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ARTICLE INFO ABSTRACT

Background: Trypanosoma rangeli is dependent on the presence of exogenous orthophosphate (P;) for maxi-
mal growth and ecto-phosphatase activity is responsible for P; supply under low P;. Here we investigated the
mechanisms of P; uptake.

Methods: We investigated the kinetics of “’P; transport, its Na* and H* dependence, its correlation with the
Na*-ATPase and H*-ATPase, and gene expression of the Na*:P; cotransporter and Na"-ATPase.

Results: T. rangeli grown under limiting P; transports this anion to the cytosol in the absence and presence of
Na™, suggesting that influx is mediated by both Na*-independent and Na*-dependent transporters. Cloning
studies demonstrated that this parasite expresses a P; transporter not previously studied in trypanosomatids.
The H* ionophore, carbonylcyanide-p-trifluoromethoxyphenylhydrazone, decreased both components of “’P;
influx by 80-95%. The H™-ATPase inhibitor, bafilomycin A;, inhibited the Na*-independent mechanism. Fu-
rosemide, an inhibitor of ouabain-insensitive Na*-ATPase, decreased both uptake mechanisms of “P; to the
same extent, whereas ouabain had no effect, indicating that the former is the pump responsible for inwardly
directed Na™ and the electric gradients required by the transporters. Parasite growth in high P; had a lower P;
influx than that found in those grown in low P;, without alteration in TrPho89 expression, showing that turn-
over of the transporters is stimulated by P; starvation.

Conclusions: Two modes of P; transport, one coupled to Na"-ATPase and other coupled to H"-ATPase seem to
be responsible for P; acquisition during development of T. rangeli.

General significance: This study provides the first description of the mechanism of P; transport across the plasma
membrane of trypanosomatids.
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1. Introduction

Trypanosomatids are a group of protozoa that parasitize a large
number of eukaryotic organisms [1], and in the Trypanosomatidae
family, the genus Trypanosoma comprises digenetic flagellates that
usually have insects as vectors which infect human beings and

Abbreviations: FCCP, carbonylcyanide-p-trifluoromethoxyphenylhydrazone; HEPES,
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid; LIT, liver infusion tryptose medium;
TcENA, T. cruzi ouabain-insensitive Na*-ATPase; TrENA, T. rangeli ouabain-insensitive
Na*-ATPase
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other animal hosts [1,2]. Trypanosoma rangeli is a hemoflagellate
protozoan with special behavior because it infects humans, a
great number of other mammals, and also its triatomine vectors
[3]. Since human infection with T. rangeli has been described in
several countries, the occurrence of single or infections mixed
with T. cruzi must be considered in areas where these parasites
are sympatric [4].

Little is known about energetic metabolism and transport of nutri-
ents across the plasma membrane of T. rangeli, which is strongly de-
pendent on the presence of inorganic phosphate (P;) in the culture
medium to achieve maximal growth [5]. We have recently demon-
strated that P; depletion increases ecto-phosphatase activity of the
parasite [6], which was considered to be an adaptative mechanism
to make P; available for cell functioning. P; is an essential nutrient
for cell functions in all forms of life since it is required in most
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metabolic processes, including the biosynthesis of nucleic acids and
phospholipids, energy metabolism, and signal transduction [7-9],
with transport across the plasma membrane being the first step for
its intracellular the utilization [8]. In Saccharomyces cerevisiae, two
P; transport systems have been detected, one has a low affinity for ex-
ternal P; (K, ~800 uM), and the other a higher affinity K, ~0.5 uM)
[10]. The high-affinity system consists of two P; transporters, Pho84p
and Pho89p; the first is a H':P; cotransporter with an optimum acidic
pH for P; uptake [11], while Pho89p is a Na™:P; cotransporter that is
more active at alkaline pH [12]. Expression of both PHO84 and
PHO89 genes occurs in P; starvation and is regulated by P; through
the kinase/cycline-mediated PHO pathway [13] in a process that ulti-
mately leads to the scavenging and specific uptake of P; from extracel-
lular sources [14].

The aim of the present work has been to investigate: (i) whether T.
rangeli has a P; transport system and to measure the uphill P; uptake
capacity across the plasma membranes of parasites grown under P;
depletion, and (ii) any possible association with the transport of
other species of ions. We have identified a Na*-dependent and a
Na*-independent phosphate transporter in T. rangeli that seem to
be functionally coupled to an ouabain-insensitive Na*-ATPase and a
bafilomycin A;-sensitive H* pump, respectively.

2. Materials and methods
2.1. Materials

Reagents were purchased from Merck or Sigma Chemical Co., ex-
cept where specifically stated. Radioactive orthophosphate (“P;)
was purchased from Instituto de Pesquisas Energéticas e Nucleares
(IPEN). [y->?]ATP was obtained as per Maia et al. [15]. Distilled
water deionized with a MilliQ system of resins (Millipore Corp.)
was used in the preparation of all solutions.

2.2. Parasites and growth conditions

Macias strain of T. rangeli (supplied by Dr Maria Auxiliadora
Sousa, Fiocruz, Rio de Janeiro, Brazil) was maintained in liver infu-
sion tryptose medium (LIT) supplemented with 20% fetal calf
serum (Cripion) at 28 42 °C, sub-cultivated in the same fresh me-
dium for 5days - when the parasites had reached stationary
phase of growth - and used to obtain plasma membrane prepara-
tions. For PCR analysis, the cells were cultivated for 2 days when
in exponential phase and at 5 days. The LIT medium used in the
5-day culture contained low P; (2 mM), as previously described
[6]; high P; (50 mM) was used in some controls. Before the trans-
port experiments, the parasites were collected from the culture
medium by centrifugation (1500 xg at 4°C for 10 min) and
washed 3 times with a cold buffer solution containing 100 mM su-
crose, 20mM KCl and 50 mM Tris-HCl (pH 7.2) to remove
remaining traces of P, Unlabeled P; was undetectable in the third
supernatant of washing, using the Fiske and Subbarow method
[16]. Parasite viability was assessed before and after incubation
by observing their motility under a light microscopy, by Trypan
blue dye exclusion [17], or by measuring the levels of lactate de-
hydrogenase activity in the medium [6]. For staining, the cells
were incubated in the presence of 0.01% Trypan blue for 10 min
in assay buffer. Viability was unaffected by the conditions
employed in the experiments.

2.3. P; transport assays

Intact cells (1.0x 107 cells/ml) of T. rangeli were incubated at
25 °C in a reaction mixture (0.2 ml) containing (unless otherwise
stated in the figure legends) 140 mM NaCl (or 140 mM choline
chloride to study the Na™-independent component of P; transport),

5mM KCl, 25 mM HEPES-Tris (pH 7.4), 1 mM MgCl, and 100 uM

”P; (0.5 mCi/umol). Uptake was initiated by addition of “P; and, ex-
cept for Fig. 1, was arrested 60 min later by adding 0.2 ml of an ice-
cold solution containing 140 mM choline chloride, 5 mM KCI,
25 mM HEPES-Tris (pH 7.4) and 1 mM MgCl,. Following 3 washes
with the same ice-cold buffer, the cells were disrupted by addition
of 0.1% SDS and the suspension counted in a scintillation counter
(Packard). Blank uptake values were obtained by exposing the
cells to a cold “P-reaction mixture kept on ice for 60 min [18].
For determination of the transport affinity (Kos) and maximal
rate (Vimax), P; uptake was measured at P; concentrations ranging
5-500 uM in the absence or presence of Na™. When the effect of
Na™ concentration on P; uptake was analyzed, the P; concentration
was kept constant (100 uM) and NaCl varied from O (nominal) to
50 mM. Routine controls for Nat contamination in the assay solu-
tions carried out by flame spectrometry indicated values of
0.1 mM or less. In this experiment, choline chloride was also
used to keep medium osmolarity constant at =300 mOsM. When
indicated, the Na™ ionophore monensin (100 uM) was used to col-
lapse the Na™ gradient. To assess the effect of perturbation of the
parasite plasma membrane potential gradient on P; uptake (and
possibly the H™ distribution across the membrane), the H* iono-
phore, carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP;
10 uM), or the H"-pump inhibitor, bafilomycin A; (100 nM), were
used. The Na‘t-dependent component of phosphate uptake in
each condition was measured, in experiments run in parallel, as
the difference between total uptake in the presence of Na™
and that in the presence of choline chloride (Na'-independent
component).

2.4. TrPho89 cloning

A total of 108 parasites was homogenized in TRIzol (Invitrogen)
and RNA extracted from the samples following the manufacturer's in-
structions. Total RNA concentrations were determined spectrophoto-
metrically using Nanodrop ND-1000 (Thermo Fisher Scientific). Five
micrograms of total RNA was used to synthesize cDNA samples
using high-capacity cDNA reverse transcription kit (Applied Biosys-
tems). TrPho89 RNA was amplified in a PCR reaction using Taq DNA
Polymerase (Fermentas) under the following conditions: one cycle
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Fig. 1. Time-course of P; uptake by epimastigote cells of T. rangeli by Na*-independent
and Na*-dependent mechanisms. “P; uptake was assayed in intact cells grown in P;-
depleted medium (with 100 pM *p,, at pH 7.4); see Materials and methods (subsection
2.3). Empty circles: Na*-independent uptake measured in the presence of 140 mM
choline chloride. Filled circles: Na*-dependent component calculated, at each time,
as the difference between the total uptake in the presence of 140 mM NaCl and the
Na*-independent uptake. At the times on the abscissa, the suspensions were filtered,
washed and counted. Data are means + S.E.M. of 6 determinations carried out with
cell suspensions from different cultures. *Statistical difference (P<0.05) between the
time-matched groups assayed by unpaired t-test.
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for 2 min at 94 °C, followed by 40 cycles of 30 s at 94 °C, 30 s at 50 °C
and 2 min at 72 °C, and finally one cycle for 10 min at 72 °C. PCR am-
plification was performed using primers designed for T. cruzi Pho89
(Genbank ID: XP813912) as follows:

TcPho89f, 5'-GGCTCCCTTAATATGCGTCA-3' (forward);
TcPho89r, 5'-CCGACTCCCAGACAAATGAT-3' (reverse).

The PCR product was run on agarose gel electrophoresis and the
amplicon band was cut out. DNA was purified from the agarose
using Wizard SV Gel and PCR Clean-Up System (Promega). TrPho89
was inserted on pGEM-T vector (Promega) and used to transform E.
coli DH10B strain (Invitrogen). Positive clones were sequenced at
Laboratério Sonda (Rio de Janeiro, Brazil). The sequence obtained
for partial TrPho89 mRNA was deposited in GenBank (ID:
GU989248). This sequence was compared to GenBank database
using Blastx algorithm [19].

2.5. Quantitative PCR (qPCR)

Total RNA was extracted as before. One microgram of total RNA
treated with RNase-free DNase I (Fermentas) was used to synthesize
cDNA samples using High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). TrPho89 and TrENA expression were deter-
mined by qPCR analysis, using an Applied Biosystems StepOnePlus™
Real-Time PCR System. SYBR Green PCR Master Mix (Applied Biosys-
tems) was used under the following conditions: one cycle for 10 min
at 95 °C, followed by 40 cycles of 15 s at 95 °C and 45 s at 60 °C, and a
melt curve stage. TrPho89 and TrENA PCR amplification involved the
following primers:

TrPho89F, 5'-AAGTTTTGCGGCAGCTGTAT-3’;
TrPho89R, 5'-GAGAAGACGGCAAATCCAAG-3/;
TcENAF, 5'-GCTCCTTTG CCGTCGGGG TC-3';
TcENAR, 5'-GGCGAGAACACCCCAGTGCC-3".

TcENA primers were designed using the sequence given in the
Genbank database (ID: AB107891). All assays were done in triplicate
and TrGAPDH (GenBank ID: AF053742) expression was used for nor-
malization. Primers for TrTGAPDH PCR amplification were:

TrGAPDHF, 5'-GCAGCTCCATCTACGACTCC-3’ (forward);
TrGAPDHR, 5’-AGTATCCCCACTCGTTGTCG-3' (reverse).

2.6. Preparation of plasma membranes

An enriched plasma membrane fraction from T. rangeli was obtained
as described elsewhere [20]. Briefly, parasites were disrupted by abrasion
using glass beads on an ice-bath. The resulting homogenate was mixed
with 25ml of a solution containing 10 mM HEPES-Tris (pH 7.4),
400 mM mannitol, 10 mM KCl, 1 mM Mg(CH3C0O0),, 1 mM phenyl-
methylsulfonyl fluoride (trypsin, chymotrypsin, thrombin and papain in-
hibitor), 10 uM E-64 (cysteine proteases inhibitor) and 1 uM pepstatin
(an aspartyl protease inhibitor). After centrifugation at 1000 xg to re-
move the beads, unbroken cells and large cell debris, the resulting super-
natant was centrifuged at 5000 xg (20 min), 16,000 xg (40 min) and
105,000 xg (60 min). The final pellet was resuspended in 150 mM KCl,
2mM MgCl,, 1 mM dithiothreitol and 75 mM HEPES-Tris (pH 7.4),
and immediately applied to a continuous density gradient of 18% Percoll
supplemented with 250 mM sucrose and 12 mM Tris-HCI (pH 7.4),
which was centrifuged at 40,000 xg for 60 min. Four regions were
seen, clearly separated by thin interfaces at the end of centrifugation,
and the second from the top of the tubes with the highest ouabain-
insensitive Na*-ATPase (TrENA) activity was carefully recovered by as-
piration and mixed with an equal volume of 250 mM sucrose to give a
suspension containing 10-20 mg protein/ml, assayed by the method
of Lowry et al. [21] with bovine serum albumin as the standard. This

fraction also had the highest activity of 3’-nucleotidase, considered
the plasma membrane marker in trypanosomatids [20].

2.7. Determination of Na-ATPase and H" -ATPase activities

Furosemide-sensitive (ouabain-insensitive) Na™-ATPase [22,23]
activity was measured via ~P; released from [y- P]ATP as previously
described [24]. The membranes (0.5 mg/ml) were incubated for
60 min in an assay medium containing 20 mM HEPES-Tris (pH 7.0),
120 mM NaCl, 5mM [y-"PJATP (0.2 uCi/umol), 10 mM MgCl, and
1 mM ouabain in the absence or presence of 1 mM furosemide. The
reaction was stopped by adding 1 vol of activated charcoal in 0.1 M
HCl, the suspension centrifuged at 1500 xg, and an aliquot of the
clear supernatant counted in the liquid scintillation counter. Na*-
ATPase activity was calculated as the difference between the “P; re-
leased in the absence and presence of furosemide.

The bafilomycin-sensitive H*-ATPase was assayed as follows.
Membranes (0.5 mg/ml) were suspended in a reaction mixture con-
taining 130 mM KCI, 2 mM MgCl,, 10 mM HEPES-Tris (pH 7.2) and
5 mM [vy-"PJATP (~0.2 uCi/umol) in the absence or presence of 1 UM
bafilomycin A;. The reaction was stopped after 60 min as described
earlier for Na*-ATPase activity. H*-ATPase activity was calculated
as the difference between the P; released in the absence and pres-
ence of bafilomycin A;. These experimental conditions are optimal
for examining H™ transport in T. cruzi [25].

2.8. Determination of P; in the intestine and haemolymph of Rhodnius
prolixus

The P; concentration in the haemolymph of R. prolixus, the main
vector of T. rangeli, was measured by a colorimetric phosphate meth-
od [16], previously used to assay P; concentration in the intestine of
the insect [6].

2.9. Statistical analysis

All experiments were performed in triplicate, with similar results
obtained from at least 3 different cell suspensions or membrane fractions.
Differences between groups were analyzed using Student's t-test, where-
as one-way ANOVA followed by Tukey's post-test was used to verify dif-
ferences within the experimental groups involving inhibitors. Statistical
significance was set at P<0.05. The program Sigma Plot/11.0 (Systat Soft-
ware Inc.) was used to measure transport kinetic parameters and the
functions were adjusted to the experimental points by non-linear regres-
sion (see later the corresponding equations).

3. Results and discussion

There are no literature reports describing the transport of P; across
the plasma membrane of trypanosomatids. T. rangeli cells grown in
low P; conditions incorporate the anion at a rate of 7 pmol per
min~ ! per 107 cells in the presence of choline chloride (the Na*-in-
dependent component, open circles in Fig. 1) and 22 pmol per min ™!
per 107 cells in the presence of Na™ (the total rate) . The Na*-dependent
component, 15 pmol per min~ ! (filled circles in Fig. 1), calculated as the
difference between the total P; transport measured in Na-containing
media minus the Na*-independent component) T. rangeli therefore ex-
presses at least two P; transport systems. We have previously demon-
strated that proliferation of T. rangeli depends of the presence P; in
the culture medium [5], and that the ecto-phosphatase activity of
the parasite is highest when grown in a P;-starved medium [6]. There-
fore, it is reasonable to propose a functional coupling between ecto-
phosphatase and the P; transporter ensures effective uptake, particularly
when the level of P; decreases in the culture medium. During its evolu-
tion (~2 weeks) inside the intestine of its vector, Rhodnius prolixus,
and towards the haemolymph, the parasite faces different P; levels
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(16 mM in the intestine [6]; 0.6 mM in the haemolymph). Therefore, the
existence of a transporter that senses external P; is of the utmost rele-
vance for the parasite life cycle. P; uptake capacity coupled with Na* ap-
pears to be essential for growth and survival of other parasites, in an
extra- or intra-cellular milieu, as in Plasmodium falciparum [26]. This
suggests that an electrochemical gradient of Na™ is one of the driving
forces for P; uptake in T. rangeli, as described in many other cells [27],
thus preserving the capacity to adjust velocity to cellular P; demands.

The Na™ concentration dependence of the rate (v) of the total P;
uptake (Fig. 2A) showed Michaelis-Menten characteristics with an
additional component:

v P; uptake = Vg0 + {Vmax x [Na*} /(KO.S,Na + [Nf] )} (1)

where Vo is the velocity in the absence of Na™ (140 mM choline chlo-
ride; 7.5+0.4 pmolxmin~!x (107 cells)™') and, with their usual
meanings, the values of apparent Ko 5 na and Vi,ax were 1.2 4+ 0.3 mM
and 22.0+1.2 pmolxmin~'x (107 cells) ™!, respectively. The very
high affinity for Na™ should allow P; uptake by parasites in a very low
Na* environment, such as the interior of the cells of salivary glands
where metacyclogenesis occurs [28], thereby allowing the transporter
to be saturated and reach V.. The experiment in Fig. 2A, however, is
insufficient to suggest the stoichiometry of the transport.

The significant uptake activity of the cells in the presence of cho-
line alone seen in Fig. 1 clearly indicates the existence of another P;
transport system independent of Na*. This view is supported by the
addition of monensin reducing P; accumulation inside cells in the
presence of NaCl to the level observed in the presence of choline
alone (venol, Eq. (1); Fig. 2B). Therefore, approximately one third of
the total uphill P; uptake in T. rangeli is not driven by an inwardly ori-
ented Na™ gradient. In view of the findings shown in Figs. 1 and 2, the
following experiments were carried out to characterize both compo-
nents (the Na*-independent and the Na™-dependent) of P; uptake.

In contrast to the Na™ curve, the dependence on P; concentration
of P; uptake showed sigmoidal behavior for both components (Fig. 3):

v P; uptake = Vingy ¢ [P"/{ (Kospi) "+ [P"} @)

For the Na*-independent component, the Hill coefficient (n),
Kos, pi and Vpax values were 2.6+0.1, 45+7uM and 6.640.7
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Fig. 3. P; concentration dependence of P; influx. “’P; uptake was measured in living par-
asites in media containing 140 mM NaCl or 140 mM choline chloride at pH 7.4, supple-
mented with the given concentrations of potassium orthophosphate (P;, 5-500 pM)
and traced with “’P; (25 uCi/ml assay). The Na*-independent component (A, empty cir-
cles) was that measured in the presence of choline chloride; the Na*-dependent com-
ponent (B, filled circles) was calculated as described in the legend to Fig. 1. Data are
means + S.EM. (n=5). The function described by Eq. (2) (see text) was adjusted to
the data point by non-linear regression (r*=0.90 in A; r* =0.99 in B). The kinetic pa-
rameters are given in the text.
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pmolxmin~!x (107 cells) ™!, respectively. For the Na™-dependent
component, the respective values were 2.3+0.2, 58+3 uM and
17.14+0.6 pmolxmin~'x (107 cells)™'. The data clearly show
that at least two different mechanisms for P; uptake with similar af-
finities, but different transport capacities and energized by different
ionic gradients, are present in T. rangeli. It is important to take into
account that both the affinity and the transport capacity values
could not represent solely the kinetic properties of the P; trans-
porters themselves, since they can be influenced by the sequestra-
tion of the anion by metabolism, as proposed for nucleobase
uptake [29]. Moreover, the sigmoidicity of the curves may reflect
the superimposed influence of a rapid metabolization of internal-
ized P; rather than an intrinsic kinetic property of the transporters.

The apparent micromolar affinities for P; described here could also
reflect various affinities in distinct transporters in the plasma membrane
of T. rangeli, as is the case for S. cerevisiae. This yeast has evolved two
high-affinity phosphate transport systems to adjust the uptake capacity
for different P; concentrations in various environments [30]. In addition
to several low-affinity constitutive transporters [30], S. cerevisiae ex-
presses high-affinity Pho84p HT-coupled and very high-affinity
Pho89p cation-coupled symporters [10]. These symporters are upregu-
lated by the PHO pathway in response to low external P; [31].

A partial mRNA sequence from a putative T. rangeli P; transporter
has been cloned and sequenced. Blastx analysis indicated a great
similarity to other putative P; transporters encoded by trypanosoma-
tids and with the well-characterized P. falciparum transporter
(Table 1). Moreover, the T. rangeli P; transporter has similarity with
the well-characterized S. cerevisiae transporter PHO89 [12]. The
amino acid sequence deduced from its mRNA shows it has a con-
served PHO-4 domain, also present in the yeast Na™:P; symporter
[32]. These results confirm that the mRNA cloned sequence probably
encodes a P; transporter.

The rate of P; uptake at pH 6.4 was approximately two-fold higher
than at pH 8.4 for both the Na*-independent and the Na"-dependent
components (Fig. 4). The increased transport rates at the lower pH
may reflect a preference for H,PO; over HPOZ ™. As P; has a pKj; of
7.1 for the second H™ under physiological conditions, the ratio of
monovalent (H,PO; ) to divalent (HPO3 ) P; decreases as the extra-
cellular pH increases from 6.4 to 8.4. Fig. 4 shows that the influence
of pH is different for the Na*-independent and the Na™-dependent
components. P; uptake by the Na'-independent mechanism slowly
decreases (>50%) from pH 6.4 to 8.4, without statistical difference
between pH 6.4 and 6.8. In contrast, P; uptake by the Na™-dependent
component decreases by approximately one third at the same pH in-
terval and transport then remains nearly constant over a pH interval
in which the ratio H,PO;/ HPO3 gradually changes from 2:1 to
1:20, suggesting that HPOZ ™ can also be transported. In P. falciparum,
the carrier-mediated influx of P; takes place through a transporter
displaying a strong preference for H,PO; over HPO;~ [26]. The ob-
served difference in pH dependence of the two mechanisms may re-
flect different affinities of the carriers for the acidic and alkaline
forms of the anion. However, the inherent (and unknown) pH-
dependence of the P; transporters in T. rangeli could also favor a
higher velocity of uptake at lower pH values, as well as producing

Table 1
Comparison of aligned amino acid sequences of partial phosphate transporter from
Trypanosoma rangeli and other organisms.

Accession number Species Identity (%) Similarity (%)
XP818641 Trypanosoma cruzi 98 99
XP001466587 Leishmania infantum 63 81
XP847723 Leishmania major 61 79
XP001566413 Leishmania braziliensis 60 78
NP009855 Saccharomyces cerevisiae 38 60
XP001614191 Plasmodium vivax 36 64
XP001350133 Plasmodium falciparum 34 62
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Fig. 4. pH dependence of P; uptake. “P; uptake was measured in intact cells using
100 uM “P,. The Na*-independent (A, empty circles) and the Na*-dependent (B, filled
circles) components were measured as described in the legend to Fig. 1. Medium pH
was adjusted to the values shown on the abscissa by adding concentrated HCl (6.4
and 6.8) or KOH (7.4, 7.8 and 8.4). The ratio H,PO, /HPOZ~ varied from 5:1 at pH 6.4
to 1:20 at pH 8.4. Controls showed cells were viable during the experiments. Data
are means 4 S.E.M of 4 determinations with different cell suspensions. *Significantly
different from the values obtained at pH 6.4 by the unpaired t-test.

different shapes in the curves. Given the observation that there is an
important contribution of a Na™-independent component of P; up-
take (Figs. 1 and 2), the data in Fig. 4 raise the possibility that a supply
of H* to the cytosol does occur upon dissociation of H,POy, thus the
need for an efficient mechanism for H™ extrusion may be functionally
coupled to P; entry. To explore the possibility that preservation of an
electrogenic H™ pumping activity is required for P; uptake, the effects
of FCCP (the H™ ionophore) and bafilomycin A; (the inhibitor of the
plasma membrane H™ pump) were investigated.

Depolarization of the parasite plasma membrane using FCCP (Fig. 5)
strongly reduced P; uptake by both the Na*-independent and Na*-de-
pendent mechanisms (the latter being barely detectable in the presence
of the ionophore), supporting the view that an electric potential gradi-
ent Ays is necessary for an electrogenic (influx of a positive net charge)
or electroneutral transport of P; coupled with Na™ or not. In S. cerevisiae,
the highest-affinity Pho89 plasma membrane Na™-coupled P; trans-
porter demonstrates a Michaelian dependence on Na™ concentration
[31], and the P; uptake activity was reduced in the presence of carbonyl
cyanide m-chlorophenylhydrazone, showing that disruption of Ays (and
of a H" gradient) limits Na*-coupled P; influx mediated by the Pho89
transporter [32]. In T. cruzi, the H*-ATPase plays a significant role in
the regulation of Ays at all developmental stages, as shown by the sup-
pression of Ays by the H*-ATPase inhibitors, dicyclohexylcarbodiimide
diethylstilbestrol, N-ethylmaleimide and bafilomycin A; [33]. The H*-
dependent transmembrane electric field could aid in reorientation of
the symporter after P; intracellular release to facilitate the beginning
of a new transport cycle, as proposed for mammalian Na™:P; trans-
porters [34].
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Fig. 5. Effects of H* ionophore and inhibitors of H*-ATPase, (Na*+K*)ATPase and
Na*-ATPase on P; influx. P; uptake by intact cells was assayed in the presence of
100 uM P, (pH 7.4), without or with addition of 10 UM FCCP, 100 nM bafilomycin A,
(BA), 2 mM ouabain (Ouab) or 2 mM furosemide (Fur), as shown on the abscissa.
The Na*-independent (A) and the Na*-dependent (B) components were measured
as described in the legend to Fig. 1. Data are means 4 S.E.M. (n=6). Differences were
estimated by one-way ANOVA followed by Tukey's post-test. *Significantly different
from the control without additions; # in B indicates difference between the FCCP and
furosemide groups.

Mammalian Na™:P; transporters use the inwardly created Na*
electrochemical gradient created by the (Na™+K*)ATPase to drive
P; import. This is clearly not the case for T. rangeli for two reasons:
(i) (Na*+K™) ATPase activity is very low in its plasma membrane
(not shown), and (ii) addition of ouabain does not affect “’P; uptake
(Fig. 5). The inhibition of “P; uptake by furosemide points to an
ouabain-resistant, furosemide-sensitive Nat-pumping activity as
being responsible for generating an inwardly directed Na* gradient
in T. rangeli cells to energize uphill Na™:P; entry. The ouabain-
insensitive Na™*-ATPase activity has previously been described in T.
cruzi [35]. It was subsequently cloned and purified from this parasite
and called TcENA [22]; this characterization was very recently
achieved in mammalian cells [23]. Even though the trypanosomatid
and mammal ouabain-resistant and furosemide-sensitive Na*-
ATPases are structurally and kinetically different, Fig. 5 gives support
for the idea that an alternative mechanism can be responsible for the
generation of the Na™ gradient required for the secondary active
transport of other chemical species such as P;.

Two other observations from Fig. 5 deserve special mention:
(i) whereas the Na*-independent component of P; uptake is sensitive
to bafilomycin A;, the Na*-dependent is not; (ii) furosemide, the inhib-
itor of the Na™-ATPase, inhibits both components to approximately the
same extent. Inhibition of the Na*-independent component by bafilo-
mycin A; suggests a coupling between P; and H transport, which
depends of a H* sustained gradient. Conversely, the Na™-dependent
uptake being insensitive to inhibition of the bafilomycin-sensitive H*-
ATPase indicates that the Na™:P; coupled influx may be independent

ofaH™ gradient, independently of a possible partial influence of the lat-
ter on Ays. The ~50%-inhibition of the Na'-independent P; by furose-
mide, is compatible with the view that the Na*-ATPase participates in
the generation of the membrane potential in T. rangeli. When the poten-
tial is partially collapsed, P; uptake decreases, as in the case of addition
of FCCP. There is no information about the electrogenicity of the Na™-
ATPase in trypanosomatids [22,35], but the fact that the turnover of a
Na*-ATPase from a marine microalga is associated with the generation
of a transmembrane Ays [36] opens up this possibility in our case.

The experiments presented in Fig. 6A demonstrated a high Na*-
ATPase activity in membranes isolated from T. rangeli grown in a me-
dium with low (2 mM) P;, whereas this activity was >10-fold lower
in membranes from cells grown in high (50 mM) P;. Up-regulation
of the Na*-ATPase has been implicated in the response of yeast
cells to stress, represented by an alkaline environment that allows
more efficient acquisition of P; via the PHO89p Na™:P; symporter
[37]. The fact the H*-ATPase activity remained unchanged under
the same conditions (Fig. 6B) reveals that, despite its influence in
the Na"-independent P; transport mechanism (Fig. 5A), modulation
of this pump does not participate in the adaptative response to vary-
ing extracellular P; in T. rangeli.

The importance of the high-affinity Na*-dependent and Na™-
independent (possibly H"-dependent) P; transport systems for
T. rangeli cells grown under low P; starvation conditions has been
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Fig. 6. Ouabain-resistant, furosemide-sensitive Na*-ATPase activity (A) and bafilomy-
cin A;-sensitive HT-ATPase (B) in membranes isolated from T. rangeli epimastigotes
grown in high (50 mM, gray bars) or low (2 mM, empty bars) P; during culture, as
shown on the abscissae. The enriched plasma membrane fraction obtained from T. ran-
geli cells was assayed for Na*-ATPase and H"-ATPase as described in Materials and
methods (subsection 2.7). Data are means+S.E.M. of 4 determinations carried out
with membranes obtained from different parasite cultures. Asterisk denotes a signifi-
cant difference in Na*-ATPase when compared to that in cells grown at low P; (un-
paired t-test).
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confirmed by the data shown in Fig. 7. In parasites grown in high
(50 mM) P; culture medium, both components of Pi uptake were re-
duced compared with parasites grown at low (2 mM) P;. The fact that
the Na*-independent and the Na*-dependent mechanisms increase
40 and 140%, respectively, when parasites are in low P; during their
growth is in line with the observation that the bafilomycin-sensitive
H"-ATPase, the important adjuvant of the Na™-independent transport
(Fig. 5A), is not affected by changes in external P; (Fig. 6B). The fact
that Na*-ATPase activity found in parasites grown in high P;
(Fig. 6A) decreased by >90% whereas P; transport is only 30% (the
Na*-independent component, Fig. 7A) or 50% lower (the Na*-dependent
component, Fig. 7B), may indicate that the small Na*-ATPase activity suf-
fices to generate an electric and a Na*t gradients that can sustain a
significant P; uptake.

The different profiles of inhibition of the two components (nota-
bly the inhibition by bafilomycin A; of the Na™-independent compo-
nent, without any influence on the Na*-dependent component)
(Fig. 5) support the interpretation that there are at least 2 mecha-
nisms, although the possibility that a single transporter is responsible
for P; uptake in T. rangeli could not be discarded. The similarities in
the kinetic constants in the presence and absence of Na™ could
favor this alternative.

Interestingly, parasites grown in low or high P; have with the
same TrPho89 and TrENA mRNA levels during the exponential and
the stationary phase of growth (data not shown). Despite the
marked influence of external P; during growth on Nat-ATPase
(Fig. 6A) and on P; influx (Fig. 7), expression of these genes may
not be related to the adaptative events induced by low and high P;
in culture during growth. Thus, these two results support the idea
that increase in P; uptake capacity under starvation conditions is re-

lated to translational and/or post-translational modifications
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Fig. 7. P; uptake activity of living T. rangeli grown in high (50 mM, gray bars) or low
(2 mM) P; concentrations, as shown on the abscissae. “P; was assayed in intact cells
as described in subsection 2.3 using 100 uM >2P; (pH 7.4). The Na*-independent (A)
and the Na*t-dependent (B) components were measured as described in the legend
to Fig. 1. Data are means +S.E.M. (n=6) of determinations of cell suspensions from
different cultures. Differences were estimated by unpaired t-test. For both components,
an asterisk denotes a significant difference compared with cells grown at low P; in cul-
ture medium.

metabolism

furosemide

bafilomycin A,

H+

Fig. 8. Proposed P; uptake mechanisms in T. rangeli functionally coupled to plasma
membrane bafilomycin A;-sensitive H"-ATPase and ouabain-resistant, furosemide-
sensitive Na*-ATPase. Arrows indicate the direction of ion fluxes. For further descrip-
tion, see text.

affecting TrPho89 and TrENA, the more widely adaptative strategies
in trypanosomatids [38,39], although on/off short-term mechanisms
of activation for these transporters need to be considered. The
ouabain-insensitive Nat-ATPase is a particular target for a delicate
ensemble of kinase-mediated regulatory mechanisms [40]. In this re-
gard, it is noteworthy that, in mammals, P; was recently postulated
to be a specific signaling molecule that can activate several signaling
pathways to modulate P; transporters downstream [41]. An appro-
priate P;-sensing mechanism has also been proposed [41]. Therefore,
we might speculate that extracellular P; levels are the primary sig-
nals for cascades that modulate TrPho89 and TrENA activity, al-
though this requires confirmation.

In summary, the results presented here demonstrate that mecha-
nisms of P; transport in T. rangeli, energized by inwardly directed Na™
and H™ gradients and depressed under normal P; supply, are activat-
ed when the parasite is grown in a medium with restricted P; avail-
ability (Fig. 7). Fig. 8 graphically summarizes the ensemble of
coupled transport events that may be essential for P; acquisition dur-
ing epimastigotes development. The Na™:P; (1 at the top) and H™:P;
(2, right) allow incorporation of the anion into the cytosol and its de-
livery to Pi-requiring metabolic pathways of the parasite. Coupled H™
extrusion by a bafilomycin A; sensitive ATP-driven pump (3, bottom)
and Na%t extrusion mediated by the ouabain-resistant and
furosemide-sensitive Na"-ATPase (4, left) allow a continuous steady
influx of P; in Na'-independent and Na'-dependent manners,
according to metabolic requirements. It is also postulated that modu-
lation of high-affinity primed P; transporters and Na*-ATPase, which
are lower in an abundant P; supply when low-affinity carriers proba-
bly suffice [42], plays a central role in fine-tuning the rates of the
transporters to the intracellular P; demands.
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