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Abstract

Trichomonas vaginalis is a protozoan responsible for the number one, non-viral sexually transmitted disease. Surface proteins (AP65,
AP51, AP33 and AP23) mediate adherence to vaginal epithelial cells (VECs). Iron increases growth of trichomonads and synthesis and
surface placement of adhesins. We observed by immunofluorescence using monoclonal antibody (mAb) 12G4 the placement of AP65 on
surfaces of trichomonads supplemented with hemoglobin or hemin as a source of iron. We, therefore, tested the hypothesis that heme-bound
iron is an alternative source of iron important to trichomonal growth and regulation of expression of the adhesin genes. Here we show that the
inhibition of parasite growth by the iron chelator 2,2-dipyridal is rescued by hemoglobin or hemin, but not protoporphyrin IX. Importantly,
trichomonads grown in iron-limiting medium supplemented with free iron, hemoglobin and hemin had elevated levels of ap65 transcript that
were 12.6-, 12.3- and 9.2-fold higher, respectively, than low-iron organisms, as determined by RT-PCR. Similarly, the amounts of AP65
were 8.9-, 11.2-, and 4.8-fold higher in parasites grown in free iron, hemoglobin and hemin, respectively, than organisms in low-iron
medium. The heme-iron-regulated APG5 increased adherence of parasites to immortalized VECs. Not surprisingly, parasites pretreated with
anti-AP65 serum IgG had decreased adherence compared to organisms incubated with prebleed serum IgG. These data illustrate that heme-
bound iron is a source of iron similar to lactoferrin. This work extends our findings about the multiple sources of iron for regulating virulence
genes of T. vaginalis.
© 2004 Elsevier Ltd. All rights reserved.
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mucin [12] followed by contact with the VECs where four
iron-regulated surface proteins of T. vaginalis mediate
cytoadherence [13—15]. Penetration of the epithelium likely

1. Introduction

The flagellated protozoan, Trichomonas vaginalis,

causes the most prevalent non-viral sexually transmitted
disease (STD) worldwide [1]. This non-self limiting disease,
trichomonosis, causes symptoms in women ranging from
mild to severe inflammation with a foul-smelling discharge
and severe irritation [2—4]. Trichomonosis has been
associated with increased risk for adverse pregnancy
outcome [2—8], cervical cancer [9], and HIV seroconver-
sion [10,11]. It is important to study aspects of the host—
parasite interrelationship that lead to understanding host
infection and pathogenesis. Parasitism of the vaginal tract
by T. vaginalis is a multi-step process involving distinct
mechanisms of interaction with macromolecules, cells and
tissues. Trichomonads interact in a specific manner with
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leads to specific associations with the extracellular matrix-
basement membrane glycoproteins fibronectin [16] and
laminin [17].

In the constantly changing environment of the vagina, a
number of host and parasite factors may contribute to
growth, multiplication, and cytoadherence. T. vaginalis has
an absolute high iron requirement for growth and multipli-
cation [15,18]. Previous reports indicate increased virulence
of trichomonads following iron injection in mice [19] as
well as a relationship of iron levels to the activity of
hydrogenosomal enzymes that are critical to the energy
needs of this organism [18,20]. Supplementation of medium
with numerous alternative sources to free iron, including
iron-binding proteins and iron-containing proteins, reversed
the growth-inhibitory effect induced by the iron-chelator
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2,2-dipyridal [15]. Lactoferrin, ferritin, hemoglobin, and
cytochrome c, but not transferrin, apolactoferrin and trace
metals without iron, promoted growth in a qualitative
growth assay in batch culture. The uptake of iron results
immediately from the binding by trichomonads of lacto-
ferrin [15,21]. Similar to that seen for free iron, iron from
lactoferrin regulates the property of adherence [22]. Further,
an additional nutrient acquisition system for 7. vaginalis is
the specific erythrocyte associations with parasites followed
by hemolysis [23]. In addition to providing lipids, the
erythrocytes’ hemoglobin bound parasites in a highly
specific, receptor-mediated fashion. In light of the import-
ance of iron to the biology of this organism, it would not be
surprising if the distinct iron sources also were
involved in modulating virulence properties, such as
adherence [13,14,20]. We hypothesized that heme-iron
was an alternative source of iron for trichomonal growth and
for modulating adherence to VECs. This report shows that
indeed, heme-iron can rescue organisms in an iron-limiting
medium and increase transcription and surface placement of
the AP65 adhesin, which results in higher levels of
adherence. We discuss the significance of our results.

2. Results

2.1. AP65 is surface associated in T. vaginalis grown in
iron-depleted medium supplemented with various bound
iron sources

In vivo trichomonads encounter various iron-containing
proteins, and these proteins stimulate growth and multipli-
cation in qualitative assays [15,18,23]. Since free iron
regulates the expression and surface placement of adhesins
[20,22], we wanted to determine whether bound iron
sources also regulate similar expression of the prominent
adhesin AP65. As done in an earlier study [20], we
visualized the surface expression of AP65 in trichomonads
by immunofluorescence with monoclonal antibody (mAb)
12G4. As expected, trichomonads grown in iron-replete
(Fig. 1(al)), but not in iron-restricted (Fig. 1(4a)), medium
upregulated surface expression of AP65, as seen by strong
fluorescence of non-permeabilized parasites. Surprisingly,
similar strong fluorescence was evident among parasites
grown in low-iron medium supplemented with hemoglobin
(Fig. 1(2a)) and hemin (Fig. 1(3a)) as a source of iron. An
mAD called L64 to a small molecular weight trichomonad
cytoplasmic protein [24] gave no fluorescence like that seen
in Fig. 1(4a). The brightfield pictures show the integrity of
trichomonads used for fluorescence.

2.2. Growth kinetics of T. vaginalis organisms with
hemoglobin and hemin as a source of iron

In order to test whether heme-iron regulates transcription
and surface placement of APG65, we first measured

1. high iron

4, low iron

(a) fluorescence

(b) brightfield

Fig. 1. Immunofluorescence (part a) and corresponding darkfield
microscopy (part b) showing surface expression of AP65 on T. vaginalis
organisms grown on various iron sources. Trichomonads grown in low-iron
medium (Section 4) (panel 4) were added to medium supplemented with
free iron (high iron, panel 1), 25 pM hemoglobin (panel 2) and 25 pM
hemin (panel 3). AP65 was detected with mAb 12G4 that recognizes an
epitope accessible on the parasite surface [20]. The mAb L64 to a
cytoplasmic trichomonad protein [24] or secondary fluoresceine-conju-
gated goat anti-mouse IgG gave no fluorescence, as seen for low-iron
trichomonads in panel 4.

the kinetics of growth of trichomonads with varying
concentrations of hemoglobin added to iron-limiting
medium. Fig. 2 illustrates a representative growth exper-
iment and compares the parasite density in batch culture in
iron-replete (closed circles) versus iron-limiting (open
circles) medium. Growth for 24 h gave a density approach-
ing 3x 10°ml™" for high-iron organisms. Low-iron
parasites underwent one doubling in the same time. Low-
iron parasites supplemented with 5.0-25.0 wM hemoglobin
after 30 h incubation gave cell densities equal to trichomo-
nads in high-iron medium. A concentration of 2.5 uM
hemoglobin eventually gave an equivalent high density,
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Fig. 2. Growth kinetics of a representative experiment for trichomonads grown in high-iron (solid circles) and low-iron (open diamonds) medium and
compared with medium supplemented with varying amounts of hemoglobin (Hb), as indicated by the symbols in the inset. Growth experiments were performed
on four different occasions with similar results. Numbers of parasites were determined by a Neubauer counting chamber.

albeit at a slower rate of growth. A decrease in growth was
apparent at concentrations of hemoglobin >25 uM pre-
sumably due to toxicity.

In the representative growth experiment shown in Fig. 3,
addition to iron-limiting medium of 25.0 wM purified hemin
(closed squares) as a source of iron gave after 30h
correspondingly equivalent densities ~2.5 X 108 ml™! as
that achieved by trichomonads in high-iron medium

(closed circles) by 24 h. Amounts = 50.0 pM hemin
resulted in decreased densities. Prolonged growth greater
than 40 h with =12.5 uM hemin never achieved parasite
densities equal to 25.0 pM hemin. Protoporphyrin IX did
not support growth and gave results equal to those of low-
iron-grown trichomonads (open diamonds), showing the
role of heme-bound iron in modulating growth and
multiplication of parasites.
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Fig. 3. Growth kinetics of a representative experiment as in Fig. 2 comparing high- and low-iron-grown trichomonads with medium supplemented with varying
amounts of hemin (Hm), as indicated by the symbols in the inset. Growth experiments were performed on four different occasions with similar results.
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2.3. Levels of ap65 mRNA and amounts of AP65 increase
with hemoglobin and hemin

We were now in a position to determine by RT-PCR the
effect of various iron sources on transcription of ap65
encoding the prominent adhesin of T. vaginalis [20]. Fig. 4a
presents the results of a representative experiment. Lane 1
shows the 631-pb PCR product (arrow) of the positive
control (Section 4) to confirm the specificity of primers and
size of product. Greater amounts of the mRNA for ap65
were obtained for low-iron-grown trichomonads sup-
plemented with high-iron (lane 3), hemoglobin (lane 4),
and hemin (lane 5) compared to organisms grown in low-
iron (lane 6) medium. Quantitation of the PCR product
bands was done using the Scion Image for Windows
program version Beta 4.0.2, and the fold increases in
amounts of transcript were 12.6, 12.3, and 9.2 for high-iron-,
hemoglobin- and hemin-grown parasites, respectively,
when compared to low-iron-grown parasites where
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the amount of product was normalized to 1.0 for
comparison. Protoporphyrin IX gave low amounts of
transcript consistent with low-iron parasites (lane 7). The
faint PCR product (~ 1 kbp) seen in all the reactions except
in the positive control (lane 1) is a non-specific amplifica-
tion that is likely due to the low annealing temperature of
the PCR reaction. Finally, as an internal control to validate
the amounts of ap65 in the different iron sources (Fig. 4a),
we performed identical experiments on the p270 gene
(Section 4). As shown in Fig. 4b, similar, if not identical,
amounts were detected for the expected PCR product
regardless of the iron source or levels.

We next determined if the elevated levels of ap65
transcript corresponded to increased amounts of AP65. We
employed the ligand assay using immortalized MS-74 VECs
to measure relative amounts of host cell-binding AP65 [20].
Eluted bound protein was immunoblotted after SDS-PAGE
with anti-AP65 mAb 12G4. In the representative data
presented in Fig. 5, elevated amounts of AP65 were detected
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Fig. 4. RT-PCR demonstrating transcription of the ap65 gene (part a) compared to the p270 gene (part b). The RT-PCR products for both the ap65 and p270
genes (arrows) represent the correct estimated size based on the position of the primers (Section 4). Positive control for the ap65 gene (lane 1) refers to the
reaction using plasmid with the ap65-3 gene as described in Section 4. Trichomonads grown in iron-limiting medium (low iron) were transferred to iron-replete
medium (high iron) or medium supplemented with 25 .M hemoglobin, 25 p.M hemin, and 25 wM protoporphyrin IX. After the RT-PCR reaction, the products
were electrophoresed in 1% agarose gel followed by staining with ethidium bromide. The size of the reaction product was estimated from the DNA size
markers in lane 2 labeled MW, and numbers on the left indicate the sizes for some of the DNA bands of the size markers.
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Fig. 5. The amounts of APG5 (arrow) synthesized by T. vaginalis organisms
grown in medium supplemented with different sources of iron. Trichomonads
were grown in iron-limiting medium (lane 4) and used to inoculate medium
supplemented with high iron (lane 1), 25 pM hemoglobin, 25 M hemin (lane
3), and 25 uM protoporphyrin IX for use in a ligand assay. In this experiment,
extracts of organisms were added to immortalized MS-74 VECs as described
in Section 4, and VEC-binding AP65 was eluted for electrophoresis and
immunoblotting onto nitrocellulose (NC). NC blots were then probed with
mAb 12G4. Intensity of the AP65 band corresponds to levels of transcription
as examined by RT-PCR in Fig. 4, and the baseline amount of AP65 obtained
with trichomonads grown in low-iron medium is as previously reported [20,
22]. The inset shows the quantitation of amounts of AP65 as fold increase
(ordinate) in the corresponding numbered immunoblots. The intensity of band
for low-iron-grown organisms is arbitrarily given the number one for
comparison, Numbers at left are size markers ( X1000).

in the organisms grown in iron-limiting medium sup-
plemented with free iron (lane 1), hemoglobin (lane 2), and
hemin (lane 3). Only low amounts of AP65 were evident for
the low-iron- (lane 4) and protoporphyrin IX-treated (lane 5)
trichomonads. The inset shows the fold-increase (ordinate
axis) in amounts of mAb-reactive AP65 band (arrow) when
compared to AP65 of low-iron-grown organisms normal-
ized to a value of 1.0. High-iron- (bar 1), hemoglobin- (bar
2) and hemin-grown (bar 3) trichomonads had 8.9-, 11.2-,
and 4.8-fold greater amounts of APGS5, respectively, than did
low-iron- (bar 4) and protoporphyrin IX-grown (bar 5)

organisms. Quantitation was with the SCION IMAGE program

as above. Finally, two-dimensional analysis of the AP65
revealed six spots (data not shown), suggesting synthesis of
all members of the six-gene family, as before [20]. These
results reinforce the notion that heme-iron is a regulator of
both transcription and translation of ap65.

2.4. Adherence is increased with hemoglobin and hemin

Next, we felt it important to determine if the increased
transcription, translation, and surface placement of AP65
led to corresponding higher levels of adherence, as
previously shown for free iron [20]. Fig. 6 presents results
from four separate experiments with quadruplicate samples
measuring the level of adherence to immortalized MS-74
VECs among 7. vaginalis organisms grown in iron-
restricted (bar graph labeled low) medium versus sup-
plementation with free iron (high), hemoglobin (Hb) and
hemin (Hm). As can be seen, trichomonads with 25 pM
hemoglobin and 25 M hemin as a source of iron gave
levels of adherence equivalent to parasites given free-iron.
The level of adherence achieved in the presence of

" hemoglobin and hemin were similar to those using

lactoferrin as the source of iron (not shown) [22]. Finally,
Fig. 7 illustrates two representative experiments on the
inhibition of adherence when trichomonads grown in
25 uM hemoglobin or 25 pM hemin were first pretreated
with anti-APG65 IgG. These results reaffirm the role of AP65
regulated by heme-iron on adherence to immortalized
VECs.

3. Discussion

The menstrual cycle plays a key role in modulating the
vaginal environment. The hormones estrogen and pro-
gesterone regulate in part the fluctuations in iron sources
and other nutrients [25,26]. Amounts of lactoferrin, a source
of iron for T. vaginalis organisms, are elevated after the
postmenstrual phase and steadily decline until menstruation
[26]. Trichomonads grown in low-iron medium sup-
plemented with lactoferrin have elevated levels of adher-
ence mediated by increased amounts of the adhesins [22].
The evidence points to the existence of unique receptors on
T. vaginalis for binding of distinct iron-binding and iron-
containing proteins. While these distinct sources of iron
support growth and multiplication of trichomonads (Figs. 2
and 3), what remains unknown is whether the iron-
containing proteins, in particular heme-bound iron, play a
role in modulating virulence properties, such as adherence.
This report shows, for the first time, the regulation of
transcription, translation and surface expression of adhesins
through heme-iron.

Heme iron utilization is a common theme among
pathogenic and non-pathogenic bacteria and fungi
[27-33]. Indeed, receptors in microorganisms for specific
hemin and heme binding have been described [28,34], and
uptake of intact heme has been established in bacteria [35].
In the case of T. vaginalis, host hemoglobin and heme-
bound iron may represent an abundant pool of iron during
menses and/or during cytolysis of epithelial cells [15]. We
previously suggested that iron from the heme moiety enters
the iron utilization pathway, as does iron derived from
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Fig. 6. The elevated levels of adherence to MS-74 immortalized VECs by T. vaginalis organisms grown overnight in iron-replete medium (high) or medium
7 supplemented with 25 uM hemoglobin (Hb) or 25uM hemin (Hm) compared to iron-limiting medium (low). The extent of adherence by parasites grown in
| high-iron medium was normalized to 100% in each experiment for comparative purposes, as before [14,20,22]. Each experiment was performed with

quadruplicate samples.
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Fig. 7. Rabbit anti-AP65 serum IgG treatment of 7', vaginalis organisms inhibits adherence to MS-74 immortalized VECs compared to control prebleed normal rabbit
serum IgG (NRS). The trichomonads were grown overnight in medium supplemented with hemoglobin (a) or hemin (b). The level of adherence obtained for control
treated trichomonads was normalized to 100% to compare with anti-AP65 antibody-treated parasites. Each experiment was performed with quadruplicate samples.
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lactoferrin [15,21]. Since lactoferrin-iron regulates gene
transcription of virulence genes, we hypothesized that
heme-iron may have the same effect. Unquestionably, we
now show that heme-bound iron, similar to lactoferrin, up-
regulates transcription of the ap65 gene, as evidenced by
data from RT-PCR (Fig. 4) and the ligand assay (Fig. 5). As
APG65 and the adhesins are also enzymes [20], this report
underscores the significance of multiple iron sources in up-
regulating expression of enzymes for the hydrogenosome
organelle. It is important to point out that to our knowledge,
it has not yet been demonstrated that trichomonads degrade
the heme ring. Thus, the possibility that heme itself could be
a modulator of transcription cannot be excluded at this time.
Heme is a known regulator of gene transcription in
eukaryotic cells, where binding of heme activates a
signaling cascade leading to gene transcription or by
directly interacting with transcription factors [36-38].
Similarly, in Bordetella sp. heme was found to regulate
gene transcription of the heme-uptake system by directly
interacting with a transcriptional activator distinct from the
FUR transcriptional regulator [39,40]. In Candida albicans
pathways regulated by heme are involved in morphogenic
change [33], and hemoglobin induces fibronectin associ-
ations [41]. It is conceivable, therefore, that the heme
moiety itself may regulate trichomonal transcription and
possibly other signaling pathways. As the iron-regulatory
sequences have been characterized for one of the ap65
genes [42], the question of whether the heme moiety utilizes
common or distinct sequences would be of interest.
Nonetheless, these data now direct our attention toward
clarifying the true mechanisms by which heme-bound iron
regulates expression of trichomonad genes and proteins.

It is noteworthy that trichomonads grown in iron-limited
medium supplemented with hemoglobin or hemin displayed
a growth delay when compared to organisms supplemented
with free iron. The significance of this observation is not
entirely clear yet, but may indicate that either heme iron
does not enter into the biologically active iron pool
immediately or that acquisition of heme-iron requires the
induction of a heme acquisition system. The latter
possibility may confer an advantage to T. vaginalis in the
different stages of infection. During the colonization of
intact mucosal surfaces, lactoferrin iron, but not heme iron,
may be the major source of iron. Once established, the
elaboration of parasite cytolytic factors that damage the
vaginal epithelium and/or availability of erythrocytes
readily hemolysed by trichomonads [23] may now provide
sufficient heme for growth and virulence gene regulation.
This differential expression of various iron acquisition
systems depending on available iron sources will allow for
rapid adaptation to the changing host environment.

We have proposed that this urogenital parasite is highly
evolved, being capable of surviving in a dynamic and
constantly-changing host environments. What is clear is the
ability of T. vaginalis to colonize effectively the urogenital
region through the existence on trichomonads of distinct

functional proteins, such as adhesins for host epithelial
cytoadherence [14,20,22] and receptors for extracellular
matrix-basement proteins [16,17]. Further, that these proper-
ties are under the control of host iron suggests a need for
multiple receptor-mediated acquisition systems for binding of
the iron-containing and iron-binding proteins [15]. Data
strongly indicate the presence of receptors for lactoferrin
[15,21] and hemoglobin [23]. The existence on the parasite
surface of such receptors involved in iron-acquisition would
be highly advantageous to survival at sites inside the host that
have different nutritional compositions. As amounts of
lactoferrin and the availability of hemoglobin through
erythrocyte hemolysis fluctuate during the menstrual cycle
[23,26], any regulation of transcription, translation and surface
placement of functional molecules, like adhesins, would be a
survival force for the parasite. This may explain past
observations on analysis of parasites from fresh clinical
isolates for properties modulated by iron, such as cytoadher-
ence [13] and phenotypic variation [43], and findings that a
large percentage of trichomonads from vaginal secretions
were high-iron-organisms.

4, Materials and methods

4.1. Culture and growth of T. vaginalis

The fresh clinical T. vaginalis isolate TO16 [14,16,20]
was grown no longer than 4 weeks by daily passage in
Trypticase—yeast extract—maltose medium supplemented
with 5% heat-inactivated horse serum (TYM-serum) [44].
Low-iron-grown trichomonads were obtained as previously
detailed [15,16,22]. Briefly, washed parasites at a starting
density of 10° organisms per ml were cultured overnight in
TYM-serum containing 50 pM of the iron chelator 2,2-
dipyridil (2,2-DP; Sigma Chemical Co., St Louis, MO) for
24 hat 37 °C [15,22]. These organisms were then suspended
in TYM-serum supplemented with 50 pM 2,2-DP for an
additional 24 h incubation before growth kinetic exper-
iments. To obtain high-iron organisms, low-iron parasites
were washed once and suspended in TYM-serum medium
containing 200 wM ferrous ammonium sulfate (Sigma) and
incubated as for the low-iron-grown organisms for 24 h at
37 °C. Deferrated hemoglobin (Sigma) and hemin (Sigma)
stock solutions were prepared in addition to iron-restricted
medium at concentrations indicated in the individual
experiments. For adherence assays, trichomonads grown
overnight in T25 flasks in the different iron sources were
radiolabeled with [BH]-thymidine, as before [14,20]. The
specific activity of labeled washed parasites was determined
prior to the adherence assay in order to compare the extent
of adherence under the different growth conditions. All
experiments involving organisms grown under different iron
conditions and iron sources were performed on at least four
separate occasions unless otherwise indicated. In each
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growth experiment, the growth trend was similar when
comparing the different iron conditions and iron sources.

4.2. Immunofluorescence of parasites

Fluorescence of non-permeabilized trichomonads grown
in iron-restricted medium alone or supplemented with the
various iron sources as indicated in Fig. 1 was performed
using standardized conditions recently detailed [20].
Parasites were treated with control, irrelevant mAb or
mAb 12 G4 reactive to surface AP65 [20]. After washing,
parasites were suspended in fluorescein isothiocyanate-
conjugated secondary goat anti-mouse IgG (Sigma). As a
negative control, mAb L64 to a low molecular weight
cytoplasmic protein [24] was used, as before [20].

4.3. RT-PCR

The endogenous levels of ap65 mRNA were measured
by quantitative RT-PCR. The TRIZOL™ method (Invitro-
gen Life Technologies, Carlsbad, CA) extracted total RNA
from 5 X 10° trichomonads. RNase-free DNasel removed
contaminating DNA prior to quantitation of purified total
RNA. The cDNA was prepared from 2 pg of total RNA
using Superscript IT Reverse transcriptase (Invitrogen) as
per the manufacturer’s protocol. PCR amplification was
performed with 1 pl of the cDNA as template by using the
gene-specific oligonucleotides. The sense primer was 5'-
CAGTCAGTCGACCAGTTAGATATGGGTACAGAC-3,
and the antisense primer was 5'-GTGACAG-
GATCCCGCTCGCAGTTAGCGCATGTAG-3'. The pri-
mers amplified a 631-bp product of the ap65 internal
coding region. The ap65-3 gene [45] cloned in pBlue-
Script™ (Strategene, La Jolla, CA) plasmid was a template
in a standard PCR reaction and served as a positive control
to show the specificity of primers and for comparison with
RT-PCR reaction products. As a control for these exper-
iments, we performed RT-PCR for the p270 gene [24,43].
The sense primer was 5-GTTGATAGAGAAGGTAGG-
GATAAC-3, and the antisense primer was 5'-TATATT-
TATAATAAATTAGACTTCAACTCC-3'. All RT-PCR
experiments involving organisms grown in the different
iron conditions and iron sources were performed on four
separate occasions. In each case, the trend for the amount of
PCR product was similar when comparing the different iron
conditions and iron sources.

4.4. Host cells, ligand assay, adherence, and antibody
inhibition of adherence

The adherence of T. vaginalis and the binding of the
adhesins, in particular AP65 [20] was determined with
immortalized MS-74 VECs. The cells were processed as
described for both the adherence and ligand assays.
Adherence assays and antibody inhibition experiments
were performed using quadruplicate samples. Affinity

purified IgG from prebleed NRS and from rabbit anti-
APG5 serum as described [20] was used in the inhibition
experiments.
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