vial. The products were analysed on
a Luna® &m C18(2) 100 A column (250x4,6 mm; Phenomend¥, using a Shimadzu
Prominence RLC systeniShimadzu, UK)'he solvents used were®l (A), ACN (B) and 50%
methanol (C). Sialic acids were separated on a gradient from 82:4:14 A/B/C to 75:11:14 over 40
min, followed by a wash stewith 30:70:0 A/B/Gor 10 min and an equilibration stepitlv the

starting solvent for 10 min.

2.11.3. Glycan release, permethylation and mass spectrometry analysis

For MS analysis of protein glycosylation, purified protein (=3)0in ammonium bicarbonate

was freezedried and dissolved in 2080 50 mM NaOH, containirigM NaBkl The -elimination

reaction was incubated at 46 for 16 h and quenched by addition of acetic acid, until
effervescence stopped. The sample was desalted in a DOWEX 50WX8 calform (H0G-200

mesh) and glycans were eluted with 3 ml acetic acid 5¥v@l). The recovered sample was

then freezedried and reconstituted in # containing 0.1% trifluoroacetic acid (TFél/wol).

The sample was further desalted using a graphitizabaa NuTip (GlygenJSA, prewashed

with 80% ACN containing 0.1% TFA, and 0.1% TFA. Hydrophilic contaminants were washed with
sequential washes with 0.1% TFA and 0.1% TFA in 10% ACN. Glycans were eluted with 0.1% TFA
in 25%, 50% and 80% ACN. The elutiantions were pooled and driedn a Vacufuge® Plus

vacuum concentrator. The dried sample was dissolved in=3@hhydrous dimethylsulfoxide
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(DMSO),F2tft 26SR o0& (KS IFTRRAGAZ2Y 2F dYun Y3 bl
permethylation reaction was incubated siom temperature for 60 min under vigorous shaking

and quenched by the addition of 1 ml of 5% (vol/vol) acetic acid. The permethylated glycans
were purified using a Hydrophitidpophilic Balanced (HLB) copolymer Oasis cartridge (Waters,

UK), prewet withd ml of methanol and equilibrated with 5% (vol/vol) methanol i@HSalts and

other hydrophilic contaminants were washed with 5 ml of 5% methanol and permethylated
glycans eluted with 3 ml of 100% methanol. The samples were dried under a gentle stream of
YAGNRISYS>S RA&A2T OSdlvoll ACNMAY% GWiol) thffiorogcetin acidjcandi’s 6 ¢
mixed with equal amount of 2;8ihydroxybenzoic acid (DHB; SigAddrich, UK; 20 mg/ml in

TA30), before being spotted onto an MTP 384 polished steel targéd PBruker UK. The

samples were analysed by MAIIDC = dza Ay 3 GKS . NHzl SNJ ! dzi2Ft SEu

(Bruker UK in the positiveion and reflectron mode.

2.11.4. Force spectroscopy

The interactions betweeMUBsss0s and h-Intl or RCAvere examined bycovalentlyattaching
lectinmoleculego atomicforce microscopy (AFM) tips aMlJBsss0sto the glass slides to enable
binding interactions to be measuredarspecificmanner(290) Silion nitride AFM tips (PNFR,
Nanoworld AG, Switzerland) and freshly cleaned glass slides were functionalized using a four
step procedure (carried out at 2C): the first step involved incubation 2% solution of 3-
mercaptopropyltrimethoxysilane (MTS, SigmaAldrich, UK) in toluene (dried over a 4A
molecular sieve) for 2 h, followed by washing with toluene and ttldoroform.In the second
step, the silanisedtips were incubated for 1 h in a 1 mg/ml solution of a heterobifunctional
linker: MAL-PEGSCM 2 kD (CreativePEGWorkdJSA)in chloroform. Thesilanisedglassslides
were incubated in 5 mM N gmaleimidobutyryloxysuccinimide ester (GMBS$) ethanol
(ThermoFisherScientific USA). The tips and slides were rinsed with chloroform/ethanol,
respectivey, and then dried with argon. The third step involved covalent attachment of the

lectinsby incubationof the tips/slidesin 1 mg/ml solutionsof the proteinsin PBSat pH 7.4 for
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1 h at 21 °C, followed by a PBSwashingstep. The fourth step involvedincubation of the
functionalized cantilevers/slides @ 10 mg/ml solution of glycinein PBSto W Y *cap Ry
unreactedsuccinimidegroups followed by washingin PBS. Binding measurements were carried
out in PBS using a MFP3D BIO AFM (Asylum ReseerciSA). Thexperimentaldata were
capturedin ¥ F 2820t Sd@W$ ibdeat arate of 2 mm/sin the Zdirectionandat a scanrate of

1 Hzand a maximumload force of 150-300 pN (pixel density 0f32x32). Adhesionin the force
spectrawasquantifiedusing abespokeExcemacro(291)whichfits a straightineto the baseline

of the retractportion of the force-distance data. In order to explore the specificity of the binding
interactions, the force measurements were repeated after additiod@ mM galactose (for

RCA assays) or EGTA (fimthh assaysfo the liquid cell.
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Chapter 3

Analysis of
carbohydrate metabolism
and protein

glycosylation in

Lactobacillus reuters
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3.1. Introduction

L. reuteriis a common gut commensal bacterial species that colonisegakointestinal (Gl)
tract of a wide variety of vertebrate hosts, including humaraents, birds, and livestock
(103,292) L. reuteril00-23 (Lr100-23) is a rat isolate that naturally colonises the stratified
squamous epitheliunof the forestomach(103) wheread.. reuteriATCG3608(LIATCC 53608)
is a pig isolate that colonises the porcine small intestine mu¢29a) L. reuteriMM4-1a

(LiMM4-1a) was isolated from human breast mk (wvww.biogaia.com The localisation of.

reuteri in the GI tract suggests thit preferentially feed on simple sugea that are available

from the dietof the host, rather than dietarpolysaccharidewhich are normally fermented by

the micrdbiota in the large intestin€60). AsL. reuteristrainsare often used for their probiotic
properties, research is focused on understanding the colonisation process oflihetia in

the Gl tract. A key step in bacterial colonisation is adhesion of the bacteria to the mucus or the
epithelium via specific surface adhesins. It is often reported that surface adhesins are
glycosylated, but information on protein glycosylatiorbeneficialmicrobes and, in particular,

in L. reuteriis lacking.

The building blocks of the glycans found on glycoproteins are sugar nucleotides. These are
monosaccharides conjugated onto a nucleotide, most often uridine diphosphate (UDP). The
synthess of sugar nucleotides requires the phosphorylation of a monosaccharide, its
subsequent conjugation with the nucleotide and further modifications of the sugar moiety that

lead to diversification of the nature of the sugar. Key enzymes in this procesmasekthat
phosphorylate monosaccharides, thus enabling their subsequent activationubleotdes

(243) Alternatively, in bacteria, carbohydrates can be phosphorylated by specialised, sugar
specific systems like the phosphoenolpyruvagigar phosphotrangerase syi (i S Y ¢ ot ¢{
(293,294) The PTS system consists of three enzymes in most cases: Enzymes | and Il (El and EIl)

and a low molecular weight la¢-stable protein HPr. Enzyme | and HPr are sugar independent
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and are responsible for the phosphorylation of the sugars. In contrast, Enzyme Il is comprised of

three, or, rarely, four subunits, and forms a sugpecific permeasé-igurel3) (294)

Sugar

Extracellular space

oo
JHAHEELIA AR

Cytoplasm

rane

Sugar

P o P);;uvate

Figure 13 Phosphorylation of monosaccharides by cytosolic kinases or the phosphotransferase system (PTS) and
subsequent actiation with nucleotidesAdapted from(295)

The enzymes that mediate the synthesis of the protein glycan are called glycosyltransferases
(GTs). GTs belong to a large grougarbohydrateactive ereymes (CAZymes). CAZymes are
divided into subgroups, based on their activity [e.g. GTs, glycoside hydrolases, (GH)]. Each
subgroup is further divided into families, based on the amino acid sequence of the enzymes
(296). Members of each family share significant similarities, which can often provide useful
insights regarding the activity, mechanism, as well as sugar specificity of CAZymes. GTs are
divided into two large categories, based on the sugar donor: GTsutllige sugar nucleotides

are called LeloiGTs, whereas GTs that utilise other donors, such adlilifield oligosaccharides

(e.g. PgIB involved in-§lycosylation) are calledon-Leloir GTs. Further information on each
family of GTs can be found in tli@AZy databasev{vw.cazy.ord In addition, based on the
mechanism they employ for glycosylation, they are divided into inverting and retaining GTSs.
Retaining GTs transfer the glycan onto the acceptor with the same eoafmmn it had on the

donor. In contrast, inverting GTs cause a switch in the conformation of the glycan during
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glycosylation. For example, a retaining GT that use8-bBnked sugar nucleotide donor, will

generate a glycoconjugate with anlinked glycanKigurel4).

(glyco)protein acceptor OH
R'OH
O_T:O
OR
GT (retaining) +
T o]
“0O—P—0
(|)R OR'
a-linked sugar nucleotide donor a-linked glycosylated product

Figureld Schematic representation of the retaining glycosylation mechanism. Adapted #80)

In bacteria, genes encoding for GTs are often grouped together in clusters encoding proteins
involved in the biosynthesis of glycans. These include examples for protein glycosylation or
exopolysaccharide (EPS) biosynthesis. However, it is often thel@s€Ts do not act on a

single biosynthesis pathway, and can be involved in the formation of different glycoconjugates.

3.2. Results

3.2.1. Insilico analysis of L. reuteri carbohydrate metabolism
In silicoanalysis 0£r100-23, LIATCC 53608ndLiMM4-1a genomes wasarried out, in order to

identify potential enzymes involved in sugar nucleotide biosynthesis and GTs involved in protein

glycosylation.

The annotated genomes were first analysed in order to identify sugar kinases orspagéic

PTS componentsThe analsis revealed the presence of predicted kinases for simple
monosaccharides such as glucose (Glc; EC 2.7.1.2), galactose (Gal; EC 2.7.1.6) and fructose (Fru;
EC 2.7.1.4)Hgure15). Lr100-23 and LIATCC 53608&ut not LiMM4-1a, also harbour genes
encoding a xylose (Xyl) isomerase (EC 5.3.1.5) and a xylulose kinase (EC 2.7.1.17), suggesting that
these strains can also utilise this pentd287) which may reflect an adaptation of the strains

to the host diet. In contrast to the presence of hexose (Hex) kinases, no kinases specific to N
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acetythexosaminegHexNAcs) weréound. Components of Gi¢lactose (Laeland galatitol-
specific PTS systems were identified in all three strains. While all three strains harbour genes
encoding proteins involved in thatilisation of Glc and Lac, no genes involved in galactitol
metabolism were identified. As galactitol can be converiedsal by the reverse action of an
aldehyde reductase, thkerl00-23 genome was also inspected for genes encoding proteins with
similarity to known aldehyde reductases. The closest candidate was found to be a gene (gene
ID: 2500069715) encoding a predicido/keto reductaseelated todiketogulonatereductase

that shared ~45% identity {€alue < 1.6%°), with an aldehyde reductase (EC 1.1.1.21) from the

I -proteobacteriumCupriavidusiantongensisThis gene was algoesent inLrATCC 53608 and

LMM4-1aand it is possible that its product mag involved in galactitol metabolism

The lack of genes encoding HexMfecifickinasesor N-acetytglucosamine GcNAc)specific
PTSwas further confirmed by performing a BLAST search withathéno acid sequencesf
known GlcNA&inasesand GlcNAspecific PTSgainst the predicted proteome dfr100-23,
LIATCC 53608 andMM4-1a. Thein silicoanalysis of these threk. reuteristrains revealed
genes encoding enzymes that are predicted to be involved in the ssistb@ UDRGICNAC from
Glg as well as its modification and conversion into kNB&cetykmuramic acid (MurNAc), which
is used in cell wall synthesis, or UBHRcetykmannosamine (ManNAc), but not UDPacetyt
galactosamine (GalNAc), the monosaccharide doah the reducing end of mammalian- O
glycans Figurel5). Despite the predicted ability of these strains to produce WIRANAC, they
all lack the downstream enzymesqugired for the biosynthesis of sialic acid (Neu5Ac) er N
acetybmannosaminuronic acid, which raises questions about the role of-M&HNAc in the
physiology olL. reuteristrains Enzymes involved in the synthesis of guanidghnose (GDP
Man) from fructose were also identifietlowever the analysis did not identify genes involved
in the synthesisof GDPfucose (Fuc), a monosaccharide often employed by microbes to

synthesise glycanresembling those of the ho&71)
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Furthermore, all three strains carried a gene encoding a predicted galactopyranose mutase
(Figurel5), an enzyme thtacan convert UD#Sal to UDRyalactofuranose YDRGal), which is

often found in fungal cell walls and glycoproteii298) as well azarbohydrate structures in
important human parasites and bacterghthogens(299;301) In addition, a gene involved in

the conversion of UDRBrabinose UDRAra) to UDFarabinofurarose (UDRAra) was identified

in the three genomes analysed, but no genes encoding enzimielved inUDRAra synthesis
could be foundWhilemost sugar nucleotide biosynthetic pathways were common between the
three L.reuteristrains,Lr100-23 was also found to carry genes encoding proteins necessary for
the synthesis ofthymidytrhamnose (TDiIRhg, while LIATCC 5360&nd LiMM4-1a only

harboured part of thebiosyntheticgenecluster(Figurelbs).

In addition to the kinases, and the other enzymes involved in sugar nucleotide metabolism, the
three L. reuteristrains carry genes that encode glycosidgdrolases and specifically" -
glucosidasesh - andi -galactosidases and endgalactanaseg¢data not shown)Notably, no
hydrolase specific for NeuSAc or Fatonosaccharides naturally found in the host glycans of
the small intestine were identified in any of the three strains. Takéogether, these
observations suggest thdtrl00-23, LIATCC 5360and LiMM4-1a may rely on dietderived,
rather than hostderived, carbohydrates and can utilise free, short oligosaccharides, such as
lactose, which is naturally found in excess in milk. biitaah, the presenceof genes involved in
sugar nucleotide biosynthesis suggests that these strains can diversify the repertoire of

monosaccharides they may use in glycoconjugates.
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3.2.2. Invitro analysis of L. reuteri growth on carbohydrate s

To complement the results from the bioinformatics analysis, and as there have been reports of
GIcNAc utilisation, without the requirement of a functional GIcNAc kinage ooli(302), the

growth of eachL. reuteristrain was tested in the presence of lactose, sucrose (Suc), maltose,

Xyl, 2fucosydt I O 2 & SfucoswiQICO ih F a Ssialgtb RO 2aScoc Q{ [ 0> Df Ot
solecarbonsource. Overnight cultures in deMdgogosaSharpe (MRShedium were used to

inoculate Lactobacilludefinedmediall (LDMII) (154) supplemented with 2% (w/v) of the

carbon source. The cultures were grown for 24 h anéy@easurements were taken every 30

min, for the disaccharideontaining growth media, or at 24 h for the HexNAg| or

trisaccharidecontaining media.

All three strains grew in the disaccharidentaining mediahowever, the growth rate and the
preference for a carbohydrate differed between straiRfgy(rel6). In particularL.rl00-23 grew
best in the presence of maltose, in terms of the highesig@alue,as well as the rate of growth,

as it reached stationary phasdter 6 h. In contrast, thex was an extended lag phase when
Lr100-23 was grownin lactose, reaching stationary phase after 13 h, and the growth was
impaired in sucrose, showing &Moo of 0.05 unit at stationary phase, compared to 0.3 units
when grown in maltoseThis may suggeshat Lr100-23 cannot metabolise Fru as efficiently as
Glc. It is also possible that sucrose is hydrolysed byu@osyltransferase(ftf, gene no.
2500071010, EC 2.4.1.10), generating Glc, which becomes available to the bacteria for growth,
and using fruaise to synthesise levg287) making it unavailable to use in metabolism. This is
also supported by the significantly impaired growth afB00-23 pftf mutant in the presence of

sucrose as aarbonsource(data not shown).

LIATCC53608rew optimally in the sucroseontaining medium, reaching stationary phase
(ODxoo= 0.8) after 8.5 h. Its growth was mediocre in maltose, as it reached stationary phase
(ODx00=0.6) after 11 h and significantly impaired in lactose, as it only reach€Demn of 0.2

after 15 h growth. Even thoughrATCC 53608 carries ftf homologue, it displayed optimal
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growth in presence of sucrose, which raises questions about tfierelit sucrose metabolism
pathways employed birl00-23 andLIATCC 5360&MM4-1a showed comparable growth in

all three disaccharides. However, growth in lactose was slower, as it reached stationary phase
after 12 h, compared to 6 h in maltose and sucrds®M4-1adoes not have a gene encoding

aftf, so it probably relies oather metabolicenzymedor the utilisation of sucrose.
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reveal any HexRt kinase or specific fucosidase or sialidase encoding genes. The inability of
Lr100-23 and LIATCC53608to utilise Xylcontrastal with the presence of a predicted Xyl
utilisation pathway in these two strains. However, these two strains were shown to grow in the
presence of xylmligosaccharides or Xyl in MRS media (Dr. Ravindr@ifgth, The John Innes
Centre, personal communicati), although growth in Xyl was impaired, suggesting differences
in the transport of Xyl and short xytdigosaccharides. In addition, as these strains did not grow

in LDMII when Xyl was used as sole carbon source, this suggests that there are additional

components in MRS that promote growth of the bacteria on this substrate.

Growth ofL. reuterion different carbohydrates
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Figurel7 Growth ofL. reuteristrains in HexNAc as salarbonsource. None of the three strains was able to utilise
free HexNAcs, fucosybr sialyllactose present in the growth medium, as comparedtciose(used asontrol).
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3.2.3. Bioinformatics analysis of glycosyltransferase clusters

3.2.3.1. Identification of putative glycosyltransferases
To identify putative protein glycosylation systems, the genomésidio-23, LIATCC 5360&nd

LMMM4-1a were interrogated for the presence of clusters containing GTs: 24 annotated GTs
were identified inLrl00-23, 21 inLIATCC 53608 and Pl MM4-1a. Most of the annotated GTs
found in all three strains belong to GT families 2 and 4, as per the CAZy database classification
(www.cazy.orly The GT2 family contains enzymes that employ an inverting mecharfism
glycosylation, suggesting the formation of mainhhglycosidic bonds. Known substrates for
members of this family include UBFc, UDRGIcNAc, UDBalNAc, UDBal, dTDPRhaand
GDPMan. In contrast, members of the GT4 family employ a retaining medmanthat leads to

the formation off -glycosidic linkages. Possible substrates for GT4 members includ&loDP
UDRGIcNAc, UDRyl and GDRan. Some predicteanultidomain proteins in the threeL.
reuteristrainscontaina GT1 domain at the-@rminus, in addition to the GT4 domain at the N
terminus. The GT1 domain uses an invertimgchanismbut seems to be active primarily on

small molecules. Also, all three strains contain a single gene encoding a predicted GT28, which
has an inverting activity and is probably involved in the biosynthesigepfidoglycan In
addition,Lr100-23 andLrATCG3608harbourgenescoding for proteins with a GT8 domain. The
retaining mechanism of GT8 members mostly leads to the formatidngifcosidic linkages,

using primarily UD#SIc and UD#Sal. A summary of the GTs identifiedLil00-23, LIATCC

53608andLMMM4-1ais presented imMablel®.
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Table1l6 Summary of the GTs identified im.00-23, LIATCC 53608 arldMM4-1a, as part of clusters. Genes found
on the same row were found to be homologues withEawmalue< 1.07°.

Cluster

2 (EPS)

4 (SechlY?)

N/A
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3.2.3.2.  Glycosylation clusters it. reuteri

Fiveglycosylation clusters were identified Iin reuteristrains. The first glycosylation cluster is
conserved betweehrl00-23, LIATCC 53608 aridMM4-1a and consists of two putative GTs
(Figure18). Both GTscontain a GT4 domain at the-tdrminus and a GT1 domain at the C
terminus. These genes are part of a predicted fgene operon, which alsencodesa putative
lysylphosphatidylglycerabynthaseand an uncharacterised Ykliide protein. This predicted
operon is located directly downstream of the genes encoding HPr and El, theisdgpendent

components of the PTS system.

Glycosylation cluster 1

YkuJ-like Enzyme 1
protein GT4/GT1 PTS

16S LPG GT4/GT1 HPr-PTS
rRNA  synthetase

Figure18 Glycosylation cluster 1 is conservedLii00-23, LIATCC 53608 anidMM4-1a and harbours two genes
encoding multidomain GTs. Both GTs have a GT4 domain intdreniius and a GT1 domain in the&€minus.

The second cluster is the EPS biosynthatisterwhichis also found in all three straingigure

19). This cluster is significantly largerLil00-23 with 11 predicted GTs, while the clusters in

LIATCC 53608 ardiMM4-1a consist of six putative GTs. The conserved GTs between the EPS

clusters 0L.r100-23,LIATCG3608 and-iMM4-1aincludethe priming GT, containing a bacterial

GT domain, a GT (GT family 2) and a protein containing a DUF4422, which has been identified in

GTs ofC.jejunisubsp jejuni. LIATCC 53608 arldMM4-1a also harbour genes encoding a GT2

and a GT4, which have no homologue&it00-23. Instead, thd.rl00-23 EPS cluster contains

four additional GT2 and one DUF4422 containing protein, as well as two proteins that are similar

to putative GTs fronDenooccusoeni (2500069850 and 2500069851) and a ¥fik® protein,

which in some cases has been annotated as a GT, but which function remains to be determined

experimentally Eigurel9). Additional proteins predicted to be expressed by this cluster include

a putative polymerase, a protein involved in the export of polysaccharides, and a chain length
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determinant protein, further supporting that this cluster is involved lie biosynthesis oEPS

(Figurel9).

Glycosylation cluster 2 - EPS biosynthetic cluster

EPS biosynthesis Glycosyltransferases
4 ddd &= W« - Lr100-23

69849 69851 69854 69856 chain length  flippase GT2 RecX
GT2 DUF4422 YfhO determinannt-wzz ~ wzx

69850 69853 69855 69856 polymerase UDP-Gal Bacterial DUF4422
GT2 GT2 Gtrll wzy mutase GT

e el

GT2 GT GT4 chain length UDP-Gal GT2 RecX
determinannt-wzz  mutase

flippase polymerase  Bacterial DUF4422
wzx wzy GT

A4+ gded  Lreo 53008
chain length GT GT4 UDP-Gal GT2 RecX
determinannt-wzz mutase
polymerase flippase Bacterial DUF4422
wzy 744 GT

Figure 19 The EPS biosynthetic cluster im00-23, LIATCC53608 and LiMM4-1a. The clusters differ irthe
organisation of the genes, as well as the number o£63doding genes present in each cluster.

A predicted tweGT operon constitutes the third glycosylation cluster, identified..imeuteri
strains Figure20). Each GT has a conserved DUF1975 at #tegr\nus and a GT4 domain at
the Gterminus. This operon is homologous to tg&1-gtf2 operonin L. plantarum WCFS1,
which was shown to be involved in a generabtpin O-glycosylation system, as deletion of
either gtfl or gtf2 resulted in thelossof protein glycosylation in more than seven identified
glycoproteins irlL. plantarum(277) The high similarity of therl00-23 gtf1l and gtf2 with their
homologues froni.plantarum(Evalue = 1.6%and 1.0**4 respectivelysuggestshat they may

play a similar role if. reuteri In Lr100-23, LIATCC 53608nd LiMM4-1a, several predicted
surface proteins are located downstream of the GTs, which may represent putative protein

glycosylation targets.
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Glycosylation cluster 3

LytR  gtfl  gtf2 glucoside hydrolase
GH13

hypothetical fibrinogen binding  maltose
protein adhesin transporter

Figure20 Glycosylation cluster 3 contains two putative GTs, similar to gtfA and gtfB froset#gY, cluster, and
homologous to gtfl fronk. plantarum that may be involved in protein glycosylation.

The fourth group of5Tss only found irL.r100-23 andLrATCG3608 and is part of the Segk

cluster Figure2l). Both clusters contain genes encoding the priming pair of GTs (GtfA and GtfB),
and GtfC, in addition to the acesorysecreton proteins (Asp) 3, the translocases Seg¥and
SecY2, as well as the targedrine richrepeat protein (SRRP3ee sectiorl.3.3.3.2. Lr100-23

also carries four additional @&hcoding genes. Of these, genes 250070898 and 250070900
appear to be part of a single original gene, which became split by the insertion of a transposase.
These putative GTs have a GT8 domain at theridinus and a DUF179& the Gterminus,
showing a reverse organisation compared to the waldied homologue dGT1 from
Streptococcuparasanguinid=W213(262) which contains a DUF1792 at thadé¥minus and a

GT domain at the-@&rminus and was shown to mediate the third and fourth glycosylation steps
of the fimbriae associated protein 1 (Fapl)Smarasanguinis=W213(264) However, whiles.
parasanguinisencodes one protein containing a DUF17R@,00-23 has four genes encoding
similar proteins, suggesting a more variable glycosylation of the tagg@te rictrepeat protein
(SRRP). In contrast, thaATCC 3608 cluster only contains the putative GtfA, B and C. It is
therefore more likely to glycosylate SRR with a disaccharide, as GtfA and B mediate the first
glycosylation step and Gti@ediatethe second one, as shown f8r parasanguinisW213 and

S. pneumpiae TIGR4191,268)
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Glycosylation cluster 4 - SecA,/Y, cluster

» | M - _ Lr100-23

secY2 asp2 SecA2 GT8 GT8 DUF1792 srr
DUF1792 DUF1792

gtfiC asp1 asp3 gtfA gtfB’ GT8 70899 70901
DUF1792

» M LrATCC 53608

secY?2 asp2 secA2
gtfC asp1 asp3 gth grfB

Figure21 The SecAY: cluster inLr100-23 and LIATCC 53608Both systems contain genes that form the corehef
cluster érr, secA2, secY2, asfland gtfAB) as well as gtfC. THa100-23 system contains four additional
multidomain GTs.

Another glycosylation cluster found onlylLir00-23 andLrATCC 53608 is located downstream

of the SecAY-clusterand contans four, or five GTs, respectiveliqure22). It shows some
organisational similarity with the EPS glycosylation cluster, as it contains a chain length
determinant protein, a polymerase and several putative membrane proteins. However, no
annotated proteins involved in export of the EPS subunits have been identfigar€22). In

addition, a TDRRha cluster is found in that locuslii00-23.

Glycosylation cluster 5

el e e o

chain length Bactena/ TDP-Rha synthesis po/ymerase UDP-Gal
determinannt-wzz mutase
Tyrosine
kinase
Tyrosine O-acyltransferase
kinase
chain length Bacterial polymerase
determinannt-wzz GT

wzy
(low similarity)

Figure22 Glycosylation cluster 5 is similar to the EPS cluster, in the nature of GTs that it contains, but is not found in
LiVIM4-1a and also lacks a putativgpflase

In addition to theGTsin the clustersdescribed above, there are other GTs spread across the
genome of the threeL. reuteristrains that do not appear to be part of any predicted
glycosylation cluster. Of these, the most notable genes are 2500686680023 and its
homologues LRATCC53608_0778nd 2502290385 in LIATCC 53608 and.iMM4-1a,

respectively, which all have a DUF1975 at theefshinus and a GT domain at thet€@minus,
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as found in GtfA from the SegX; cluster and Gtfl fronk. plantarumWCFS1. However, there
is no neighbouring gene similar to GtfB or Gtf2. Deletion ohtimologous genén L.plantarum

WCFSH1id not alter the protein glycosylation profi{@74)

Taken together thign silicoanalysis suggests that there are at least two pwtprotein
glycosylation systems 10023 andLrATCC 5360@lycosylation clusters 3 and,4nd at least

one inLMM4-1a (glycosylation cluster .3)

3.3.  Summary and Discussion

The range of monosaccharides used in protein glycosylation is often dictatix Ivature of
the sugar nucleotides found in an organism. To identify the sugar nucleotide4 tmatiteri
strainscan synthesise, we searched for genes involved in the synthesis and modification of sugar
nucleotides. The results of the silicoanalysissuggested that the threk. reuteristrainsLr100-

23, LIATCC 53608nd LiMM4-1a are able to synthesise UBFIc, UDRzal, UDRsal, UDP
GIcNAc, UDRanNAc and GDRlan using Glc, Fru @al, astarting material Lr100-23 may be
able toadditiondly synthesise TDRha Microbes have been reported to synthesise glycans that
mimic the structure of mammalian ong271) but this does not appear to be the caselin
reuteri as the three strains appear to lack the necessary enzymes to uta®lAc, Fuc or
Neu5Ac, sugars commonly found in muctal@cans. However, these silicoresults would need

to be confirmed by profiling the sugar nucleotides synthesisetrb§0-23, LIATCC 53608 and

LMM4-1ausingHPLC base@chniques

The lack of gegs involved in HexNAc metabolism, as well as utilisation of carbohydrates often
found in host glycans, was confirmed by growth assays on various-imdinor trisaccharides

used assole carbonsource. The results showed that the threereuteristrains ould utilise
lactose, maltose and sucrose with different efficiency, but none of the HexNAcs or modified
lactose tested, thus confirming the results from the bioinformatics analysis. This suggests that

the L. reuteristrainstested rely mostly on dietlerived oligosaccharides rather than on host
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derived glycans, which is consistent with their localisation in the Gl {t@df) Transcriptomics
studies would be required to gain further insights into the observed differential growth profile
of the L reuteristrains, despiteshaing similar genetic potential for the utilisation of these

carbohydrates.

To identify putative systems involved in protein glycosylation, we searched for gene clusters
encoding putative GTs. It is of note that as thesilico analysisfocused on gene clusters
containing GTs, the levansucragei¢tosyltransferasgof Lr100-23 (287)or LIATCC 53608 was

not identified. Thé enzyme is classified as a glycoside hydrolase (GH family 68) and is involved
in the formation of levan, an extracellular fructose polymer, by transglycosylation a¢a8ity

Five clusters containing two or more putative GTs were identifi€ali®0-23 andLIATCC 53608

and three in theLiMM4-1a genome. These included a cluster responsible for EPS formation and
a cluster of unknown function, as wels a cluster containing two @nhcoding geas highly
similar togtfl and gtf2 from L. plantarum which are involved in protein glycosylati¢274) In
addition, a SecAY.cluster containingzaryingnumber of GTs was identified 110023 and

LIATCC 53608, as previously described @8)and (159) respectively.

The identified glycosylation clustegd1/gtf2 andsecA/Y, are both predicted to be involved in
protein OglycosylationWhile the presence of aanblocN-glycosylation system similar to that
found inCampylolacterspeciess unlikely 6 be identifiedn Grampositivebacterig due to their
different cell surface structure, the presence of aglcosylation system similar to that of
Haemophilus influenzeannot be excluded. However, no genes encoding for pmetiat could

be involved in a Mlycosylation system could be identified, based on homology to the proteins
involved in protein Nglycosylation inGramnegativebacteria, suggesting thdt. reuterican

probably perform @glycosylation.

In L. plantarum, Gtf1 and Gtf2 act together to add &-GIcNAc moiety to various proteins

includinga Acm2muramidaseg(274) As these two Glhave highly conserved homologued.in
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reuteri (Evalue < 1.8%), they could act in a similar wagimilarly toL. plantarum no
neighbouring GTs were identified, suggesting that this modification is not further extended by

other monosaccharides.

The secAY: clusters inL.rl00-23 andLrATCC 53608 shared a simdaganisatiorbut differed in

the numberof GTs constituting the cluster, as well as the localisation ofthd Sy S o+ & K¢
endinLd ¢/ / pocny -endifrldo-#3). Bok Systenss contained GtfA, B, and C, but

the Lr100-23 cluster contained three additional GTs and there is anriioseof a putative
transposase to the last GT, suggesting that it is inactive. The additional GTs have a reversed
organisation to dGT1 fron®. parasanguinisFW213, which mediates the third and fourth
glycosylation steps of Fag191) These resultsuggest that SRREysis probably glycosylated

with a disaccharide, whereas SRR may be glycosylated with glycans ranging from two to

ten monosaccharides long, depending on the activity of the additional GTs present in the

SecAlY, cluster.

In condusion, based on theén silico analysisof L. reuterigenomes, two putative protein
glycosylatiorsystems werédentified inLr100-23 andLIATCC 53608)(f1/gtf2 and thesecA/Y-
cluster) and one putative protein glycosylation systenbiiM4-1a @tfl/gtf2 clustern. These
glycosylation systems may utilise the sugar nucleotides identified by the bioinformatics analysis.
As this analysis is based on annotation of the genomes, the presence of additional sugar
nucleotides or further glycan modifications cantat excluded in thé&. reuteristrains analysed

in this work.
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Chapter 4

Analysis and
/dentification of L.
reuteri  glycoproteins
and glycosylation
pathways
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4.1. Introduction

Protein Oglycosylation in bacteria is often associated with surface or secreted proteins. For
example,en blocO-glycosylation irGramnegativebacteria occurs in the periplasm and many

of the target proteins are found on the membran@37,272) Similarly, sequential -O
glycosylation identified inGrampositive bacteria such asL. plantarum, Streptococcus
parasanguinisand S. pneumomie (260,267,277,278pccurs intracellularly and the target
proteins are either secreted ithe environment, or anchored on the surfacga specific cell

wall anchoring motifgsee sectiori.3). Our bioinformatics analysis showed thateuteristrains
harbour several gene clusters containing glycosyltransferases (GTs). For example, glycosylation
cluster 3(see sectior8.2.3.2 encodes two putative GTs, homologdoghe Gtfl and Gtf2 from

L. plantarumWCFS1, which have been shown to be involved in protein glycosy(@idh In
addition, L. reuteril00-23 (r100-23) and ATCC 5360BrATCC 53608)ave been found to
harbour a functional auxiliary Seg¥ system(109,159) similar to that found in pathogenic
Grampositive bacteria, where it has been shown to be involved in the glycosylation of large,
serine rich repeat proteins (SRRP93) These data suggest thit reuterihas the capacity to
carry out protein glycosylation. However, no biochemical or structural information is available

to date on the nature of glycosylated proteinslinreuteristrains

The aim of this chaptesito determine the ability of. reuterito perform protein glycosylation
and to identify the major glycoproteins secreted byreuteril00-23 (Lr100-23), ATCC 53608
(LrATCC 53608) and MM (mMM4-1a) using lectin screening and monosaccharide

composition analysis.
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4.2. Results

4.2.1. Lectin screening of L. reuteri secreted proteins (SM)
To determine whetherl.rl00-23, LIATCC 53608 andiviM4-1a are capable of performing

protein glycosylation, the strains were grown in MRS or HDMnd the spent media (SM)
proteinswere analysed by SEFSAGE followed by western blot using a range of fluoreségin (

labelled lectins (summarised Trablel?).

Lectins are proteins that recognisad bind on specific carbohydrate structures and they
provide an invaluable tool in glycoprotein analysis. Mgant lectins are specific to monpor
disaccharides and can be used to identify characteristic epitopes on glycoconjugates. In addition,
mammadian lectins form part of the immune system, and some of them recognise microbial

carbohydrate structures.

Tablel7 Specificity of plantdctins used to identify putative SM glycoproteins franreuteristraing after SDSAGE
andwestern blot.

Concanavalin A ConA h-mannose
Lotus tetragonolobukectin  LTL h-L-fucose
Peanut agglutinin PNA Galo 41,3)yGalNAc (Fantigen)
Ricinus communagglutinn  RCA Gal or GalNAc
Sambucus nigragglutinin -~ SNA h-2,6linked sialic acid
(h-2,3linked sialic acid with lower affinity)
Ulex europaeuagglutinin UEA h-L-fucose (differs from LTL)
Wheat germ agglutinin WGA GIcNAc or sialic acid

Lr100-23, andLrATCC 53608 SM proteins shared a similar leetiognition profile with specific binding oM/GA, {

RCA and-8NA Figure23A, B, C)LiMM4-1a SM proteins showed a different lectin recognitjprofile with binding
restricted to fRCA and-8NA Figure23B, C). No binding was observed wiBdnA, fLTL,+NA, orfUEA against SM
proteins fran the three strains (data not shown). More specificallWGA recognised a large protein with an
apparent molecular weight (MW) >300 kDaLit00-23 andLrATCC 53608, in addition to a smaller protein of ~130
kDa and 50 kDa, respectiveBigure23). The high MW protein band In100-23 was mainly detected when the strain
was grown in the MRS medium, whereas it was predominant whemCC 53608 was grovin LDMII (Figure23A),
suggesting that the growth medium may influence protein secretion and/or glycosylation. In addition, western blot
analysis 6the LIATCC 53608 SM proteins with aBRRP53608 antibodies revealed that SRRP migrates at the same
size as the protein recognised BYMGA Figure23D), suggesting that this protein may be glycosylated with GIcNAc
or sialic acid.

f-RCA recognised several protein bandsrif®0-23,LIATCC 53608 anndMM4-1a, ranging from 40 to 130 kDieigure

23). Protein bands at 75 kDa and 55 kDa were shown to be recogniseR®# ficross all thrde reuteristrains,

which could suggest that these strains share the same target proteins and glycosylation system. In addition to these
proteins, fRCA also recognised a high MW band at ~500 kDa, which may correspond to a mucus binding protein
(MUBs3609, the majoradhesin inLrATCC 5360851,154) This protein was recognised by an avitBszses-antibody
(Figure23E), suggestindhat MUBs3s0smay be glycosylated with glycans containing galactose residues.
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f-SNA recognised SM proteins in all three strains grown in-LLD#shging from 20 to ~100 kDeigure23C). Samples
from MRS cultures gave similar results (data not shown), suggesting that the growth medium does not affect this
glycosylation process.

A B
kDa kDa
300
250 ggg
180 180
130 130
L 100
70 70
50
50
40 40
FWGA
LrATCC 53608 LrATCC 53608
MRS MRS
bookos [ B | [c00k0a
FWGA anti-SRRP FRCA  anti-MUB
antibody antibody

Figure23Western blot analysis of SM proteins frdri00-23,LIATCC 53608 andMM4-1a cultures in MRS or LDM
Il. The blots were probed with various FHiaBelled lectins. AYWGA, B)-RCA, C)}$NA. DLIATCC 53608 MRS SM
probed with fWGAor ant-rSRRP antibody)LIATCC 53608 MRS SM probed wiRA or ariMUBs3sosantibody.

Taken together, these results suggest that the glycans preseht oeuteriSM proteins may

contain galactose (Gal) or&tetylgalactosamine (GalNAc);adety-glucosamine (GIcNAc) or

sialic acid, based on RCA, WGA and SNA binding, respectively. The presence of GIcNAc and Gal
was predicted by bioinformatics analy¢gee sectior.2.1), however,no enzyme involved in

sialic acid metabolism was identified. As there is no sialic acid in thelL@bvth media, this

result suggests that there may be -annotated genes that encode proteins involved in the
biosynthesis of sialic acid and its utilisatiin protein glycosylation or that SNA recognises
modified sugars other than sialic acid, or that the interaction is not spedificfurther
investigate if sialic acid is present In reuteri glycoproteins, these were treated with

neuraminidase A fromArthrobacter ureafaciensan enzyme that cleaves sialic acid, irrespective
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of linkage, and the reaction products were analysed by-BBGE and western blot, usitgNA
or f-WGA. The results showed that recognition of these two lectins towards SM proteins

remained unalteredKigure24).

kDaA1234568123456
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Figure24 Treatment ofL. reuteriSM proteins with neuraminidase A. 1)r100-23 control, 2)Lr100-23 treated, 3)
LrATCC 53608 control, UJATCC 53608 treated, BiMM4-1a control, 6)L.IMM4-1a treated. A) InstantBlue stained
blot, B) fSNA probed blot. The results show that neuraminidase A has no effect on SNA recognitiogudériSM
proteins

This suggestthat either the sialic acid present anreuteriglycoproteins cannot be cleaved by
neuraminidase A due to some modification, or that SNA interaction is not glycan mediated.
address this, chemical release of sialic acid was employed to SM proteinsLitO®23,
LIATCC53608 aridMM4-1a cultures. Briefly, SM proteins were precipitated, mildly hydrolysed

in acetic acid and the reaction products were labelled with2-diamino4,5
methylenedioxybenzene (DMB). Following analysis by High Performance Liquid
Chromatography (HPLC), no sialic acid could be detected in the samples, whereas control
samples showed the elution and detection of sialic acids between 15 and 35 min, umrder th

conditions analysed (data not shown).
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These data, confirmed our bioinformatics analysis that did not identified any sialic acid
biosynthetic pathway, suggesting that SNA recognitibln. reuteriSM proteins was not specific

and that no sialic acid isgsent in these proteins

4.2.2. Monosaccharide composition analysis of L. reuteri SM proteins

Another approach to assess whether reuteriproteins are glycosylated was to carry out
monosaccharide composition analysis of SM proteins by gas chromatograpmass
spectrometry (G@AS). This technique allows the identification of monosaccharides present on
glycoproteins. To that end,.r100-23, LIATCC 53608 andMM4-1a were grown in LDM
medium for 18 h, SM proteins were precipitated from the SM by methanol/chdonof
precipitation to remove free sugars and methanolysed. The released monosaccharides were re

N-acetylated, derivatised with trimethylsilane and analysed byM=C

The results are summarised Trable18. The major monosaccharides identified in this analysis
were rhamnose (Rha), Fuc, xylose (Xyl), Gal, glucose (Glc) and Gighie25). The strongest

peak in all chromatograms corresponds to Glc, but shows large variation in concentration
between the different samples. The second most intense peak corresponded to Gal, in SM
proteins from all thred.. reuteristrains. Rhavas oneof the major peaks ihrl00-23 SM proteins

but was not detected in th&rATCC53608 arldMM4-1a samples. GIcNAc was also found in all
three strains with highest concentrationliltATCC 5360&uc and Xyl were identified in reuteri

100-23 and ATCC 53608ut not inLMMM4-1a.
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Table18 Monosaccharides identified by @@S, after methanolysis of L. reuteri glycoproteins and derivatisation of
the released monosaccharides with TMS.

Monosaccharide| Retention time (min) Concentration g/ mg of protein)
Lr100-23 WT | LIATCC 53608 LiMM4-1a
Rhamnose 55 37.3x7.5 - -
Fucose 6.3 2.6+0.2 Trace -
Xylose 7.8 0.2+0.1 Trace -
Galactose 10.5/12.1 42.9+6.5 15.8t3.3 65+28
Glucose 11.2/11.4 324.3£170 63+17.5 108.2t57
GIcNAc 29.3 1.4+0.3 4.9+1.5 0.26t0.1

114



Lr100-23 WT

x101 a 2
1.6 é
9|
14 <
1.2
1
2 %
0.8 [ 0]
0.6
(8]
<
0.4 o © 3
v 1] M T

4 6

oo

10 12 14 16 18 20 22 24 26 28 30

<102 LrATCC 53608

Myo-inositol

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Glc

«—— GIcNAc

+«—— Fuc

— Xyl

o
——oal
Gal

4 6 8 10 12 14 16 18 20 22 24 26 28 30
LrMM4-1a

>

ot

o
Glc

(2]
Gal

Myo-inositol

Gal

o -
jll
«—— GIcNAc

Figure25 GGMS chromatogram of monosaccharide composition analysis of glycoproteind fi@®23 WT Lr100-
23 ngtfl, LIATCC 53608 aridMM4-1a. The results showed the presence of Glc, Gal and GIcNAc istegiohin
addition to Fuc and Xyl iorl00-23 andLIATCC 53608 and Rha.ih00-23.

4.2.3. Identification of L. reuteri glycoprotein candidates

To identify the nature of the putative glycoproteins secreted b4TCC 53608, protein bands indicated with arrows
in Figure23 were excised from the polyacrylamide gel and subjected tgeintrypsin digest. The proteins were
identified by mass spectrometry (MS). The major proteind&rom LIATCC 53608 that interacted with WGA was
identified as the serine rich repeat protein (SB&. As SRRRoshas no trypsin digestion site within the serine rich
repeat regions, the coverage of the tryptic peptides was limited %N UBsssoswas also identified in this sample,
but the overall score was lower. The high MW protein fiosTCC 5360at interacted with RCA was identified by
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MS asMUBszs0s The MS analysis of the high MW proteins fralATCC 53608hat interacted with RCA or WGA
confirmed the immunoblotting data obtained from the aiUBsssosand antiSRRBsos antibodies, respectively,
indicating thatMUBs3s0s and SRREs0s are putative glycoproteins. Lastly, the predominant protein in the ~75 kDa
protein band from all three stins was found to be a predicted muramidase, homologous to Acm2, a known
glycoprotein inL. plantarumWWCFS1275)

To investigate whether SRBEsis glycosylated, the lectin binding profile of thiegreuteril00-

23 mutants with an insertion mation inasp2, gtfBor srr was determined Asp2encodes an
accessory secretion protein which is involved in the secretion of SRRPs and the modification of
GIcNAc residues found on the adhesin, wheggéBencodes a chaperon required for successful
glycosyation of SRRRBriefly, Lrl00-23 WT strain and the insertion mutants were grown in MRS

for 18 h and the secreted proteins were concentrated by spin filtration and analysed by SDS
PAGE and western blot, using fluorescetlyelled lectins. While no majatifferences inthe

protein pattern were observed with InstantBlue stalfigure26A), differences were noted when

the proteins were probed witfFWGA after western bk analysis. A protein band >300 kDa was
apparent in the WT strain but was missing in th&00-23 psrr mutant, as well as the other
mutants, suggesting that this protein is SRR (marked with an arrow irFigure26B). The
interaction with WGA, in combination with SRRRQ & | LILJ NSy i a2 -PAGEBHo nn
(predicted MW is 224 kDa) suggest that SBRHSs glycosylated. In addition, other protein
bands that were recognised WVGA were consistently found across all samples and no other
differences were observed when the proteins were probed VHRCA Figure26C) orf-SNA

(data not shown). These results suggest that Asp2 and GtfB are dedicated to the processing of

SRRBo23in L. reuteril00-23 strain
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Figure26 A) SDSAGE, followed by western blot analysis withf-BJGAor C)f-RCA of secreted proteins from 1)
Lr100-23 WT, 2hasp2 3) ngtfB 4) nsrr. The arrow indicates the SRR

4.2.4. ldentification and characterisation of L. reuteri glycosylation pathways

4.2.4.1.  Gtfleo23is involved in protein glycosylation
Lr100-23, LIATCC 53608nd LMMM4-1a harbour a glycosylation cluster composed of two

predicted GT¢see sectior8.2.3.2, homologous to the Gtfl / Gtf2 general protein glycosylation

systemin L. plantarumWCFS1274)

To investigate the role of Gtfl lrl00-23, aLr100-23 pgtfl deletionmutant was generated by

Dr. Rebbeca Duar (University of Alberta, Edmonton, Canada), following the protocol described
in (303) The role of Gtfl in protein glycosylation was then assessed by western blot analysis of
SM proteins froni.rl00-23 WT and.r100-23ngtfl grown in MRSKigure27). The results showed

that while SNA and WGA recognition remained unaffected in LtH®0-23 ngtfl mutant

compared to the WT straifRCA binding was abolished whgtfil was deleted.
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Figure27 Western blot analysis of SM proteins frdnl00-23 WT (lane 1) andrl00-23 ngtfl (lane 2) and probing
with various lectins. The results show that R€&ognition ofl. reuteri proteinsis lost in thegtfl mutant, but the
recognition ofSNA and WGW#asnot affected.

Taken together, these results suggest that Gtfl is involved in a general protein glycosylation
system inL. reuteril00-23, similar to the one found ih. pantarum WCFSL (274) targeting
several secreted proteins. However, in contrasitgplantarumwhere glycoproteins interact

with WGA and are suggested to be glycosylated predominantly with a single GIcNAc molecule
on each glycosylation sif@77), Gtfl inL100-23 appears to be involved in the glycosylation of
proteins that are specifically recognisedRgAyiaa Gal or a GaINAc moiety. As no GalNAc was
identified in the monosaccharide composition analysis, the monosaccharide that mediates RCA
recognition is more likely to be Galaken together, these data suggest tk&tfliooozis involved

in the synhesis of glycans containing Gal residues. It is possible that Gtfl transfers Gal residues
directly, or that it adds monosaccharides that precede Gal deposition, leadadotssof RCA

recognition, whergtfl is deleted.
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4.2.4.2. Gtfloeozsis involved in the syntisis of glycans containing both GIcNAc and Gal

To identify the monosaccharides used by the Gtfl glycosylation system, monosaccharide
composition analysis was performed on SM proteins ftoh®0-23 ngtfl strain, as describeth

4.2.2 Tablel9summarises the identified monosaccharides and their respective concentrations.
The mutant strain showed reduced levels of Gal, Glc and GIghtAre28); interestingly, both

Gal and Glc showed a f&ld decrease while GlAcwas decreased-10fold in the mutant

strain. A gnall reduction (£.5-fold) was observed in the concentration of Fared Rha.

Tablel9 Monosaccharide composition analysislaf00-23 ngtf1, compared td_r100-23 WT.

) o _ Concentration g / mg of protein)
Monosaccharide| Retention time (min)
Lr100-23 WT Lr100-23 ngtfl
Rhamnose 55 37.3+7.5 245254
Fucose 6.3 2.6+0.2 1.750.6
Xylose 7.8 0.2+0.1 0.31x0.1
Galactose 10.5/12.1 42.9+6.5 8.15:1.7
Glucose 11.2/11.4 324.3+170 62.75:26.7
GIcNAc 29.3 1.4+0.3 0.13t0.05
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Figure28 GGMS chromatogram of monosaccharide composition analysis of glycoproteind fl@®-23 ngtf1. The
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These results suggest that Gifdes is part of a glycosylation system that generates glycan
structures containing Glc, Gal and GIcNAc residuesdBas the similarity of Gtfl firm Lr100-

23, with its homologous enzyme from plantarumWCFS1 (43,28%yvBlue=16%), it is possible

that Gtflserves as the priming GT, depositing GIcNAc residues onto the faagein, while
additional GTs outside the gene clustetend the glycan with Glc or Gal moieti&@ge presence

of other modifiedsugars that were not identified by @@C cannot be exctled. The presence

of Rha, Fuc and Xyl seems to be independent of Gtfl and possibly part of glycans synthesised by

a different glycosylation system.

4.2.4.3. Gtfl plays a role in aggregation afr100-23
Totest if the deletion ofgtfl affected the growth of.r100-23, the Msgoof L100-23 WT and

Lr100-23 pgtfl cultures was monitored for 24 h. Bottrl00-23 WT and the isogenla100-23
ngtfl mutant grew to the same level under these conditions. The wild (\{6€)strain showed

a slight increase in growth rate at4, (1=0.05), but no other statistically significant differences
were observed over the course of the experimeiglre29). This suggests that Gtfl it is not

required for growth irLrl00-23, under the conditions tested.

Growth ofLr100-23 WT anagnhgtf1 mutant

—e—Lr100-23
—e—Lr10023ngtfl
MRS control

-1.00 4.00 9.00 14.00 19.00 24.00
Time (h)

Figure29 Growth ofLr100-23 WT and.r100-23 pgtfl mutant.
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However, it was observed that while the parent strain sedimented after prolonged static
incubation, the ngtfl mutant remained in suspension, which could suggest impaired
aggregation. To furtheassesghe aggregation properties of thierl00-23 pgtfl mutant, the
sedimentation of the bacteria was determined by spectrophotomé8&§4) in comparison to
the WTstrain. LIATCG3608 and its isogenic mutaht reuteril063N [r1063N) were used as
controls.Lr1063N carries an insertion in tmub gene encoding the surface adhe$itUBszsos
which resulted in an early stop codon, leading to the synthesis of a trundslig&szses
(tMUBuos3y), Which lacks the @rminus LPXTG anchoring motif and is thus secreted to the
growth mediumbut not attached onto the cell surface. AsLO63Nlacks its major adhesin, it
fails to form aggregates or biofilms, as previously determined by-fgtametry (151) Here, to
measure sedimentation,r100-23 ngtfl andLrl063Nwere suspended in PBS and thes@vas

monitored regularly for 8 h, using100-23 WT oLtATCC56308 as reference, respectively.

The results showed that the WT strai(lg100-23 andLrATCC 53608 the reference cell
sedimentedfaster, leading to an increase@Dyoomeasurement. This suggedtsat they form
more or larger aggregatek contrast, the mutant strains 100-23ngtf1 andLrl063N remained

in suspension, suggesting impaired aggregatidhis observation was also confirmed by
macroscopic visual observatiori the cultures, which showed a more turbid solution for the
mutant, compared to the WT, after 8 rigure30E). The reduced aggregation capability of
LrL063N comparetb LIATCC 53608 consistent with previous observatiohg flow cytometry
showingthat MUBsssosis involved in cell aggregatigh51) WhenLr100-23 WT oL rATCC53608
sedimentation was measured, the @Pmeasurements fluctuated around the baseline and
resulted in overall similar sedimentation rate between the measuring and reference sample, as
determined by the slope of the trendline (m =%&igure30A and C). These results also suggest
that the proteins targeted by Gtfl may be located on the cell surface and involved-tetell

interactions.
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A LrATCC53608 sedimentation B Lr1063N sedimentation
lower mutant sedimentation rate
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C Lr100-23 WT sedimentation D Lr100-23 Agif1 sedimentation
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Figure30 Measurement of the change inODsy of A) Lr100-23 WT, B) Lr100-23 ngtfl, C)LIATCC 53608 and D)
LrL063N, usind r100-23 WT as reference for A andaBd LIATCC 53608 for C and DM&ual observation of the
sedimentation ofL.r100-2 WT and_rl00-23n 3 {j &fter 8 h of stationarjncubation.

4.2.4.4. Overexpression of putative glycosyltransferases involved in glycosylatidhldB
Deletion of Gtfl in.rl00-23 abolished the recognition of SM proteins by RCA. The high similarity

between Gtflfrom 10023 (Gtflioo23) and Gtfl fromLATCC 5360&tf1s3s09 (98% identities, £
value = 0.0), strongly suggests thhis enzyme may have a similar roleLinTCC 53608. As
MUBsssosWas shown to be recognised by RCAaty bepossible to be a glycosylation target for

the Gtflsss0d Gtf2s360sglycosylation system

To confirm the role of these enzymesli\TCC 5360&nd since it is difficult to transform this
strain), Gtflsssos and Gtf23s0s Were heterologously expressed B coliBL21 (DE3)isingthe
pPOPINF overexpression vectdhis vector allows the overexpression efé¥minal His-tagged
recombinant proteins, and their purification by immobilised metal ion affinity chromatography
(IMAC). Upon induction, the proteins were successfully produced, as shown by the
overexpressed piein bands at ~60 kDa on SPBGE (Gtgisosand Gtf2zspshave a predicted
MW of 59.7 kD and 56.8 kDa, respectivélig(re3l). After cell lysis, Gtdsoswas foundin the

soluble fraction, whereas Gtfdkos was found in the insoluble fraction. Gtf2 was purified by
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IMAC, however, elution with 0.25 M imidazole led to the precipitation of the protein (data not
shown). Therefore, the protein wasluted using EDTA, leaulj to depletion of Ni from the
IMAC column and elution @tf2szs0sasa soluble protein. Attempts were made to recover Gtfl
from the inclusion bodies, following denaturation with 6 M guanidinium chloride, atidldeng.
However, upon removal of the chaopic agent, the protein precipitated agaipreventing any

further purification (data not shown).
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Figure31 SDSPAGE analysis of B) colpOPINFgtfl lysate after induction and H. colpOPNF _gtf2 lysates during
IMACpurification. 1) insoluble fraction, Il) soluble fraction, 1) fldwough, 2) wash, 3) first elution fraction, 4) second
elution fraction. Gtfissos was found in the insoluble fraction and was not further purified, whereassgtiAvas
found in the soluke fraction and purified by IMAC.

Alternatively, attempts were made to eexpress Gtfdsosand Gtf2ssosin E. colBL21 (DE3) using

a pRSFDuet expression system, since-empression of insoluble proteins with their natural
partner can help maintain pteins in solution. Upon induction, Gtkbos and Gtf2ss0s Were
successfully overexpressdeiqure3?2), as shown by the intense protein bands at ~58 kDa after
SDSPAGE however they were both found in the insoluble fraction, after cell lysis, thus

preventing further characterisation.
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Figure32 SDSPAGHEnalysis of the A) soluble and B) insoluble fractions frof. £oliBL21 (DE3) pRSFDUeP) E.
coliBL21 (DE3pRSFDuet_gtfl and 3)E. coliBL21 (DE3pRSFDuet_gtfl/2 cell lysates. Overexpression of the
proteins was successful, however, both proteins were found in the insoluble fraction.

4.2.45. ThelLrl00-23 SecAY, cluster is organised into two operons

Protein analysis 0frl00-23 insertional mutants with disrupted Sed¥-associated genes
showed thatLr100-23 harbours a functional SegX; cluster(109) This includes eight predicted

GTs Figure33A). GtfA, GfB and GifC have been annotated based on homology with other
studied proteingsee sectiori.4.1.2.4. GtfD andGfE contain two GT domains, a GT4 at the N
terminus and a DUF1792 at thet&minus. Genes 2500070898 and 2500070900 have a GT4
and a DUF 1792 domain, respectively, and are probably part of the same gene, which has been
split by a transposase, hence they hdeen annotated agtfF1land gtfF2 To determine the
transcriptional organisation of the cluster and to identify the exgmed GTs, RFACR was
employed. Briefly, RNA extracted fraofl00-23was used to synthesise cDNA. The cDNA was
then used as a templat@ iPCR reactions, whereas RNA was used as a negative control. The
primers used in the PCR reactions were specifically designed to target the intergenic regions of

the genes in the clusteF{gure33A, Tablel4).

124



Initially, random hexameric nucleotides were used for the synthesis of cDNA. When this cDNA
was used a template for the FAICRreactions 13, 5, and 912 gavebands of the expected size
(Figure33B). This would suggest the presence of three opergif€asp2, aspdecA/Y, and
gtfBcerm-Tnas@ and five independent genegt{A, gtfB, gtfF2, RTasand srr). In all secAY-
clusters studied so far, the transcriptional organisation varies, but the core gsee¥-¢tfB)

are always linked into a single oper¢tB89,305) in contrast to the findings for therl00-23
cluster. As it is possible that the random primers used for the cDNA synthesis did not accurately
target the entire cluster, gene specific primers were ugadthe synthesis of cDNA from the
genes that did not produce RFACR products. When the gespecific cDNA was used as
template, reactions 4,48 and 1214 gave bands of the expected size, whereas reaction 15 was
the only one that did not yield any pradt. Taken together, these results suggest that the
SecAlY; cluster fromLrl00-23 is organised into two operons: one spanning gegd€§-RTase

and a monocistronic operocontainingsrr alone. This was unexpected as the insertion of two
exogenous genesTitase and RTasg could have introduced transcriptional terminator
sequences. These results suggest tAltGTs are expressed, which colddd to a complex

glycosylation pathway.
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Figure33 A) schematic representation of tHa100-23 SecA/Y- cluster. BRTPCR analysis of tha100-23 SecA/Y»
cluster, using cDNA synthesised by random hexameric primersgen€¥pecific reverse primer§ he lane numbers
correspond to the intergenic regions noted on A

4.2.4.6. TheLrATCC53608 SeciY cluster is organised into a single operon
RTPCR analysis of the SeldAcluster fromLr100-23 showed that the genes in this cluster are

expressed, while the change in the recognition of SRRFy WGA inLrl00-23 insertion
mutants of secA asp2and srr shows that the glycosylation system is active. Similarly, the
interaction of SRRRoswith WGA suggests that tHeATCC 53608 Segh glycosylation system

is also functional. To characterise the transcriptional organisation of the;Seaiuster, RT

PCR was used to amplify the intergenic regions of the genes composing the, dastescribed

for Lrl00-23 above.The primers used in the PCR reactions were specifically designed to target

the intergenic regions of the genes in the clusteig(ire34A).

The PCR reactions yielded products of the expected size for each targeted sequence, apart from
the reaction targeting the intergenic region betweeac¥ and aspl(Figure34B, lane 4). This
would suggest the presence of two distinct operons, one spanning genessfreenSecYand

a second one spanning froasplto gtfB. However, given that the intergenic region between
secY¥ and asplis only two nucleotides long and does not contain a transcription termination
sequence and a promoter for the second operon, it is more likely that a complex secondary
structure in thisregion prevented cDNA synthesis. It is worth noting that the primer pair
targeting the intergenic region betweesispland asp2gave a norspecific band in the RNA
control, although the product intensity was significantly higher in the cDNA sample. All othe
reactions gave a negative result in the RNA control, suggesting that this is unlikely to be due to
DNA contamination. Taken together, these results suggest that the:Sechusterin LIATCC
53608is organised into a single operon. In addition, based on the number of GTs expressed in
the operon, these data suggest th&RMRszs0s is probably glycosylated with disaccharide
moieties, as, based on previous studies, GtfA and GtfB are predicted teeimghieosylation,

whereas GtfC is the only GT present in the cluster that is predicted to elongate the @gean
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section1.4.1.2.4. Whenthe cDNA from the statioary phase was used, no PCR produas
obtained(data not shown), suggesting downregulation of the expressiomisfdluster under

these conditions.

A

M 2o 3 ™M ™ e 1 ™

srr / gtfC secY, asp1 asp2 asp3 secA, gtfA gtfB

12 345

6 7

| | o]

B Co

RT-negative
control

cDNA

Figure34 Analysis of thesecA/Y> gene cluster irLrATCC 53608 /Achematiaepresentation of thesecA/Y2 gene
cluster. The numbers correspond to the PCR reactions analysed by electrophordgatd®gelectrophoresis of the
intergenic PCR products. The results suggest that the cluster is composed by a single operon.

4.2.4.7. Biochemical characterisation of GTs from the Sed cluster by differential

scanning fluorimetry(DSF)

4.2.4.7.1. Overexpression of the SechY ; associated glycosyltransferases

Based on studies on homologous glycosylation clusters in streptococcal and staphsllococc
systems, GtfA and GtfB are predicted to work together to initiate glycosylation of the SRRP by
the addition of GIcNAc residues, whereas GtfC is predicted to mediate the second glycosylation

step, by adding a Glc residue onto thaemding glycan(191,305,306) To characterise their
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activity, GtfA GtfB and GtfC fromATCC 53608 were heterologoushypeessed irE. coliBL21
(DE3), using the pOPINF vector. After induction, all three proteins were successfully produced,
as determined by SBFAGERigure35). GtfBssswas found in the insoluble fraction, preventing
further purification and characterisation. Gti#os and GtfGssos Were found in the soluble

fraction and further purified by IMAC, using EDTA for the elution, to groigin precipitation.
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Figure35 SDSPAGE analysis of B) coliBL21 (DE3) pOPINF_gtfABB)XoliBL21 (DE3) pOPINF_gtfC lysates during
IMAC purification and @. colBL21 (DE3) pOPINF_gtfB lysate after induction of the overexpression system- 1) flow
through fraction, 2) wak fraction, 3) first éution fraction, 4) second elution fractiof). insoluble fraction, Ii§oluble
fraction.

4.2.4.7.2. UDRGIcNACc stabilises Gtfézeos

Based on homology with functionally characterised homologues, GtfA and GtfC are expected to
mediate the first and second step in glycosylatiors&Rs360s IN the studied staphylococcal and
pneumonococcal SeglX, systems, GtfA adds a GIcNAc residue onto the SRRP and based on
homology (~44% identity A&alue > 16°%), GtfA fromLIATCC 53608 is@eacted to have a similar
activity. In addition, sinc&RRs3s0s Was found to interact with WGA, it is possible that the
glycans that modify the adhesin have a terminal GIcNAc moiety. As:écdi€ the only GT
present in the cluster that is predicted tatend the glycan, UDBIcNAC is likely to be the donor

substrate for both Gtfésos and GtfGssos TO test this hypothesis, GH#Aos and GitfGzsos
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interaction with UDFGICNAC was assessed by differential scanning fluorimetry (DSF), which can
be used tomeasure the melting temperature (Tm) of a protein. Interactions of proteins with
their ligands often lead to increased stabilisation of the protein, and this is reflected by an
increased Tm. This approach indicated an interaction betweenGIDIRAc and Gifssos but

not GtfAsssos GtfGasos Showed a UDRSICNAeconcentration dependent increase in Tm, from
42°C in the absence of the ligand to°Cin presence of UDBICNAc 4 mMKigure36B). No
change was recorded for G##os showing a constant Tm of ~&3 across all UBBICNAC
concentrations testedRigure36A). The absence of regnition of UDFGICNAC by Gtifsosis
intriguing, as crystal structures of GtfA frdBapneumoniaeand S. gordonishow UDRGICNAC
binding independent of Gtfl8266,267) As GtfA acts synergistically with GtfB, it is possible that,
in solution, binding of UDBIcNACc to GtfA requires both proteins, or that the binding of UDP

GIcNAc to Gtfnay not be sufficient to stabilise the enzyme under the conditions tested by DSF.

GtfAs360s melt peak B GtfC melt peak
P UDP-GlcNAc 53608 P UDP-GlcNAc
2000- 2000
1000+  —— — oM 10004 — M
0 L T — 0.4uM 0+ — 0.4uM
.~ -1000{ 10 20 30, 4 50 60 70 80 90 « -1000-
S -20004 — 4M T 20001 — 4uM
5 -3000- — 12uM 3 -3000- — 12uM
& -4000 ¥ i -40004 u
et -5000- — 120uM =1 -5000- — 120uM
-6000- — 04mM -gggg- — 04mM
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-8000+ Temperature -8000- Temperature
-9000- -9000-

Figure36 Melt curves of A) Gtfspsand B) Gtf€ze05 in the presence of increasing concentration of UBIENAc. The
ligand appears to stabiligetfGzsos but not GtfAssos

The specificity of GtfC interaction was further tested against UDP;GHDRand UDISIc. The
results showed a concentration dependent increase in Tm for all ligands teSiguare37).
However, the interaction with UDBIcNAc at concentrations up to 4 mM caused the greater
increase in Tm compared to the other ligands, suggesting that there is a preference of the
enzyme towards this sugamnleotide. At concentrations # mM, UDP caused the greatest
increase in Tm. As UDP is smaller than the other ligands, it may be able at high concentrations
to bind allosterically to sites that are not accessible to the other ligands, thus stabilising the

enzymefurther.
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Figure37Increase in the Tm of G#¢osfrom LIATCC 53608 in the presence of increasing concentrations of different
ligands.

DSF was also used to investigate the binding dependency ohésgBetivity to metalions, in

the presence or absence of UIHCcNAC. In the presence of 4 mM UBRNACc, the Tm of
GtfGssosWas increased by°8 Figure38B), whereas in the presence B5fmM of the divalent
ions (Mdg*, Mr?*, C&"), the Tm increased by 2G(Figure38A). However, when both the sugar
ligand and the ions were present, the Tm of Gfésincreased by TC, suggesting that divalent
ions may be required for optimum binding. The requirementightent ions is well established

in Leloir GTs, and some examples have been recently reported prokaryotic systems.
example, the dGTinediated glycosylation of Fapl $ parasanguinis enhanced by divalent
ions (262) whereas, using DSF, a glucosyltransferase fedwstridium difficileshowed a 19C
increase in Tm, when both the sugar substrate andMvere present, also suggesting the
dependency of the GT enzymatic activity on divalent {&0%) However, no divalent ions have
been identified enzymaticlyl or in the crystal structures of GtfC from other microorganisms so
far (263) It is worth noting that Gtf§sosdoes not contain a DxD maitif; it does, however contain
a DxE motif, which could facilitate binding of the divalent ions, as shown for a GT frdsn the

parasangunigW213 SecAY cluster(262)
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A GHfCarce 53608 melt peak in the presence of ions B GHiCarce sm0s melt peak in the presence of UDP-GIcNAc and ions
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Figure38 Melt peaks of Gtfgzsesin the presence of A) divalent ions only or B) UEE&NAand divalent ions.

4.2.4.7.3. GtfGoo-23is preferentially stabilised by UDPGIc
GtfGoo2sis predicted to mediate the second step in SBREglycosylation, similarly to Géses

To determine the acceptor specificity of Gifzz(cloned and expressealy Prozomix, UK), DSF
was employed, sadescribedabove for Gtfgzeos INcubation oiGtfGoo23 with UDRGIc led to an
increase of the Tm of up td®°@, whereas as incubation with other ligands had a milder effect,
when their concentration was 4 mM, Figure39), indicating a stronger interaction between
the enzyme and UD8Ic. In contrast, at concentrationgt>mM, UDP led to the highest increase

in Tm, as previously observed for Gtfgs.
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Figure39 Increase in the Tm of Gtf§z.3 in the presence of increasing concentrations of differeiiPligands.The
results show a preference for UBHc.

DSF was also employed to determine the effect of divalent ions in the stability afdz4fThe
enzyme wascubated with Mg* Mn?*, or C&*alone, or in the presence of UBHc and the melt
peaks showed that the ions had very small effect on the stability of the protein, as determined

by the small shift <1°C-in Tm Figure40), suggesting that divalent ions may not beaal for
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enzymatic activity ofGtfGooos. Interestingly, the DxE motif identified in Gifgs is also

conserved here, but #heffect of ions in the stability of Gtf§g2s is not as strong as for Gtffeos

3
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Figure40Melt peaks of Gtfgo23in the presence of A) divalent ions or B) UBIE and divalent ions.

4.3. Summary and discussion

The presence of glycosylation clusters homologous to those involved in protein glycosylation in
pathogenicGrampositivebacteria and.. plantarumWCFS1n the genome oL.r100-23,LIATCC
53608and LiMM4-1a suggests that these strairsge capable of perforring proteinsequential
O-glycosylation These include th&ecA/Y. glycosylation system which is dedicated to the
glycosylation oSRRPand a general glycosylation system composed of two putative Gk

and Gtf2.To assesghe ability ofL. reuteristrains to carry out protein glycosylatiptectin
screeningof SM proteins froni. reutericultureswasfirst used The interaction of SM proteins
from Lrl00-23, LIATCC 53608 aridMM4-1a with lectins such as RCA and WGA suggests that
these strains can modiftheir proteins with glycans containing GIcNAc and/or Gal. SNA, a sialic
acidspecific lectin, was also found to bind SM proteins frorh00-23, LIATCC 53608 and
LmMMM4-1a, however, further investigation with neuraminidase A and HPLC arsdigsigdthat

this interactionwas not carbohydrate mediated. In addition, monosaccharide composition
analysis of secrete8M proteins revealed the presence of Gal, @ GIcNAc in the threk.
reuteristrains analysed, as well as Xyl and Fi@Mmproteins fromLr100-23 andLrATCC 53608,

and Rha irL.r100-23. Glc was identified as the strongest peak in all three samples. The high
abundance of Gal ibrl00-23, LIATCC 53608 andMM4-1a is in agreement with the lectin
screening showing strong interaction of RCAVAM proteins from all threk. reuteristrains.In

addition, the absence of GalNAc suggests that-R@ding is Gainediated. The presence of Fuc
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and Xyl was not expected, as no genes involved in the synthesis efF@Di? UDXyl were
identified in thebioinformatics analysis. This suggests that there may barnmotated genes
involved in the biosynthesis of thesugar nucleotides or that their preseniceSM proteinds
due toa different mechanism, such as a transglycosylation reaction. In addibdsinding was
observed when UEA was tested against SM proteins ind®0-23 orLIATCC 53608. This could
be due to the low concentration of Fuc, which may be below the detection limitJ&A.The
presence of GIcNAc is in agreement with the bioinformaticalysis that revealed enzymes
involved in the biosynthesis of UBBCNAcC in these thred.. reuteri strains. The low
concentration of GIcNAc ihrl00-23 and LiMM4-1a compared toLIATCC 53608 is also in
agreement with the lectin screening that showaeakor no WGA binding against SM proteins
from Lr100-23 andLMM4-1a, respectivelyThe presence of Rha lrd00-23 SM proteinsis
consistent with the bioinformatics analysis, that showed the presence of eRFaPiosynthesis

cluster in ths strain.
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In addition to MUBssssand SRRPs muramidasehomologous to the glycosylated Acm2 from

L. plantarumWCFS1 was identified as a putative glycoprotein recognised by RCA in all.three

reuteri strains, suggesting that this protein may be glycosylated bgreservedglycosylation

system.

To assesthe role of Gtfl inLr100-23, SM proteins from Brl00-23 ngtfl deletion mutant were
tested for interaction with RCA or WGA. The results shaavedmpleteloss of RCA recognition
in the mutant while the recognition of WGAmained unaffected. This suggestat Gtfl is also

involved in protein glycosylatioim Lr100-23. Monosaccharide composition analysis revealed a
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decrease in Gal, Glc and GlchtAthe Lr100-23 ngtfl mutant. Thissuggestshat Gtfl is involved

in the synthesis of glycans containing these three monosacchaftespresence of modified
monosaccharides that were not identified by -GS cannot be excluded. The reduction in Gal
concentration is in agreement with the westerroblnalysis, showing that the affinity of RCA (a
Galspecific lectin) toward&rl00-23 glycoproteings lost whengtfl is deleted. Gtflhas high
homology withthe L. plantarumWCFS1 homologue that is involved in protein glycosylalion
L. plantarumWCFS/lthe synergistic action of two GTs, Gtfl and Gtf2, is required for protein
glycosylation with GIcNAc residug’4) thereforeit is likely that the function is conserved in
L. reuteril00-23, with Gtfl transferring GIcNAc residues onto protein targets. GBier may be
responsible for thesubsequentattachment of Gal residuedn addition, while Gtfl was not
essential for bacterial growth under otolled, laboratory conditiongn Lr100-23, itwasshown

to be involved in bacterial aggregation. This suggesis ¢ither the glycans found on surface
glycoproteins act as ligands for surface, letyipe bacterial adhesins, or that loss of
glycosylatiormay leadto impaired secretion of proteins involved in aggregation and/or biofilm
formation. Attemptsto characteise heterologously expressed Gtfl and Gtf2 flasTCC 53608
were not successful, as Gtfl was found to be insoluble when expresg&edolindependently,
while both enzymes were found to be insoluble whenrexpressed. Further experimensse
required todeterminethe enzymatic activity of these proteinsnd confirmtheir glycosylation

targets.

MUB, SRRP and muramidase have been previousbwishto mediate the adhesion of
Lactobacillto mucin and/or the epithelium of theihost (109,144,151,156)Glycosylation of
these adhesins may suggest a role for the glycans in the adhesion mechahiseuéristrains,

as reported for pathogenic bacteria (see sectibd.1.2.4, underscoring the importance of

protein glycosylation for bacterial colonisation.
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Chapter 5

Characterisation of the
L. reuterr adhesin

glycosylation
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5.1. Introduction
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Figure41 Schematic representation of SRRP filoft00-23 andLrATCC 53608.
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Figure42 Anchoring of surface proteins via the LPXTG anchoring motif. The arrow points at the peptide bond formed
between Thr and Gly. The Giwotif is underlined. Adapted frorlL74)

The aim of this work is to characterise the glycans found..oreuteriadhesins identified as

putative glycoproteins in the previous chapter, namely SRRPSRRBEs0sand MUBs360s
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5.2. Results and discussion

5.2.1. Characterisation of SRRP100-23 glycosylation pattern

5.2.1.1. Purification of SRRRBo23
To determine the nature of the glycans present on SRRPthe adhesin was purified froin.

reuteri culture. Briefly,L. reuteril00-23 was grown in LDM, supplemented with maltose, for

18 h. After concentration and dialysis of the SM, SRRP was purified by affinity
chromatography, using an agarebeund WGA column, taking advantage of the lectin
recognition resultglescribed in sectiod.2.3 After washing of the column, bound proteins were
eluted with 0.5 M GIcNAc. The collected fractions were analysed byP8BERigure43). The
major purified protein migrated at a MW >300 kDa. MS analysis of the gel revealed thagc:SRRP
23 wasthe fifth most strongly identified protein, with a score of 472 and coverage of 8%. Other
surface proteins, including Lsp (Large &cefProtein, Accession no. 2500070581, score: 1225,
coverage: 22%) were also identified. However, the score for SRR&underestimated, as the
serinerich repeat regions (accounting for ~65% of the total protein) contain no trypsin digestion

sites, peventing their identification by MS due to the size of the resulting peptides.

These results suggest that either the identified surface proteins are also glycosylated with
GIcNAc residues, but the abundance of the glydartselow the detection limit o'WGAon a
western blot, or that these surface proteins interact with SRRP, leading-parification by
WGAaffinity chromatography. A smaller protein at 130 kDa was algouctied in much lower

yield. This was expected from earlier results showing W&A recognised a protein band of

this size after western blot analysis of the secreted proteins ftab00-23 (see sectior#.2.1).

MS analysis identified this prateasan LPXTGnchored peptidase (accession no. 2500070874,
score: 1088, coverage: 40%) of a predicted MW of 100 kDa, suggesting that this may also be a
putative glycosylation targetThe elution fractions containing SRRE: were pooled and

dialysed against ammonium bicarbonate. Purification of SRRP by WGA affinity
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chromatography supported the results showing that WGA interacts with SRRR a glycan

mediated interaction
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Figure43 Purification of SRR{23 by WGA affinity chromatography. Lane 1) starting material, Land} ®ash
fractions, Lanes-&) elution fractions.

5.2.1.2. SRRIo23is glycosylated with HexNAElex moieties

Previous studies on SRRPs from pathogenic organisms have shown that these proteins are O
glycosylated on serine residu€$91,269) To identify the glycans present on SRRE, the
purified protein was subjected to-elimination, aml the released glycans were permethylated

and analysed by MALDDbF. The spectra showed a characteristic peak at 738 Da, that
corresponds tdHexNAgHex, andfragmentation of this ion species suggests it is a linear glycan
structure Figure44). As the MS analysis of the purified SRRPidentified multiple large
surface proteins in the sample, it is possible that this glycan structure was also present in these
proteins. To confirm that this is an SRBR-specific glycan, the same glycomics analysis was
performed on SM proteins frorhrl00-23 WT and_r100-23 pgtfB mutant, shown to have lost

the WGAaffinity to SRRBo23. The results showed that the peak at 738 Da was missing in the
mutant sample, while the rest of the spectra was identical (data not shown). Taken together,

these data sggest that SRR23is glycosylated witlHexNAgHe» moieties
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Figure44 A: MS spectrum of the released and permethylatedj@cans fromSRRRo.23. B) Fragmentation spectrum
of the peak a738Da. The data suggest the preserofHexNAgHex moieties onNSRRRBo.23.

5.2.1.3.  Monosaccharide composition analysis of SRR

To determine the nature of the monosaccharidesnstituting SRRBo23 glycosylation sugar
analysis was performed on purified proteins by-K8C, aftermethanolysis, Macetylation and
TMSderivatisation of the released methglycosides. The results showed mainly the presence

of Glc, as well as smaller amounts of Gal, GIcNAc an@FRhme45). Based on the MALDOF
analysis, it was expected that Hex and HexNAc would be found in a 2:1 ratio. However, the total
amount of Hex molecules is more than 100 times higher than GIcNAc. This could suggest the
glycosylation of BRRoo23 with single Glc or Gal residues, which are not retained by the
graphitised carbon cartridges used for desalting the samples during preparation and therefore

cannot be detected by MALDDF analysis.
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In addition, no deoxyhexose was identified ithe MALDIToF analysis, so the presence of Rha
was not expected. It may be that only a small fraction of the glycans carries a Rha residue, which

will be below the detection limits of MALDIbF, under the conditions tested.
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Figure45 Extracted chromatogram of ions 173.1 and 204.1 (main ions produced upon fragmentation of HexNAc and
Hex, respectivelyafter GEMS analysis of the monosaccharides found on $8RPThe results show the excess of
Glc, and the presence of Gal, Gdal\and Rha.

5.2.2. Characterisation of SRRPs360s glycosylation pattern

52.2.1. Purification of SRREesos and MUBs350s
In the previous chapter, we identifielllUBs3s0s and SRRBs0s as putative glycoproteins ih.

reuteri ATCC 53608. These are high molecular weight proteins, both migrating at >300 kDa on
SDSPAGE.MUBsz60s generally shows higher expression levels in MRS, whereassssRRP
productionis enhanced in LDM growth medium. However, as MRS is a sdefined medum
containing yeast derived glycans, LBIMvas chosen for bacterial growth and purification of
both proteins MUBss60s in addition to other glycoproteins froin reuteriATCC 53608 was found

to interact with RCAwhereasWGA was found to specificallynd SRRRs0s To purify the two
adhesins,L. reuteriwas grown for 24 h in LDM media and proteins were precipitated in
ammonium sulphate. After resuspension, proteins were extracted in a triple phase partitioning
system using terbutanol and an incresing concentration of ammonium sulphate. After three
cycles of extraction, the proteins were analysed by-BB6GEMUBszs0sand SRREsswere both
found in the second fractior-{gure46A), which was then further separated by gel filtratisee

2.8.278. Despite having a predicted molecular weight (MW) of 353 kDa and 160 kDa,
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respectively, MUBsss0s and SRR¥Esos both coeluted in the void volume of the column
(approximately 2 MDa)Hgure46B). This may be due to their extended protein fold, which will
increase their hydrodynamic volume in soluti@@ll) The two proteins were separated by
affinity chromatography, using an agardseund WGA columnMUBszsos Was recovered from

the flow-through and wash fractions, whereas SRREwas retained on the column and eluted
with high concentration of GIcNAc, the cognitive sugar for WGA, therefore confirming the ability
of SRRd3s0sto interact with WGA in a glycamediated manner. Slot blot analysis of the wash
and elution fractions showed that the two glycoproteins could be successfully sepaFideds
46C), as differentially recognised BWGA oif-RCA. The identity of the two proteins was further
confirmed by antiSRRR30s and antiMUBsss0s antibodies as well as mass spectrometry (MS)

(data not shown).
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Figure46 Purification ofMUBs3s0sand SRREs0sfrom LIATCC 53608 bacterial culture SM. A)-BBSE analysis of
protein extracts collected after three rounds of triple phase partitioning (TPIR).(B) Gel filtration chromatogram

of the protein separation fronfraction 1l. C) SBBAGE of fractions collected after separation of fraction Il from the
TPP extraction by gel filtration. D) Slot blot analysis of wash and elution fractions after WGA affinity chromatography.
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5.2.2.2. SRRBssosis glycosylated with dHexNAc maeties
To identify the glycans present in SR&R purified SRREswas subjected to reductive-

elimination. The chemically releagglycans were then permethylated and analysed by Matrix
Assisted Laser Desorption/lonisation Time of Flight Mass Speetry (MALDIToF). The
analysis revealed a single peak at 575 Da, which corresponds to the mass of a reduced,
permethylated sodiated dN-acetylhexosamine (HexNAd&igure47A). Further fragmentation

of this species confirmed the nature of the glycan, as it produced two main peaks at 282 and

316 Da, corresponding to a neaducing and a reducing terminal HexNRgy(re47B).
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Figure47 A) MS spectrum of the released and permethylatedl@@ans from SRR&ss B) Fragmentation spectrum
of the main peak at 575 Da. The data suggest the presence of diHexdétes on SRRRos

5.2.2.3. The SRRfswsglycans are comprised of GIcNAc molecules

The bioinformatics analysis, as well as the monosaccharide composition analysis of the
LrATCC53608 SM proteins, and the interaction of WGA with s253R&ll suggest that theid

HexNAc moiety identified by MS may be comprised of GIcCNAc residues. To determine the exact
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nature of the glycan residues, the carbohydrate content of purified S&&PRas further
analysed by G@IS. After methanolysis of SRR the released sugamsere re-N-acetylated

and derivatised with trimethylsilane (TMS). Thel@€ chromatogram showed a single HexNAc
peak with a retention time (~29 min) corresponding to that of GlcNAgue48). Glucose was

also detected (data not shown), but as no hexose was identified in the MAdED&nalysis, this

was attributed to contamination. BhGGMS resultsupported the previous bioinformatics and
monosaccharide compositiomalyses that identified no HexNAc other than Glcké&e section

4.2.2. In addition, this result suggests that GtfC frommeuteriATCC 53608distinct from GtCs
characterised from other organisms, as in all cases studied so far, GtfC was shown to use UDP

Glc as the sugar donor for the second glycosylation step of I8#Psectiori.4.1.2.5.
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Figure48 GGMS analysis of SRi&smonosaccharidedMStrace of monosaccharideharacteristic ions at 173 and
204 Da.

5.2.2.4. The GIcNAc moieties of SRR are | -linked

In homologous glycosylation clusteiG{fC was shown to belong to the GT family 4, which
contains GTs with a retaining mechanismw{v.cazy.ory (306) therefore generatingh-

glycosidic bondsHigurel4).

To determine the conformation of the GIcNAc residue in SRBPourified SRREos was
treated with enzymes specific fdr- or i -linkages,i.e. a commercially available,-N-acety}

hexosaminidase or a GH89h-N-acetylglucosaminidase "¢GIcNAcase) fromBacteroides

145


http://www.cazy.org/

thetaiotaomicron produced irhouse. Briefly, an overexpressiorctor mntaining the GH89
genefused to a Histag sequence was transformed intde. coliBL21 (DE3). After induction of
the gene expression in Auto Induction Media, solulgleombinanth -GIcNAcase was obtained

and purified by IMACH{gure49).

1 2 3 4 5 6
B \SNOTN et ! e Nt 7

Figure49 Purification of GH89-GIcNAcase by IMAC. 1) starting material, 2) flomugh, 3) wash fraction 1, 4) wash
fraction 2, 5) elution fraction 1, @lution fraction 2.

The specific activity of theMAGpurified enzyme was assessed usit{Rh -GIcNAC and found
to be ~350 U/ml of purified protein (one unit of enzyme hydrolyses 1.0 nmolendgfaphenyt

h-D-GIcNACc to enitrophenol and BGIcNAc in 1 h,tgoH 6.5 and 37°C).

The reaction products of the enzymatically treated SRRRvere analysed by western blot,
probed withf-WGAor antrSRRBsosantibodies. When SRRRswas treated withh -GIcNAcase

at 25°C, 37C or 42C, deglycosylation products wenpbserved Figure50A), suggesting that the
GIcNAc moieties found on SRRRare" -linked. The deglycosylation products were recognised
by the antiSRRBsosantibodies, but not byf-WGA suggesting that they are fully deglycosylated.
Treatment with an excess 6fN-acetythexosaminidaseunder the same conditions did not
produce any deglycosylated productBiqure 50B) whereas treatment with both enzymes

yielded products similar to the treatment with-GIcNAcase only{gure50C).
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Figure50 Enzymatic deglycosylation of SRR usingh-GIcNAcase, -N-acetythexosaminidaseor both. Top set:
Western blot analysis of enzymatic deglycosylation products usings&RiRsgsantibody. Bottom setWestern blot
analysis of enzymatic deglycosylation products usMgFA. A,l) Treatment with-GIcNAcaseys) Treatment with

I -N-acetythexosaminidaseC,IIl) Treatment with both enzymes. 1)GIcNAcase control, 2) SRRR control, 3)
reaction perfemed at 28C,4) reaction performed at 3, 5) reaction performed at 42. The results show
deglycosylation products when SRRRis treated withh -GIcNAcase. Fully glycosylated Sids#s still present after
enzymatic deglycosylation.

However, the'-GIcNAcase treated protein migrated at ~220 kDa, therefore higher than the fully
deglycosylated SRRRswhich has a predicted MWW16 kDabased on amino acid composition
This could be due to the presence of sugars that are not recognised by WGA veddbyathe
N-acetytglucosaminidases used this assayFor instance, it was recently shown3ngordonii
M99 that Asp2 could modify GIcNAc residues on SRRP with anoadtifacetyl group (©
AcGIcNAC) and thaté modified sugar could not be identifidoy WGA204) The use of similar
monosacharides has been reported $ agalactiadi36b andS. salivariugIM8777(189,269)

As the catalytic residues are conserved in Asp2 ftomeuteriATCC 53608-igure51), it is
possible that SRBRusalso carries AcGIcNAc residues, which could account for the aberrant
mobility of the deglycosylated protein on SBAGEHowever, this modificatiolis lost under
the conditions used for glycomics or sugar compositanalysis, so @cGIcNAc it is not

detectable by MALBToF or GBAS.
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Figure51 Alignment of the Asp2 sequence frolm reuteri and Streptococcus spflankingthe catalytic residues
(highlighted in green).

In addition, despite the detection of deglycosylation produt#d/GA was still found to bind to
protein bands corresponding to native SRR (Figure 50 I, 1ll). The lack of complete
deglycosylation witt -GIcNAcase may be due to the substrate specificity of the enzyme, which
may not be optimum for this epitope, or to high levels of glycosylation, providing little

accesibility to the enzyme.

GIcNAc is one of the constituents of the bacteria cell wall, and WGA is often used Gaivel
positivebacteria. In order to exclude the possibility that WGA recognises cell wall debris that
could be attached to the @rminus d SRR&e0g the adhesin was treated with lysostaphin, a
peptidase that targets the Glgnchormotif (seeFigure42) between the cell wall and the surface
proteins(174) Treatment with lysostaphin alone did nalter the mobility of SRRRosin SDS

PAGE Higure 52A). In addition, lysostaphin treatment did not change the recognition of
SRRRBeos by f-WGA Figure52B), suggesting that the intaction is mediated by the SRi2g:
glycans and not by cell wall debris. This is also supported by the fact that WGA binding is specific
to SRRRBsesand does not recognise other predicted cell surface anchored probensLIATCC

53608 SMTakentogether, these results suggest that SRRBRIis glycosylated with GIcNA¢

GIcNAc moieties.
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Figure52 A) SDSAGE analysis of SRE#(1) following treatment with lysostaphin (2);GlcNAcase (3) or both (4).
B) Western blot analysisf the same reactions, using®WGA The results show deglycosylation products when
SRRBeosis treated withh -GlcNAcase, but no effect with lysostaphin

5.2.2.5. SRRBssosis resistant to proteolysis by GluC
Having identified that SRRRs is glycosylated, we ere interested in identifying the

glycosylation sites, using liquid chromatographgss spectrometry (:-KS) after proteolytic
digestion. In most proteomics studies, trypsin is used as the protease of choice, as it generally
generates peptides long enough provide information for sequencing and characterisation of
the proteins and their modifications. Howevém, silicodigest of SRRRoswith trypsin showed
that the reaction generates large peptides, up to 71 kDa, as there are no lgsidees within

the SRRP regions. contrast, each repeat terminates with a glutamic acid, which would make it
a preferential substrate for the endoproteinase GI(812) However, upon treatment of a
SRRBseswith GIuC in solutionthe analysis of the reaction products by western blotting, using
f-WGA and antSRRRBsos antibodies showed thathe adhesinremained intact showing
increased resistance to proteolysia contrasitreatment of a truncatediUBsssosfrom L. reuteri
1063N (tMUBigs3y under the same conditionded to completely digestiorfFigure53). This
prevented further characterisation of SRERE glycosylationsites Glycans have les widely

implicated in protection of proteins from proteolysis, and this seems to be the case fos:&RRP
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Figure53 Western blot analysis of purified SRRP digested with GIuC, usiiWy®@A\f or B) antBRRBsosantibodies
C) Western blot analysis qfurifiedtMUBLO63Ndigested with GluC, usingdSEL B4

5.2.3. Characterisation of MUBszsos glycosylation pattern

5.2.3.1. The interaction ofMUBsss0s With RCA is glycan mediated
MUBszsoswas previously shown to interact with RCA, a galactose specific lectin. To confirm that

the interaction between RCA amdiUBsss0sis glycarmediated, SM proteins froarATCC 53608
culture were loaded onto an RCA affinity column. After washing of the urtbproteins, lactose
was used to elute proteins that interacted with RCA. All unbound proteins eluted in the first two
wash fractionsMUBszs0s Was identified by immunoblot and MS analysis in all fractions (wash
and elution) collected (data not shown), bwas found to be the predominant protein in the
elution fractions, as determined by SPBGHEFigure54). The fact thaMUBszs0s Was retained

by RCA and eluted by laske suggests that the interaction between the two proteins is glycan
mediated. MUBszs0sfound in the flowthrough and wash fraction was also recognised by RCA
(data not shown).The presence dflUBsss0sin the wash fractionsherefore may be due to a
saturation of the RCA column, or to insufficient time allowed for the interaction between the
two proteins. These parametersvould need to be optimised to increase the separation

efficiency of the affinity chromatography.
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Figure54 SC5PAGE analysis of fractions collected after RCA affinity chromatograjpTe€C 53608 SM proteins.
Most proteins are eluted in the flohrough and wash fractions, whiMUBszsegis retained and eluted after addition

of lactose.

Force spectroscopy was also used to directly measure the interaction of RCIM WBs0s The
analysis showed interactions betwediUBs3s0sand RCA between 150 and 250 pN. When
galactose was added as a competitive ligand, the frequency of adhesion ewesteareased.

This is in agreement with the affinity chromatography results with RCA that showed glycan

mediated interactions betweeMUBszg0sand RCA.

151



RCA-MUBsss0s interactions in PBS

RCA-MUBsse0s interactions in PBS (competition with lactose)
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Figure55A) Force maps, B) Frequency histograms and C) igreggresentation of the interaction betweenMUBszgos
and RCA, as measured by force spectroscopy. The results show reduced interaction upon the presence of lactose as
a competing sugar.

5.2.3.2.  MUBsssgs carries a terminal) -galactose moiety

The interaction oMUBsss0swith RCA sggests that the adhesin is glycosylated with Gal moieties.

To identify the conformation of this sugar, purifiddUBsss0s was treated withh-, ori -
galactosidase, exoglycosidases specific for Gal residues with the specified conformation. The
reaction produts were then analysed by western blot, usiAigCA. RCA binding was abolished
whenMUBsssoswas treated with! -, but noti -galactosidaseRigure56), suggesting the presence

of h-galactose{-Gal).
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Figure56 A) SDAGE analysis or B) western blot analysis of puifiesssosusing fRCA after treatment withh -
orli - galactosidase,

However, as RCA has only been reported to bi@hl moieties, equal amounts BfUBsss0swas
also probed with other galactosspecific lectins, such &riffoniasimplicifoliaLectin lisolectin

B4(GSH B4),Maackia amurensikectin | (MAL |) andMaclura pomiferdectin (MPL) Table20).

Table20 Gatspecific, FIT¢belled plantéctins used to probMUBsze05 after western blot analysis.

Lectin Abbreviation | Specificity Fluorescein/
protein ratio

Ricinus communiagglutinn RCA Gal or GalNAc | 6:1

Griffonia simplicifolia Lectin || GSH B4 h-Gal 2.5:1

isolectin B4

Maackia amurensidectin | MAL | Gal -1,4-GIcNAc | 8.9:1

Maclura pomiferalectin MPL Gal -1,3-GalNAc | 3.9:1

In addition to RCA, only tHeGal specific lectin G$IB4 was found to binMUBsss0s Whereas
no binding was observed with theGal specific MAL | and MPARigure57). Probing with GSL
B4 gavea stronger intensity,despite alower fluorescein/protein ratio compared to RCA,

suggesting a stronger interaction.

Together, these data suggest thelJBsssos Carries terminalh -Gal moietiesh -Galactose is the
OSNXYAYLFf &AdAMNIFT2 LR G2 FEE-KLEDMAE), a widely expressed
epitope in mammals that has also been found in bacteria and parasites and is highly
immunogenic in humang313) However, MUBsss0s Wwas not recognised by an a#tiGal
antibody,raisedl 3+ Ay ad OGK&8DYEYSLBRAERYISé ORI GI y2i aKz

epitope presentirL. reuteris different. This is further supported by the fact thagjalactosidase
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treatment abolishes the binding of RCANtBss60s If the Gdl-1,3-Gal -1,4-GIcNAc epitope

was present, treatment df-galactosidase would have exposed-inked Gal, leading to greater

4

FRCA f£GSL-l b4 FMAL-| £MPL

interaction betweenViUBsss0sand RCA.

MUBszs0s —L‘ o 1

—300 kDa

Figure57 Western blot analysis of purifiedUBszsosusing fluorescein laddled lectins specific for galactose.

5.2.3.3. MUBszseginteracts with human intelectinl (h-Int1)

Human intelectin 1 (fintl) is acalcium dependentktype lectin that recognisegsarbohydrates
carrying terminal 1,2liol groups(314) AsLIATCC 5360Barbours genes that are necessary for
the synthesis of UDRGal, a known ligand of 4ntl, and MUB3ss0s Was shown to contain Gal
residues hint-1 was tested for its ability to binsllUBsseos by force spectroscopy or slot blot. In
the presence of Caions, hintl produced multiple adhesion events which were reduced upon
addition of EGTA, as shown in the fornaps Figure58A). In particular, interaction of hifit
with MUBsseosresulted in adhesion events ranging from 100 to 500 piyure58B and C, green
line). When EGTA was added to the mixture, the frequency of the adhesion events decreased
(Figure58B and C, purple line), but did ngb down to baseline leveld={gure58A, redblue).
These results suggest that binding elfiihil to MUBsss0sis mainly nediated by glycans found on
MUBszs05 butthat there is also proteifprotein interaction althoughto a lesser degree. Slot blot
analysisalso showed bindingf MUBsss0sto h-Intl in the presence of Gzor EGTAwith stronger

binding in the presence @&* (Figure58D), supporting the data obtained by AFM.
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Figure58 A) Force maps of the interaction of hhtwith MUBszeos in PBS witiCaCGlor EGTA. B) Force histograms. C)
Forcespectroscopy curves, showing the interactionMi)Bszsoswith h-Intl in the presence of @a When EGTA is
added, the frequency and force of the adhesion events dropped. D) Slot blot analysis of the interactiatilofith
MUBs3ss0s In presence of Céthe interaction is strong, while addition of EGTA reduced the amount of lectin that binds
onto the protein.

5.2.3.4. Glycomics analysis diUBs3e0s

To structurally characterise the glycans foundMudBsse0s these were chencally released by

i -elimination andanalysed by MALBIOF, after permethylation. The generated MS spectra
were not reproducible between experiments, and fragmentation of the major peaks did not
yield ions or fragmentation patterns characteristic to glycamsking it difficult to identify

potential glycan structures. A peak at 534 Da, correspondingHexdNAgHex structure,was

occasionally observedrigure59), but a fragmentation spectrum could not be obtained to
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