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Abstract

The pathobiology dfrichomonas vaginabs/esdirect andndirect interaatns

with host tissue, bacteaad virusesn this work, wenvestigateddhesion and
interaction with human microbiota, pathogenic mechanisms of protozoan

We characterized a new protein, TVAG339720, belonging4k&B6513402
doman-containing proteins. M8ilke domains are shared by proteins from
several mucosal microbebypothetically relating with epithelial cells.
TVAG339720 is characterized by a signal peptide, a transmembran domain, and
putative carbohydrate binding moduk&sl4 and GBDL, supposed to bind to
heparin and heparan sulphate (HS). HS are sugars forming proteoglycans, a
component of epithelial cells glycocalyx. We tested protease activity of
TVAG339720 towards proteoglycans and interabgomeen CBMdheparin

and HS. Although the target of TVAG339M60L is still unknown, the
boundsbetween TVAG339720BMs and HS suggest that these proteases play
a role in adhesion to epithelial layer.

T.vaginali;iteractions with microbes of urogenital tract represent another
pathogenic mechanism. We focused on symbiosis establishiklyosplasma
hominjsstudying howM.hominignfluencesT.vaginalipathobiologyin vitro
Comparinghe ATP produced by frgerotozoan and .vaginaligith M.hominis

and evaluatingmycoplasma dlty to influence nitric oxide production by
macrophagen T.vaginali;mfections, we can assert that this is a mutually
beneficial endosymbiotic relationship.
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CHAPTER |

General Introduction

[.1 Introduction

Sexually transtted diseases (STD) are a major global health problem. Each
year, an estimated 500 million people acquire one of four sexually transmitted
infections: chlamydia, gonorrhoea, syphilis and trichomoniasis. Moreover, more
than 530 million people are livinghw1SV2 and more than 290 million women
have an HPV infectidd].

Trichomoniasis is the most common woal, curable, STD worldwide that
annually affects millions of pedple The causative agent of infection is
Trichomonas vaginaligate extracellular mucosal parasite that induce significant
health sequelae in both men and womemwolmen, symptoms range from a
silent form to important complications inahgdpelvic inflammatodiseasé?],

invasive cervicahncel3], gerility, pregnancy and postpartprablems4, 5].

In men, the infection occurs mainly without symptoms, catimicits
diagnosis and controRecently, trichomoniasig|as been associated with
aggressive prostate cance&8]. Moreover, T.vaginalisinfection is
epidemiologically associated with HI\. 1. Despite the high prevalence of
trichomoniasis anthe complication associated with the disease, little is known
about parasite or host factors involveghithogenes[§2 13.

|.2 Trichomonas vaginalis

Trichomonas vagisadis anaerobic flagellated euk&rywotozoan that infects

the urogenital tract of human body. This pathogen varies in sshapewith

the average length and width beidgrid 7mm respectiveli2]. The two best
characterized fms are the trophozoite and the ameboid. The trophozoite is the
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infective form, motile stage of protoztra this stagel.vaginaliends to be
uniform, i.e. pyriform or pelke cellUpon contactn vivavith epithelial cells

from the vagina, cervix, atinra, prostate and extracellular matrix (ECM)
proteins, the protozoan can rapidly switch from trophozoite to ameboid form, a
pancake shape that allows an increasing of the surface [@prtdctin a
process called swarming, trophozoitealdesto attach one to another by their
pseudopods forming aggregates consisting of numerouBhee#igact role of
these aggregates is not yet clear. PNeeies et al have shown the presence of
third form of T.vaginalisyhich can be inducedh vitroupon exposure of
trophozoites to cold and drud$]. Even for this shape, called pseudocyst, the
significance during the infection is unkngish The organism possesdesir
anterior flagella and a fifth ooemes along with its undulating rbesne a

large nucleysand an axostylewhich bisects the protozoan longitudinally.
Moreover, T.vaginalisytosol is glycogen rich and contaitisero internal
organelles such a cytoskeletmsta, pelta and hydrogenossifegurel.l).

The hydrogenosomese double membrane organglt®at share common
ancestry witimitochondria[17, 18, and areinvolved in production of ATP,
acetate, carbon diogidnd hydrogen as end products from pyruvate and malate
substrategl9. T.vaginaliacksconventionamitochondria and peroxisomes but
containshydrogenosomewhicharea typical feature of parabasalid lineage to
whichT.vaginalizelongqTable 1.). Hydragenosomearealsofound in several
anaerobieukaryotienicrobeg2(d.

T.vaginalis an unusual eukaryabBowingremarkably similarity to primitive
anaerobic bacterien terms of its carbohydratedaenergy metabolism. In fact,
T.vaginalisainly obtains energy from fermentative carbohydrate metabolism
under both anaerobic and aerobic conditj@fs Glucose is converted to
pyruvate in cytosol and subsequently metabolized in the hydrogenosome by
fermentative oxidation.Hydrogenosomeproduces ATP by substrigwel
phosphorilation21]. Trichomonads require unusually high concentrations of
iron inin vitrazultures, likely for the dependencé&.ghgitigupon the activities

of heme or irorsulfur (FeS) clusteontainingproteins. FeS are complex
prosthetic groups that bind iron and mediate vital ec@nggrving reactions in

t he parasi t e §248. Higlyedtraceliularieves af imoeagalso be
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required from trichomonads to furnish the turnover of FeS proteins, given that
this pathogeapparently laslsubstantial levels of irgtorage proteins, such as
ferritin [23.Several aties havénvestigatedhe effect of iron limitation om.
vaginalmorpholgy and overall proteome change, showing Hisvwroen iron
depleted medium displayed altered morphology, including the internalization of
flagella and the axostyle and transitomto a larger and rounded shapé

25. Moreover, mon deficiency led to the upregulation of proteins involved in
iron-sulfur cluster assembly and the downregulation of enzymes involved in
carbohydrate metaboli$at).

Furthermorethe pathogen lacks the ability to synthesize many macromolecules
de noy@articularly purines, pyrimidinesg amany lipids, and acquires these
nutriens form vaginal secretions or though phagocytosis of bacteria, vaginal
epithelial cells (VECs) and erythrogyté9.

Table |.1- Classification of 7.vaginalis.

Domain: Eukarya

Kingdom: Protista

Phylum: Metamonada

Class: Parabasalia

Order Trichomonadida
Family: Trichomonadidae
Genus: Trichomonas

Species: Trichomonas vaginalis
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Trophozoite stage Amoeboid stage

Upon contact with
membrane -
human tissue

/ Stress

Pseudocvst

............................

Figure 1.1 - Various cellular forms of7.vaginalrs.

Trophozoite stage shows the morphological features.

1.3 7Trichomonas vaginalispathogenesis

T.vaginalis transmitted from person to pmrshroughsexually intercourf§#&.

The life cycle consists of two stages,itiiective and diagnostic stages. The
trophozoites attach to mucosal surfaces of urogenital tract and divides by
longitudinal binary fission.

Successful colonizatiof the host mucosa Ayvaginalis the result of multiple
pathogenianechanismsincluding adhesiosgcretion of cytotoxic molecules

and soluble factors; interaction with member of vaginal microbiome; evasion of

host immune systeandregulation the eelopment of the immune response
[14, 30.
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|.4 Adhesion

As mucosal microbial pathogehsaginalmust adhereotepithelial cells as an

initial step towards colonizing the host and establishing infE&#ofhs/aginalis
adherence to host cell is mediated, in parta lmgajor lipidanchored
phosphosaccharide, knowripsphosphoglycait. PG).

LPG is the most abndant component of.vaginal@irface glycocalgnd the
alteration of & sugar contenteduces both the ability of adheswmd
cytotoxicity of protozoan tohost cells[31, 32. T.vaginalisPG binds to
mammalian protein galeetin in a carbohydrateependent mannej33.
Galectinl is the only identified human receptoifieaginak® far[33.

Moreover, recent compositional and structural analysis of pathogen revealed that
LPG has specific domains with proinflammatory propermesiulating
inflammatory responses of epithelial cells and macrofd#hges

Although the binding between LPG an@gatl may be central in establishing
infections, the parasite involves other adhesion factors to establisirdsitst
interaction. In fact,usface proteins are expectedbe important for initialing

and sustaining iftions, allowing the parasddrtteractwith its environment
including human epithelial cells, immunocytes and extracellular proteins of the
urogenital tradsd.

|.4.1 Trichomonas vaginalissurface proteins

In 2007, the entire genome sequence fofTihaginalistrain G3 has been
sequencefB5, increasing the interest about molecular and rceikrdhanisms

of T.vaginaliThe genomehas~160 megabases and contains ~60,000 protein
coding genes®rganized into six chromosomascordingto data from the
GiardiaDB and TrichDBdatabased14, 35. T.vaginaligenome encodes
membrane traffickinghachinery, pathogenic proteins for endocytosis of host
proteins and phagocytosis of bacteria and ho$BEd&l. Moreover,a large
repertoire of genes consistent with carbohydrate and amino acid metabolism,
deferse against oxidative stress, transport and pathogeaesiitained into
genomg30 35 37, 3§. A total of 3000 candidate genes for surface molecules
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mediating interaction with host tissue, membrane trafficking and slgmading

been idetified from the sequenced genome and have been divided in ten
different protein familigg0 35. The ggnome analysis has also indicated that

the pathogen is the first eukaryote that does not produce
glycosylphosphatidylinositii (GPI) anchi8f. De Miguel et alusing a
proteomic analysis according to BLAST analysis and genome anhaiation,
identfied 411 surface proteins examining six strains/afinalishowng that

63% of these proteins possess a predicted transmembrane domain and/or signal
peptide sequence and 35% of total proteins are membrane proteins predicted to
have a possible roleTinchomorn@athogenes[80 35 (Figurel.2).

Q Phosphatases, vesicle transport, ATPase

activity, hydrolase activity proteins
. Transporters
Cydases

QPcptidgscs

D Proteins involved in host-parasite
interaction

» GP63-lke

» Surface antigen BspA-like

»  Chlamidial polymorphic outer membrane
protein

»  Tetraspanin family protein

»  P270-related protein

»  Immunodominant varable surface antigen-like

Figure 1.2 - Hypothetical membrane proteins of7.vaginalis.

Predicted and identified membrane proteins sorted iatoveeprevalence of functional
groups according to proteomic studies, BLAST analysis and genome annotation. (Images
modified from de Miguel et al, 201Among the 116 hypothetical protepredicted to

possess TMD or SP, ~60% are phosphatase and proteins involved in vesicle transport,
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ATPase activity or hydrolase activity; ~8% are transporters. ~8% are cyclases; ~5% are
peptidases and ~18% are proteins predicted to be involved-jrafagst interaction. The

function of each predicted protein was given through identification of domain that allows the
asignment of a predicted function.

BspAlike, GP6dike proteins and adhesins are the major categbsedace
proteinsand have alregdbeen biochemically characterjzéd3Q.

Four adhesins, AP65, AP51, AP33 and AP23, are thought to mediate the
achesion of the pasite to the epithelial cells, even if their role as adhesive
molecules is highly debatafleese proteins are alternatively expressed on the
surface with a highly immunogenic glycoprotein,[P270

TvBspAare the largest gene family encoding potential surface proteins. These
proteins share a specific type of leticrepeats (LRRsamed TpLRR (Tp is

for Treponema palljcumd they are also identified iEiwtamoeba histolgtida
E.dispagenome$1Z. LRR-containing proteins were shown to mediate binding

to host epithelial cells and/or ECM proteins and were also implicate in bacterial
aggrgationg39.

The second largest gene familyl ofaginalandidate surface proteins encodes
GP63like proteins. GP63 are metalloproteinase belonging to the metzincin class
characterized by the maExxHxxGxxH, where x represents any amino acid
residuesTvGP63protease contain the minimal motfExxH for zincinsand

their protease activity is inhibited by the cysteine proteinase inhihiGP63
protease likelyplay a vital role il. vaginalisfection processy degading and
binding to various host components.

Another class of suida proteinases g/steine proteinase, identified by two
dimensional (D) substrate gel and electrophoresis. GR3inesurface
proteinase is a protein of 30kDa involved in binditteta cervical carcinoma

cell lines degrading some ECM proteins and hemoglobin. CP30 is also
immunogenic and is secreted into vagina during infgajion
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1.4.1.1A novel typeof surface gluzincin metallopeptidases

Comparative genome studs@song bacterial and eukaryotic mucosal microbes,
including mutualists and pathogens of invertebrates and vertdimates,
identified several genes and gene families encoding candalztepsoteins

and putative enzymsisared through latd gene transfer (LTG0, 41].

Onefamily of T.vaginalandidatesurface proteingvasannotated agsinc (Z)-
metallopeptidasgharing a novel protein domain termed MikeO(PF13402)

d o ma[#lhls prdfile-profile comparisons, this new donglows similarity

to an existingorotein family tered M60GenhancifMEROPS databa§&]],
characterized by the insect baculoltysiantria dispar nucleopolyhednolvirus)
known to be capable of degrading insect intestinal rfati¢ins

In M6Clike domain is presented HExxH motif or consensus sequgncal, t

of zinc netalloproteasdselongng to the zincin superfamily or clpt®]. The

two histidine residues within consensus sequence are ligands of zirf¢)jon (Zn
while the glutamic acid (EEsidue acts as tbatalytic active amino apid]. An
additional coserved glutamate is presented downstream of the HExxKH motif
defining pattern HExxXHXE. This motif characterizes the gluskeifamily of
Zn-metallopeptidases atite second E functiorss a third zinc binding ligand

[4]].

InterProScan andfé&n analyses have identifaettlitional domains presents in
M60like containing proteing)e cabohydrate binding modules (CBKBMs

are nvolved to binding with specific carbohydrate components within a target
substrate and are classified into fesndn sequence similarities, as defined in
the Carbohydrate active enzymes (CAZy)datalddseCBM families are
identified by a number written together with CMB abbreviatp&GBM32 to
specify a family with 32 carbohydrate binding module. BACON and PA14 are
also carbohydrate binding domains only available from PFAM database and ar
thought to be involved in glycan bindirRyoteins with CBM32wvere
predominantly associated with vertebrate mucosal surfaces microtzas/
M60like domaincontaining proteins have beentedted CBM32, CBMS5,
CBM12, CBM52, BACON and PAl14 domaimest of 70% of M66@ike
domaincontaining proteins were also predicted to possess a signal peptide (SP)
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and one or more transmembrane domains (TMD), sugdlestingxtracellular

or cell surface localizatighi].

M60like domaircontaining proteinare shared by a large number of bacterial

and eukaryotic microb@@BFAM databasd{i4 and are present important

mucosal microbesuch asl.vaginaliBacteroidbgetaiotaomicBacteroides fragilis,
Bacteroides caccae, Bacillus anthracis, Clostridium perfringens, Vibrio cholera,
histgftica, yptosporidiupedesuggesting that these proteins might play an
important role in the biology of mucosal microbes as well as-mitmatial
interactionsKigure 1.3.

Bacteroides thetaiotaomicron VP1-5482

NI | meode c e Biatee
BACON

Vibrio cholera RC385

(1526 aa)

Clostridium perfringens st. 13

[ (o st cawsa NP_se2107 1

P (1687 aa)

-anchor

CaMmSs/12 Bacillus thuringiensis ATCC 35646

I . ?-anchor (746 aa)

o Trichomonas vaginalis G3

| e o i

(1247 aa)

Entamoeba histolytica HM-1:IMMS

i © MeOdike GBD GPl-anchor XP_654508

(1113 aa)

- i 0
100 amino acids Signal peptide Lipoprotein Gluzincin motif

Figure 1.3 - Structural organization of M66like containing-proteins from dfferent

mucosal microbes.

The length of proteins and their structural features are shown for each pathogen, together
with accession number. Species aligned to their N ter8ewesal CBMs are associated with
M60Q-like peptidase domains. CMB domainsbmariound at either the-t€rminal or N

termina side of the M670bke domaincompared with the relative position of the protease
domain, which is often conserved suggesting this configuration is functionally important.
(Image form Nakjang et al, 2012).
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|.5 Contact independent mechanisma

T.vaginaligpathogenic mechanisms involve also the contipendent
cytotoxicity The pathogen is able to produce a wide range of hydrolase
identified as cytoplasmic cysteine proteifZ8sE00 kDa) These proteins are
released by the parasite and have trysiractivity functioning as cell
detaching factors (CDH)y degrading proteins of the ECM. CDF allow
T.vaginalis traverse the protective mucus barrier of host epithelium and aid in
the release of host cellsr tissue and mucosal desquamétihd 5.

CDF levels have been shmowo correlate with the severity of the clinical
symptoms of vaginifiz.

Another pathogenic mechanism used.bgginalis damage target cell plasma
membranas the secretion aytotoxic moleculesuch as perforilike activity,
creatilg pores in erythrocyte membranesaginalis also known t@xcrete
different lytic factohavung phospholipase A2 activities,destroy nucleated
cells and erythrocytes by degradation of phosphatidyl¢hdline

Recently, a new protein secreted.lgiginaisas characterized. This protein is
homolog of humamacrophage migration inhibitory fadihiF), a versatile
proinflammatory cytokine involved in several processes, including inzallinity,
proliferation and tumorigenedttuMIF is reported to be elevated in prostate
cancerAs HUMIF, TvMIF inhibits macrophagegmation, is proinflammatory
and binds CD74 MIF receptor with high affinity. Moreover, it increzlkdar
proliferation andnvasivenessf BPH-1 and PC3n vitro These data indicate
that chronicT. vaginalisfections may result in TvMtiven inflammation and
cell proliferation that contribgteo the promotion and progression of prostate
canceig].

1.6 T.vaginalisinteracts with viruses and humarassociated bacteria

The ability of T.vaginialto interacd with viruses and humaniamobiota,
including bacterial and fungal cells, constitutes a third pathogenic mechanism.
The parasite internalizes matgrialg. lactoferrinand hemoglobinthrough
receptoimediatecendocytosiflZ. By endocytosig,.vaginalkggsointeractawvith
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HIV, facilitating HIV entry and transmission in humans by damaging mucosal
surfacd9-11]. Recently it has been shown thatpathogenan also be infected

by four dsRNA viruses (TVY)6 47.

T.vaginalis capable to ingest different mammalian [@&lancludingepithelial

cells, immunocytes and spermatozoids, obtaining important sources of nutrient
and contributes to defense from immune sygtEin.

Moreover, the parasite phagocgmseral types of bacteria colonizing the lower
urogenital tract of human body, uoothg an imbalance in the microbial
community [48. During bacterial vaginosis, for example, was observed a
correlation between the presencé&.eéaginalemdlow abundance of protective
lactobacilli and higher proporis of Mycoplasnfarevotelend other bacteria
typically involved in bacterial vaging$tk Among several species of human
macrobiota] .vaginaligs shown a clinical association with tffereint species

of MycoplasmaMycoplasma horfittls and Candidatus Mycoplasma gidgrdii

[52. Mycoplasmas are the smallestraglicating orgasms lacking cell walls,

have small genome and often dependent on their host. In the urogenital tract
they are associated with bacterial vaginosis, pelvic inflammatory disease, preterm
labor and preterm birtfsZ. In spite of these associations with disease,
Mycoplasma honaindsUreoplasnaae also commensal bacteria of the lower
urogenital tract.

Acting as pthogenM.hominisauses an infection linked with several pregnancy
and postpartum complications like spontaneous abortion, endometritis and low
birth weigh{53-55, as for trichomoniasis.

Many pathogenicity mechanismsvioiominiare not yet clear. The symbiosis
between T.vaginalignd M.hominiss the only endosymbiotic relationship
described so far involving two obligated human parasites that produce
independnt diseases in the same anatomical area. Previous studies have shown
that Mycoplasma cells carriedlbyaginalese able to infect human cellvitrp
suggesting thadtvaginalsoul d pl ay a role of OTr o]
during infectiorj56. However, the exact nature and fundamental aspects of this
association still have to be cleared.
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|.6 Object of this study

The overall aim of this study was to gain new insights into pathogenic
mechanisms of.vaginalifocusing the attention on adhegiorhost celland
interaction with human microbiota.

The specific objectives were as follows;

Characterizef putativeM60like domaircontaining proteageom Trichomonas
vaginalissingbiochemical approaches

Analyse the functional aspects of CBMs present on putativékéVi@Omain
protein ofT.vaginalis

Investigate the possible influeat®.hominisn pathobiology of .vaginalis
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CHAPTER Il

Characterisation of domains of putativer. vaginalis M60-
LIKE protease

[1.1 Introduction

Infections occur when the balance of {pashogen interaction shifts to favour

the pathogen. A uftitude of virulence factors is used by pathogens to promote
pathogenesis. Many pathogens facilitate their attachment to host tissue
components by specific cell surface molecules, called adhesins. Other microbial
pathogens secrete enzymes that digestdrapbnents to acquire nutrients and

to inactivate host defence factors. Some pathogens are able to synthesize toxins
that cause both the death of host cells and tissue damage. Several
microorganisms exprdastors that inhibit specific host defence nmeshes or
deregulatéhe host inflammatory response to their advantage. Moreover, many
pathogensubverthost components to growurvive and spread in the host
environment. Among many components modulated by microbial pathogens, one
common link is represexd by heparan sulphate (HS) glycosaminoglycans
(GAGs). GAGs are sugars attached to a protein backbone forming
proteoglycansa component of epithelial cell glycocdhyoteoglycans along

with glycoproteinsglycolipids and transmembrane mucins, aaresglycocalyx

of human cell§57]. All component of glycocalyx can act as receptor for
microbial adhésn, while the entire structure represents an important second
line of defence against invading pathogées,mucosal surfadés.
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[1.2 Overview aboutHS-GAG

11.2.1 GAGs

GAGs are terminal carbohydrate structures in the extracehatax,
comprised of repeating disaccharide units of hexosamine and uronic acid or
galactose with variossbstitutionsGAGs are expressed widely in the human
body and a number of bacteria, viral and parasitic pathogens exploit GAGs on
key steps of pathegesis, such as adhesion and invasion of host cetsl] cell
transmission and &sion of host defence mechanigsfis

The list of GAGs includes heparan sulphate (HSYinegaondroitin sulphate

(CS), dermatan sulphate (DS), &eratlphate (KS), and hyaluronan (HA).
Except for HA, all other polysaccharides are sulphated to various degrees and
are covalently complexed to proteoglycans core gfaggire 11.).

Among CGAGs, HS can be considered a crucial common link that many
pathogens exploited to infect human hosts and cause diseases, including those
originating from STIs. Several studies have shown the multiple roles of HS in
microbial invasion of human hogi§. A number of etiologic agents of STIs,

such as HSV, HIV HPV ar@dhlamydia trachoreafisess surface proteins that
interact with HS to mediate their attaeht to eukaryotic cells as a primary
mechanism during mucosal infecti®3s60.
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Figure Il. 1- GAGs structureand synthesis.

Synthesis 0HS, CS and DS stavith additiorof xylose to serin (Seproceeding by addition

of two galactose residues and one glucuronic acid. In HS synthesisathaterigting
addition ofN-acetylglucosamine and glucuronic(&l@?), while forthe assembly of CS and

DS there is an alternating additiolNedcetylgalactosamine &IdA. The polymerization of

HS, CS and DS is completed by epimerization of GIcA to iduronic acid (IdoA) and sulphation
(SO4) of different residues, resulting in a fargexheterogeneity within the polymers. KS
assembly ithe result of alternatingttachment olN-acetylglucosamine and galactose to O or
N-glycans on the proteoglycan core and of sulphatation of several residues. HA is a large
polymer of alternatiny-acetylglucosamine and GIcA and is not attached to a core protein.
(Image modified from Kleene R et al, 2004)
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I1.2 .2 Heparin/heparan sulphate glycosaminoglycans

Heparin/hepaan  sulphate  glycosaminoglycanextracellular  complex
polysaccharides, areaakied to a protein cooe proteoglycan (HSP@nhd are
extruded by cells to the cell surface and into the extracellulafc$péde
Heparin (highly sulphated polysaccharide)d HS (the less sulphated
polysaccharideare negatively charged Iinearbohydrate polymer composed

of repeating uronic acid-@tlicuronic acid (GlcA) d#duronic acid (IdoA)] and
10-200 disaccharide units ofglucosamine (GIcNp1]. Variable patterns of
substitution of the disaccharide units withulpbhate, &ulphate and Jfdcety!l

groups give rise to a large number of complex sequences.

Heparin is commonly isolated from connedisgeie type mast cells and it is
biosynthesized as heparin proteoglycan (Mr dWOWWDO0). Multiple
polysaccharide chains (Mr 6@@0M000) are covalnattached to a unique
proteoglycan called serglyd@l, 63. Serglycin is a secretory vesicle
proteoglycans implicated in inflammation, storing mast cell inflammatory
mediator$63.

HS is also biosynthesized as a proteoglycant bhas fewer and shorter
polysaccharide chain than heparin proteoglgdhn HS proteoglycans are
expressed and secreted by most mammalian cells, and are located on cell
surfaces and in the extracellular matrix. HS is evolutionarily ancient and its
composition has reamed relatively constant from Hydra to huniags
Moreover, it is involved in important physiological functions, such as lipid
metabolism, neurogenesis and cytokioefdr factor interactiof®(.

One of the reasons that HS interacts with a diverse group of pathogens relates to
the structural and functional diversity S originating from extensive
modifications during its biosynthesis. The biosynthesis of HS occurs in the
Golgi apparatus and is a sequential, multistep pieigess (I.2.
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Figure 11.2 - HS biosynthesis.

HS chains are synthesized on a core iprdbg the sequential action of individual
glycosyltransferases and modification enzymes, in @tépregrocess involving chain
initiation, polymerization and modificatio@hain initiation assembly of a linkage
tetrasaccharide on serine residues icotleepolypeptidd.he tetrasaccharide is composed by
GlcA-galactose (GaBalXylose (Xyl).This process igatalysedoy four enzymes (Xyl
transferase, Gal transferasieand GIcA transferase 1), which add individual sugar residues
sequentially to the n@educing end of the growing chditainpolymerizationafter the
assembly of the | i nCklacgNeAcr etgriaonns,f ea rdeskedsr ardalr
GIcNAc unit to the chain, which initiates the HS polymerization process. HS chain
polymerizatiorthen takes place by the addition of alternating GIcA and GIcNAc residues,
which is catalyzed by the EXT family prote@isain nedifications: include GIcNAc-N
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deacetylation and-sulfation, C5 epimerization of GIcA to IdoA, and var@selfation at

C2of IdoA and GIcA, at C6 of GIcNAc and GIcNS units, and, occasionally, at C3 of GIcN
residues. The HS chains BEO0 or more sugar units long and have numerous structural
heterogeneitidglonosaccharaidese synthesized in the cytoplasm and transported into the
Golgi, where they are used to synthesize a conserved tetrasaccharide, and then initiate and
elongate hepamnsulphatespecific polysaccharide chdimsage fronLinX, 2004)

Il. 2.3HSPGs

HSPGs are glycoproteins, containing one or more covalently attached HS
chains.There are two major subfamilies of cell surface HS proteoglycans
(HSPGSs), the syndecan (famembers) and the glypicans (six members). The
syndecan core proteins are transmembrane proteins and virtually all cell types
express one or more syndedéds The glypican core proteins are attached to

cell membranes by a glytpisgsphatidylinositol (GPI) taierlecan, agrin and
collagen XVIII are HS proteoglycans but located in the extracellular matrix.
These are also distinguished by their specific core p{6gi(fSigure 11.3

(Table 1.1 shows HSPGS clasdificadepending on their localizajion
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syndecan —

310aa 300 aa

glypican
558 aa

perlecan
4391 aa

agrin
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type XVIll

collagen

1519 aa C E E
@ Transmembrane region [ LamG, laminin G domain
% GPI anchor @ EG, EGF-like repeats
- SEA (Sperm protein, Enterokinase, Agrin) @ NtA, N-terminal agrin
' LDL receptor class A module FS, follistatin-like
@ lg-like repeats similar to N-CAM [l ST, serine-theonine-rich
@ LE. laminin-1 EGF-like repeats O collagenous domain
@ LamB, short arm of laminin-1 @ Endostatin

Figure 11.3 - Schematicrepresentation of major classes of HSPGs

HSPGs includéour syndecans, six glypicans, and one each of perlecan, agrin, and the hybrid
HSPG/collagen type XVIIIThe size is approximat@soportional to the number of amino

acid residues (a#) the bottom panel there are various emdoled modules. HS chains are

shown as blacknes;CS chains are shown as red lines. (Image modified from lozzo RV,
2001).
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Table I1.1 - Classification of HSPGs

Class Proteoglycan  Core mass (kDa) Chain type
(number)
Membranébound Syndecarl 3145 34 HS
1-2CS
Syndecar? 3145 2-3HS
Syndecar3 3145 34 HS
1-2CS
Syndecawm 3145 2-3 HS
Glypicanl, 57-69 1-3 HS
Glypican-6
Betaglycan 110 1-2 HS
1-2CS
Neuropilinl 130 1 HS or CS
CD44v3 37 1HS
Secretory vesicles Serglycin 1019 1015 Heparin
1015 CS
Extracellular matrix Perlecan 400 1-4 HS
Agrin 212 2-3 HS
Collagen XVIII 150 1-3 HS

HSPGs have multiple activities in eelll tissue, such as to collaborate with
other matrix component to define basement memelbstructure and to provide
matrix for cell migration (perlecan, agrin and collagen XVIIl); to maintain
proteases in an activate statel to regulate various biolagdjiactivities after
secretion (serglycin). HPGSs protect cytokines, chemokines, growth factors, and
morphogens by binding and act as receptors for proteases and proteases
inhibitors regulating their spatial distribution and activity. Moreover, syndecans
and glypicans can cooperate with integrins and other cell adhesion receptors,
allowing celECM attachment, cedkll interactions, and cell motility. They can
also act both as endocytic receptors for clearance of bound ligands and as
coreceptor[64]. The coreceptor functioof HSPGsaids the formation of
ligandreceptor complexes either through conformational change of ligand
and/or receptor ousing themselvess a template to approximate ligand and
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receptoll64]. The binding takes place both through core protein interaction and
through GAG chains modified. One feature shared by many coreceptors is
modification of GAG chains, which contribute into interaction between
proteoglycans and ligands, extraceliatrix proteins or other cell surface
receptors, regulating cell adhesion, migration and invasion also in the human
diseases. The most common modifications occur on one or more site of HS and
CS chains.

HSPGs signaling coreceptors include CD44, glyp(€&gpicansl, -6),
neurophilins, syndecans (Syndetas) and betaglycan.

All transmembrane proteoglycans signallingasptor, suchstransmembrane
syndecans, undergo ectodomain shedding resulting in proteolytic cleavage of
core protein near theattsmembrane domain that allomekeasingof the
extracellular domain frothe cell surface. The soluble extracellular domains of
HSPGs continue to carry their glycosaminoglycan modifiga@iprisyndecan
shedding is medet by matrix metalloproteinases (MMP1, MMP7, MMP9,
ADAM17) [67, 68 but even some microorganisms esmmance host cell
proteolytic shedding of syndedar(Sydl), with an increase of bacterial
colonization[69, 70. Moreover, it has been shown that the amount of HS
preserd on syndecan core proteins regulates both the rate of syndecan shedding
and core proteins synthdsi§.

II. 3 Syndecan families

Syndecans family is a group of transmembrane HSPGs with a long evolutionary
story. The four mammaliarembers, syndecdnto syndeca#, are composed

by core protein with covalently attached GAG chains. The syndecans contain an
N-terminal extracellular domain or ectodomain, a hydrophobic transmembrane
domain, and a shortt€rminal cytoplasmic domain. Tlitodomain contains

three consecutive consensus@gisequences for HS chain attachment close to

N terminus, and S&ly sequences for CS chains at site near the plasma
membrang7Z. The length of transmembrane and cytoplasmic domain is highly
conservd among member of syndecans family, whereas the length of the
ectodomains varies considerddgny syndecan roles are attributed to their HS
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chains, which interact with a wide range of EZOEI adhesiomolecules,
chemokines andy/tokineg72. The functons of syndecans include anchorage of
cells to ECM with associated HS binding dormamistenance of epitied and
endothelial morphologbijnding to and modulation of adiyvof HS binding
growth factorsmodulation of activity of sevepmbteases antheir inhibitors

and signaling moleculé®, 72. Moreover, syndecan family has been proposed
to act as adhesion and internalization receptors for pathogenic microorganisms.
By shedding, the syndecan ectodomains complketéheir GAG chains, are
released from the cell surface forming soluble ectodomains that may function
eitheras paracrine or autocrine effectors, or competitivatangilof intact
proteoglycang/3 74. These ectodoains are in fluids accumulatifadjowing

injury and inflammatioiMatrix metalloproteinas@dNIP9 and membrane type
MMPs (MTIMMPs) are involved ithe shedding and catabolic process of
syndecans, whereas heparaaadeendosulfatases modify HS chains within
extracellular environment, including the ability of HS chains to bind and
sequester growth factgrs [75. Moreover, a recent study has shown that the
loss of HS chains enhances both the susceptibility of core proteirlabSyd
proteolitic cleavad®y matrix metalloproteinases and a dramatic increase in core
protein synthes|31].

In the table Il.Zhave listed the MMR3svolved in syndecan cleavage bothtro

andin vivdg68 73. Moreover, MMP2, MMP7 and MMBthd HS chains of
syndecan.
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Table 1.2 - List of MMPs involved in syndecan cleavage? vitro and /in vivo.

Syndecati Syndeca Syndecaf Syndeca#d

MT1-MMP \% \%
MMP2

. \% \% \%
(gelatinase)
MMP3 \Y
MMP7

- \Y
(metrilysin)
MMP9

. \% \% V
(gelatiase)

11.3.1 Syndecanl shedding is implicated in microbial pathogenesis

Sydl shedding is one of the general host responses to tissue injury and
inflammation69. Moreover, the activation of Sydhedding is used by some
pathogens as an important virulence mechd&&m0, 76. For exampleP.
aeuroginasaives Sydl shedding through LasA, a virulence factor for its lung

infection andS.aurewsheds syndecdnthrougha- andb toxins, implicated in
sthaphylococcal infections. Both of these microorganisms activate a protein
tyrosine kinase (PTK)&dependent intracellular signalling mechanism to
stimulate the ectodomains cleaVi@§e 76. Streptococcus pneunndikaP.
aeuroginosmd S.aureusdirectly sheds Syd ectodomain through zinc
metalloproteinase (Zmp(Cjd. So far, it is not completely clear how-1Syd
shedding pmotes microbial pathogenesis.

Moreover,Sydl has been identified as a substrate ofMNIP that cleaves
the Gly82_eu83 and Gly24l5eu246 bonds of a recombinant syndédaision
protein[68. Increasedelels of shed Syldare present in sera of patients with
some cancer typ¢sl]. Moreover, shed S\idplays an active eah driving
tumour progressiostimulating signalling and proliferation in tumour cells, and
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enhancing angiogenesis, osteolysis, growth, and spontaneous metastasis of
tumour cell$73.

II. 4 Overview on matrix metalloproteinases

Matrix metalloproteinases, also called matrixins, are the majoesenzym
implicated in cleavage of several ECM constituents, as well-raatmon
proteins, regulating catlatrix compositiorj77. In the MEROPS database,
MMPs are classified as the metzisaiofamily of imc metalloproteases family
M10. This family is distinguished by haghly conserved maotif,
HEXXHXXGXXH , where histidines (H), glutamic acid (E) and glycine (G)
residues are invariaiihe histidinesiibd zinc at the catalytic sitecénserved
methionine also presents in the catalytic domain foron®d tu r eighto ,
residues after the zinm@ing motif, foming a bas& support the structure
around the catalytic zin& third zinc binding ligand differengéiatthe zincin
clan further intosubclans e.g gluczincins (E), iasprs (D) or metzincins
(H/D) [77].

Metzincin subfamily fsirther subdivided into four families: serralysins, astacins,
ADAMs/adamalysins and MMPs.

The 23 human MMRgpicallycontaining a signal peptide (ZPpropeptide of
~80 amino acid, a catalytic domain of ~170 amino adidker peptide of
variable lengs and a hemopexin (Hpx) domain-200 amino acidsvith
exceptions oMMP-7 (matrilysin 1), MM26 (matrilysin 2) and MMI, which

lack or present changes of domarhe structurg/g.

With exception of six membraamchored MMPs, thremaining 17 MMPs are
destined for secretion into tieracellular miligu9.

MMP14, a membrastgpe MMP (MTAMMP), exists in a memamebound
rather than a secreted fori®Q. It is expressed on endothelial cells, on
fibroblasts, on osteoclasiad on monocyteMoreoverMMP14has been also
found to be produced on cancer oedimbraned81]. The Hpx domain is the
region responsible for bindintg and shedding ofCD44 that leads to
rearrangement into intracellular cytoskeleton and inducing the cell naigdation
invasion processg¥.
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MT1-MMP has a wide substrate specifiaigh @s aggrecan, elastin, perlecan,
and fibronectin; and cleaves and promotes sheddingbfeBlydof betaglycan

[83 and of MUCL, a transmembrane mucin with a critical role in embryo
implantation, protection of mucosal epithelial gells fnicrobial and enzyme
attackand in several aspects of tumour progref&ipn

11.4.1 M60-like domain containing proteins of 7.vaginalis

Recent study has showmovel protein domain terméd60like (PF13402)
domai nsd, shared by several [Macteri al
The presence of the extended consensus HExXxXHXE in this domain suggested
that the M6@ike domain containing proteins could be consigeraguzincin
metallopeptidases processing extracellular glycoprotein targétgorhesis

is further suppted by evidence that MBKe domain containing proteins
represent distant relads of viraenhancin proteas&aown to degrade insect
mucins MoreoverDr.Didier Ndhe in his PhEhesishas shown thdahree M66

like domains proteins @acteroidéetmtaomictoa bacteriagjut mutualist of
human bodygxhibited mucin protease activithis proteolytiactivity was
shown to be inhibited in a mutant version of the prasivell as in the
presence of Ethylenediaminetetraacetic(BEid@A), implying B4244 and its
relatives are metal dependent proteasbs. CBMs contained irB.
thetaiotaomicaoa from family 32 and are capable to Qeddcteconfigured
sugars that are common to mucin glycans

A total of 25 TvM64Like containing proteins weaksoidentified inT.vaginalis

and 11 of these possess XExxHXE motif. Among them, six have one TMD with
only three of these entries possgsaicomplete Md@dke domainA sequence
alignment suggested that most entries arerkpesentedene fragmes or
truncated version of Iger proteing41. Amongthree complete TvMéike
containing proteinsj.e. TVAG339720,TVAG189150 and TVAG1993Q0
TVAG339720,TVAG189150were detected on the cell swféy proteomic
analysisand TVAG339720 is the only adentified in all six tested isold&$

(figure 114). Moreover, native TVAG339720 and TW¥89150 proteins had
been detected i. vaginalisell membranextracts and the extracellular
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localisation of the TVAG339720 protein has indeed dmdimmed through
immunofluorescence assays by our collaborators in the U.S.A (personal
communication, Bf. Robert Hirt).

B s [ pars GepL () ¢BM32 () Transmembrane (] Signal Peptide T

D § -galactosidase trimerization D D Domains without description
HEYGH
TVAG339720 1148  [ivi-i-] )
HEYHH
TVAGI189150 1247 .[:D.m.l ) {
HEYAH
TVAGI99300 1162 [} (e O EEE—

Figure 1l .4 - Domain architecture of 7. vaginalisM60L entries from PFAM database.
The first putative protei(fVAG339720)s that under biochemical characterisaticthe
current studyimage modified from Dr.Ndhe PhD thésis
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