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Abstract 
Trichomonas vaginalis is a flagellated protozoan parasite that causes 

trichomoniasis, the world most common non-viral sexually transmitted infection. 

Although infections may be asymptomatic, trichomoniasis has been associated with an 

increased risk of cervical and prostate cancers, pre-term delivery and low birth weight 

infants and has been implicated as a risk factor for acquisition of the human 

immunodeficiency virus. As an obligate extracellular protozoan parasite, adherence to the 

vaginal epithelial cells is critical in order to establish and maintain infection. Nevertheless, 

the biochemical processes behind T. vaginalis infection and its interaction with the vaginal 

microbiota are still not well defined. The draft genome sequence of T. vaginalis strain G3 

identified nine NlpC/P60-like members (Clan CA, family C40). The NlpC/P60 proteins 

define a superfamily with diverse enzymatic functions, where the majority of the members 

are cell-wall hydrolases. Since T. vaginalis does not have a cell wall, investigating origins 

and whether the NlpC/P60 genes are functional and aiding parasite infection became the 

main focus of this research. 

Bioinformatics analyses of the nine NlpC/P60 genes in T. vaginalis revealed that 

these genes were acquired via lateral gene transfer (LGT) from bacteria and belong to the 

P60-like family. To investigate the function of the NlpC/P60 family of proteins in 

T. vaginalis, two members were expressed, purified and crystallised with their three-

dimensional structure determined at resolutions of 1.2 Å and 2.3 Å, by X-ray diffraction. 

The enzymatic activity of three NlpC/P60 enzymes in T. vaginalis was characterised in a 

peptidoglycan cleavage assay, revealing these members to be active D, L-endopeptidases. 

The gene expression analysis showed that all genes are up-regulated when in contact with 

host microbiota. Further analyses revealed the NlpC proteins to be located in different 

cellular compartments and parasite transfectants to possess a really strong phenotype with 

bacteriolytic activity. 

Overall these results suggest that T. vaginalis is using the LGT acquired genes 

against the vaginal microbiota. This work sheds light into the interaction of T. vaginalis 

and the host microbiota, highlighting the role of new molecules that are possibly involved 

in the parasite pathogenesis. Understanding how T. vaginalis interact in the vaginal 

ecosystem and the discovery of molecules involved in these interactions can be of 

potential use to develop vaccines and drugs in the future.  
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1.1! Introduction 

1.1.1! Trichomonas vaginalis 

Trichomonas vaginalis is a small flagellated protist of the phylum Parabasalia. 

Parabasalids are microareophilic, single-cell flagellates that lack typical mitochondria. 

Over 400 species have been described for this phyla including members of the 

trichomonads (Cepicka et al., 2010; van der Giezen and Tovar, 2004). Trichomonads were 

initially believed to be among the earliest diverging eukaryotes (Cavalier-Smith and Chao, 

1996). Recent analyses indicate that the evolutionary relationship of its Phylum 

(Parabasalia) to other major eukaryotic lineages remains unresolved (Embley and Martin, 

2006). Not only is the early divergence of the Parabasalia been challenged but this group 

has been further divided into six phylogenetic groups: Cristamonadea, 

Hypotrichomonadea, Spirotrichonymphea, Trichomonadea, Trichonymphea and 

Tritrichomonadea (Cepicka et al., 2010). The majority of parabasalids are endobiotic 

symbionts, commensals of metazoans; however, some species are parasites, with members 

from Tritrichomonadea and Trichomonadea containing species of particular veterinary and 

medical importance, T. vaginalis included (Conrad et al., 2013). 

T. vaginalis cells exhibit an average length/width of about 10/7 µm (Figure 1.1) 

but vary in size and shape according to physiochemical conditions. In axenic cultures, the 

parasite tends to take a pear-shaped form. However, once attached to vaginal epithelial 

cells; a key stage of infection, it changes to an amoeboid form  (Arroyo and Gonzdlez-

robles, 1993; Harp and Chowdhury, 2011; Petrin et al., 1998; Schwebke and Burgess, 

2004). This parasite possesses five flagella, four located at the anterior portion of the cell 

and the fifth flagellum being incorporated within the undulating membrane of the parasite 

and being supported by an intra-cellular structure known as the costa (Honigberg and 

Brugerolle, 1990). The T. vaginalis cytoskeleton displays the typical components of 

eukaryotic cells; however, it lacks the motor protein myosin (Elmendorf et al., 2010). In 

addition, the protein components of T. vaginalis’ cytoskeleton form unusual structures 

including the pelta, axostyle and costa that have been poorly characterised (Benchimol, 

2004; Elmendorf et al., 2010).  
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Figure 1.1 T. vaginalis trophozoite 
 Schematic three-dimensional representation of T. vaginalis showing an external view (left) and an 
internal view with the cell structures (right). The undulating membrane, which is formed by a fold 
in the plasma membrane, is observed in contact with the recurrent flagellum (RF). AF, anterior 
flagella; Ax, axostyle; bb, basal bodies; C, costa; G, Golgi complex; H, hydrogenosomes; Pe, 
pelta; N, nucleus; Nu, nucleolus; PF, parabasal filament; Sg, sigmoidal filaments; V, vacuole. 
(Benchimol et al., 2015) 

 

T. vaginalis is an obligate parasite but has a simplified life cycle having humans 

as the only natural host. The trophozoite, which divides asexually by binary fission, is 

transmitted through sexual intercourse to another host, giving rise to a population in the 

lumen and mucosal surfaces of the urogenital tract (Figure 1.2) (Adegbaju and Morenikeji, 

2008; Harp and Chowdhury, 2011; Honigberg and Brugerolle, 1990; Petrin et al., 1998; 

Schwebke and Burgess, 2004). Under unfavourable conditions, these organisms may form 

(pseudo)cysts by internalising their flagella (Honigberg and Brugerolle, 1990). However, 

the description of this process has not been characterised and the existence of these life 

forms in nature is unknown. 
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Figure 1.2 T. vaginalis life cycle 
T. vaginalis resides in the human urogenital tract (1), where it replicates by binary fission (2). The 
parasite does not appear to have a cyst form. T. vaginalis is transmitted primarily by sexual 
intercourse among humans, its only known host (3). Center for Disease Control and Prevention 
(CDC; http://www.cdc.gov/dpdx/trichomoniasis/). 

 

The metabolism of T. vaginalis comprises of pathways and enzymes typical of 

other eukaryotes but it differs in its terms of carbohydrate and energy metabolism, 

showing similarities to primitive anaerobic bacteria (Müller, 1990; Petrin et al., 1998). In 

culture, it uses carbohydrates (maltose and glucose) as its main energy source converting 

them to glycerol, lactate, acetate, malate, Co2 and also H2 under anaerobic or 

microaerophilic conditions (Alexander and Muller, 1986; Lindmark et al., 1975, 1989; 

Mack and Müller, 1980; Müller, 1990).  

A defining feature of parabasilids is the lack of mitochondria. Instead energy 

conversion takes place in the cytosol and in a divergent mitochondrial-related spherical 

organelle called the hydrogenosome (Lindmark et al., 1989; Müller, 1990). Although 

similar to mitochondria and maintaining similar functions, trichomonad hydrogenosomes 

lack detectable genetic material, cristae, cardiolipin, cytochromes and respiratory chain 
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enzymes (Benchimol and de Souza, 1983; Dyall and Johnson, 2000; Lindwiark and 

Muller, 1973; Müller, 1993; Yarlett and Hackstein, 2005).  

T. vaginalis lacks the ability to synthesize a few macromolecules de novo, such as 

some nucleotides and lipids including cholesterol (Beach et al., 1991, 1990; Hassan and 

Coombs, 1988; Heyworth, P. G., Gutteridge, W. E., Ginger, 1982; Heyworth et al., 1984). 

The salvage pathway of nucleotide synthesis has been thought as a target of drug 

development. In vivo, beside vaginal mucous secretions, T. vaginalis phagocytes bacteria, 

vaginal epithelial cells and erythrocytes from where it might acquire nutrition (Dailey et 

al., 1990; Francioli et al., 1983; Gonzalez-Robles et al., 1995; Heath, 1981; Juliano et al., 

1991; Lehker et al., 1990; Midlej and Benchimol, 2010; Nielsen and Nielsen, 1975; 

Rendón-Maldonado et al., 1998; Street et al., 1984). 

1.1.2!  Trichomoniasis: infection, pathogenesis and disease 

Sexually transmitted infections (STIs) are a major global health problem. Each 

year an estimated 357 million new infections occur, with more than 1 million STIs being 

acquired daily worldwide (WHO, 2016). The genitourinary infection caused by T. 

vaginalis, known as trichomoniasis, is the most common non-viral sexual transmitted 

infection worldwide with 143 million new cases annually. This rate of infection is higher 

than both chlamydia and syphilis combined (WHO, 2016). Based on data for 2005 to 

2012, the global prevalence of trichomoniasis has been estimated at 5 % for women and 

0.6 % for men (Newman et al., 2015). Despite its importance as a prevalent human 

infection disease, the exact mechanisms of pathogenesis remain poorly understood.  

T. vaginalis infection is restricted to the urogenital tract and as such 

trichomoniasis is characterised by vaginitis and urethritis. The disease is mostly 

asymptomatic, especially in men (Gardner and Culberson, 1990; Krieger, 1990; Rein, 

1990), with one-third of the untreated asymptomatic infected women developing 

symptoms within six months (Lazenby, 2011; Rein, 1990).   

In women, the vagina (up to the ectocervix) is the main site of infection and the 

incubation period is 4 to 28 days in about 50 % of infected individuals (Petrin et al., 1998). 

Trichomonal vaginitis presents a wide variety of clinical patterns, with common symptoms 

such as frothy vaginal discharge (malodorous in about 10 % of patients), vulvovaginal 

pruritus or irritation, dysuria and abdominal pain. Additionally, on examination, the vulva 
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manifests diffuse erythema or excoriation and in about 2 % of patients a “strawberry 

cervix” can be observed (Fouts and Kraus, 1980; Rein, 1990). 

In males, the prevalence and spectrum ranges of the disease are less well 

characterised and vary depending on the diagnostic techniques used and the population 

studied (Krieger, 1990; Schwebke and Burgess, 2004). In most male patients the 

incubation period appears to be 10 days or less and the infection may be classified in 

asymptomatic, mild symptomatic disease and acute (Krieger et al., 1985). The common 

symptoms of the infection go from inflammation and urethral discharge to reduced sperm 

function in men (Harp and Chowdhury, 2011; Krieger, 1990), which may lead to other 

complications such as nongonococcal urethritis, prostatitis and infertility (Krieger, 1984, 

1990; Krieger et al., 1993; van Laarhoven, 1967; Mårdh and Colleen, 1975)  

Although previously regarded as a nuisance disease, trichomoniasis leads to 

complications in women and men. Trichomoniasis increases the risk of cervical cancer 

(Gram et al., 1992; Kharsany et al., 1993; Yap et al., 1995; Zhang and Begg, 1994), pre-

term delivery and low birth weight infants (Cotch et al., 1997; Hardy et al., 1984; Minkoff 

et al., 1984) and, although rare, the infection has been implicated in perinatal transmission 

causing vaginal and respiratory infections in neonates (Carter and Whithaus, 2008; 

Schwandt et al., 2008; Temesvári et al., 2002). Other rare complications associated with 

trichomoniasis include adnexitis, endometritis, infertility, pyosalpinx and atypical pelvic 

inflammatory disease (Petrin et al., 1998). Additionally, trichomoniasis has also been 

associated with an increased risk of prostate cancer (Stark et al., 2009; Sutcliffe, 2006). 

Another important aspect of this disease is its implication as a risk factor for acquisition of 

the human immunodeficiency virus (HIV) (Cameron and Padian, 1990; Laga et al., 1993; 

Lazenby, 2011; Magnus et al., 2003; Serwin and Koper, 2013; Sorvillo and Kerndt, 1998; 

Sorvillo et al., 1998, 2001). Conversely, a meta-study concluded that the risk of HIV 

acquisition is increased 2- to 3-fold among T. vaginalis carriers (Sexton et al., 2005). 

Several mechanisms have been proposed to explain the increased HIV acquisition in T. 

vaginalis infected individuals. It is thought that T. vaginalis causes inflammatory 

responses which increases HIV target cells. Additionally, T. vaginalis causes micro-

haemorrhages in the vaginal mucosa increasing susceptibility to HIV acquisition. Other 

aspects of T. vaginalis such as the association to Bacterial Vaginosis (BV) and its often 

asymptomatic infection could also contribute to increasing HIV transmission (Guenthner 

et al., 2005; Kissinger, 2015; Lazenby, 2011; Moodley et al., 2002; Sorvillo and Kerndt, 
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1998). Moreover, a bi-directional association, similar to the one observed with HIV-1, also 

appears to be present with Herpes Simplex virus II (HSV-2)  in T. vaginalis (Kissinger, 

2015).  

Since the 1960s, systemic treatment with 5-nitroimidazoles has been the standard 

therapy for the treatment of trichomoniasis. No other drug has been developed and the 

only two available drugs for treating T. vaginalis infection are metronidazole and 

tinidazole. Reported for the first time in 1962 (Robinson, 1962), clinical failure of 

metronidazole treatment is not uncommon (Klebanoff et al., 2001; Peterman et al., 2009; 

Robertson et al., 1988; Sobel et al., 2001) and has been associated to the emergence of 

resistant T. vaginalis strains (Dunne et al., 2003; Krajden et al., 1986; Lossick et al., 1986; 

Lumsden et al., 1988; Meingassner and Thurner, 1979; Meri et al., 2000; Müller et al., 

1988). Recent estimates put the rate of resistance at 4-10% for metrodinazole in the US 

(Schwebke and Barrientes, 2006). Recent studies using genetic approaches started to 

unveil the mechanisms behind T. vaginalis resistance to metronidazole (Leitsch et al., 

2009, 2010, 2012; Pal et al., 2009; Quon et al., 1992). These studies revealed that different 

metabolic pathways are involved in metronidazole activation (Dunne et al., 2003; Kulda, 

1999; Leitsch et al., 2009, 2010; Pal et al., 2009; Upcroft and Upcroft, 2001) and 

metronidazole resistance is likely to happen in two distinct processes in aerobic and 

anaerobic conditions (Crowell et al., 2003; Cudmore et al., 2004; Ellis et al., 1992; 

Upcroft and Upcroft, 2001; Wright et al., 2010; Yarlett et al., 1986).  

Despite enormous morbidity, trichomoniasis is not a cause of mortality; it is 

generally manageable and treatable. Therefore, the infection is neglected compared to 

other infectious diseases resulting in lack of funding for research, drug development and 

control.  

1.1.2.1! Molecular mechanisms of T. vaginalis pathogenesis 

T. vaginalis is an extracellular parasite and it must first circumvent the mucus 

barrier to colonise the vaginal epithelia in order to establish infection (Benchimol, 2004). 

Mucosal surfaces are encountered throughout the body playing a pivotal role as a 

protective barrier (Corfield, 2015). To penetrate the mucus layer, adhesins first anchor T. 

vaginalis to the mucous layer. Mucinases are then released by the parasite to solubilise the 

mucous matrix, exposing the vaginal epithelial cells and allowing direct attachment 

(Lehker & Sweeney, 1999).  
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Adhesion to host cells is key to infection and the level of adhesion varies 

enormously among strains and isolates of T. vaginalis (Lustig et al., 2013). Cytoadherence 

is a very complex process involving different types of proteins such as surface adhesins 

and cytoskeletal proteins, glycoconjugates (including the well-characterized T. vaginalis 

lipoglycans or TvLGs), receptors for extracellular matrix (ECM) proteins and signal 

transduction pathways (Alderete et al., 1995a; Figueroa-Angulo et al., 2012; Fiori et al., 

1999; Hirt, 2013; Lehker and Alderete, 2000). Cytoadherence in T. vaginalis is highly 

specific and mediated by receptor-ligand type interactions (Alderete and Garza, 1985, 

1988). Five trichomonad proteins (AP23, AP33, AP51, AP65 and AP120) and pyruvate : 

ferredoxin oxidoreductase (PFO) have been reported to participate in the parasite 

cytoadherence (Alderete and Garza, 1988; Arroyo et al., 1992; Meza-Cervantez et al., 

2011; Moreno-Brito et al., 2005). However, due to hydrogenosomal localisation and 

involvement in carbohydrate metabolism, the T. vaginalis AP group of proteins role as 

adhesive molecules is highly controversial and disputed (Ryan et al., 2011a). In addition, 

surface cysteine proteases (TvCP30, TvCP62, TvLEGU-1) have also been reported to play 

a role in parasite cytoadherence (Arroyo and Alderete, 1995, 1989; Hernández et al., 2004; 

Mendoza-López et al., 2000; Rendón-Gandarilla et al., 2013). 

A well-characterised adhesion molecule mediating parasite-host cell binding are 

T. vaginalis lipoglycans. TvLG is a polysaccharide which is anchored to the plasma 

membrane and the main component of T. vaginalis glycocalyx (Bastida-Corcuera et al., 

2005). TvLGs binds to the only identified host protein, galectin-1 (Okumura et al., 2008), 

in a dose-dependent manner, triggering expression of interleukin 8 and macrophage 

inflammatory protein 3α (Fichorova et al., 2006). The involvement of TvLG side chains 

poly-lacNAc have also been reported in parasite-host cell interaction (Ryan et al., 2011b). 

Additionaly, TvLG truncation has been reported to reduce parasite adherence and 

cytotoxicity (Bastida-Corcuera et al., 2005). 

Sequencing of the T. vaginalis genome and posterior proteome analyses has led to 

the prediction of a plethora of protein families candidates involved in parasite 

pathogenesis (Carlton et al., 2007; de Miguel et al., 2010). T. vaginalis BspA-like proteins 

(TvBspA) and GP63 (TvGP63) which share domains encoding surface proteins that are 

implicated in pathogenesis in other organisms, may be involved in parasite adhesion to 

host tissues (Figueroa-Angulo et al., 2012; Hirt et al., 2007; Noël et al., 2010; Ryan et al., 

2011a). Tetraspanins (TSPs) surface proteins have also recently been reported to be 
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involved in parasite adherence to host cells. A member of this family (TvTSP6) was 

shown to be involved in parasite migration through the extracellular matrix (ECM) and 

protein expression and localisation are modulated by adherence of the parasite to vaginal 

epithelial cells (de Miguel et al., 2012). Additionally, other proteins such as, metabolic 

proteins with alternative non-enzymatic function (TvGAPDH, TvENO-1) that exhibit 

ligand-biding activity (Lama et al., 2009; Mundodi et al., 2008) and VSP-like and M17-

like proteins, are thought to be involved in T. vaginalis cytoadherence (Figueroa-Angulo 

et al., 2012; Hirt et al., 2007, 2011). 

Free-swimming parasites form large aggregates, which after contact with human 

cells, undergo transformation where the typical ovoid parasite becomes flattened, 

changing into the tightly adherent amoeboid form (Figure 1.3) (Arroyo and Gonzdlez-

robles, 1993; Heath, 1981). Within minutes or hours, cytolysis, retraction and detachment 

of the host epithelial cells, with acellular lesions that continue to enlarge with subsequent 

shedding of the substrate, is observed (Fiori et al., 1999; Graves and Gardner, 1993; 

Heath, 1981; Honigberg, 1990). Following cytolysis, the parasite can then attach to 

extracellular matrix basement membrane proteins (Benchimol et al., 1990; Casta e Silva 

Filho et al., 1988; Crouch and Alderete, 1999) with a recent study revealing that it can 

further adhere to and damage fibroblasts and muscle cells, so that infections may permeate 

through connective and muscle tissues although this lacks demonstration in vivo (Vilela 

and Benchimol, 2012). 

 
Figure 1.3 T. vaginalis morphology 
Scanning electron micrograph showing the free-swimming pear shaped parasite and the flat 
amoeboid form after adherence to the vaginal epithelial cells. (Image courtesy of: Antonio 
Pereira-Neves and Marlene Benchimol, Santa Ursula University, Rio de Janeiro, Brazil) 
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As seen above, cytotoxicity is also an important virulence aspect of T. vaginalis. 

There is a strong positive correlation between the cytotoxic level of a T. vaginalis isolate 

and the degree of disease in a patient where T. vaginalis was isolated from (Caterina et al., 

1996; Honigberg, 1961; Krieger et al., 1990; Kuczyńska et al., 1984). Although there is 

controversy in the literature, there are contact-dependent and –independent mechanisms of 

cytotoxicity and much of these remain to be characterised (Arroyo and Alderete, 1989; 

Fiori et al., 1996, 1997; Gilbert et al., 2000; Jesus et al., 2004; Krieger et al., 1985; 

Kummer et al., 2008; Pindak et al., 1986, 1993; Rasmussen et al., 1986). T. vaginalis can 

promote lysis of erythrocytes and epithelial cells among other cell types (Fiori et al., 1996, 

1997; Gonzalez-Robles et al., 1995; Juliano et al., 1991; Krieger et al., 1983, 1990; Lustig 

et al., 2013; Rendón-Maldonado et al., 1998; Riestra et al., 2015).  

Multiple molecules have been shown to be involved in mechanisms causing host 

cellular damage. The cell-detaching factor (CDF) is a secreted 200kDa glycoprotein 

responsible for the detachment and clumping of epithelial cells (Garber et al., 1989; 

Pindak et al., 1986). CDF has been shown to be immunogenic and easily altered by acid 

and heat. Additionally, a correlation between CDF activity and the severity of clinical 

symptoms presentation has been observed (Garber and Lemchuk-Favel, 1990). Other 

cytolytic factors include phospholipase A2 (Lubick and Burgess, 2004; Vargas-villarreal 

et al., 2003), TVF and pore-forming proteins. TVF is a 250KDa culture factor produced by 

T. vaginalis in medium that modifies the shape of certain mammalian cells without lysis 

(Lushbaugh et al., 1989). Several pathogens; from bacteria to protozoa, use pore-forming 

proteins for lysing target cells. They are molecules that by forming transmembrane 

channels cause death by osmotic lysis upon insertion of themselves into the target cell 

lipid bilayer (Fiori et al., 1999). Fiori et al, (1993, 1996) have reported the presence of 

pore-forming proteins in T. vaginalis that are involved in haemolysis through contact-

dependent and contact-independent mechanisms and that these proteins are affected by 

pH. 

A number of studies have identified cysteine proteases (CPs) that are involved in 

the parasite cytotoxicity and reported insights into their specific mechanisms (Alvarez-

Sánchez et al., 2007, 2008, Arroyo and Alderete, 1995, 1989; Fiori et al., 1997; Garber 

and Lemchuk-Favel, 1994; Ramón-Luing et al., 2011; Solano-González et al., 2006; 

Vazquez-carrillo et al., 2011). CP39 and CP65 are immunogenic proteinases that are 

involved in parasite cytotoxicity and have been reported to degrade ECM proteins 
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(Alvarez-Sánchez et al., 2000; Hernandez-Gutierrez et al., 2003, 2004). Additionally, 

secreted T. vaginalis CPs have been reported to induce apoptosis in vaginal epithelial cells 

where exposure to iron modulates the proteolytic activity (Kummer et al., 2008; Sommer 

et al., 2005). 

Haemolysis in trichomonads, for instance, does not correlate with adherence to 

epithelial cells but the level of haemolytic activity in T. vaginalis isolates does correlate 

with clinical virulence (Dailey et al., 1990; Krieger et al., 1983, 1990). According to Fiori 

et al, (1993), haemolysis happens in three steps where proteic receptors allow for specific 

recognition and attachment to target cells, followed by the release of toxic molecules 

involved in membrane pore-forming and the detachment of the parasite after erythrocyte 

lysis. Haemolysis is temperature-dependent, with its maximum at 37 °C and completely 

inhibited at 4 °C in T. vaginalis (Dailey et al., 1990; Fiori et al., 1993), it is Ca2+-

dependent (Fiori et al., 1993), pH-dependent (Dailey et al., 1990; Fiori et al., 1996), with a 

pH lower than 6.5 being required for secretion and activity of the pore-forming proteins 

(Fiori et al., 1993, 1996) and it is inhibited by osmotic protectants with a diameter greater 

than 1.32 nm (Fiori et al., 1999). Two CPs (30KDa and 34 kDa) have been reported in 

parasite haemolysis. The non-secreted 30KDa, with high specificity for spectrin, has been 

reported to be involved in cell membrane skeleton disruption (Fiori et al., 1997) and 

TvCP4 which is an iron-induced CP that plays a key role in T. vaginalis haemolysis 

(Cardenas-Guerra et al., 2013). Additionally to CPs and pore-forming proteins a few other 

molecules are possibly involved in haemolysis such as phospholipase A2 (Lubick and 

Burgess, 2004) and triacylglycerol lipase (TvLIP) (Carvalho et al., 2005).   

It has been observed that T. vaginalis can actively use phagocytosis to ingest 

fragments of human cells, erythrocytes and bacteria (Francioli et al., 1983; Garcia-Tamayo 

et al., 1977; Gonzalez-Robles et al., 1995; Honigberg, 1990; Juliano et al., 1991; Lehker et 

al., 1990; McGrory et al., 1994; Midlej and Benchimol, 2010; Mirhaghani and Warton, 

1996; Nielsen and Nielsen, 1975; Nielsen, 1975; Pereira-Neves and Benchimol, 2007; 

Rendón-Maldonado et al., 1998; Street et al., 1984). Nonetheless, those reports have been 

very observational, lacking the description of the exact mechanisms behind phagocytosis, 

leaving unclear how important phagocytosis is to T. vaginalis. However, recently 

bioinformatics analyses and proteomics data have identified candidate genes that regulate 

membrane trafficking or possessing classical signals for endocytosis, further suggesting 

that phagocytosis and endocytosis are  relevant processes for the parasite and could play a 
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role on virulence (Hirt, 2013). Although T. vaginalis phagocytosis has only been 

characterised at a morphological level, it is positively correlated with virulence (Dailey et 

al., 1990; Krieger et al., 1983; Midlej and Benchimol, 2010; Pereira-Neves and 

Benchimol, 2007; Rendón-Maldonado et al., 1998) and there is evidence indicating its 

involvement in pathogenesis and defensive responses against the host immune system in 

addition to its role in nutrient acquisition (Alderete et al., 1992; Honigberg, 1990; Lehker 

et al., 1990; Mirhaghani and Warton, 1996; Rendón-Maldonado et al., 1998).  

As in any other pathogenic microorganisms, evasion of the host immune system 

is a requirement for pathogenesis. T. vaginalis can degrade key components of 

complement-mediated lysis pathways and other immune effector molecules, go under 

phenotypic variation and use molecular mimicry and camouflage (i.e. coating itself with 

host serum proteins) (Benchimol et al., 2015; Figueroa-Angulo et al., 2012; Lehker and 

Alderete, 2000). A CP upregulated by iron that degrades C3b complement on the parasite 

cell surface is likely responsible for the resistance to complement (Alderete et al., 1995b). 

Several CPs secreted by T. vaginalis degrade immunoglobulins (Ig) and a 60kDa CP 

presumably plays a dual role by degrading Ig and haemoglobin (Hb) which is used for 

nutrition (Min et al., 1998; Provenzano and Alderete, 1995). Another CP; TvCP39, has 

been shown to degrade human IgA, IgG and haemoglobin (Hernandez-Gutierrez et al., 

2004). A number of studies have reported the mechanisms of T. vaginalis phenotypic 

variation where P230 and P270, two surface immunogens, have been claimed to 

participate. The phenotypic variation of P270 is based on the location (cytoplasmic versus 

surface) of the immunogenic protein and has been reported to be modulated by iron and 

the presence of a double-stranded RNA virus (TVV). In contrast, P230 is a surface 

immunogen where phenotypic variation is observed due to changes in the accessibility of 

epitopes to monoclonal antibodies (Alderete, 1987, 1999; Alderete and Kasmala, 1986; 

Alderete and Neale, 1989; Alderete et al., 1986a, 1986b, 1987, 1991; Dailey and Alderete, 

1991; Khoshnan and Alderete, 1994; Wang et al., 1987). However, the ability of 

phenotypic or antigen variation has not been pursued (or least documented in the 

literature) despite the revelation of a few large families of surface antigens in the genome 

of T. vaginalis (Carlton et al., 2007). For camouflage, T. vaginalis can cover itself with 

host proteins such as α2-macroglobulin, α1-antitrypsin and fibronectin (Peterson and 

Alderete, 1982). In addition to their role in cytoadherence, the proteins known as adhesins 

AP33, AP51, AP65 and AP120 have been claimed to play a role in molecular mimicry. 
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These proteins are metabolic enzymes that might display dual function (moonlighting 

proteins). They may decorate the parasite’s surface and, because they are very conserved 

to host proteins, the parasite could use this strategy to avoid immune recognition (Alderete 

et al., 2001; Engbring et al., 1996). T. vaginalis is also known to secret copious amounts of 

soluble antigens that may induce immune responses and neutralise antibodies or cytotoxic 

lymphocytes causing short-circuiting in specific defence mechanisms (Alderete and Garza, 

1984). More recently, T. vaginalis was found to produce exosomes that fuse and deliver 

protein and RNA contents to host vaginal ectocervical cells. As a result, exosome delivery 

induces an IL-6 response in ectocervical cells and downregulates the IL-8 response of host 

cells to parasites, priming the urogenital tract for parasite colonisation and therefore 

playing a key role in establishing a successful chronic infection (Twu et al., 2013).  

1.1.3! T. vaginalis is not alone in the vagina 

Most research considers T. vaginalis and its host in isolation, however, the 

parasite is not alone at all. T. vaginalis carries endosymbionts and it is surrounded by 

vaginal bacteria. The great proportion of T. vaginalis isolates and strains carry 

mycoplasmas and double-stranded RNA viruses (TVV).  

The nature of the microbial symbiosis between T. vaginalis and TVV has been 

described (Bessarab et al., 2011; Fraga et al., 2007, 2011, 2012, Goodman et al., 2011a, 

2011b; Shaio et al., 1993; Wang et al., 1987; Weber et al., 2003; Wendel et al., 2002). 

TVVs were first reported in T. vaginalis in 1985 (Wang and Wang, 1991) and just recently 

assigned to a new genus: Trichomonasvirus, which has four different species (Goodman et 

al., 2011b). Previous studies have shown that many T. vaginalis isolates can be infected 

with one or several different TVVs (Benchimol et al., 2002; Flegr et al., 1988; Goodman 

et al., 2011a; Khoshnan and Alderete, 1993; Wang et al., 1987; Weber et al., 2003). 

Various data suggests that the TVV modulates the parasite virulence. TVVs have been 

reported to regulate the expression and phenotypic variation of immunogenic protein P270 

(Khoshnan and Alderete, 1994; Wang et al., 1987). A recent study has shown that TVV 

modifies human innate response inducing a proinflammatory cascade and in some cases 

increasing in over 30-fold the inflammatory reaction to T. vaginalis (Fichorova et al., 

2012, 2013). Additionally, TVV have been reported to affect T. vaginalis growth and 

expression of cysteine proteinases (CPs) (Provenzano et al., 1997). 
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T. vaginalis has also been reported to establish a unique symbiosis with 

Mycoplasma hominis, a known intracellular pathogen of humans (Dessì et al., 2006; 

Rappelli et al., 2001). Mycoplasma cells are carried by T. vaginalis intracellularly and 

delivered to host cells, suggesting the bacterium uses T. vaginalis as a ‘Trojan horse’ 

(Hirt, 2013). In addition, this microbial association increases T. vaginalis’ cytopathic 

effects on the epithelial cells and amoeboid transformation rate. It also intensifies the 

phagocytic activity of T. vaginalis (Vancini et al., 2008) and upregulates pro-inflammatory 

responses of human monocytes in vitro (Fiori et al., 2013).  

The human vagina is known to host high densities of commensal bacteria. Over 

250 bacterial types in the human vagina have been identified, showing that the 

composition of the vaginal microbiota is highly complex (Anukam et al., 2006; Dols et al., 

2011; Fredricks et al., 2005; Gajer et al., 2012; Hill et al., 2005; Hummelen et al., 2010; 

Hyman et al., 2005; Lamont et al., 2011; Macklaim et al., 2013; Oakley et al., 2008; Ravel 

et al., 2011a; Shipitsyna et al., 2013; Verhelst et al., 2004; Verstraelen et al., 2004; Zhou et 

al., 2007). Despite species diversity and variation among these recent studies, there is a 

general consensus about the composition of the human vaginal microbiota of healthy pre-

menopausal woman. This microbiota is generally represented by Lactobacillus species in 

about ¾ of women. When lactobacilli are present, they often achieve high numbers (107–

108 CFU/ml), excluding everything else and becoming almost a monoculture (Hyman et 

al., 2005; Spurbeck and Arvidson, 2011). The most frequently found species in the human 

vagina are Lactobacillus crispatus, L. iners, L. jensenii, and L. gasseri, followed by L. 

acidophilus, L. brevis, L. casei, L. delbrueckii, L. fermentum, L. plantarum, L. reuteri, L. 

salivarius, L. rhamnosus and L. vaginalis, with predominance of one or other species 

depending on geographic location and ethnicity. A more diverse number of bacterial 

species is found in the remaining 1/4 of women whose vaginas are colonized by lower 

proportions of lactic acid bacteria and higher proportions of mostly anaerobic or 

microaerophilic bacteria, including Atopobium, Prevotella, Gardnerella, Megasphaera, 

Dialister Peptoniphilus, Sneathia, Eggerthella, Aerococcus, Finegoldia, and Mobiluncus 

(Anukam et al., 2006; Cribby et al., 2008; Fredricks et al., 2005; Hill et al., 2005; 

Macklaim et al., 2013; Ravel et al., 2011a; Shipitsyna et al., 2013). T. vaginalis functions 

through extracellular mechanisms and therefore must compete and interact with these 

bacteria.  
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The vaginal microbiota is also intrinsically dynamic, fluctuating with the ever-

changing environment (Brotman et al., 2010a; Redondo-Lopez et al., 1990) including 

hormone levels (menstrual cycle and pregnancy), immune responses, antibiotic usage, 

nutritional status, age, disease states, sexual hygiene and behavior (Bolton et al., 2008). 

For these reasons, the composition of this microbiota may fluctuate daily (Gajer et al., 

2012; Srinivasan et al., 2010) and it will vary among race, ethnicity and geographic 

location. Recent studies have reported on daily fluctuations in the composition of the 

vaginal microbiota (Brotman et al., 2010a; Gajer et al., 2012; Ravel et al., 2013; 

Srinivasan et al., 2010).  These studies highlight the highly dynamic nature of vaginal 

microbial communities, where the vaginal microbiota differs within individuals and 

between human populations suggesting that the normal vaginal microbiota cannot be 

rigidly and statically defined for all women (Gopinath and Iwasaki, 2015). 

This common type of vaginal microbiota, dominated by lactobacilli, has been 

recognized as a key factor of health for reproductive-age women (Atassi et al., 2006a, 

2006b; Cherpes et al., 2003; Martin et al., 2013; Reid and Burton, 2002; Sobel and Chaim, 

1996). Lactobacilli protect the vagina against potentially pathogenic microorganisms by 

different mechanisms (Boris et al., 1998a; Charteris et al., 2001; Coudeyras et al., 2008; 

Hawes et al., 1996; Nader-macías et al., 2008; Osset et al., 2001; Pascual et al., 2010; Pi et 

al., 2011; Reid et al., 1988; Rose et al., 2012; Skarin and Sylwan, 1986; Zárate and Nader-

Macias, 2006). In addition, it is evident that lactobacilli modulate mammalian immune 

systems affecting cytokine expression in macrophages, human monocytes and dendritic 

cells (Antikainen, 2007; Merk et al., 2005; Vaarala, 2003). The knowledge from these 

host-protective effects of lactobacilli could help develop therapies based on our 

microbiota. 

On the other hand, in accordance to clinical observations (Redondo-Lopez et al., 

1990; Spiegel, 1991), studies based on NGS revealed that lactobacilli are virtually absent 

in a reasonable fraction of reproductive-age women whose vaginas instead harbor a more 

diverse community of bacteria, as described above (Anahtar et al., 2015; Ravel et al., 

2011a; Zhou et al., 2007). A recent study by Ravel et al, (2011) analyzed a cohort of 396 

asymptomatic North American women from four ethnic groups (white, black, Hispanic, 

and Asian) and characterised their vaginal microbiota, clustering the vaginal communities 

into five groups. This study reported Lactobacillus as the dominant species (72%) in four 

of the five groups and that frequency of each group differs in different ethnic 



Chapter 1 Introduction 

 
 

16 

backgrounds. A heterogeneous group, designated group (IV), was formed by the 

remaining vaginal communities, accounting for 27% of the women and was reported to 

have higher proportions of strictly anaerobic organisms and lower proportions of lactic 

acid bacteria. These women are healthy and asymptomatic but their vaginas carry 

potentially pathogenic microorganisms such as Gardnerella vaginalis, Atopobium 

vaginae, Prevotella, Megasphaera, Sneathia, Mobiluncus. These bacteria are common to 

another disease condition, which may also be sexually transmitted, known as Bacterial 

Vaginosis (BV). Curiously, BV causes a vaginitis that shares clinical similarities to 

trichomoniasis including preterm labor and delivery, pelvic inflammatory, increased HIV 

transmission and a possible association with cervical intraepithelial neoplasia (Cohen et 

al., 2012; George Schmid, Lauri Markowitz, 2000; Hay, 2014; Hillier et al., 1995; 

Koumans et al., 2007; Sewankambo et al., 1997; Sweet, 1995; Taha et al., 1998; Watts et 

al., 2005; Wiesenfeld et al., 2003; Xiao et al., 2016). BV is extremely prevalent, 

particularly in African-American ethnicity, where it has been reported to affect up to 1 out 

of 4 women (Brotman et al., 2010b; Koumans et al., 2007). 

Using the same dataset from Ravel et al, (2011) of 396 asymptomatic North 

American women, Brotman et al, (2012) evaluated the association of the different vaginal 

bacterial clusters and T. vaginalis. Brotman et al, (2012) have found eleven cases of T. 

vaginalis-positive women in that cohort, with eight cases (72%) belonging to the 

heterogeneous group IV. Ten (91%) of T. vaginalis-positive cases were observed in 

African-American women and an 8-fold increase in odds of detecting T. vaginalis in group 

IV was also observed in comparison to a lactobacilli dominated group. These results 

suggest a strong correlation between race, bacterial cluster and T. vaginalis positivity, 

where T. vaginalis displays a higher association to vaginal bacterial communities 

composed by anaerobic bacteria. 

Only a few studies have looked into possible associations between T. vaginalis 

and vaginal bacteria. Fichorova et al, (2013) reported that T. vaginalis reduced the 

colonisation of the vaginal epithelia by Lactobacillus acidophilus and Lactobacillus 

jensenii but not by Bacterial vaginosis (BV) species, such as Atopobium vaginae and 

Prevotella bivia, which were found inside the epithelial cells. Additionally, the colony-

forming units (cfu) reduction observed for the lactobacillus species were not associated to 

epithelial cell destruction by T. vaginalis. Interestingly, T. vaginalis was shown to team-up 

with the BV species and amplify pro-inflammatory and suppressed protective innate-
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immune responses, providing evidence of a cause-effect relationship between T. vaginalis 

and BV associated bacteria. Phukan et al, (2013) have shown that lactobacilli caused 

inhibition of T. vaginalis adhesion to ectocervical cells in a dose-dependent manner and 

that the effects of lactobacilli on T. vaginalis adhesion are strictly contact-dependent. 

Nevertheless, the biochemical processes underlying this phenotype have yet to be 

determined. Phagocytosis, secreted CPs and pore-forming proteins by T. vaginalis may 

also cause change in the vaginal microbiota (Hirt, 2013; McGrory and Garber, 1992; 

Petrin et al., 1998). 

1.1.4! Insights from the genome of T. vaginalis 

The publication of T. vaginalis genome sequence (strain G3) in 2007 was a 

landmark in the study of this common parasite and provided an important platform for 

molecular and cellular investigations. T. vaginalis is the first parabasalid to have a 

complete genome sequenced providing unprecedented insights into aspects of its biology. 

It has one of the largest genomes described for a parasitic protist containing at least 46,000 

genes, conferring T. vaginalis one of the highest coding capacities among eukaryotes 

(Carlton et al., 2007; Smith and Johnson, 2011). However, at least 65% of the genome is 

composed of repeats (virus-like, transposon-like, retrotransposon-like and unclassified 

repeats) and transposable elements such as Maverick and Tc1/mariner, which prevented 

complete assembly of the genome into its 6 haploid chromosomes (Carlton et al., 2007, 

2010). Further analysis provided evidence of repeat expansion after T. vaginalis and T. 

tenax diverged where several families went into multiple expansions. Additionally, a peak 

in the age distribution histogram of pairs of gene families, suggests that T. vaginalis 

underwent a recent increase in genome size and possibly one or more recent large-scale 

genome duplication events (Carlton et al., 2007, 2010). Another striking feature of the T. 

vaginalis genome is the presence of 152 genes that are likely inherited from prokaryotes as 

a result of lateral gene transfer (LGT), which in conjunction with the genome expansion 

and amplification of gene families are possible examples of the parasite adaptions in its 

transition to the urogenital tract (Carlton et al., 2007). 

One key feature of T. vaginalis is the presence of a large degradome that is 

composed of 439 peptidases being more complex than other protists with sequenced 

genomes (Carlton et al., 2010). Studies have shown that around two percent of all gene 

products from more than one hundred genomes are peptidases making them one of the 
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largest functional groups of proteins (Rawlings and Salvesen, 2013). In T. vaginalis’ 

genome, peptidases are predicted to make up !0.5% of the protein coding genes (Hirt et 

al., 2011). 

Peptidases play a central role in many biological processes, being potential 

virulence factors, drug targets and vaccine candidates (Klemba and Goldberg, 2002). 

Peptidases are active proteolytic enzymes that catalyse the hydrolysis of peptide bonds and 

can be classified as exopeptidases, cleaving the peptide bonds at the N- or C- terminus, 

and endopeptidases, cleaving the bonds within the peptide chain (Arroyo et al., 2015; 

Barrett et al., 2013; Lecaille et al., 2002). The endopeptidases constitute a structurally and 

functionally diverse set of proteins that can be grouped according to the structural 

similarities between them. Endopeptidases are grouped into six catalytic types: serine, 

threonine, aspartate, cysteine, glutamic and metallo (Rawlings and Barrett, 2014). 

According to Hirt et al, (2011) T. vaginalis degradome is estimated to contain 5 aspartic 

peptidases, 156 cysteine peptidases, 89 metallo-peptidases, 44 serine peptidases and 17 

mixed peptidases. This is an underestimated prediction that excludes fragmentary and 

divergent genes.  

Metallopeptidases are the second largest class of peptidases in T. vaginalis with 

14 families. The biggest family is GP63-like with 43 predicted members (Hirt et al., 

2011), where a member has been reported to play a crucial role in T. vaginalis infection 

process (Ma et al., 2011). Additionally, other four metallopeptidases members had their 

activity reported (Bózner and Demes, 1991; Brown et al., 2007; Quintas-Granados et al., 

2013; Vazquez-carrillo et al., 2011). 

Thirty-three subtilisin-like serine protease genes and nine rhomboid-like proteins 

were annotated within T. vaginalis’ genome. A member of the subtilisins (SUB1) has been 

described to have a surface and cytoplasmic vesicle location (Hernández-Romano et al., 

2010) and two members of the rhomboid proteases (TvROM1 & TvROM3) have been 

recently characterised, with TvROM1 being reported to have a role in parasite attachment 

and cytolysis of hots cells (Riestra et al., 2015). 

Cysteine peptidases (CPs) are the largest class of peptidases found in T. vaginalis. 

CPs members are among the most studied proteins predicted to contribute to T. vaginalis’ 

pathogenesis. Around 50 papain-like cysteine peptidases were identified in the parasite’s 

genome, highlighting the diversity of this family (Carlton et al., 2007, 2010). Papain 
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family cysteine peptidases have been extensively studied and been implicated as virulence 

factors in trichomonads (Carlton et al., 2007).  

As previously mentioned T. vaginalis CPs have been reported to be involved in 

different pathogenesis mechanisms, such as adhesion (Arroyo and Alderete, 1995; 

Hernandez-Gutierrez et al., 2004; Hernández et al., 2004; Mendoza-López et al., 2000), 

apoptosis (Sommer et al., 2005), haemolysis (Cardenas-Guerra et al., 2013), evasion of the 

immune response (Alderete et al., 1995b; Hernandez-Gutierrez et al., 2004; Provenzano 

and Alderete, 1995) and cytotoxicity (Alvarez-Sánchez et al., 2000; Hernandez-Gutierrez 

et al., 2004). 

1.1.5! Cysteine peptidases of the NlpC/P60 superfamily in T. vaginalis 

Cysteine peptidases are peptidases where the nucleophilic attack of the peptide 

bonds is catalysed by a cysteine residue. CPs present a similar catalytic mechanism to 

Serine peptidases where a nucleophile and a proton donor are required for catalysis having 

a histidine residue as the proton donor. In some cases a third residue is present in the 

catalytic site and serves to orient the histidine residue (Dickinson, 2002; Rawlings and 

Barrett, 2013; Sajid and McKerrow, 2002). CPs have diverse physical and biochemical 

properties and are widely distributed, being found from viruses to mammals, therefore 

possessing divergent phylogeny (Dickinson, 2002; Polgár, 2013).  

One particular group of cysteine peptidase enzymes became the focus of this PhD 

research. T. vaginalis was found to possess nine genes coding for a specific type of 

cysteine peptidase which belong to the NlpC/P60 superfamily (Clan CA, family C40). 

NlpC/P60 peptidases define a large superfamily that are extremely diverse at the sequence 

and taxonomic levels. NlpC/P60 proteins are widely represented in numerous bacteria, but 

are also present in certain archaea, bacteriophages, positive-strand RNA viruses, 

poxviruses and eukaryotes (Anantharaman and Aravind, 2003). Members of this 

superfamily possess diverse enzymatic functions such as amidases, endopeptidases and 

acetyltransferases (Anantharaman and Aravind, 2003).  

Evolutionary analysis revealed this superfamily to encompass four main families: 

P60-like, AcmB/LytN-like, LRAT-like and YaeF/Poxvirus G6R. The last two families 

were predicted to have a circular permutation in the catalytic triad where the relative 

position of the cysteine, histidine and polar residue are swapped in the primary sequence 

(Anantharaman and Aravind, 2003). 
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The YaeF/Poxivirus G6R are present in bacteria, archaeon and poxivirus. 

Members of this family contain; along with LRAT proteins, a second conserved cysteine. 

The LRAT family is subdivided into four subfamilies and has been identified in 

eukaryotes and animal viruses (Anantharaman and Aravind, 2003). These two families of 

proteins participate in a variety of key processes and might play an important role in host-

pathogen interactions (Xu et al., 2011). Characterised members of these families are G6R, 

a vaccinia virus conserved protein that is involved in the virus-host interaction, 

contributing to virulence (Senkevich et al., 2008a), LRAT and its homologs from various 

eukaryotes and developmental regulator Egl-26, that has been reported to regulate vulval 

cell morphogenesis in Caenorhabditis elegans (Estes et al., 2007). Other members 

reported are candidate tumour suppressor H-rev107 (Sers et al., 1997) that has been 

reported as a cytosolic phospholipase A1/2 (Uyama et al., 2009), a 14 kDa protein in 

Dermatophagoides pteronyssinus with bacteriolytic activity (Mathaba et al., 2002) and 

proteins of Mycobacterium avium, subspecies paratuberculosis, that contain NlpC/P60 

domains and have been reported to bind and hydrolyse peptidoglycan (Bannantine et al., 

2016). 

The AcmB/LytN-like family has diverged the most out of all the groups within 

the NlpC/P60 superfamily. This family is subdivided into three subfamilies, with the two 

major subfamilies being predominantly restricted to Gram-positive bacteria and 

functioning as cell-wall hydrolases. Members of these two subfamilies show similarities to 

the P60-like family; however, due to a diverse domain architecture and different domains 

fused to the catalytic domain, they are implicated in distinct processes in cell-wall 

dynamics. The third subfamily, GSPS-like, has been implicated as biofunctional where its 

synthase domain forms antioxidant metabolites and the amidase domain hydrolyses the 

amide linkage. All subfamilies, with the exception of the GSPSs, are secreted or 

membrane-associated proteins (Anantharaman and Aravind, 2003). 

The P60-like family is the most common family and it is seen in most bacterial 

lineages. It possesses variable phylogenetic patterns and shows extensive lineage-specific 

diversification in terms of their domain architectures. Members of this family function as 

cell wall peptidases by cleaving the peptide chain of the cell-wall peptidoglycan at specific 

positions (Anantharaman and Aravind, 2003). In addition, the NlpC/P60 catalytic domain 

is often associated with additional domains such as SH3, choline-biding domains and 

LysM which might dictate their substrate binding. Furthermore, the presence of a signal 
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peptide or a transmembrane region is seen in the majority of members of this family, 

indicating an extracellular location.  

Characterised members of the AcmB/LytN-like and P60-like families play an 

important role in cell-wall dynamics and are known to hydrolyse specific peptide linkages 

in bacterial cell walls affecting germination, vegetative growth, sporulation and division or 

cell lysis (Anantharaman and Aravind, 2003). However, they are likely to play a role in 

eukaryotic cell invasion. Additionally, pathogenesis roles have also been observed in 

secreted members of these two families of proteins (Kuhn and Goebel, 1989; Teng et al., 

2003).  

NlpC/P60 proteins are believed to be a key component in host-pathogen 

interactions and have been reported to play important roles in bacterial physiology and 

virulence (Gao et al., 2006; Parthasarathy et al., 2012). A number of studies have shown 

the correlation between NlpC/P60 genes and virulence (Chitlaru et al., 2006; Gao et al., 

2006; Lenz et al., 2003; Padhi et al., 2016; Parthasarathy et al., 2012; Sánchez and Urdaci, 

2012; Senkevich et al., 2008a; Tran et al., 2010a).  

Whilst the role of NlpC/P60 members, especially regarding the bacterial species 

functioning as cell-wall hydrolases, is well studied, the extent and functionality of 

acquired NlpC/P60 genes is yet to be established. Recently, a 14kDa mite protein (lytFM) 

has been characterised as a putative NlpC/P60 D-L-endopeptidase with bacteriolytic 

activity and possibly involved in defence or nutrition. LytFM is likely bacterial in origin 

and homologous genes were found in other Sarcopteformes mite species (Mathaba et al., 

2002; Tang et al., 2015). Tang et al, (2015) argues that the presence of NlpC/P60 and 

other peptidoglycan degrading proteins in eukaryotes, such as amidases and lysozymes, 

are likely involved in protection against pathogenic bacteria and/or utilised to take bacteria 

as a food source. 

As a typical eukaryote, the protozoan parasite T. vaginalis lacks a cell-wall 

peptidoglycan. The presence of the NlpC/P60 genes in the parasite’s genome suggests that 

these genes must play an important role and aid parasite infection. If these genes were 

acquired by LGT, they might display a similar enzymatic function to the majority of 

NlpC/P60 bacterial type (i.e. cell-wall hydrolases), providing advantage to the parasite 

when facing the vaginal microbiota.  
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1.2! Aims 

The aim of this research was to characterise the structure/function of T. vaginalis 

NlpC/P60 enzymes and examine the specific role of these proteins within the parasite. The 

specific goals of this investigation are:  

1.! to investigate the origins, localisation and putative enzymatic activity and 

function of these genes/enzymes using phylogenetics and bioinformatics 

(Chapter 3);  

2.! to determine the structure of these enzymes using X-ray crystallography 

(Chapter 4);  

3.! to identify their biochemical function (Chapter 5) and finally  

4.! to examine the role and function that NlpC/P60 proteins play in the parasite 

(Chapter 5).  

Together, this investigation reveals a new repertoire of enzymes in T. vaginalis 

with unexpected function that contribute to a better understanding of host-parasite 

interactions in the natural context of the vaginal microbiota. 
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All the standard molecular biology methods and techniques for DNA, RNA and 

protein preparation and analysis were performed as described in Sambrook & Russell, 

(2001) unless otherwise stated. The recipe for all buffer solutions is given in Appendix I.  

2.1! Nucleic acid and protein data 

Nucleic acid sequence and protein data for T. vaginalis NlpC/P60 genes were 

retrieved from the T. vaginalis genome database (TrichDB) with accession numbers 

TVAG_119910, TVAG_457240, TVAG_209010, TVAG_393610, TVAG_051010, 

TVAG_252970, TVAG_324990, TVAG_411960 and TVAG_042760. 

2.2! Bioinformatics 

The Basic Local Alignment Search Tool (Blast; http://blast.ncbi.nlm.nih.gov/ 

Blast.cgi) was used to carry out individual BlastP searches to find the regions of similarity 

in gene sequences for all nine T. vaginalis NlpC/P60 genes. The results for each gene were 

parsed to summarise matches to sequences other than the T. vaginalis G3 genomic strain 

present in current builds of the non-redundant sequence database.  

TrichDB (http://trichdb.org) was used to retrieve nucleic acid sequence and 

protein data and to search for fragments of mRNAs (Expressed Sequence Tags or ESTs) 

and protein expression evidence. 

SignalP4.1 Server (http://www.cbs.dtu.dk/services/SignalP/), PHOBIUS 

(http://phobius.sbc.su.se/), TargetP (http://www.cbs.dtu.dk/services/TargetP/) and 

TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) were used to predict the presence 

of signal peptides, the location of cleavage and the subcellular location of the proteins. 

SEAVIEW 4.5.3 (Gouy et al., 2010) was used for sequence alignments. 

2.2.1! Phylogenetic analyses 

Phylogenetic analyses were carried out by Dr. Robert Hirt, from the Institute for 

Cell and Molecular Biosciences, Newcastle University. A published phylogenomic 

investigation identified four annotated T. vaginalis proteins, including the entry with the 

RefSeq accession number XP_001276902.1, as “Clan CA, family C40, NlpC/P60 

superfamily cysteine peptidase” entries (thereafter referred to as NlpC_P60 proteins) and 

their corresponding genes as strong candidate lateral gene transfers from bacterial origin 

tree TN247 in (Alsmark et al., 2013a). Here we used a combination of BlastP and 
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DELTA-Blast searches to identify a total of nine T. vaginalis annotated NlpC_P60 

proteins. Distinct but related hit lists for BlastP searches of the NCBI protein database 

suggested two distinct sets of related NlpC_P60 proteins in T. vaginalis: (i) The protein 

XP_001276902 and its three related entries (their protein lengths ranging from 155 to 277 

amino acids) and (ii) the protein XP_001326856 and its four related entries (their protein 

lengths ranging from 135 to 141 amino acids). In both sets of searches (top 250 hits) the 

hit lists were exclusively made of bacteria proteins along with respectively four and five 

related T. vaginalis NlpC_P60 entries. Consistent with two distinct sets of T. vaginalis 

NlpC_P60 proteins only in profile based searches (DELTA-Blast) or searches restricted to 

T. vaginalis did the T. vaginalis query sequences recover all nine T. vaginalis NlpC_P60 

proteins entries with either query sequences. Table 1 (Appendix III) lists a selection of key 

features for these nine T. vaginalis NlpC_P60 proteins. 

For phylogenetic analyses the reference protein sequences were chosen from the 

BlastP hit lists along with the nine T. vaginalis NlpC/P60 proteins to maximize taxa 

diversity. The sequences were aligned with Clustal-Omega (Sievers et al., 2011) within 

SEAVIEW 4.5.3 (Gouy et al., 2010). After a visual check of the alignment, the sites used 

for phylogenetic analyses were selected with the mask option resulting in an alignment of 

106 residues. Sites with more than six indels (insert/deletions) were deleted where sites 

unreliably aligned. PhyML (Guindon et al., 2010) was used within SEAVIEW to perform 

protein maximum likelihood phylogenetic inferences. The LG model was used along with 

the model derived amino acid equilibrium frequencies. The alpha shape parameter of the 

gamma rate model (four categories) to model site rate heterogeneity was estimated with no 

invariable sites in conjunction with both NNI and TPR branch swapping moves for further 

optimization of the tree topology. The starting tree was the BioNJ distance tree. Branch 

support values were estimated with the aLRT method. The initial analysis was 

complemented with a bootstrap analysis (100 pseudo-replicates) using the same approach 

but with the alpha shape parameter (1.302346 - estimated in the initial analysis) and 

fraction of invariable sites (0.1038, observed) fixed. 

2.3! Chemical and reagents 

Unless otherwise stated, all buffers, solutions and media were prepared with 

ultra-pure water de-ionised by MilliQ water system (Millipore). Buffers and solutions 

were filtered through 0.2 µm filters. Apart from antibiotics and IPTG, all solutions and 
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media used for culture purposes were autoclaved prior to use. DNA size markers, protein 

size markers and all DNA modifying enzymes (polymerases and restriction 

endonucleases) were purchased from Roche, Invitrogen, Thermofisher and NEB. 

Oligonucleotide primers for polymerase chain reaction (PCR) were synthesized by IDT. 

2.4! Cells and plasmids  

The bacterial strains used were Escherichia coli DH5" cells (Invitrogen), E. coli 

strains MC1061 (Casadaban and Cohen, 1980) and CS703-1 (Meberg et al., 2001), and E. 

coli BL21 (DE3) and LOBSTR cells obtained from Dr. David Goldstone (School of 

Biological Sciences, University of Auckland). 

Lactobacillus gasseri ATCC 9857 was obtained from the American Type Culture 

Collection (ATCC). 

T. vaginalis reference strains G3 and B7RC2 were kindly gifted to us by Dr. Peter 

and Jacqui Upcroft from Queensland Institute of Medical Research, Brisbane, Australia. 

The plasmid vectors used in this study were MasterNeo, cloning vector 

pJET2.1/blunt and pET47b. The plasmid pJET2.1/blunt (Thermo Fisher Scientific) was 

used to clone PCR products in E. coli. The plasmid pET47b was obtained from Dr. David 

Goldstone (School of Biological Sciences, University of Auckland) and used for 

recombinant protein expression in E. coli. MasterNeo is a shuttle plasmid between E. coli 

and T. vaginalis (Delgadillo et al., 1997). Genes inserted in MasterNeo are placed under a 

strong constitutive promoter and the resulting protein receives a double hemagglutinin 

epitope tag at the C-terminus.  

2.4.1! Growth and preparation of bacterial strains for further experimentation 

E. coli was grown in Luria Bertani (LB) medium (2.5 % (w/v) Lennox Broth base 

(Invitrogen)) with agitation at 37 °C overnight. Lactobacilli were grown in de Man, 

Rogosa and Sharpe (MRS) medium supplemented with 10 % horse serum and incubated at 

37 °C overnight (Rogosa and Sharpe, 1960).  

Fluorescent activated cell sorting (FACs) was used to count number and viability 

of lactobacilli cultures prior to using them in downstream experiments. Overnight cultures 

were washed and stained with thiazole orange (TO) and propidium iodide (PI) dye and 

counts were done using a BD AccuriTM C6 (BD Biosciences) flow cytometer, equipped 
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with 488 nm and 635 nm laser excitations and BD Accuri C6 software (Brooks et al., 

2013).  

2.4.2! Growth of T. vaginalis  

T. vaginalis was grown in Diamond’s media supplemented with 10 % horse 

serum and 1 % Penicillin-Streptomycin (Invitrogen) (Clark and Diamond, 2002). Daily 

passages were carried out. These consisted of a 1:15 dilution from overnight cultures into 

fresh media. 

T. vaginalis was counted under an inverted microscope with the use of a 

Neubauer chamber or hemocytometer prior to any further experimentation. 

2.5! Preparation of electro-competent cells  

A single colony of the DH5" E. coli strain was inoculated into 5 ml of LB-broth 

and incubated at 37 °C with shaking overnight. The following day, the starter culture was 

diluted 1:1000 fold into 500 ml of LB-broth and incubated at 37 °C with shaking until it 

reached an OD600 of 0.5-0.7. The cell culture was rapidly cooled on ice for 10 min and the 

cells were harvested by centrifugation at 2000 g for 15 min at 4 °C. The supernatant was 

discarded and the cells were resuspended in 100 ml of ice cold autoclaved water and 

divided into four pre-chilled Falcon tubes. A density step was prepared by slowly 

dispensing !10 ml of autoclaved 20 % (w/v) glycerol, 1.5 % (w/v) mannitol into the 

Falcon tube. The cells were then centrifuged at 2000 g for 15 min at 4 °C. The supernatant 

was carefully removed and the cell pellet was resuspended in 1 ml of 20 % (w/v) glycerol, 

1.5 % (w/v) mannitol. The cells were aliquoted into 40 µl volumes, snap-frozen in liquid 

nitrogen and stored at -80 °C.  

2.6! Preparation of chemically competent cells  

Chemically competent cells were grown using similar methods to that of electro-

competent cells. A single colony of the E. coli strain (DH5", BL21 (DE3) or LOBSTR) 

was picked from a freshly streaked plate and inoculated into 5 ml LB media and incubated 

overnight at 37 °C with shaking. The following morning, the starter culture was used to 

inoculate 500 ml fresh LB-broth in a ratio of 1:100 fold. The cell culture was incubated at 

37 °C until it reached an OD600 value of !1.0. The cells were then cooled on ice for 30 

minutes and centrifuged at 3000 g for 10 minutes. The supernatant was removed and the 
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cell pellet was resuspended in 50 ml of TSB/TSS buffer (10 % w/v PEG 6000, 50 mM 

MgCl2, pH 6.5. Prior to use, the buffer was supplemented with DMSO to 5 % v/v). Cells 

were aliquoted into 100 µl volumes, flash frozen in liquid nitrogen and stored at -80 °C.  

2.7! Electroporation  

A frozen aliquot of electro-competent cells was removed from -80 °C and 

allowed to thaw on ice. The cells were then mixed with 1 µl of the ligation product. The 

mixture was transferred to a pre-chilled 0.1 cm sterile electroporation cuvette (Bio-Rad 

Laboratories, Hercules, CA, USA). The cells were electroporated at 1.8 kV, 25 µF, 200 Ω. 

Immediately after the electroporation, 800 µl of LB-broth was added to the cuvette. The 

cells were then transferred to 1.5 ml microfuge tubes and incubated at 37 °C for 1 hour 

with shaking. At the end of the incubation period, 100 µl volume of cells were plated out 

onto LB agar plates (2.5 % (w/v) Lennox Broth base (Invitrogen), 1.5 % bacteriological 

agar) containing the appropriate antibiotic(s) and incubated overnight at 37 °C.  

2.8! Heat shock  

A frozen aliquot of chemically competent cells was removed from -80 °C and 

allowed to thaw on ice. The cells were then mixed with 5 µl of the ligation product and 

heat shocked at 42 °C for 45 s in a water bath. The cells were then immediately moved 

and kept on ice for 2 min. Pre-warmed LB medium (900 µl) was added to the cells and the 

cell mixture was then incubated at 37 °C for 1 h with shaking. At the end of the incubation 

period, 100 µl volume of cells were plated out onto LB agar plates containing the 

appropriate antibiotic(s) and incubated overnight at 37 °C.  

2.9! Polymerase chain reaction (PCR) amplification of DNA  

Unless otherwise stated, DNA of interest was amplified by PCR from appropriate 

plasmid DNA template using Phusion Hi-Fidelity polymerase (Thermofisher Scientific) in 

an Eppendorf Mastercycler pro S thermocycler following manufacturer’s specifications. A 

list of all primers used in this study are provided in Appendix II. PCR products were 

purified when necessary using GeneJET Genomic DNA Purification Kit (Thermofisher 

Scientific) to remove primers and enzymes or by using GeneJET Gel extraction kit 

(Thermofisher Scientific) to isolate a certain size DNA after gel electrophoresis. Purified 

PCR products were either used immediately or stored at -20 °C for posterior use. All PCR 
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products were sent out to the Centre for Genomics and Proteomics (School of Biological 

Sciences, University of Auckland) for Sanger-sequencing to ascertain that no spurious 

mutations were introduced by PCR. 

2.10!   Nucleic acid and plasmids extraction and purification  

Genomic DNA (gDNA) was extracted from T. vaginalis G3 using AxyPrep 

Bacterial Genomic DNA Miniprep Kit (Axygen) according to the manufacturer’s 

instructions. Total RNA was extracted from T. vaginalis G3 strain using Trizol 

(Invitrogen). RNA was treated with DNase, ethanol precipitated and cleaned using mini 

RNeasy MinElute clean up kit (Qiagen).  

E. coli DH5" cells containing plasmid vectors pJET1.2/blunt were grown 

overnight at 37 °C in LB media supplemented with 100 µg/ml ampicillin. Overnight 

grown cells were harvested and plasmids extracted by GeneJET Plasmid Miniprep or 

Maxiprep Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.  

Purified DNA and RNA were quantified using NanoDrop ND-100 

Spectrophotometer (NanoDrop Technologies USA) and stored at -20 °C and -80 °C, 

respectively, for further use.  

2.11!   Restriction enzyme digestion of DNA  

PCR products and plasmids were digested using restriction enzymes in 

appropriate buffer at 37 °C for 2 hours following manufacturer’s instructions. In case of 

double digestion, New England BioLabs (NEB) tool double digest finder and appropriate 

buffer was used. 

2.12!   DNA ligation  

Ligation of insert DNA was performed using a vector to insert at the appropriate 

molar ratio according to manufacturer’s instructions for each enzyme used. 

2.13!   Electrophoresis 

2.13.1! Agarose gel electrophoresis  

Electrophoresis on agarose gels was used to assess the size and purity of SYBR 

Safe (Invitrogen) stained DNA samples along with a DNA ladder (NEB). Gels were 

prepared by dissolving 1 % UltraPureTM agarose (Invitrogen) in 1 X TBE buffer (89 mM 
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Tris, 89 mM Boric acid, 2.5 mM EDTA, pH 8.3). DNA samples were prepared in 1/10 

volumes of 10x DNA loading buffer (Invitrogen) and loaded into the wells. Gel 

electrophoresis was carried out at 100 volts for 45 minutes using Labnet Enduro 

electrophoresis unit. Visualization was achieved under an Ultraviolet (UV) Trans-

illuminator Gel Documentation System (Biorad). Importantly, agarose electrophoresis was 

also used for the purpose of purifying DNA fragments for downstream application, such as 

DNA cloning, whenever necessary using GeneJET Gel extraction kit (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. 

2.13.2! Denaturing SDS-polyacrylamide gel electrophoresis  

Denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) was carried out according to Laemmli, (1970). SDS-PAGE gels were prepared by 

pouring 12.5 % resolving gel solution (12.5 % acrylamide, 357 mM bis-Tris pH 6.7, 0.07 

% ammonium persulfate, 0.07 % TEMED) into the cassette and allowing to polymerise. 

Once the gels were set, the stacking gel solution (4.5 % acrylamide, 357 mM bis-Tris pH 

6.7, 0.13 % ammonium persulfate, 0.13 % TEMED) and combs were inserted to form 

wells.  

Protein samples were prepared by mixing 10 µl of sample with 5X protein 

loading buffer (250 mM Tris pH. 8, 30 % (v/v) glycerol, 15 % (v/v) #-mercaptoethanol, 6 

% (w/v) SDS, 0.01 % bromophenol blue) and denatured at 95 °C for 5 minutes. Samples 

were then loaded into the wells along with protein molecular weight standards (Unstained 

Precision Plus Protein StandardTM, Bio-Rad) and electrophoresed in running buffer (50 

mM MES, 50 mM Tris, 1mM EDTA, 0.1 % SDS) at room temperature under constant 

voltage of 200 V for 45 min. Following electrophoresis, SDS-PAGE gels were stained 

with Coomassie Blue staining solution (30 % Methanol, 10% acetic acid and 0.125 % 

Serva Blue R) and incubated at room temperature in agitation for 1 hour or used for 

western blot analysis. The stained gel was destained with destaining solution (30 % 

Methanol and 10 % acetic acid) until the bands could be clearly seen.   

2.14!  Cloning 

For the purpose of DNA cloning into MasterNeo, the coding region of NlpC/P60 

genes were amplified from the genomic DNA of T. vaginalis G3 (genome strain) using 

forward and reverse primers that contain NdeI and Asp718 restriction sites at their 5’-end 
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respectively (see list in Appendix II). These PCR products were cloned into pJET2.1/Blunt 

(Thermofisher Scientific) by heat-shock of chemically-competent E. coli DH5" and 

following manufacturer’s recommendations. Transformants were selected onto LB agar 

plates containing 10 µg/ml ampicillin after incubation overnight at 37 °C and their inserts 

were fully sequenced. These inserts, released by NdeI and Asp718 digestions, were 

purified from agarose gels and subcloned into MasterNeo pre-digested with the same 

restriction enzymes using T4 DNA ligase (Roche). Heat-shock transformation of E. coli 

DH5" and ampicillin selection was done again to obtain MasterNeo transformants. These 

plasmids and inserts were finally confirmed after NdeI and Asp718 digestion and agarose 

electrophoresis. 

For the purpose of DNA cloning into pET47b, the coding region of NlpC/P60 

genes were PCR amplified using KOD polymerase (Novagen) using gene-specific primers 

(Appendix II). The PCR products were cloned into the vector by a ligation independent 

cloning method (Aslanidis and de Jong, 1990). Ligation reactions were transformed into 

E.coli DH5" cells by electroporation using a MicroPulser™ electroporation apparatus 

(Bio-Rad). Transformants were selected onto LB agar plates containing 30 µg/ml 

kanamycin after incubation overnight at 37 °C and successful cloning of each construct 

was confirmed by DNA sequencing. 

Mutagenesis of T. vaginalis NlpC/P60 genes cloned into pET47b was achieved 

by PCR based site directed mutagenesis using inverse PCR protocols. Single point 

mutations were made to TVAG_119910, TVAG_457240 and TVAG_324990, with 

Cysteine-179 (TVAG_119910 and TVAG_457240) and Cysteine-181 (TVAG_324990) 

being mutated to a Serine or an Alanine, with the use of specific primers (Appendix II).  

The forward primers were designed to contain the mutated sequence at their 5´-end and 

the reverse primers were designed to sit immediately upstream of the forward sequence. 

Each primer is 5´-phosphorylated. After successful PCR, samples were purified using 

PCR Clean-up kit (Axygen) and treated with T4 polynucleotide kinase and the restriction 

enzyme Dpn I (New England Biolabs). These treatments will add a 5’-phophate group and 

digest the plasmid template used in the PCR, respectively. With the 5’—phosphate group, 

T4 DNA ligase (Roche) is used to circularise the PCR product by intramolecular ligation 

to produce the plasmid construct with the mutated genes. Ligation reactions were 

transformed into E.coli DH5" cells by electroporation using a MicroPulser™ 

electroporation apparatus (Bio-Rad) and kanamycin selection was employed. Plasmids 
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were purified and inserts were fully sequenced to confirm that the desired point mutations 

were successfully introduced. 

2.15!  Protein expression and purification 

2.15.1! Solubility screening 

A small scale pull-down, prior to scale-up, was carried out to assess the solubility 

of target proteins. For this purpose, NlpC constructs were transformed into E. coli BL21 

(DE3) or E. coli LOBSTR cells and expression was carried in a small volume (!5 ml) 

using LB media supplemented with 25 µg/mL Kanamycin and induced at an OD600 of 

!0.6 with 0.5 mM IPTG at 18 °C and 28 °C. The cells were then harvested by 

centrifugation and resuspended in lysis buffer (20 mM Tris-HCl pH 7.8, 300 mM NaCl, 

0.5 mM TCEP, 20 mM Imidazole and 10 % glycerol) and Bper (Pierce bacterial lysis 

reagent). Cellular debris were removed by centrifugation and the supernatant collected. A 

small immobilised metal affinity chromatography (IMAC) pull-down was carried out to 

assess solubility/presence of NlpC proteins. The protein sample was mixed at a molar ratio 

of 1:1 with 5X protein loading buffer (250 mM Tris pH 8, 30 % (v/v) glycerol, 15 % (v/v) 

#-mercaptoethanol, 6 % (w/v) SDS, 0.01 % bromophenol blue) and incubated at 95 °C for 

5 minutes. The proteins were then analysed on SDS-PAGE using 12 % acrylamide gels.  

2.15.2! Expression of wild-type and mutant protein 

Protein expression was carried out in either E. coli BL21 (DE3) or E.coli 

LOBSTR cells (Andersen et al., 2013). Chemical competent cells were transformed with 2 

µl of plasmid DNA using the heat-shock method. Transformed cells were selected by 

plating on LB agar plates supplemented with the appropriate antibiotic and incubated 

overnight at 37 °C. 

For large scale expression cultures, a single colony was inoculated into a 5 ml 

starter culture containing LB media supplemented with the appropriate antibiotic and 

incubated overnight at 37 °C. The following day, the starter culture was diluted 1:200 fold 

into 750 ml of LB media supplemented with 25 µg/mL Kanamycin. Cultures were grown 

at 37 °C for approximately 3-4 hours until they reached an OD600 of 0.4-0.6. Cultures were 

then transferred to 18 °C for 30 minutes and induced with 0.5 mM IPTG overnight at 18 
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°C. Cells were harvested by centrifugation (4,000 g at 4 °C for 30 min), resuspended in 

20mM Tris/HCl pH 7.8 and stored frozen at -20 °C until required. 

2.15.3! Expression of SeMet-substituted protein 

SeMet was incorporated into NlpC1, to facilitate solution of the crystallographic 

phase problem, using the inhibition method in PASM-505 media as described by Studier, 

(2005). PASM-505 media is minimal media supplemented with SeMet and additional 

amino acids. This inclusion of excess Ile Leu Val inhibits the endogenous Met biosynthitic 

pathway resulting in the incorporation of SeMet in place of Met.  

2.15.4! Lysis of cells 

Cell pellets were thawed and re-suspended in lysis buffer (20 mM Tris-HCl pH 

7.8, 300 mM NaCl, 0.5 mM TCEP, 20 mM Imidazole and 10 % glycerol). Cells were then 

lysed using a cell disruptor (Constant system). The lysate was centrifuged at 14,000 g for 

30 min at 4 °C and the supernatant containing soluble proteins was filtered through a 0.2 

µm filter prior to protein purification. 

2.15.5! Immobilised Metal-Affinity Chromatography (IMAC)  

His6-tagged recombinant proteins were purified using a 5 ml Hi-Trap Chelating 

column (GE Healthcare). All the solutions used in the purification were filtered with 0.2 

µm filters.  

Prior to each purification the column was loaded with 2 CV of 100 mM NiCl2. 

The column was then washed with 5 CV of MQ water to remove any unbound Ni2+. 

Following the washing step the column was equilibrated with 5 CV of wash buffer (20 

mM Tris pH 8, 300 mM NaCl, 30 mM Imidazole, 0.5 mM TCEP). Cleared cell lysate was 

loaded onto the column either manually with a syringe or mechanically with a peristaltic 

pump. The column was washed with 5 CV wash buffer (20 mM Tris pH 8, 300 mM NaCl, 

30 mM Imidazole, 0.5 mM TCEP) to remove unbound proteins, and bound protein eluted 

with elution buffer (20 mM Tris pH 8, 300 mM NaCl, 300 mM Imidazole, 0.5 mM TCEP) 

and collected in 1.5 ml fractions. 

After elution of the target protein, the column was washed with 1 CV of 2M 

Imidazole, to remove any remaining bound protein and stripped with 1 CV of 0.25M 
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EDTA, followed by 5 CV of MQ water wash. The column was stored in 3mM Azide at 4 

°C. 

The supernatant, flow-through and elution fractions were analysed on SDS-

PAGE (see 2.15.2) and fractions containing the protein of interest were pooled and 

dialysed overnight at 4 °C against 10mM Tris, 25 mM NaCl and 0.1 mM TCEP. The N-

terminal tag was removed by cleavage with 3%C-protease prior to further purification by 

anion exchange, and size-exclusion chromatography (Superdex 75 16/60). 

2.15.6! Ion Exchange Chromatography (IEX)  

As a second purification step, ion exchange chromatography was employed to 

separate proteins based on their charge. All the solutions used in the purification were 

filtered through 0.2 µm filters. The ResourceQ 6 ml column (GE Healthcare) was attached 

to an Äkta FPLC system (Purifier, GE Healthcare) and washed with 2 CV of MQ water, 2 

CV of buffer A (20 mM Tris pH 8, 0.5 mM TCEP) and B (20 mM Tris pH 8, 1 M NaCl, 

0.5 mM TCEP) followed by 2 CV of buffer B, and then 10 CV of buffer A. The protein 

sample from the previous purification step was filtered through 0.2 µm filters and loaded 

onto the column. The protein was separated by charge with a linear gradient from 0 % 

buffer B to 50 % buffer B over 30 minutes at 1.5 ml/min. Eluted protein was collected in 

fractions of 1.5 ml. The column was then washed with 2 CV of buffer B followed by 4 CV 

buffer A. All the fractions collected were analysed by SDS-PAGE (see 2.15.2). Fractions 

containing NlpC proteins were selected and pooled prior to further purification. 

2.15.7! Size Exclusion Chromatography (SEC) 

Size exclusion chromatography, in which proteins are separated based on size, 

was employed as the final purification step. The column used in this study was a HiLoad 

16/60 Superdex 75 (GE Healthcare) coupled with an Äkta FPLC system (Purifier, GE 

Healthcare). SEC Buffer (150 mM NaCl, 10 mM Tris pH 8, 0.5 mM TCEP) was filtered 

through a 0.2 µM filter. The column was equilibrated in 1 CV of SEC buffer. Protein 

samples from the previous purification step were concentrated down to 1 ml (see 2.12.8) 

and filtered through 0.2 µm filters before injection. The sample was then loaded and 

injected onto the column at 0.5 ml per min and 1.5 ml fractions collected. The collected 

fractions were analysed on SDS-PAGE (see 2.15.2), and fractions containing the protein 

of interest were concentrated and stored at -80 °C until further use. 
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2.16!  Protein concentration  

Protein samples were concentrated using centrifugal protein concentrators 

(Vivaspin™, GE Healthcare) with molecular weight cut-off (MWCO) of 10,000 Da. The 

concentrator was washed with MQ water followed by SEC buffer. The protein sample was 

added and concentrator was centrifuged at 3500 g at 4 °C until the desired protein volume 

was reached. For long-term storage, 20 µl or 100 µl aliquots of concentrated protein were 

snap-frozen in liquid nitrogen and stored at -80 °C. 

2.17!  Protein concentration determination 

Protein concentration was determined by measuring the absorbance at 280 nm 

using Nanodrop spectrophotometer (Nanodrop technologies) or Cary 4000 UV-visible 

spectrophotometer (Varian). The protein concentration was calculated using Beer-Lambert 

law (A = εlc), where A is absorbance at 280 nm, ε is the molar extinction coefficient (M-

1cm-1) obtained from the Protparam tool (Gasteiger et al., 2005), l is the path length of the 

sample (cm) and c is the concentration of the protein solution (M).  

2.18!  Mass spectrometry analysis 

2.18.1! Intact protein analysis by Electrospray Ionisation-Mass Spectrometry (ESI-

MS) 

In order to detect that protein samples were intact and had accurate molecular 

weight before conducting further studies, samples were subjected to mass spectrometry 

analysis. The analysis was conducted by Mr. Martin Middleditch from the Centre for 

Genomics, Proteomics and Metabolomics in the School of Biological Sciences at the 

University of Auckland.  

For infusion analysis, samples were diluted with 50:50:0.1 acetonitrile: water: 

formic acid, and infused at 6 ul/minute into the IonSpray source of a QSTAR XL 

Quadrupole- Time-of Flight mass spectrometer (Applied Biosystems, Foster City, CA, 

USA) operating in positive ion mode. The resulting spectra were deconvoluted using the 

Protein Reconstruct Tool within PeakViewv2.1 software (Sciex, USA) to give intact 

protein molecular weight profiles. 

For LC-MS analyses, samples were diluted with 0.1% formic acid and a 10 µl 

volume injected onto a Discovery BIO Wide Pore C5 0.3x100mm column (Supelco, 
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Bellafonte, PA, USA) for separation with a gradient of acetonitrile in 0.1% formic acid 

applied at 6 µl/min. The LC column effluent was directed into the IonSpray source of a 

QSTAR XL Quadrupole- Time-of Flight mass spectrometer (Applied Biosystems, Foster 

City, CA, USA) operating in positive ion mode. Mass spectra were averaged over selected 

regions of the chromatogram representing intact proteins and deconvoluted as described 

above. 

2.19!  Crystallisation 

Initial crystallisation screening was carried out using the sitting-drop vapour-

diffusion method in 96-well plate format (Intelliplate™, Art Robbins Instrument). A total 

of 576 conditions, from the in-house library (Moreland et al., 2005), were screened during 

the initial trials using an Oryx4 robot (Douglas Instrument) dispensing system at 18 °C. 

The purified proteins were concentrated to desired concentration (14-18 mg/ml) and 50 µl 

of each crystallization screen solution was manually dispensed in the reservoirs of 

crystallisation plates. The plate was then transferred to the Cartesian robotic system, which 

was set up to dispense drops by consecutive dispensing of protein solution and 

crystallisation reservoir solutions. Protein and reservoir solution were mixed in 2:1 and 1:1 

ratio (0.3 µl protein plus 0.15 µl precipitant and 0.15 µl protein plus 0.15 µl precipitant). 

A fine screen was designed, after crystals were successfully obtained from initial 

conditions, with slightly different parameters such as protein precipitant and salt 

concentrations. Fine screens were typically carried out in 96 well crystallisation trays 

(Intelliplate™) using sitting drop methods. 50 µl of the mother liquor was manually 

transferred into the well and protein and screen were mixed to a final volume of 2 µl. 

2.20!  Data collection, structure solution and refinement 

The quality of crystals X-ray diffractions were tested at the home source using a 

MicroMAX-007HF™ (with an osmic monochromator (Rigaku)) rotating anode generator 

(Rigaku) and a copper target (CuKα radiation λ=1.5417) fitted with Mar345 DTB detector 

(Mar Research) and cryo-cooling system (Cobra Oxford Cryosystems). 

The other X-ray diffraction dataset was collected at the Australian Synchrotron, 

Melbourne, Australia. This facility is equipped with two beamlines, MX1 (with a bending 

magnet) and MX2 (with an ondulator). X-ray data was collected on MX1, which is 
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equipped with an ADSC Quantum 210r Detector, a SAM sample loading robot, a cryo 

cooling device to maintain crystals at -170 °C and is controlled using a BlueIce interface. 

X-ray diffraction data were processed in Mosflm (Battye et al., 2011) and 

AIMLESS (Evans and Murshudov, 2013). The crystallographic phase of TVAG_119910 

was determined by single isomorphous replacement (SIR) using the Native and SeMet 

datasets collected on our home source X-ray set using SHELX C/D/E pipeline (Sheldrick, 

2010) in the CCP4 program suite (Winn et al., 2011) and of TVAG_457240 by molecular 

replacement (MR), using Phaser (McCoy et al., 2007) with the NlpC1 structure as a 

model. 

Once the phases were determined and an initial density map was available, the 

initial phases were then used to build an initial model in Phenix.autobuild (Adams et al., 

2002). Subsequent refinement of the initial model was performed using phenix.refine 

(Adams et al., 2002) and improved by iterative cycles between manual building in Coot 

(Emsley and Cowtan, 2004) and refinement using phenix.refine (Adams et al., 2002). The 

refined model quality was monitored using crystallographic R and Rfree factors at the end 

of each refinement cycle. Final models were validated using Molprobity (Davis et al., 

2004). 

2.21!  Real time PCR 

Real time PCR (qPCR) was used to assess if Lactobacillus could modulate the 

expression of the NlpC/P60 genes in T. vaginalis. Specific primers were designed for each 

gene (Appendix II) and an assay with melting curve analysis was carried out to check out 

for specificity, optimise and validate primers and qPCR. The gene for the heat-shock 

protein 70 (HSP70), a typical house-keeping gene, was chosen as the reference.  Genomic 

DNA was extracted from T. vaginalis G3 strain (see 2.12) and used as a template. An 

absolute qPCR using titrations of T. vaginalis G3 strain genomic DNA (2 fold dilutions) 

was carried out, in order to obtain standard curves and to calculate the efficiencies of the 

primers, in a 7900 HT- Realtime PCR machine (Applied Biosystems), using PowerUP 

SYBR Green Master Mix (Thermofisher) following the instructions of the manufacturer. 

Samples were run in triplicates in separate wells in addition to non-template water samples 

used as controls. Results of absolute qPCR were analysed using the SDS 2.3 application 

(Applied Biosystems). The threshold cycle (Ct) and the base line were set according to 

7900 HT- Realtime instructions. Primers were checked for their slope and the R2 value 
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(coefficient of determination or Pearson’s correlation coefficient) and the amplification 

efficiencies were calculated using the formula Efficiency = 10(-1/slope) -1. 

Following assay validation, a relative qPCR was carried out. Using the Ct 

method, qPCR was used to compare levels of expression between two experimental 

conditions: (i) parasites incubated alone versus (ii) parasites incubated with lactobacilli. 

The Ct method uses the equation 2-∆∆CT to calculate the relative expression of a gene 

where the differences in the Ct values between the target gene in the unknown sample and 

calibrator are normalised against the housekeeping gene. 

Cells were cultured, counted and viability checked as previously described (see 

2.5-2.6). T. vaginalis G3 strain at 1x106 cells were spun down at 3,200 g at 4 °C for 12 

min and resuspended into two cell culture flasks in Keratinocyte Serum Free Media 

(KSFM) supplemented with 1 ml growth supplement (provided with KSFM). 

Lactobacillus gasseri ATCC9857 at 1x106 cells were spun down at 3,200 g at 4 °C for 10 

min and cells were resuspended into KSFM. Lactobacillus gasseri was mixed with T. 

vaginalis in one of the flasks. Both flasks had a total volume of 100 ml KSFM and were 

incubated for a time-point of 2-8 hours prior to RNA extraction.  

Total RNA was extracted from T. vaginalis G3 strain from both untreated (T. 

vaginalis) and treated sample (T. vaginalis + bacteria) using Trizol (Invitrogen) as 

described by the manufacturer. Extracted nucleic acid was treated with DNase I, ethanol 

precipitated and cleaned using mini RNeasy MinElute clean up kit (Qiagen).  Following 

RNA clean up, 5 µg of the resultant total RNA for each sample were reverse transcribed 

into cDNA using Superscript RT III supermix and oligo dT primers following the 

instructions of the manufacturer (Invitrogen). Reverse transcription was carried out in an 

Eppendorf Mastercycler pro S thermocycler.  The cDNA was then used in qPCR 

reactions. Reactions were carried out using 1-10 ng of cDNA, 200-400 nM of each primer 

and PowerUP SYBR Green Master Mix (Thermofisher) following manufacturer’s 

instructions using a 7900 HT- Realtime PCR machine (Applied Biosystems). All reactions 

were carried out in triplicates in addition to parallel reactions using samples without 

reverse transcriptase and a non-template (water) as negative controls, in order to test the 

possibility of residual genomic DNA or external contamination. Data were analysed using 

the SDS 2.3 and RQ Manager 1.2 applications (Applied Biosystems). All samples were 

normalised against HSP70 and an untreated sample was used as the calibrator. Subsequent 
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statistical analyses were then carried out using the Relative Expression Software Tool 

(REST©) (Pfaffl et al., 2002). 

2.22!  Stable transfection of T. vaginalis  

Transfection of T. vaginalis was achieved by electroporation using a Bio-Rad 

GenePulser Xcell electroporator and as previously described (Delgadillo et al., 1997). 

About 50-100 µg of MasterNeo plasmid was used for transfection. G418 (GIBCO) was 

added to the cultures at a concentration of 100 g/ml 4-6 hours post-transfection. The next 

day, media with G418 was replaced. Transfectants grew mostly 3-4 days after transfection 

when cell passage was done in the presence of G418 at 50 g/ml. The absence of growth 

from a mock-transfection (no DNA added to cells) shows that stable transfection of T. 

vaginalis with MasterNeo plasmids was successfully achieved.� 

2.23!  Cell fractionation of T. vaginalis and Western Blot analysis 

Cell fractionation and Western blot were used to assess the localisation of 

NlpC/P60 proteins in T. vaginalis which were transfected with a HA-tagged version of 

these proteins. For analysis, 15 ml of G3 transfectant cells were cultured overnight in fresh 

diamonds media. Cells were counted and for each transfectant a sample equivalent to 1 X 

106 cells/ml was harvested at 3,200 g for 12 minutes at 4 °C, pelleted by centrifugation 

and the supernatant decanted off. Cell pellets were washed with 1 ml of 1XPBS + protease 

inhibitors (Roche) and re-centrifuged at 3,200 g for 12 minutes. Cell pellets were re-

suspended in 48 µl of 1X PBS + protease inhibitors (Roche) and mixed with 12 µl of 5X 

protein loading buffer (250 mM Tris pH. 8, 30 % (v/v) glycerol, 15 % (v/v) #-

mercaptoethanol, 6 % (w/v) SDS, 0.01 % bromophenol blue). Cells were vortexed and 

heated to 95oC for 5 min. Afterwards cells were spun down at 10,000 g for 1 min to 

remove insoluble material and the supernatant was transferred to a new tube and stored 

until further use. 

Parasite cell fractionation was carried out as previously described with a few 

modifications (Yu, Zhuoyou; Huang, Zhiguang; Lung, 2013). The following procedures 

were done on ice, and centrifugations at 4 °C.  T. vaginalis cultures (1 X 106 cells/ml) 

were centrifuged at 3,200 g for 12 minutes. Cell pellets were washed with 1 ml of 1X PBS 

+ protease inhibitors (Roche) and re-centrifuged at 3,200 g for 12 minutes. 
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The cell pellet was washed once with 1 ml Buffer A (10 mM HEPES, 1.5 mM 

MgCl2, 10 mM KCL, 0.5 mM DTT, 0.2 mM PMSF, 2 µl/ml TLCK and 2 µl /ml 

leupeptin), and re-centrifuged at 3,200 g for 12 minutes. The cell pellet was weighed and 

resuspended in Buffer A at a ratio of 1ml/g wet weight and incubated on ice for 10 

minutes. Samples were passed through a 25G needle 10 times using a 1ml syringe to burst 

cells mechanically and transferred to a new tube.  

The parasites’ lysate was centrifuged at 720 g for 5 min. The pellet, i.e. the 

nuclear fraction, was re-suspended in 5x protein loading buffer. The supernatant (SN1) 

from this centrifugation was spun at 10,000 g for 10 minutes. This second pellet, i.e. the 

organellar fraction, was re-suspended in 5x protein loading. The new supernatant (SN2) 

was centrifuged at 100,000 g for 1 hour. The new supernatant (SN3), i.e the cytoplasmic 

extract, was stored until further use. The pellet was washed with buffer A + 250 mM 

Sucrose and re-centrifuged at 100,000 g for 45 minutes. The supernatant was discarded 

and the final pellet, i.e the membrane fraction was re-suspended in 5x protein loading 

buffer.  

A TCA protein precipitation was carried out with cytoplasmic extract (SN3) for 

each transfectant sample. TCA stock solution was added in a 1:4 volume of protein (ex: 

250 µl of TCA to 1 mL of sample). Samples were mixed and incubated at 4 °C for 1 hour. 

Samples were then centrifuged at 13,000 g for 30 minutes, supernatant removed and pellet 

washed with 200 µl of ice-cold acetone. Samples were re-centrifuged at 13,000 g for 5 

minutes; the supernatant removed and the wash step repeated 2 times for each sample. 

After the last wash, samples were left at room temperature to dry for 10 minutes and re-

suspended in 5x protein loading buffer and stored until further use. 

Importantly, each cellular fraction was brought up to equivalent concentration as 

to the original whole cell protein extract so that we could estimate how much of the each 

NlpC/P60 was proportionally distributed in each individual cellular compartment. Finally, 

and to simplify this analysis, nuclear and organellar fractions were pooled together.  

All cell fractions once in 5x protein loading buffer were immediately vortexed 

and heated to 95 °C for 5 min and kept on ice or stored at -20 °C. To remove any insoluble 

material, these samples were spun down at 14,000 g for 1 min. A whole cell sample and 

the fractions samples for each transfectant were loaded into 12 % SDS-PAGE gels (see 
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2.15.2). One gel was stained with Coomassie blue and a replica gel was blotted to a PVDF 

membrane.  

Western blot was carried out in a Trans-Blot apparatus (Thermo Scientific Owl 

VEP-2) for 1.5 hours at 220 mA at 4 °C. Following the electro-blotting, the membrane 

was soaked in blocking buffer (1 X TBST and 5 % (w/v) skim milk) at room temperature 

for 5 hours.  The primary antibody mouse anti-HA antibody (Covance) was added in a 

1:5000 dilution ratio and the membrane was incubated at 4 °C overnight with gentle 

shaking. The membrane was then washed for 10 min with 1 X TBST buffer (1 X TBS, 0.1 

% (v/v) Tween-20) five times. The membrane was then incubated with 1 X TBST buffer 

plus anti-mouse-HRP monoclonal conjugated secondary antibody (Invitrogen) (1:50,000 

dilution) for 1 hour at room temperature with gentle shaking. After the incubation period 

the washing steps were repeated as described above. SuperSignal West Pico 

Chemiluminescent Substrate Kit (Thermofisher) was added to the membranes after 

blotting following manufacturer’s instructions and detection of bands was performed using 

a Fuji LAS-4000 Imaging System. 

2.24!  Indirect Immunofluorescence Assay  

Indirect Immunofluorescence Assay (IFA) was done to assess the localization of 

NlpC/P60 proteins in T. vaginalis which were transfected with a HA-tagged version of 

these proteins. About 1.5 ml of overnight cultures of T. vaginalis (!1 X 106 cells/ml) were 

spun down at 3,200 g for 12 min at 4 °C. All procedures thereafter were done at room 

temperature. Cells were washed with 1X PBS and fixed with cold methanol for 10 min. 

Cells were pelleted by centrifuge at 22 °C for 5 minutes at 3,200 g and washed three times 

with 1X PBS followed by incubation with 0.5 ml of 3% bovine serum albumin (BSA) in 

1X PBS for 30 min. After blocking, cells were spun down at 3,200 g for 5 min and 

resuspended in the same solution but containing a 1:1,000 dilution of the mouse anti-HA 

antibody (Covance) followed by 1 hour incubation. Excess antibody was removed by 

washing cells in PBS. After three washes with 1 X PBS, samples were resuspended in the 

same solution containing a 1:5,000 dilution of a goat anti-mouse Alexa Fluor®488-

conjugated secondary antibody dilution (Invitrogen), followed by another hour of 

incubation. Three PBS washes were performed, supernatant removed and cells re-

suspended in the remaining supernatant. 2 µl of cells were added to coverslips which were 

mounted onto microscope slides using ProLong Gold antifade reagent with 4’-6’-
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diamidino-2- phenylindole (DAPI) (Invitrogen), as recommended. Images were taken 

using a Nikon Ni-U microscope equipped with a Spot Pursuit Slider camera (greyscale, 

cooled, 1.4 megapixel, with colour by filter). Image processing was performed using the 

Spot software (Nikon). 

2.25!  Functional assays 

2.25.1! Activity assay of purified recombinant T. vaginalis NlpC/P60 on purified 

peptidoglycan 

The analyses were conducted by Dr. Waldemar Vollmer’s group (Institute for 

Cell and Molecular Biosciences, Newcastle University, UK). A 1:1 mixture of 

peptidoglycan (PG) purified from E. coli strains MC1061 (Casadaban and Cohen, 1980) 

and CS703-1 (Meberg et al., 2001) was used for the assay. PG mixture (0.5 mg/ml) was 

incubated with NlpC proteins (NlpC1, NlpC2 or NlpC7) at different concentrations (0.1, 1 

or 10 µM) in 20 mM Tris/HCl, 150 mM NaCl, pH 7.5 in a total reaction volume of 50 µl 

for 4 hours at 37 °C on a Thermomixer at 750 rpm. A control sample received no enzyme. 

At the end of the incubation period the reaction was stopped by boiling the samples at 100 

°C for 5 min. The samples were incubated with 10 µg of cellosyl (Hoechst, Frankfurt am 

Main, Germany) for 18 hours, boiled for 10 min at 100 °C and centrifuged at room 

temperature for 15 min at 16,000 g. The muropeptides present in the supernatant were 

reduced with sodium borohydride (Glauner, 1988). HPLC analysis was performed using a 

Prontosil 120-3-C18 AQ reverse-phase column with a buffer system described before 

(Glauner, 1988; Glauner et al., 1988). Eluted muropeptides were detected by their 

absorbance at 205 nm and assigned based on published elution times (Glauner, 1988; 

Glauner et al., 1988) or by mass spectrometry analysis as described (Bui et al., 2012).  

2.25.2! Activity assay of purified recombinant T. vaginalis NlpC/P60 on live E. coli 

Fresh cultures of E. coli DH5" were washed twice in water and resuspended in 

500 µl of [10 mM Tris-HCl (pH 7.5), 100 mM NaCl] at a concentration of 5 X 105 cfu/ml. 

The purified recombinant NlpC/P60 enzymes from T. vaginalis and lysozyme (positive 

control) were added to these bacterial cells at same molar concentration. Incubation 

proceeded for 1h at 37 °C. After incubation, a sample was collected, followed by dilutions 

in sterile water so that a visible and/or countable number of colony forming units (cfu) 

could be obtained in LB agar. Plates were incubated at 37 °C overnight. Plates were 



Chapter 2 Material and Methods 

 
 

43 

photographed using a Canon 40D camera with cannon 50 mm macro f2.5 or 100 mm 

macro f2.8 lenses and analysed. 

2.25.3! T. vaginalis and bacteria co-incubation assay 

T. vaginalis transfectants, E. coli strains DH5" and CS703-1 and Lactobacillus 

gasseri ATCC 9857 were cultured, counted and viability checked as previously described 

(see 2.5-2.6). 5x105 cells/ml of each parasite sample and bacteria sample was centrifuged 

at 3,200 g for 12 min at 4 °C and pellets were washed and resuspended in KSFM. T. 

vaginalis and bacteria were mixed together at specific cell-to-cell ratios and were co-

incubated in a final volume of 500 µl for up to 6 hours. At the end of each time point 10 µl 

of each co-incubation sample were collected and a dilution of 100-fold performed with a 

subsequent 10-fold dilution in sterile water so that a visible and/or countable number of 

colony forming units (cfu) could be obtained in either LB agar or MRS agar plates for E. 

coli or L. gasseri, respectively. 100 µl of each sample from the last dilution (10 fold) was 

plated in triplicates. Plates were incubated at 37 °C overnight or over 2 days period. Plates 

were photographed using a Canon 40D camera with cannon 50 mm macro f2.5 or 100 mm 

macro f2.8 lenses and analysed. Whenever possible, colonies were counted using 

OpenCFU software (Geissmann, 2013). 
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3.1! Introduction 

Sequencing of the T. vaginalis G3 genome allowed the use of well-established 

bioinformatics techniques to address a number of biological questions related to parasite 

cell biology and pathogenesis, with advances in the ‘omics’ technologies (proteomic, 

genomic and transcriptomic) aiding in identifying protein families that might play a role in 

the host-parasite-microbiota interaction (Carlton et al., 2007; Hernández-Romano et al., 

2010; de Miguel et al., 2010; Quintas-Granados et al., 2013; Smith et al., 2011; Twu et al., 

2013).  

As previously mentioned, the T. vaginalis genome possesses nine NlpC/P60 

protein-coding genes (Clan CA, family C40). NlpC/P60 members were originally 

classified as bacterial cell wall hydrolases, playing key roles in allowing bacteria to 

produce and remodel the peptidoglycan layer that forms a key component of the bacterial 

cell wall. More recently, Anantharaman & Aravind, (2003) reclassified the NlpC/P60 

proteins as a ‘superfamily’, composed of both bacterial proteins of the AcmB/LytN and 

YaeF/YiiX families, and eukaryotic proteins of the LRAT-like and the YaeF/Poxvirus 

G6R–like families based on sequence, structural and biochemical similarities.  

NlpC/P60 members contain a distinct catalytic triad, with a cysteine, histidine and 

a polar residue making up the active site. The proteins themselves are predicted to adopt a 

similar fold to papain-like peptidases. In YaeF/Poxvirus G6R–like and LRAT-like 

families, the position of the cysteine and histidine residues is inverted. Within this 

reclassification as a superfamily, NlpC/P60 members can be viewed as a group of 

enzymes with a diverse range of activities that range from typical cell wall peptidases in 

prokaryotes to palmitoyltransferases in mammals (Anantharaman and Aravind, 2003).  

Of the nine predicted T. vaginalis NlpC/P60 genes, one is inferred to have been 

laterally acquired, while another is predicted as a putative cell wall hydrolase (Carlton et 

al., 2007). The prediction that T. vaginalis possesses a cell wall hydrolase is quite 

interesting, as it is protozoan (a unicellular eukaryote lacking a cell wall) and therefore is 

not capable of synthesizing peptidoglycan. It became of interest to this research to 

determine the actual function of T. vaginalis NlpC/P60 genes, to confirm whether these 

proteins actually function as cell wall peptidases.  

To determine the origins of the NlpC/P60 genes, and the localisation and function 

of the expressed protein in the parasite, a number of bioinformatics approaches were used.  
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3.2! Results 

3.2.1! Bioinformatics analysis reveals the presence of an unexpected domain 

To identify orthologues and obtain information about the putative function of T. 

vaginalis NlpC/P60 genes, protein sequence alignments were conducted on all nine 

previously predicted NlpC/P60 sequences using the BLAST local alignment server 

(Altschul et al., 1997), against a non-redundant sequence database, excluding the T. 

vaginalis G3 genomic strain. This allowed for the prediction of closest orthologues in 

other species for the uncharacterized NlpC/P60 T. vaginalis proteins.  

The presence of a C-terminal NlpC/P60 domain, belonging to the NlpC/P60 

superfamily of proteins was detected for all T. vaginalis members. Protein matches 

showing the highest identity from the Blastp analysis for the nine T. vaginalis NlpC/P60 

proteins were of bacterial origin. The identity ranged from 44 %, with and e-value of 1e-

27 (NlpC6) to a maximum of 57 %, with an e-value of 5e-26 (NlpC7) (Table 3.1). 
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Table 3.1 Summary of bioinformatics analyses for the NlpC/P60 genes in T. vaginalis. 

Table shows the results from BLAST search with its top hits, SignalP, Phobius and data obtained from TrichDB 
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Intriguingly, the BLAST results also uncovered the presence of a second domain 

family, the Src homology region 3 domain 3 (SH3_3), at the N-terminal of two of the 

sequences, NlpC1 and NlpC2. Sequence alignments of all nine genes revealed that NlpC7 

contained an N-terminal extension similar to the predicted SH3_3 domains of NlpC1 and 

NlpC2 that was not detected in the Blast search (Table 3.1). 

NlpC/P60 domains are widely spread in nature and defined by a conserved N-

terminal region containing a cysteine, a highly conserved glycine often followed by an 

aspartate localised between the conserved N- and C-terminal regions and conserved C-

terminal region containing a characteristic histidine. The first NlpC/P60 domains 

characterised were the P60 protein from Listeria monocytes, an invasion-associated 

protein and the NlpC protein form E. coli, a putative lipoprotein precursor (Cabanes et al., 

2002). Thereafter, the presence of NlpC/P60 domains have been reported in a variety of 

organisms and associated with diverse enzymatic functions (Bannantine et al., 2012; 

Bierne and Cossart, 2007; Cabanes et al., 2002; Chitlaru et al., 2006; Kristensen et al., 

2013; Layec et al., 2008; Nelson et al., 2012; Rolain et al., 2012; Russell et al., 2012). 

NlpC/P60 members have been reported as transglutaminases catalysing protein cross-

linkage in bacteria, to phospholipases in mammals (Fernandes et al., 2015; Uyama et al., 

2009) and also involved in bacteriolytic activity in bacteriophages (Loeffler et al., 2001).  

SH3 domains are a versatile class of small, stable modular domains (Proline 

recognition domains or PRDs) that recognise short sequences of amino acids and are used 

by the cell to create diverse adaptor proteins. SH3 domains are easy to purify, and possess 

a simple folding mechanisms, thus make ideal candidates for studies seeking to understand 

molecular mechanisms (Azuaga and Atienza, 2015; Morel et al., 2015). They have been 

extensively studied providing most of the current understanding of the kinetics, 

thermodynamics and molecular mechanisms of protein folding (Morel et al., 2015).  

The SH3 domain was first identified as blocks of sequence similarity to the src 

tyrosine kinases and phospholipase C in a viral oncogene (Mayer et al., 1988) and to date 

these domains have been identified in more than 1500 proteins including kinases, 

GTPases, adaptor proteins and viral proteins (Azuaga and Atienza, 2015).  

SH3 domains mediate protein-protein interactions, where they act as anchoring 

sites for substrate recruitment to enzymes and in the formation of molecular complexes 

that cause enzymatic modification and are involved in signalling pathways (Azuaga and 
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Atienza, 2015; Cohen et al., 1995; Mayer and Baltimore, 1993; Weng et al., 1995). 

Furthermore, proteins containing SH3 domains have been reported to participate in a 

variety of functions ranging from membrane trafficking and cytoskeleton organisation in 

eukaryotes to targeting domains in prokaryotes (Kamitori and Yoshida, 2015; Marino et 

al., 2002; Musacchio et al., 2002; Weng et al., 1994).  

The presence of SH3 domains in three members of the T. vaginalis NlpC/P60 

proteins, and the sequence similarity of the NlpC/P60 domains to bacterial hydrolases 

suggest that the NlpC/P60 genes are likely part of the P60-like family of proteins and 

might possess the same function. 

3.2.2! General features and evidence of expression of T. vaginalis NlpC/P60 genes 

The findings for the nine predicted T. vaginalis NlpC/P60 cysteine peptidases, 

named NlpC1 to 9 for convenience (see table for TrichDB accession numbers and 

correlation to designated name) are summarized in Table 3.1 and will be explained 

throughout this chapter. 

If T. vaginalis NlpC/P60 genes are functional in this organism, they should be 

actively transcribed and translated. If that is the case, fragments of mRNAs (Expressed 

Sequence Tags or ESTs) and peptides originating from each of these genes should be 

identified in the T. vaginalis genome database (TrichDB). Except for NlpC4, NlpC5 and 

NlpC8, ESTs were detected for all T. vaginalis NlpC/P60 members. NlpC3 had the highest 

number of hits with 51 detections (Table 3.1). On the other hand, none of the T. vaginalis 

NlpC/P60 genes were identified in mass spectrometry databases (TrichDB) (Table 3.1). 

Although not conclusive, this observation demonstrates that at least some of these genes 

are transcribed in T. vaginalis. The lack of EST and peptide detection for the remaining 

genes may simply be a result of experimental methods, due to low sequence coverage or 

low protein expression, but could also be interpreted as the genes not being expressed 

(pseudogenes).  

3.2.3! The putative localisation of NlpC/P60 in T. vaginalis 

Determining the subcellular localisation of a protein is fundamental to understand 

its functionality. The majority of NlpC/P60 members either possess a signal peptide or a 

transmembrane region, implicating that the newly synthesized protein will be destined for 

the secretory pathway.  The amino acid sequences of NlpC/P60 annotated genes were 
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retrieved from T. vaginalis database (TrichDB) and analysed to identify the presence of 

potential signal sequences and transmembrane regions that would alter subcellular 

localisation. Furthermore, the targetP server was used to provide a prediction of the 

subcellular localisation.  

SignalP predicts the presence and location of a signal peptide cleavage sites, 

discriminating them from transmembrane regions based on the combination of several 

neural networks. Apart from NlpC4, the presence of signal peptides could not be detected 

in any NlpC/P60 members in T. vaginalis (Table 3.1). The analysis was performed using 

the sensitive D-cutoff value and transmembrane region input sequences method for 

eukaryotes.  

Additional analysis was carried using the Phobius prediction program. Phobius 

combines transmembrane topology and signal peptide predictions, diminishing the 

ambiguities detected in other prediction programs. No transmembrane region was detected 

for the T. vaginalis NlpC/P60 members. In agreement with SignalP, Phobius also 

identified the presence of a signal peptide for NlpC4 (Table 3.1). However, in contrast to 

SignalP, a signal peptide was detected for NlpC9. All other members were predicted to be 

non-cytoplasmic, with label probability varying from 0.7 to 0.9 (Appendix III). Although a 

typical signal peptide was not detected, a small signal sequence could be observed for 

NlpC1 and NlpC2 (Appendix III). A slightly higher signal sequence could be observed for 

NlpC3 and was extremely pronounced in NlpC8, with a label probability of 0.7 in the first 

20 amino acids (Appendix III). The results observed for NlpC1, NlpC2, NlpC3 and NlpC8 

suggest that even though a signal peptide was not present in those sequences, the 

hypothesis that these proteins might be located on the surface or secreted cannot be ruled 

out.  

To check if T. vaginalis NlpC/P60 proteins were integral membrane proteins, the 

TMHMM 2.0 server was used. None of the T. vaginalis NlpC/P60 members were 

predicted to have a transmembrane region. The plotted graphs from TMHMM 2.0 results 

showed a similar pattern for all NlpC/P60 members, with the exception of NlpC6 and 

NlpC7 (Appendix III). 

The sequences were also analysed using TargetP program, which predicts the 

subcellular localisation of eukaryotic proteins based on the presence of an N-terminal 

chloroplast transit peptide, mitochondrial targeting peptide or secretory pathway signal 
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peptide. NlpC1, NlpC3, NlpC4, NlpC8 and NlpC9 were predicted to possess a 

mitochondrion-targeting peptide, while the other members possessed no such targeting 

peptide sequence, and may reside in any location, including the cytoplasm, nucleus or 

peroxisome (Appendix III). 

T. vaginalis lacks mitochondria, instead it contains hydrogenosomes, which are 

double membraned organelles that produce H2 and ATP through pyruvate metabolism 

(Alexander and Muller, 1986; Benchimol, 2004; Lindmark and Muller, 1973; Lindmark et 

al., 1975). T. vaginalis hydrogenosomes may represent a divergent or reduced form of 

mitochondria, sharing similarities in protein transport across the double-membrane 

including signal peptide sequences (Brown et al., 2007; Embley and Martin, 2006; 

Richards et al., 2003; Schneider et al., 2011). These results could be potentially interpreted 

as these being hydrogenosomal proteins despite the lack of evidence of these proteins 

being found in the hydrogenosome proteome database (Table 3.1). 

3.2.4! T. vaginalis NlpC/P60 genes were acquired via lateral gene transfer  

From the BLAST results it is evident that the NlpC/P60 proteins display 

similarity to bacterial NlpC/P60 proteins, which are involved in degradation and 

maintenance of the cell wall peptidoglycan in bacteria. In addition, the alignment of all 

nine T. vaginalis NlpC/P60 proteins showed that they all have NlpC domains while three 

members show an N-terminal extension with similarity to bacterial SH3 domains (Figure 

3.1). Moreover, the sequence alignment showed that similarity among NlpC proteins range 

from 90% to 13% (Appendix III). Conserved active site residues were observed in all nine 

sequences, forming the canonical catalytic triad. Additionally, the similarities observed for 

the NlpC/P60 sequences indicate that they will most likely fold in a similar way, resulting 

in a similar structure and possibly function. This suggests that these genes may have been 

acquired by a lateral gene transfer event. 

 



 

 

 
!

 
 
Figure 3.1 Sequence alignment of T. vaginalis NlpC/P60 proteins 
The nine NlpC/P60 proteins are indicated with their designated names. All proteins have an NlpC domain while three members show an N-terminal extension 
with similarity to bacterial SH3 domains. Conserved residues are shown with a dark background. SH3 domains shown in green. The NlpC/P60 domain is 
highlighted in purple. (*) Catalytic residues. 
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To confirm this observation, phylogenetic analyses and tree construction were 

performed (by Dr. Robert Hirt, from the Institute for Cell and Molecular Biosciences, 

Newcastle University). Phylogenetic relationships were constructed using selected 

respective top Blast hits and a number of other entries based on Pfam (InterPro domains) 

entries with similar domain organisation. The cladogram was generated with a Neighbor-

joining algorithm, with bootstrap values obtained from 100 pseudo-replicates.  T. vaginalis 

NlpC/P60 proteins were found to be more related to members of the P60-like cysteine 

peptidase family from bacteria than to peptidases from other eukaryotes including 

protozoa (Figure 3.2). The most parsimonious explanation is that at least one lateral gene 

transfer (LGT) event from a bacterial donor into T. vaginalis had occurred, followed by a 

series of gene duplications that resulted in the full NlpC/P60 repertoire as found in T. 

vaginalis genome today. 

  



 

 

 
!

Figure 3.2 Phylogenetic tree of NlpC/P60 in T. vaginalis. 
Phylogenetic relationships were generated using selected respective top Blast hits along with the nine T. vaginalis NlpC/P60 proteins and multiple sequence 
alignment was conducted using CLUSTAL omega software. The maximum likelihood tree was generated using an alignment of 106 residues and branch 
support values were estimated with the aLRT method.  The results of bootstrapping analysis of 100 pseudo-replicates are indicated by numbers on the 
branches.  
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3.3! Discussion 

The Blast searches and sequence alignments revealed the presence of NlpC/P60 

domains and an SH3 domain in three (NlpC1, NlpC2 and NlpC7) of the T. vaginalis 

NlpC/P60 members. Furthermore, the phylogenetic analysis revealed that the NlpC/P60 

genes were acquired via LGT and are related to P60-like family members. 

Extracellular signals are transduced into a cellular response by the recognition of 

the signalling molecule by specific receptors, resulting in a cascade of secondary 

messaging signals. These signalling pathways often involve the use of GTPases, protein 

kinases and associated adapter proteins. These signal transducers are transient and contain 

assemblage of a single binding domain or different combinations of domains, lack 

enzymatic activity and mediate protein-protein interaction (Cohen et al., 1995; Lodish et 

al., 2000). Common secondary messaging pathways can be used to transduce a variety of 

extracellular signals by recognition of specific protein motifs in cellular receptors. These 

motifs are recognised by conserved domains in protein receptor signalling complexes such 

as the SH3 domain. 

The Blast search revealed the presence of an SH3 domain in two T. vaginalis 

NlpC/P60 members. Src homology (SH) region 3 was first identified as a protein sequence 

similarity to the amino-terminal, non-catalytic region of the non-receptor class of tyrosine 

kinases in a viral oncogene (Mayer et al., 1988). SH3 domain is a small, water-soluble 

globular protein structure with approximately 60 amino acids residues (Kolafa et al., 2000; 

Mayer and Baltimore, 1993; Musacchio et al., 1992b). It is found in single-cell organisms, 

like yeast, and all higher eukaryotic organisms, suggesting that they play a vital function 

in different cellular processes (Koch et al., 1991; Mayer, 2001; Mayer and Baltimore, 

1993; Musacchio et al., 1994, 1992b; Pawson and Schlessingert, 1993; Rodaway et al., 

1989). They are present in a wide range of proteins that are localised at the plasma 

membrane or the cytoskeleton (Cohen et al., 1995; Schlessinger, 1994).  

Schlessinger (1994) stated that the function of SH3 domain is to recognize 

specific amino acid sequences containing proline and hydrophobic residues, mediating 

protein-protein interactions in signal transduction pathways. These interactions play 

critical roles in regulation of enzymatic activities by intramolecular interactions, cellular 

localisation and mediating the assembly of large multiprotein complexes (Cohen et al., 

1995; Mayer, 2001; Weng et al., 1995).  
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SH3 domains have also been reported in prokaryotes (SH3b), yet are poorly 

characterised in comparison to eukaryotes SH3 domain. SH3b domains were first reported 

by Qiu et al, (1996) and Whisstock & James, (1999) and are predicted to act as target 

domains, aiding the recognition and binding of catalytic domains and possibly assisting in 

the interactions with the components that are associated with the cell wall (Anantharaman 

and Aravind, 2003; Kamitori and Yoshida, 2015).  

Structures for SH3 domains have been reported and despite some variations 

among the structures the basic fold is conserved. Because of its structure, in which the N- 

and C-termini residues are in close apposition, the SH3 domains can be inserted in 

different locations into the surface of proteins, indicating that these domains are 

independent structural modules (Cohen et al., 1995; Pawson and Schlessingert, 1993; 

Schlessinger, 1994). The structure of SH3b domains is similar to SH3 domain in 

eukaryotes, however, the RT loop contains additional amino acid residues, forming β-

strands and/or α-helices and other secondary structures (Kamitori and Yoshida, 2015). 

In 1993, Ren et al identified PxxP as a core conserved binding motif for SH3 

domains, where ligands can bind in two possible orientations when the motif is flanked by 

a positively charged residue (Feng et al., 1994; Saksela and Permi, 2012; Teyra et al., 

2012). Posterior studies revealed the presence of non-canonical recognition motifs, 

identifying the SH3 domain as the interaction domain with the most diverse specificity 

(Azuaga and Atienza, 2015; Saksela and Permi, 2012). According to Mayer (2001), the 

binding of SH3 domains have a moderate affinity and selectivity, and a change in the 

subcellular localisation of a domain or ligand is supposed to alter the repertoire of proteins 

with which it can interact, so the binding partners of SH3 domain can exchange relatively 

rapidly upon re-localisation. 

The analyses to determine the putative localisation of T. vaginalis NlpC/P60 

genes revealed that none of them possess a transmembrane region and a signal peptide was 

detected in only two members. Additionally, the subcellular localisation prediction 

suggested a mitochondrial (hydrogenosomal in this case) for five members and any other 

location (cytoplasmic, nuclear or peroxisomal) for the other four members. A note of 

caution is due here since false-positive or false-negative assignments can be produced in 

high-throughput experimental techniques. In addition, most prediction programs for 

eukaryote sequences are normally developed taking only ‘high’ eukaryotes into 

consideration (typically metazoans, yeast and plants) and not ‘primitive’ or divergent 
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eukaryotes such as protozoans. Moreover, eukaryotic sequences presenting a signal 

peptide or a signal anchor could be retained in a compartment along the secretory pathway 

such as the endoplasmic reticulum or the Golgi complex, or even located in the lysosome 

instead of being secreted (Emanuelsson et al., 2007).   

The phylogenetic analyses of NlpC/P60 genes in this chapter revealed that at least 

one LGT event occurred into T. vaginalis genome followed by gene duplication. LGT is 

an exchange of genes and traits by divergent organisms that contrasts with the 

conventional vertical inheritance, where genes are transferred from parents to offspring 

(Gogarten et al., 2009; Richards et al., 2003). LGT was first recognized in pathogenic 

bacteria and has been well described in bacterial genomes and within Eubacteria (Chan et 

al., 2011; Dougherty et al., 2014; Gogarten et al., 2009; Mc Ginty et al., 2011; Smith, 

2001). LGT plays a role in prokaryotic genome evolution, providing a new phenotype by 

the acquisition of new functions, such as resistance to antibiotics and new physiological 

and metabolic capabilities, allowing survival in new ecological niches (Ochman et al., 

2000; Richards et al., 2003; Zhaxybayeva and Doolittle, 2011). Studies have revealed the 

transfer of genes among a number of species, including plant and fungi, plants and their 

hosts, and prokaryotes and eukaryotes (Gogarten et al., 2009). Whilst less common, LGT 

from eukaryotes to prokaryotes has also been reported (Ponting et al., 1999). 

Although documented (Danchin et al., 2010; Dunning Hotopp, 2011; Dunning 

Hotopp et al., 2007; Husnik et al., 2013; Wu et al., 2013), cases of LGT across the 

domains of life (prokaryote-eukaryote) are rare and the context and selective advantages 

of these events are poorly understood and characterised (Chou et al., 2015; Hirt et al., 

2015; Metcalf et al., 2014). As bacteria are normally associated with other organisms, 

including eukaryotes, it is not surprising that these associations result in a variety of LGT 

from Bacteria to Eukaryotes. A number of phylogenetic analyses on genomic data have 

shown that microbial eukaryotes have acquired a considerate amount of genes, mainly 

related to metabolism, from prokaryotes. This suggests an important role for LGT in 

eukaryote evolution, especially on microbial eukaryotes that can feed on bacteria 

(Alsmark et al., 2009; Andersson, 2005, 2009; Keeling, 2009; Olendzenski and Gogarten, 

2009). 

It has been reported that phagocytosis of host cells or bacteria by parasitic 

protozoan provides an additional, and potentially advantageous, way to acquire novel 
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DNA, providing new biological functions (Deitsch, 2001; Doolittle, 1998; Doolittle et al., 

2003; Field et al., 2000; Gogarten, 2003; Nixon et al., 2003; Richards et al., 2003).  

As a typical extracellular protozoan parasite, Trichomonas have an intimate 

association with host tissue and microbiota and is unable to synthesize many 

macromolecules de novo. Trichomonas acquires the necessary nutrients through vaginal 

secretions and a number of other mechanisms, including phagocytosis of erythrocytes, 

vaginal epithelial cells and bacteria (Benchimol et al., 2015; Rendón-Maldonado et al., 

1998). This association might have significantly shaped the genome of T. vaginalis giving 

new functionalities and providing selective advantages for this parasite to infect humans. 

T. vaginalis is a unicellular organism which reproduces asexually. Large gene 

families have been reported in T. vaginalis genome as a result of repeated gene duplication 

(Alsmark et al., 2013b; Strese et al., 2014). The genome sequencing of T. vaginalis 

identified 152 possible cases of prokaryote-to-eukaryote LGT (Carlton et al., 2007), which 

might have been acquired predominantly from Bacteroidetes-related and Firmicutes-

related bacteria (Alsmark et al., 2013b). Alsmark et al, (2013) detected 134 cases of LGT 

from prokaryote or non-related eukaryote sources into Trichomonas genome, identifying it 

as the genome with the highest LGT detection for the parasitic microbial parasites studied.  

A number of studies have reported LGTs in T. vaginalis, which are mainly related 

to the parasite’s metabolism (Alsmark et al., 2013b; Henze et al., 2001; Hirt et al., 2015; 

de Koning et al., 2000; Noël et al., 2010; Richards et al., 2003; Stairs et al., 2011). These 

studies have shown that the LGTs retained by the parasite greatly facilitated the ability of 

the parasite to survive in a hostile environment, providing advantageous new skills that 

render important functions in the parasite. 

Beyond Trichomonas, a few very recent studies have described the functional and 

biological consequences of LGT from bacteria to eukaryotes. These cases of LGT provide 

examples of a eukaryotic recipient acquiring striking selective advantages. The acquired 

genes play a role in remodelling bacterial peptidoglycan, allowing them to control 

bacterial growth in their local environment. 

 Metcalf et al, (2014) reported a bacterial gene encoding a peptidoglycan-

degrading lysozyme that hydrolyses bacterial cell wall and is present in viruses, archaea 

and eukaryotes, including insects and fungi. After hypothesizing that all different species 

encoding the lysozyme gene were using it for similar purposes, they demonstrated, using 
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the archaeon lysozyme, that the lysozyme had antibacterial activity in vitro. Up-regulation 

of the LGT gene was observed in the recipient organism, which outcompeted E. coli when 

co-incubated, suggesting the acquired lysozyme is being used to overcome bacterial 

competitors. Interestingly, archaea do not possess murein cell wall, therefore the findings 

on this study provide strong evidence of an LGT where the recipient of the gene is using it 

against its donor.  

Chou et al, (2015) reports another case of LGT where a eukaryote encodes 

functional proteins controlling bacterial growth. They demonstrated that a family of 

toxins, the Tae proteins, were domesticated by eukaryotes conferring antimicrobial 

capacity upon acquisition. The Tae proteins are secreted by different bacteria to digest 

amide bonds of the peptidoglycan in bacterial cell wall and possess a potent bactericidal 

effect when in contact with competing bacterial cells. The domesticated amidase effector 

(dae) genes acquired by eukaryotes showed similar substrate specificity and encoded 

active antibacterial toxins that magnified eukaryotic innate immune function (Chou et al., 

2015). This study provides more evidence that LGT events can provide a powerful 

weapon to the recipient, which can use the genes to their advantage, most likely to 

eradicate competitors and successfully colonise the desired environment, possibility 

expanding into new niches. 

Previous studies have shown LGT from bacterial origins in other eukaryotic 

genomes that are involved in peptidoglycan synthesis and remodelling (Dunning Hotopp 

and Estes, 2014), suggesting that although the uptake of genes happens by chance, their 

conservation into the genome does not (Strese et al., 2014), and might play an important 

role in evolution. 

The presence of a considerable amount of LGTs (0.25%), and for this study, of 

NlpC/P60 genes in the genome of T. vaginalis evoked a number of questions relating to 

the parasite’s pathogenesis and the involvement of these genes. NlpC/P60 cysteine 

peptidases are extremely diverse at the sequence and taxonomic levels, being widely 

represented across the tree of life with diverse enzymatic functions (Anantharaman and 

Aravind, 2003).  

The bioinformatics analyses carried out in this chapter revealed all nine NlpC/P60 

genes present in the genome of T. vaginalis to be part of the P60-like family of proteins 

(Table 3.1 and Figure 3.2). The first report of the P60-like proteins was done by Kuhn & 
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Goebel (1989), which identified and characterised not only a largely secreted protein used 

by Listeria monocytogenes to uptake nonprofessional phagocytic cells, which they called 

p60 protein, but also the presence of similar proteins in other Listeria species.  

The P60-like family is the most commonly occurring of the NlpC/P60 

superfamily members, with members seen in most bacterial lineages (Anantharaman and 

Aravind, 2003), and are thus the most studied and characterised members of this 

superfamily. 

Characterised members of the P60-like family are endopeptidases that cleave the 

peptide bond between D-Glu and meso-diaminopimelic acid (DL-endopeptidases) or 

amidases that hydrolyse the amide bonds between MurNAc and L-alanine of the stem 

peptide, separating the glycan strand from the peptide chain (N-Acetylmuramyl-L-alanine 

amidases) (Anantharaman and Aravind, 2003; Vollmer et al., 2008a). In bacteria, some 

members of this family are autolysins and are involved in a number of physiological roles 

such as cell growth, cell-wall turn-over, cell division and separation, peptidoglycan 

maturation, protein secretion and pathogenicity (Smith et al., 2000).  

Additionally, these enzymes have also been implicated in lysis of prey cells and 

non-immune cells, pathogen-host interactions and biofilm formation (Kleerebezem et al., 

2010a; Shockman et al., 1993; Vollmer et al., 2008a). As many antibiotic drug classes 

target the cell wall, antibiotic resistance is intimately related to the peptidoglycan 

structure, biosynthesis and morphogenesis (Labischinski and Maidhof, 1994).  

The cell wall is a feature found in almost all bacteria providing structural integrity 

and contains unique compounds not found anywhere else in nature. Peptidoglycan is the 

main constituent of bacterial cell wall and it was first chemically characterised and 

classified by Ghuysen in 1968 (Salton, 1994). Although the composition of peptidoglycan 

varies between species, it represents a common component of the bacterial cell wall in 

both Gram-positive and Gram-negative bacteria (Schleifer and Kandler, 1972).  

Peptidoglycan is a heteropolymer, which forms mesh-like structures, the 

sacculus, that surrounds the cytoplasmic membrane, and is composed of linear glycan 

strands  cross-linked by short peptide sequences (Kim et al., 2015; Schleifer and Kandler, 

1972; Vollmer and Seligman, 2010; Vollmer et al., 2008b). The glycan strands consist of 

alternating N-acetyl muramic acid (MurNAc) and N-acetyl- glucosamine (GlcNAc) 

monomers linked by !-1, 4-glycoside bonds. The glycan composition is conserved across 
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both groups of bacteria with minor variations such as acetylation or phosphorylation of the 

muramyl 6-hydroxyl groups and the modification or absence of N-acetyl groups 

(Labischinski and Maidhof, 1994; Schleifer and Kandler, 1972). The third carbon of the 

MurNAc is substituted by a lactyl ether group, which connects the glycan to the amino 

acid cross-linker via peptide bond to the N-terminal L-Alanine residue.  

The composition of the peptide cross-link varies within species and contains both 

L and D amino acids (Egan et al., 2015; Schleifer and Kandler, 1972). Generally, the 

cross-links are composed of a five amino acid sequence composed of L-Ala-"-D-Glu-m-

DAP-D-Ala-D-Ala, with possible variations at positions one (gly or ser), three (meso-

Lanthionine, LL-DAP, L-Orn, D-Lys, L-Hrs, m-HyDAP and L-Dab), and five (D-lac or 

D-ser) in both Gram-negative or Gram-positive bacteria. The presence of an interpeptide 

bridge is observed in Gram-positive bacteria but absent in Gram-negative bacteria (Egan 

et al., 2015; Kleerebezem et al., 2010a; Schleifer and Kandler, 1972; Vollmer et al., 

2008b). Cross-linking of the glycan strands occur through the formation of an amide bond 

between the free amine of the diamino acid (position three) with the carboxyl group of D-

Ala (position four) of a separate strand (Schleifer and Kandler, 1972; Vollmer et al., 

2008b).  

The main function of the cell wall is to maintain cell integrity and shape through 

turgor pressure (Cloud-Hansen et al., 2006; Vollmer et al., 2008b), thus changes in the 

peptidoglycan biosynthesis or its degradation can result in cell lysis. As such, the cell wall 

undergoes regulated remodelling during a number of cellular processes including cell 

growth and division, where peptidoglycan is acted on by hydrolases that cleave the 

covalent bonds, allowing the insertion of the newly produced peptidoglycan (Egan et al., 

2015; Typas et al., 2011; Vollmer et al., 2008a; Wyckoff et al., 2012).  

Peptidoglycan remodelling is also involved in facilitating diffusion of molecules 

into the cell (Cloud-Hansen et al., 2006; Vollmer et al., 2008b), assembly of secretion 

systems and is involved in sporulation and germination. Moreover, peptidoglycan 

fragments have been reported to be involved in microbial interactions, functioning as 

signalling molecules and virulence factors and involved in pathogenesis (Cloud-Hansen et 

al., 2006).  

Peptidoglycan hydrolases can be divided in two main class: glycosidases, which 

cleave the glycosidic bond linking carbohydrates within polysaccharides, and amidases, 
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which cleave the amide bond linking the glycan strand with the stem peptide or bonds 

within the stem peptide and cross bridges of peptidoglycan (Baker et al., 2006; Vollmer et 

al., 2008a; Wyckoff et al., 2012).  

N-acetylglucosaminidases, lysozymes and lytic transglycosylases are classified as 

glycosidases. N-acetylglucosaminidases hydrolyse the β1,4- glycosidic bond between 

GlcNAc and MurNAc, and lysozymes and lytic transglycosylases, also known as N-

acetylmuramidases, hydrolyse the β1,4- glycosidic bond between MurNAc and GlcNAc 

residues in peptidoglycan (van Heijenoort, 2011; Sharma et al., 2016; Shockman and 

Höltje, 1994; Vollmer et al., 2008a). The amidases can be divided into N-Acetylmuramyl-

L-amidases that cleave the amide bond between the lactic acid side chain of MurNAc and 

the first amino acid of the stem peptide, L-alanine; and endopeptidases or 

carboxypeptidases that cleave the amino acid bonds within the peptide stem or within the 

cross bridge and cleave the D-alanyl-D-alanine bond at the peptide terminal, removing the 

C-terminal residue, respectively (Sharma et al., 2016; Shockman et al., 1993; Vollmer et 

al., 2008a; Wyckoff et al., 2012). Endopeptidases and carboxypeptidases can be further 

divided into DD-, DL- or LD- peptidases in respect of cleaving between two D-amino 

acids or an L- and D-amino acid (Vollmer et al., 2008a).  

Additionally, according to Vollmer et al, (2008b) the activity of hydrolases are 

not only specific to a peptidoglycan type, but also to secondary modifications being 

present or not and the size of peptidoglycan or fragments. Due to their role in 

peptidoglycan biosynthesis and the ability to affect cell integrity, cell wall hydrolases, 

including NlpC/P60 members, are potentially lethal to bacteria, therefore their activities 

should be under tight control to prevent cell lysis. 

A number of studies have investigated the activity of cell wall hydrolases (Ahn 

and Burne, 2006; Atrih et al., 1996; Dziarski and Gupta, 2005; Ellermeier et al., 2006; 

Garcia et al., 1999; Goodell, 1985; Goodell and Schwarz, 1983; Heidrich et al., 2002; 

Hughes et al., 1970; Ishikawa et al., 1998; Morlot et al., 2004; Piggot and Hilbert, 2004; 

Pooley, 1976; Priyadarshini et al., 2006; Uehara and Park, 2003). As previously 

mentioned P60-like members are DL-endopeptidases or amidases also reported to be 

involved in peptidoglycan biosynthesis and turn over. P45 and P60 exhibit peptidoglycan 

lytic activity, with P60 being reported to be involved in the cell shape and invasion in 

Listeria monocytogenes (Bierne and Cossart, 2007; Kuhn and Goebel, 1989; Machata et 

al., 2005; Schubert et al., 2000).  
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The gene product of Bacillus subtilis CwlO has been reported to have cell wall 

hydrolytic activity, although the gene is not essential for cell growth (Yamaguchi et al., 

2004). Other B. subtilis enzymes, CwlS, CwlE and CwlF, and Corynebacterium 

glutamicum enzymes, cgR_1596 and cgR_2070, have been reported to participate in cell 

separation (Fukushima et al., 2006; Ishikawa et al., 1998; Ohnishi et al., 1999; Tsuge et 

al., 2008). Moreover, in silico analyses also revealed two proteins in L. acidophilus and 

four in L. plantarum to be cell wall hydrolases (Kleerebezem et al., 2010a; Layec et al., 

2008), with a follow-up study by Rolain et al, (2012) reporting lytA to be involved in cell 

separation and cell division in L. plantarum. P60-like members have also been reported to 

be involved in spore germination and cell remodelling (Böth et al., 2011; Haiser et al., 

2009). Furthermore, recent studies have reported P60-like members to be involved in cell 

adhesion, shape, biofilm formation and virulence (Gao et al., 2006; Padhi et al., 2016; 

Tran et al., 2010b).  

Although Anantharaman & Aravind, (2003) reported the presence of a P60-like 

family lineage (Pal lineage) to possess potent bacteriolytic enzymes that cleave the N-

Acetylmuramyl-L-alanine linkage and represent a case where a virus is using the host 

enzyme to penetrate the bacterial cell wall, it was not until recently that studies reported 

similar cases where cell wall hydrolases acquired by LGT were used by the recipient 

against its donor (Chou et al., 2015; Metcalf et al., 2014).  

The presence of cell wall hydrolases in organisms that do not possess cell wall is 

striking. Due to peptidoglycan unique composition and structure, bacterial genes encoding 

cell wall hydrolases acquired by LGT might provide selective advantages to the recipient 

eukaryotic organism. These recent studies give support to the idea that the NlpC/P60 

genes acquired by T. vaginalis via LGT from bacteria might be used by the parasite as a 

weapon against the vaginal microbiota aiding infection in humans. 
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4.1! Introduction 

Members of the NlpC/P60 superfamily possess diverse enzymatic functions, the 

majority of which have been reported as cell wall hydrolases that are involved in 

peptidoglycan turnover and biosynthesis. The structurally characterised NlpC/P60 

members adopt a mixed α + β-fold common to the papain-like family of peptidases, with 3 

α-helices and a central sheet of 5-8 antiparallel β-sheets. The active site is formed by a 

catalytic triad composed of a cysteine, a histidine and an additional polar residue. The 

catalytic cysteine is located at the amino terminus of the second α-helix, with the histidine 

being located on the second β-strand and the polar residue on the following β-strand. As 

previously mentioned, this superfamily is subdivided into 4 families and two of these 

families possess a permutated circular catalytic core where the cysteine, the histidine and 

the polar residue are swapped in position in the primary sequence (Anantharaman and 

Aravind, 2003). NlpC/P60 members have previously been implicated in host-pathogen 

interactions (Asano et al., 1997; Gao et al., 2006; Kuhn and Goebel, 1989; Parthasarathy 

et al., 2012; Senkevich et al., 2008b; Teng et al., 2003), making them potential candidates 

for drug targeting. 

In recent years a number of structural studies have taken place trying to unveil the 

role of these biologically important proteins and shed light into their substrate specificity 

(Aramini et al., 2008; Böth et al., 2011, 2014; Ren et al., 2010; Wong and Blaise, 2013).  

Xu et al. have extensively studied the NlpC/P60 family, especially members that contain 

multiple functional modules (Xu et al., 2014a, 2014b, 2015). Their structural analysis on 

NlpC/P60 amidases showed that the C-terminal NlpC/P60 domain has a greater specificity 

for stem peptides (Xu et al., 2009). 

Combined with biochemical and enzymatic characterization, structural analysis 

has become an important tool that can help to elucidate the role of proteins during 

infection. To provide insight into the function and substrate specificity of the NlpC/P60 

proteins in T. vaginalis, the structures of NlpC1 and NlpC2 are presented in this chapter.  
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4.2! Results 

4.2.1! Amplification and cloning 

The ORFs encoding NlpC/P60 in T. vaginalis were amplified by PCR and cloned 

into the pET47b expression vector using a ligation independent cloning method. This was 

successful and plasmids containing the inserts were verified by DNA sequencing. 

4.2.2! Solubility trials and Large-scale protein expression 

NlpC constructs were transformed into E. coli BL21 (DE3) or E. coli LOBSTR 

cells (see 2.17.1). To assess their solubility, NlpC1-9 proteins were expressed in LB 

media, supplemented with 25 µg/ml kanamycin, and induced at an OD600 of #0.6 with 0.5 

mM IPTG at 18 °C and 28 °C (see 2.17.1). The cells were then harvested by 

centrifugation, resuspended in lysis buffer and lysed chemically by the addition of Bper 

(Pierce bacterial lysis reagent). Cellular debris was removed by centrifugation and the 

supernatant collected. A small immobilised metal affinity chromatography (IMAC) pull-

down was carried out. Analysis of the results by SDS-PAGE revealed the presence of 

soluble protein expression for NlpC1, NlpC2, NlpC4, NlpC5, NlpC7 and NlpC9, with a 

higher soluble expression being observed at 18 °C (Figure 4.1). The constructs NlpC1, 

NlpC2 and NlpC7 were subsequently used for large-scale expression and purification. 
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!

Figure 4.1 Expression and solubility screening of the NlpC/P60 proteins 
Small scale pull down assay showing the expression of soluble NlpC/P60 proteins in different 
temperatures. (A) NlpC1-NlpC5. (B) NlpC6-NlpC9. The black dashed box highlights expressed 
bands. Molecular weight standards (kDa) are shown on the left. 

!

Large-scale expressions were carried out using a 1:200-fold dilution of a small 

overnight expression culture into 750 ml of LB media supplemented with 25 µg/ml 

kanamycin to a total volume of 3 L. Cells were harvested by centrifugation (4,000 g at 4 

°C for 30 min) and resuspended in 20 mM Tris/HCl [pH 7.8] (see 2.17.2). 

!

!
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4.2.3! Purification 

NlpC1, 2 and 7 proteins were purified by IMAC, lysate was loaded onto a Ni-

NTA column and the protein was eluted using a gradient of 0-300mM imidazole (see 

2.17.5). The supernatant, flow-through and elution fractions were analysed on SDS-PAGE 

(Figure 4.2) and fractions containing the protein of interest were pooled and dialysed 

overnight into 20 mM Tris/HCl [pH 7.8] with 25 mM NaCl. The N-terminal His-tag was 

removed with co-incubation of 3C protease during the dialysis step, prior to further 

purification by anion exchange and size exclusion chromatography. 

The anion exchange chromatogram of the recombinant proteins displayed a single 

peak. The peak fractions were analysed by SDS-PAGE and fractions containing NlpC 

proteins were selected and pooled prior to size exclusion chromatograph (SEC) 

purification (Figure 4.2).  

For further purification by SEC (see 2.17.7), recombinant proteins were 

concentrated to a volume of approximately 1 ml and injected onto a HiLoad 16/60 

Superdex 75 (GE Healthcare). All proteins eluted as a single symmetric peak with a 

retention volume of 67.5-78.5 ml. The peak fractions were analysed by SDS-PAGE and 

the purified proteins were concentrated and stored at -80 °C. Together the SDS-PAGE 

analyses and the SEC chromatograms showing a single symmetric peak for the NlpC 

proteins, indicate successful purification of highly pure proteins (Figure 4.2).  

! !
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!

 
Figure 4.2 Purification of the NlpC/P60 proteins 
(A) Fractions of IMAC purification step analysed on SDS-PAGE gel. WC, whole cell; FT, flow 
through; WS, wash; E, elution. Chromatograms and accompanying SDS-PAGE gels obtained from 
the IEX using a ResourceQ 6 ml column (B) and SEC purification step using a Superdex S75 16/60 
column (C). Analysed fractions are indicated by black bars.! !
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4.2.4! Crystallisation and structure solution 

4.2.4.1! NlpC1 

Initial crystallisation screenings of NlpC1 were carried out using an Oryx4 

crystallisation dispensing system as a sitting drop vapour diffusion experiment, in 96-well 

format at a protein concentration of 16 mg/ml (see 2.19). Rod shaped crystals of NlpC1 

formed in Morpheus Screen (Gorrec, 2009) condition A1 (10 % PEG 20K, 20 % PEG 550, 

0.03M DC, pH 6.5) after three days at 18 °C (Figure 4.3). As conditions from the 

Morpheus screen contain sufficient cryo-protectant, crystals were harvested and directly 

frozen by plunging into liquid nitrogen.  

 
Figure 4.3 Crystallisation and X-ray diffraction of NlpC1  
NlpC1 was crystallised by hanging drop vapour diffusion. Crystals grew over 3-days and were 
harvested for X-ray diffraction experiments. Crystals of NlpC1 diffracted to 1.5Å resolution using 
our home source X-ray kit. 

 

An initial X-ray diffraction dataset was collected using the home source to a 

resolution of 1.86 Å. Crystals of NlpC1 were subsequently sent to the Australian 

Synchrotron where they diffracted to a resolution of 1 Å (see Table 4.1 for data collection 

statistics).  
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!

Table 4.1 Data collection and refinement statistics 

Values in brackets are for the outermost resolution shell or total number of amino acid residues. 

!
Initial attempts to determine the structure by molecular replacement were 

unsuccessful. To facilitate solution of the crystallographic phase problem, selenium 

substituted methionine (SeMet) was incorporated into NlpC1 using the inhibition method 

in PASM-505 media as described by Studier, (2005) (see 2.17.3). SeMet-substituted 

protein was expressed and purified as described for the native protein and purification 

chromatograms displayed peaks similar to native NlpC1 protein. Following purification, 

Crystallisation+and+data+collection

Name/PDB)id NlpC1MX NlpC2
Space)group P21221 P1
a,)b,)c)(Å) 53.1)70.1)80.0 36.8)99.0)102.8
α,)β,)!)(�) 90.0)90.0)90.0 115.0)96.2)94.2
Beamline MX1 Rotating)anode
Data Native SeMet
Wavelength)(Å) 1.5418 1.5418 0.9537 1.5418
Resolution)range)(Å) 44.33P1.86(1.9P1.86) 29.24P1.54(1.57P1.54) 21.4P1.2(1.22P1.2) 50.9P2.3(2.37P2.3)
No.)of)observations 183271(7185) 252839(8758) 663880(31317) 154350(10464)
No.)of)unique)reflections 25504(1152) 43999(1744) 94028(4588) 53546(4164)
Completeness)(%) 98.2(73.3) 98.8(81) 100(100) 93(89.3)
Multiplicity 7.2(6.2) 5.7(5.0) 7.1(6.8) 2.9(2.5)
Mean)�/σ)(�) 14.7(3.7) 14.1(4.1) 9.7(1.7) 6.9(2)
Rpim)(%) 4.0(18.9) 3.0(11.2) 5.6(53.8) 7.3(32.7)

Model+and+refinement+statistics

Resolution)range)(Å) 29.0P1.54 21.3P1.2 35.6P2.3
No.)of)reflections)(total) 43961 93974 53533
No.)of)reflections)(test) 4124 8843 4852
Rcryst)(%) 15.39 16.3 19.8
Rfree)(%) 17.53 19.1 24.1

Stereochemical+parameters

Rmsd)bond)lenghts)(Å) 0.003 0.012 0.006
Rmsd)bond)angles)(ᴼ) 0.676 1.205 0.803
MolProbity)score
All)atom)clash)score 2.02 0.67 1.84
Ramachandran)plot)(%) 97.16 97.17 95.9
Rotamer)outliners)(%) 0.81 0 2.1

No.)of)nonPH)atoms
Protein 2267)(275) 2267)(275) 8438)(1056)
Waters 516 422 571
Total 2783 2689 9009

Average)isotropic)BPvalue)(Å²)
Protein 16.28 13.27 33.7
Water 28.94 25.6 25.8

No.)of)protein)residues/chains)in)
ASU 275/1 275/1 1056/4

NlpC1
P21221

)90.0)90.0)90.0
Rotating)anode

53.1)70.0)79.9
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SeMet incorporation was confirmed by mass spectrometry. SeMet NlpC1 crystallisation 

was carried out as described previously for native protein, using only the condition that the 

native crystal grew in. Crystals were formed after three days. Crystals were then harvested 

and X-ray diffraction data collected from the home source to a resolution of 1.54 Å. The 

diffraction data was processed in Mosflm (Battye et al., 2011) and AIMLESS (Evans and 

Murshudov, 2013). The crystal structure of NlpC1 was determined in the orthorhombic 

space group P21221 with one molecule per asymmetric unit using isomorphous 

replacement.  

The structure of NlpC1 was determined by single isomorphous replacement (SIR) 

using the Native and SeMet datasets collected on the home source X-ray set. The 

Selenium positions were identified and initial phases determined using the SHELX C/D/E 

pipeline in the CCP4 suite. 6 out of 6 expected selenium sites were identified. Phases were 

then used to build an initial model in Phenix.autobuild (Adams et al., 2002). The model 

from the home source data was used as molecular replacement model to solve the higher 

resolution synchrotron dataset. 

Subsequently, the model was manually rebuilt using iterative rounds in Coot 

(Emsley and Cowtan, 2004) and refined using phenix.refine (Adams et al., 2002). The 

models were validated using MolProbity (Davis et al., 2004). The home source SeMet 

NlpC1 was refined using data to 1.54 Å and an Rcryst of 15.39 % and Rfree of 17.53 %, 

where the synchrotron source was refined using data to 1.2 Å and an Rcryst of 16.3 % and 

Rfree of 19.1 %. Both models have good geometry, showing all residues in allowed 

regions, with 97.16 % and 97.17 %, in favoured regions, according to the Ramachandran 

plots produced by MolProbity (Davis et al., 2004). The final models contained 275 

residues and 516 and 422 solvents, respectively. Data collection and refinement statistics 

are presented in Table 4.1. 

4.2.4.2! NlpC2 

The initial crystallisation screenings with NlpC2 were carried out as previously 

described for NlpC1, at a protein concentration of 14.5 mg/ml (see 2.19). Rod shaped 

crystals formed after three days at 18 °C in Robot Screen 1 condition F9 (0.2 M 

ammonium fluoride, 20 % PEG 3350). Crystals were harvested and transferred to a drop 

of cryo-protectant (mother liquid with 20 % glycerol) prior to freezing in liquid nitrogen. 

An X-ray dataset was collected from the home source to a resolution of 2.3 Å. The 
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diffraction data was processed in Mosflm (Battye et al., 2011) and AIMLESS (Evans and 

Murshudov, 2013).  

The structure of NlpC2 was solved by molecular replacement using the NlpC1 

structure as a model. The crystal structure of NlpC2 was determined in the triclinic space 

group P1 with four molecules in the unit cell. 

NlpC2 model was built, refined and validated as described previously (see above 

and 2.20). NlpC2 was refined using data to 2.3 Å and an Rcryst of 19.8 % and Rfree of 24.1 

%. The final model contained 1056 residues and 571 solvents. Ramachandran plots 

produced by MolProbity (Davis et al., 2004) showed residues with 95.9 % in favoured 

regions and 2.1 % outliers. Data collection and refinement statistics are in Table 4.1. 

4.2.4.3! NlpC7 

The initial crystallisation screenings with NlpC7 were carried out as previously 

described for NlpC1, at 50 mg/ml and 34 mg/ml (see 2.19). Needle shaped crystals 

appeared after 10 days at 18 °C in Robot Screen 1 condition G6 (40 % (v/v) PEG 300, 0.2 

M Ca(OAc)2, 0.1 M cacodylate pH 7.0) at 50 mg/ml. To improve crystal quality a fine 

grid screen was carried out by hanging drop vapour diffusion with varying precipitant 

concentrations. In addition, microseeding, where small fragments of the initial 

crystallisation are used to seed crystal growth, was used to try and improve the initial 

crystals. Unfortunately, no crystals were obtained after several days. A new crystallisation 

trial was carried out as previously described, however, the concentration was lowered to 

17 mg/ml. This concentration was chosen as it proved successful in forming crystals with 

NlpC1 and NlpC2 and taking into account that the NlpC1, NlpC2 and NlpC7 proteins are 

related and have shown to behave in a similar way throughout the purification. Again, no 

crystals could be obtained. Several crystallisation screening trials with different protein 

concentration were carried out without success. Although NlpC7 was shown to be highly 

expressed and soluble, all the attempts to grow crystals failed. To address this issue, new 

crystallisation trials in different conditions and different protein concentrations are going 

to be carried out. In addition, a new plasmid is being constructed and new crystallisation 

trials will be carried out. 

As NlpC1 and NlpC2 share a high sequence identity and are expected to have 

similar structures, the structure description and analyses will focus on NlpC1, unless 

specified otherwise. 
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4.2.5! The structure of NlpC1 

NlpC1 crystallised as a monomer with only one molecule in the asymmetric unit 

consisting of a total of 275 amino acids and 422 water molecules. The entire molecule is 

well defined and has a final density map of excellent quality.  

The structure of NlpC1 is composed of 4 α-helices and 19 β-strands and consists 

of three domains, two N-terminal SH3b (SH3b1, residues 16-80 and SH3b2, residues 81-

142) and a C-terminal NlpC/P60 catalytic domain (residues 150-275) (Figure 4.4). The 

presence of a second SH3b domain is a striking feature in the structure of NlpC1, as this 

second SH3b domain was not identified in the primary sequence. The SH3b domains have 

the characteristic beta-barrel fold consisting of antiparallel β-strands, 7 in SH3b1 and 6 in 

SH3b2, packing against each other and forming two β-sheets. A short α-helix (α1) is 

located after β6 in SH3b2. The SH3b domains are similar with an RSMD of 1.70 Å for 57 

aligned residues and a sequence identity of 18 %. The C-terminal catalytic domain, adopts 

the typical papain-like fold present in all NlpC/P60 members, with an α + β-fold 

consisting of three α-helices and 5 antiparallel β-strands. A sixth β-strand is located 

between the first and second α-helices (α2 and α3) of this domain. The three NlpC1 

domains are arranged in a triangle, with the first SH3b domain packing against the α3 

secondary structure in the NlpC domain. The second SH3 domain packs between the first 

and last domain with side chains of L115 and F117 interacting with the side chains of I17 

in β1 and H52 in β4 from the first SH3 domain. Additionally, R118 in the second SH3b 

domain forms a salt bridge with D191 in the NlpC/P60 domain. There is a short linker 

between the SH3b domain and the NlpC/P60 domain. The domains are tightly packed with 

no solvent visible in the interface. 

  



 

 

 
!

Figure 4.4 Structure of NlpC1 
The structure of Nlpc1 was determined by single isomorphous replacement with Se-Met substituted protein and refined at a resolution of 1.2 Å to an 
Rcryst/Rfree of 16.3/19.1. Cartoon representation of the overall structure of NlpC1 is colour coded. The structure displays the SH3b1 (light orange), the 
SH3b2 (light blue) at the N-terminus and the NlpC/P60 catalytic domain (purple) at the C-terminus. Helices and ! strands are labelled. 
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4.2.5.1! The N-terminal SH3 domains 

The typical SH3 domain contains 5 antiparallel β-strands arranged in a !-barrel 

and a short 310 helix. Three loops have been identified that form the basis for substrate 

binding in eukaryotes. These loops are the RT loop between β2 and β3, the n-Src between 

β4 and β5 and a distal loop between β5 and β6 (Kamitori and Yoshida, 2015; Lu et al., 

2006). There is a hydrophobic patch on the surface of the molecule composed of 

conserved aliphatic and aromatic residues and surrounded by 2 charged and variable loops 

(RT loop and n-Src), and forms the ligand-binding pocket of the domain (Booker et al., 

1993; Cohen et al., 1995; Kohda et al., 1993; Koyama et al., 1993; Musacchio et al., 

1992a, 1994; Pawson and Schlessingert, 1993; Yu et al., 1994). The structure of SH3b 

domains is similar to other SH3 domains in eukaryotes, however, the RT loop contains 

additional amino acid residues, which form β-strands and/or α-helices and secondary 

structures (Kamitori and Yoshida, 2015). 

The SH3b1 domain contains seven antiparallel β-strands arranged in a !-barrel. 

The presence of additional amino acids in the RT loop region forming β-strands or α-

helices is a common feature in SH3b domains (Kamitori and Yoshida, 2015). A β-hairpin 

(β2-β3) packing against β6 can be observed in this domain, where β2 interacts with β6 via 

hydrogen bonds, giving the long RT loop its closed conformation. The SH3b2 contains six 

antiparallel β-strands and is similar to SH3b1 in structure, also displaying a long RT loop 

forming the conserved structural motif (β-hairpin). However, SH3b2 contains a short α 

helix (α1), located after β13, which is absent in SH3b1. 

4.2.5.2! The NlpC/P60 domain 

The C-terminal NlpC/P60 domain of NlpC1 has the typical papain-like fold, with 

a mixed α + β topology of α2-β14-α3-α4-β15-β16-β17-β18-β19 where the three α-helices 

are located between the SH3b1 domain and the β-sheet. The NlpC/P60 domain has a 

conserved catalytic triad common to NlpC/P60 members composed of a cysteine 

(Cys179), a histidine (His234) and another polar residue, in this case a histidine (His246). 

The catalytic cysteine is located at the N-terminus of the second α-helix (α3) and the 

histidines are located at the N-terminus of the second β-strand (β16) and the C-terminus of 

the third β-strand (β17) of the β-sheet, respectively.  

The catalytic triad is sitting in an open T-shaped groove with the main groove 

running from the loops connecting β18-β19 to the interface between the catalytic domain 
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and SH3b1. The main groove is enclosed by the N-terminal of β16 and the N-terminal of 

α4 on one side and the C-terminal of β17 and the loop connecting β14-α3 on the other 

side. The cross of the T runs along the interface between SH3b1 and the NlpC/P60 

domain, being delimited by the strands of the RT loop β2 and β3 and the distal loop 

(Figure 4.5).  

!



 

 

!

 
!

Figure 4.5 The protein active site is located in a prominent T-shaped groove  
Surface representation of the substrate binding pocket around the open active site showing the catalytic cysteine (Cys179), histidine (His234) and histidine 
(His246) as sticks.  
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4.2.6! Structural comparison to other NlpC/P60 proteins 

4.2.6.1! Overall structure 

To further investigate the structure and function of NlpC1, the structure was 

compared with all known structures in the PDB using the PDBefold server (Krissinel and 

Henrick, 2005). The PDBefold server did identify NlpC domains with additional domains 

including SH3 domains. However, it was unable to identify proteins with the same 

arrangement of domains ie. the SH3 domains are in a different relative position compared 

to the NlpC domain in other known structures (Figure 4.6). The closest similar 

substructures found were cyanobacterial orthologues NpPCP from Nostoc punctiforme 

(PDB ID codes 2evr and 2fg0) with RSMD of 3.40 Å and 3.05 Å for 156 and 143 aligned 

C! atoms and a sequence identity of 18 % and 21 %, respectively and AvPCP from 

Anabaena variabilis (PDB ID code 2hbw), with RSMD of 3.03 Å for 142 aligned C! 

atoms and a sequence identity of 23 %. Interestingly, NlpC/P60 structures that possess two 

SH3 domains fused to the C-terminal catalytic NlpC/P60 domain such as Bacillus cereus 

BcYkfC (PDB ID code 3h41), cell wall lysin DvLysin from Desulfovibrio vulgaris (PDB 

ID code 3M1U), BtYkfC from Bacteroides thetaiotaomicron (PDB ID codes 3PVQ and 

4R0K) and BoYkfC from Bacteroides ovatus (PDB ID code 3NPF) have only a sequence 

identity of 24 % with RSMD of 2.52 Å for 136 aligned C! atoms (for 3h41) or are not 

even present in the similarity analysis. 

!



 

 

 
!

Figure 4.6 Structural comparison of NlpC1 to other NlpC/P60 proteins 
Structure comparison of SH3b-NlpC/P60 fusion proteins and NlpC1. NpPCP from Nostoc punctiforme (PDB ID codes 2evr and 2fg0), AvPCP from 
Anabaena variabilis (PDB ID code 2hbw) and Bacillus cereus BcYkfC (PDB ID code 3h41). The structures are shown in the same orientation with equivalent 
domains shown in the same colour. Domains are labelled in NlpC1 structure. 
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4.2.6.2! SH3 domain 

Unsurprisingly, structural similarity searches revealed the N-terminal SH3 

domains of NlpC1 to be similar to other prokaryote SH3b domains and eukaryote SH3 

domains (Figure 4.7). Interestingly, the NlpC1 SH3b domains display structural 

similarities to cell wall targeting domain ALE-1, AvPCP SH3 domain and BcYkfC SH3b1 

domain (PDB ID code 1R77, 2HBW and 3H41, respectively) (Figure 4.7). ALE-1 has 

been reported to bind to the peptidoglycan interpeptide bridge, having high affinity for 

pentaglycine and the SH3b domains of AvPCP and BcYkfC have been shown to 

participate in the substrate specificity interacting with the NlpC/P60 catalytic domain and 

contributing to the formation of the pocket for substrate binding (Lu et al., 2006; Xu et al., 

2009, 2010). Although sequence identity is low in all three cases (5%, 10% and 7%, 

respectively), 60 C! residues can be structurally aligned with an RSMD of 2.37 Å (ALE-

1), RSMD of 2.16 Å for 59 aligned C! atoms (AvPCP) and RSMD of 1.60 Å for 57 

aligned C! atoms (BcYkfC). All SH3 domains, with the exception of BcYkfC, have the 

conserved β-hairpin (β2-β3) packing against β6 in the RT loop region. The N-Src loops 

have small differences whereas the distal loops differ largely in these domains. Despite the 

differences found in the loops structures, the distance between the RT loop and the N-Src 

is consistent throughout these domains. The absence of the characteristic 310 helix in the 

Nlpc1 SH3 domain is also seen in the ALEC-1 SH3 domain. This 310 helix is normally 

localised between the last two β-strands and found in other SH3 members, including 

AvPCP and BcYkfC. 

! !
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Figure 4.7 SH3 domains structural comparison 
Structural comparison between the SH3b domain of NlpC1, ALE-1 (PDB ID code 1r77), AvPCP 
(PDB ID code 2hbw), BcYkfC (PDB ID code 3h41) and eukaryotic SH3 domain 1ynz. The five 
structures are shown in the same superimposed orientation. The secondary structure elements are 
labelled in NlpC1. 

!

4.2.6.3! NlpC/P60 domain 

Structural similarity searches revealed that the highest similarities were to two 

uncharacterised Mycobacterium avium proteins (PDB codes 3i86 and 3gt2), the non-

catalytic peptidoglycan binding RipD from Mycobacterium tuberculosis (Böth et al., 

2014) and the lipoprotein Spr from E. coli (Aramini et al., 2008). The NlpC1 NlpC/P60 

catalytic domain can be superposed to the catalytic domain of the cell wall hydrolase Spr 

from E. coli (PDB code 2K1G) with a RSMD of 2.27 Å for 117 aligned C! atoms and a 

sequence identity of 28%. Interestingly, the NlpC1 catalytic domain can also be 

superposed with endopeptidases such as BcYkfC from Bacillus cereus (PDB code 3H41) 

with a RSMD of 1.22 Å for 116 aligned C! atoms and a sequence identity of 28%, NpPCP 

from Nostoc punctiforme (PDB codes 2fg0 and 2evr) with a RSMD of 1.50 Å and 1.43 Å, 

respectively, for 115 aligned C! atoms and a sequence identity of 26% in both cases and 

AvPCP from Anabaena variabilis (PDB code 2HBW) with a RSMD of 1.46 Å for 116 
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aligned C! atoms and a sequence identity of 29% (Figure 4.8). Due to the similarities 

between the catalytic domain in NlpC1 and other endopeptidases and the strictly 

conserved active site residues, it is expected that the catalytic domain in NlpC1 will have 

similar activity. 

!



 

 

 
!

Figure 4.8 Structural comparison of the catalytic domain of NlpC1 
Structural comparison of the catalytic domains of NlpC1 and other NlpC/P60 proteins. Top panel shows NlpC1, cell wall hydrolase Spr from E. coli (PDB 
code 2k1g) and BcYkfC from Bacillus cereus (PDB ID code 3h41). Bottom panel shows NpPCP from Nostoc punctiforme (PDB codes 2fg0 and 2evr) and 
recycling enzyme AvPCP from Anabaena variabilis (PDB ID code 2hbw). The structures are shown in the same orientation of their catalytic domains. 
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4.2.6.4! Binding groove 

Crystal structures of other NlpC/P60 proteins with known enzymatic activity can 

bring insights into substrate specificity, therefore a comparison between the binding 

groove of these enzymes and NlpC1 was undertaken. AvPCP from Anabaena variabilis 

(PDB ID code 2hbw), BcYkfC from Bacillus cereus (PDB ID code 3h41), DvLysin from 

Desulfovibrio vulgaris (PDB ID code 3m1u), BoYkfC from Bacteroides ovatus (PDB ID 

code 3npf) and RipAc and RipB from Mycobacterium tuberculosis (PDB ID codes 3pbc 

and 3pbi) were chosen for their known binding specificity. Structural comparisons 

revealed that the binding groove of NlpC1 is similar to RipAc and RipB (Figure 4.9). The 

grooves in NlpC1, RipA and RipB structures are open and accessible, having a T-shape, 

with the catalytic triad sitting in the main groove. In contrast, the grooves of the other 

structures form a restricted pocket, with a smaller binding surface area. 

!



 

 

 
!

Figure 4.9 Surface groove comparisons 
Comparison of NlpC1 binding groove surface with other NlpC/P60 proteins with known enzymatic function. Top panel shows NlpC1 and D, L-endopeptidases 
RipA and RipB from Mycobacterium tuberculosis (PDB ID codes 3pbc and 3pbi). Bottom panel shows lysin DvLysin from Desulfovibrio vulgaris (PDB ID 
code 3m1u) and recycling enzymes AvPCP from Anabaena variabilis (PDB ID code 2hbw), BcYkfC from Bacillus cereus (PDB ID code 3h41) and BoYkfC 
from Bacteroides ovatus (PDB ID code 3npf).  

3h412hbw3m1u3npf

NlpC1 3pbi 3pbc



Chapter 4 Structural determination of NlpC1 and NlpC2 

 87 

4.2.7! The structure of NlpC2  

Unlike NlpC1, the crystal of NlpC2 contains four identical molecules in the unit 

cell. Each monomer can be overlaid with an RMSD of 0.28 Å for 265 Cα atoms. NlpC2 

crystal structure has a total of 1056 residues and 571 water molecules. The whole 

molecule is well defined possessing a good quality final density map, with the exception 

of residues 99-100 on chain D which were omitted due to the lack of electron density 

(Figure 4.10). Similarly, the first 15 residues are not visible in the electron density map. 

Each monomer is composed of 5 α-helices and 19 β-strands and the architecture 

of the domains are highly similar to NlpC1 (Figure 4.10). Short α-helices (α1 and α2) are 

located between β6-β7, for α1, and immediately after the last β-strand (β13), for α2, in 

SH3b1 and SH3b2, respectively. The SH3 domains are similar with an RSMD of 1.63 Å 

for 57 aligned residues and a sequence identity of 18 %. The NlpC/P60 domain presents 

an α + β fold common to NlpC/P60 members with a topology of α3-α4-α5-β14-β15-β16-

β17-β18, where α3-α4-α5 are located between the SH3b1 and the β-sheet. NlpC2 catalytic 

triad of the peptidase domain consists of Cys179, His234 and His246. The three NlpC2 

domains are arranged in a triangle.   

! !



 

 

 
!

Figure 4.10 Structure of NlpC2 
Cartoon representation of the three-dimensional structure of NlpC2 is colour coded. NlpC2 contains four identical molecules in the unit cell (left). The 
structure displays the SH3b1 (cyan), the SH3b2 (deepblue) at the N-terminus and the NlpC/P60 catalytic domain (gray90) at the C-terminus. A single 
molecule is located at the right side with helices and ! strands labelled (right). 
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4.2.8! Comparisons of NlpC1 and NlpC2 structures 

NlpC1 and NlpC2 are of equal length and are highly homologous, with a 

sequence identity of 91% and an RSMD of 0.82 Å for 258 aligned C! atoms. Both 

structures have SH3b1-SH3b2-NlpC/P60 arrangement. However, NlpC2 contains four 

identical molecules in the asymmetric unit compared to one molecule in the asymmetric 

unit for NlpC1. 

The SH3b1 domain in both structures consists of seven antiparallel β-strands. 

However, the NlpC2 SH3b1 domain presents a short α-helix located between β6-β7 that is 

not present in NlpC1. The long RT loop of NlpC1 and NlpC2 are basically identical, 

presenting additional amino acids in the region which form two β-strands (β2-β3). In both 

structures the β-hairpin (β2-β3) packs against β6, giving the long RT loop a closed 

conformation. The SH3b2 of NlpC2 contains six antiparallel β-strands and is similar to 

NlpC1 SH3b2 in structure, also displaying a long RT loop forming the conserved β-

hairpin motif. However, a small difference in the RT loop conformation can be observed 

between these domains in the two structures (Figure 4.11). 

! !



 

 

 
Figure 4.11 Structural comparison of NlpC1 and NlpC2 
Comparison shows structures of NlpC1 and NlpC2 in the same orientation. Small differences can be observed due to a difference in 21 residues. Secondary 
structures and domains are labelled in both structures. 
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The catalytic domains in NlpC1 and NlpC2 are almost identical, displaying a 

sequence identity of 87 % for 126 aligned C! atoms and an RSMD of 0.49 Å. The 

catalytic residues are highly conserved displaying the same position in the primary 

sequence and the same arrangement in the structure (Figure 4.11). Although the active 

sites of NlpC1 and NlpC2 are strictly conserved, a structural difference can be observed in 

the binding pocket. It is interesting to note that the catalytic residues for NlpC1 are located 

under a T-shaped groove whereas in NlpC2 the same groove has an extension to its left 

side close to the catalytic triad position (Figure 4.12). Interestingly, the binding groove of 

NlpC1 is slightly more restricted than that of NlpC2. Due to their high sequence identity 

and strictly conserved nature of the catalytic residues, it is likely that NlpC1 and NlpC2 

present similar activities. However, due to the difference observed in the binding pocket of 

the two structures, there may be a difference in substrate binding. 

 
Figure 4.12 Comparison between NlpC1 and NlpC2 grooves 
Surface representation of the substrate binding pocket of both structures around the open active 
site showing the catalytic cysteine (Cys179), histidine (His234) and histidine (His246) as sticks. 
Structures are shown side by side in the same orientation. NlpC1 shows a T-shaped open groove 
with the cross of the T running along the interface between SH3b1 and the NlpC/P60 domain. 
NlpC2 shows an open groove similar to NlpC1, with an additional groove on its left side. Arrows 
shows grooves in both structures. 
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4.3! Discussion 

The structures of NlpC1 and NlpC2 have been determined at 1.54 Å and 2.3 Å 

respectively. The structures revealed the typical papain-like fold with its conserved 

catalytic triad that is present in NlpC/P60 members. Additionally, both structures possess 

two SH3 domains fused to the catalytic NlpC/P60 domain.  

The presence of SH3 domains fused to NlpC/P60 domains has been reported 

previously (Machata et al., 2005; Xu et al., 2009, 2010). According to Vollmer et al, 

(2008b) cell wall binding domains are often fused to catalytic domains in hydrolytic 

enzymes that degrade high molecular weight substrates, providing additional support and 

enhancing enzymatic activity. This also applies to peptidoglycan hydrolases where the 

presence of domains such as SH3, LysM and choline-binding have been reported. A 

number of studies have reported the activity of SH3b domains in peptidoglycan 

hydrolases, corroborating this hypothesis (Eldholm et al., 2010; Lu et al., 2006; Xu et al., 

2009, 2010).  

An unexpected outcome observed in the structures of both proteins (NlpC1 and 

NlpC2) was the presence of a second SH3 domain, as this domain was not observed in the 

sequence. The presence of tandem SH3b domains have been previously reported in a 

variety of proteins (Eldholm et al., 2010; Rolain et al., 2012, 2013, Xu et al., 2010, 2015). 

However, to date, almost all studies in SH3 domains have focused in single domains. 

Regulatory proteins normally contain tandem modular interaction domains that augment 

the affinity and specificity of binding to other domains, which could possible explain the 

incidence of more than one SH3 domain in the same molecule. The presence of tandem 

SH3 domains could be a mechanism to regulate SH3 interactions by the cell (Azuaga and 

Atienza, 2015). Nevertheless, Xu et al, (2010) suggested that the second SH3 domain is 

nonessential and might be lost in evolution over time. 

The SH3 domains are well studied in eukaryotes and recently reported in 

prokaryotes (SH3b). The SH3b domains presented here had well conserved major 

structural elements such as the five β-strands and the long RT loop, with the additional 

amino acids forming two extra β-strands. SH3b domains have been reported to act as 

binding domains and thought to aid bacterial invasion into eukaryotic cells by binding to 

target cell receptors or modulating pathways to promote bacterial survival in invaded cells 

(Lu et al., 2006; Whisstock and James, 1999). Moreover, a number of studies have 
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reported the involvement of SH3 domain-containing bacterial proteins in the virulence of 

several pathogens (Eldholm et al., 2010; Manabe et al., 2005; Marino et al., 2002; Wylie 

et al., 2005). Structural analyses revealed that despite low sequence identity, the SH3b 

domains of NlpC1 and NlpC2 are structurally similar to the SH3b bacterial domains of 

AvPCP, BcYkfC and ALE-1, which have been reported to play roles in substrate 

specificity and binding. AvPCP and BcYkfC have been shown to interact with the 

catalytic domain, where a ligand was detected in the interface between the SH3 and 

catalytic domains (Xu et al., 2009, 2010). ALE-1 is an endopeptidase where the SH3 

domain has high affinity to the cross bridge in Staphylococcus aureus, suggesting that the 

SH3 domain is functionally important for bacteriolytic activity (Lu et al., 2006). The 

overall structure of the SH3b domains of NlpC1 and NlpC2 are similar to other bacterial 

SH3 domains (Figure 4.5). The RT loop and n-Src loop are in close proximity, in 

agreement with what is observed in other SH3b domains. The closed formation between 

the RT loop and n-Src loop is due to an interaction between conserved residues (normally 

Pro29 and Trp67) and is characteristic to SH3b domains, which indicate that these 

domains function in a different manner compared to their eukaryote counterparts 

(Kamitori and Yoshida, 2015). Given the similarities observed for the SH3b domains 

present in T. vaginalis and the SH3b domains used in the analysis, it is likely that these 

domains might function in a similar way. 

The catalytic NlpC/P60 domain in both proteins (NlpC1 and NlpC2) present the 

typical α + β fold common to NlpC/P60 members. The catalytic residues are strictly 

conserved (Cys179, His234, His246), having the same position in the sequence. In the 

NlpC/P60 superfamily the catalytic residues are located in the N-terminus of the 

conserved second α-helix (Cys), the N-terminus of the second β-strand in the sheet (His) 

and the C-terminus of the following β-strand (polar residue), with a circular permutation 

of the catalytic residues in two families (Anantharaman and Aravind, 2003). In the 

previous chapter, the T. vaginalis NlpC/P60 genes were reported to be related to P60-like 

members. The position of the catalytic triad in the structure of NlpC1 and NlpC2 shows 

that the catalytic triad presents its original position, revealing that indeed these two 

members are related to P60 members, being closer related to bacterial as opposed to 

eukaryotic NlpC/P60 proteins.  

NlpC1 and NlpC2 present similar elongated opened binding grooves with two 

cavities (Figure 4.10). Structural analysis revealed that the binding groove of NlpC1 is 
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different to other NlpC/P60 proteins displaying fused SH3 domains (BcYkfC, AvPCP and 

BoYkfC) but is similar to Mycobacterium tuberculosis RipA and RipB (Figure 4.6). 

BcYkfC, AvPCP and BoYkfC are NlpC/P60 endopeptidases reported to have affinity for 

stem peptides with an N-terminal L-Ala. These enzymes are suggested to function as 

recycling enzymes and present a well-defined binding groove with a very restricted 

binding pocket (Xu et al., 2009, 2010, 2015). RipA and RipB have been reported to be 

active for peptidoglycan and peptidoglycan fragments from Bacillus subtilis (Böth et al., 

2011). These enzymes are NlpC/P60 endopeptidases that cleave between the D-Glu and 

m-DAP peptides of the peptide chain, possessing an elongated groove with two cavities 

that can easily accommodate the peptidoglycan with its stem peptide chain attached (Böth 

et al., 2011). The first cavity allows for interaction with the carbohydrate chain while the 

second cavity allows the interaction with the distal end of the stem peptide and possibly 

the crosslinked bridge if existent.  

The NlpC1 binding groove differs from RipA and RipB in where the second 

cavity is located (Figure 4.6). In NlpC1 this cavity is bordered by the SH3b1 domain, 

forming an extended cavity running along the SH3b1 and the catalytic domain interfaces. 

As previously mentioned, SH3b domains have been reported as auxiliary domains that can 

bind to peptidoglycan and aid enzyme function, therefore it is reasonable to suggest that it 

is most likely the second cavity of the NlpC1 groove that accommodates the sugar chain 

of the peptidoglycan, allowing for a perfect accommodation of the stem peptide chain in 

the first cavity which can be in direct contact with the catalytic residues.  
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5.1! Introduction 

Although T. vaginalis has been implicated as a pathogen since 1916 (Lancet, 

1941), the exact mechanisms of pathogenesis remain poorly defined. As reviewed in 

Chapter 1, a number of virulence mechanisms are used by T. vaginalis to successfully 

colonize the host mucosa and maintain infection, such as cytoadherence, contact-

dependent and independent mechanisms, phagocytosis, haemolysis and the ability of the 

parasite to evade the host immune system (reviewed in Benchimol et al, 2015). However, 

very little attention has been given to the fact that T. vaginalis is not the only inhabitant of 

the human vagina.  As reviewed in Chapter 1, the vagina of a healthy premenopausal 

woman is colonised by specific bacteria, lactobacilli being the most prevalent and, very 

often, the dominant bacterial species. Lactobacilli provide a natural barrier against a 

number of urogenital pathogens (Spurbeck & Arvidson, 2011) and, potentially, 

T. vaginalis (Phukan et al., 2013). The nature of this microbial interaction and the 

biochemical processes underlying it are yet to be understood, but might be detrimental to 

the success of this infection. 

An intriguing finding that came out from the description of T. vaginalis genome 

was the presence of NlpC/P60 genes. As described in Chapter 3, these genes were found 

to belong to the P60-like family of proteins and were acquired via LGT from bacteria, 

suggesting that they are peptidoglycan hydrolases. Considering that T. vaginalis is a 

unicellular eukaryote (protozoan) and thus lacks a peptidoglycan cell-wall, it becomes 

puzzling what has driven the maintenance of these genes in the genome of this parasite 

during evolution. 

The P60-like family of proteins has been well-studied in other organisms (Böth et 

al., 2011; Fukushima et al., 2006; Haiser et al., 2009; Layec et al., 2008; Reinscheid et al., 

2001; Schubert et al., 2000). As previously mentioned, all characterised members of this 

family are cysteine peptidases, with the majority being reported as amidases or 

endopeptidases. Members are also known to have a signal peptide or a transmembrane 

region, indicating an extracellular location. In addition, the presence of domains such as 

SH3, LysM and choline-binding domains fused with the catalytic domain is also common 

(Anantharaman and Aravind, 2003). SH3b domains might play a diverse role, being 

reported in metal binding and predicted to act as target domains, aiding the recognition 

and binding of catalytic domains and possibly assisting in the interactions with the 

components that are associated with the cell wall (Anantharaman and Aravind, 2003; 
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Kamitori and Yoshida, 2015). Moreover, a number of studies have reported the 

involvement of SH3 domains in bacterial proteins in virulence of several pathogens 

(Manabe et al., 2005; Marino et al., 2002; Wylie et al., 2005). 

In Chapter 4, the structures of NlpC1 and NlpC2 were determined, revealing the 

presence of not only one SH3 domain, but two SH3 domains associated with the 

NlpC/P60 catalytic domain. Structural analysis revealed that the SH3 domains are similar 

to other bacterial SH3 domains. The catalytic NlpC/P60 domain adopts the typical papain-

like fold present in all NlpC/P60 members and is very similar to other P60 proteins, 

supporting the hypothesis these proteins are cell wall hydrolases. The catalytic triad is, in 

both structures, positioned in an open groove, suggesting the enzymes are likely to be 

functional.  

Loeffler et al, (2001) reported a case where a bacteriophage (P60-like member) 

possessed potent bacteriolytic activity cleaving the N-Acetylmuramyl-L-alanine linkage of 

the peptidoglycan, thus killing serotypes of pneumococci in seconds. Similar cases of cell 

wall hydrolases acquired by LGT from bacteria to eukaryotes and used by the recipient 

against its donor have been recently reported (Chou et al., 2015; Metcalf et al., 2014). It 

would be of interest to see if the T. vaginalis NlpC/P60 play a similar role to its bacterial 

counterparts and are used by the parasite to aid infection. 

To characterise the NlpC/P60 genes a variety of molecular and biochemical 

approaches, in conjunction with expression levels, localisation and activity of these 

enzymes were used to determine their biological function in T. vaginalis. 

5.2! Results  

5.2.1!  T. vaginalis NlpC/P60 enzymes are bacterial hydrolases that display 

specificity for tetrapeptides 

Based upon sequence alignment and phylogenetic analysis, the NlpC/P60 genes 

in T. vaginalis were identified to belong to the P60-like family of proteins (Chapter 3). All 

characterised members of the P60-like family are cell-wall hydrolases, with either D-γ-

glutamyl-meso-diaminopimelate or N-acetylmuramate-L-alanine specific cleavage sites. 

The majority of characterised members are D-L-endopeptidases, cleaving the peptide 

component of bacterial cell wall peptidoglycan (Anantharaman and Aravind, 2003).  
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The amino acid composition of the peptidoglycan differs in gram-positive and 

gram-negative bacteria and between species (Chapter 3). In many bacteria, the newly 

made peptidoglycan possesses a Pentapeptide chain consisting of D and L amino acids 

(for further details see chapter 3). This chain is then trimmed to a Tetrapeptide by removal 

of the last D-ala (and sometimes tripeptides) by carboxypeptidases during maturation of 

the peptidoglycan. This carboxypeptidase activity is poor in some species and in 

carboxypeptidase mutants of E. coli or Bacillus subtilis, conferring a higher level of 

Pentapeptides in their peptidoglycan (Vollmer et al., 2008a, 2008b). Normally the wild 

type E. coli has 97-99 % Tetrapeptide and 1-3 % Pentapeptide in the peptidoglycan while 

the E. coli mutant has 10-20% Tetra peptide and 80-90 % Pentapeptide in the 

peptidoglycan (Peters Kannan et al, 2016 and personal communication by Waldemar 

Vollmer). 

His-tagged proteins NlpC1, NlpC2 and NlpC7 were expressed in E. coli cells and 

purified, taking careful measures to avoid the use of protease inhibitors (see 2.17.5-

2.17.7). The quantity and quality of these proteins were assessed by UV absorbance and 

mass spectrometry. In collaboration with Dr. Waldemar Vollmer’s group (Institute for 

Cell and Molecular Biosciences, Newcastle University, UK) the proteolytic activities of 

these recombinant enzymes were evaluated using a peptidoglycan cleavage assay against a 

peptidoglycan mixture (see 2.25.1). 

Different concentrations (0.1, 1.0 and 10 µM) of the recombinant enzymes were 

incubated with a mixture of E. coli peptidoglycan from E. coli strain MC1061 (Casadaban 

and Cohen, 1980) and E. coli Pentapeptide rich mutant CS703-1 (Meberg et al., 2001) in 

20 mM Tris pH7.5, 150 mM NaCl for 4h at 37 °C. The peptidoglycan mixture consisted of 

Tetrapeptide-rich, Tetratetrapeptide-rich, Pentapeptide-rich and Tetrapentapeptide-rich 

and an untreated sample as a control. The reaction was stopped by boiling the samples at 

100 °C followed by incubation with cellosyl, samples were then centrifuged and the 

reduced supernatant submitted to HPLC analysis (see 2.25.1). The first set of analyses 

examined the impact of NlpC1, NlpC2 and NlpC7 in the Tetrapeptide-rich peptidoglycan 

from E. coli and Pentapeptide-rich peptidoglycan from the carboxypeptidase E. coli 

mutant.  

The control sample indicates the relative positions for the peaks corresponding to 

the Tretrapeptide ("30 min), the Pentapeptide ("40 min), the Tetratetrapeptide ("66 min) 
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and the Tetrapentapeptide ("70 min). There was a discrete difference between NlpC1 at 

0.1 µM and the control sample at Tetrapeptide peak only. Notable shifts to the right of the 

Tetrapeptide peak become obvious when the enzyme concentration increases to 1.0 µM 

and particularly to 10 µM, suggesting that the enzyme has some activity. At the highest 

concentration NlpC1 activity becomes evident when the Tetrapeptide peak virtually 

disappears, due to a complete shift of the peak, with new peaks appearing corresponding 

to hexa-peptide and dipeptide resulting from the cleavage of the bond between d-iGlu and 

d-ala. A difference in size for Tetratetrapeptide peak can also be seen, suggesting the 

enzyme is active in both tetra and Tetratetrapeptide. In addition, no differences in size or 

shifts of Pentapeptide and Tetrapentapeptide are detected, even at the highest 

concentration of the enzyme, indicating NlpC1 is inactive against these types of peptide-

rich peptidoglycan (Figure 5.1 A).  

! !
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Figure 5.1 NlpC1, NlpC2 and NlpC7 are active D, L- endopeptidases 
HPLC chromatogram from peptidoglycan cleavage assay. E. coli peptidoglycan products resulting 
from incubation with buffer and NlpC1, NlpC2 and NlpC7 in three different concentrations (0.1 
µM, 1 µM and 10 µM). (A) NlpC1. (B) NlpC2. (C) NlpC7. (A-C) Assigned peaks by mass 
spectrometry correspond to Tetrapeptide (I), Pentapeptide (II), Tetratetrapeptide (III), 
Tetrapentapeptide (IV), Hexapeptide (V) and Dipeptide (VI). (D) Schematic representation of 
peptidoglycan showing the cleavage sites for NlpC1, NlpC2 and NlpC7 

 

NlpC2 and NlpC7 exhibit a similar pattern to NlpC1 in the lowest enzyme 

concentration (0.1 µM) (Figure 5.1 B-C). Interestingly, when a higher concentration of the 

enzyme (1.0 µM) is used on the assay, NlpC2 and NlpC7 display a similar pattern with a 

reduction on the Tetrapeptide peak and a new peak on the right side of it is observed. At 

10 µM enzyme concentration, for both NlpC2 and NlpC7, the Tetrapeptide shifts into the 

new hexa- and dipeptide peaks, while the Tetratetrapeptide peak decreases 9-fold in size 

compared to control sample (Figure 5.1 B-C). These data suggest that NlpC2 and NlpC7 

are highly active against both Tetrapeptide and Tetratetrapeptide. As per NlpC1, no 

changes are observed for Pentapeptide and Tetrapentapeptide peaks. 

Overall, these results indicate that all three enzymes hydrolyse the peptide bond 

between the D-iGlu and m-Dap residues (Figure 5.1 D), with NlpC1 being slightly less 

active than NlpC2 and NlpC7 (Figure 5.1 A-C). Interestingly, the enzymes did not 

hydrolyse the Pentapeptide substrate that differs by only addition of a single d-Ala (Figure 

5.1 D). Furthermore, the enzymes proved to be inactive against the tetra part of Tetrapenta 

peptidoglycan, suggesting enzyme specificity to certain types of peptidoglycan. 

Comparing these results, it can be seen that all three enzymes are more active against 

monomeric tetra than dimeric Tetratetra peptidoglycan (Figure 5.1 A-C). 

Further analyses are necessary to unveil the nature of this specificity. The effects 

of mutations were studied to test the importance of the catalytic residues that were found 

to be conserved among NlpC/P60 members.  To test whether a change in the active site 

would affect the activity of the three enzymes, single point mutations were made, with 

Cysteine-179 (NlpC1 and NlpC2) and Cysteine-181 (NlpC7) being mutated to a Serine or 

an Alanine (see 2.16). All mutant proteins were purified similarly, using the same protocol 

used for wild type proteins (see 2.17.5-2.17.7). 

The assay for mutant enzymes was performed following the same protocol used 

for wild type enzymes but only with the highest concentration of each recombinant 
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enzyme (10 µM) (see above and 2.25.1). A positive control sample, with the active NlpC7 

(wild type), was also used on the assay. 

The assay revealed that mutation of any critical catalytic amino acid on NlpC1, 

NlpC2 and NlpC7 abolishes the hydrolase activity of these enzymes against the 

peptidoglycan mixture containing Tetrapeptide-rich, Tetratetrapeptide-rich, Pentapeptide-

rich and Tetrapentapeptide-rich peptidoglycan. The peaks present in the chromatograms 

for NlpC1, NlpC2 and NlpC7 mutants were similar to the untreated control sample, 

showing no degradation on the Tetrapeptide ("30 min), Pentapeptide ("40 min), 

Tetratetrapeptide ("66 min) and Tetrapentapeptide ("70 min) substrates (Figure 5.2A-C). 

The positive control sample with active NlpC7 (wild type) showed a similar result to what 

was previously observed for the wild type enzymes where the Tetrapeptide shifts into the 

new hexa- and dipeptide peaks, while the Tetratetrapeptide peak decreases in size 

compared to untreated control sample (Figure 5.2C). 
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Figure 5.2 Mutant recombinant enzymes are inactive against 
E. coli peptidoglycan 
HPLC chromatogram from peptidoglycan cleavage assay 
showing results from incubation with buffer and NlpC1, NlpC2 
and NlpC7 mutants at 10 µM. (A) NlpC1A and NlpC1S (B) 
NlpC2A and NlpC2S. (C) NlpC7A, NlpC7S and NlpC7 (WT). 
(A-C) Assigned peaks by mass spectrometry correspond to 
Tetrapeptide (I), Pentapeptide (II), Tetratetrapeptide (III), 
Tetrapentapeptide (IV) and Dipeptide (V). 

 



Chapter 5 NlpC/P60 enzymes in T. vaginalis: a stolen weapon? 

 104 

The mutant enzymes assay results indicate that a single point mutation in the 

active site affects the activity of these enzymes, proving that the catalytic triad present in 

the T. vaginalis proteins is indispensable for activity. Together the results for the activity 

assays with wild type and mutant enzymes provide important insights into NlpC/P60 

substrates specificity in T. vaginalis. 

5.2.2! The parasite strikes back: T. vaginalis NlpC/P60 are used against vaginal 

bacteria 

The presence of nine NlpC/P60 genes in the genome of T. vaginalis was an 

unusual observation (Carlton et al., 2007). In Chapter 3 it was shown that these genes were 

acquired by at least one event of lateral gene transfer from bacteria followed by gene 

duplications. In fact, NlpC1 and NlpC2 share high similarity to each other at amino acid 

level (90 % identity, Figure 3.1).  They have not only been acquired from bacteria but they 

have also preserved their original activity (i.e. cell wall hydrolases) as demonstrated when 

their crystal structure and enzymatic function were determined (Figures 4.11 and 5.1 A-

B). These genes have been maintained in the parasite’s genome for a specific reason that 

might confer a selective advantage to the parasite. In the next sections, experimental 

evidence is deployed to describe that T. vaginalis uses these enzymes against vaginal 

bacteria. 

5.2.2.1! T. vaginalis NlpC/P60 genes are upregulated when in the presence of vaginal 

lactobacilli  

Microorganisms control gene expression at transcriptional level in response to 

changes of the environment. Since the first isolation of T. vaginalis, the parasite has been 

cultivated axenically (Linstead, 1990). It is evident that, during real infections, T. 

vaginalis invades a habitat that is fully colonised by autochthonous bacteria. The ability to 

take control over the vaginal microbiota might be detrimental to the success of T. 

vaginalis infection. Clinical observations and recent metagenomics are in agreement with 

this hypothesis indicating that T. vaginalis infections are accompanied by a reduction in 

the numbers of lactobacilli (Brotman et al., 2012; Torok et al., 2007). Therefore, if the 

expression of these genes and activity of these enzymes are necessary to control the 

populations of vaginal lactobacilli, the parasite might upregulate the expression of them 

when in the presence of these bacteria. To determine if the expression of NlpC/P60 genes 

might be regulated, quantitative real-time PCR (qPCR) was used here. 
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Primers for the NlpC/P60 T. vaginalis genes were designed for this purpose (see 

2.21 and Appendix II) and the expression of each gene was analysed by reverse-

transcription (RT) qPCR. In particular, the change in expression in response to co-

incubation with Lactobacillus was probed. A co-incubation assay was performed using T. 

vaginalis (strain G3) in the presence and absence of L. gasseri, a major component of 

natural vaginal microbiota. In this experiment, reverse transcription was carried out having 

an RNA sample without the reverse transcriptase as a negative control. Following reverse 

transcription, a PCR was carried out using either H2O (negative PCR control), total RNA 

(-) without reverse transcriptase, cDNA (+) or genomic DNA (gDNA) as templates. With 

the exception of NlpC 4, the expression of all genes were detected above the background 

level (+ versus -) suggesting that these genes are expressed in axenic cultures (Figure 5.3).  

 
Figure 5.3 RT-PCR assessment of NlpC/P60 expression in T. vaginalis  
RT-PCR for the nine NlpC/P60 was carried out followed by a PCR using either H2O (negative 
PCR control), total RNA (-) without reverse transcriptase, cDNA (+) or genomic DNA (gDNA) as 
templates. Agarose gel analysis of amplicons reveal expression of all genes above background 
level, with exception of NlpC4. 

 

Since gene expression was detected, these primers were tested for their efficiency 

in real-time PCR. In the threshold cycle (CT) method the differences in the CT values 

(∆CT) between the unknown sample and the calibrator sample in the target gene are 

calculated and normalised by the reference gene. For quantitative real-time PCR using the 

CT method, also known as 2-∆∆CT method, it is imperative that primers display specificity 
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(a single product, as determined by the presence of a single peak on a melting curve) and 

an efficiency between 90 and 110 % (Bustin et al., 2009; Schmittgen and Livak, 2008). 

Primer efficiency means that the PCR product must accumulate in proportion to the 

increase of the starting template concentration and in a linear rate. In addition, biological 

variation between samples should also be taken into consideration when designing such 

experiments and analysing data as this may influence the detection levels.  

Performance for specificity and efficiency were checked and assay validated. An 

absolute qPCR using titrations of G3 genomic DNA was performed. Primers were 

checked for their slope and the R2 value (coefficient of determination or Pearson’s 

correlation coefficient) and the amplification efficiencies were calculated (see 2.21). The 

amplification efficiencies for all NlpC/P60 genes in T. vaginalis, with the exception of 

NlpC2 and NlpC8, were higher than 90 %, determining a good amplification efficiency, 

varying from 92 % (NlpC3) to 106 % (NlpC4). A further optimization step, using a higher 

primer concentration and following manufacturer’s instructions, was performed increasing 

NlpC2 and NlpC8 amplification efficiencies to 98.5 % and 97.7 %, respectively (Table 

5.1). There were no significant differences between the standard curves generated for all 

genes (less than 10 %), allowing the utilization of all primers for further analysis in the 

relative qPCR method. The gene for the heat-shock protein 70 (HSP70), a typical house-

keeping gene, was chosen as the reference to normalize the gene expression of the 

NlpC/P60 genes in the subsequent real time PCR, which has also passed the efficiency test 

(Table 5.1).!!
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Primer Slope R2 Efficiency Melting 
temperature 

Nlpc 1 -3.3045 0.9959 100.732% 79.2 

Nlpc 2 -3.3590 0.9903 98.476% 81.7 

Nlpc 3 -3.5132 0.9923 92.593% 86.6 

Nlpc 4 -3.1796 0.9914 106.303% 82.5 

Nlpc 5 -3.2864 0.9841 101.504% 85.7 

Nlpc 6 -3.3765 0.9937 97.772% 81.1 

Nlpc 7 -3.2643 0.9951 102.462% 80.3 

Nlpc 8 -3.3785 0.9818 97.692% 81.1 

Nlpc 9 -3.3045 0.9959 100.732% 86.6 

Hsp70 -3.3282 0.9983 99.739% 81.4 

 

Table 5.1 Primer efficiency data  

Table showing the different primers used for qPCR experiment with their respective slope, R2 

values, primer efficiency and melting temperature. Slope value was used to calculate the primers 

efficiency as described in 2.21. 

 

These preliminary experiments indicated that such experimental approach could 

be used to quantify levels of expression for all nine T. vaginalis NlpC/P60 genes with 

confidence. Using the Ct method, qPCR was used to compare levels of expression 

between two experimental conditions: (i) parasites incubated alone versus (ii) parasites 

incubated with lactobacilli. To prevent the overgrowth of one or another microorganism 

during the period of incubation, co-incubations were done in the defined growth media for 

vaginal ectocervical cells (K-SFM) which allows survival of parasite and lactobacilli for 

the time of the experiment but does not sustain the growth of either of them. Following co-

incubation, total RNA was obtained and, with the same controls as described above, qPCR 

experiments were conducted (see 2.21).  

From the results obtained from the absolute qPCR, it is clear that NlpC/P60 genes 

in T. vaginalis are expressed and upregulated. It became apparent that the relative levels of 

expression of all NlpC/P60 genes vary throughout the period of incubation between the 

two experimental conditions (Figure 5.4). NlpC4 had a late CT value in all experiments 

and it was discarded from the analysis. NlpC1 shows a 2-fold upregulation within the first 
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4 hours of incubation, increasing to 8.5-fold upregulation at the end of 8 hours. The same 

fold ratio (!4.8) was observed for NlpC2 for 2 and 4 hours. At the end of 8 hours, NlpC2 

had a 7.5-fold upregulation. In contrast to NlpC1 and NlpC2 upregulation, NlpC3 and 

NlpC8 were downregulated (2.5-fold and 4.5-fold, respectively) at 2 hours, with an 

increase to 2-fold for NlpC3 and 1.5-fold for NlpC8 upregulation for the 4 hours 

incubation period. NlpC3 and NlpC8 upregulation continued increasing, reaching a value 

of 4-fold (NlpC3) and 3.5-fold (NlpC8) upregulation at 8 hours incubation period. 

Expression of NlpC5, 6, 7 and 9 fluctuated over the period of incubation but, at the end of 

8 hours, they all showed an upregulation of 12.5-, 10.5- and 14.9- and 7.5-fold 

respectively (Figure 5.4). In conclusion, despite the fluctuation on the level of expression 

for some of the genes over the time course of the experiment, with the exception of 

NlpC2, all NlpC exhibited a significant level of upregulation at the end of 8 hours of co-

incubation (p-value 0.032 for NlpC5, p-value 0.022 for NlpC6 and a p<0.0005 for all the 

other NlpC genes). 

 
 

Figure 5.4 NlpC/P60 genes are upregulated when in contact with vaginal microbiota 
Relative expression of NlpC/P60 genes when co-incubated with Lactobacillus for a time period of 
2-8hours. Expressions were analysed by qPCR and normalized to the reference gene HSP70. Data 
are expressed as average fold change and represent average expression of 3 independent 
replicates and error bars represent the standard deviation of the mean. Fold changes vary with 
time and between genes. All genes are upregulated at the end of 8 hours co-incubation. 
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5.2.2.2! The cytolocalisation of T. vaginalis NlpC/P60 enzymes  

The literature suggests that members of the P60-like family have a signal peptide 

or a transmembrane region (Anantharaman and Aravind, 2003). A number of tools were 

used to predict the location of NlpC/P60 proteins in the parasite (Chapter 3). NlpC4 and 

NlpC9 were the only members where the presence of a signal peptide was suggested. It 

was also observed that three of the genes possess a SH3b domain (NlpC 1, 2 and 7 in 

Figure 3.1), suggesting a plasma membrane or cytoskeleton localisation. These predictors 

are based on the knowledge of organism models and probability. T. vaginalis is a very 

divergent eukaryote and the mechanism of secretion and sorting of proteins on the 

membrane is not known. It became very important for this research to determine the 

localisation of the proteins in T. vaginalis cells. If these proteins are acting on bacterial 

cells, they must get in contact with them. For this to happen, these proteins might traffic to 

phagosomes or be secreted or placed on the membrane surface. 

Therefore, the actual localisation of these proteins on T. vaginalis cells was 

examined by expressing an epitope-tagged version of each protein exogenously. Each of 

these genes received a C-terminal HA tag. They were expressed from a strong constitutive 

promoter from the α-SCS gene in a replicative shuttle plasmid known as MasterNeo (see 

2.16 and 2.22). MasterNeo plasmids with inserts for NlpC6 and NlpC7 could not be 

obtained, thus these two proteins were not included in this analysis. Expression was 

confirmed by Western blot analysis probed with anti-HA and having non-transfected T. 

vaginalis G3 as a negative control testing for non-specific binding (Figure 5.5). With the 

exception of NlpC8, all HA-tagged NlpC proteins were detected in the Western blot. The 

anti-HA antibody detected a clear band for NlpC1 and NlpC2 at the expected MW of  

!31kDa showing that they expressed. Bands for NlpC3-5 and NlpC9 were also detected at 

the expected MW of !15kDa, confirming their expression. The bands observed for NlpC3, 

NlpC4 and NlpC9 were faint, suggesting a low overall expression, while NlpC5 had a dark 

band, therefore a high expression. However, it seems that at least some of these proteins 

become partially degraded in the cell or during preparation of the cell extracts so that these 

comparisons of expression may not hold true. Overall, since lanes were loaded with equal 

number of cells, the difference on signal intensity for each protein may imply that they are 

expressed at different levels and/or some proteins are more stable than others under these 

conditions. The lack of detection of NlpC8 might indicate that this protein was degraded 

during preparation and/or it was present in insufficient levels for detection.    
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Figure 5.5 NlpC/P60 proteins are expressed in HA-tagged T. vaginalis transfectants 
Western blot analysis of whole cell lysates of NlpC/P60 transfectants. Samples were loaded on an 
SDS-PAGE gel at equivalent cell numbers, separated by electrophoresis and blotted to a PVDF 
membrane. Samples were probed with anti-HA antibody to test for the presence of HA-tagged 
NlpC/P60 proteins. Arrows show the molecular weights (kDa) and positions of the NlpC/P60 
transfectant protein bands. Wild type parasite was used as a control. 

!

To further characterise the location of NlpC/P60 proteins in the parasite, cells of 

each transfectant were lysed and fractionated into nuclei/organelles, cytosolic and cell 

membrane fractions for Western blot analysis. In this protocol, cells are lysed 

mechanically in hypo-osmotic buffer (see 2.23). Although lysis may be incomplete, the 

finding of a protein on the final pellet after ultra-centrifugation is a safe indication that this 

protein is localised on the surface of the cell membrane. On the other hand, incomplete 

lysis will take any protein (regardless of location in the cell) to the nuclei/organelle pellet. 

Importantly, fractions were resuspended in equivalent concentration so that the level of 

detection of each of the HA-tagged protein can be compared among the different fractions. 

A whole cell fraction, also in equivalent cell number to the cell fractions, was included for 

this analysis. The Western blot reveals detection of all NlpC proteins, including NlpC8, 

which was previously undetected (Figure 5.6C). NlpC4, 5 and 8 showed expression on the 

nuclei/organelle fraction only (Figure 5.6B-C). Since they were not found in the cytosol or 

membrane, it is very likely that they are truly organellar. Alternatively, if they are 

secreted, they may be in organelles such as the endoplasmic reticulum (ER). On the other 
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hand, NlpC 1 and 2 were clearly enriched in the membrane fraction (Figure 5.6A). This 

enrichment can be observed when comparing the detection signal between cell membrane 

fraction and the whole cell lysate. NlpC 3 expression is observed in the nuclei/organelle 

and cell membrane fractions (Figure 5.6A). NlpC 9 was also detected in the cell 

membrane fraction. However, contrary to NlpC 1 and 2, most signal was left behind on the 

nuclei/organelle fraction indicating that either lysis was very incomplete or that the 

exogenous expression of this protein may have overloaded the trafficking of the protein to 

the membrane leaving most of the protein stuck in the ER. 
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Figure 5.6 Examination of subcellular fractions by Western blot analysis�
Samples from each fraction collected in the course of the experiment were loaded on an SDS-
PAGE gel at equivalent cell numbers, separated by electrophoresis and blotted to a PVDF 
membrane. Samples prepared from transfected G3 cells were probed with anti-HA antibody to test 
for the presence of HA-tagged NlpC/P60 proteins. (A) NlpC1, NlpC2 and NlpC3 fractions. (B) 
NlpC4 and NlpC5 fractions. (C) NlpC8 and NlpC9 fractions. Arrows show the molecular weight 
(kDa) and positions of the protein bands for each fraction. 
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The Western blot analyses confirmed that proteins of the expected weight were 

expressed from the MasterNeo plasmids with some indication of their putative localisation 

within specific cellular compartments. To examine the sub-cellular localisation of protein 

expression, the same T. vaginalis transfectants expressing HA-tagged NlpC/P60 enzymes 

were used in indirect immunofluorescence assays (IFA). Non-transfected T. vaginalis G3 

was used as a negative control and cells were probed with the anti-HA antibody and 

analysed by microscopy (see 2.24). Parasite cells were visualised under white light using a 

Nikon Ni-U microscope equipped with a Spot Pursuit Slider camera (greyscale, cooled, 

1.4 megapixel, with colour by filter), with DAPI to highlight the nucleus and FITC signal 

corresponding to expression of individual NlpC proteins (see 2.24). 

The specificity of anti-HA detection on IFA was very clear between non-

transfected T. vaginalis G3 and the transfected parasites. The anti-HA antibody reacted on 

the parasite where the different HA-tagged NlpC/P60 proteins were clearly detected in all 

T. vaginalis transfectants (Figure 5.7). Apart from NlpC1 and NlpC2, T. vaginalis NlpCs 

share a similar pattern. Besides staining the cytoplasm, they seem to be mostly 

concentrated around or in close proximity to the nucleus (Figure 5.7). This is suggestive of 

ER localisation and that these proteins may be trafficking for secretion. On the hand, 

NlpC1 revealed a very clear cytolocalisation. NlpC1 was exclusively located on the cell 

surface, not uniformly but in patches. Interestingly, NlpC2 revealed a more heterogeneous 

localisation within the cell, sometimes being present at the surface of the parasite while in 

others having the same pattern observed for NlpC3-9, suggesting again trafficking via the 

ER (Figure 5.7). Protein trafficking and secretion is poorly understood in this organism. 

Although a signal peptide was not observed for the majority of the NlpC/P60 proteins in T. 

vaginalis, at least NlpC 1 and 2 are truly located in the surface of the parasite despite 

being absent in published surface proteomes (de Miguel et al., 2010). Organellar 

localisation of the other NlpC in T. vaginalis cannot be ruled out, however; the 

accumulation of green signal around the nucleus is a strong indication that these enzymes 

may be trafficking for secretion. It is possible that overexpression of these proteins 

exogenously may cause overloading of protein secretion pathways, hence the signal 

observed here. 

  



 

 

 
 

Figure 5.7 Subcellular localisation of the HA-tagged NlpC/P60 in T. vaginalis transfectants 
Fluorescence microscopy images of indirect immunofluorescence assays (IFA) carried out on T. vaginalis exogenously expressing HA-tagged NlpC/P60 
proteins. IFA was carried out using a mouse anti-HA antibody and nuclear staining using 4’-6’-diamidino-2- phenylindole (DAPI). NlpC1 is located at the 
cell surface. NlpC2 is located on the cell surface and cytoplasm. NlpC3-NlpC9 are located in close proximity to the nucleus and cytoplasm. 
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Overall, these results are in agreement with the cell fractionation and Western 

blots. Together, the Western blot and IFA analyses indicate that the NlpC/P60 proteins are 

being expressed in the parasite and are present in different locations where at least some of 

the proteins have a clear surface localisation while others might be secreted. These 

observations suggest that T. vaginalis NlpC/P60 enzymes might reach the peptidoglycan 

of bacterial cell walls if parasite and bacteria are together in a single cell suspension or if 

in physical contact.  

5.2.2.3! Overexpression of NlpC/P60 in T. vaginalis leads to destruction of bacteria in 

co-incubation assay 

As shown above, T. vaginalis NlpC/P60 enzymes are actively transcribed, 

expressed and upregulated when in the presence of bacteria. In addition, I have previously 

shown that these enzymes are structurally conserved and functional. T. vaginalis 

NlpC/P60 enzymes can cleave peptidoglycan between D-iGlu and m-Dap peptides. The 

results from the peptidoglycan cleavage assay confirmed the proteolytic activities of these 

enzymes, leading to the assumption that these enzymes are highly potent in vivo. Finally, 

these enzymes might be placed outside (surface or secreted), giving the chance of an 

encounter between the parasite’s cell wall hydrolytic enzymes and the cell wall 

peptidoglycan of bacteria. Here, I take advantage of the exogenous expression of these 

enzymes in the parasite using a strong constitutive endogenous promoter out of the 

MasterNeo plasmid. I propose to examine if strong expression of T. vaginalis NlpC/P60 

enzymes would confer an advantageous phenotype to the parasite. 

To determine the biological role of the NlpCs in T. vaginalis and their possible 

contribution to infection, co-incubation assays with transfected parasites overexpressing 

NlpC/P60 genes and bacteria were performed. Non-transfected T. vaginalis G3 was used 

as control. After incubations, samples were collected, diluted and triplicates were plated in 

appropriate bacterial medium-agar plates (see 2.25.3). This procedure is selective for 

bacteria since T. vaginalis cannot grow in such media and on hard-agar plates by 

spreading. Bacteria were grown overnight at 37 °C when data were analysed as numbers of 

colony forming units (cfu).  

The first experiment was done with E. coli since this bacterium is a model for cell 

wall peptidoglycan. Also, this E. coli peptidoglycan composition is the same used in the 

previous enzymatic experiment (Figure 5.1). The non-transfected T. vaginalis G3 is not 
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very effective against E. coli in this experimental condition (see 2.25.3). Although 

numbers are not countable, some level of bacterial clearance is observed for non-

transfected T. vaginalis G3 at late time points when compared to the control (Figure 5.8). 

Strikingly, overexpression of any of the NlpC genes conferred a fascinating phenotype to 

T. vaginalis exhibiting high levels of bacterial clearance (Figure 5.8).  

!



 

 

 
Figure 5.8 E. coli co-incubation with overexpressing NlpC/P60 transfectants 
E. coli, transfected parasites and non-transfectant G3 were co-incubated in KSFM for a time period of 1-6 hours. Overexpression transfectants reveal a 
fascinating phenotype with high bacteriolytic effects. Plates showing the effects of transfectants and non-transfectant in E. coli. No colonies are observed at 
the end of the 6 hours incubation period. Wild type G3 shows late bacteriolytic activity when compared to NlpC transfectants. 
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NlpC1-3 transfectants revealed a high bactericidal effect after only 1 hour 

incubation against E. coli DH5! (Figure 5.8). A similar effect was observed for NlpC5 

transfectant, although slightly lower. NlpC4 transfectant showed the highest effect 

amongst the NlpCs, with no bacterial colony observed after 1 hour of co-incubation 

(Figure 5.8). Additionally, NlpC8 and NlpC9 revealed similar outcomes, being the 

transfectants with the lowest impact in bacteria integrity, yet still very significant (Figure 

5.8).  

At end of the 2 hours of co-incubation, no bacterial colonies were observed for 

NlpC1-4 transfectants (Figure 5.8). NlpC5, Nlpc8 and NlpC9 showed a decreased number 

of bacterial colonies when compared to 1-hour incubation period, with NlpC8 and Nlpc9 

exhibiting a similar bacteriolytic activity. The following incubation periods (4 and 6 

hours) revealed similar results as observed for 1 and 2-hour incubation, with a further 

reduction in bacterial colonies within each incubation period (Figure 5.8). At 4 hours 

incubation period, no bacterial colonies could be observed for NlpC1 and NlpC4 and 

NlpC5-9 samples contained only a few bacterial colonies. Interestingly, a reduced number 

of colonies could be observed at G3 sample when compared to an untreated bacteria 

sample, revealing that the wild type parasite presents bacteriolytic activity (Figure 5.8).  

At the end of 6 hours the non-existence of colonies could be observed in 

practically all transfectants. These data suggest that the NlpCs possess bacteriolytic 

activity, with some of the transfectants being highly active and that although a longer time 

is necessary, the wild type parasite is also active and degrades bacterial peptidoglycan.  

In the enzyme activity assay, the recombinant T. vaginalis NlpC/P60 1, 2 and 7 

revealed a specificity to tetrapeptide-rich peptidoglycan, showing no activity against 

peptapeptide-rich peptidoglycan in vitro (Figure 5.1). To confirm this observation in vivo, 

T. vaginalis transfectants overexpressing these enzymes were co-incubated with a 

carboxypeptidase E. coli mutant CS703-1. As previously described, this mutant possesses 

a pentapeptide-rich peptidoglycan CS703-1 (Meberg et al., 2001; Peters Kannan et al., 

2016). 

Although NlpC/P60 T. vaginalis transfectants are not as lethal to E. coli DH5!, 

some signs of destruction are observed in the E. coli mutant when parasite and bacteria are 

co-incubated. NlpC1 showed slightly less colonies compared to the control sample for 1 

hour incubation. A smaller number of colonies could be seen for NlpC2, NlpC3, NlpC4 
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and, surprisingly, NlpC8 when compared to NlpC1, suggesting a higher activity in these 

transfectants. NlpC5 and NlpC9 had similar effects, with NlpC9 being slightly less active. 

Parasite wild type (G3) sample revealed no bactericidal effect when compared to control 

sample (Figure 5.9).  



 

 

 
!

Figure 5.9 E. coli mutant co-incubation with overexpressing NlpC/P60 transfectants 
Overexpressing transfectant parasites and non-transfectant G3 were co-incubated with E. coli mutant in KSFM for a time period of 1-6 hours. Transfectant 
parasites reveal bacteriolytic activity against pentapeptide-rich peptidoglycan mutant E. coli. Plates showing the effects of transfectants and non-transfectant 
in E. coli mutant. After 6 hours co-incubation period no colonies are observed for NlpC1-NlpC8 transfectants. Wild type parasite shows no effect in bacterial 
integrity.  
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As per E. coli DH5! co-incubation assay, each transfectant maintained an 

activity pattern. After 2 hours incubation of transfectants and the E. coli mutant, a smaller 

number of colonies was observed for all transfectant samples in comparison to the control 

sample. As observed for 1 hour incubation, G3 sample showed no bactericidal effects for 

the 2 hours incubation period (Figure 5.9). Interestingly, NlpC4 revealed a similar effect 

as previously seen on E. coli DH5!, having the highest bactericidal effect with only a very 

low number of colonies observed for the 2 hours incubation (Figure 5.9). No colony 

formation could be seen for NlpC1-4 and NlpC8 after 4 hours incubation period and no 

changes could be observed for G3 sample (Figure 5.9). Surprisingly, at 6 hours incubation 

a similar result to the E. coli DH5! co-incubation assay could be observed, with no 

colonies detected for the NlpC transfectants samples (Figure 5.9).  

In summary, these results show that NlpC/P60 transfectants have some effect on a 

Pentapeptide-rich E. coli mutant. Additionally, the result observed for NlpC1 and NlpC2 

are consistent with enzyme activity assay, showing these two transfectants are less active 

against the Pentapeptide-rich E. coli mutant than most of the other NlpC transfectants and 

suggesting that the other enzymes might have different enzyme specificity. Moreover, a 

careful consideration of the G3 data is required. The co-incubation assay with E. coli 

DH5! revealed a late activity response of the G3 sample when compared to transfectants, 

suggesting the genes were yet to express. Late gene expression cannot be ruled out in this 

case, leaving it undetermined if the parasite G3 sample is actually inactive against 

Pentapeptide-rich peptidoglycan. 

In order to observe a measurable difference, this experiment was repeated for the 

highly bactericidal transfectant NlpC1, varying the cell ratio between T. vaginalis and 

bacterium (1:1, 1:2, 1:4 and 1:8, respectively). In this experiment, non-transfected G3 was 

used as a control and T. vaginalis was incubated with either E. coli DH5! or the mutant 

CS703-1 for 1 hour. In addition, bacteria incubated alone were used for comparison. The 

results revealed that the level of bacterial clearance depends on the cell ratio. The more 

bacteria in the co-incubation cultures, the higher the number of bacterial survivals (data 

not shown). After data analysis an increased number of bacteria was present in the control 

samples, suggesting bacterial growth during the assay. At the cell ratio 1:4 and for only 

one hour of co-incubation, no differences were observed for the non-transfected G3 in its 

ability to clear up E. coli DH5! versus the mutant CS703-1 (Figure 5.10). This was 

expected as non-transfected G3 have a low bactericidal effect that can only be observed in 
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late time points (Figure 5.8). On the other hand, this experiment provided an opportunity 

to compare and measure quantitatively the ability of the transfected T. vaginalis to clear 

up E. coli DH5! in relation to the mutant CS703-1. It is evident that clearance of E. coli 

by the NlpC1-transfected T. vaginalis is strongly affected if the cell wall of this bacterium 

contains a large percentage of the Pentapeptide relative to the usual Tetrapeptide. In the 

cell ratio shown here (1:4) and for one hour of co-incubation, NlpC1-transfected T. 

vaginalis can reduce the numbers of E. coli DH5! to a cfu of 110 (Figure 5.10). Since the 

expected cfu number was 500 and considering the bacterial growth observed during the 

assay, this results show that NlpC1-transfected T. vaginalis can reduce in over 80% E. coli 

DH5! cfu. However, the same transfectant (and at the same conditions) cannot reduce the 

numbers of E. coli mutant CS703-1 in the same proportion (Figure 5.10). NlpC1-

transfected T. vaginalis sample showed a cfu of 1926. Since bacterial growth was 

observed for the control sample with cfu that cannot be accurately counted, an estimative 

of cfu reduction cannot be determined. However, the results show that, with Pentapeptide-

rich peptidoglycan, T. vaginalis is less efficient in promoting bacterial clearance.   

 

 
 

Figure 5.10 Bacteriolytic effect of overexpressing NlpC/P60 parasites at 1:4 ratio 
(parasite:bacteria) 
Plates showing the effects of NlpC1 transfectant and non-transfectant in E. coli and E. coli mutant 
at 1:4 ratio (parasite:bacteria). Non-transfectant G3 was used as a control. Overexpressing 
NlpC1 transfectant is highly efficient in promoting bacterial clearance of Tetrapeptide-rich, but 
not Pentapeptide-rich peptidoglycan E. coli.  
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E. coli has been a model for the study of cell wall in bacteria (Glauner et al., 

1988; Goodell, 1985; Heidrich et al., 2002). However, it is not a commensal or an 

autochthonous bacterial species of the human vagina. Therefore, a predominant species of 

the human vagina microbiota was selected to assess the activity of T. vaginalis NlpC/P60 

in a co-incubation assay. L. gasseri ATCC 9857 (originally isolated from the human 

vagina) was chosen. L. gasseri is a predominant species of the human vagina microbiota 

(Ravel et al., 2011b). It is likely that, in the early stages of infection, T. vaginalis will face 

this or other species of lactobacilli and that the success of infection might depend on 

overcoming these bacterial populations. NlpC/P60 may be key enzymes that allow the 

parasite to overcome established and resilient populations of lactobacilli in the vagina.  

The NlpC/P60 transfectants were co-incubated with L. gasseri ATTC9857 and 

the data analysed (see 2.25.3). The results observed were comparable to the E. coli co-

incubation assays. However, the effects of transfectants in Lactobacillus was not as fast as 

the ones observed for E. coli (Figure 5.11). 



 

 

 
Figure 5.11 L. gasseri co-incubation with overexpressing NlpC/P60 transfectants 
L. gasseri was co-incubated with NlpC transfectants and non-transfectant G3 for a time period of 1-6 hours in KSFM. Plates showing the effects of 
transfectants and non-transfectant in Lactobacillus.  NlpC transfectants show bacteriolytic effects after 2 hours incubation period, reaching its maximum at 6 
hours with no colonies observed. Wild type parasite reveals late bacteriolytic activity when compared to NlpC transfectants. 
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At 1 hour incubation periods, G3 and NlpC5 samples showed a similar cfu % 

when compared to control sample, with an average of 95 % for the non-transfectant G3 

and 92 % for NlpC5. The other NlpC transfectants showed a slightly reduced cfu % when 

compared to the control sample, ranging from an average of 65 % for NlpC4 to 68 % for 

NlpC1 (Figure 5.12A). At 2 hours incubation a decrease of at least 50 % of cfu was 

observed for NlpC1, NlpC2, NlpC3, NlpC5 and NlpC9. The highest impact in cfu could 

be seen for NlpC4, with an average reduction of 72 % when compared to untreated 

bacteria. Surprisingly, NlpC8 revealed a slight increase of cfu percentage compared to 1 

hour incubation period (67 % to 78 %). At 4 hours incubation, the bactericidal effect of 

NlpC1-4 had reached its maximum, with no cfus observed. In NlpC5, NlpC8 and NlpC9 

an average of 2 % cfu was still observed when compared to control sample. As per the E. 

coli co-incubation assay, no colonies were detected in transfectant samples at 6 hours 

incubation (Figure 5.12A). The non-transfectant G3 sample revealed only a 20 % cfu 

reduction for 4 hours incubation period compared to control sample and a 54 % cfu 

reduction at 6 hours. The results observed for G3 suggest that the non-transfectant parasite 

has an effect on bacteria integrity, however this effect takes longer to occur (Figure 

5.12A). This observation is consistent with qPCR data showing upregulation of all nine 

NlpC/P60 genes only for last incubation period with Lactobacillus.  
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Figure 5.12 Effect of NlpC/P60 enzymes in Lactobacillus 
(A) Effect of overexpressing NlpC transfectants when co-incubated with Lactobacillus for period 
of 1-6 hours. Effect of transfectants in Lactobacillus is shown by cfu average % of 3 independent 
replicates and error bars represent the standard deviation of the mean. NlpC transfectants, with 
exception of NlpC8, show reduced number of colonies after 2 hours incubation period when 
compared to control sample. At 6 hours incubation period reduction of colonies reaches 100%. 
Wild type parasite reveals gradual colony reduction over the time period. (B) Effect of different 
concentrations of NlpC1 and NlpC1A recombinant purified enzymes in Lactobacillus cells. 
Lysozyme and untreated bacteria were used as controls. Error bars represent the standard 
deviation of the mean. (C) Effect of NlpC1 and NlpC1A recombinant purified enzymes at a fixed 
molar concentration (100 µM) in Lactobacillus cells. Lysozyme (100 µM) and untreated bacteria 
were used as controls. Error bars represent the standard deviation of the mean. 

!

As shown here, this fascinating phenotype of bacterial clearance provided by 

overexpressing NlpC/P60 genes in T. vaginalis has no precedent. As discussed in Chapter 

1, T. vaginalis is known to secrete various hydrolases and possibly toxins (Lockwood et 

al., 1988; Scott et al., 1995). It is possible that either of these enzymes alone are conferring 

T. vaginalis such bacteriolytic effect or that they might be part of a bacteriolytic cocktail 

that the parasites secrete when in the presence of bacteria. To test these possibilities, live 

L. gasseri ATTC9857 were incubated with the purified recombinant NlpC1. In this 

experiment, the NlpC1 mutant (Cys-179 to Ala-179) and lysozyme were used as negative 

and positive controls. Enzymes were added at different concentrations (12.5, 25, 50 and 

100 µg/ml) and, after incubation, cfu was taken and compared to the untreated bacteria 

(see 2.25.2). At the lowest concentration, lysozyme digestion destroyed about half of the 

bacteria leading to further destruction as concentration increased (Figure 5.12B). Such 

bacteriolytic activity was not observed when lactobacilli were treated with NlpC1. In that 

case, the numbers remained similar as to the negative control (NlpC1 mutant) indicating 

the enzyme alone is not responsible for the bacteriolytic activity previously observed when 

the parasite and bacteria were co-incubated. This finding supports the idea that T. 

vaginalis uses not only NlpC/P60 to destroy vaginal bacteria but it might release a cocktail 

of hydrolases that together kill, destroy and digest them.  

On the other hand, it is possible that these NlpC/P60 enzymes might be the 

trigger for such bacteriolytic activity in the killing enzymatic cocktail secreted by the 

parasite. To test that, an additional co-incubation assay with the same purified enzymes 

was carried out. A fixed molar concentration (100 µM) of NlpC1, NlpC1 mutant and 

lysozyme (equivalent to 3.16, 3.16 and 1.43 µg/ml respectively) was used to treat L. 

gasseri ATTC9857 and this was followed by incubation with the non-transfected T. 
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vaginalis G3 strain at a 1:1 ratio for 1 hour. A bacterial sample without enzymatic 

treatment was used as control. Bacterial cells treated with lysozyme with posterior 

incubation with the parasite were found to have a very reduced cfu. In contrast, no 

reduction on cfu was found for NlpC1 treatment resembling the negative control (NlpC1 

mutant) (Figure 5.12C).  

In summary, parasites overexpressing NlpC/P60 possess a high bactericidal 

effect, much higher than the non-transfected wild-type parasites. This bacteriolytic activity 

is not due to the NlpC/P60 alone but likely to come from a cocktail of secreted hydrolases 

by the parasite. Pre-digestion of bacteria with the NlpC/P60 does not help the non-

transfected parasite to destroy the bacteria. It is possible that overexpression of NlpC/P60 

is accompanied by expression of other bacteriolytic factors which together kill the 

surrounding bacteria.  

5.3! Discussion 

The exact mechanisms behind T. vaginalis pathogenesis are yet to be determined, 

particularly the extent of its interaction with other microorganisms which are known to co-

exist with the parasite in the human vagina. The genome sequence of T. vaginalis (strain 

G3) brought numerous insights into gene families that are involved in the parasite 

infection and pathogenesis (Carlton et al., 2007; Cuervo et al., 2008; Hirt et al., 2011; 

Meza-Cervantez et al., 2011; de Miguel et al., 2010; Ramon-Luing et al., 2010; Riestra et 

al., 2015; Ryan et al., 2011b).  

Carlton et al, (2007) reported the presence of nine NlpC/P60 genes in T. 

vaginalis. Here, subsequent analyses (Chapter 3) revealed these genes as members of the 

P60-like family of proteins that are known to hydrolyse the bacterial cell wall, regulating 

its growth. The presence of cell-wall hydrolase protein coding genes in T. vaginalis is 

intriguing since the parasite does not have a cell wall itself, suggesting a possible role on 

the interaction of the parasite with the surrounding vaginal bacteria. 

In this chapter the role of NlpC/P60 (family C40, Clan CA) in T. vaginalis was 

for the first time reported and characterised. Purified NlpC1, NlpC2 and NlpC7, were 

shown to be catalytically active against E. coli peptidoglycan. Furthermore, all three 

enzymes were found to cleave Tetrapeptide and Tetratetrapeptide-rich peptidoglycan 

between D-iGlu and m-Dap peptides, similar to that reported for families 1/4 Dae/Tae 

amidases (Chou et al., 2015; Durand et al., 2014; Russell et al., 2011, 2012). However, 



Chapter 5 NlpC/P60 enzymes in T. vaginalis: a stolen weapon? 

 129 

enzymes were inactive against Pentapeptide-rich peptidoglycan. The crystal structures of 

NlpC1 and NlpC2 (Chapter 4) revealed an open groove that suggested enzyme activity 

and left unexplained why these enzymes do not accept and cleave the pentapeptide. In 

most bacteria, the Pentapeptide is trimmed off to a tetrapeptide so that a mature cell is 

composed mostly of tetrapeptides (Vollmer et al., 2008b). Thus, it seems reasonable that 

T. vaginalis enzymes are optimized to digest the mature form of bacterial cell walls. 

Moreover, the substrate specificity demonstrated in the peptidoglycan cleavage assay is 

yet to be unravelled. 

T. vaginalis is surrounded by vaginal bacteria and recent studies have shown that 

this association might play a key role in parasite pathogenesis (Fichorova et al., 2013; 

Phukan et al., 2013). Therefore, if these genes are being used by the parasite against the 

vaginal microbiota, an increase in the expression of the NlpC/P60 genes would be 

expected when the parasite is in contact with the bacteria. The comparative expression 

levels of T. vaginalis NlpC/P60 genes by qPCR revealed that expression profiles differ 

among the genes, change with time and, most importantly, are upregulated when in 

contact with lactobacilli. T. vaginalis regulates expression of genes at the level of 

transcription and this regulation responds to environmental changes. A number of studies 

have reported the effects of environmental factors such as iron, pH, cell contact and zinc 

in transcription regulation in T. vaginalis (Alderete et al., 1995a, 1995b; Gould et al., 

2013; Kucknoor et al., 2005a, 2005b; de Miguel et al., 2012; Quintas-Granados et al., 

2013; Rendón-Gandarilla et al., 2013; Vazquez-carrillo et al., 2011). Moreover, Neale & 

Alderete, (1990) reported significant qualitative and quantitative changes in the expression 

of proteases from fresh isolates when grown in vitro and that T. vaginalis is capable of 

responding to host environmental conditions changes. Therefore, the differences in 

expression profiles observed for the NlpC/P60 genes can be related to changes in the 

environment. Moreover, the plethora in expression levels observed at the end of the co-

incubation period is consistent with an involvement of the NlpC/P60 genes in parasite-

bacteria interactions.  

Determining the localisation of the NlpC/P60 proteins in T. vaginalis would bring 

insights into their function. If these proteins are being used as cell wall hydrolases by the 

parasite, a contact between the enzymes and the vaginal bacteria must occur.  

As previously mentioned, cysteine peptidases are the largest class of peptidases 

found in T. vaginalis, with members predicted to contribute to parasite pathogenesis due to 
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high levels of proteolytic activity (Alvarez-Sánchez et al., 2007; Draper et al., 1998; De 

Jesus et al., 2009; Kummer et al., 2008; Ramón-Luing et al., 2011). CPs are found in 

different cellular fractions in T. vaginalis, such as the plasma membrane, lysosomes, the 

Golgi complex and have also been reported to be secreted (Hernandez-Gutierrez et al., 

2004; Lockwood et al., 1988; Scott et al., 1995). The results of IFA are in agreement with 

previously published data for cysteine peptidase localisation in T. vaginalis, with the 

NlpC/P60 proteins found to be located at the membrane bound or within the ER for 

trafficking. NlpC9 has been reported as a putative hydrogenosomal protein (Carlton et al., 

2007). Conversely, the similarities observed in the IFA results for NlpC9 and all other 

NlpCs, with the exception of NlpC1, could not exclude the possibility these proteins are 

located in organelles such as the hydrogenosome.  

The results of cell fractionation and Western blot were consistent with the IFA 

results. NlpC1 revealed expression at the nuclei/organelles and at the membrane fraction. 

The detection of NlpC1 in the nuclear/organellar fraction can be explained by an 

incomplete lysis of the cell. Although expression was detected in the cytosolic fraction for 

NlpC1, it is likely that the detection is due to protein trafficking. Nevertheless, the 

possibility that a small proportion of the protein could be localised in the cytosol should 

also be taken into consideration. The majority, however, is located to the nuclei/organelles 

and membrane fractions. Additionally, these proteins seem to be quite regulated at the 

level of gene expression, since there are no proteomic data suggesting secretion or a 

surface location (de Miguel et al., 2010). 

Furthermore, the possibility of relocation of the NlpC/P60 proteins in the parasite 

when in contact with bacteria cannot be excluded.  Relocation of proteins in the parasite 

have been previously reported. TvTSP6, which is localised predominantly on the flagella, 

is observed in intracellular vesicles and the plasma membrane upon parasite contact with 

vaginal epithelial cells (de Miguel et al., 2012).  

As mentioned earlier, a number of cysteine peptidases are secreted by T. 

vaginalis. Signal peptide or transmembrane region has been indicated in NlpC 4 and 9 

suggesting that these may be secreted upon bacteria contact. This could explain the 

heterogeneity in terms of cytolocalisation observed for NlpC2 in the IFA. Moreover, the 

differences among the NlpC/P60 sequences should also be taken into consideration, as the 

presence or absence of domains could allocate the proteins in different cellular 

compartments. NlpC1, NlpC2 and NlpC7 have an SH3 domain in their sequence in 
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addition to the NlpC/P60 domain. In contrast, the other NlpCs possess only the catalytic 

domain. SH3 domains are associated to proteins localised at the plasma membrane or the 

cytoskeleton, suggesting that these domains mediate localisation to these regions (Cohen 

et al., 1995). The particular cytolocalisation for NlpC1 and NlpC2 in comparison to the 

other NlpCs could be due to the presence of this domain.  

T. vaginalis enzymes were shown to be active against Tetrapeptide and 

Tetratetrapeptide-rich peptidoglycan. As a step towards defining the function of the NlpCs 

in T. vaginalis, NlpC/P60 transfectants were produced and co-incubation assays carried 

out. The overexpression of NlpC/P60 proteins in T. vaginalis revealed a fascinating 

phenotype. Parasites that were overexpressing any of the NlpC/P60 proteins were greatly 

enhanced in their ability to destroy bacteria, either against the model E. coli or the vaginal 

L. gasseri. The peptidoglycan cleavage assay had already demonstrated that three of the 

enzymes were active against E. coli peptidoglycan, suggesting the enzymes would be 

active in the parasite. The bacteriolytic activity of the transfectants was higher in E. coli 

compared to Lactobacillus. As the structure of peptidoglycan is basically the same in 

different bacteria (Vollmer et al., 2008b), the variation existent in the peptide stem, in the 

glycan strands or in the interpeptide bridge position or composition is a possible 

explanation for the bacteriolytic difference observed. Although the composition of L. 

gasseri peptidoglycan is not known, in other Lactobacilli the third position in the stem 

peptide can be occupied by a Lys, a meso-A2pm or an L-Orn. However, many 

modifications of this composition is found among species. In addition, the presence or 

absence of an interpeptide bridge also varies within species (reviewed in Kleerebezem et 

al, 2010). E. coli has a meso-A2pm in the third position in the peptidoglycan and the cross-

linkage between the stem peptides is direct (Vollmer et al., 2008b). 

Another important finding was that T. vaginalis G3 (non-transfected) shows some 

bacteriolytic activity against Lactobacillus and E. coli but only at and after 6 hours of co-

incubation. This is in agreement with the expression profile of these genes where up-

regulation of NlpC/P60 genes is mostly evident at the end of 8 hours. Since the experiment 

was carried out using KSFM to avoid outgrowth of the parasite or bacteria and this media 

is detrimental for parasite survival, longer incubation periods would possible affect the 

results of the assay. 

The overall difference on the level of bacterial clearance when T. vaginalis is 

incubated with the wild-type E. coli DH5! (Figure 5.8) versus the mutant CS703-1 
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(Figure 5.9) is likely due to higher levels of the pentapeptide in the peptidoglycan 

structure of the mutant. As previously mentioned carboxypeptidase mutants of E. coli have 

a higher level of pentapeptide in their peptidoglycan, making up for 80-90% of the 

peptidoglycan composition (Peters Kannan et al., 2016; Vollmer et al., 2008a, 2008b). In 

addition, since T. vaginalis recombinant NlpC enzymes are apparently unable to digest the 

pentapeptide (Figure 5.1), the E. coli mutant CS703-1 peptidoglycan composition could 

explain the differences observed between the peptidoglycan cleavage and the co-

incubation assay. Moreover, Alderete & Provenzano, (1997) hypothesized that the number 

and amount of synthetized proteinases in vivo is likely under the control of environmental 

cues that modulate the proteinases at any particular moment and micro environmental 

condition during infection. Therefore, the presence of another protein or mechanism in the 

parasite or even substances released by the bacteria triggering a response should also be 

taken into consideration.  

For further understanding the difference in results observed between 

peptidoglycan cleavage assay and the co-incubation assay, a different concentration of 

NlpC1 transfectant was incubated with E. coli and E. coli mutant. The results of this assay 

revealed that the parasite responds differently to an increased number of bacteria. 

Additionally, NlpC-transfected T. vaginalis has more difficulty destroying the E. coli 

mutant than E. coli, thus is in agreement with the results observed for the peptidoglycan 

cleavage assay. Previous studies have shown that the parasite response is modulated by a 

dose-dependent interaction (Alderete and Pearlman, 1984; Hirt and Sherrard, 2015; 

Phukan et al., 2013; Rendón-Maldonado et al., 1998; Torok et al., 2007). Therefore, the 

result observed here are consistent with previous studies.  

This bacteriolytic phenotype is not due to NlpC alone. Purified recombinant 

NlpC1, even at a very high dose (probably a non-physiologically relevant dose), has no 

bacteriolytic effect. T. vaginalis NlpC/P60 enzymes might be a part of a hydrolytic 

cocktail that leads to killing of these bacteria indicating that other enzymes are also 

necessary. Despite that, it is important to emphasize that T. vaginalis NlpC/P60 enzymes 

might be central enzymes specialised in breaking up a very unique composition in nature, 

the peptidoglycan. Therefore, these enzymes must be a potent weapon that aids the 

parasite eliminate the surrounding bacteria and should play a role in T. vaginalis 

pathogenesis.  
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6.1! Summary 

The human parasite, T. vaginalis causes the most common non-viral sexual 

transmitted infection, yet the mechanisms behind pathogenesis are still poorly 

characterised. The presence of NlpC/P60 genes in the genome of T. vaginalis seemed 

intriguing, since the majority of NlpC/P60 characterised members are reported to be cell-

wall hydrolases. The studies presented in this dissertation point to the importance of these 

genes in T. vaginalis and their contribution to the parasite’s virulence. In Chapter 3, I 

showed that the NlpC/P60 genes were acquired via LGT from bacteria and identified these 

genes as being part of the P60-like family of cell-wall hydrolases. The structures for 

NlpC1 and NlpC2 are presented in Chapter 4, revealing the catalytic triad sitting in an 

open groove, suggestive of enzyme activity against as exogenous substrate. This is the 

first report of a 3D structure for a cysteine peptidase in T. vaginalis. Seeking to understand 

the mechanism of these proteins and their role in the parasite pathogenesis I investigated 

the interaction of purified recombinant enzymes and different peptidoglycan and report 

these enzymes to be catalytically active against E. coli peptidoglycan, cleaving 

Tetrapeptide and Tetratetrapeptide-rich peptidoglycan, between D-iGlu and m-Dap 

peptides (Chapter 5). I also show how the contact with the vaginal microbiota affects the 

regulation of these proteins and report their location within the parasite. Furthermore, I 

demonstrated that the overexpression of NlpC/P60 proteins results in a strong bacteriolytic 

activity. 

6.2! General Discussion 

6.2.1! Trichomoniasis and the vaginal microbiota 

T. vaginalis is an extracellular flagellated protozoan parasite that causes 

trichomoniasis, the most common non-viral sexually transmitted infection worldwide 

(WHO, 2016). Despite its high prevalence, this infection is poorly understood, lacking a 

better knowledge of the molecular basis behind pathogenesis. 

Since T. vaginalis site of infection is under constant change, it is puzzling how 

the parasite can establish itself and maintain infection. In Chapter 1, I discussed the 

several known mechanisms thought to be involved in the parasite pathogenesis. Although 

the interaction of T. vaginalis and the vaginal microbiota seem to play an important role, 

the biochemical processes behind this interaction are still not well defined. 
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In the vagina of healthy premenopausal women, Lactobacillus ssp is the dominant 

bacterium and acts as a natural barrier against a number of urogenital pathogens (Atassi et 

al., 2006a, 2006b; Boris et al., 1998b; Brotman et al., 2010b; Sewankambo et al., 1997; 

Skarin and Sylwan, 1986; Spurbeck and Arvidson, 2011). Several mechanisms have been 

proposed on lactobacilli protective role, such as competitive exclusion of genitourinary 

pathogens by adherence (Chan et al., 1985; Spurbeck and Arvidson, 2008), coaggregation 

with uropathogens (Ocaña and Nader-Macías, 2002; Reid et al., 1988) and production of 

inhibitory metabolites (Aroutcheva et al., 2001; Gudinaa et al., 2010; Klebanoff and 

Coombs, 1991; O’Hanlon et al., 2013). Additionally, lactobacilli has been indicated to 

modulate mammalian genes involved in immune responses (Christensen et al, 2002; 

reviewed in McFarland, 2000 and Vaarala, 2003). On the other hand, the products secreted 

by T. vaginalis such as CDF or CPs and pore-forming proteins (McGrory and Garber, 

1992) in addition to the parasite’s ability to phagocytise bacteria, including lactobacilli 

(Rendón-Maldonado et al., 1998; Street et al., 1984), could potentially induce an 

imbalance in the microbial community. Conversely, only a few studies have reported the 

correlation between T. vaginalis and the vaginal microbiota (Brotman et al., 2012; 

Fichorova et al., 2013; Phukan et al., 2013; Torok et al., 2007), thus very little is known 

about this interaction. 

 In this dissertation, I show that the NlpC/P60 T. vaginalis cysteine peptidases are 

likely involved in pathogenesis, playing a role in this constant battle between the parasite 

and the vaginal microbiota. Understanding how T. vaginalis interact in the vaginal 

ecosystem and the discovery of molecules involved in these interactions can be of 

potential use to develop vaccines and drugs in the future.  

6.2.2!  The origins of NlpC/P60 genes in T. vaginalis 

The genome sequence of T. vaginalis has provided extraordinary insights into 

aspects of its biology and revealed the presence of putative genes involved in 

pathogenesis. Although the presence of NlpC/P60 genes was reported in the genome 

(Carlton et al., 2007), and members of this superfamily have been reported to be a key 

component in host-pathogen interactions and play important roles in bacterial physiology 

and virulence (Chitlaru et al., 2006; Gao et al., 2006; Lenz et al., 2003; Padhi et al., 2016; 

Parthasarathy et al., 2012; Sánchez and Urdaci, 2012; Senkevich et al., 2008a; Tran et al., 

2010a), the role of NlpC/P60 genes have never been previously studied in T. vaginalis. 
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The main objective of this dissertation was to determine the origin of these genes and 

characterise the structure and function of these enzymes and their specific role in the 

parasite. 

Since the NlpC/P60 superfamily members have diverse enzymatic function, 

ranging from amidases and endopeptidases in bacteria to arylamine acetyltransferases in 

mammals (Anantharaman and Aravind, 2003), determining the origins of the NlpC/P60 

genes in T. vaginalis would bring insights into the function of these genes.  

To assess the origins of these genes we performed BLAST searches, sequence 

alignments and phylogenetic analysis (Chapter 3). The BLAST searches and sequence 

alignments revealed that three of the nine T. vaginalis NlpC/P60 members did not only 

have the presence of NlpC/P60 domains but also an SH3 domain. The presence of SH3 

domains fused to the catalytic domain are consistent with previous reports (Anantharaman 

and Aravind, 2003; Chitlaru et al., 2006; Layec et al., 2008; Machata et al., 2005; Xu et 

al., 2009). SH3b domains along with choline-binding, WxL, Lc-LysBD, S-layer 

homologous (SLH) and Lysin Motif (LysM) domains are involved in non-covalent 

binding to the cell wall (Chapot-Chartier and Kulakauskas, 2014; Kleerebezem et al., 

2010b; Mesnage et al., 2000). Furthermore, the phylogenetic analysis revealed that the 

NlpC/P60 genes were acquired via LGT and are related to P60-like family members. LGT 

have been reported to play a role in eukaryotes evolution (Alsmark et al., 2009; 

Andersson, 2005, 2009; Keeling, 2009; Olendzenski and Gogarten, 2009), especially in 

parasitic protozoan where the phagocytosis of  host cells and bacteria  provide a likely 

source of novel DNA that will potentially present new functions to the recipient (Deitsch, 

2001; Doolittle, 1998; Doolittle et al., 2003; Field et al., 2000; Gogarten, 2003; Nixon et 

al., 2003; Richards et al., 2003).  

The knowledge that T. vaginalis NlpC/P60 members are bacterial in origins and 

related to P60-like members allowed for the speculation that these genes would possible 

have the same function as their bacterial counterparts and are aiding the parasite infection. 

Recent reports of LGT cases where the recipient is taking advantage of the acquired genes 

and using them against its donor support this hypothesis. An NlpC/P60 protein with 

bacteriolytic activity and possibly acquired via LGT from bacteria has been reported to be 

present in another eukaryote that lack a cell wall and its homologues (Mathaba et al., 

2002; Tang et al., 2015). Additionally, recent studies have reported similar cases of LGT 

genes in eukaryotes and archaea encoding functional proteins from bacterial origins that 
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are involved in cell wall hydrolysis in organisms lacking cell wall, conferring a selective 

advantage to the recipient (Chou et al., 2015; Metcalf et al., 2014).  

6.2.3! NlpC/P60 are functional in T. vaginalis and might contribute to pathogenesis 

Cysteine peptidases have been characterised in a number of parasites, including 

T. vaginalis (Ankri et al., 1998; Ashall et al., 1990; Caffrey and Ruppel, 1997; Frame et 

al., 2000; He et al., 2010; Mbawa et al., 1992; Mulcahy and Dalton, 2001; Rosenthal and 

Nelson, 1992; Salmon et al., 2001; Ward et al., 1997). To date, only members of families 

C1 and C13 (Clan CA and CD, respectively) have been characterised in T. vaginalis 

(Arroyo et al., 2015), where they have been shown to be involved in apoptosis, 

cytotoxicity, cytoadherence, haemolysis and host immune response evasion (Alvarez-

Sánchez et al., 2000; Arroyo and Alderete, 1989; Dailey et al., 1990; Hernandez-Gutierrez 

et al., 2004; Mendoza-López et al., 2000; Provenzano and Alderete, 1995; Rendón-

Gandarilla et al., 2013; Sommer et al., 2005). In here, the role of NlpC/P60 (family C40, 

Clan CA) in T. vaginalis is for the first time reported and characterised. 

The NlpC structures presented on Chapter 4 provided insights into substrate 

specificity of these enzymes. The binding groove in NlpC1 and NlpC2 is open and present 

similarities to other characterised NlpC/P60 proteins  (Böth et al., 2011; Xu et al., 2009, 

2010, 2015). These NlpC/P60 characterised members have been shown to be specific for 

muropeptides, where Mycobacterium tuberculosis RipA and RipB (PDB ID codes Rv1477 

and Rv1478) degrade peptidoglycan (Böth et al., 2011). RipB displays an open T shape 

groove that can easily accommodate the glycan strands in one end of the groove, allowing 

the peptide chain to sit in the middle of the groove in contact with the catalytic residues. 

Since NlpC1 possess a similar groove, a prediction on how the peptidoglycan binds can be 

made. 

In the heterologous peptidoglycan cleavage assay we showed that NlpC1, NlpC2 

and NlpC7 are active enzymes that have specificity for Tetra and Tetratetra peptidoglycan 

(Chapter 5). Furthermore, these enzymes are unable to digest the Penta and Tetrapenta 

peptide. The structures of NlpC1 and NlpC2 revealed an open long groove able to 

accommodate longer peptides (Chapter 4), with no clear features that would prevent 

cleavage of the Penta peptide, leaving this specificity unexplained. Ligand screening using 

X-ray crystallography and Docking are well known and utilised techniques (Danley, 2006; 

Hassell et al., 2007; Jorgensen, 1991; Kahraman et al., 2007; Kitchen et al., 2004; Le 
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Maire et al., 2011) that can bring additional insights into this substrate specificity. Co-

expression with ligands of interest, use of ligands during protein purification, co-

crystallisation and soaking ligands into existing crystals are techniques used to obtain 

protein–ligand complexes (Hassell et al., 2007) that can be used to determine the three-

dimensional model of interaction between a protein and a known ligand at molecular level 

(Danley, 2006). Docking allows for the prediction of the binding-conformation of small 

molecules to the target binding sites, being important to elucidate fundamental 

biochemical processes (Kitchen et al., 2004). In light of this information it would be 

interesting to see if crystals of the NlpC mutants with ligands could be obtained. Since the 

mutants have been shown to be inactive against peptidoglycan in the enzyme activity 

assays (Chapter 5), soaking of NlpC mutants with different peptides would help to 

elucidate how the substrate binds to the binding groove. Additionally, all the enzymes 

used in the peptidoglycan assay possess an SH3 domain and belong to the same group of 

T. vaginalis NlpC/P60 (Figure 3.2). Expressing, purifying and characterising the 

enzymatic activity of the other NlpCs would determine the specificities of these enzyme’s 

functions.  

In Chapter 5 I used RT-qPCR to characterise how lactobacilli can modulate the 

expression of the NlpC/P60 genes in T. vaginalis. This analysis revealed that the 

NlpC/P60 genes are up-regulated when in contact with host microbiota. For T. vaginalis to 

infect it must adhere to the vaginal epithelial cells (VECs), hence this is a three way 

interaction (host-parasite-microbiota). Kucknoor et al, (2005b) have shown that some 

genes are up-regulated in the parasite upon contact with VECs. Since T. vaginalis gene 

expression responds to environmental changes (Alderete et al., 1995a, 1995b; Gould et al., 

2013; Kucknoor et al., 2005a, 2005b; de Miguel et al., 2012; Quintas-Granados et al., 

2013; Rendón-Gandarilla et al., 2013; Vazquez-carrillo et al., 2011) and a number of 

studies have reported on iron modulation of T. vaginalis CPs (Alvarez-Sánchez et al., 

2007; Cardenas-Guerra et al., 2013; Hernandez-Gutierrez et al., 2003; Horváthová et al., 

2012; Kummer et al., 2008; León-Sicairos et al., 2004; Rendón-Gandarilla et al., 2013; 

Torres-Romero and Arroyo, 2009), investigations into whether or not the NlpC/P60 genes 

are modulated by iron or affected by the contact of the parasite to the VECs are now 

required. 

Interestingly, I found the NlpC/P60 proteins to be localised in different cell 

compartments (Chapter 5). Considering the different cell location of these proteins in the 
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parasite, it is plausible to say that, although, all enzymes hydrolase bacterial cell wall, 

these enzymes are likely to be used in different ways by the parasite. NlpC1 is located at 

the cell surface, NlpC2 can be found at the cell surface and cytoplasm whereas NlpC3-9 

revealed an ER and cytoplasmic localisation, suggesting these proteins may be trafficking 

for secretion (Chapter 5). A similar case has been reported in Entamoeba histolytica, 

where the cysteine proteinase EhCP4 is originally located to the nuclear, ER and 

cytoplasmic vesicles, being secreted upon contact to host cells (He et al., 2010). The 

secretion of hydrolases by pathogens into their environment could bring advantages to the 

parasite by providing a potential hazard to neighbouring host cells (Lockwood et al., 

1988). A number of studies have reported the secretion of CPs by T. vaginalis (Garber and 

Lemchuk-Favel, 1994; Kucknoor et al., 2007; Lockwood et al., 1987; Scott et al., 1995). 

Secretion of cysteine peptidases have also been reported in other pathogens where they 

play a role in host tissue invasion and immune response (He et al., 2010; Que and Reed, 

1997). Thus, future studies to determine if the NlpCs in T. vaginalis are secreted or 

whether these proteins relocate upon bacterial contact may aid the characterisation of their 

roles in the parasite pathogenesis.  

Prior to the submission of this dissertation a new study with a secreted NlpC/P60 

hydrolase was published. This hydrolase was reported to attenuate enteric bacterial 

pathogenesis by cleaving peptidoglycan which leads to an increased immune system 

response, and enhance tolerance to enteric pathogens (Rangan et al., 2016). It is known 

that peptidoglycan fragments are recognised by eukaryotes through several peptidoglycan 

recognition molecules, inducing immune host responses (Boudreau et al., 2012; Cloud-

Hansen et al., 2006; Dziarski and Gupta, 2005; Royet and Dziarski, 2007). Since our 

peptidoglycan cleavage assays showed that NlpC1, NlpC2 and NlpC7 are D, L-

endopeptidases, it is plausible to speculate that these enzymes could aid parasite infection 

by cleaving the vaginal microbiota peptidoglycan, resulting in release of peptidoglycan 

fragments that would activate immune system response against the bacteria.  

The association of T. vaginalis to bacterial vaginosis (BV) has been reported for 

many years (Demirezen et al., 2005; Franklin and Monif, 2000; Gatski et al., 2011; 

Moodley et al., 2002; Wølner-Hanssen et al., 1989). BV is an unbalance in the vaginal 

microbiota as a result of a shift from lactic acid producing bacteria to a diversity of 

facultative and strictly anaerobic bacteria (Eschenbach et al., 1989; Fredricks et al., 2005; 

Oakley et al., 2008). Ravel et al, (2011) has shown that the vaginal microbiota of healthy 
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reproductive-age women is clustered in five groups, where four of these groups are 

dominated by lactobacilli (groups I-III and V) and the other group (IV) is composed of a 

higher occurrence of anaerobic bacteria. Although these facultative and strictly anaerobic 

bacteria have been shown to compose group IV, being part of the vaginal microbiota of 

healthy reproductive-age women (Ravel et al., 2011a), it has been reported that this same 

group has increased odds of association to T. vaginalis infection when compared to the 

other groups that compose the vaginal microbiota (Balkus et al., 2014; Brotman et al., 

2010b, 2012; Rathod et al., 2011). The exact mechanism or mechanisms behind this 

interaction are still poorly understood. Moodley et al, (2002) suggested that T. vaginalis 

causes changes to the vaginal ecology, possibly causing the development of bacterial 

vaginosis. Recently, T. vaginalis has been shown to team up with BV species augmenting 

pro-inflammatory and suppressing protective host immune response, resulting in a reduced 

number of vaginal colonisation by Lactobacillus (Fichorova et al., 2013). Our co-

incubation assays revealed that the overexpressing NlpC parasites possess strong 

bacteriolytic activity against the bacteria tested, including L. gasseri. Since it has been 

shown that T. vaginalis is associated with BV and this interaction can change the vaginal 

environment, it would be interesting to see how the T. vaginalis NlpC transfectants would 

interact with the different bacteria that are associated to BV. If the overexpressing NlpC 

parasites do not affect BV bacteria in a similar level to the results observed in this 

dissertation, this would bring remarkable insights into the interaction between parasite-

vaginal microbiota and the parasite pathogenesis. 

6.2.4! Remaining questions and future directions 

Some questions remain unanswered. Why does T. vaginalis have 9 NlpC/P60 

proteins? Do they all have the same substrate, activity and function? Due to time 

constrains and the number of genes in the study, several investigations are still necessary 

to fully characterise the NlpC/P60 genes in T. vaginalis and their role in pathogenesis. 

T. vaginalis overexpressing NlpC transfectants revealed high bacteriolytic 

activity against the bacteria tested in the assay (Chapter 5). However, the characterisation 

of NlpC mutants has not been verified. It is expected that a single mutation in the catalytic 

residues would cause a change in the phenotype observed making the NlpC transfectants 

lose their ability to kill the bacteria, similarly to what was observed in the peptidoglycan 

cleavage assay. Mutants for NlpC1 have already been constructed and further 
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investigations will be undertaken. Gene knockout has been previously reported in T. 

vaginalis (Brás et al., 2013; Land et al., 2004), thus, knockout of the individual NlpC/P60 

genes in T. vaginalis is another alternative to detect the loss of bacteriolytic activity in the 

parasite. However, it is necessary to take into consideration that T. vaginalis possess nine 

NlpC/P60 genes and that the function of these genes is likely to be redundant. This is 

evident in the high sequence similarity shared by NlpC1/2. Therefore, knocking out 

several NlpC genes at once or all 9 NlpC genes would be required, allowing individual 

genes to be complemented. In addition, since MasterNeo plasmids with inserts for NlpC6 

and NlpC7 could not be obtained, the cytolocalisation of these proteins in the parasite and 

their effects in bacteria are still to be characterised.  

In Chapter 5 a striking feature could be observed. I showed that the enzymes 

alone do not have bacteriolytic activity. This information needs to be further addressed. 

Which other molecules are involved in this bacteriolytic activity? Overexpression caused a 

drastic reduction in cultured bacteria. However, particularly in E. coli, the peptidoglycan is 

not accessible outside the cellular membrane. Therefore, there has to be another 

component that allows the NlpC enzymes access to the cell wall. 

Despite all attempts to crystallise NlpC7, I was unsuccessful. NlpC7 is the only 

other NlpC/P60 member in T. vaginalis that contains an SH3 domain fused to the catalytic 

domain. NlpC7 revealed the highest enzymatic activity against E. coli peptidoglycan in the 

peptidoglycan cleavage assay (Chapter 5). It would be interesting to see if NlpC7 has a 

similar domain arrangement to NlpC1 and NlpC2 and if there are any differences in the 

substrate binding groove. Furthermore, crystallising the other NlpCs would bring more 

insights into the substrate binding of these proteins and their function.  

T. vaginalis infection is a very complex process involving different types of 

molecules where the interaction of the vaginal microbiota plays a key role. The question 

on how this interaction takes place remains to be investigated. How does the role of one 

affect the other? The studies presented in this thesis shed some light into molecules 

involved in the parasite pathogenesis and reinforces the need to improve our knowledge 

on the parasite-microbiota interactions to unravel the nature of T. vaginalis infection. 

!
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Table I.1: Media for bacterial and parasitic growth 

Solution Composition 
LB medium 2.5 % (w/v) Lennox Broth base (Invitrogen)  
LB agar 2.5 % (w/v) Lennox Broth base (Invitrogen), 1.5 % 

bacteriological agar  
Complete MRS medium  5.5 % (w/v) MRS, 10 % heat inactivated horse 

serum  
Complete MRS agar medium  5.5 % (w/v) MRS, 10 % heat inactivated horse 

serum, 1.5 % (w/v) bacteriological agar  
Complete Diamond's medium 

For 1L media, 22.2 g tryptose, 11.12 g yeast extract, 
5.56 g maltose, 1.112 g cysteine, 0.22 g ascorbic 
acid, 0.88 g KH2PO4, 0.88 g K2HPO4, 10 % horse 
serum, 1 % Penicillin-Streptomycin antibiotics  

 

Table I.2: Solution for preparing E. coli competent cells 

Solution Composition 
Electro-competent cells 
solution 20% (w/v) glycerol, 1.5 % (w/v) mannitol 
TBS/TSS buffer 10 % w/v PEG 6000, 50 mM MgCl2, pH 6.5. Prior 

to use, the buffer was supplemented with DMSO to 
5 % v/v.  

 

Table I.2: Solutions used for DNA electrophoresis 

Solution Composition 
TBE buffer (1 X) 89 mM Tris, 89 mM Boric acid, 2.5 mM EDTA, pH 

8.3  
Agarose  1 % (w/v) UltraPure Agarose dissolved in 1 X TBE 

buffer  
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Table I.3: Solutions used for SDS-PAGE 

Solution Composition 
Resolving gel 12.5 % acrylamide, 357 mM bis-Tris pH 6.7, 0.07 

% ammonium persulfate, 0.07 % TEMED 
Stacking gel 4.5 % acrylamide, 357 mM bis-Tris pH 6.7, 0.13 % 

ammonium persulfate, 0.13 % TEMED 
5X protein loading buffer 250 mM Tris pH. 8, 30% (v/v) glycerol, 15% (v/v) 

"-mercaptoethanol, 6% (w/v) SDS, 0.01% 
bromophenol blue 

Running buffer 50 mM MES, 50 mM Tris, 1mM EDTA, 0.1% SDS 
Comassie blue staining solution 30% Methanol, 10% acetic acid and 0.125% Serva 

Blue R 
Destain solution 30% Methanol and 10% acetic acid 

 

Table I. 4: Solutions used for protein purification 

Solution Composition 
Lysis buffer  20 mM Tris-HCl pH 7.8, 300 mM NaCl, 0.5 mM 

TCEP, 20 mM imidazole and 10 % glycerol 
Wash buffer 20 mM Tris pH 8, 300 mM NaCl, 30 mM 

Imidazole, 0.5 mM TCEP 
Elution buffer 20 mM Tris pH 8, 300 mM NaCl, 300 mM 

Imidazole, 0.5 mM TCEP 
Dialysis buffer 10mM Tris, 25 mM NaCl and 0.1 mM TCEP 
Buffer A 20 mM Tris pH 8, 0.5 mM TCEP 
Buffer B 20 mM Tris pH 8, 1 M NaCl, 0.5 mM TCEP 
SEC buffer 150 mM NaCl, 10 mM Tris pH 8, 0.5 mM TCEP 

 

Table I.5: Solutions used for cell fractioning 

Solution Composition 
1 X PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.4 
Buffer A 10 mM HEPES, 1.5 mM MgCl2, 10mM KCL, 

0.5mM DTT, 0.2 mM PMSF, 2 µl/ml TLCK and 2 
µl /ml leupeptin 
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Table I.6: Solutions used for Immunoblotting 

Solution Composition 
1 X Blotting buffer 20 mM Tris, 150 mM Glycine, 20 % Methanol  
10 X TBS For 1 L, 24g Tris base, 88 g NaCl, pH 7.6 
1 X TBST 1 X TBS, 0.1 % (v/v) Tween-20 
Blocking solution 1 X TBST and 5 % (w/v) skim milk  

 

Table I.7: Solutions used for IFA 

Solution Composition 
1 X PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.4 
Blocking solution 3% bovine serum albumin (BSA)/ 1X PBS 

 

Table I.8: Solutions used for peptidoglycan cleavage assay 

Solution Composition 
Peptidoglycan assay buffer 20 mM Tris/HCl, 150 mM NaCl, pH 7.5  
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Table II.1: qPCR primers 

Name Sequence 
NlpC1_F 5’-TCACAATTCCAACCCAATCTG 
NlpC1_R 5’-CTCCGTCATTTGCACCATCT 
NlpC2_F 5’-TAAGACCAAGCTTGGCTGC 
NlpC2_R 5’-TTCCGACATACATTCCGAC 
NlpC3_F 5’- AGTTCTGCCACAACGCTTGC 
NlpC3_R 5’-TTACCAGTACCTGCGGTAGC 
NlpC4_F 5’-GGCTGGTCCAAATTCATTTGAC 
NlpC4_R 5’-ACCATCGCAAAGACCAACAT 
NlpC5_F 5’-CCATCGCAATGTTGAAGAGA 
NlpC5_R 5’-TGGCTCATAGAAGCAGCAAA 
NlpC6_F 5’-TATATCCCACGCAATGCAGA 
NlpC6_R 5’- AGCAACGGTTCATGGAAGC 
NlpC7_F 5’-ATGTTTGGGCTGCAACAGGT 
NlpC7_R 5’- AGTGCACTAGAGCAGTGAAG 
NlpC8_F 5’- CAAATCAGGTAATGGCTCTC 
NlpC8_R 5’- TTACCAGTACCTGCGGAAG 
NlpC9_F 5’- TTTGTTCGACTGCTCTGGCT 
NlpC9_R 5’- TTTCCTGGTCTTGGAGCATG 
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Table II.2: IFA primers 

Name Sequence 
1F 5’-CATATG TTAAGTATTCTGTTATC 
1R 5’-GGTACCCTTTGTCCAGTATCTTCTGA 
2F 5’-CATATGTTAAGTGTTTTGTTATG 
2R 5’-GGTACCCTTTGTCCAATATCTTCTGA 
3F 5’- CATATGTTTGGTTTATTATTCAC 
3R 5’-GGTACCCCAGTACCTGCGGTAGCCAG 
4F 5’-CATATGATATTTGCTATCTTCTT 
4R 5’-GGTACCCCAATAGCGTTTGAAATTAA 
5F 5’-CATATGTTCACCATCTTATTCTC 
5R 5’-GGTACCCCAATAACGTCTGAATTGCT 
6F 5’-CATATGGAAGTTTCATATTCGTA 
6R 5’- GGTACCCCAGCAACGGTTCATGGAAG 
7F 5'- CATATGAATTACGTCCTCAAAGA 
7R 5'- GGTACCATGCTGCCAATATCTGGTCA 
8F 5’- CATATGTTAGGATTATTATTCAC 
8R 5’- GGTACCCCAGTACCTGCGGAAGCCTT 
9F 5’- CATATGCTCAGTTTCTTCTTTGC 
9R 5’- GGTACCGTAATATCTACGGTAGCCGT 
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Table I.3: Protein expression primers 

Name Sequence 
Lic_1F 5’-CAGGGACCCGGTATGTTAAGTATTCTGTTATC 
Lic_1R 5’-GGCACCAGAGCGTTACTTTGTCCAGTATCTTCTGA 
Lic_2F 5’-CAGGGACCCGGTATGTTAAGTGTTTTGTTATG 
Lic_2R 5’-GGCACCAGAGCGTTACTTTGTCCAATATCTTCTGA 
Lic_3F 5’-CAGGGACCCGGTATGTTTGGTTTATTATTCAC 
Lic_3R 5’-GGCACCAGAGCGTTACCAGTACCTGCGGTAGCCAG 
Lic_4F 5’-CAGGGACCCGGTATGATATTTGCTATCTTCTT 
Lic_4R 5’-GGCACCAGAGCGTTACCAATAGCGTTTGAAATTAA 
Lic_5F 5’-CAGGGACCCGGTATGTTCACCATCTTATTCTC 
Lic_5R 5’-GGCACCAGAGCGTTACCAATAACGTCTGAATTGCT 
Lic_6F 5’-CAGGGACCCGGTATGGAAGTTTCATATTCGTA 
Lic_6R 5’-GGCACCAGAGCGTTACCAGCAACGGTTCATGGAAG 
Lic_7F 5’-CAGGGACCCGGTATGAATTACGTCCTCAAAGA 
Lic_7R 5’-GGCACCAGAGCGTTAATGCTGCCAATATCTGGTCA 
Lic_8F 5’-CAGGGACCCGGTATGTTAGGATTATTATTCAC 
Lic_8R 5’-GGCACCAGAGCGTTACCAGTACCTGCGGAAGCCTT 
Lic_9F 5’-CAGGGACCCGGTATGCTCAGTTTCTTCTTTGC 
Lic_9R 5’-GGCACCAGAGCGTTAGTAATATCTACGGTAGCCGT 
1S_F new 5’-TCTTCAGGATTAATGCAATGGGC 
1A_F new 5’- GCTTCAGGATTAATGCAATGGGC 
NlpC1_Ser/AlaR 5’-ATCATATGTATCTGGGCC 
NlpC2_SerF 5’-TCTTCAGGCTTAATGCAATG  
NlpC2_AlaF 5’-GCTTCAGGCTTAATGCAATG 
NlpC2_Ser/AlaR 5’-ATCGAATGTATCTGGGCC 
7S_F new 5’-TCTTCAGGTTTAATGCAATGGTGC 
7A_F new 5’-GCTTCAGGTTTAATGCAATGGTGC 
NlpC7_Ser/AlaR 5’-ATCAAACTCATTAGGACC 
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Table 1. Phylogeny data 

Name ID REFSEQ_PROT 
BlastP hit with 
listed query 

Protein 
length 

Mean expression  
Gould et al. 

Mean expression  
Huang et al. 

NlpC7 TVAG_324990 XP_001330233 XP_001276902 277 37.50 12.60 
NlpC1 TVAG_119910 XP_001276902 QUERY 275 234.93 57.80 
NlpC2 TVAG_457240 XP_001583075 XP_001276902 275 3712.73 67.30 
NlpC6 TVAG_252970 XP_001314869 XP_001276902 155 340.22 0.10 
NlpC4 TVAG_393610 XP_001326856 QUERY 141 20.62 0.10 
NlpC9 TVAG_042760 XP_001305907 XP_001326856 137 7.52 6.00 
NlpC5 TVAG_051010 XP_001321089 XP_001326856 137 25.10 0.60 
NlpC3 TVAG_209010 XP_001327845 XP_001326856 135 6869.94 634.80 
NlpC8 TVAG_411960 XP_001310764 XP_001326856 135 4.55 2.10 

 

 

 

 

 



 

 

Table 1. Cont. 

Domains An0 AnOx5 AnOx30 AnOx120 Ad0 AdInf5 AdInf30 AdInf120 
PF00877 NlpC/P60 family NOTE: divergent SH3 
domain 16 19.86 28.97 22.36 94.44 13.75 48.7 33.49 
PF08239 Bacterial SH3 domain - PF00877 NlpC/P60 
family 150 101.76 81.86 90.92 992.58 79.99 149.47 145.13 
PF08239 Bacterial SH3 domain - PF00877 NlpC/P60 
family 3238 2789.82 2342.59 3536.98 9818.35 976.12 1143.72 2601.2 
PF00877 NlpC/P60 family 146 178.71 141.06 147.56 1134.24 116.23 172.99 188.55 
PF00877 NlpC/P60 family 8 18.62 8.82 10.43 61.11 8.75 11.76 9.92 
PF00877 NlpC/P60 family 1 0 1.26 5.96 3.7 8.75 33.59 22.33 
PF00877 NlpC/P60 family 14 17.37 10.08 31.3 80.55 18.75 13.44 38.45 
PF00877 NlpC/P60 family 8319 6660.58 7740.63 5787.65 893.5 11051.05 11492.67 8658.27 
PF00877 NlpC/P60 family 8 1.24 5.04 5.96 2.78 5 6.72 4.96 

!

!

! !



 

 

 

Table 1. Cont. 

AdOxInf5 AnOxInf30 AdOxInf120 

Mean 
expression 
Gould et 
al. 1%_12h GR_12h GR_24h GR_36h 

Mean 
expression 
Gould et 
al. 

Mean 
expression 
Huang et 
al. 

43.83 42.54 48.61 37.50 14.40 14.30 17.00 4.70 37.50 12.60 
348.49 196.09 247.92 234.93 33.60 55.10 64.90 77.80 234.93 57.80 
4275.92 4330.52 5786.78 3712.73 53.80 49.20 71.90 94.30 3712.73 67.30 
562.28 480.36 474.45 340.22 0.10 0.20 0.00 0.00 340.22 0.10 
28.86 19.71 40.83 20.62 0.30 0.00 0.00 0.00 20.62 0.10 
1.07 3.11 1.94 7.52 0.10 0.40 1.10 22.50 7.52 6.00 
14.97 19.71 17.5 25.10 0.10 0.40 0.00 2.00 25.10 0.60 
6354.01 5563.07 3048.95 6869.94 115.90 694.00 724.00 1005.30 6869.94 634.80 
4.28 4.15 1.94 4.55 0.40 2.00 1.00 4.90 4.55 2.10 

!

! !
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Table 2. Sequence alignment similarities for NlpC/P60 in T. vaginalis 
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SignalP analysis 
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NlpC3 
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NlpC5 
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NlpC7 
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NlpC9 

 
 

Phobius analysis 
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NlpC2 
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NlpC8 
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TargetP analysis 

 
 

TMHMM analysis 
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NlpC4 
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NlpC6 

 

 
 

NlpC7 

 

 
 

 

 

 

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 20  40  60  80  100  120  140

pr
ob

ab
ilit

y

TMHMM posterior probabilities for TVAG_252970

transmembrane inside outside

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 50  100  150  200  250

pr
ob

ab
ilit

y

TMHMM posterior probabilities for TVAG_324990

transmembrane inside outside



Appendix III 

 168 

NlpC8 
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