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Abstract
Surface proteins of mucosal microbial pathogens play multiple and essential roles in initiating and
sustaining the colonization of the heavily defended mucosa. The protist Trichomonas vaginalis is one
of the most common human sexually transmitted pathogens that colonize the urogenital mucosa.
However, little is known about its surface proteins. The recently completed draft genome sequence
of T. vaginalis provides an invaluable resource to guide molecular and cellular characterization of
surface proteins and to investigate their role in pathogenicity. Here we review the existing data on T.
vaginalis surface proteins and summarize some of the main findings from the recent in silico
characterization of its candidate surface proteins.

Surface proteins of mucosal pathogens
In order to initiate the invasion of host mucosa, and later thrive within them, mucosal
microbial pathogens must be able to bind specifically to the host tissue and bypass the initial innate
defence systems[1,2]. Pathogens must also have the ability to subvert or oppose attacks from the
proteins and cells of the innate and later adaptive immune responses[3,4]. Trichomonas vaginalis is a
sexually transmitted, non-self-limiting pathogen in females, infecting the urogenital tract of both
sexes. It has been recognized as an important pathogen due to its high prevalence and its link with
other disease, in particular inducing higher susceptibility to HIV (see for example, Ref[5,6]). Infection
is also correlated with higher prevalence of invasive cervical cancer (see for example, Ref [7]) and
more recently an association with prostate cancer was also suggested[8]. In addition to the morbidity
caused to carriers, Trichomonas infections during pregnancy also to lead to increased risk for
preterm and low weight babies[7,9], which in poor sanitary and nutritional contexts in particular, is
likely to translate into higher rates of babies early death. Furthermore, only ~50% of T. vaginalis
infections lead to symptomatic inflammatory responses and together with the low sensitivity of the
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commonly used diagnostic method makes it an elusive pathogen (see for example, Refs[6,10,11]). This
causes underestimation of infection rates and also complicates its clinical follow up[6]. For reviews on
various biological and medical aspects of T. vaginalis see Refs.[5,7,12].
T. vaginalis successful colonization of the host mucosa is thought to depend on multiple
mechanisms including: (i) binding to, and degradation of components from, the mucus and
extracellular matrix (ECM) proteins (reviewed in[12]), (ii) binding to host cells including vaginal
epithelial cells (VEC) and immune cells such as neutrophils, leading to cytotoxic effects[13,14], (iii)
phagocytosis of vaginal bacteria and host cells (VEC, erythrocytes and immune cells)([15]and
reference herein), (iv) endocytosis of host proteins and (v) degradation of IgG and IgA antibodies
and complement proteins (reviewed in Ref.[16]). In addition, T. vaginalis can internalize viable viruses
such as HIV via endocytosis[17] and bacteria such as Mycoplasma, with Mycoplasma being able to
survive and multiply intracellularly[18]. T. vaginalis may represent a Trojan horse, or vector, for these
pathogenic agents, as previously suggested for the human papillomavirus (reviewed in Ref.[7]). T.
vaginalis surface proteins are thought to be essential for these different activities and have been
shown in other organisms to be important virulence factors central to the host-pathogen interface (see
for example, Refs[19,20]). Pathogen surface proteins are also involved in host immune recognition and
stimulation (innate and adaptive responses) and T. vaginalis surface molecules were recently shown
to induce dendritic cell (DC) maturation regulating the development of the immune response[21].
The principle published data on T. vaginalis surface proteins, accumulated during the past
three decades, suggest that several gene families encoding classic enzymes known to localize and
function in hydrogenosomes, a mitochondrial homologue mediating anaerobic metabolism[22], can
also be expressed on the cell surface and are adhesins - so called moonlighting proteins[23] having two
or more unrelated functions[24]. These data are controversial in that, for example, these ‘adhesins’
include the well established hydrogenosomal marker malate dehydrogenase decarboxylating enzyme
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(malic enzyme, ME)[25]. More recently the genome sequencing project identified a surprisingly large
genome for T. vaginalis (strain G3, ~160 Mbp) encoding the staggering amount of ~60,000
hypothetical proteins[26]. Over 300 candidate surface proteins were identified with at least one
inferred transmembrane (TM) domain and sharing one or more features with surface proteins from
other pathogens known to contribute to mucosal colonization or other pathogenic processes. Here we
briefly reconsider the published T. vaginalis adhesins data and other described surface proteins and
review the more recent genome data.

T. vaginalis surface proteins: adhesins, cystein proteinases and P270 proteins
A collection of T. vaginalis proteins has been described in the literature with different pieces of,
often indirect, data supporting the notion that they are expressed on the cell surface and play
important roles in regulating T. vaginalis-host interactions. Several hydrogenosomal enzymes
(including ME, α and β subunits of succinyl CoA synthetase [SCS] and pyruvate:ferredoxin
oxidoreductase [PFO]), have been claimed to have dual cellular localizations with an alternative
localization on the cell surface where they could play an adhesin function (adhesins designated
AP65, AP33, AP51 and AP120, respectively – Table 1, Table S1)[24,27]. However these data are
controversial because other papers have demonstrated a uniquely hydrogenosomal localization for
these enzymes by means of immunocytochemistry and/or cell fractionation[28-30] – for further pros and
cons on these data see Box 1. More recently a transcription initiation factor-like protein was also
claimed to be expressed on the cell surface[31]. All these proposed surface proteins lack detectable
sequence features known to target and anchor eukaryotic proteins to the cell surface and have
homologues with well-established functions in intracellular compartments in other systems.
Assuming that these proteins can be expressed on the cell surface, it will be important to establish the
cellular trafficking and membrane anchorage of these candidate surface proteins by performing
4
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detailed molecular cell studies. Assuming some of these also play adhesin roles, it will be very
interesting to investigate in more detail the function of these proteins by identifying their host
binding partners.
In contrast to these debated data, a family of immunoreactive surface proteins, called P270,
has been shown to be expressed on the surface of T. vaginalis cells and to possess the structural
organization of classic eukaryotic transmembrane proteins (reviewed in Ref.[12]). That is, they have a
TM domain that can be identified using well-established software such as TMHMM2.0. The function
of these proteins is currently unknown but their structure and predicted topology (presence of repeats
facing the outside of the cell) is consistent with some form of binding activities on the cell surface.
As an alternative to TM domains several important surface proteins of significant parasitic
protists (including Plasmodium, Trypanosoma, Leishmania and Entamoeba) are known to possess
glycosylphosphatidylinositol (GPI)-anchors[32,33]. However, none of the genes encoding enzymes
known to synthesise GPI-anchors and to mediate their anchoring to proteins was identified in the
genome of T. vaginalis[26]. T. vaginalis is the first eukaryote that does not seem to generate GPIanchored surface proteins. This further highlights the importance of identifying proteins with TM
domains when hunting for T. vaginalis candidate surface proteins.

T. vaginalis genome encodes numerous candidate surface proteins
The T. vaginalis genome data provide a unique opportunity to investigate the features of the
proteome in toto and by doing so identify candidate surface proteins with structural features
consistent with cell surface localisation and functions[26]. Indeed, over 5100 T. vaginalis proteins
were inferred to possess one or more TM domain(s) using TMHMM2.0. Of these a total of 3347
proteins have a single hypothetical TM domain that could anchor these to a membrane. In eukaryotic
cells such proteins face two cellular compartments and when linked to membrane of the
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secretory/endocytic pathways, including the plasma membrane, have a cytosolic and an ‘extracellular
domain’ with the extracellular domain facing the outside of the cell or the lumen of an organelle
(topologically equivalent environments). If expressed on the cell surface, the extracellular domain
can interact with external components mediating binding functions (e.g. adhesins binding to host
molecules) or perform exo-enzymatic activities (e.g. degrading host proteins or polysaccharides).
Some surface proteins have multiple functions and combine binding to one or more partners and
enzymatic activities such as the GP63 surface proteases from Leishmania (reviewed in Ref.[34]).
Initial analyses focused on those proteins families that encode proteins with one TM domain and
possess sequence features, including one or more well-established protein domains, shared with
surface proteins from eukaryotic or prokaryotic pathogens. In addition, proteins with protease
domains and at least one TM domain were also investigated. This lead to the identification of 10
different protein families comprising in excess 300 proteins (Table 2) that can be considered as
representing strong candidate T. vaginalis surface proteins[26].

BspA-like proteins (TpLRR-containing proteins)
The largest gene family encoding potential surface proteins shares a specific type of leucinerich repeat (LRR), the TpLRR[35] (Table 2, Figure 1). These were named BspA-like proteins due to
high sequence similarity between the TpLRR of the BspA surface protein from Tannarella
forsythensis and the first hypothetical protein identified from T. vaginalis[36] (Figure 1). TpLRR
containing proteins in different mucosal bacteria were shown to mediate binding to host epithelial
cells and/or ECM proteins and were also implicated in bacteria co-aggregation[37]. The taxonomic
distribution of TpLRR-containing proteins is broad, including all three domains of life (Eukaryota,
Archaea and Bacteria), but very patchy with currently only two eukaryotic genuses (Trichomonas
and Entamoeba), two Archaea and various Bacteria (~16 bacterial species and strains), all known to
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live on mucosal surfaces or body cavities. This strongly suggests that these proteins are specific to
microorganisms that thrive in such environments and that the genes encoding these were subjected to
lateral gene transfers between distantly related organisms occupying the same niche[36]. The only
other eukaryotes currently known to encode BspA-like proteins are Entamoeba histolytica[38] and E.
dispar[39], with E. histolytica being another important parasitic protist attacking human mucosa[33].
Like T. vaginalis, the E. histolytica genome has a large gene family with over 90 entries[40] – in
contrast to prokayotes which have only one or few genes. One of the E. histolytica protein was
demonstrated to be expressed on the cell surface, consistent with binding function(s) mediated at the
cell surface[40] as demonstrated for two bacterial BspA-like proteins[37]. E. histolytica BpsA-like
proteins do not possess identifiable TM domains and seem to be anchored to the plasma membrane
with a unusual type of surface lipid anchor that could resembles the one added to the CaaX motif of
membrane proteins facing the cytosol of other eukaryotes[40]. None of the identified T. vaginalis
BspA-like proteins possess such a CaaX motif nor do the hydrogenosomal ‘adhesins’ discussed
above.
Among the 656 BspA-like hypothetical proteins identified in T. vaginalis, 178 possess an
identifiable TM domain with an inferred topology exposing the TpLRR domain extracellularly,
consistent with a binding function on the cell surface. One member of the T. vaginalis BspA-like
protein with a TM was shown to be expressed on the cell surface (TvBspA-625[36]) (C. J. Noel et al.
unpublished) (Fig. 1c). There is a marked diversity in the length and other sequence features between
members of this large protein family, including variation in the number of TpLRR (from three to
over 30 repeats). The proteins with TM often possess other repeats, typically proline-rich repeat
(PRR) (Figure 1)[36]. The large number of BspA-like genes invites us to suggest that these proteins
represent an array of diverse surface proteins with multiple binding properties. This diversity could
also contribute to host immune evasion if differentially expressed during infection - as is well
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established for several gene families in other pathogens[19]. Interestingly, TpLRRs of prokaryotic
proteins were also suggested to represent pattern recognition molecule for the innate immune
response, influencing the evolution of microbial infection[41]. Taken together these different pieces of
information strongly suggest that BspA-like proteins are expressed on the cell surface and play
important roles in T. vaginalis interactions with its host.

Surface proteases
Proteases from parasites are thought to play numerous and important role in host-pathogen
interactions[16]. T. vaginalis encodes an impressive repertoire of candidate proteases with over 400
entries from multiple Clans and families[26], greatly exceeding the degradome of currently known
microbial eukaryotic parasites such as Encephalitozoon cuniculi (41), E. histolytica (51),
Plasmodium falciparum (92) or Leishmania major (153)[26,42]. Among these, 122 T. vaginalis entries
possess one or more TM domains, so called transmembrane proteases (TP)[43]. Such proteases are
better known in the human system where they fulfil multiple functions including degrading ECM
proteins, cell-cell and cell-ECM adhesion, and are thought to be important in neoplastic,
inflammatory and infection sites[43]. T. vaginalis is known to invade the human mucosal tissue, where
it induces inflammation and degrades host proteins including those from the mucus and ECM. T.
vaginalis TP are likely to play important roles in these processes[16]. A selection of these TP is
discussed here (Table 2 and Figure 2).
The second largest gene family of candidate surface proteins encodes GP63-like proteins (77
paralogues in total) of which 53 possess potential TM domains (Table 2, Figure 2). The GP63
proteins (or leishmanolysins, or major surface protein - MSP) were characterized as the most
abundant surface proteins (GPI-anchored) in Leishmania sp. promastigotes (life cycle stage in the gut
of the insect host) and these are also expressed in the amastigote stage (life cycle stage in the
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mammal host) playing important roles in the parasites survival in both hosts[34]. GP63 are
metalloproteinase belonging to the metzincin class (EC 3.4.24.36) characterized by the motif
HExxHxxGxxH (x represents any amino acid residues) forming an extended zinc-binding motif and
the catalytic site. The majority of the 53 T. vaginalis GP63-like sequences (40 entries) with a TM
domain possess a similar but shorter motif (missing the final three residues xxH) that contains the
minimal motifs HExxH for Zincins[44] (Figure 2). GP63 in Leishmania are involved in binding to host
cells, degradation of various host proteins, including proteins from the immune system (complement)
and ECM proteins, and survival in phagolysosomes[34]. The genome of Leishmania major encodes
seven GP63 paralogues, whereas those of Trypanosoma cruzii and T. brucei encode 13 and >100
respectively[45]. Phylogenetic analysis of the T. vaginalis GP63-like proteins with homologues from
several eukaryotes recovered the T. vaginalis sequences as monophyletic, indicating that the T.
vaginalis gene family was generated by relatively recent gene duplications, further suggesting that
these are playing an important role in T. vaginalis biology. These GP63-like paralogues probably
derived from ‘adaptive gene amplifications’ (e.g. to accommodate a broad substrate diversity and
provide immunovariants) with the gene family size not correlating with the organism complexity as
measured by cellular diversity[46]. Taken together, the sequence features and the diversity of T.
vaginalis GP63-like proteins and the functional data from other parasitic protists suggest that these
proteins are likely to play important roles in T. vaginalis pathogenicity by degrading and binding to
various host components.
Additional notable candidate TP families are 28 subtilisin-like serine proteases, nine other
serine proteases and five calpain-like cysteine proteases (Figure 2). Together with the GP63-like
proteins they represent an impressive array of candidate TP that could degrade a broad range of host
proteins or provide alternative immunovariant proteins if differentially expressed during infection.
The calpain-like cysteine proteases possess 22-23 identifiable TM domains. This structural
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organisation suggest that these TP could function as surface proteases and transporters importing
protein fragments or small peptides, if not single amino acids, providing for T. vaginalis a source of
amino acids, which is thought to rely heavily on some amino acid for energy generation and redox
balancing[26,47].
In addition to these in silico inferred TP, several publications have characterized secreted and
surface cysteine proteases[16,48], none of these seems to possess an identifiable TM domain or to be
identifiable among the TP discussed above. Nonetheless, based on existing data, these are appealing
candidate virulence factors potentially important in binding host tissue and in cytotoxicity[48].
Candidate surface proteins sharing domains with other microbial pathogens
Other T. vaginalis hypothetical surface protein families share domains with the surface
proteins of other mucosal pathogens and these include domains from: Chlamydia polymorphic
membrane proteins[49], Giardia variant surface proteins (VSP)[50], Entamoeba immunodominant
variable surface antigen M17[51] and candidate lectins (Table 2 and Figure 3). In all cases, several
family members were identified suggesting that: (i) the alternative variant could be expressed during
different stages of the infection (upon contact to mucus, VEC surface, or ECM proteins); (ii) they
play different roles in binding diverse target molecules from the host or other microbes from the
mucosal surfaces; or (iii) they are differentially expressed during infection contributing to escaping
the host adaptive immune responses.
Among the two immunodominant variable surface antigen M17 encoded by the E. histolytica
genome, one was recently shown to be located in phagosomes[51]. It was suggested that this surface
protein could represent an amoebic receptor for host cells inducing their phagocytosis by E.
histolytica[51]. The T. vaginalis proteins have a similar structural organisation to the E. histolytica one
and since the former is also a phagocytic cell[15] this protein family could be involved in this process.
The 11 genes encoding potential surface lectins (Figure 3) could be involved in important adhesin
10
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function via binding to sugar moieties of host glycoconjugates from the mucus, glycocalix from the
VEC or from or host immune cells, and from the ECM[1,2]. Lectins are considered as important
virulence factors in other pathogens, e.g. in E. histolytica[33]. Notably the structural organization of
the Entamoeba lectins is clearly distinct from Trichomonas proteins sharing no sequence similarity.
T. vaginalis lectins could also be involved in binding and endocytosing HIV particles[17]. HIV are
known to be internalized by human mucosal DC lectins and can later be released from these cells
once they migrated to lymph nodes where the virus can then infect CD4+ target cells[52]. Similarly,
following transfer from one person to another T. vaginalis (from a dually infected T. vaginalis-HIV
individual) having internalized viruses could release HIV particles upon contact to host tissue in the
newly infected mucosa[53], and thus facilitate the spread of the virus.
Several of these T. vaginalis candidate surface proteins also possess repeats, such as PRR, a
feature shared with several of the T. vaginalis BspA-like and GP63-like protein families and
numerous other surface proteins from prokaryotes and eukaryotes involved in protein-protein
binding activities[35,54]. These structural features are consistent with these different proteins playing a
role on the T. vaginalis cell surface and performing binding functions.

Concluding remarks
In contrast to early suggestions[55] that T. vaginalis needs to diversify the function of a small
set of proteins (due to an allegedly small genome) through moonlighting[23] to adapt to its
environment, we now know that T. vaginalis genome is large and encodes a massive proteome with a
considerable and diverse repertoire of candidate surface proteins[26]. Future work will establish the
relative contribution of the in silico predictions versus the existing enzymatic ‘adhesins’ data and
other surface molecules[56] in regulating host-pathogen interactions (see Box 2). The identified
candidate transmembrane proteins share domains and/or sequence motifs with surface proteins
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known to be important for other pathogens, which together are likely to mediate several of the
important functions underlying T. vaginalis pathogenicity. As such, they represent promising targets
to study T. vaginalis pathogenesis, to develop protective mucosal vaccines[4], and for the
development of new antimicrobial strategies based on adhesins currently thought off to circumvent
emerging antibiotic resistance[2]. As some of the candidate surface proteins are also candidate
proteases, specific drugs targeting their proteolytic activities could also be thought off to control
infections to complement existing drugs[16,57]. Finally, due to the repetitive nature of several members
of the identified gene families encoding candidate surface proteins, some of these could also
represent valuable markers for genotyping T. vaginalis clinical strains.
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Boxes: Box 1 and Box 2
Box 1. Can T. vaginalis hydrogenosomal enzymes also function as adhesins?
Putative adhesins were first identified using an in vitro binding assay (see references cited in Ref.[24])
based on exposure of T. vaginalis total protein extracts (not intact cells) to human cell cultures.
Candidate T. vaginalis adhesins bound to the human cells were then revealed using Western blot
analyses of total protein human cell extracts using specific antibodies raised against T. vaginalis total
protein extracts. Consistent with an ‘adhesin’ roles for these different proteins (AP65, AP33, AP51
and AP120) several publications have suggested cell surface localization by immunocytochemistry
and antibodies specific to the different proteins affect T. vaginalis cell binding to host cell cultures
(see for example, Refs[27,55]). More recently, down regulation of the expression of ME(AP65) or its
heterologous expression in Tritrichomonas foetus (a bovine trichomonad[5]) resulted in binding
phenotypes consistent with adhesin functions for this hydrogenosomal enzyme[58,59]. However several
features are at odd with this adhesin model, including:

• ME(AP65) and other ‘adhesins’ bind non-specifically to different cells surfaces of different
histological derivation (from human cells to bacteria), including protease treated cells, using the
same assay originally used to identify these proteins[60]. This demonstrated that these proteins can
bind to membranes non-specifically even after being protease treated. This also suggests that the
assay used to identify T. vaginalis adhesins is not adequate

• No detailed confocal microscopy analyses is available to demonstrate convincingly the dual
localization for these enzymes - hydrogenosome and cell surface

• All these enzymatic ‘adhesins’ possess N-terminal presequences targeting the proteins to the
hydrogenosomes and these are cleaved off by specific matrix metalloproteases during the protein
maturation within organelles[61](Table 1). No alternative targeting signals have been identified to
so far on any of these proteins
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• These proteins have no identifiable structural features suggesting classic membrane anchorage.
Recent structural data for ME[62] make it difficult to structurally contextualize the two suggested
TM domains of ME(AP65) identified using an unspecified bioinformatic tool[55] - and which
cannot be confirmed using reliable software such as TMHMM2.0[63]

• Mechanisms such as alternative splicing, transcriptional or translational initiation, can generate
alternative targeting of mitochondrial proteins to various cell compartments in other systems (see
for example, Refs[64,65]). Currently, however, there is neither published evidence nor sequence
features from the recent genome sequence data covering these hydrogenosomal enzymes
suggesting that such mechanisms might operate in T. vaginalis

• To our knowledge, no human receptors have yet been identified and characterized for these
enzymatic ‘adhesins’, although, there was a recent claim for a 130 kDa host protein at the surface
of HeLa cells binding PFO(AP120)[27]
Based on these considerations, it is currently unknown how these enzymes could be expressed and
linked to the cell surface under physiological conditions, and how they could mediate specific
binding to host tissue in vivo. One possible explanation for cell surface localization of these
hydrogenosomal enzymes is that during stress (e.g. nutrient shortage or exposure to high levels of
iron) hydrogenosomes could be degraded via authophagy and some hydrogenosomal proteins reach
the cell surface via trafficking through endocytic compartments linked with phagosomes. Indeed,
hydrogenosomal markers ME and βSCS were observed in vacuoles containing hydrogenosomal
material in the process of degradation20. Interestingly, N-terminal amino acid sequencing of
ME(AP65), which binds to HeLa cells in a ligand assay[66], revealed an absence of the targeting presequence, consistent with hydrogenosomal processing of the protein to its mature form. Subsequent
binding of the proteins from degraded hydrogenosomes to the membrane could be explained by their
overall hydrophobic nature and propensity to bind membranes non-specifically[60].
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End of Box 1

Box 2: Some outstanding questions for T. vaginalis surface proteins

• What proportion of the in silico identified candidate surface gene families are translated and
expressed on the cell surface?

• What are the differences in surface proteins expression patterns during the infection of the female
versus male urogenital tracts?

• Which surface molecules contribute to the initiation of the innate and adaptive immune response?
• Is there any correlation between strain virulence and the expression level of the different gene
families encoding surface proteins?

• Are there any correlations between variations or primary sequences (e.g. number of repeats) and
protein family sizes of surface proteins and strain virulence?
End of box 2

Figure legends
Figure 1. Trichomonas vaginalis BspA-like proteins. (a) The structural organisation of BspA-like
proteins with a TM domain (178 entries for a total of 656 entries) is shown with the TpLRR domain
(green rectangle – 14 repeats are shown here). Other repeats are also often present such as prolinerich repeats (PRR) or serine and threonine-rich repeats (pink rectangle). Some BspA-like proteins
have also detectable signal peptides. A majority of hypothetical BspA-like proteins have no TM.
Some of these have a signal peptide - could be either secreted or anchored to the membrane in an
unknown fashion or be derived from pseudogenes. (b) BlastP alignment (E-value = 2e-78, identity =
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52%) between one T. vaginalis BspA-like protein (top sequence, TvBspA625, accession:
AAM51159) and BspA from Tannerella forsythensis (accession: AAC82625 – note that the species
former name was Bacteroides forsythus) showing the high level of sequence identity between their
shared TpLRR. The first and last aligned residues for each protein are indicated. The TpLRR
consensus sequence, made of 23 residues (with some known variation in length), is also shown
(bottom right) – see Refs[35,36]. The conserved residues (identical or similar) defined in the consensus
sequence are highlighted in the same way in the alignment. The + and – signs indicate similar and
distinct amino acid residues, respectively. (c) Indirect immunocytochemistry on fixed and
permeabilized T. vaginalis cells using confocal microscopy demonstrating the expression and
cellular localization of one BspA-like protein (TvBspA-625[36]) using a specific mouse anti-peptide
antisera (green) compared to the localisation of malic enzyme (a classic hydrogenosomal marker using a specific rabbit antisera – red) and the nucleus (DAPI staining – blue) (C.J. Noel et al.
unpublished).

Figure 2. Structural organisation of candidate transmembrane protease. In all cases the
TMHMM2.0 analyses recovered the protease domains as being extracellular, they would face the
outside of the cell if the protein were to be expressed on the cell surface. The accession numbers of
the identified domains by InterProScan analyses are shown for each family. (a) Among the 77 T.
vaginalis GP63-like entries the majority have an identifiable TM domain (52) and functional Zincin
domain (HExxHxxG). Several proteins also possess identifiable signal peptides (SP). Repeats linking
the protease domain to the C-terminal TM domain (pink box) are also present in several entries. (b)
There are 28 subtilisin-like serine proteases with an identifiable TM domain. Some entries have also
EGF-like domain, consistent with these entries representing surface proteins interacting with host
proteins. (c) Similarly, some of the entries of the nine serine proteases with TM domain possess an
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EGF-like domain. (d) The five calpain-like proteases with 22-23 TM domains, could make up a
transporter. The drawings are not to scale between the different families and length variation exists
between members of a given family.

Figure 3. Structural organisation of candidate surface proteins sharing domains or motifs with
other mucosal pathogens. Similar to the BspA-like proteins and the TP, all shown proteins have
their identified domains inferred to be facing the outside of the cell if they were to be expressed on
the cell surface. (a) A total of 17 T. vaginalis proteins with TM domain also possess at least two
domains defined from Chlamydia polymorphic membrane proteins (named Pmp proteins – e.g.[49]).
These Pmp domains are characterized by the conserved GGAI motif, which are present in the T.
vaginalis proteins (up to six GGAI copies per T. vaginalis protein). The GGAI motifs are thought to
play an important role in the Chlamydia Pmps and were shown to be part of the Pmp segment that is
under functional constrains such as immune pressure[49]. (b) Eight T. vaginalis proteins possess an
identifiable TM domain and show significant sequence similarity to E. histolytica immunodominant
variable surface antigen M17. They possess the domain named PA14 domain, which has been shown
or thought to be sugar-binding domain and found in bacterial and fungal adhesins or other surface
proteins or toxins[67]. (c) 11 proteins are made up a legume-like lectin domain and one TM domain. If
expressed on the cell surface these proteins could mediate binding to sugar moieties of various host
glyco-conjugates. (d) Five proteins were also shown to possess two VSP-like (variant surface
proteins) domains made of cysteine-rich repeats that were defined from Giardia VSPs contributing
to the dipomonad evading the vertebrate host adaptive immune responses by differential
expression[50]. Several members of these protein families (in a, b and d) also possess repeats such as
PRR (pink rectangles) (as for BspA-like and some TP proteins, Fig. 1-2) consistent with these having
a binding function.
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Tables
Table 1. T. vaginalis hydrogenosomal enzymes suggested to play adhesins roles
Table 2. T. vaginalis candidate surface proteins identified in silico discussed in this review.
Table S1. T. vaginalis hydrogenosomal enzymes suggested to be adhesins.
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Table 1. Prediction of N-terminal extensions targeting metabolic enzymes to hydrogenosomes
Locus
taga

N-terminal
sequenceb

Enzyme namec
(alternative adhesin name)

TVAG_267870

MLTSSVSVPVRN

Malic enzyme A* (AP65-2)

TVAG_238830

MLTSSVNFPARE

Malic enzyme B*

TVAG_416100

MLTSVSYPVRN

Malic enzyme C*

TVAG_412220

MLTSVSLPVRN

Malic enzyme D*

TVAG_340290

MLTSSVSLPARE

Malic enzyme H* (AP65-1)

TVAG_183790

MLASSVAAPVRN

Malic enzyme* (AP65-3)

TVAG_318670

MLAGDFSRN

Succinyl-CoA synthetase alpha-chain* (AP33-1)

TVAG_165340

MLSSSFERN

Succinyl-CoA synthetase alpha-chain* (AP33-2)

TVAG_047890

MLSSSFERN

Succinyl-CoA synthetase alpha-chain* (AP33-3)

TVAG_259190

MLSSSFARN

Succinyl-CoA synthetase beta-chain* (AP51-1)

TVAG_144730

MLSNGSFARN

Succinyl-CoA synthetase beta-chain* (AP51-2)

TVAG_183500

MLSASSNFARN

Succinyl-CoA synthetase beta-chain (AP51-3)

TVAG_198110

MLRSF

Pyruvate:ferredoxin oxidoreductase A* (AP120)

TVAG_230580

MLRNF

Pyruvate:ferredoxin oxidoreductase B1

TVAG_242960

MLRNF

Pyruvate:ferredoxin oxidoreductase B2

a

Locus tag from the genome data (deposited at the NCBI). For references see Table S1
Cleavage of extension confirmed by N-terminal amino acid sequencing are in bold
c
Name of gene products with experimentally verified hydrogenosomal localization have a*
b

Table 2. Trichomonas vaginalis candidate surface protein families discussed in this review
Protein family namea

Domain/motifb

Origin

PS50505

Likely prokaryotic

GP63-like (Clan MA, Family M8)
(leishmanolysine-like)

PF01457

Eukaryotic

Subtilisin-like serine protease
(Clan SB, Family S8)

PF00082

Eukaryotic

33

28

Serine protease
(Clan SC, Family S28)

PF05577

Eukaryotic

12

9

Calpain-like cysteine protease

PS50203

Eukaryotic

6

5

Chlamydia polymorphic
membrane protein

PF02415

Ambiguous

27

17

Immuno-dominant variable
surface antigen (Entamoeba)

PF07691

Ambiguous

15

8

Legume-like lectin family

PF03388

Eukaryotic

11

11

Family size

With TMc

Bacterial-like adhesins
BspA-like (TpLRR)

656

178

77

52

Proteases

Other (adhesins or else)

Giardia VSP-like
membrane protein

PF03302

Eukaryotic

5

5

P270 surface immunogen

na

Trichomonas specific

5

5

Total entries

a TpLRR, Treponema pallidium leucine-rich repeat
b PSXXXXX, PROSITE entries, PFXXXXX, Pfam entries
c Transmembrane domain (TM)

847

318

Table S1. T. vaginalis hydrogenosomal enzymes suggested to be adhesins
Names given for identical gene in different publications and corresponding locus tag are in row
Malate dehydrogenase (decarboxylating) = Malic enzyme (putative adhesin AP-65)
1

Hrd_ & Muller 1995
MEA
MEB
MEC
MED

2

Dyall et al. 2004
MAE sub.A
MAE sub.B
MAE sub.G
MAE sub.H

3,4

Alderete et al. 1995;1996
AP65-2

AP65-1
AP65-3

Locus tag (NCBI)
TVAG_267870
TVAG_238830
TVAG_416100
TVAG_412220
TVAG_340290
TVAG_183790

Succinyl CoA synthase (SCS) α subunit (putative adhesin AP-33)
5
6
Lahti et al.1994a
Enbring & Alderete1998
Locus tag (NCBI)
SCS-1 α sub.
AP33-1
TVAG_318670
SCS-2 α sub.
AP33-2
TVAG_165340
SCS-3 α sub.
AP33-3
TVAG_047890
Succinyl CoA syntase (SCS) β subunit (putative adhesin AP-51)
7
8
Lahti et al.1994b
Alderete et al.1998
Locus tag (NCBI)
SCS β sub.
AP51-1
TVAG_259190
AP51-2
TVAG_144730
AP51-3
TVAG_183500
Pyruvate:ferredoxin oxidoreductase (PFOR) (putative adhesine AP-120)
9
11
Hrd_ & Muller, 1995 10Upcroft et al. 2006
Moreno-Brito et al.,
2005
PFOA
PFOA
AP120
PFOB
PFOB1
PFOB2

Locus tag (NCBI)

TVAG_198110
TVAG_230580
TVAG_242960

Predictions of N-terminal presequence targeting the proteins to hydrogenosomes
Targeting
presequence*

Hydrogenosomal protein**

Locus tag (NCBI)

MLTSSVSVPVRN1

Malic enzyme A (AP65-2)1

TVAG_267870

1

MLTSSVNFPARE
1

MLTSVSYPVRN

1

MLTSVSLPVRN

MLTSSVSLPARE
MLASSVAAPVRN
5

MLAGDFSRN

5

MLSSSFERN

5

MLSSSFERN

7

MLSSSFARN

1

TVAG_238830

Malic enzyme C

1

TVAG_416100

Malic enzyme D

1,2

Malic enzyme B

TVAG_412220

Malic enzyme H (AP65-1)
Malic enzyme (AP65-3)

2

TVAG_340290

13

TVAG_183790
5

TVAG_318670

5

TVAG_165340

Succinyl-CoA synthetase alpha-chain (AP33-1)
Succinyl-CoA synthetase alpha-chain (AP33-2)

Succinyl-CoA synthetase alpha-chain (AP33-3)

5

TVAG_047890

7

TVAG_259190

7

Succinyl-CoA synthetase beta-chain (AP51-1)

MLSNGSFARN
MLSASSNFARN

Succinyl-CoA synthetase beta-chain (AP51-2)
Succinyl-CoA synthetase beta-chain (AP51-3)

TVAG_144730
TVAG_183500

MLRSF9
MLRNF
MLRNF

Pyruvate:ferredoxin oxidoreductase A (AP120)9
Pyruvate:ferredoxin oxidoreductase B113
Pyruvate:ferredoxin oxidoreductase B213

TVAG_198110
TVAG_230580
TVAG_242960

*Processing of the targeting sequences in bold has been experimentaly confirmed (see reference).
** Presence of the protein in hydrogenosomes has been demonstrated in given reference.
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