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The process of host cell invasion by Trypanosoma cruzi depends on parasite energy. What source of energy
is used for that event is not known. To address this and other questions related to 7. cruzi energy requirements
and cell invasion, we analyzed metacyclic trypomastigote forms of the phylogenetically distant CL and G
strains. For both strains, the nutritional stress experienced by cells starved for 24, 36, or 48 h in phosphate-
buffered saline reduced the ATP content and the ability of the parasite to invade HeLa cells proportionally to
the starvation time. Inhibition of ATP production by treating parasites with rotenone plus antimycin A also
diminished the infectivity. Nutrient depletion did not alter the expression of gp82, the surface molecule that
mediates CL strain internalization, but increased the expression of gp90, the negative regulator of cell
invasion, in the G strain. When L-proline was given to metacyclic forms starved for 36 h, the ATP levels were
restored to those of nonstarved controls for both strains. Glucose had no such effect, although this carbohy-
drate and L-proline were transported in similar fashions. Recovery of infectivity promoted by L-proline
treatment of starved parasites was restricted to the CL strain. The profile of restoration of ATP content and
gp82-mediated invasion capacity by L-proline treatment of starved Y-strain parasites was similar to that of the
CL strain, whereas the Dm28 and Dm30 strains, whose infectivity is downregulated by gp90, behaved like the
G strain. L-Proline was also found to increase the ability of the CL strain to traverse a gastric mucin layer, a
property important for the establishment of 7. cruzi infection by the oral route. Efficient translocation of
parasites through gastric mucin toward the target epithelial cells in the stomach mucosa is an essential
requirement for subsequent cell invasion. By relying on these closely associated ATP-driven processes, the

metacyclic trypomastigotes effectively accomplish their internalization.

Host cell invasion by Trypanosoma cruzi, which is critical for
the establishment of infection in mammalian hosts, is a multi-
step process involving various parasite and host cell molecules
that, in a concerted series of events, leads to intracellular Ca>"
mobilization in both types of cells (5, 12, 32). The first step of
this process, namely, 7. cruzi attachment to target cells, re-
quires parasite energy (23). The main source of energy for this
event is unknown. Also unknown is whether there are differ-
ences in energy requirements among different 7. cruzi strains
that use distinct mechanisms to enter target cells.

Epimastigotes, the proliferative and noninfective develop-
mental forms of 7. cruzi, use mainly glucose, L-proline, and
L-glutamic acid as carbon sources and to obtain energy through
respiration (27). In these parasite forms, the active transport of
glucose, L-proline, or L-glutamic acid has been previously dem-
onstrated (2, 24, 25, 29). With regard to L-proline, which is one
of the prominent constituents of the hemolymph and tissue
fluids of hematophagous insect vectors (1, 6), its uptake by
active proline transport systems has been found in epimastig-
otes (24) and in tissue culture trypomastigotes that correspond
to the bloodstream parasites and intracellular epimastigotes
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and amastigotes (30). Concerning the metacyclic trypomastig-
otes, which are found in the terminal portions of the digestive
tract of triatomine insects and constitute the parasite forms
responsible for the initial interaction with host cells, there is no
information regarding whether they transport and utilize as an
energy source the compounds referred to above.

The replicative epimastigotes and the infective metacyclic
trypomastigotes may differentially use the resources available
in the extracellular milieu for the production of energy re-
quired for diverse biological processes. Epimastigotes were
shown to transform into metacyclic trypomastigotes within 48 h
when L-proline or L-glutamate was added to the medium (15).
Another study, using a different 7. cruzi strain, showed a high
rate of differentiation of epimastigotes to metacyclic forms in a
medium composed of artificial triatomine urine supplemented
with proline (7). L-Proline was also shown to induce transfor-
mation of the intracellular epimastigote-like stage into the
trypomastigote stage (30), and it seems to be a main carbon
source in the intracellular stages, since its development
throughout the intracellular life cycle stages is dependent on
the presence of proline and since glucose is not taken up by
amastigotes (A. M. Silber, R. R. Tonelli, G. C. Lopes, N. L.
Cunha e Silva, A. C. T. Torrecilhas, R. I. Schumacher, W.
Colli, and M. J. M. Alves, submitted for publication). The most
prominent function of metacyclic forms is to invade host cells,
and different 7. cruzi strains may use distinct strategies to
accomplish that function, as illustrated by studies conducted
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with the CL and G strains, which belong to two highly diver-
gent genetic subgroups (4). Metacyclic forms of the CL strain
engage the stage-specific surface gp82 glycoprotein to bind to
host cells and induce actin cytoskeleton disruption and parasite
internalization (9). On the other hand, G strain metacyclic
forms preferentially use the mucin-like molecules gp35 and
gp50 to induce the recruitment of target cell actin to the site of
parasite entry (13). In addition, G strain infectivity is influ-
enced by gp90, a metacyclic-stage-specific molecule that down-
regulates host cell invasion (17). We addressed here issues
related to energy requirements in 7. cruzi infection by analyz-
ing CL and G strains and, based on the findings with these
strains, by extending the study to include other CL-like or
G-like parasite strains.

MATERIALS AND METHODS

Parasites, mammalian cell culture, and invasion assays. The following T. cruzi
strains were used: CL, which was isolated from the insect Triatoma infestans, in
the southern state of Rio Grande do Sul, Brazil (3); G, which was isolated from
an opossum in the Brazilian Amazon (31); Y, which was derived from a patient
sample (26); and Dm28 and Dm30, which were isolated from Didelphis marsu-
pialis in Venezuela by Victor Contreras. The parasites were maintained cyclically
in mice and in liver infusion tryptose medium containing 5% fetal calf serum. For
differentiation of epimastigotes into metacyclic trypomastigotes, the parasites
were grown for one passage in Grace’s medium (Invitrogen) or TC100 medium
(Cultilab, Brazil). Metacyclic forms from cultures at the stationary-growth phase
were purified by passage through a DEAE-cellulose column, as described pre-
viously (28). HeLa cells, the human carcinoma-derived epithelial cells, were
grown at 37°C in Dulbecco’s minimum essential medium supplemented with 10%
fetal calf serum, streptomycin (100 pg/ml), and penicillin (100 U/ml) in a hu-
midified 5% CO, atmosphere. Cell invasion assays (33) were performed by
growing 1.5 X 10° HeLa cells in each well of 24-well plates containing 13-mm-
diameter round glass coverslips. After 16 to 24 h of culture growth, the cells were
washed with phosphate-buffered saline** (PBS**) (PBS containing [per liter]
140 mg of CaCl,, 400 mg of KCI, 100 mg of MgCl, - 6H,O, 100 mg of
MgSO, - TH,0, 350 mg of NaHCO). Parasites were then added to HeLa cells,
at a multiplicity of infection of 10:1 or 20:1, depending on the T. cruzi strain, and
the incubation proceeded for 1 h at 37°C in PBS™ ™. The duplicate or triplicate
coverslips were fixed in Bouin solution, stained with Giemsa, and sequentially
dehydrated in acetone, a graded acetone-xylol series (9:1, 7:3, and 3:7), and xylol.

Cell binding assay. HeLa cells were seeded onto 24-well plates containing
13-mm-diameter glass coverslips, at 1.5 X 10 cells per well, and grown for 16 h.
After washings in PBS, the cells were fixed with 3.5% formaldehyde in PBS for
30 min at room temperature. Following fixation, the cells were immediately
washed with PBS, incubated with 50 mM NH,CI for 30 min, and then washed
with PBS. Parasites were added to fixed cells, in PBS™*, and the incubation
proceeded for 1 h at 37°C. Soon after being washed with PBS, the coverslips were
processed for staining with Giemsa.

Determination of T. cruzi ATP content. To measure the parasite ATP content,
a bioluminescent somatic cell assay kit (Sigma) was used. Fifty microliters of PBS
was added to 100 pl of cell ATP-releasing reagent, followed by 50 pl of a
suspension containing 5 X 10° parasites. Controls contained standard ATP, at
various dilutions, instead of parasites. Subsequently, 50 wl of the mix was trans-
ferred to each well of white UB 96-well plates (Uniscience) containing ATP assay
mix working solution. Light emission levels were measured using a SpectraMaxL
luminometer (Molecular Devices) at 570 nm. ATP concentrations were deter-
mined by interpolation from a standard curve obtained with diluted ATP solu-
tions.

Transport assays. The assays were performed according to a protocol de-
scribed elsewhere (24). Briefly, purified metacyclic forms were washed three
times with PBS, and the final suspension, containing 2 X 10® parasites/ml, was
distributed in aliquots of 100 ul (2 X 107 cells each). Thereafter, 100 pl of the
desired dilution of L-proline, L-glutamate, or glucose, in PBS, was added to the
assay tubes and traced with 0.5 p.Ci of ['*C]glucose, L-[*H]proline (at a concen-
tration of either 0.75 mM or 3.0 mM), or 0.1 p.Ci of L-[*H]glutamic acid (NEN
Life Science Products, Boston, MA). Final concentrations for each metabolite
were those that were able to saturate each transport system: 0.75 and 3 mM for
proline (24), 1 mM for glutamate (25), and 3 mM for glucose (29). Transport was
stopped by adding 800 wl of cold 50 mM glucose—, L-proline—, or L-glutamic
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acid-PBS, followed by two fast washes in PBS. After washings, the pellets were
resuspended in scintillation liquid, the incorporated radioactivity was measured
with a scintillation counter, and the obtained values were used to calculate the
uptake of each substrate.

Parasite migration assay. Polycarbonate Transwell filters (Costar, Cambridge,
MA) (3-pm pores, 6.5-mm diameter) were coated with 50 wl of a preparation
containing 10 mg/ml gastric mucin from porcine stomach (Sigma) in water.
Nutrient-deprived 7. cruzi metacyclic forms, in 600 wl of PBS or PBS containing
either 1 mM glucose or 3 mM L-proline, were added to the bottom of 24-well
plates (2 X 107 parasites/well) and incubated for 1 h at 37°C. Thereafter, the
mucin-coated Transwell filters were placed onto parasite-containing wells, and
100 pl of PBS was added to the filter chamber. At different time points of
incubation at 37°C, 10-pl volumes were collected from the filter chamber for
determination of parasite numbers, and the volume in this chamber was cor-
rected by adding 10 .l of PBS.

Flow cytometry analysis. Metacyclic trypomastigotes (1 X 107) were fixed with
4% paraformaldehyde in PBS, washed, and incubated with 50 mM NH,Cl for 30
min. After being washed in PBS, the parasites were incubated for 1 h at room
temperature with one of the following monoclonal antibodies (MAb): 3F6, di-
rected to the surface molecule gp82; 10D8, directed to mucin-like gp35 and gp50
glycoproteins; or 1G7, directed to the surface glycoprotein gp90. Thereafter,
Alexa 488-conjugated anti-mouse immunoglobulin G was added and the reaction
proceeded for 1 h at room temperature. Following three more washes, the
parasites were analyzed in a Becton Dickinson FACScan cytometer.

Lysis assay. For the complement-mediated lysis assay, 10 .l of a suspension of
purified metacyclic forms (10%/ml) was incubated with 40 pl of ascitic fluid
containing the 1G7 MAb. After 10 min of incubation of the mixture at room
temperature, 50 pl of normal human serum was added as a source of comple-
ment, and the parasites were further incubated at 37°C for 30 min. The numbers
of live motile parasites were counted using a Neubauer chamber.

Statistical analysis. The results were analyzed by using the program GraphPad
InStat to determine significance according to Student’s ¢ test.

RESULTS

Decreased ATP content in 7. cruzi metacyclic trypomastig-
otes results in reduced host cell invasion. First, experiments
were performed to establish the conditions under which the
endogenous energy store of the parasite was reduced. Meta-
cyclic forms of CL and G strains were maintained under con-
ditions of nutritional stress in PBS, at 27°C, for various time
periods and, along with the nonstarved controls, were then
analyzed with regard to the ATP content and the ability to
adhere to or to enter epithelial HeLa cells. In cells of the CL
strain starved for 24, 36, and 48 h, the ATP levels were reduced
by ~60%, ~75%, and ~87.5%, respectively, compared to the
control results (Fig. 1A), and the ability of the parasite to bind
to and invade HeLa cells decreased accordingly (Fig. 1B and
C). In repeated experiments, similar results were obtained.
Nutritional depletion reduced the motility of metacyclic forms,
while fully preserving their morphology, so that the appear-
ances of control and starved parasites were similar under con-
ditions of phase-contrast microscopy and indistinguishable
upon Giemsa staining (Fig. 1D). That starved parasites pre-
served their integrity was also confirmed by the observation
that the results of staining by propidium iodide of starved and
control parasites were similar. Furthermore, subsequent exper-
iments showed that parasites starved for 36 h retained their
infective potential (see Fig. 3A). As CL strain metacyclic forms
engage the surface gp82 glycoprotein for host cell adhesion
and invasion (20), we checked whether expression of gp82
diminished during nutritional stress and whether it thus con-
tributed to the decrease in parasite infectivity. No alterations
in gp82 expression levels in starved parasites were observed, as
ascertained by flow cytometry analysis (Fig. 1E).
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FIG. 1. ATP content and adhesion-invasion capacity of 7. cruzi metacyclic forms (CL strain) subjected to nutritional stress. (A, B, and C)
Parasites were maintained in PBS for the indicated time periods and were then analyzed with regard to the ATP content (A) and the ability to
attach to (B) or to enter (C) HeLa cells. Representative results of one out of three experiments are shown. Values represent the means = standard
deviations of the results of triplicate experiments. The numbers of attached or intracellular parasites represented in panels B and C were counted
in 250 cells. (D) Giemsa-stained control and starved parasites. (E) The expression levels of the metacyclic-stage-specific surface gp82 molecule in
starved parasites were determined by flow cytometry, using the specific MAb 3F6.

Concerning the G strain, the rates of decrease in the ATP
content were on the order of 35%, 65%, and 80% in parasites
starved for 24, 36, and 48 h, respectively (Fig. 2A), and the
infectivity with respect to HeLa cells diminished concomitantly
with the decrease in ATP levels (Fig. 2C). Unlike the results
seen with the CL strain (Fig. 1B), G strain binding to HeLa
cells was minimal, regardless of the ATP content (Fig. 2B).
With the morphology fully preserved under conditions of nu-
tritional stress, the control and starved parasites were visibly
similar (Fig. 2D). Given that G strain invasion capacity is
influenced by gp90, the surface molecule that acts as a down-
ward modulator of invasion (17), expression of this molecule

was examined in parasites starved for 36 h compared to con-
trols. By the use of MAb 1G7 directed to gp90, increased
expression of gp90 was detected in starved parasites by flow
cytometry analysis and by complement-mediated lysis (Fig. 2E
and F). In the latter assay, no parasite lysis was observed in the
absence of antibody or in the presence of MAb SE7 directed to
a cryptic epitope on gp90, detectable in fixed but not in live
parasites. The result shown in Fig. 2E suggests that the de-
creased infectivity of the G strain (Fig. 2C) may have been due
at least in part to a higher level of gp90 expression. We also
checked the expression levels of the surface glycoproteins gp35
and gp50, which promote host cell invasion of G strain meta-



3026 MIYAZAWA MARTINS ET AL. INEECT. IMMUN.
A Energy B Attachment C Invasion
047 = 67 40"
P « | L
= 0.3 8 g 30
£ g g
2 02 = Z 20
< 0.1 g Ill l_T_l g 105
lisk LI
a o
0.0 0 0
0 24 36 48 0 24 36 48 0 24 36 48
Starvation time (h) Starvation time (h) Starvation time (h)
D Control E
= ’) 1 gpo0 1 gp35/50
& - .
(\/ =
e |
\¢a\ =z
9 (S .
\/ o] o
" 10 w w0 w0 10 10 © © w0 10
— ‘f\ é“ Fluorescence

36 h Starvation

M

5 - 1511
G 5 7 10-
e | 1
-
[jpis

—1 Contral
. Starved

o IR

MAb 1G7 concentration

FIG. 2. ATP content and adhesion-invasion capacity of T. cruzi metacyclic forms (G strain) subjected to nutritional stress. (A, B, and C)
Parasites were maintained in PBS for the indicated time periods and were then analyzed with regard to the ATP content (A) and the ability to
attach to (B) or to enter (C) HeLa cells. Representative results of one out of three experiments are shown. Values represent the means * standard
deviations of the results of triplicate experiments. In panels B and C, after 1 h of incubation with parasites, HeLa cells were stained with Giemsa
and the numbers of attached or intracellular parasites in 250 cells were counted. (D) Giemsa-stained control and starved parasites. (E) The
expression levels of the surface molecules gp90 and gp35-gpS0 were determined in control (shaded) and starved (unshaded) parasites by flow
cytometry, using MAb 1G7 and MADb 10D8, respectively. (F) The susceptibility of control and starved parasites to complement-mediated lysis by

anti-gp90 MADb 1G7 at various concentrations was determined.

cyclic forms (32, 33), and found that levels were only slightly
augmented in starved parasites (Fig. 2E).

ATP levels and infectivity are restored by L-proline treat-
ment of starved CL strain metacyclic forms. To identify the
source of parasite energy required for target cell invasion,
assays were performed by incubating metacyclic forms starved
for 36 h with 1 mM glucose, 0.75 mM or 3.0 mM L-proline, or
1 mM L-glutamic acid at room temperature for 1 h. L-Proline
concentrations of 0.75 mM and 3.0 mM are the saturating
substrate concentrations chosen for high-affinity transporter
system A and low-affinity system B, respectively, as described

previously in studies of epimastigotes (24). After washings in
PBS, the ATP levels, as well as the parasite infectivity, were
examined. L-Proline treatment fully restored both the ATP
content and the ability of starved parasites to enter HeLa cells;
glucose treatment exhibited some effect, whereas L-glutamic
acid treatment had no effect (Fig. 3A). Nutritional depletion
for 48 h, which resulted in less than 15% of the control ATP
levels and complete loss of motility, affected the parasites in a
manner that was not reversible by L-proline treatment. To
ascertain the presence of transporters for glucose, L-proline, or
L-glutamic acid, we measured the uptake of these compounds
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FIG. 3. Effect of L-proline on ATP production and infectivity of starved 7. cruzi metacyclic forms (CL strain). (A) Parasites previously
maintained in PBS for 36 h were incubated for 1 h with glucose (1 mM), L-proline (0.75 mM or 3.0 mM), or L-glutamic acid (1 mM). Afterward,
the parasite ATP content and the ability to enter HeLa cells were examined. The numbers of intracellular parasites in 250 Giemsa-stained cells
were counted. A reference value of 100% was assigned to the controls. Values represent the means * standard deviations of the results of three
independent experiments performed in duplicate. The differences between the results for the 36-h-starved and the L-proline-supplemented
parasites were significant (P < 0.005). (B) Transport of glucose, L-proline, or glutamate was assayed by using radioactive compounds as described
in Materials and Methods. At different time points after the addition of the radioactive reagent, the uptake was stopped by adding cold glucose,
L-proline, or L-glutamic acid in PBS. Values represent the means =+ standard deviations of the results of triplicate experiments. (C) Parasites were
treated with inhibitors of energy production (rotenone [200 wM] and antimycin A [0.5 wM]) for 30 min, washed in PBS, and then used for cell
invasion assays in the absence or presence of 1 mM glucose, 0.75 mM L-proline, or 1 mM L-glutamate. Intracellular parasites were counted in 250
Giemsa-stained cells. Values represent the means * standard deviations of the results of three independent experiments performed in duplicate.

by metacyclic forms. Incorporation of L-proline through high-
affinity binding system A and low-affinity binding system B as
well as the transport of glucose was confirmed, but glutamate
uptake levels were negligible (Fig. 3B). Similar results were
obtained in repeated experiments. In addition to L-proline, the
effect of D-proline was tested. When added to 36-h-starved CL
metacyclic forms, D-proline was capable of restoring the par-
asite ATP content, and the ability of the parasite to enter HeLa
cells, as effectively as its enantiomer (data not shown). This
effect of p-proline may be due in part to the presence of
L-proline, provided that proline racemase is present in 7. cruzi

(21). We found that, upon incubation with L-proline, the
starved parasites with restored ATP content expressed gp82
levels similar to those of controls. When incubated for 1 h with
ATP (200 pg/ml), the starved parasites recovered their cell
adhesion and invasion capabilities to achieve levels corre-
sponding to ~72% and 86.3% of control levels, respectively.
The requirement of ATP for cell invasion was further ascer-
tained by treating parasites with a combination of rotenone
and antimycin A, drugs that affect ATP production. Antimycin
A prevents the formation of ATP by inhibiting the oxidation of
ubiquinol in the electron transport chain, and rotenone acts by
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TABLE 1. Effect of rotenone plus antimycin A on T. cruzi ATP
content and infectivity”

Concn (pM)

T. cruzi b HelLa cell
strain Antimycin A Rotenone L-proline AT invasion” (%)
CL 0 0 0 100.0 100.00
0.5 1 0 353 +39 41.3 + 0.8
0.5 1 3.0 57.8 + 2.4 682 +59
0.5 10 0 30.8 +2.3 340+ 5.6
0.5 10 3.0 492 + 6.4 67.7+173
0.5 50 0 322 +3.7 288 +2.5
0.5 50 3.0 59.0 + 2.5 66.5 + 8.4
G 0 0 0 100.0 100.00
0.5 1 0 1357+ 11.7 120.94 + 5.6
0.5 1 3.0 225.8 + 4.4 89.8 +4.9
0.5 10 0 449 + 2.1 459 + 2.8
0.5 10 3.0 79.0 + 2.0 50.8 + 3.7
0.5 50 0 233+ 1.6 323+ 2.1
0.5 50 0.75 45.1 + 0.6 36.5+3.2

“ Parasites were incubated with antimycin A plus rotenone at the indicated
concentrations for 30 min. After washings in PBS, L-proline was added and
incubation proceeded for 1 h before ATP measurement and determination of
infectivity.

® Values represent means + standard deviations of the results of triplicate
experiments.

interfering with the electron transport chain in mitochondria,
thus preventing NADH from being converted into usable
cellular energy. The parasites were treated with rotenone
(200 wM) plus antimycin A (0.5 pM) for 30 min, washed in
PBS, and then incubated for 1 h with 1 mM glucose, 0.75
mM L-proline, or 1 mM L-glutamate. After washings in PBS,
the parasites were used for cell invasion assays. Treatment
with rotenone plus antimycin A, which inhibited parasite
locomotion but preserved the flagellar movement, signifi-
cantly inhibited entry of the CL strain into HeLa cells in a
manner not reversible by treatment with glucose or L-pro-
line (Fig. 3C). Experiments with lower concentrations of
rotenone were also performed. Parasites were treated with
antimycin A (0.5 uM) plus rotenone at 1, 10, or 50 M for
30 min, washed, and then incubated with L-proline before
measurement of the ATP content or seeding onto HelLa
cells. Decreases in ATP levels and infectivity, observed at all
rotenone concentrations, could be partially reversed by
treatment with L-proline (Table 1).

The ability of CL strain metacyclic forms to traverse gastric
mucin is enhanced by L-proline. Studies performed with the
CL strain have indicated that the establishment of infection
in mice by the oral route is associated with the ability of
parasites to bind to gastric mucin through gp82, this being
the first step for translocation toward underlying epithelial
cells (8, 19). Here we examined the effect of treatment with
glucose or L-proline on the ability of starved metacyclic
forms to traverse the gastric mucin layer. Parasites main-
tained for 36 h in PBS were added to the bottom of 24-well
plates, in the absence or presence of glucose or L-proline.
After 1 h of incubation at 37°C, polycarbonate Transwell
filters coated with gastric mucin were placed onto parasite-
containing wells. At different time points, 10-ul samples
from the filter chamber were collected to determine parasite
numbers. Compared to nonstarved controls, the number of
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starved parasites that translocated through the gastric mucin
layer was much lower. Upon incubation with L-proline, but
not with glucose, that number increased to levels even
higher than the control numbers (Fig. 4).

L-Proline restores ATP levels but not infectivity in starved G
strain metacyclic forms. Although G strain metacyclic forms
starved for 36 h recovered the normal ATP content after
treatment with L-proline, the infectivity toward HeLa cells
could not be restored (Fig. 5A), and this was not due to
inefficient uptake of L-proline. As shown in Fig. 5B, there
was effective L-proline transport, particularly through high-
affinity binding system A. The lack of recovery of the infec-
tivity of starved parasites was presumably due to increased
regulatory activity of overexpressed gp90 that was capable of
neutralizing the effect of L-proline. The energy requirements
of the G strain for host cell invasion were also confirmed by
treatment with 200 wM rotenone plus 0.5 pM antimycin A,
which significantly inhibited HeLa cell entry in a manner not
reversible by glucose or L-proline treatment (Fig. 5C). The
G strain behaved differently from the CL strain upon incu-
bation with lower concentrations of rotenone. When treated
with antimycin A (0.5 wM) plus rotenone at 1 wM, unex-
pectedly, the ATP levels and the invasion capacity were
augmented (Table 1). At rotenone concentrations of 10 and
50 uM, there was a proportional decrease in ATP content
and infectivity, with the ATP levels but not infectivity being
partially restored by L-proline (Table 1).

Effect of L-proline on the ATP production and cell invasion
capacity of CL-like and G-like 7. cruzi strains. As there was a
marked difference between CL and G strains concerning the
effect of L-proline treatment in promoting the recovery of
infectivity in starved parasites, we asked whether other CL-like
or G-like strains behaved accordingly. Y strain metacyclic
forms, which have a surface profile similar to that of CL strain
and also rely on gp82 molecules to invade target cells, required
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FIG. 4. Effect of L-proline on migration of 7. cruzi metacyclic forms
through gastric mucin. Parasites previously maintained for 36 h in PBS
were added to the bottom of 24-well plates, in the absence or presence
of 1 mM glucose or 3 mM L-proline. After 1 h of incubation at 37°C,
polycarbonate Transwell filters coated with gastric mucin were placed
onto parasite-containing wells. At different time points, samples from
the filter chamber were collected and the numbers of parasites
counted. Values represent the means = standard deviations of the
results of three independent experiments performed in duplicate.
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FIG. 5. Effect of L-proline on ATP production and infectivity of 7. cruzi metacyclic forms (G strain) subjected to nutritional stress. (A) Parasites
previously maintained in PBS for 36 h were incubated for 1 h with glucose (1 mM), L-proline (0.75 mM or 3.0 mM), or L-glutamic acid (1 mM).
After washings, the parasite ATP content and the ability to enter HeLa cells were examined. Intracellular parasite numbers were counted in 250
cells stained with Giemsa. A reference value of 100% was assigned to controls. Values represent the means = standard deviations of the results
of three independent experiments performed in duplicate. The differences in the levels of ATP content between 36-h-starved and L-proline-
supplemented parasites were significant (P < 0.005). (B) Transport of glucose, L-proline, or glutamate was assayed by using radioactive compounds
as described in Materials and Methods. At different time points after the addition of the radioactive reagent, the uptake was stopped by adding
cold glucose, L-proline, or L-glutamic acid in PBS. Values represent the means * standard deviations of the results of triplicate experiments.
(C) Parasites were treated with inhibitors of energy production (rotenone [200 wM] and antimycin A [0.5 pM]) for 30 min, washed in PBS, and
then used for cell invasion assays in the absence or presence of 1 mM glucose, 0.75 mM L-proline, or 1 mM L-glutamate. Intracellular parasite
numbers were counted in 200 Giemsa-stained cells. Values represent the means * standard deviations of the results of three independent
experiments performed in duplicate.

54 h of maintenance in PBS for a reduction in ATP content of
~50%. Upon incubation with L-proline, starved Y parasites
partially recovered their ATP content and infectivity with re-
spect to HeLa cells (Fig. 6A). In Dm28 and Dm30 strains,
which exhibit a surface profile similar to that of the G strain,
the ATP levels dropped by 60 to 65% after 30 h of starvation,
and L-proline restored the ATP content to ~80% of the con-
trol levels, but the parasite remained poorly infective (Fig. 6B
and C). Expression of gp90 was augmented in starved G-like
strains, which, as a consequence, were more susceptible to
complement-dependent MAb 1G7-mediated lysis (data not
shown).

DISCUSSION

We show in this report that metacyclic trypomastigotes of
the genetically divergent CL and G strains, which invade host
cells through distinct mechanisms by engaging different surface
molecules, require energy to complete that process. For both
strains, depletion of ATP content by maintaining the parasites
under conditions of nutritional stress for different periods of
time resulted in proportionally decreased infectivity for epi-
thelial HeLa cells (Fig. 1 and 2).

The CL and G strains differed, however, in several aspects.
Metacyclic forms of the CL strain, which had their ATP levels
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FIG. 6. Effect of L-proline on ATP production and infectivity of different 7. cruzi strains. Metacyclic forms of the indicated strains were subjected to
nutritional stress for 54 h (Y strain) or 30 h (Dm28 and Dm30 strains) and were thereafter incubated for 1 h with glucose (1 mM), L-proline (0.75 mM
or 3.0 mM), or L-glutamic acid (1 mM). After washings, the parasite ATP content and the ability to enter HeLa cells were examined. Intracellular parasite
numbers were counted in 250 cells stained with Giemsa. A reference value of 100% was assigned to controls. Values represent the means = standard
deviations of the results of one representative experiment out of three experiments performed. The differences in ATP content and infectivity of
54-h-starved and L-proline-supplemented Y strain parasites were significant (P < 0.0005). With regard to the Dm28 and Dm30 strains, the differences
in the levels of ATP content of 30-h-starved and L-proline-supplemented parasites were significant (P < 0.0001).

and the ability to invade HeLa cells decreased by ~70% after
36 h of nutritional stress, recovered the normal ATP content
and full infectivity when L-proline was provided (Fig. 3A and
B). In G strain metacyclic forms starved for 36 h, the ATP
levels were fully restored by L-proline treatment, but recovery
of infectivity toward HeLa cells was not seen (Fig. SA and B).
This could have been due, at least in part, to the enhanced

expression in starved parasites of gp90 (Fig. 2E), the major
determinant of metacyclic trypomastigote infectivity. Gp90-
mediated interaction of G strain metacyclic forms with target
cells relays inhibitory signals to both cells, blocking the intra-
cellular Ca®* mobilization essential for parasite internalization
(22). In starved parasites, the increased gp90-mediated associ-
ation with host cells may exert such a negative effect on cell



VoL. 77, 2009

invasion as to counteract the effect of L-proline. However, the
experiments with antimycin A plus rotenone (Table 1), show-
ing that L-proline treatment partially restores G strain ATP
content but not infectivity, indicate the involvement of other,
as-yet-unknown mechanism(s), with gp90 playing a minor role.
We do not know the mechanism of upregulation of gp90. One
possibility is that it is connected with the differentiation pro-
cess. Transformation of epimastigotes into metacyclic trypo-
mastigotes, which implies the expression of the stage-specific
gp90 molecule, is triggered by nutritional stress. Metacyclic
forms collected from culture medium at the stationary phase,
which were purified and placed in PBS for starvation, may not
have reached the full expression of gp90, which would be
completed under conditions of further nutrient deprivation.
With regard to the surface glycoproteins gp35 and gp50, also
expressed in epimastigotes and engaged by the G strain to
enter target cells (32), they were expressed similarly in control
and starved parasites (Fig. 2E) and were therefore unrelated to
the starvation-associated variation in infectivity. Two addi-
tional G-like strains, Dm28 and Dm30, which enter host cells
in a mode similar to that of the G strain and which exhibited
increased gp90 expression when starved, failed to recover their
infectivity after treatment with L-proline, despite the recovery
of ATP content (Fig. 6B and C). Unlike that of G-like strains,
the internalization of the CL and Y strains, which express gp90
at low levels, is not influenced by this surface molecule (32)
and is ensured by the ATP-driven binding of parasites to host
cells, concomitant with the recognition of the surface molecule
gp82, whose expression level remains constant throughout star-
vation.

The ability to bind to fixed host cells is another difference
between CL and G strain metacyclic forms. Unlike the binding
of the CL strain, which bound to host cells in an ATP-depen-
dent manner (Fig. 1A and B), the level of binding of G strain
parasites was negligible, regardless of the ATP content (Fig.
2A and B). As binding experiments were performed with fixed
cells, one possible explanation is that G strain cytoadhesion
requires active participation of target cells, an idea that is
supported by the observation that parasites adhere to live cells.
This difference in the cell binding capacity may be an addi-
tional factor contributing to the differential levels of infectivity
shown by the two strains, which rely on distinct mechanisms to
enter host cells. Gp82-mediated binding of CL strain metacy-
clic forms to target cells induces the disruption of the actin
cytoskeleton (9), an event that facilitates invasion. By contrast,
G strain metacyclic forms, which predominantly engage the
mucin-like gp35-gp50 glycoproteins for target cell entry (22)
and induce actin recruitment to the site of parasite invasion
(13), may depend predominantly on the action of host cells for
their internalization. This actin-dependent mode of entry,
which is similar to the uptake of enteroinvasive Escherichia
coli, is consistent with the observation that G strain parasites
stimulate enteroinvasive E. coli invasion in mixed infections of
HeLa cells (13).

A recent work investigated the involvement of L-proline in
resistance to thermal, nutritional, and oxidative stress, showing
that this amino acid participates in a myriad of biochemical
and cellular processes (16). Our results with CL strain meta-
cyclic forms further reinforce understanding of the role played
by L-proline in biological processes essential for 7. cruzi devel-
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opment. We have found that these parasites, when maintained
under conditions of nutritional stress, gradually lose motility
concomitantly with the decrease in the ATP levels and that the
parasites starved for 36 h had a greatly reduced capacity to
migrate through polycarbonate Transwell filters that were left
uncoated or coated with gastric mucin. The ability of starved
parasites to traverse the gastric mucin layer increased to levels
even higher than those seen with the nonstarved controls when
L-proline was added (Fig. 4). This property is possibly an im-
portant factor for metacyclic trypomastigotes that can infect
mammalian hosts by the oral route (8, 11, 14, 19), which in
some regions is the principal mode of transmission, after the
main domiciliary insect vector Triatoma infestans and transmis-
sion by blood transfusion were controlled, as attested by mi-
croepidemics or outbreaks of acute Chagas’ disease (10).
Gp82-mediated binding to gastric mucin is a prelude for mi-
gration toward the subjacent epithelial cells, which are invaded
in a gp82-dependent manner (8, 19). The increased capacity to
traverse the gastric mucin layer induced by L-proline suggests
that the availability of this amino acid in the gastric milieu may
influence parasite infectivity, allowing a faster escape from the
harsh conditions in the stomach lumen. It is of interest that
Helicobacter pylori, a gram-negative bacterium whose natural
habitat is the mucous layer of the human gastric epithelium,
preferentially uses amino acids that predominate in samples of
human gastric juice, such as L- and D-proline, in addition to
L-serine and alanine (18), as a source of energy to reach the
location within the mucous layer of the gastric epithelium.
From the data herein presented, plus our previous studies
showing that 7. cruzi strains deficient in gp82 expression have
a reduced capacity to bind to gastric mucin and are poorly
infective by the oral route, we conclude that by using two
closely associated events, namely, binding and translocation
through gastric mucin and cell invasion, both of which are
dependent on the presence of gp82 and driven by ATP, trypo-
mastigotes exploit the most effective means to establish infec-
tion by the oral route.
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