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Abstract

Epimastigotes multiplies in the insect midgut by taking up nutrients present in the blood meal including heme bound to hemoglobin of
red blood cell. During blood meal digestion by vector proteases in the posterior midgut, hemoglobin is clipped off into amino acids, pep-
tides, and free heme. In this paper, we compared the heme and hemoglobin uptake kinetics and followed their intracellular trafficking.
Addition of heme to culture medium increased epimastigote proliferation in a dose-dependent manner, while medium supplemented with
hemoglobin enhanced growth after 3-day lag phase. Medium supplemented with globin-derived peptides stimulated cell proliferation in a
dose-independent way. Using Palladium mesoporphyrin IX (Pd-mP) as a fluorescent heme-analog, we observed that heme internalization
proceeded much faster than that observed by hemoglobin-rhodamine. Binding experiments showed that parasites accumulated the Pd-
mP into the posterior region of the cell whereas hemoglobin-rhodamine stained the anterior region. Finally, using different specific inhib-
itors of ABC transporters we conclude that a P-glycoprotein homologue transporter is probably involved in heme transport through the
plasma membrane.
� 2007 Elsevier Inc. All rights reserved.
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Trypanosoma cruzi, the etiologic agent of Chagas’s dis-
ease [1], is transmitted through the feces of the triatomine
insect vectors during the blood meal on a vertebrate host.
Bloodstream trypomastigotes are ingested by the vector
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and transform into replicative epimastigotes in the lumen
of the gut where they proliferate, an environment rich in
hemoglobin and heme. The subsequent transformation of
epimastigotes into metacyclic trypomastigotes occurs most-
ly in the rectum, and the differentiated parasite leaves the
insect together with feces and urine [1–4].

Triatomine insects feed large amounts of blood com-
pared to their body size, which is continuously digested
by the action of proteases releasing aminoacids, peptides,
and heme. Similarly to other trypanosomatids, T. cruzi

needs heme to its metabolism. In nature, T. cruzi must
acquire extracellular heme from their hosts as a nutritional
cofactor and incorporate it in various essential hemopro-
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teins. Biochemical studies have pointed out the absence of
a complete heme biosynthetic pathway in T. cruzi [5,6] and
this is corroborated by the recent sequencing of the T. cruzi

genome that revealed that the eight enzymes of the classical
glycine pathway of heme biosynthesis are lacking in these
organisms [7]. This defect in tetrapyrrole biosynthesis is
shared by other trypanosomatids, like Leishmania which
is deficient in at least five enzymes of the porphyrin path-
way, as demonstrated by genetic rescue of Leishmania defi-
ciency in heme biosynthesis following the construction of
mutants overexpressing the mammalian genes encoding d-
aminolevulinate dehydratase and porphobilinogen deami-
nase, the second and third enzyme of this pathway [8].

Ultrastructural studies using a variety of proteins (BSA,
transferrin, LDL, and ferritin) revealed that epimastigotes
take up macromolar nutrients by flagellar pocket and cyto-
stome. From the entry sites, endocytic vesicles bud off and
fuse with a branched tubulo-vesicular early endosome. At
last, cargo-containing vesicles delivery nutrients to the
T. cruzi storage organelles, the reservosomes [9–11]. A ster-
eological study showed that reservosomes occupy about
6% of the total cell volume of epimastigotes, gradually dis-
appearing during the metacyclogenesis process [12].

In the present work, we demonstrated that heme consti-
tutes an important molecule for the optimal proliferation
of T. cruzi epimastigotes. Taking advantage of Palladium
mesoporphyrin IX (Pd-mP), a fluorescent metalloporphy-
rin, employed here as a heme analog, we showed that sim-
ilarly to hemoglobin-rhodamine, Pd-mP concentrated into
the posterior end of the cell region that corresponds to
reservosomes, but through a mechanism distinct from the
endocytic pathway operating for hemoglobin. Further-
more, our data suggest that heme is transported by an
ABC transporter.
Materials and methods

Parasites. Trypanosoma cruzi strains Y (CT-IOC-106) and Dm28c
(CT-IOC-010) strains were provided by the Trypanosomatid Collection of
the Oswaldo Cruz Institute, Fiocruz, Brazil. The protozoa were grown at
28 �C for 7 days in brain–heart infusion medium (BHI), and supplemented
with 30 lM hemin (heme-Cl) and 10% fetal calf serum (FCS). Parasite
growth was monitored by cell counting in a Neubauer chamber.

Heme, hemoglobin, and globin-derived peptides effects on T. cruzi

epimastigotes growth. To evaluate the heme requirements of T. cruzi, the
cells maintained in BHI containing 10% FCS were collected by centrifu-
gation and washed three times with 0.15 M NaCl, 10 mM sodium phos-
phate, and pH 7.2 (PBS). The cells were maintained for 8 days in culture
containing different concentrations of hemin, hemoglobin or globin-de-
rived peptides as indicated. Cell growth was monitored by cell counting in
a Neubauer chamber.

Peptide synthesis. Synthetic peptides R 791 (TRMFTTYPQT KT, 12
aa), R 797 (TRMFTTYPQT KTYFPHFDLS, 20 aa) correspond to
sequences {30–41} and {30–49}, respectively, of the chicken aD-globin
chain. Peptide R 815 (used as control: ISQAVHAAHA EINEAGR, 17 aa)
corresponds to sequence {323–339} of ovalbumine (D011.10/OT II TCR
epitope).

Peptides were synthesized by the solid-phase method performed an
ABI automated synthesizer Model 431A using Fmoc chemistry [13].
Peptides were cleaved from the resin, extracted, and purified by reverse
phase HPLC on octadecyl-silica. They were characterized by mass spec-
trometry on a Micromass Q-Tof II.

Palladium mesoporphyrin IX (Pd-mP). Palladium mesoporphyrin IX
(Frontier Scientific, Logan, UT) stock solution of 20 mM was prepared in
DMSO and then diluted immediately before use to 10 mM in 0.1 N
NaOH. The final concentration in all experiments was 100 lM.

Hemoglobin conjugation to rhodamine. Hemoglobin was labeled with
rhodamine isothiocyanate (Molecular Probes, Oregon, USA) in 0.1 M
sodium bicarbonate buffer, pH 9.0, during 1 h. The reaction was stopped
by adding 1.5 M hydroxylamine, pH 8.5. Unbound probe was removed by
sequential dialysis against PBS.

Pd-mesoporphyrin IX (Pd-mP) and hemoglobin-rhodamine uptake by

epimastigotes. Parasites were collected by centrifugation at 1500g for
10 min, washed twice in PBS, and 107 cells was resuspended in modified
DMEM medium without serum, containing 9.2 mM Hepes, pH 7.0, and
100 lM Pd-mP or 100 lg/ml hemoglobin-rhodamine at 28 �C. At different
times parasites were immediately fixed in 4% paraformaldehyde and
unbound tracers were washed out by centrifugation in cold PBS. Cells
were mounted between slides and coverslips, and observed by differential
interference contrast (DIC) and fluorescence in an Axioplan 2 Zeiss
fluorescence microscope using a filtered 100 W mercury lamp as the
excitation light source. Pd-mP images were obtained using the following
set of filters: BP400-410 nm/FT 500 nm/LP 520 nm. Rhodamine images
were taken using Zeiss-15 filter set: BP546-58 nm/FT 580 nm/LP 590 nm.
All images obtained are equally processed by Adobe PhotoShop.

Binding assay. Parasites were collected by centrifugation at 1500g for
10 min and washed twice in modified DMEM medium without serum,
containing 9.2 mM Hepes, pH 7.0. They were incubated for 30 min at
28 �C in the same medium with 0.01% sodium azide and 50 mM 2-
deoxyglucose. Temperature was subsequently lowered to 4 �C and, after
10 min, 100 lg/ml hemoglobin-rhodamine or 100 lM Pd-mP were added
to the medium and incubated for 30 min at 4 �C. Cells were then centri-
fuged at 1500g for 10 min at 4 �C and washed twice in the same medium
containing the endocitose inhibitors. After that, parasites were fixed in 4%
paraformaldehyde and observed in a Zeiss Axioplan microscope.

ABC transporter inhibitors on Pd-mesoporphyrin IX uptake by epimas-

tigotes. Parasites were pre-incubated during 30 min in PBS containing
different ATP binding cassette (ABC) transporters modulator (300 lM
indomethacin and 10 lM cyclosporin) at 28 �C and then incubated for
30 min with 100 lM Pd-mP. The unbound tracer was washed out by
centrifugation in ice-cold PBS, and cells were fixed in 4% paraformalde-
hyde and observed in a Zeiss Axioplan microscope.

Statistical analysis. Data will be presented as means ± SE and all
experiments were repeated at least three times. Statistics treatment used
analysis of the Student’s t test with 95% confidence interval.
Results and discussion

Effects of supplementary hemin on different strains of

T. cruzi epimastigotes

We investigated the effects of hemin on the in vitro

growth of two strains (Y, Dm28c) of T. cruzi. By varying
the hemin concentration from 0 to 1 mM, we observed
an increased parasite proliferation in a dose-dependent
manner (Fig. 1A and B). Strain Y and clone Dm28c culti-
vated in BHI medium or BHI medium supplemented with
3, 30, 100, and 1000 lM of heme exhibited respective medi-
an generation times of 5.33, 4.07, 3.38, 3.06, 2.66 days
(n = 4) and 5.40, 4.61, 4.40, 3.59, 3.30 days (n = 5), respec-
tively. The generation time of both strains with 1 mM
hemin was close to the optimal generation time previously
described for axenic growth of epimastigotes in defined
medium (1.66–1.87 days) [14]. These growth rate differences
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Fig. 1. (A,B) Effects of heme on the growth of Trypanosoma cruzi epimastigotes. The curves show effects of supplementary heme concentration (lM) on
the Y (A) and Dm28c (B) population density during 14 days of culture in BHI (brain–heart infusion) medium plus 10% fetal bovine serum (FBS). (C,D)
Effects of hemoglobin and globin-derived peptides on the growth of Trypanosoma cruzi epimastigotes. The curves show effects of supplementary (C)
hemoglobin concentration (lM) or (D) globin-derived peptides: R 791 and R 797 and ovalbumin-derived peptide: R 815 on Dm28c clone. Population
density during 10 days of culture in BHI (brain–heart infusion) medium plus 10% fetal bovine serum (FBS). Results are means ± SD of three different
experiments performed in triplicate.
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observed between cells cultivated in BHI medium and BHI
medium supplemented with 3, 30, 100, and 1000 lM of
heme were considered to be statistically significant, respec-
tively, in four different experiments performed in duplicate
for the Y strain (two-tailed unpaired t test, P < 0.0003,
n = 8). The growth differences observed for the Dm28c
clone performed in the same conditions were less pro-
nounced than the Y strain but still statistically significant
(two-tailed unpaired t test, P < 0.0003, n = 10 for medium
supplemented with 100 and 1000 lM heme versus complete
BHI medium).

Effects of hemoglobin and globin-derived peptides on T. cruzi

growth

In order to compare the growth effect of heme alone ver-
sus heme bound to hemoglobin protein moiety, we ana-
lyzed the in vitro cell growth of the Dm28c clone in the
presence of different amounts of hemoglobin or globin-de-
rived peptides. Hemoglobin also increased significantly the
parasite proliferation in a dose-dependent manner but with
a lag phase of 3 days (Fig. 1C). When two different globin-
derived peptides (R 791 and R 797) were added to the
medium, a very slight dose-independent stimulating effect
on growth was observed (Fig. 1D), which was similar to
that of an unrelated peptide derived from ovalbumin (R
815) (median generation times of 4.19, 3.37, 3.73, 3.39
days, for BHI free-heme medium or supplemented with R
791 (30 lM), R 797 (90 lM), R 815 (60 lM), respectively;
n = 3). No statistically differential growth was observed
between both globin and ovalbumin derived peptides. In
contrast to the data reported by [15] showing that various
synthetic peptides of aD-globin ({1–40}, {30–49}) stimu-
lated the in vitro differentiation, the two synthetic peptides
(R 791 {30–41}, R 797 {30–49}) of the aD-globin chain
were without effect on the metacyclogenesis process. These
differences could be due to the different experimental con-
ditions used in these works.

In conclusion, various peptides only produced a margin-
al effect on growth of T. cruzi epimastigotes. In contrast,
both heme and hemoglobin significantly stimulated the
growth.
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Internalization of fluorescent Pd-mesoporphyrin IX

(Pd-mP) in epimastigotes

In order to follow the fate of heme and hemoprotein
during the endocytotic process in T. cruzi, the time course
of internalization of Pd-mesoporphyrin IX (Pd-mP), a fluo-
rescent analogue of Fe-protoporphyrin IX [16], was fol-
lowed with parasites harvested in log phase. As shown in
Fig. 2, after only 30 s of incubation, fluorescent signal
could be detected in the anterior end of the parasite (cyto-
stome region, arrow). In addition, some Pd-mP fluores-
cence was already observed in the posterior region, even
Pd-mP

30s

2min

5min

15min

30min

Fig. 2. Time course of Pd-mP or hemoglobin-rhodamine internalization. Cells w
differential interferential contrast image is presented at right of each fluoresce
in such short incubations. Longer incubation periods (5,
15, and 30 min), revealed increased accumulation of Pd-
mP in the posterior region of the trypanosoma accumulat-
ed the tracer (reservosomes region).

The time course of internalization of Pd-mP differed sig-
nificantly from that of hemoglobin coupled to rhodamine.
Cells incubated for 30 s with hemoglobin-rhodamine were
not labeled, whereas after 2 min of incubation, fluorescence
appeared inside and close to cytostome, in the anterior part
of the cell. After 5 min it was possible to observe fluores-
cent tracer on the perinuclear region. Later, the fluores-
cence signal was concentrated in the posterior region,
Hemoglobin-rhodamine

ere incubated with tracers and fixed at the times indicated. Correspondent
nce image. Scale bar represents 10 lm.
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probably inside reservosomes, as these organelles are the
final destination of several proteins taken up by endocytot-
ic pathways.

It is well known that reservosomes accumulate proteins
like cruzipain, transferrin, albumin, and lipoproteins such
as low density lipoprotein (LDL) [11]. The marked differ-
ence between the distribution of the fluorescence of hemo-
globin-rhodamine and Pd-mP (Fig. 2) suggests the
existence of two different pathways used to target mole-
cules to the reservosomes. An endocytotical route, used
to incorporate Hb as described here and for other proteins
such as transferrin and BSA [10], that operates in the time
range of some minutes to reach its destination and a second
mechanism that transports heme in a few seconds, which is
independent of endocytosis.
Binding experiments

In order to exclude the Pd-mP uptake by endocytosis,
the cells were maintained at low temperature in the pres-
ence of sodium azide and 2-deoxyglucose, with the aim of
slow down ATP synthesis. In such conditions, cells are able
to maintain its movement by flagellum activity and osmotic
pressure by membrane ATPases, but endocytosis processes
are inhibited [10]. Hemoglobin-rhodamine, used as endo-
cytic positive control, stained a specific punctuated area
at the anterior region of the cell (Fig. 3A) while Pd-mP
stained the posterior region, corresponding to the reservo-
somes (Fig. 3C). According to [10], in similar conditions of
Fig. 3. Binding of Pd-mP hemoglobin-rhodamine to T. cruzi epimastigotes. In
ATP synthesis inhibitors. Subsequently the tracers were added to the incubati
rhodamine was observed at the cytostome region (A,B), while Pd-mP was fo
interferential contrast image is presented at right of each fluorescence image.
binding, both transferrin-FITC and albumin-FITC bind to
a punctuate region corresponding to the cell surface at the
entry of the cytostome. Therefore, we conclude that even in
cells at low temperature, under conditions that prevent
endocytosis, the heme analog Pd-mP was still able to con-
centrate in reservosomes, confirming the existence of a
non-endocytotic mechanism involved in transport of heme
to the reservosome. These observations indicate that endo-
cytosis is not the only pathway used by molecules to reach
the reservosomes and suggest the existence of a specific
transmembrane transport mechanism of heme mediated
by a transporter located in the membrane of the parasite.
The effect of ABC transporter inhibitors on

Pd-mesoporphyrin IX transport in epimastigotes

This led us to investigate the involvement of ABC trans-
porters, which were well known to transport heme in bac-
teria [17] and have recently been implicated in heme
transport in mammalian cells [18]. So, we examined the
Pd-mP transport using cyclosporin A, an inhibitor of PgP
(P-glycoproteins) [19], and indomethacin, an inhibitor of
MRP (multidrug resistance proteins) [20]. Heme-analog
accumulation in the surface of T. cruzi was observed using
the cyclosporin A, whereas no remarkable effect was
observed using indomethacin (Fig. 4). As described by
Lara et al. [16], Pd-mP has a characteristic shift emission
to green (540 nm) when present in a hydrophobic environ-
ment, such as the phospholipids moiety of membranes.
order to impair the endocytic activity cells were previously incubated with
on medium at 4 �C. After the same incubation time (30 min) hemoglobin-
und concentrated in the reservosomes (C,D). Correspondent differential

Scale bar represents 10 lm.
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Fig. 4. Palladium mesoporphyrin uptake by T. cruzi can be modulated by cyclosporin. Cells were incubated with different drugs for 30 min in BHI, and
then exposed to 100 lM of palladium mesoporphyrin IX for 30 min. Green arrows point to the cytostome regions. Drug concentrations were as follows:
10 lM cyclosporin and 300 lM Indomethacin. Scale bar represents 20 lm. (For interpretation of color mentioned in this figure the reader is referred to the
web version of the article.)
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Inhibition of Pd-mP transport by cyclosporin A, resulted in
a strong green emission at the surface of the parasite, which
could be explained by accumulation of this amphipathic
probe within phospholipid bilayer. On the other hand, all
internalized Pd-mP presents a weak red emission, indicat-
ing protein-bound form of the probe [16].

In contrast to Leishmania donovani promastigotes [21], no
obvious toxic effect was detected, even when using a high
heme concentration (1 mM), in the range known to disrupt
phospholipid membranes [22]. This indicates that T. cruzi

has an important mechanism to counteract heme toxicity
that might allow the parasite to resist oxidative stress gener-
ated during the initial days of blood meal digestion, before
the heme detoxification due to hemozoin [23]. A heme trans-
porter located in epimastigote membrane could be one of the
adaptations of this parasite for dealing with harsh environ-
ments containing huge amounts of heme, such as the triato-
mine midgut. This transporter could be involved in the
clearance of free amphipathic porphyrins located in the lipid
membrane. It could be speculated that the portion of heme
that escapes from this mechanism is captured and stocked
into reservosomes by a second transporter. This observation
is in agreement with the fact that T. cruzi is unable to synthe-
size heme, which is not easily available in the other environ-
ments of its life cycle.

Taken altogether, our data suggest that heme is neces-
sary for the proliferation of T. cruzi parasites and points
to the existence of a specific transmembrane transport of
heme. Uptake of heme could be modulated by a PgP
homologue associated to the plasma membrane of the par-
asite. Unraveling this mechanism should further allow the
development of new drugs able to inhibit this class of trans-
porter, compromising the survival of the parasite and thus
useful in Chagas’s disease treatment. A detailed description
of these transporters, and their application in parasite con-
trol, is currently underway in our laboratories.
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