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The identification of surface proteins on the plasma mem-
brane of pathogens is of fundamental importance in un-
derstanding host-pathogen interactions. Surface proteins
of the extracellular parasite Trichomonas are implicated
in the initial adherence to mucosal tissue and are likely to
play a critical role in the long term survival of this patho-
gen in the urogenital tract. In this study, we used cell
surface biotinylation and multidimensional protein identi-
fication technology to identify the surface proteome of six
strains of Trichomonas vaginalis with differing adherence
capacities to vaginal epithelial cells. A combined total of
411 proteins were identified, and of these, 11 were found
to be more abundant in adherent strains relative to less
adherent parasites. The mRNA levels of five differentially
expressed proteins selected for quantitative RT-PCR
analysis mirrored their observed protein levels, confirm-
ing their up-regulation in highly adherent strains. As proof
of principle and to investigate a possible role in pathogen-
esis for differentially expressed proteins, gain of function
experiments were performed using two novel proteins
that were among the most highly expressed surface
proteins in adherent strains. Overexpression of either of
these proteins, TVAG_244130 or TVAG_166850, in a rela-
tively non-adherent strain increased attachment of trans-
fected parasites to vaginal epithelial cells �2.2-fold.
These data support a role in adhesion for these abundant
surface proteins. Our analyses demonstrate that compre-
hensive profiling of the cell surface proteome of different
parasite strains is an effective approach to identify poten-
tial new adhesion factors as well as other surface mole-
cules that may participate in establishing and maintaining
infection by this extracellular pathogen. Molecular &
Cellular Proteomics 9:1554–1566, 2010.

The flagellated protozoan parasite Trichomonas vaginalis is
the etiologic agent of trichomoniasis, the most common non-
viral sexually transmitted infection worldwide with an esti-

mated 174 million new cases annually (1). Although asymp-
tomatic infection by T. vaginalis is common, multiple
symptoms and pathologies can arise in both men and women,
including vaginitis, urethritis, prostatitis, low birth weight in-
fants and preterm delivery, premature rupture of membranes,
and infertility (2–5). T. vaginalis has also emerged as an im-
portant cofactor in amplifying human immunodeficiency virus
spread (6) as individuals infected with T. vaginalis have a
significantly increased incidence of human immunodeficiency
virus transmission (7, 8). T. vaginalis infection likewise in-
creases the risk of cervical and aggressive prostate cancers
(9–11).

Despite the serious consequences that can arise from trich-
omoniasis, the underlying biochemical processes that lead to
T. vaginalis pathogenesis are not well defined. Because T.
vaginalis is an obligate extracellular pathogen, adherence to
epithelial cells is critical for parasite survival within the human
host (12). Several in vitro studies indicate that adhesion of the
parasite to target mucosal epithelial cells is essential for the
maintenance of infection and for cytopathogenicity (13, 14). T.
vaginalis adherence to host cells is mediated, in part, by a
lipophosphoglycan (LPG)1 that coats the surface of the par-
asite, and altering the sugar content of this LPG reduces both
adherence and cytotoxicity (15). Moreover, the mammalian
protein galectin-1 binds to T. vaginalis in a carbohydrate-de-
pendent manner via a direct interaction with parasite LPG
(16). Knockdown of galectin-1 in mammalian cells, however,
reduces parasite binding only by �17% (16). Although galec-
tin-1-mediated interactions between T. vaginalis LPG and
host cell glycoconjugates may be central in establishing in-
fection, it is clear that parasite adhesion factors in addition to
LPG are likely to be involved in host-parasite interaction.
Surface proteins are likely to play important roles in the initial
adherence to mucosal tissue as well as the long term survival
of the pathogen on mucosal surfaces.
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The outcome of infection with T. vaginalis is highly variable.
Possible explanations for this phenomenon include host im-
munity, host nutritional status, and the vaginal microbiota.
Additionally, genetic differences between T. vaginalis isolates
leading to differences in adherence and cytotoxicity capaci-
ties are likely to result in differences in disease progression.
Recently, geographically diverse T. vaginalis strains that are
significantly more cytotoxic to host cells than laboratory-
adapted strains have become available (17, 18), paving the
way toward comparative studies aimed at identifying proteins
that correlate with virulent phenotypes.

Despite the importance of T. vaginalis surface proteins as a
critical interface for pathogen-host interactions, there has
been no systematic investigation of the surface proteins of
this parasite. The T. vaginalis genome is large and encodes a
massive proteome with a considerable and diverse repertoire
of candidate surface proteins (19). For example, sequence
analysis programs that predict transmembrane protein topol-
ogy identified over 5100 T. vaginalis proteins with one or more
transmembrane domains (20). Furthermore, over 300 anno-
tated proteins with predicted transmembrane domains also
contain protein motifs common to surface proteins from other
pathogens known to contribute to mucosal colonization and
other pathogenic processes (20). The vast number and diver-
sity of possible surface proteins necessitates a multitiered
approach using complementary genomics and proteomics
analyses to identify candidates for focused functional studies.

Biotinylation of proteins at the cell surface with an imper-
meable reagent followed by specific purification of these pro-
teins using streptavidin has successfully been used for the
enrichment and identification of surface proteins (21–24). The
high avidity binding of biotin to streptavidin greatly enhances
membrane protein purification, a challenging feat because of
the low abundance of membrane proteins in total cellular
extracts. Here, we used this approach to profile the surface
plasma membrane proteome of T. vaginalis and to identify
proteins that are differentially expressed in adherent relative
to less adherent strains of the parasite. To the best of our
knowledge, this is the first study to systematically identify and
characterize proteins at the surface of Trichomonas parasites.
Defining the parasite cell surface proteome is a critical step
toward understanding the relative abundance of surface pro-
teins in strains with varying virulence properties. This infor-
mation will be critical for defining the role surface proteins play
in mediating contact between the parasite and host cells as
well as the resulting intracellular and extracellular signals that
contribute to establishing and maintaining infection. Addition-
ally, conserved surface molecules unique to T. vaginalis that
might serve as specific vaccine candidates can be revealed
using this approach. The prevalence of trichomoniasis among
women of reproductive age (25) and its correlation with AIDS
transmission and cervical and prostate cancers (6, 8–11) pro-
vide strong arguments for the need to develop vaccines
against this human pathogen.

EXPERIMENTAL PROCEDURES

Parasites, Cell cultures, and Media—T. vaginalis strains B7RC2 (PA
strain, ATCC 50 167), T1 (J. H. Tai, Institute of Biomedical Sciences,
Taipei, Taiwan), B7268 (18), G3 (ATCC PRA-98; Kent, UK), SD7, and
SD10 were cultured in trypticase, yeast extract, maltose medium
supplemented with 10% horse serum, penicillin and streptomycin
(Invitrogen), and iron (26). Parasites were grown at 37 °C and pas-
saged daily. The human ectocervical epithelial cell lines Ect1 E6/E7
(ectocervical, ATCC CRL-2614), also known as vaginal epithelial cells
(VECs), were grown as described previously (27) in defined keratino-
cyte serum-free medium complemented with the provided recombi-
nant protein supplements, penicillin, and streptomycin (Invitrogen)
and cultured at 37 °C in 5% CO2.

Biotinylation of Cell Surface Proteins—Parasites (5 � 107 cells)
were washed twice with prewarmed PBS-S (PBS, 5% sucrose) and
then incubated with 0.5 mg/ml EZ-Link sulfo-NHS-SS-biotin (Pierce)
in PBS-S for 45 min on ice. Excess biotin was quenched with 50 mM

Tris-HCl, pH 7.5 to terminate the reaction, and cells were washed
three times with PBS-S.

Assessing Permeabilization after Biotinylation—The degree of per-
meabilization after biotinylation was assessed using an immunofluo-
rescence assay (IFA) with anti-biotin antibody (Jackson Immuno-
Research Laboratories). Cells were washed in PBS-S and fixed in 4%
formaldehyde for 20 min. After three washes, cells were permeabi-
lized with 0.2% Triton X-100 in PBS for 15 min, blocked with 3% BSA
in PBS for 30 min, incubated with anti-biotin antibody diluted 1:1000
in 3% BSA in PBS, washed, and then incubated with a 1:5000 dilution
of Alexa Fluor�-conjugated secondary antibody (Molecular Probes).
The coverslips were mounted onto microscope slips using Mowiol
(Calbiochem). Stained parasites were examined using an Axioskop 2
epifluorescence microscope (Zeiss), and images were recorded with
an AxioCam camera and processed with the AxioVision 3.2 program
(Zeiss).

Preparation of Membrane Fractions and Purification of Biotinylated
Proteins—Biotinylated cells were resuspended in PBS and subjected
to freezing-thawing. The homogenate was clarified by centrifugation
(13,000 � g for 30 min at 4 °C) to yield a membrane-enriched pellet.
The membrane-enriched pellet was solubilized in 2 ml of lysis buffer
(0.1% Nonidet P-40, 0.5% deoxycholate, 2% SDS, 50 mM Tris, pH 8,
5 mM EDTA, 150 mM NaCl). Streptavidin-Sepharose slurry (150 �l/mg
of total proteins; Amersham Biosciences) was equilibrated by two
washes in lysis buffer, and binding of biotinylated membrane proteins
was allowed overnight in a rotating mixer at 4 °C. The resin was then
washed once with each of the following buffers: A (8 M urea, 200 mM

NaCl, 2% SDS, 100 mM Tris, pH 8), B (8 M urea, 1.2 M NaCl, 0.2%
SDS, 100 mM Tris, pH 8, 10% ethanol, 10% isopropanol), and C (8 M

urea, 200 mM NaCl, 0.2% SDS, 100 mM Tris, pH 8, 10% ethanol, 10%
isopropanol). The resin was then washed twice with buffer D (8 M

urea, 100 mM Tris, pH 8). Binding of biotinylated proteins to the
resin and washing efficiencies were checked by SDS-PAGE and
blot analysis using an anti-biotin antibody (Jackson Immuno-
Research Laboratories).

On-bead Digestion and Shotgun Proteomics Analysis of Biotiny-
lated Proteins—After the final wash, the resin was resuspended in a
minimal volume of digestion buffer (100 mM Tris-HCl, pH 8, 8 M urea).
Biotinylated proteins were reduced and alkylated by the sequential
addition of 5 mM tris(2-carboxyethyl)phosphine and 10 mM iodoacet-
amide as described previously (28). The samples were then digested
by Lys-C (Princeton Separations) and trypsin proteases (Promega)
(28). First, Lys-C protease (�1:50 (w/w) ratio of enzyme:substrate)
was added to each sample and incubated for 4 h at 37 °C with gentle
shaking. The digests were then diluted to 2 M urea by the addition of
digestion buffer lacking urea, and trypsin was added to a final
enzyme:substrate ratio of 1:20 (w/w) and incubated for 8 h at 37 °C
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with gentle shaking. Digests were stopped by the addition of formic
acid to a final concentration of 5%. Supernatants were carefully
removed from the resin and analyzed further by proteomics mass
spectrometry.

Digested samples were then analyzed using a shotgun proteomics
platform comprising on-line two-dimensional liquid chromatography
separation coupled to tandem mass spectrometric analysis of the
fractionated peptide mixture as described previously (29, 30). Briefly,
digested samples were loaded onto a triphasic fused silica capillary
column with a 5-�m electrospray tip and packed sequentially in
house with 3 cm of Luna C18 resin (Phenomenex), 3 cm of Luna strong
cation exchange resin, and 9 cm of Luna C18 resin (Phenomenex). The
column was then placed in line with an LTQ-Orbitrap mass spectrom-
eter (Thermo Fisher), and peptides were fractionated using a seven-
step separation strategy in which alternating pulses of increasing salt
concentration and gradients of increasing acetonitrile were used to
separate peptides on adjacent strong cation exchange and C18 re-
versed phased resins. Peptides were eluted directly into the LTQ-
Orbitrap mass spectrometer where MS/MS spectra were collected.
The data-dependent spectral acquisition strategy consisted of a re-
peating cycle of one full MS spectrum using the Orbitrap mass
analyzer (resolution, 60,000) followed by MS/MS in the linear ion trap
of the eight most intense precursor ions from the full MS scan.

Raw binary files containing MS/MS spectra were converted to MS2
files using RawExtractor v.1.8 (31). MS2 files were then analyzed
using the SEQUEST algorithm (v.27) (32) and searching against a
fasta protein database consisting of all predicted open reading
frames downloaded from TrichDB on April 14, 2005 (33) concatenated
to a decoy database in which the amino acid sequence of each entry
was reversed. The following search parameters were used: 1) precursor
ion tolerance was 20 ppm, 2) fragment ion tolerance was 0.4 Da, 3) no
modifications were allowed, 4) peptides must be fully tryptic, and 5) no
consideration was made for missed cleavages. False positive rates for
peptide identifications were estimated using a decoy database ap-
proach and then filtered using the DTASelect algorithm (v.2.0.6) (34–36).
XCorr and �Cn cutoffs were identified dynamically using a linear dis-
criminant analysis (36). Proteins identified by at least two fully tryptic
unique peptides, each with a false positive rate of less than 5%, were
considered to be present in the sample. Differential protein expression
analysis was performed using the ACfold algorithm as implemented in
the PatternLab software suite (37). Spectral counts were normalized
using the Row Sigma method of PatternLab (37). Proteins were consid-
ered differentially expressed if they met the following criteria: 1) a -fold
change cutoff of 2.5, 2) an estimated -fold change false discovery rate
of less than 0.1, and 3) an ACtest p value of less than 0.01.

Adherence to Ectocervical Epithelial Cells—A modified version of
an in vitro assay to qualify the binding of T. vaginalis to host cell
monolayers (15) was performed. Briefly, ectocervical epithelial cells
were seeded on 12-mm coverslips in 24-well plates at 3 � 105

cells/well in culture medium and grown to confluence at 37 °C in 5%
CO2 for 2 days. Cell monolayers were washed before the addition of
parasites. T. vaginalis was labeled with 10 mM CellTracker Blue CMAC
(7-amino-4-chloromethylcoumarin) (Invitrogen), and �105 labeled
parasites in 0.5 ml of keratinocyte medium (Invitrogen) were added
(1:3 parasite:host cell ratio) in triplicate. Plates were incubated at
37 °C in 5% CO2 for 30 min. Coverslips were subsequently washed in
PBS, fixed with 4% paraformaldehyde, and mounted on slides with
Mowiol (Calbiochem). Ten 20� magnification fields were analyzed per
coverslip with three coverslips per treatment. Fluorescent parasites
adhered to host cells were counted using Scion Image for Windows,
v.Beta 4.0.2 (Scion Corp.). All experiments were repeated at least
three independent times.

Immunolocalization Experiments—Parasites were incubated at
37 °C to let them attach to glass coverslips. All further incubations

were carried out at room temperature. Cells were washed in PBS-S
and fixed in 4% formaldehyde for 20 min. After three washes, cells
were permeabilized with 0.2% Triton X-100 in PBS for 15 min,
blocked with 3% BSA in PBS (PBS-BSA) for 30 min, incubated with
primary antibody diluted in PBS-BSA, washed, and then incubated
with a 1:5000 dilution of Alexa Fluor-conjugated secondary antibody
(Molecular Probes). The coverslips were mounted onto microscope
slips using ProLong Gold antifade reagent with 4�,6�-diamidino-2-
phenylindole (Invitrogen). Stained parasites were examined using an
Axioskop 2 epifluorescence microscope (Zeiss), and images were
recorded with an AxioCam camera and processed with the AxioVision
3.2 program (Zeiss).

Quantitative PCR (qPCR)—Total RNA was extracted from �4 � 106

T. vaginalis using TRIzol (Invitrogen) following the manufacturer’s
instructions. RNA was treated with amplification grade DNase I (Invitro-
gen) and reverse transcribed using SuperScript III reverse transcriptase
and oligo(dT) primers (Invitrogen). Real time PCRs were performed
using Brilliant SYBR Green qPCR Master Mix (Stratagene), a 150–450
nM concentration of each primer, and 200–500 ng of cDNA in a 20-�l
reaction volume using an Eppendorf Mastercycler and realplex v.1.5
(Eppendorf). Parallel reactions performed without reverse transcriptase
were included as negative controls. During the exponential phase of the
qPCR, a threshold cycle (CT) and base line were set according to
Eppendorf Mastercycler protocols. Data from different samples were
interpolated on a line created by running standard curves for each
primer set and then normalized against the tubulin housekeeping gene.
Every sample and points of the standard curve were done in duplicates
in three independent experiments. qPCR primer pair sequences were as
follows: TUB-F, GTCTCGGCACACTCCTTCTC and TUB-R, AGACGT-
GGGAATGGAACAAG; TVAG_020780-F, TGCTGTTTCTGTTT-
CACCTTC and TVAG_020780-R, TCATCATGATATCCGCGTAA;
TVAG_147050-F, TGTTTATCCAGAATGCGACA and TVAG_147050-R,
CCTGCAATGGCATATGTTTT; TVAG_244130-F, AAGGCAATTAC-
GCCATCATA and TVAG_244130-R, TGTTGGAACAGGGTGTTTCT;
TVAG_166850-F, GAAGAACCCAGCTGTTTTGA and TVAG_166850-R,
TTCAGGACCACCATTGAACT; and TVAG_110300-F, GGAATACCCA-
TCCACAATGA and TVAG_110300-R, TGCGTAATCTTCGACTGTGA.

Plasmid Construction and Expression in T. vaginalis—To corrobo-
rate localization of five detected putative surface proteins, we ex-
pressed the corresponding proteins in T. vaginalis under the control
of their own promoter. The respective genes were PCR-amplified
using the following primer pairs: TVAG_258230F, GAGCTCCCTT-
TGGAACGATATTAACCA and TVAG_258230R, GGTACCAGCATT-
TAATGGTTCATCAG; TVAG_230400F, GAGCTCCTAAAACTCGGT-
AAACAACTCC and TVAG_230400R, GGTACCAACGGCATCAGC-
GCCATAAAT; TVAG_020780F, GAGCTCTAAAATAATAAATAAAA-
GTGA and TVAG_020780R, GGTACCGTCACCTCTGTTTGAAT-
AAG; and TVAG_019180F, GAGCTCACCTTGCTAATTTCTTTC-
CAGT and TVAG_019180R, GGTACCAACGTATGTGATGCCTTC-
CTT. SacI and KpnI restriction sites were engineered into the 5�-
and 3�-primers, respectively, and the PCR fragments were then
cloned into the master-Neo-(HA)2 plasmid (38). To generate the
N-terminal hemagglutinin (HA)-tagged version of TVAG_166850
and TVAG_244130-HA, each ORF was amplified using the following
primers: TVAG_166850, 5�-AAACCGCGGATGTTACCACTATTTTA-
CACA-3� and 5�-AAAGGATCCAGCTGGGAAGATTCCTTCGAC-3�;
and TVAG_244130, 5�-AAACCGCGGATGTTTTGCTCATTACTTAT-
C-3� and 5�-AAAGGATCCATCGACATCTTCGAATTCAT-3�. SacII
and BamHI restriction sites were engineered into the 5�- and 3�-
primers, respectively. The PCR fragments were then cloned into the
Nt-(HA)-master-Neo plasmid to generate constructs to transfect T.
vaginalis. Electroporation of T. vaginalis strain T1 was carried out as
described previously (39) with 50 �g of circular plasmid DNA.
Transfectants were selected with 100 �g/ml G418 (Sigma).
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RESULTS

Preparation of T. vaginalis Surface Protein-enriched Frac-
tions—To identify surface proteins of T. vaginalis, we devel-
oped a method to label intact parasites with a non-permeable
biotin reagent, sulfo-NHS-SS-biotin, which binds specifically
to exposed primary amines (Fig. 1A). Labeled cells were as-
sessed by IFAs using an anti-biotin antibody. The pattern of
staining was confined to the surface with little visible pene-
tration inside the cells (Fig. 1B, top panel). Cells that had been
washed to remove unbound biotin were lysed, and membrane
proteins were solubilized and loaded onto a streptavidin col-
umn. Following high salt and high urea washes to remove
contaminating proteins, biotin-labeled proteins retained on
the column were eluted with SDS-PAGE sample buffer.
Bound and eluted proteins from biotinylated and control non-
biotinylated samples were compared by SDS-PAGE and silver
staining (Fig. 1C, left panel). Although very little nonspecific
binding to the streptavidin column was observed, a few non-
biotinylated proteins were shown to bind nonspecifically to

the column. To verify that the proteins recovered from the
beads were biotinylated, an aliquot was separated by SDS-
PAGE, blotted onto a PVDF membrane, and probed with
anti-biotin antibody (Fig. 1C, right panel). A range of proteins,
varying in molecular mass from �100 to � 30 kDa were
observed, demonstrating the ability to label many proteins
using this approach (Fig. 1C, right panel). Non-biotinylated
samples were included on the blot to further test for endog-
enous or nonspecific binding of streptavidin-conjugated pro-
teins, and no signal was detected (Fig. 1B, right panel). Similar
results were also obtained using IFA (Fig. 1B, bottom panel).
These data demonstrate that the T. vaginalis biotin-labeled
fractions are highly enriched with surface proteins.

Shotgun Proteomics Analysis of Surface Protein-enriched
Fractions—The identity of proteins in surface-enriched frac-
tions obtained from six different parasites strains was deter-
mined using multidimensional protein identification technol-
ogy (MudPIT). To assess the binding specificity of the
streptavidin column, non-biotinylated cells were processed

FIG. 1. Biotinylation of T. vaginalis surface proteins using sulfo-NHS-SS-biotin. A, scheme of the protocol for biotinylating and purifying
surface proteins. B, immunofluorescence assay with anti-biotin antibody. Top panel, biotinylated parasites; bottom panel, non-biotinylated
parasites. Data for only one strain (T1) are shown; however, all had comparable staining patterns. C, SDS-PAGE analysis of proteins purified
by streptavidin. Biotin-labeled (B) and unlabeled proteins (NB) were recovered by affinity purification, separated by SDS-PAGE, and
silver-stained (left panel) or detected by Western blot (WB) with anti-biotin antibody (right panel). The molecular weight marker is shown on the
far left. Intracell., intracellular.
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identically to the biotinylated samples except for the omission
of biotin in the reactions and subsequently analyzed by Mud-
PIT. Only 17 proteins were identified in non-biotinylated sam-
ples, and these are most likely abundant, “sticky” proteins
that bind nonspecifically to the streptavidin beads. Compiling
protein identifications across all six biotinylated samples, 411
total parasite proteins were identified (supplemental Table 1).
In addition to three independent experiments comparing
these six strains, multiple experiments were also done com-
paring two of the six strains, and with the exception of varying
degrees of contamination, a core set of putative membrane
proteins was reproducibly identified.

Of the 411 proteins identified, 35% are proteins previously
predicted to be membrane proteins based on Trichomonas
genome analyses (19) or proteins with domains found in mem-
brane proteins of other organisms. Another group of proteins,
which comprises 28% of the total, are hypothetical proteins
that are unique to T. vaginalis and are predicted to have
transmembrane domains and/or signal peptides (Fig. 2). Like-
wise, we identified a group of novel, hypothetical proteins (9%
of the total) without a transmembrane domain and/or signal
peptide. Analyses of known T. vaginalis membrane proteins
indicate that many may not have conventional N-terminal
signal peptides or transmembrane domains identifiable by
bioinformatics analyses2; hence, it is possible that these are
transmembrane proteins. Alternatively, they may be directly
anchored to the plasma membrane. A small minority (5%;
membrane-associated proteins) of identified proteins are cy-
toskeletal and most likely reflect a tight apposition of the
plasma membrane to the underlying cytoskeleton. Addition-
ally, 23% of the proteins were labeled as contaminants as
many of these are known to reside in other subcellular com-

partments. These include abundant hydrogenosomal, riboso-
mal, and rab proteins that are common contaminants of sub-
cellular fractions and immunoprecipitation experiments
because of their abundance (40). The labeling of these pro-
teins may result from leaky or dying cells. It is also possible
that these proteins are labeled by virtue of a close association
between a subset of the subcellular compartments in which
they reside and the inner leaflet of the plasma membrane.

Predicted and identified integral membrane proteins were
sorted into functional groups according to BLAST analysis
and genome annotation (Table I). The largest group (116 of
271) of predicted coding sequences is hypothetical proteins,
representing about 44% of all integral membrane proteins
(supplemental Table 1). Among the predicted membrane pro-
teins with identifiable domains that allow the assignment of a
predicted function, �18% are proteins predicted to be in-
volved in host-parasite interaction, �8% are transporters,
�8% are cyclases, and �5% are peptidases; the remaining
�60% include phosphatases and proteins involved in vesicle
transport, ATPase activity, or hydrolase activity (Table I). Of
the proteins previously predicted to be membrane-associated
and possibly involved in host-parasite interaction by the ge-
nome analyses (19, 20), chlamydial polymorphic outer mem-
brane proteins, GP63-like proteins, surface antigen BspA-like
proteins, P270-related proteins, and immunodominant vari-
able surface antigen-like proteins (41) are present in our mem-
brane proteome. Interestingly, a number of novel proteins
putatively related to host-parasite interaction, like the tet-
raspanin family protein and biofilm-associated protein-like
proteins, are also present.

The recently released genome of T. vaginalis revealed mul-
tiple paralogs of many putative plasma membrane proteins
(19). Consistent with genome analysis, our membrane pro-
teome contains multiple representatives of many protein fam-
ilies (Table I and supplemental Table 1). However, only a
specific subset of paralogs within any protein family was
reproducibly identified in multiple, independent experiments.
For example, 104 ABC transporter genes were predicted in
the genome; however, only six members of this family were
systematically found in the proteome (Table I), indicating that
these are the most abundant and/or biotin-accessible mem-
bers of the family.

Localization of Candidate Surface Proteins by Immunofluo-
rescence Microscopy—After excluding predicted contaminat-
ing proteins, 271 proteins identified by multiple peptides were
predicted to be putative plasma membrane proteins (Fig. 2
and supplemental Table 1). To validate this prediction, we
selected five proteins that have predicted transmembrane
domains but were not previously predicted to be membrane
proteins in T. vaginalis to determine their subcellular localiza-
tion. Two were hypothetical proteins (TVAG_258230 and
TVAG_230400), and three proteins had conserved domains
found in proteins in other organisms (TVAG_020780/Ser/Thr
protein phosphatase family protein, TVAG_019180/tet-2 R. Schneider, M. T. Brown, and P. J. Johnson, unpublished data.

FIG. 2. Proteins identified by MudPIT analysis. A total of 411
proteins were identified in the six examined strains. Putative mem-
brane proteins (35%) have conserved domains with known or pre-
dicted membrane proteins in other organisms, 28% are hypothetical
proteins with transmembrane domain (TMD) and/or signal peptide
(SP), 9% represent hypothetical proteins without transmembrane do-
main or signal peptide, 23% represent suspected protein contami-
nants, and 5% were classified as membrane-associated proteins and
are largely cytoskeleton proteins.
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raspanin family protein, and TVAG_267320/nicastrin precur-
sor) (supplemental Table 1). The genes encoding these pro-
teins were cloned and expressed under control of their own
promoters as C-terminal HA-tagged fusion proteins in strain
T1 transgenic parasites. We then determined the localization
in transgenic cells by IFA. All selected proteins localized to
the surface of the parasite (Fig. 3), validating our experimen-
tal design as a reliable approach for surface protein
identification.

Identification of Membrane Proteins That Are Differentially
Expressed in Parasites That Differ in Their Capacity to Adhere
to Host Cells—T. vaginalis is an extracellular parasite that
adheres to vaginal epithelial cells to colonize its human host.
To identify surface proteins that are differentially expressed in
adherent and less adherent parasites, we first examined a
number of strains to determine their relative adherence to
monolayers of VECs using previously described assays (15,
16) (Fig. 4A). Six strains were selected for comparison of their
surface proteins; three (T1, G3, and SD10) were only �5–17%
as adherent as our standard laboratory adherent strain PA (15,
16). In addition to PA, two other strains with comparable
adherence properties (SD7 and B7268) were selected for
analyses. The three adherent strains (PA, SD7, and B7268)
(Fig. 4A) were also significantly more cytotoxic to VECs rela-
tive to less adherent T1, G3, and SD10 strains (data not
shown).

To identify proteins that are differentially expressed in the
highly adherent and less adherent strains, comparative anal-
yses of their biotinylated plasma membrane proteins were
performed. A comparison of the protein profiles of fractions
loaded on the streptavidin columns and the eluted proteins
showed that the biotinylated proteins are not among the more
abundant cellular proteins, indicating the presence of low
abundance surface molecules (Fig. 4B). The overall protein
profiles of the six strains were highly similar (left panel); how-
ever, biotinylated proteins eluted from the streptavidin column
varied notably (middle and right panels). These data indicate
that there is a substantial variation in relatively low abundance
membrane proteins between strains, consistent with data
shown in Fig. 1C.

To search for proteins that are over-represented in highly
adherent relative to less adherent strains, spectral counts
were normalized to minimize run to run variation and com-
pared between strains using the ACfold algorithm (37). Pro-
teins that exhibited changes in normalized spectral counts
that were greater than 2.5-fold and possessed p values from
the ACtest of less than 0.01 were considered differentially
expressed. Additionally, we required that these proteins con-
tain either a putative signal peptide or transmembrane domain
and that the spectral counts of these proteins taken from
previous analyses exhibited the same quantitative trends.
Using this approach, 16 proteins were determined to be dif-
ferentially expressed between highly adherent and less ad-
herent strains, 11 of which were up-regulated in more adher-

TABLE I
Putative membrane proteins sorted into functional groups according

to BLAST analysis and genome annotation

TMD, transmembrane domain; SP, signal peptide; SNARE, soluble
N-ethylmaleimide-sensitive factor attachment protein receptor;
v-SNARE, vesicle SNARE; PMCA, plasma membrane Ca2�-ATPase.

No. identified
here

No. genes
in genome

Total putative membrane proteins 271
Hypothetical proteins with TMD/SP 116
Host-cell interaction

GP63-like �16 77
Surface antigen BspA-like 11 658
Chlamydial polymorphic outer

membrane protein
5 27

Tetraspanin family protein 3 9
P270-related protein �9 25
Immunodominant variable

surface antigen-like
2 15

Transporters
ABC transporter family protein 6 104
Ctl transporter, putative 5 9
Major facilitator superfamily

protein
2 20

Nucleoside transporter family
protein

2 10

Auxin efflux carrier family protein 1 31
Transmembrane amino acid

transporter protein
1 32

Na�-driven multidrug efflux
pump

1 60

Sodium-sulfate symporter
transmembrane region

1 13

Cyclases
Adenylate and guanylate cyclase

catalytic domain
20 167

Peptidases
Subtilase family protein 7 27
Clan CA, family C2, calpain-like

cysteine peptidase
2 10

Clan S, family S54, rhomboid-
like serine peptidase

1 9

Nicastrin precursor, putative 1 2
Vesicle transport

Synaptobrevin family protein 3 16
Vesicle transport v-SNARE

protein
2 22

Novel plant SNARE 1 4
Secretory carrier membrane

protein
1 6

Phosphatases
Ser/Thr protein phosphatase

family protein
5 20

Nucleoside phosphatase family
protein

1 8

Adenosine diphosphatase 1 6
ATPase activity

Phospholipid-transporting
ATPase

1 34

Calcium-translocating P-type
ATPase, PMCA-type

�4 28

V-type ATPase, C subunit family
protein

1 5

V-type ATPase 116-kDa subunit
family protein

1 7

Hydrolase activity
Class I nuclease-related �1 16
Glycosyl hydrolase family 14

protein
1 4

Other 36
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ent strains (Table II). Two related hypothetical proteins were
either �21- or �43-fold more abundant in adherent strains,
and a chlamydial polymorphic outer membrane-like protein
was observed to be �27-fold more abundant. Other pro-
teins with similarity to known proteins that were significantly
more abundant in highly adherent strains include a serine/
threonine protein phosphatase (18-fold), an adenylate/gua-
nylate cyclase (15-fold), a subtilisin-like serine protease
(�6-fold), and an additional chlamydial polymorphic outer
membrane-like protein (�5-fold). Three additional hypothet-
ical proteins were found to be �3-, 7-, and 9-fold more
abundant on the surface of adherent parasite strains. We
also identified five proteins that were expressed at higher
levels in the less adherent strains: an ABC transporter, an
auxin efflux carrier, and three hypothetical proteins (Table
II). All of these proteins have at least one transmembrane
domain, but all but one lack a detectable signal peptide.
This indicates that signal peptides for T. vaginalis surface
proteins are atypical and thus not readily detected with
standard search algorithms.

Validation of Differential Protein Expression by Examining
Relative mRNA Levels—Using an independent method to val-
idate the MudPIT data and to assess the relative expression of
genes encoding membrane proteins in adherent and less
adherent T. vaginalis strains, we utilized qPCR to compare
mRNA levels of five of the 11 genes encoding proteins found
to be highly expressed in adherent parasites (Fig. 5). These

data indicate that protein levels measured by MudPIT analy-
ses correlate well with mRNA levels determined by qPCR. A
strict relative correlation between protein and mRNA abun-
dance was observed for all six strains for four of these
genes (TVAG_166850, TVAG_244130, TVAG_020780, and
TVAG_110300) and for five of the six strains for the other
gene (TVAG_147050). In addition to validating the differential
protein expression levels, the qPCR analyses also revealed
that the mRNA encoding TVAG_244130 is 850- and 350-fold
more highly expressed in adherent strains PA and B7268,
respectively, relative to the less adherent G3 strain (Fig. 5);
this is the greatest difference in mRNA levels observed for the
tested genes. The mRNA encoding TVAG_166850 was simi-
larly shown to be induced 150- and 135-fold in the B7268 and
SD7 adherent strains, respectively, compared with the G3
strain, and this transcript was undetectable in non-adherent
T1 cells (Fig. 5). Interestingly, these two genes (TVAG_244130
and TVAG_166850) belong to the same family and have no
predicted known domain identified by bioinformatics analysis.
Consistent with our qPCR data, the proteins encoded by
these hypothetical genes are two of the three proteins with the
greatest -fold change in abundance between highly adherent
and less adherent strains (Table II).

Two Highly Expressed Proteins in Adherent Strains Signifi-
cantly Increase Adherence of a Less Adherent Strain When
Expressed Exogenously—The striking difference in expres-
sion between adherent and less adherent strains of mRNAs

FIG. 3. Subcellular localization of five randomly selected putative membrane proteins in T. vaginalis transfectants. Cells expressing
C-terminal HA-tagged versions of the indicated selected proteins were stained for immunofluorescence microscopy using a mouse HA-tagged
antibody. The nucleus (blue) was also stained with 4�,6�-diamidino-2-phenylindole.
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FIG. 4. Analyses of six parasite strains for adherence and biotinylation. A, binding to ectocervical cells. Parasites from six different strains
were fluorescently labeled and incubated with ectocervical cell monolayers at 37 °C. Coverslips were washed to remove non-adherent
parasites, mounted, and visualized and quantified by fluorescence microscopy. Data are expressed as percentage of adhesion related to the
PA strain � the standard deviation of the mean. A representative experiment of three independent experiments is shown. B, surface protein
biotinylation of strains with different adherence capacities. A comparable amount of protein extract of three less adherent (T1, G3, and SD10)
and three highly adherent strains (PA, B7268, and SD7) was loaded onto a streptavidin column (left panel). Biotinylated labeled proteins were
recovered, separated by SDS-PAGE, and silver-stained (middle panel) or detected by Western blot (WB) with an anti-biotin antibody (right
panel). The molecular weight marker is shown on the far left.

TABLE II
Differentially expressed proteins in strains with differing adherent capacities

Locus -Fold change p value Description

More abundant in highly adherent strains
TVAG_166850 42.7 1e	13 Hypothetical protein
TVAG_140850 26.5 2e	08 Chlamydial polymorphic outer membrane protein
TVAG_244130 20.7 1e	06 Hypothetical protein
TVAG_020780 18.0 8e	06 Ser/Thr protein phosphatase family protein
TVAG_299950 15.0 6e	05 Adenylate and guanylate cyclase catalytic domain
TVAG_147050 9.0 4e	03 Hypothetical protein
TVAG_239650 6.8 2e	30 Hypothetical protein
TVAG_142720 5.8 3e	03 Subtilase family protein
TVAG_110300 5.2 2E	13 Hypothetical protein
TVAG_212570 5.1 9e	04 Chlamydial polymorphic outer membrane protein
TVAG_494220 2.6 1e	02 Hypothetical protein

More abundant in less adherent strains
TVAG_190320 13.0 9e	04 ABC transporter family protein
TVAG_384150 4.8 8e	03 Hypothetical protein
TVAG_108920 4.6 1e	19 Hypothetical protein
TVAG_411910 3.8 5e	03 Auxin efflux carrier family protein
TVAG_307990 3.7 7e	03 Hypothetical protein
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encoding TVAG_166850 and TVAG_244130 led us to deter-
mine whether exogenous expression of these proteins in the
poorly adherent T1 strain would confer an adherent pheno-
type. Both genes were cloned into episomal expression
vectors under the control of a strong promoter (39) and
transfected independently into T1 parasites. Adherence as-
says were then performed to evaluate whether the sole
gain of expression of either protein influences adher-
ence capacity. Expression of either N-terminal HA-tagged
TVAG_166850 or TVAG_244130 in transfected parasites
was capable of increasing attachment to VECs �2.1- and
�2.2-fold, respectively, compared with control parasites
transfected with an empty plasmid (Fig. 6). Similar results
were also observed using protein HA-tagged at the C ter-
minus (data not shown). No effect on cytotoxicity of VECs in
vitro was observed using T1 parasites overexpressing either

protein (data not shown). This indicates a specific role in
adherence for these proteins.

DISCUSSION

We developed a straightforward approach for the isolation
of surface proteins and combined this with high throughput
proteomics to identify proteins on the surface of the parasite
T. vaginalis. This constitutes the first large scale description of
surface proteins on this extracellular human pathogen. Utiliz-
ing a non-membrane-permeable biotin reagent, we preferen-
tially labeled plasma membrane and plasma membrane-as-
sociated proteins while largely excluding intracellular proteins.
Combined with MudPIT analyses, 411 proteins were identified
when examining six strains of T. vaginalis. The majority (63%)
possess a predicted transmembrane domain and/or signal
peptide sequence. Of these, �56% (35% of total) are pre-

FIG. 5. qPCR analysis validates MudPIT differential expression. mRNA expression levels of five transcripts identified as differentially
expressed by MudPIT analysis were examined by qPCR. Data are expressed as -fold increase compared with the G3 strain � the standard
deviation of the mean. Inset graphs represent MudPIT values for the corresponding gene and share the same x axis with the qPCR data.
TVAG_166850, hypothetical protein; TVAG_244130, hypothetical protein; TVAG_020780, Ser/Thr protein phosphatase family protein;
TVAG_110300, hypothetical protein; TVAG_147050, hypothetical protein.
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dicted to be membrane proteins based on similarity to known
membrane proteins in other organisms. Within this group,
members of seven of 10 protein families that were predicted
by in silico analyses of the T. vaginalis genome to be mem-
brane proteins with possible roles in Trichomonas pathogen-
esis (19, 20) are present (see Table I). These include proteins
with similarity to BspA proteins of mucosal bacteria known to
mediate adherence to host cells (20, 42); three types of pro-
teinases, a metalloproteinase (GP63) implicated in Leishmania
virulence (20, 43), a subtilisin-like serine peptidase implicated
in egress of apicomplexan parasites (44, 45), and calpain-like
cysteine proteases (46); Chlamydia polymorphic membrane-
like proteins (47); immunodominant variable surface antigen
(48, 49); and the P270 surface immunogen (50, 51). The pres-
ence of these predicted membrane proteins in our proteome
further validates our approach.

It is notable that relatively few members of the unusually
large protein families comprising previously predicted surface
proteins (17, 18) were found in our membrane proteome (Ta-
ble I). However, these data do not preclude the expression of
many additional family members that may not be as abundant
or as accessible to labeling as the ones identified. Additional
family members might also be found if more strains were
surveyed, consistent with the proposal that subsets of these
protein families may be differentially expressed in different
strains or during different stages of infection (20). Differential
expression may also explain why only a limited number of
proteins from other large gene families in our membrane
proteome were detected. For example, only six ABC trans-
porters were found in the proteome of 104 genes encoded in
the genome (19). Nevertheless, these data underscore the
value of a proteomics approach in an organism such as T.

vaginalis where multiple, large gene families are common to
identify specific proteins for further functional studies. Pro-
teomics is particularly useful as high density microarrays for T.
vaginalis are not yet available because of the complexity and
repetition of its genome.

Interestingly, 37% of proteins found in the membrane pro-
teome are hypothetical proteins that are unique to T. vaginalis.
The ability to identify these novel surface proteins provides a
foundation for future studies with the potential of uncovering
unpredicted host-parasite interactions that may be important
for pathogenesis. The majority (77%) of these newly identified
novel hypothetical proteins have predicted signal peptides
and/or transmembrane domains; however, 23% do not.
These proteins may be directly anchored to the membrane or
contain unidentified membrane-targeting/assembly domains.
Of all putative surface proteins identified, 63% have predicted
signal peptides and/or transmembrane domains. The remain-
ing 37% include membrane-associated cytoskeletal proteins
(5%) and proteins predicted to be intracellular (23%). The
majority of the proteins in the latter category are highly abun-
dant soluble proteins that are common contaminants ob-
served in subcellular localization experiments (20, 40).2 How-
ever, we cannot strictly preclude the possibility that some of
these previously defined intracellular proteins have an addi-
tional uncharacterized external localization, contributing an
unknown function. Alternatively, such cytosolic proteins, for
example enolase, glycerol-3-phosphate dehydrogenase, and
HSP70, may be located immediately beneath the plasma
membrane.

Several new protein families that have yet to be examined in
T. vaginalis and that may play an important role in parasite
biology were revealed by our analyses. These include the
tetraspanin and �-lactamase families of proteins, the nicastrin
precursor, and rhomboid-like and subtilisin-like serine pepti-
dases. Based on functional analyses of these proteins in other
organisms, a role in T. vaginalis pathogenesis for these sur-
face molecules is predicted. For example, tetraspanin family
proteins have been shown to play a role in adhesion, migra-
tion, and tissue invasion in mammalian cells (52, 53); these are
processes required for T. vaginalis to colonize its human host
(12, 54). Moreover, tetraspanins on the surface of Schisto-
soma mansoni are protective antigens against schistosomia-
sis (55, 56). Evidence for multiple roles for rhomboid in-
tramembrane and subtilisin-like serine proteases in the
pathogenesis of divergent protozoan parasites has emerged
in recent years. An Entamoeba histolytica rhomboid protease
has been demonstrated to cleave a surface lectin involved in
phagocytosis and immune evasion (57). Moreover, multiple
rhomboid proteases and subtilisin-like proteases are known
to play critical roles in adherence, invasion, and survival of
Toxoplasma and malaria parasites (58–60). The work re-
ported here sets the stage for detailed studies to address the
roles of these newly identified surface proteins in Trichomo-
nas biology.

FIG. 6. Overexpression of TVAG_244130 and TVAG_166850 en-
hances adherence of T. vaginalis to ectocervical cells. Exogen-
ous expression of an N-terminal HA-tagged TVAG_244130 or
TVAG_166850 protein in the less adherent T1 strain was analyzed by
introducing the gene on an episome under the control of a strong
promoter. Attachment of parasites expressing the protein to VECs
was assessed and compared with parasites transfected with empty
plasmid (EpNEO). Data are expressed as -fold increase compared
with empty plasmid control � the standard deviation of the mean. A
representative experiment of four independent experiments is shown.
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As an obligate extracellular parasite, the surface of T. vagi-
nalis is likely to function in multiple ways to establish, main-
tain, and modulate infection. Prior to this study, only two
proteins have been shown to be surface-localized (20, 61),
and neither have been demonstrated to modulate adherence
of T. vaginalis to host cells. As a first step toward identifying
proteins that may be involved in adherence, numerous T.
vaginalis strains were examined to determine their capacity to
adhere to vaginal epithelial cells. From these data, six strains
were selected for proteomics analyses: three of these were
�5 times more adherent to vaginal epithelial cells than the
three others. Comparison of the surface proteomes of the six
strains revealed only 16 proteins that were detectably differ-
entially expressed (Table II). Eleven of these were more abun-
dant in adherent parasites, whereas five were less abundant.
Two Chlamydia polymorphic membrane-like proteins, a ser-
ine/threonine protein phosphatase, an adenylate/guanylate
cyclase, a subtilase-like serine protease, and six hypothetical
proteins were 2.5–43-fold more abundant in adherent strains.
It is notable that related proteins are implicated in the patho-
genesis of other pathogens, meriting a closer examination of
a possible function in T. vaginalis pathogenesis. Chlamydia
polymorphic membrane protein PmpD is an autotransporter
component of the chlamydial outer membrane thought to be
involved in bacterial invasion and host inflammation (47). Ser-
ine peptidases are known to participate in invasion of malaria
and Toxoplasma (58–60). Phosphatases and adenylate/gua-
nylate cyclases play critical roles in cell signaling, a mecha-
nism by which cells sense their environment. Further studies
are necessary to examine whether these proteins are directly
or indirectly involved in T. vaginalis adherence to host cells.

Two of six novel, hypothetical proteins that were more
abundant in highly adherent strains, TVAG_244130 and
TVAG_166850, share 33% similarity on the amino acid level
and belong to a family encoded by �100 genes in the T.
vaginalis genome. When either of these proteins was ex-
pressed upon transfection of the less adherent strain, T1
attachment to VECs was increased �2-fold. Several other
members of this family were detected in the membrane pro-
teome; however, only these two exhibited differential expres-
sion. Whether other members of this protein family are also
involved in adherence or other pathogenic processes remains
to be determined. The T. vaginalis genome has a multitude of
unique, hypothetical genes, and 152 were found in our sur-
face proteome. In addition to revealing possible novel func-
tions for these proteins, further analyses are warranted as
parasite-specific surface proteins could serve as good vac-
cine candidates.

Comprehensive profiling of the cell surface proteome of
different parasite strains provides an effective approach for
the identification of potential new surface adhesion factors.
The data described here will facilitate studies aimed toward a
better understanding of host-pathogen interactions as well as
genetic and strain differences that may account for the vari-

ation in symptoms and disease progression observed in
women infected by this pathogen.
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