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Abstract 

 

The pathobiology of Trichomonas vaginalis involves direct and indirect interactions 

with host tissue, bacteria and viruses. In this work, we investigated adhesion and 

interaction with human microbiota, pathogenic mechanisms of protozoan. 

We characterized a new protein, TVAG339720, belonging to M60-like/PF13402 

domain-containing proteins. M60-like domains are shared by proteins from 

several mucosal microbes, hypothetically relating with epithelial cells. 

TVAG339720 is characterized by a signal peptide, a transmembran domain, and 

putative carbohydrate binding modules, PA14 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 interaction between CBMs, heparin 

and HS. Although the target of TVAG339720-M60L is still unknown, the 

bounds between TVAG339720-CBMs and HS suggest that these proteases play 

a role in adhesion to epithelial layer. 

T.vaginalis interactions with microbes of urogenital tract represent another 

pathogenic mechanism. We focused on symbiosis established with Mycoplasma 

hominis, studying how M.hominis influences T.vaginalis pathobiology in vitro. 

Comparing the ATP produced by free-protozoan and T.vaginalis with M.hominis 

and evaluating mycoplasma ability to influence nitric oxide production by 

macrophage in T.vaginalis infections, we can assert that this is a mutually 

beneficial endosymbiotic relationship. 
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CHAPTER I  

General Introduction 

 

I.1 Introduction  

 

Sexually transmitted 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 living with HSV2 and more than 290 million women 

have an HPV infection [1]. 

Trichomoniasis is the most common non-viral, curable, STD worldwide that 

annually affects millions of people[1]. The causative agent of infection is 

Trichomonas vaginalis, obligate extracellular mucosal parasite that induce significant 

health sequelae in both men and women. In women, symptoms range from a 

silent form to important complications including pelvic inflammatory disease [2], 

invasive cervical cancer [3], sterility, pregnancy and postpartum problems [4, 5]. 

In men, the infection occurs mainly without symptoms, complicating its 

diagnosis and control. Recently, trichomoniasis has been associated with 

aggressive prostate cancers [6-8]. Moreover, T.vaginalis infection is 

epidemiologically associated with HIV [9-11]. Despite the high prevalence of 

trichomoniasis and the complication associated with the disease, little is known 

about parasite or host factors involved in pathogenesis [12, 13].  

 

I.2 Trichomonas vaginalis 

 

Trichomonas vaginalis is an anaerobic flagellated eukaryotic protozoan that infects 

the urogenital tract of human body. This pathogen varies in size and shape; with 

the average length and width being 10 and 7 mm respectively [2]. The two best 

characterized forms are the trophozoite and the ameboid. The trophozoite is the 
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infective form, motile stage of protozoa. In this stage T.vaginalis tends to be 

uniform, i.e. pyriform or pear-like cell. Upon contact in vivo with epithelial cells 

from the vagina, cervix, urethra, 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 contact [2, 14]. In a 

process called swarming, trophozoites are able to attach one to another by their 

pseudopods forming aggregates consisting of numerous cells. The exact role of 

these aggregates is not yet clear. Pereira-Naves et al have shown the presence of 

third form of T.vaginalis, which can be induced in vitro upon exposure of 

trophozoites to cold and drugs [15]. Even for this shape, called pseudocyst, the 

significance during the infection is unknown [16]. The organism possesses four 

anterior flagella and a fifth one comes along with its undulating membrane, a 

large nucleus, and an axostyle, which bisects the protozoan longitudinally. 

Moreover, T.vaginalis cytosol is glycogen rich and contains other internal 

organelles such a cytoskeleton, costa, pelta and hydrogenosomes (Figure I.1). 

The hydrogenosomes are double membrane organelles that share common 

ancestry with mitochondria, [17, 18], and are involved in production of ATP, 

acetate, carbon dioxide and hydrogen as end products from pyruvate and malate 

substrates [19]. T.vaginalis lacks conventional mitochondria and peroxisomes but 

contains hydrogenosome, which are a typical feature of parabasalid lineage to 

which T.vaginalis belongs (Table I.1). Hydrogenosomes are also found in several 

anaerobic eukaryotic microbes [20].  

T.vaginalis is an unusual eukaryote showing remarkably similarity to primitive 

anaerobic bacteria, in terms of its carbohydrate and energy metabolism. In fact, 

T.vaginalis mainly obtains energy from fermentative carbohydrate metabolism 

under both anaerobic and aerobic conditions [19]. Glucose is converted to 

pyruvate in cytosol and subsequently metabolized in the hydrogenosome by 

fermentative oxidation. Hydrogenosome produces ATP by substrate-level 

phosphorilation [21]. Trichomonads require unusually high concentrations of 

iron in in vitro cultures, likely for the dependence of T.vaginalis upon the activities 

of heme or iron-sulfur (FeS) cluster-containing proteins. FeS are complex 

prosthetic groups that bind iron and mediate vital energy-conserving reactions in 

the parasiteõs hydrogenosomes [22]. High extracellular level of iron may also be 
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required from trichomonads to furnish the turnover of FeS proteins, given that 

this pathogen apparently lacks substantial levels of iron-storage proteins, such as 

ferritin [23].Several studies have investigated the effect of iron limitation on T. 

vaginalis morphology and overall proteome change, showing how cells from iron-

depleted medium displayed altered morphology, including the internalization of 

flagella and the axostyle and transformation to a larger and rounded shape [24, 

25]. Moreover, iron deficiency led to the upregulation of proteins involved in 

iron-sulfur cluster assembly and the downregulation of enzymes involved in 

carbohydrate metabolism [26].  

Furthermore, the pathogen lacks the ability to synthesize many macromolecules 

de novo, particularly purines, pyrimidines, and many lipids, and acquires these 

nutrients form vaginal secretions or though phagocytosis of bacteria, vaginal 

epithelial cells (VECs) and erythrocytes [27-29]. 

 

 

 

Table I .1 - Classification of T.vaginalis. 

 

Domain: Eukarya 

Kingdom:  Protista 

Phylum:  Metamonada  

Class:  Parabasalia 

Order Trichomonadida 

Family:  Trichomonadidae 

Genus:  Trichomonas 

Species:  Trichomonas vaginalis 
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Figure I.1 - Various cellular forms of T.vaginalis.  

Trophozoite stage shows the morphological features. 

 

I.3 Trichomonas vaginalis pathogenesis 

 

T.vaginalis is transmitted from person to person through sexually intercourse [14]. 

The life cycle consists of two stages, the infective and diagnostic stages. The 

trophozoites attach to mucosal surfaces of urogenital tract and divides by 

longitudinal binary fission.  

Successful colonization of the host mucosa by T.vaginalis is the result of multiple 

pathogenic mechanisms, including adhesion; secretion of cytotoxic molecules 

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

host immune system and regulation the development of the immune response 

[14, 30].  
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I.4 Adhesion  

 

As mucosal microbial pathogens, T.vaginalis must adhere to epithelial cells as an 

initial step towards colonizing the host and establishing infections [30]. T.vaginalis 

adherence to host cell is mediated, in part, by a major lipid-anchored 

phosphosaccharide, known as lipophosphoglycan (LPG).  

LPG is the most abundant component of T.vaginalis surface glycocalyx and the 

alteration of its sugar content reduces both the ability of adhesion and 

cytotoxicity of protozoan to host cells [31, 32]. T.vaginalis LPG binds to 

mammalian protein galectin-1, in a carbohydrate-dependent manner [33]. 

Galectin-1 is the only identified human receptor for T.vaginalis so far [33].  

Moreover, recent compositional and structural analysis of pathogen revealed that 

LPG has specific domains with proinflammatory properties, modulating 

inflammatory responses of epithelial cells and macrophages [34].  

Although the binding between LPG and galectin-1 may be central in establishing 

infections, the parasite involves other adhesion factors to establish host-parasite 

interaction. In fact, surface proteins are expected to be important for initialing 

and sustaining infections, allowing the parasite to interact with its environment 

including human epithelial cells, immunocytes and extracellular proteins of the 

urogenital tract [30].  

 

I.4.1 Trichomonas vaginalis surface proteins 

 

In 2007, the entire genome sequence for the T.vaginalis strain G3 has been 

sequenced [35], increasing the interest about molecular and cellular mechanisms 

of T.vaginalis. The genome has ~160 megabases and contains ~60,000 protein 

coding genes organized into six chromosomes, according to data from the 

GiardiaDB and TrichDB databases [14, 35]. T.vaginalis genome encodes 

membrane trafficking machinery, pathogenic proteins for endocytosis of host 

proteins and phagocytosis of bacteria and host cell [35, 36]. Moreover, a large 

repertoire of genes consistent with carbohydrate and amino acid metabolism, 

defense against oxidative stress, transport and pathogenesis are contained into 

genome [30, 35, 37, 38]. A total of 3000 candidate genes for surface molecules 
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mediating interaction with host tissue, membrane trafficking and signaling have 

been identified from the sequenced genome and have been divided in ten 

different protein families [30, 35]. The genome analysis has also indicated that 

the pathogen is the first eukaryote that does not produce 

glycosylphosphatidylinositil (GPI) anchor [35]. De Miguel et al, using a 

proteomic analysis according to BLAST analysis and genome annotation, have 

identified 411 surface proteins examining six strains of T.vaginalis, showing 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 role in Trichomonas pathogenesis [30, 35] (Figure I.2). 

 

 

 
 

Figure I.2 - Hypothetical membrane proteins of T.vaginalis.  

Predicted and identified membrane proteins sorted into relative prevalence of functional 

groups according to proteomic studies, BLAST analysis and genome annotation. (Images 

modified from de Miguel et al, 2010). Among the 116 hypothetical proteins predicted 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 in host-parasite interaction. The 

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

assignment of a predicted function. 

 

 

BspA-like, GP63-like proteins and adhesins are the major categories of surface 

proteins and have already been biochemically characterized [14, 30].  

Four adhesins, AP65, AP51, AP33 and AP23, are thought to mediate the 

adhesion of the parasite to the epithelial cells, even if their role as adhesive 

molecules is highly debatable. These proteins are alternatively expressed on the 

surface with a highly immunogenic glycoprotein, P270 [2].  

TvBspA are the largest gene family encoding potential surface proteins. These 

proteins share a specific type of leucin-rich repeats (LRRs) named TpLRR (Tp is 

for Treponema pallidum) and they are also identified into Entamoeba histolytica and 

E.dispar genomes [12]. LRR-containing proteins were shown to mediate binding 

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

aggregations [39].  

The second largest gene family of T.vaginalis candidate surface proteins encodes 

GP63-like proteins. GP63 are metalloproteinase belonging to the metzincin class 

characterized by the motif HExxHxxGxxH, where x represents any amino acid 

residues. TvGP63 proteases contain the minimal motif HExxH for zincins and 

their protease activity is inhibited by the cysteine proteinase inhibitor [40]. GP63 

proteases likely play a vital role in T. vaginalis infection process, by degrading and 

binding to various host components.  

Another class of surface proteinases is cysteine proteinase, identified by two 

dimensional (2-D) substrate gel and electrophoresis. CP30 cysteine surface 

proteinase is a protein of 30kDa involved in binding to HeLa cervical carcinoma 

cell lines, degrading some ECM proteins and hemoglobin. CP30 is also 

immunogenic and is secreted into vagina during infection [37].  
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I.4.1.1 A novel type of surface gluzincin metallopeptidases 

 

Comparative genome studies among bacterial and eukaryotic mucosal microbes, 

including mutualists and pathogens of invertebrates and vertebrates, have 

identified several genes and gene families encoding candidate surface proteins 

and putative enzymes shared through lateral gene transfer (LTG) [30, 41].  

One family of T.vaginalis candidate surface proteins was annotated as zinc (Zn)-

metallopeptidase sharing a novel protein domain termed ôõM60-like (PF13402) 

domainsõõ[41]. In profile-profile comparisons, this new domain shows similarity 

to an existing protein family termed M60-enhancin [MEROPS database][12], 

characterized by the insect baculovirus (Lymantria dispar nucleopolyhedrovirus) and 

known to be capable of degrading insect intestinal mucins [41].  

In M60-like domain is presented HExxH motif or consensus sequence, typical 

of zinc metalloproteases belonging to the zincin superfamily or clan [42]. The 

two histidine residues within consensus sequence are ligands of zinc ion (Zn2+), 

while the glutamic acid (E) residue acts as the catalytic active amino acid [43]. An 

additional conserved glutamate is presented downstream of the HExxH motif, 

defining pattern HExxHxE. This motif characterizes the gluzincin-like family of 

Zn-metallopeptidases and the second E functions as a third zinc binding ligand 

[41]. 

InterProScan and Pfam analyses have identified additional domains presents in 

M60-like containing proteins, the carbohydrate binding modules (CBM). CBMs 

are involved to binding with specific carbohydrate components within a target 

substrate and are classified into families on sequence similarities, as defined in 

the Carbohydrate active enzymes (CAZy)database [41]. CBM families are 

identified by a number written together with CMB abbreviation, e.g. CBM32 to 

specify a family with 32 carbohydrate binding module. BACON and PA14 are 

also carbohydrate binding domains only available from PFAM database and are 

thought to be involved in glycan binding. Proteins with CBM32 were 

predominantly associated with vertebrate mucosal surfaces microbes. In many 

M60-like domain-containing proteins have been detected CBM32, CBM5, 

CBM12, CBM52, BACON and PA14 domains. Most of 70% of M60-like 

domain-containing proteins were also predicted to possess a signal peptide (SP) 
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and one or more transmembrane domains (TMD), suggesting their extracellular 

or cell surface localization [41].  

M60-like domain-containing proteins are shared by a large number of bacterial 

and eukaryotic microbes [PFAM database] [44] and are present in important 

mucosal microbes such as T.vaginalis, Bacteroides thetaiotaomicro , Bacteroides fragilis, 

Bacteroides caccae, Bacillus anthracis, Clostridium perfringens, Vibrio cholera, Entamoeba 

histolytica, Cryptosporidium species, suggesting that these proteins might play an 

important role in the biology of mucosal microbes as well as in host-microbial 

interactions (Figure I.3).  

 

 

 
 

Figure I.3 - Structural organization of M60-like containing-proteins from different 

mucosal microbes.  

The length of proteins and their structural features are shown for each pathogen, together 

with accession number. Species aligned to their N terminus. Several CBMs are associated with 

M60-like peptidase domains. CMB domains can be found at either the C-terminal or N-

terminal side of the M670-like domain compared 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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I .5 Contact independent mechanisms 

 

T.vaginalis pathogenic mechanisms involve also the contact-independent 

cytotoxicity. The pathogen is able to produce a wide range of hydrolase 

identified as cytoplasmic cysteine proteinase (20-100 kDa). These proteins are 

released by the parasite and have trypsin-like activity, functioning as cell-

detaching factors (CDF) by degrading proteins of the ECM. CDF allow 

T.vaginalis to traverse the protective mucus barrier of host epithelium and aid in 

the release of host cells from tissue and mucosal desquamation [14, 45].  

CDF levels have been shown to correlate with the severity of the clinical 

symptoms of vaginitis[2].  

Another pathogenic mechanism used by T.vaginalis to damage target cell plasma 

membrane is the secretion of cytotoxic molecules such as perforin like activity, 

creating pores in erythrocyte membranes. T.vaginalis is also known to excrete 

different lytic factor having phospholipase A2 activities, to destroy nucleated 

cells and erythrocytes by degradation of phosphatidylcholine [14]. 

Recently, a new protein secreted by T.vaginalis was characterized. This protein is 

homolog of human macrophage migration inhibitory factor (MIF), a versatile 

proinflammatory cytokine involved in several processes, including immunity, cell 

proliferation and tumorigenesis. HuMIF is reported to be elevated in prostate 

cancer. As HuMIF, TvMIF inhibits macrophage migration, is proinflammatory 

and binds CD74 MIF receptor with high affinity. Moreover, it increases cellular 

proliferation and invasiveness of BPH-1 and PC3 in vitro. These data indicate 

that chronic T. vaginalis infections may result in TvMIF-driven inflammation and 

cell proliferation that contributes to the promotion and progression of prostate 

cancer [8]. 

 

I.6 T.vaginalis interacts with viruses and human-associated bacteria  

 

The ability of T.vaginalis to interacts with viruses and human microbiota, 

including bacterial and fungal cells, constitutes a third pathogenic mechanism.  

The parasite internalizes materials, e.g. lactoferrina and hemoglobin, through 

receptor-mediated endocytosis [12]. By endocytosis, T.vaginalis also interacts with 
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HIV, facilitating HIV entry and transmission in humans by damaging mucosal 

surface [9-11]. Recently it has been shown that the pathogen can also be infected 

by four dsRNA viruses (TVV) [46, 47].  

T.vaginalis is capable to ingest different mammalian cells [28], including epithelial 

cells, immunocytes and spermatozoids, obtaining important sources of nutrient 

and contributes to defense from immune system. [12] 

Moreover, the parasite phagocytes several types of bacteria colonizing the lower 

urogenital tract of human body, inducing an imbalance in the microbial 

community [48]. During bacterial vaginosis, for example, was observed a 

correlation between the presence of T.vaginalis and low abundance of protective 

lactobacilli and higher proportions of Mycoplasma, Prevotella and other bacteria 

typically involved in bacterial vaginosis [49]. Among several species of human 

macrobiota, T.vaginalis has shown a clinical association with two different species 

of Mycoplasma: Mycoplasma hominis [50], and Candidatus Mycoplasma girerdii [51] 

[52]. Mycoplasmas are the smallest self-replicating organisms 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 birth [52]. In spite of these associations with disease, 

Mycoplasma hominis and Ureoplasma are also commensal bacteria of the lower 

urogenital tract.  

Acting as pathogen, M.hominis causes an infection linked with several pregnancy 

and postpartum complications like spontaneous abortion, endometritis and low 

birth weight [53-55], as for trichomoniasis.  

Many pathogenicity mechanisms of M.hominis are not yet clear. The symbiosis 

between T.vaginalis and M.hominis is the only endosymbiotic relationship 

described so far involving two obligated human parasites that produce 

independent diseases in the same anatomical area. Previous studies have shown 

that Mycoplasma cells carried by T.vaginalis are able to infect human cells in vitro, 

suggesting that T.vaginalis could play a role of òTrojan horseó for the bacterium 

during infection [56]. However, the exact nature and fundamental aspects of this 

association still have to be cleared.  
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I .6 Object of this study 

 

The overall aim of this study was to gain new insights into pathogenic 

mechanisms of T.vaginalis, focusing the attention on adhesion to host cells and 

interaction with human microbiota. 

 

The specific objectives were as follows; 

 

Characterize of putative M60-like domain-containing protease from Trichomonas 

vaginalis using biochemical approaches. 

 

Analyse the functional aspects of CBMs present on putative M60-like domain 

protein of T.vaginalis. 

 

Investigate the possible influence of M.hominis on pathobiology of T.vaginalis. 
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CHAPTER II  

Characterisation of domains of putative T.vaginalis M60-

LIKE protease 

 

II.1 Introduction  

 

Infections occur when the balance of host-pathogen interaction shifts to favour 

the pathogen. A multitude 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 digest host components 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 express factors that inhibit specific host defence mechanisms or 

deregulate the host inflammatory response to their advantage. Moreover, many 

pathogens subvert host components to grow, survive and spread in the host 

environment. Among many components modulated by microbial pathogens, one 

common link is represented by heparan sulphate (HS) glycosaminoglycans 

(GAGs). GAGs are sugars attached to a protein backbone forming 

proteoglycans, a component of epithelial cell glycocalyx. Proteoglycans along 

with glycoproteins, glycolipids and transmembrane mucins, constitute glycocalyx 

of human cells [57]. All component of glycocalyx can act as receptor for 

microbial adhesion, while the entire structure represents an important second 

line of defence against invading pathogens, after mucosal surfaces [58].  
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II.2  Overview about HS-GAG 

II.2.1 GAGs 

 

GAGs are terminal carbohydrate structures in the extracellular matrix, 

comprised of repeating disaccharide units of hexosamine and uronic acid or 

galactose with various substitutions. GAGs are expressed widely in the human 

body and a number of bacteria, viral and parasitic pathogens exploit GAGs on 

key steps of pathogenesis, such as adhesion and invasion of host cells, cell-cell 

transmission and evasion of host defence mechanisms [59].  

The list of GAGs includes heparan sulphate (HS)/heparin, chondroitin sulphate 

(CS), dermatan sulphate (DS), keratan sulphate (KS), and hyaluronan (HA). 

Except for HA, all other polysaccharides are sulphated to various degrees and 

are covalently complexed to proteoglycans core protein (Figure II.1).  

Among GAGs, 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 hosts [60]. A number of etiologic agents of STIs, 

such as HSV, HIV HPV and Chlamydia trachomatis express surface proteins that 

interact with HS to mediate their attachment to eukaryotic cells as a primary 

mechanism during mucosal infections [59, 60]. 
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Figure II. 1 - GAGs structure and synthesis. 

Synthesis of HS, CS and DS start with addition of xylose to serin (Ser), proceeding by addition 

of two galactose residues and one glucuronic acid. In HS synthesis, there is an alternating 

addition of N-acetylglucosamine and glucuronic acid (GlcA), while for the assembly of CS and 

DS there is an alternating addition of N-acetylgalactosamine and GlcA. The polymerization of 

HS, CS and DS is completed by epimerization of GlcA to iduronic acid (IdoA) and sulphation 

(SO4) of different residues, resulting in a large micro-heterogeneity within the polymers. KS 

assembly is the result of alternating attachment of N-acetylglucosamine and galactose to O or 

N-glycans on the proteoglycan core and of sulphatation of several residues. HA is a large 

polymer of alternating N-acetylglucosamine and GlcA and is not attached to a core protein. 

(Image modified from Kleene R et al, 2004). 
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II.2 .2 H eparin/heparan sulphate glycosaminoglycans 

 

Heparin/heparan sulphate glycosaminoglycans, extracellular complex 

polysaccharides, are attached to a protein core or proteoglycan (HSPG) and are 

extruded by cells to the cell surface and into the extracellular space [61, 62]. 

Heparin (highly sulphated polysaccharide) and HS (the less sulphated 

polysaccharide), are negatively charged linear carbohydrate polymer composed 

of repeating uronic acid [d-glucuronic acid (GlcA) or l-iduronic acid (IdoA)] and 

10-200 disaccharide units of D-glucosamine (GlcN) [61]. Variable patterns of 

substitution of the disaccharide units with N-sulphate, O-sulphate and N-acetyl 

groups give rise to a large number of complex sequences.  

Heparin is commonly isolated from connective-tissue type mast cells and it is 

biosynthesized as heparin proteoglycan (Mr 750000ð1000000). Multiple 

polysaccharide chains (Mr 60000ð100000) are covalently attached to a unique 

proteoglycan called serglycin [61, 63]. Serglycin is a secretory vesicle 

proteoglycans implicated in inflammation, storing mast cell inflammatory 

mediators [63]. 

HS is also biosynthesized as a proteoglycan, but it has fewer and shorter 

polysaccharide chain than heparin proteoglycan [61]. 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 remained relatively constant from Hydra to humans [62]. 

Moreover, it is involved in important physiological functions, such as lipid 

metabolism, neurogenesis and cytokine/growth factor interaction [60]. 

One of the reasons that HS interacts with a diverse group of pathogens relates to 

the structural and functional diversity of HS originating from extensive 

modifications during its biosynthesis. The biosynthesis of HS occurs in the 

Golgi apparatus and is a sequential, multistep process (Figure II.2). 
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Figure II.2 - HS biosynthesis.  

HS chains are synthesized on a core protein by the sequential action of individual 

glycosyltransferases and modification enzymes, in a three-step process involving chain 

initiation, polymerization and modification. Chain initiation: assembly of a linkage 

tetrasaccharide on serine residues in the core polypeptide. The tetrasaccharide is composed by 

GlcA-galactose (Gal)-Gal-Xylose (Xyl). This process is catalysed by four enzymes (Xyl 

transferase, Gal transferase I-II and GlcA transferase I), which add individual sugar residues 

sequentially to the non-reducing end of the growing chain. Chain polymerization: after the 

assembly of the linkage region, one or more ǟ-GlcNAc transferases add a single ǟ1,4-linked 

GlcNAc unit to the chain, which initiates the HS polymerization process. HS chain 

polymerization then takes place by the addition of alternating GlcA and GlcNAc residues, 

which is catalyzed by the EXT family proteins. Chain modifications: include GlcNAc N-
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deacetylation and N-sulfation, C5 epimerization of GlcA to IdoA, and variable O-sulfation at 

C2 of IdoA and GlcA, at C6 of GlcNAc and GlcNS units, and, occasionally, at C3 of GlcN 

residues. The HS chains are Ḑ100 or more sugar units long and have numerous structural 

heterogeneities Monosaccharaides are synthesized in the cytoplasm and transported into the 

Golgi, where they are used to synthesize a conserved tetrasaccharide, and then initiate and 

elongate heparan-sulphate-specific polysaccharide chains (Image from LinX, 2004). 

 

 

II. 2.3 HSPGs 

 

HSPGs are glycoproteins, containing one or more covalently attached HS 

chains. There are two major subfamilies of cell surface HS proteoglycans 

(HSPGs), the syndecan (four members) and the glypicans (six members). The 

syndecan core proteins are transmembrane proteins and virtually all cell types 

express one or more syndecans [64]. The glypican core proteins are attached to 

cell membranes by a glycosylphosphatidylinositol (GPI) tail. Perlecan, agrin and 

collagen XVIII are HS proteoglycans but located in the extracellular matrix. 

These are also distinguished by their specific core proteins [65] (Figure II.3) 

(Table II.1 shows HSPGS classification depending on their localization). 
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Figure II.3 - Schematic representation of major classes of HSPGs.  

HSPGs include four syndecans, six glypicans, and one each of perlecan, agrin, and the hybrid 

HSPG/collagen type XVIII. The size is approximately proportional to the number of amino 

acid residues (aa). In the bottom panel there are various color-coded modules. HS chains are 

shown as black lines; CS chains are shown as red lines. (Image modified from Iozzo RV, 

2001). 
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Table II.1 - Classification of HSPGs. 

 

Class Proteoglycan Core mass (kDa) 
Chain type 

(number) 

Membrane-bound Syndecan -1 31-45 3-4 HS 

1-2 CS 

 Syndecan -2 31-45 2-3 HS 

 Syndecan -3 31-45 3-4 HS 

1-2 CS 

 Syndecan -4 31-45 2-3 HS 

 Glypican-1, 

Glypican -6 

57-69 1-3 HS 

 Betaglycan 110 1-2 HS 

1-2 CS 

 Neuropilin-1 130 1 HS or CS 

 CD44v3 37 1 HS 

Secretory vesicles Serglycin 10-19 10-15 Heparin 

10-15 CS 

Extracellular matrix Perlecan 400 1-4 HS 

 Agrin 212 2-3 HS 

 Collagen XVIII 150 1-3 HS 

 

 

HSPGs have multiple activities in cell and tissue, such as to collaborate with 

other matrix component to define basement membrane structure and to provide 

matrix for cell migration (perlecan, agrin and collagen XVIII); to maintain 

proteases in an activate state; and to regulate various biological activities 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 cell-ECM attachment, cell-cell interactions, and cell motility. They can 

also act both as endocytic receptors for clearance of bound ligands and as 

coreceptor [64]. The coreceptor function of HSPGs aids the formation of 

ligand-receptor complexes either through conformational change of ligand 

and/or receptor or using themselves as a template to approximate ligand and 
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receptor [64]. 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, extracellular matrix 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, glypicans (Glypicans-1, -6), 

neurophilins, syndecans (Syndecan -1, -4) and betaglycan.  

All transmembrane proteoglycans signalling co-receptor, such as transmembrane 

syndecans, undergo ectodomain shedding resulting in proteolytic cleavage of 

core protein near the transmembrane domain that allows releasing of the 

extracellular domain from the cell surface. The soluble extracellular domains of 

HSPGs continue to carry their glycosaminoglycan modifications [66]. Syndecan 

shedding is mediated by matrix metalloproteinases (MMP1, MMP7, MMP9, 

ADAM17) [67, 68] but even some microorganisms can enhance host cell 

proteolytic shedding of syndecan-1 (Syd-1), with an increase of bacterial 

colonization [69, 70]. Moreover, it has been shown that the amount of HS 

presents on syndecan core proteins regulates both the rate of syndecan shedding 

and core proteins synthesis [71]. 

 

II. 3 Syndecan families 

 

Syndecans family is a group of transmembrane HSPGs with a long evolutionary 

story. The four mammalian members, syndecan-1 to syndecan-4, 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 short C-terminal cytoplasmic domain. The ectodomain contains 

three consecutive consensus Ser-Gly sequences for HS chain attachment close to 

N terminus, and Ser-Gly sequences for CS chains at site near the plasma 

membrane [72]. The length of transmembrane and cytoplasmic domain is highly 

conserved among member of syndecans family, whereas the length of the 

ectodomains varies considerably. Many syndecan roles are attributed to their HS 



 

Valentina Margarita  

Several aspects of pathogenesis of Trichomonas vaginalis  22 

International PhD School in Biomolecular and Biotechnological Sciences  
University of Sassari  

chains, which interact with a wide range of ECM and adhesion molecules, 

chemokines and cytokines [72]. The functions of syndecans include anchorage of 

cells to ECM with associated HS binding domains; maintenance of epithelial and 

endothelial morphology; binding to and modulation of activity of HS binding 

growth factors; modulation of activity of several proteases and their inhibitors; 

and signaling molecules [69, 72]. Moreover, syndecan family has been proposed 

to act as adhesion and internalization receptors for pathogenic microorganisms.  

By shedding, the syndecan ectodomains complete with their GAG chains, are 

released from the cell surface forming soluble ectodomains that may function 

either as paracrine or autocrine effectors, or competitive inhibitors of intact 

proteoglycans [73, 74]. These ectodomains are in fluids accumulating, following 

injury and inflammation. Matrix metalloproteinases (MMPs) and membrane type 

MMPs (MT1-MMPs) are involved in the shedding and catabolic process of 

syndecans, whereas heparanase and endosulfatases modify HS chains within 

extracellular environment, including the ability of HS chains to bind and 

sequester growth factors [73] [75]. Moreover, a recent study has shown that the 

loss of HS chains enhances both the susceptibility of core protein of Syd-1 to 

proteolitic cleavage by matrix metalloproteinases and a dramatic increase in core 

protein synthesis [71]. 

In the table II.2 have listed the MMPs involved in syndecan cleavage both in vitro 

and in vivo [68, 73]. Moreover, MMP2, MMP7 and MMP9 bind HS chains of 

syndecan. 
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Table II.2 - List of MMPs involved in syndecan cleavage in vitro and in vivo.  

 

 Syndecan-1 Syndecan-2 Syndecan-3 Syndecan-4 

MT1-MMP V   V 

MMP2 

(gelatinase) 
V V  V 

MMP3 V    

MMP7 

(metrilysin) 
V    

MMP9 

(gelatinase) 
V V  V 

 

II.3.1 Syndecan-1 shedding is implicated in microbial pathogenesis.  

 

Syd-1 shedding is one of the general host responses to tissue injury and 

inflammation [69]. Moreover, the activation of Syd-1 shedding is used by some 

pathogens as an important virulence mechanism [69, 70, 76]. For example, P. 

aeuroginosa actives Syd-1 shedding through LasA, a virulence factor for its lung 

infection and S.aureus sheds syndecan-1 through a- and b-toxins, implicated in 

sthaphylococcal infections. Both of these microorganisms activate a protein-

tyrosine kinase (PTK)2 ðdependent intracellular signalling mechanism to 

stimulate the ectodomains cleavage [69, 76]. Streptococcus pneumonia, unlike P. 

aeuroginosa and S.aureus, directly sheds Syd-1 ectodomain through zinc 

metalloproteinase (ZmpC) [70]. So far, it is not completely clear how Syd-1 

shedding promotes microbial pathogenesis.  

Moreover, Syd-1 has been identified as a substrate of MT1-MMP that cleaves 

the Gly82-Leu83 and Gly245-Leu246 bonds of a recombinant syndecan-1 fusion 

protein [68]. Increased levels of shed Syd-1 are present in sera of patients with 

some cancer types [71]. Moreover, shed Syd-1 plays an active role in driving 

tumour progression, stimulating signalling and proliferation in tumour cells, and 
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enhancing angiogenesis, osteolysis, growth, and spontaneous metastasis of 

tumour cells [73].  

 

II. 4 Overview on matrix metalloproteinases 

 
Matrix metalloproteinases, also called matrixins, are the major enzymes 

implicated in cleavage of several ECM constituents, as well as non-matrix 

proteins, regulating cell-matrix composition [77]. In the MEROPS database, 

MMPs are classified as the metzincin subfamily of zinc metalloproteases family 

M10. This family is distinguished by a highly conserved motif, 

HEXXHXXGXXH , where histidines (H), glutamic acid (E) and glycine (G) 

residues are invariant. The histidines bind zinc at the catalytic site. A conserved 

methionine also presents in the catalytic domain forms a òMet-turnõõ, eight 

residues after the zinc binding motif, forming a base to support the structure 

around the catalytic zinc. A third zinc binding ligand differentiates the zincin 

clan further into subclans e.g gluczincins (E), aspzincins (D) or metzincins 

(H/D)  [77].  

Metzincin subfamily is further subdivided into four families: serralysins, astacins, 

ADAMs/adamalysins and MMPs. 

The 23 human MMPs typically containing a signal peptide (SP), a propeptide of 

~80 amino acid, a catalytic domain of ~170 amino acid, a linker peptide of 

variable lengths, and a hemopexin (Hpx) domain of ~200 amino acids, with 

exceptions of MMP-7 (matrilysin 1), MMP-26 (matrilysin 2) and MMP-23, which 

lack or present changes of domains in the structure [78].  

With exception of six membrane -anchored MMPs, the remaining 17 MMPs are 

destined for secretion into the extracellular milieu [79]. 

MMP14, a membrane-type MMP (MT1-MMP), exists in a membrane-bound 

rather than a secreted form [80]. It is expressed on endothelial cells, on 

fibroblasts, on osteoclasts, and on monocytes. Moreover, MMP14 has been also 

found to be produced on cancer cell membranes. [81]. The Hpx domain is the 

region responsible for binding to and shedding of CD44 that leads to 

rearrangement into intracellular cytoskeleton and inducing the cell migration and 

invasion processes [82].  
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MT1-MMP has a wide substrate specificity, such as aggrecan, elastin, perlecan, 

and fibronectin; and cleaves and promotes shedding of Syd-1 [68] , of betaglycan 

[83] and of MUC1, a transmembrane mucin with a critical role in embryo 

implantation, protection of mucosal epithelial cells from microbial and enzyme 

attack, and in several aspects of tumour progression [84].  

 

II.4.1 M60-like domain containing proteins of T.vaginalis  
 

Recent study has shown a novel protein domain termed ôM60-like (PF13402) 

domainsõ, shared by several bacterial and eukaryotic mucosal microbes [41].  

The presence of the extended consensus HExxHxE in this domain suggested 

that the M60-like domain containing proteins could be considered as gluzincin 

metallopeptidases processing extracellular glycoprotein targets. This hypothesis 

is further supported by evidence that M60-like domain containing proteins 

represent distant relatives of viral-enhancin proteases known to degrade insect 

mucins. Moreover, Dr.Didier Ndhe in his PhD thesis has shown that three M60-

like domains proteins of Bacteroides thetaiotaomicron, a bacterial gut mutualist of 

human body, exhibited mucin protease activity. This proteolytic activity was 

shown to be inhibited in a mutant version of the protein as well as in the 

presence of Ethylenediaminetetraacetic acid (EDTA), implying BT4244 and its 

relatives are metal dependent proteases. The CBMs contained in B. 

thetaiotaomicron are from family 32 and are capable to bind galacto-configured 

sugars that are common to mucin glycans. 

A total of 25 TvM60-Like containing proteins were also identified in T.vaginalis 

and 11 of these possess XExxHxE motif. Among them, six have one TMD with 

only three of these entries possessing a complete M60-Like domain. A sequence 

alignment suggested that most entries are likely represented gene fragments or 

truncated version of longer proteins [41]. Among three complete TvM60-like 

containing proteins, i.e. TVAG339720, TVAG189150 and TVAG199300, 

TVAG339720, TVAG189150 were detected on the cell surface by proteomic 

analysis, and TVAG339720 is the only one identified in all six tested isolates [38] 

(figure II.4). Moreover, native TVAG339720 and TVAG189150 proteins had 

been detected in T. vaginalis cell membrane extracts and the extracellular 



 

Valentina Margarita  

Several aspects of pathogenesis of Trichomonas vaginalis  26 

International PhD School in Biomolecular and Biotechnological Sciences  
University of Sassari  

localisation of the TVAG339720 protein has indeed been confirmed through 

immunofluorescence assays by our collaborators in the U.S.A (personal 

communication, Prof. Robert Hirt). 

 

 

 
 

Figure II .4 - Domain architecture of T.vaginalis M60L entries from PFAM database.  

The first putative protein (TVAG339720) is that under biochemical characterisation in the 

current study. (Image modified from Dr.Ndhe PhD thesis). 


























































































































