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Summary

The proteins AP65, AP51, AP33 and AP23 synthesized
by Trichomonas vaginalis organisms in high iron play
a role in adherence. Multigene families encode
enzymes of the hydrogenosome organelles, which
have identity to adhesins. This fact raises questions
regarding the compartmentalization of the proteins
outside the organelle and about the interactions of
adhesins with host cells. Data here demonstrate the
presence of the proteins oytside the organelle under
high-iron conditions. Fluorescence and immuno-
cytochemical experiments show that high-iron-grown
organisms coexpressed adhesins on the surface and
intracellularly in contrast with low-iron parasites. Fur-
thermore, the AP65 epitopes seen by rabbit anti-AP65
serum that blocks adherence and detects surface pro-
teins were identified, and a mAb reacting to those
epitopes recognized the trichomonal surface. Two-
dimensional electrophoresis and immunoblot of
adhesins from surface-labelled parasites provided
evidence that all members of the multigene family
were co-ordinately expressed and placed on the tri-
chomonal surface. Similar two-dimensional analysis
of proteins from purified hydrogenosomes obtained
from iodinated trichomonads confirmed the specific
surface labelling of proteins. Contact of trichomonads
with vaginal epithelial cells increased the amount of
surface-expressed adhesins. Moreover, we found a
direct relationship between the levels of adherence
and amount of adhesins bound to immortalized vagi-
Accepted 8 "November, 2002. *For correspondence. E-mail
alderete @uthscsa.edu; Tel. (+1) 210 567 3940; Fax (+1) 210 567
6612.

© 2003 Blackwell Publishing Ltd

nal and ureter epithelial cells, further reinforcing spe-
cific associations. Finally, trichomonads of MR100, a
drug-resistant isolate absent in hydrogenosome pro-
teins and adhesins, were non-adherent. Overall, the
results confirm an important role for iron and contact
in the surface expression of adhesins of T. vaginalis
organisms,

Introduction

Trichomonas vaginalis is responsible for trichomonosis
(Kassai et al., 1988), the number one, non-viral sexually
transmitted disease (STD). Among women, there will be
up to 5 million new cases of trichomonal vaginitis in the
USA (Cates, 1999) and 250 to 350 million world-wide
(World Health Organization, 1995). There are health con-
sequences for women with trichomonosis, including
adverse pregnancy outcomes, predisposition to cervical
cancer, and increased susceptibility to HIV seroconver-
sion (Cotch etal., 1991; Wasserheit, 1992; Laga et al.,
1993; Zhang and Begg, 1994; Yap et al, 1995; Zhang
et al., 1995; Cotch et al., 1997). Among African-American
women, this STD contributes significantly to health dispar-
ities through the higher rates of HIV (Sorvillo and Kerndi,
1998; Sorvillo ef al., 2001). Men with T. vaginalis infection
may present a non-chlamydial, non-gonococcal urethritis
(Krieger etal, 1993). Importantly, symptomatic, HIV--
positive men have higher concentrations of HIV in semen,
facilitating HIV transmission (Hobbs et al., 1999).

The mechanisms of pathogenesis are multifactorial and
virulence is greatly influenced by iron (Ryu et al., 2001).
Adherence by this parasite o vaginal epithelial cells
(VECs) is complex. Surface proteins (AP65, AP51, AP33
and AP23) appear to interact with host celis via ligand—
receptor-type interactions and fulfil criteria of adhesins
(Beachey et al, 1988). Multigene families encode these
proteins (Alderete etal, 1995; 1998; Engbring etal,
1996; Engbring and Alderete, 1998a). Recombinant pro-
teins of AP65, AP51 and AP33 competed with binding of
the natural trichomonad adhesin to Hela cells (Arroyo
et al., 1992; Alderete et al., 1995; Engbring and Alderete,
1996a; Alderete, 1999). Furthermore, the amounts of
adhesins were increased when organisms were grown in
iron-replete medium (Lehker et al,, 1991) and also upon
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binding to VECs (Arroyo et al., 1993). Characterization of
a receptor-interactive domain for AP33 was periormed,
and a peptide of this domain of AP33 inhibited adherence
to host cells (Engbring and Alderete, 1998b). Unexpect-
edly, AP65 had identity with decarboxylating malic
enzyme and AP51 and AP33 with the - and o-subunits
of succinyl coenzyme A synthetase (SCS) (Alderete et al.,
1995; 1998; O'Brien ef al., 1996; Engbring and Alderete,
1998a; b), enzymes that reside within hydrogenosome
organelles involved in fermentative oxidation of pyruvate
(Mller, 1993; 1997; Kulda, 1999).

This discovery of molecular mimicry and functional
diversity resulted in the questioning of the role of AP65
and the other proteins as adhesins versus a sole role as
metabolic enzymes in hydrogenosomes. Alternatively, it
raised the question whether only some members of the
gene families are adhesins and others are enzymes within
the organelles or whether these proteins are multifunc-
tional. In addition, it was reported that surface AP65 of T.
vaginalis is an erythrocyte-binding protein (Rappelli et al.,
1995) and that AP65 also is released into cultures during
growth (Addis et al., 1997). Extracellular AP65 appears to
retain decarboxylating malic enzyme activity. It was also
reported that AP65 (and the other adhesins) bound to
epithelial cells, erythrocytes and Mycoplasma hominus in
a non-specific fashion (Addis et al., 2000), albeit biochem-
ical data to make this claim were unavailable. Additionally,
antibodies to decarboxylating malic enzyme (AP65) and
to the a-subunit of succinyl coenzyme synthetase (AP33)
detected only proteins in hydrogenosomes (Brugerolle
et al., 2000).

It was important therefore to continue characterization
of the role of these proteins as adhesins. We hypothesized
that surface expression and colocalization of the proteins
on the surface of trichomonads occurred only when par-
asites are grown in an iron-replete medium and/or upon
contact with the host cells. Furthermore, we tested
whether epitope accessibility was responsible for the dif-
ferent results obtained with monospecific antiserum
versus mAb recognition of proteins in different compart-
ments. This report provides additional evidence on the
surface placement of the proteins of T. vaginalis involved
in adherence. Data suggest that all members of the mul-
tigene families are on the surface capable of binding to
host cells, and surface expression is under the control of
iron. Importantly, parasites in contact with host cells
increased amounts of the surface adhesins. We further
show quantitative relationships in the amounts of the
adhesins bound to immortalized VECs and ureter epi-
thelial cells that give different levels of adherence.
Importantly, parasites of MR100 (Kulda, 1999), a
laboratory-created, drug-resistant isolate lacking adhes-
ins, were non-adherent to VECs. Overall, data reinforce

the validity of past work that functional diversity as occurs
for other microbial pathogens is central to the biology of
this important STD agent.

Results
Detection of the surface adhesins

Previously we have shown that T. vaginalis organisms
were examined for surface immunoreactivity with each
immune rabbit anti-adhesin serum (IRS) to the four indi-
vidual adhesins and, not unexpectedly, non-permeabilized
trichomonads grown in high-iron medium were fluores-
cent. Weak fluorescence was observed using non-
permeabilized parasites grown in a low-iron medium
(Lehker et al., 1991; Arroyo et al., 1992). Therefore, it was
now important to show whether these adhesins were
colocalized. Double-labelling experiments were then
performed with organisms treated with rhodamine-
conjugated anti-AP65 antibody followed by incubation with
fluorescein-conjugated anti-AP51 or anti-AP33 antibody.
Figure 1A and B show coexpression of proteins on the
parasite surface, evidenced by the blending of the com-
bined colour on the surface. Similar results were obtained
using anti-AP85 and anti-AP23 sera (not shown). No flu-
orescence was detected with pre-bleed normal rabbit
serum (NRS). These results illustrate for the first time that
the adhesins are colocalized on the trichomonad mem-
branes and are consistent with the co-ordinated synthesis
of the four proteins under high-iron conditions (Lehker
etal., 1991).

Comparative immunocytochemistry with the IRS was
carried out on trichomonads grown in high- versus low-
iron medium. Figure 2 presents a representative experi-
ment showing immunogold labelling with anti-AP65
serum. Similar results were obtained with the other IRS
for AP51, AP33 and AP23. Figure 2A(1) shows the. high
numbers of gold particles detecting AP65 on the tri-
chomonal surface, cytoplasm, vacuoles and flagella as
well as in hydrogenosomes (A2) for high-iron-grown
organisms. Only minimal labelling for low-iron-grown par-
asites was found on surface and in hydrogenosomes,
respectively (B1 and B2). Neither omission of the primary
anti-AP85 antibody nor pre-bleed NRS gave gold parti-
cles. Finally, consistent with Fig. 1, colocalization of
different-sized gold particles conjugated to the distinct
anti-adhesin 1gG was observed by IEM. For example, both
5-nm-gold anti-AP65 IgG and 15-nm-gold anti-AP51 IgG
were seen on the surface and throughout the different
compartments as in part A1. Similar results were obtained
both with the other combination of antisera to adhesins
and with other fresh clinical isolates of T. vaginalis. These
data suggest a role for iron in modulating the location of
adhesins within trichomonads.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1207—-1224
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B AP65+APS1

Fig. 1. Demonstrations of surface colocalization of AP65 with either AP33 (A) or AP51 (B) by fluorescence using non-permeabilized trichomonads
of isolate T016 grown in a high-iron medium as described in Experimental procedures. Organisms were treated with antiserum 19G to adhesins
conjugated individually to fluorescein (anti-AP65) or rhodamine (both anti-AP51 and AP33). Use of the individual antisera gave only the respective
colour, and blending was observed indicative of coexpression. Little or no fluorescence was observed with prebleed NRS or with trichomonads
grown in a low-iron medium (Lehker et al., 1991; Arroyo et al., 1992). In this experiment, fluorescence was examined with an Axiophot Il Zeiss

epifluorescent microscope.

Differences in reactivity between rabbit antiserum
and mAbs and generation of a new mAb reactive
with the trichomonal surface

It was reported earlier (Engbring and Alderete, 1998b)
that the mAb used originally to obtain AP33 (F5) (Arroyo
et al., 1995) was unreactive with the surface of high-iron
parasites by fluorescence. Furthermore, AP33 was found
previously to have two receptor-interactive domains,
which were toward the amino terminus relative to the mAb
epitope. Similarly, the AP65 mAb F11 was unreactive with
the surface of high-iron trichomonads (data not shown).
We therefore evaluated by IEM the mAbs F5 and F11 and
found immunogold localized only in hydrogenosomes as
in Fig. 2A(2). Decreased numbers of gold particles were
seen in hydrogenosomes for low-iron organisms as in
Fig. 2B(2). At this stage, we hypothesized that the pro-
teins outside the hydrogenosome had the mAb epitopes
inaccessible for mAb recognition.

Therefore, as was done for AP33 (Engbring and
Alderete, 1998b), we characterized the IRS and mAb
epitopes for AP65. Figure 3 shows the results from using

overlapping decapeptides obtained for AP65 that revealed -

three strongly reactive IRS epitopes at the amino terminus
(R1, 79-LKYIF; R2, 97-RFLF; and R3, 112-YTPTVG) and
a weakly reactive epitope at the carboxy terminus (R4,
433-YQWSN). The IgG; mAb Fi11 and two new IgG;
mAbs, F28-1, and DM116 generated from distinct mAb
libraries recognized the same epitope (214-ADPLYH).
Based on this information and that obtained for AP33 that
subclones of the amino terminus had receptor-binding
activity (Arroyo et al., 1995), we hypothesized that a mAb
reacting near the rabbit antiserum epitopes would lead to

detection of the parasite surface. Because we were
unsuccessful in three attempts to get mAbs to the NH,-
terminal region, we resorted to a LamB-AP65 fusion using
a subclone comprised of the first one-third of ap65-3
(O’Brien et al., 1996). Selection of a new mAb was based
on both immunoblot detection of the LamB-AP65 recom-
binant and enzyme-linked immunoabsorbance assay
(ELISA) reactivity to whole organisms (see Experimental
procedures). The new IgG; mAb, 12G4, was obtained,
which recognized the 36-GSAFTKE epitope. Importantly,
the AP65 mAb epitopes were in all ap65 family members.
The BLAST database revealed some identity to other malic
enzyme sequences. Further, the amino acid sequences
166—187 and 308-325 were identified as two strong trans-
membrane helices by EXPASY PROTEOMICS TOOLS™ and
suggested the N- and C-termini were extracellular
domains. It is notable that this model is consistent with
the presence of the rabbit anti-AP65 and mAb 12G4-
reactive epitopes.

Finally, we performed fluorescence with the new mAb
12G4. Figure 4A(1) shows the surface detection with the
new mAb 12G4 of AP65 in high-iron, non-permeabilized
parasites. The mAb F11 reacted with the protein only in
permeabilized organisms (B3). As another control, mAb
L64 toward a cytoplasmic protein (Alderete et al., 1987)
also was reactive only in permeabilized parasites (B5).

All adhesin family members reside on the parasite surface

We next wanted to determine whether all members of the
gene families were on the surface. Extracts of total proteins
of surface-iodinated isolate T016 trichomonads, used orig-

© 2008 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1207—1224
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Fig. 2. tmmuno-electron microscopic detection of AP65 on cryosections on the surface and different sites of high-iron (A1) vs. low-iron grown
(B1) trichomonads of Trichomonas vaginalis TO68-Il. Anti-AP65 serum igG followed by gold-conjugated goat anti-rabbit IgG was used in this
experiment. Large numbers of gold particles were evident within hydrogenosomes of high-iron (A2) parasites. Few particles (arrow) were
detectable in the hydrogenosome (H) of low-iron (B2) organisms. Other antisera to adhesins gave similar results. The mAbs F11, F28-1 and
DM116 (Fig. 3) to AP85 gave results fike those in a2 and b2 in high- and low-iron respectively.

inally to characterize the adhesins (Arroyo et al., 1992),
were analysed by two-dimensional SDS-PAGE and auto-
radiography. Duplicate samples were subjected to a ligand
assay to identify adhesins followed by two-dimensional
analysis (two-dimensional ligand). Figure 5 shows the
stained and autoradiography protein patterns of HeLa cell-
binding proteins using extracts of high-iron trichomonads,
and as can be seen, stained (A2) and iodinated (A3)
patterns of proteins were similar. Six iodinated spots were
readily detectable for AP65, and three spots were seen
for AP51, consistent with the respective gene copy num-
bers (Lahti etal, 1992; Hrdy and Maller, 1995; O'Brien
et al., 1996; Alderete et al., 1998). The pls of the stained

and jodinated spots were consistent with those predicted
based on the complete amino acid sequences of the pro-
teins (Alderete et al., 1995; Hrdy and Mller, 1995; Drmota
et al., 1996; O'Brien et al., 1996; Alderete et al., 1998).
Only one spot was evident for AP33 because the three
AP33 proteins have almost identical pls (Engbring and
Alderete, 1998b) and due to the poor resolution of basic
proteins in two-dimensional gels (Hochstrasser et al,
1988). Low-iron trichomonads had decreased amounis of .
the jodinated Hela cell-binding proteins in stained gels
(B2) and gave only one prominent AP65 spot in autorad-
iograms (B3). The different two-dimensional stained total
protein patterns confirmed the high (A1) versus low-iron

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 12071224




(B1) status of trichomonads (Lehker et al,, 1991). Lastly,
it should be noted that AP65 in stained gels and autora-
diograms was quantitatively greater than the other pro-
teins, AP23 was not readily visualized by two-dimensional
analysis, possibly due to the low copy number of this
protein (Alderete and Garza, 1985; Lehker ef al., 1991).
These data suggest that all members of the multigene
families are on the surface and bind to cells.
Furthermore, hydrogenosome organelles were purified
from samples of surface-iodinated trichomonads used
above in Fig. 5A. Identical cell equivalents of iodinated
extracts of total proteins and purified hydrogenosomes
were then used in the ligand assay. Figure 6 presents
results of a representative experiment showing the com-
plete absence of iodinated spots using hydrogenosomes
(B2) compared with total proteins (A2) in autoradiograms
" exposed to X-ray film for the same time period. No spots
in autoradiograms of B2 were visible despite exposure for
longer petiods. Parts A1 and B1 present immunoblots
using as probes the mAbs 12G4 to AP65 and F5 to AP33.
The corresponding proteins were apparent, albeit quanti-
tatively less amounts of proteins were detected in the
ligand assay using hydrogenosomes. The inserts in A1
and B1 illustrate the stained two-dimensional protein pat-
terns of the duplicate gels showing again the presence of
proteins with the same mobilities and pls. As a control to
confirm purification of organelles, the activity of hydro-
genosome pyruvate/ferredoxin oxidoreductase was deter-
mined (Peterson and Alderete, 1984). In separate
experiments, the hydrogenosome fractions had three- to
fivefold higher specific activity compared with total exiract,
showing the enrichment for hydrogenosomes in the pro-

mAbs
F11,F28-1,DMi16
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cedure (data not shown). These resuits confirm the spec-
ificity in our surface labelling procedure.

Lastly, as we already reported on the monospecific
nature of anti-AP33 serum (Engbring and Alderete,
1998a), we took advantage of the two-dimensional-ligand
assay to examine the polyclonal, monospecific nature of
anti-AP65 and anti-AP51 sera. We obtained identical
immunoblot reactions using rabbit anti-AP65 serum and
the mAbs analysed above (Fig. 3), and both IRS for AP65
and AP51 reacted only with the spots in the two-
dimensional gels in Fig. 5A(2), as no additional prominent
spots were detected anywhere in the stained gels and
blots. As another control to show specificity of the inter-
action of adhesins with Hela cells, the mAb L64 to a
cytoplasmic protein used above was unreactive in the two-
dimensional ligand assay blots. These data show that the
rabbit antisera are most likely monospecific.

Contact with VECs increases surface
expression of adhesins

During the course of our studies, we noticed that contact
of trichomonads with VECs increased amounts of surface
adhesins. Trichomonads were either placed in contact
with fixed immortalized -cultures of AO or MS74 VECs for
30 min or suspended in the interaction medium without
host cells for the same period. Parasites were removed
and immediately iodinated for use in a ligand assay.
Figure 7 shows that although the intensities of bands of
cell-binding proteins were similar, greater amounts of
AP65, AP51 and AP33 bands on autoradiograms resided
on organisms after contact with host cells.

Fig. 3. Identification of epitopes using overlap-
ping decapeptides obtained for AP65-3 as
described in the Experimental procedures sec-
tion. The IgGy mAb F11 and two new IgG;

AP65-3 )
mAbs, F28-1, and DM116 generated from dis-
| I =7 I == T I ] I tinct mADb libraries recognized the same
0 50 100 150 200 250 300 350 400 450 500 550 epitope. A LamB-AP65 fusion protein used for
immunization of mice resuited in generation of
mAb 12G4 toward an epitope at the amino ter-
Hydrophobicity M minus of the clustered rabbit epitopes. The
. sequences of the epitopes are included on the
R 200 oo left of the insert table, which presents the com-
bined fluorescence and immunogold labelling
‘ results of separate experiments. The new mAb
R1 LKYIF 79.83 reaqted with the parasite surface as.shown
. in Fig. 4. Two transmembrane domains are
R2 RFLE 97.100 untibudy surface | hydragenosome represented on the numbered scale by bold,
: solid bars, and the amino acid numbers are
R3 YTPTVG 112-117 g;?:;;um + + indicated.
R4  YQWSN  433-437 F11, F28-1
’ - +
. DM116
F1I' ADPLYH 214-219
12G4 + +
12G4 GSAFTKE 36-42

Transmembrane domains:

B8 1g6-187; 308-325

*mAbs F11, F28-1 and DM116 are to same epitope.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1207—-1224
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A Nonpermeabilized

1. fluorescence 2. brightfield

B Permeabilized
~ 1. fluorescence 2. brightfield

Fig. 4. Fluorescence experiments showing detection of AP65 on the surface of non-permeabilized (A) and intracellularly of permeabilized (B)

trichomonads of isolate T016 with mAb 12G4 characterized in Fig. 3. The mAbs F11 and L64 to AP65 and to an intracellular protein (Alderete
et al., 1987), respectively, were immunoreactive only with permeabilized organisms (B3 and B5). No signal was evident with non-permeabilized
trichomonads (A3 and A5). Brightfield photomicrographs of the same fields accompany the fluorescence pictures.

Relationship between levels of adherence and amount'sh
of adhesins binding to immortalized vaginal and ureter
epithelial cells

A recent report suggested non-specific binding of the
adhesins to different host cells and bacteria (Addis et al.,

2000). We therefore took advantage of the availability of
immortalized VEC lines (MS74 and AO) and an immortal-
ized ureter epithelial cell line (TEU-2) to examine the
association of levels of adherence of T. vaginalis T0O16
organisms in relation to the amounts of adhesins bound
to the cell surfaces in the two-dimensional ligand assay.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1207—1224
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A High iron B Low iron
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Fig. 5. Combined ligand assay with two-dimensional SDS-PAGE confirms the surface residence of the adhesin family members. Isoelectric
focusing separated the total proteins or proteins from the ligand assay in a pH 3-10 ampholine gradient followed by electrophoreses and staining
or autoradiography. Part 1. Coomassie brilliant blue stained total protein patterns of the duplicate samples of surface-iodinated organisms used
in Parts 2 and 3 below. Trichomonads were grown in high- (A) and low-iron medium (B). The complex patterns of proteins are representative of
equivalent cell numbers treated identically, and the different patterns are indicative of the iron status of trichomonads. Part 2. Stained patterns
of proteins following the ligand assay, which enriches for the host cell-binding proteins of extracts of parasites grown in high (A) and low-iron
medium (B). The same number of cell equivalents was used in the ligand assays. Part 3. Autoradiogram patterns of the stained gels in Part 2
showing fodinated protein spots of the two-dimensional gels. The X-ray film was exposed 8 h for both samples handled identically. It is noteworthy
that immunoblots of duplicate samples of the stained gels of part 2A were performed comparing the rabbit antisera to the adhesins with mAbs
F11 (AP65) and F5 (AP33). Not unexpectedly based on results recently published for AP33 (Engbring and Alderete, 1998a), the patterns of
antibody reactivities were identical with those seen here for AP65 and AP33.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1207-1224
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Fig. 6. Comparison of two-dimensional patterns of total proteins (A) versus hydrogenosome proteins (B) of surface-iodinated T. vaginalis used
in the ligand assay. Immunoblots of proteins after the ligand assay probed with mAbs F11 (AP65) and F5 (AP33) show quantitatively greater
amounts of proteins in the total protein extracts (A1) compared with hydrogenosome extracts (B1). Inserts on bottom left of A1 and B1 are the
Coomassie brilliant blue stained two-dimensional gels. The multiple bands for AP65 and AP51 are readily visible. The spot with a high pl at the
lower right side corresponds to AP33, as seen in Fig. 5. Parts A2 and B2 present autoradiograms of gels of iodinated proteins of total trichomonad
and hydrogenosome (B2) extracts, respectively, used in the ligand assay. No labelled proteins were evident for the hydrogenosome two-

dimensional patterns even with prolonged exposure to X-ray film.

Figure 8A shows results from five separate experiments
and normalized for adherence to Hela cells. Trichomonads
reproducibly adhered to slightly higher levels to immortal-
ized VECs compared with HeLa cells. Interestingly, TEU-
2 ureter cells accommodated T. vaginalis organisms to
=~ 40% of that seen for HelLa cells and the VECs. Further,
the two-dimensional ligand assay using extracts of sur-
face-labelled parasites showed that immortalized MS74
VECs, HelLa and AO (data not shown) cells had increased
amounts of bound adhesins as seen in Fig. 8B(1) com-
pared to the TEU-2 ureter cells (B2). The two-dimensional
ligand assay patterns strongly support the notion of a direct
relationship between the levels of adherence and amounts
of adhesins bound by cells. Furthermore, it has been
demonstrated before that AP65 is a major adhesin for
Hela cells (Arroyo et al., 1993), and as AP65 is a major
binding protein for these immortalized VECs (B1), we
wanted to confirm a role for AP65 with these cells. Impor-
tantly, anti-AP65 IgG eluted from preparative blots of AP65

inhibited by up to 70% the adherence of trichomonads to
the MS74 (part c), affirming a role in adherence for this
protein as shown previously (Arroyo et al., 1993).

The drug-resistant MR100 trichomonads lacking
adhesins do not adhere

MR100 is a drug-resistant isolate lacking adhesins detect-
able by immunoblot of ligand assay proteins. IEM using
IRS to the adhesins showed background levels of gold
particles compartmentalized outside the hydrogenosome.
Indeed, the organelles lacked the well defined double
membrane and had few gold particles within hydrogeno-
somes (Fig. 9A) even when parasites were grown in high-
iron medium (not shown). Furthermore, 9B shows results
from a representative adherence experiment with AO
VECs using quadruplicate samples that gave less than
2% standard deviation. The association of MR100 tri-
chomonads to VECs was 5% that seen when compared

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1207—1224



with wild-type T016 trichomonads; similar results of only
1% to 5% levels were obtained in five separate experi-
ments. Finally, autoradiograms of a two-dimensional-
ligand assay had no VEC-binding proteins with both HelLa
and MS74 cells (C). In this experiment, the X-ray film was
exposed for the same period of time as that needed above
(Fig. 8B) These data provide strong supporting evidence
for a role of the trichomonad adhesin enzymes in
adherence.

Discussion

The surface expression of each protein and colocalization
of the proteins on the surface of parasites (Fig. 1) and at
sites outside the hydrogenosome (Fig. 2) occurred only in
trichomonads grown in a high-iron medium. Specific sur-
face labelling revealed that all members of the multigene
families were capable of residing on the parasite surface
(Fig. 5). These findings are in accordance with original
surface labelling experiments showing the predominance
of iodinated bands correspongiiﬁg with the mobilities of
these multigene proteins (Alderete, 1983; Alderete et al.,
1986b). Importantly, identical proteins were immunoreac-
tive with both the rabbit antisera and mAbs (to AP65 and
AP33), thus eliminating the possibility that the IRS is not
monospecific and confirming results from an earlier study
(Engbring and Alderete, 1998a). '

A stained gels B autoradiograms

APG5- Wb W

AP51-

AP33 -

Cell contact: + - + =

Fig. 7. Contact with host cells shows increased amounts of surface-
expressed adhesins. In this experiment, high iron trichomonads were
first incubated with monolayers of immortalized AO VECs before
removing and iodinating (see Experimental procedures). Part A
shows the same amount of proteins enriched by the ligand assay, as
evidenced by the equal intensity of Coomassie brilliant blue stained
gels. Autoradiograms in part B illustrate a greater intensity of signal
of the surface-labelled proteins of trichomonads after contact with the
host cells. Equivalent parasite numbers were used in both samples,
which were handled identically. Identical results were obtained with
MS74 VECs.
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What is clear is that the detection of the proteins on the
surface depends on the experimental conditions. Among
important considerations for reproducibility of results are:
(i) that adhesins are released into the exiracellular envi-
ronment (Addis et al., 1997); (i) that surface localization
is a function of the high-iron status of the parasite (Fig. 2)
(Lehker etal, 1991; Arroyo etal., 1992); and (iii) that
regulation by iron is lost among long-term laboratory iso-
lates (Lehker et al., 1991). Indeed, these same variables
probably influence the amounts of these surface proteins
detected by assays like fluorescence, immunocytochem-
istry, and surface labelling and autoradiography. These
facts may help clarify conflicting findings by others and us,
like the inability to visualize the AP51 and AP33 adhesin
enzymes outside hydrogenosomes (Brugerolle etal,
2000). Equally noteworthy was a report with T. vaginalis
and antisera to decarboxylating malic enzyme (Drmota
et al., 1996), which detected the protein outside the hydro-
genosome using immunogold labelling. In an unrelated
report examining polyamine metabolism of Tritrichomonas
foetus, the cattle trichomonad responsiﬁle for fetal wast-
age, immuno-electron microscopy with antibody to f-SCS
showed gold particles outside the hydrogenosome, includ-
ing the cytoplasm and vacuoles, suggesting the ability of
this protein to be compartmentalized outside hydrogeno-
somes by the bovine trichomonad (Reis et al., 1999), pos-
sibly only under certain conditions. Furthermore, a recent
report described iron-induced expression of hydrogenos-
omal proteins in Tt. foetus (Vanacova et al., 2001). The
decarboxylating malic enzyme (AP65) and isoforms of
SCS (AP51 and AP33) were among the proteins upregu-
lated in Tt. foetus by high iron. Given that for T. vaginalis
the adhesins are also hydrogenosome enzymes then, to
our knowledge, our laboratory was the first to show that
iron mediated regulation of these proteins of metabolism
in trichomonads (Alderete etal, 1995; 1998; O’Brien
etal., 1996; Engbring and Alderete, 1998a, b). These
findings show the important role that iron plays in signal-
ling for both transcription and protein compartmentaliza-
tion within trichomonads. ’

Original cDNA clones and subclones expressing
recombinant adhesin proteins localized the receptor-
interactive domains of the adhesins at the amino terminus
(Arroyo et al., 1995). Characterization of AP33 confirmed
a receptor-binding epitope within the NHg-terminal region
(Engbring and Alderete, 1998b). Interestingly, the F5 mAb
to AP33 detected proteins only within hydrogenosomes,
and the epitope was toward the carboxy terminus of the
protein. We identified the epitopes reactive with the IRS
and mAbs to AP65. It is remarkable that different fusions
resulted in three mAbs to the identical epitope (214-
ADPLYH) within AP65, which was distant from the three
clustered epitopes toward the amino terminus seen by
IRS (Fig. 3). Because of our lack of success at generating
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Fig. 8. Associations between levels of adherence of T. vaginalis T0O16 with amounts of adhesins bound to host cell surfaces. Part A, a
cytoadherence assay was performed with quadruplicate samples comparing Hela cells with immortalized VECs (MS74 and AO) and a
immortalized ureter epithelial cell line (TEU-2). Overnight cuitures of the confiuent monolayers of cells were incubated with equal numbers of
highly motile and radiolabelled mid-logarithmic phase trichomonads (see Experimental procedures). All samples were handled identically. The
adherence experiment was performed on five different occasions and with similar results. The mean of the results for each cell type was compared
with that for Hel.a cells, which were normalized to be 100%. Approximately 40% of parasites in the suspension were adherent for Hela cells.
Part B. Autoradiogram two-dimensional patterns showing the amounts of iodinated adhesins from an extract of surface-labelled parasites bound
to the cell surfaces by the ligand assay. MS74 (B1), Hela cells and AO VECs had increased amounts of bound adhesins compared with the
TEU-2 ureter cells (B2). In this experiment, the two-dimensional ligand assay was performed identically using duplicate samples of the
radioiodinated trichomonad proteins and fixed host cells. X-ray film was exposed for an identical period of time to the acrylamide gels. Part C.
Inhibition of adherence was demonstrated with purified anti-AP65 1gG eluted from preparative blots of AP65 (Arroyo et al., 1993). Washed
radiolabelled organisms were first pretreated with antibody before addition to the cell monolayers. The level of adherence achieved for contro!
prebleed normal rabbit serum (NRS) IgG was similar to that obtained in a normal adherence assay using Hela cells, and this was normalized

to 100%.

new mAbs at the amino terminus, we resorted to creating result in an altered conformation of the protein with the
a LamB-AP65 chimeric protein with the first one-third of epitope of mAb F11 inaccessible for antibody binding.
AP65-3 (O'Brien et al., 1996). The mAb 12G4 recognized Alternatively, the protein outside the hydrogenosome may

the parasite surface but did not inhibit adherence, sug- be associated with other proteins, such as chaperones,
gesting that the 12G4 epitope is not in juxtaposition with thus masking the epitope. It is equally conceivable that
the receptor-binding domain possibly defined by the clus- the epitope of mAb F11 is modified, such as through
tered rabbit epitopes, a situation similar to that seen for phosphorylation of the tyrosine residue, something that
AP33 (Engbring and Alderste, 1998b). It is highly likely awaits experimental verification.

that the environment outside the hydrogenosome is very Hydrogenosomal proteins possess a short N-terminal
different from that found inside the organelle. This could leader sequence for targeting and translocation into the
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organelle (Bradley efal, 1997). Whether the same or
different sequences are required for partitioning to other
sites must be considered in light of these results. If addi-

tional signals within the proteins are involved in targeting

of the adhesin enzymes to different places, then the iden-
tification of other essential sequence-specific regions will
help our understanding of protein segregation in this and
possibly other protists. It is equally reasonable to hypoth-
esize that iron induces synthesis of factors that act as
chaperones for the adhesins to the different compart-
ments. Alternatively, mRNAs might contain zipcodes,
different from signal sequences, which determine localiza-
tion within the organism that the transcript is translated
(Kislauskis and Singer, 1992; Smalheiser, 1996). This
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% adherence

phenomenon has been documented for the mRNAs of
actin, vimentin and tubulin.

This report also shows a direct relationship between
levels of adherence to immortalized VECs and ureter epi-
thelial cells and amounts of adhesins bound to the cells
(Fig. 8). We have shown previously that the binding of
adhesins to the surface of host cells is specific. The crite-
ria include saturation binding kinetics, competition exper-
iments with the natural adhesins and a peptide for AP33,
and demonstration of proteins on host cells accommodat-
ing the adhesins (Alderete and Garza, 1985; Alderete
etal, 1988; Lehker efal, 1991; Arroyo efal, 1992;
Engbring and Alderete, 1998a, b; O'Brien et al., 1996).
Specific antibody inhibition of adherence was established,

B
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Fig. 9. Absence of detectable adhesins and non-adherence of T. vaginalis MR100. Part A. A representative picture showing minimal labelling
with gold-conjugated anti-rabbit 1gG following treatment of the preparation with IRS to anti-AP65 IgG, as seen in Fig. 2A(2). The absence of the
well defined double membrane for hydrogenosomes was apparent. Similar results were seen regardless of the iron status of trichomonads. Part
B. A representative adherence assay using AO VECs comparing MR100 with wild-type trichomonads of T. vaginalis isolate T016 (Arroyo et al.,
1993). All experiments were in quadruplicate and performed at least five different times. Part C. Autoradiograms showing the lack of any
radioiodinated proteins by the two-dimensional ligand assay. This two-dimensional -ligand assay was performed at the same time as the adherence
experiment in Fig. 8C. Identical duplicate samples of the radioiodinated MR100 trichomonad proteins were mixed with fixed host cells. Also as
above, the X-ray film was exposed for a period of time identical to the positive ligand assay of Fig. 8B(1). Only did prolonged exposure of the X-
ray films over several days were some protein spots visualized that migrated in the same area of the adhesins.
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and, again, that anti-AP65 IgG inhibited adherence to
immortalized VECs (Fig. 8C) reaffirms a role for adhesins
in adherence. Further, adherence levels of isolate tri-
chomonads correlated directly with the amounts of adhes-
ins on the surface (Alderete and Garza, 1985; Arroyo
etal., 1992). Finally, the absence of other cytoplasmic
proteins binding to host cells provides evidence for the
specific interaction of AP65, AP51 AP33, and AP23 with
host cells. We believe that the results obtained by Addis
et al. (2000) are in part compatible with our observations.
For example, T. vaginalis organisms are capable of asso-
ciating with different host cells to varying degrees, and
one hypothesis to explain this may be the precedence
regarding proteins that bind to different ligands through
conserved receptor-interactive domains, which may bind
to different receptors (Chen et al., 2000). Such common
structures may reside on the surfaces of distinct target
cells and therefore adhesins associating with different
host cells may still occur through specific mechanisms, as
discussed above. We also recognize that the hydrophobic
nature of the trichomonad adhesins (Fig. 3) (Engbring and
Alderete, 1998b) requires that the criteria of binding spec-
ificity, as discussed above, must be demonstrated with the
different cells, bacteria and erythrocytes, and this was not
evident in the report of Addis ef al. (2000). Finally, the use
of identical methods must be emphasized. It is noteworthy
that we identified trichomonad surface proteins, which are
distinct from adhesins, associating with erythrocytes
(Lehker et al., 1990). Therefore, as reported by us (Millsap
and Alderete, 2001), we believe that our results continue
to provide evidence to reinforce the idea that the adhesins
are involved in mediating cytoadherence.

AP65 is found in the supernatants of viable organisms
(Addis etal, 1997), along with numerous other tri-
chomonad proteins (Alderete and Garza, 1984; Addis
et al., 1997). It is not inconceivable that the extracellular
AP65 protein (Addis et al., 1997) associates with the par-
asite surface thereby acquiring adhesive function. How-
ever, it is noteworthy that a recent report using the same
antibodies toward adhesins as used here found that the
proteins were linked with the secretory pathway involving
the Golgi apparatus (Benchimol etal, 2001). Clearly,
many factors need to be taken into account in the study
of adhesin—cell surface interactions.

Although we reported on the increased synthesis of
adhesins ‘upon trichomonal binding to host cells, data
presented here show that contact with immortalized VECs
by high-iron trichomonads optimally synthesizing the
adhesins resulted in greater amounts of the adhesins on
the parasite surface (Fig. 7). This finding may be signifi-
cant in that existing intracellular adhesins may not be
available for function until an adherence signal is received.
This strategy would avoid accumulation of extracellular
protein binding to cell surfaces, which would negate

adherence through competition with available host cell
receptors. \

It was not surprising that MR100 was non-adherent
(Fig.9). MR100 is absent several hydrogenosome
enzymes, including pyruvate:ferredoxin oxidoreductase
and decarboxylating malic enzyme (AP65), both essential
for optimal drug activation (Kulda, 1999). In our hands by
immunocytochemical, immunoblot and ligand assays, T.
vaginalis MR100 had little, if any, detectable decarboxy-
lating malic enzyme and SCS. Based on what is known
for Tt. foetus MR100, the parasites are unable to efficiently
transcribe the genes for these and other hydrogenosome
proteins (Land et al., 2001), and T. vaginalis may possess
similar properties. The use of MR100 trichomonads there-
fore provides strong evidence for functional diversity of the
hydrogenosome proteins.

In conclusion, trichomonads are part of a growing list
of microbial pathogens that possess surface-associated
enzymes with alternative, non-enzymatic functions
(Alderete et al., 2001). With respect to the property adher-
ence, what is clear is that for T vaginalis this is multi-
faceted. Early reports showed the interaction of
trichomonads with laminin of basement membranes
(Costa e Silva-Filho et al., 1988) and serum components
(Gold, 1992). More recently, the parasite was shown to
specifically bind to mucin (Lehker and Sweeney, 1999},
and the complex high affinity to associations with fibronec-
tin and laminin were demonstrated (Crouch and Alderete,

- 1999; Crouch efal, 2001). What is clear is that this

ancient protist has evolved to take advantage of a limited
genome to be able to successfully parasitize the con-
stantly changing and nutrient-limiting urogenital region of
women and, in part, this is done through functional diver-
sity of proteins.

Experimehtal procedures
Parasites and surface labelling

Batch cultivation of fresh clinical Trichomonas vaginalis iso-
lates T016, 347 and TO068-ll (Arroyo etal, 1992; 1993;
Provenzano et al., 1997; Crouch and Alderete, 1999; Crouch
et al., 2001) was in trypticase-yeast extract-maltose (TYM)
medium with 5% serum (Diamond, 1957). High- and low-iron-
grown parasites were obtained by growing organisms in iron-
replete medium and in medium depleted of iron with
2,2-dipyridyl (Sigma), as before (Lehker et al., 1991; Crouch
et al., 2001). T. vaginalis MR100 was kindly provided by Dr
Jaroslav Kulda of the Chatrles University of the Czech Repub-
lic and was cultivated in medium in the presence of
100 mg mi™ of freshly prepared metronidazole (Kulda, 1999).
Extrinsic radiolabelling of parasites was performed by the
chloramine T procedure, as before (Garvey etal, 1977;
Alderete, 1983) and with solid phase lodogen (Pierce)
(Greenwood et al., 1963), as recommended by the manufac-
turer. lodogen was used to expose the organisms to milder
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reaction conditions and to show the specific surface labelling
of parasites. Chloramine T obtained a higher resulting spe-
cific radioactivity, but both procedures gave identical results
in radiolabelling of proteins as evaluated by assays described
below.

Construction of the recombinant plasmid and expression
of recombinant LamB-AP65

Escherichia coli pop6510 (thr leu thi metA lacA dex5 tonA
supE recA) (Bouges-Bocquet etal, 1984; Charbit et al,
1988) served as the recipient for the recombinant derived
from plasmid pAJC264.5. Oligonucleotide primers (Gibco)
were prepared to the first third of AP65-3 (Fig. 3). The sense
primer AP85-F-13 5-GGGGAGATCTGATGCTCGCATCT
TCAGTCG-3’ and the antisense primer AP65-R-399
5-GGGGAGATCTGACTGGCGGTGTGTAGCCCA-3" were
used to create recombinants that span the protein with a Bgil
site or a BamHlI site for insertion into position 153/154 of the
amino acid sequence of the LamB protein via a unique
BamH]I site in the plasmid (Boulain et al., 1986; Wang et al.,
1989). Plasmid was electroporated into. E. coli pop6510
(charging voltage 1.8 kV, 186 ohm, 2.5 KkV), and transfor-
mants were selected for ampiciilin resistance. Correct orien-
tation of the inserts was verified by polymerase chain reaction
(PCR) using primers external and internal to the insert.
Restriction fragments were purified with QiaQuick PCR Puri-
fication (Qiagen). Plasmid pAJC264.5 and recombinant plas-
mids were isolated using the Spin Miniprep Kit (Qiagen). The
restriction enzymes and T4 ligase were used as per manu-
facturer protocols. The LamB gene controlied by the fac
promoter was induced by 1 mM isopropyl-8-D-thiogalactopy-
ranoside (IPTG). A stationary preculture or recombinant E.
coli in Luria—Bertani (LB) broth supplemented with ampicillin
was diluted 1:100 in fresh LB medium with ampicillin and
grown in a shaking incubator for 3 h at 37°C. IPTG was added
to the bacteria in logarithmic phase, and the culture was
incubated for another 3 h.

Production of LamB and LamB-AP65 antisera
and AP65 mAb 12G4

Anti-LamB serum needed to monitor the construction and
synthesis of recombinant LamB-AP65 protein was gener-
ated. Briefly, 50 ml of E. coli was cultured as above for
expression of the recombinant LamB and LamB-AP65 pro-
teins. The bacteria were harvested by centrifugation at
5900 g for 5 min at 4°C and washed once on 50 mM Tris-HCI,
pH 8.0. The bacteria were resuspended in 5 ml resuspending
buffer (20% sucrose and 100 mM Tris-HCI, pH 8.0) to which
0.1 ml 500 mM EDTA and 0.2 ml of 10 mg ml™ of lysozyme
was added. After incubating for 15 min at 37°C, 5ml of
extraction buffer (2% Triton X-100, 10 mM MgClz, 50 mM Tris-
HCI, pH 8.0) was added to the suspension and incubated for
a further 30 min. The membrane fraction was collected by
centrifugation at 2500 g for 10 min at 4°C, resuspended in
0.3 ml of electrophoresis sample buffer (Laemmli, 1970) and
boiled for 5 min. The solubilized protein was separated on a
preparative SDS-PAGE using 7% acrylamide gels. A strip of
the gel was stained with Coomassie blue to visualize the
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LamB or LamB-AP65 protein, and the corresponding region
of the acrylamide gel was cut out and eluted in 6 mi of water
at 4°C for 18 h on a rocker platform. The eluted protein was
concentrated, and the protein concentration estimated by
SDS-PAGE using bovine serum albumin (BSA) as a stan-
dard. Finally, mice previously bled for preimmune sera that
had no detectable LamB or AP65 antibody were immunized
at bimonthly intervals with antigen in Freund's complete
adjuvant once followed by antigen in Freund’s incomplete
adjuvant. Sera from mice were tested for antibody by immu-
noblotting the LamB or chimeric protein onto nitrocellulose.
Positive controls to monitor production of the fusion protein
included using both the anti-LamB and the rabbit anti-AP65
serum (IRS). Spleen cells from the LamB-AP65 immunized
mice that had demonstrable anti-AP65 antibodies were used
for production of hybridoma cells.

Hybridomas producing mAbs to the LamB:AP65-3 chi-
meric protein were produced using standard protocols, as
described before for T. vaginalis (Alderete et al., 1986a). The
mAb 12G4 was obtained by screening supernatants of
antibody-producing hybridomas with different antigen prepa-
rations and using anti-mouse lg followed by alkaline phos-
phatase conjugated goat anti-mouse IgG. The supernatants
were tested by a whole-cell ELISA in which trichomonads
were fixed to microtitre well plates to insure identification of
surface-reactive mAb as before (Alderete, 1984). In addition,
supernatants with antibody were tested on the LamB:AP65-
3 nitrocellulose blots. A positive hybridoma by both assays
resulted in limiting dilution and isolation of a new igG; mAb
12G4. Negative controls included using supernatant from the
myeloma cells used for producing hybridomas or using only
secondary antibody.

Immunofiuorescence of parasites with mAb 12G4

First, 50 ml of highly motile T. vaginalis isolate T016 tri-
chomonads grown in high iron-medium were washed once in
phosphate-buffered saline (PBS) and fixed in 4% paraform-
aldehyde and 0.25% glutaraldehyde for 1 h at RT. Then, cells
were washed once in PBS and treated twice each for 5 min
in 1 mg mi~ of NaBH, in PBS, pH 8.0, to reduce autofluores-
cence. Finally, fixed organisms were washed in PBS and
resuspended in 10 ml of blocking solution (PBS containing
1% BSA and 50 mM glycine) for 1 h at RT on a rocker or
stored at 4°C. Then, 1 x 10° parasites washed in PBS con-
taining 1% horse serum were permeabilized by adding
250 pl of cold 70% ethanol and incubated for 5 min at 20°C.
The cells were then resuspended in 200 pul of the mAb 12G4
diluted 1:100, F11 diluted 1:1, and L64 diluted 1:1 (all dilu-
tions in PBS-1% horse serum) for shaking overnight at 4°C.
Cells were washed in PBS-1% horse serum and resus-
pended in 200l of FITC-conjugated anti-mouse IgG
(Sigma) diluted 1:100 and incubated for 3 h at RT. Finally,
" cells were washed in PBS and resuspended in 100 pl of PBS
to be observed under the microscope at 1000x magnification.
The mAbs F11 and L64 have been used before (Alderete
etal, 1987, Arroyo etal, 1995, O'Brien etal, 1996;
Engbring and Alderete, 1998b). As positive controls, tri-
chomonads of isolates T068-Il and 347 (Alderete etal.,
1986b) that express the protein P270 on the surface were

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 47, 1207~1224




1220 A. Garcia et al.

incubated for 2 h with a 1:5 dilution of hybridoma supernatant
containing mAb C20A3 (IgG,,). Parasites treated identically
with control hybridoma supernatant or in the absence of
primary antibody were negative controls. The mAb L64 (IgGs)
is to an intracellular protein of T. vaginalis (Alderete et al.,
1987). In these experiments, and below, fluorescence exper-
iments were repeated no less than four times and with dupli-
cate samples.

Fluorescence and colocalization of adhesins
with antiserum

Parasites were processed as detailed recently (Crouch and
Alderete, 2001). Briefly, late logarithmic phase organisms
grown o/n were pelleted and washed in prewarmed PHEM
(50 mM MgCl,, 70 mM KCl, 10 mM EGTA, 20 mM Hepes,
and 60 mM Pipes) buffer, pH 6.8, and fixed for 2 h with 4%
paraformaldehyde freshly prepared in 100 mM sodium
cacodylate buffer, pH 7.2. Then, parasites were bound to poly
L-lysine-coated cover slips for treatment with IRS generated
to the adhesins (Amroyo etal, 1992). After washing, tri-
chomonads were treated for 1h with either rhodamine-
conjugated goat anti-rabbit antibody. For double-fabelling
experiments, individual IRS IgG with either rhodamine- or
fluorescein-conjugated was used for labelling. The cells were
then washed in PBS and examined with an Axiophot Il Zeiss
microscope equipped with UV epifluorescence. Images were
acquired with a Hamamatsu chilled CCD camera C5985.
Colour pictures show a computer-generated green back-
ground with blue (fluorescein} and red (rhodamine) antibody
reactivities (Fig.1). Under no circumstances - was non-
specific fluorescence observed with prebleed control rabbit
serum as controls.

SPOTs analysis

. The antibody binding epitopes of AP65 for both mAb and IRS
were determined by SPOTs™ membrane prepared with
decapeptides offset by one amino acid by Sigma-Genosys.
The detection system was changed from a colorimetric to a
chemiluminescence assay using the ECL + Plus™ .method
(Amersham Pharmacia Biotech). Primary and secondary
antibody dilutions were optimized as follows: 1:3000 for IRS,
1:100 for mAb 12G4, 1:1 for F11 and 1:10 000 for the corre-
sponding secondary antibodies. Prebleed serum and either
control myeloma supernatant or irrelevant mAbs were nega-
tive controls used in identical conditions. The membrane was
blocked with 5% milk with 0.1% Tween-20 in TBS (20 mM Tris
base and 137 mM NaCl, pH 7.6) for 1 h at RT. Then, the
membrane was quick-washed twice for 2 min, followed by

incubation' in primary antibody for 1 h at RT. The membrane -

was then washed for 15 min followed by three each 5 min
fresh rinses with high salt TBS with 0.1% Tween-20 (T-TBS).
Peroxidase-conjugated anti-goat or anti-rabbit IgG was
added and the membrane was incubated for an additional 1 h
at RT. The membrane was washed as before in high salt
T-TBS followed by developing the membrane by the
ECL + Plus™ protocol and Hyperfilm ECL (Amersham).
Intensely reacting decapeptides were overlapped to obtain
the epitope sequence. :

Immuno-electron microscopy (IEM) detection of
surface proteins ’

immuno-electron microscopy expetiments involving immu-
nogold labelling were performed no less than three times on
numerous samples, and immuno-cytochemical protocols
were recently detailed (Alderete et al., 2001; Crouch et al.,
2001). Briefly, parasites washed three times in PHEM buffer
(50 mM MgCl,, 70 mM KCI, 10 mM EGTA, 20 mM Hepes,
60 mM Pipes, pH 6.8) at 37°C were fixed o/n at RT in 100 mM
sodium cacodylate buffer containing 0.4% glutaraldehyde,
4% paraformaldehyde, 0.5% sucrose, 1% pictic acid, and
2 mM CaCl,. Fixed organisms were then washed three times
over a 15 min period and dehydrated in ethanol before
embedding in Unicryl (TedPella). Ultrathin sections of tri-
chomonads processed as above were then collected in nickel
grids and quenched using 50 mM ammonium chloride with
3% BSA. The organisms were then washed in a PBS-2%
BSA buffer, pH 8.0, for 30 min. Grids were then incubated
with IRS (1:100 dilution) or, as a positive control for some
experiments, with mAb C20A3 to P270, as above. Other
mAbs to adhesins described above for fluorescence were
also used (Fig. 3). After incubation with antibody for 3 h at
RT, the grids were washed before addition of 5 or 10 nm gold-
conjugated, goat anti-rabbit or anti-mouse antibody (Sigma).
For labelling cells with two distinct adhesin IRS, different-
sized (5 nm to 15 nm) gold-conjugated, goat anti-rabbit IgG
(Sigma) was added to grids. The grids were finally stained in
the dark for 20 min at RT with 5% uranyl acetate followed
by lead citrate. Sections were then visualized by transmis-
sion electron microscopy (TEM) using a JEOL 1210 model
microscope.

Samples were pre-embedded to avoid loss of protein anti-
gen detected by antibody. Parasites washed in warm PBS
were fixed for 2 h at RT in 0.1% glutaraldehyde, 4% paraform-
aldehyde, 0.5% sucrose, 1% picric acid and 2 mM CaCl,
prepared in 100 mM sodium cacodylate buffer. After three
washes in PBS, trichomonads were quenched for 30 min
using 50 mM ammonium chloride containing 3% BSA fol-
lowed by incubation with antibody for 3 h at RT under con-
stant stirring conditions. After several washes in PBS over a
30 min period, the organisms were incubated with gold-con-
jugated secondary goat anti-mouse antibody for 1 h at RT

. with constant stitring. The cells were then washed three times

in PBS followed by re-fixation in 2.5% glutaraldehyde in
100 mM sodium cacodylate buffer and routinely processed
for TEM. Post-fixation of parasites was in 1% osmium tetrox-
ide and potassium ferricyanide, after which samples were
dehydrated in acetone and embedded in Epon.

Host cells, the adherence assay, and antibody
inhibition of adherence

Immortalized human vaginal epithelial cells (MS74 and AO)
and ureter epithelial cells (TEU-2) have been used to study
adherence by microbial pathogens (Klumpp et al, 2002).
Cells were grown in 45% DMEM and 45% keratinocyte-SFM
(Life Technologies,) supplemented with 10% fetal bovine
serum. Briefly, 2 x 10° cells were inoculated into T75 culture
flasks with 25 ml medium. At 90% confluence, cells were
harvested by trypsinization and washed with sterile PBS
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before passage for new o/n cultures. Cells used for adher-
ence and ligand assays were never passaged more than
eight times. Hela cells monolayers were established and
passaged for the adherence assay using standard protocols,
as before (Arroyo et al., 1992).

"For the adherence assay, 200 il of suspension of 2 x 10*
cells were seeded into individual wells of 96-well Stripwell
plates (Costar Corning). After o/n incubation at 37°C, the
monolayers were washed gently three times with prewarmed
PBS followed by fixation with 3% glutaraldehyde (Arroyo
etal., 1992) in PBS for 2 h at RT. Celis were then washed
five times in PBS and blocked o/n with 500 mM glycine in
PBS at 4°C. Before use, the wells were washed five times
with PBS.

Trichomonads inoculated for o/n growth in T25 flasks with
10 mi medium were labelled with [*H]-thymidine. After wash-
ing three times with cold combined DMEM-TYM medium
without serum (2:1, v/v), the parasites were adjusted to a
density of 2 x 10° per ml in the same medium mixture. Then,
200 pl of the suspension was added to individual wells. All
experiments were conducted using quadruplicate samples
and repeated no less than five different times. After 45 min
at 37°C, the wells were washed three times with at least an
equal volume (200 ) of medium mixture. The adherent tri-
chomonads were measured by placing individual wells into
mini-scintillation vials. The radioactivity was counted in a
Beckman LS6500 instrument.

For adherence inhibition experiments performed using
quadruplicate samples repeated no less than three separate
times, affinity-purified IgG from prebleed NRS and rabbit anti-
APB5 serum was prepared in the medium mixture as above
at 100 pg mi™* concentration. An equal volume of antibody
was mixed with tritium-labelled trichomonads to give the
same number of parasites (4 x 10% in 200 ul added to cell
monolayers in microtitre wells as above. After a 10 min period
of interaction at 37°C, the 200 ul was added to cells for an
additional 45 min at 37°C. The wells were then washed three
times in prewarmed medium mixture before measurement of
radioactivity.

Ligand as.éay

The ligand assay for isolation of host cell-binding adhesin
proteins was performed as before (Arroyo etal, 1992).
Briefly, 10° glutaraldehyde-fixed HelLa cells, immortalized
VECs, or immortalized ureter epithelial cells were incubated
with a detergent extract derived from 2 x 107 solubilized tri-
chomonads and, after incubation, cells were washed well to
remove loosely associated trichomonad proteins. Boiling
cells for 3 min in electrophoresis dissolving buffer (Lasmmli,
1970) eluted the epithelial cell-binding proteins. These pro-
teins were then analysed by SDS-PAGE and autoradiogra-
phy. Alternatively, electrophoresed proteins were blotted onto
nitrocellulose for immunodetection with antibody (Arroyo
etal, 1992). After electrophoresis, duplicate gels were
stained with Coomassie brilliant blue with standard protocols.

Isoelectric focusing (IEF), SDS-PAGE and immunobiotting

Isoelectric focusing gels and total protein samples were pre-
pared using standard protocols (Hochstrasser et al., 1988),
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and attempts were made to diminish carbamylation for artifi-
cial results (Bjellqvist ef al., 1993; Rabilloud, 1999). Adhesins
from the ligand assay were prepared for IEF by eluting the
adhesins from Hela cells by addition of 250 pl of sample
buffer | (350 mM SDS, 200 mM Tris-HCI and 150 mM DTT),
followed by removal of cells by high-speed centrifugation. The
eluted proteins were transferred to new tubes followed by
addition of 230 pl of ice-cold acetone and incubation at 0°C
for 20 min. After centrifugation at 4°C for 30 min, precipitated
proteins were dissolved with 125 ul of sample buffer i
(100 mM DTT, 4% CHAPS, 9.8 M urea, and 0.2% Bio-lytes
pl 3-10 in 0.001% Bromopheno! blue) (Hochstrasser et al.,
1988). Sample loading and electrofocusing were as recom-
mended by the Protean IEF Cell Instruction Manual (Bio-Rad
Laboratories), and the focused gels were used immediately
for SDS-PAGE using 10% acrylamide and 4% stacking gels.
Proteins were visualized by Coomassie brilliant blue. Dupli-
cate gels were transferred to nitrocellulose for immunoblot-
ting. The mAbs DM116 (anti-AP65) and F5 (anti-AP33) and
rabbit antisera to AP65, AP51 and AP33 detected the T.
vaginalis proteins, as before (Arroyo et al., 1992).

Hydrogenosome isolation

The hydrogenosomes were isolated using slight modifica-
tions of published protocols (Drmota et al., 1996; Morgado
Diaz and De Souza, 1997). Trichomonads (1 x 10%) were
washed twice in PBS followed by a finaf wash in homogeniz-
ing buffer (250 mM sucrose, 20 mM KCI, 10 mM KH,PO,,
5mM MgCl,, and 20 mM Tris-HCI, pH 7.0). Cells were
homogenized at 4°C with 50 strokes in a Thomas size B glass
vessel with the Teflon pestle speed at 500 r.p.m. The volume
was then adjusted to 10 mi with the same buffer and centri-
fuged at 1000 g for 10 min. The supernatant was separated
and kept on ice while unbroken cells were resuspended and
re-homogenized under identical conditions. The combined
homogenates were kept on ice until 95% or greater cell lysis
was achieved. The homogenate was transferred to a COREX
glass centrifuge tube and centrifuged to sediment the nuclei
and costae at 1500 g for 10 min at 4 °C. The supernatant was
then transferred to a new tube for centrifugation at 12 100 g
for 10 min. The sediment was then washed once more with
homogenization buffer and was highly enriched. for hydro-
genosomes, which was used immediately for experiments or
stored at —70°C. ’

As a measure of hydrogenosome purification, extracts of
T. vaginalis and an equivalent cell number of hydrogenos-
omes in the preparation were used for measurement of pyru-
vate-ferredoxin oxidoreductase activity. The assay was a
slight modification of that described previously (Peterson and
Alderete, 1984). Briefly, the assay solution was 180 mM
Na,HPO, and 120 mM NaH,PO,, pH 7.0, 16 mM methylviol-
ogen, 0.04 mM coenzyme A, 570 mM b-mercaptoethanol,
and 0.1% Triton X-100. The solution (100 ml) was placed in
individual wells of microtitre plates and flushed with deoxy-
genated nitrogen gas in an anaerobic chamber. Parasites or
hydrogenosomes were washed twice with anaerobic phos-
phate buffer (180 mM NayHPO, and 120 mM NaH,PQ,,
pH 7.0) and introduced into the assay mixture at a concen- .
tration equivalent to 5 x 10° parasites per 100 ml. After addi-
tional flushing with nitrogen, 50 w of mineral oil was applied
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to each well, Finally, 50 pl of 20 mM pyruvate was added. The
absorbance at 700 nm wavelength was monitored on a
microtitre plate reader.

Nucleotide sequence accession number and
data not shown

The nucleotide sequence of ap65-3 presented in Fig. 3 for
epitope analysis has been assigned GenBank accession no.
U35243. The other two ap65-1 and ap65-2 genes charac-
terized by us (Alderete ef al, 1995) have sequence acces-
sion nos. of U18346 and U18347. Given the length of the
paper, some results were omitted and presented as ‘data not
shown. We will make available such data upon request.
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