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Abstract Trypanosoma brucei is an extracellular protozoan
parasite that causes human African trypanosomiasis or
Bsleeping sickness^. During the different phases of its life
cycle, T. brucei depends on exogenous inorganic phosphate
(Pi), but little is known about the transport of Pi in this organ-
ism. In the present study, we showed that the transport of 32Pi
across the plasmamembrane followsMichaelis-Menten kinet-
ics and is modulated by pH variation, with higher activity at
acidic pH. Bloodstream forms presented lower Pi transport in

comparison to procyclic forms, that displayed an apparent
K0.5 = 0.093 ± 0.008 mM. Additionally, FCCP (H+-iono-
phore), valinomycin (K+-ionophore) and SCH28080 (H+,
K+-ATPase inhibitor) inhibited the Pi transport. Gene
Tb11.02.3020, previously described to encode the parasite
H+:myo-inositol transporter (TbHMIT), was hypothesized to
be potentially involved in the H+:Pi cotransport because of its
similarity with the Pho84 transporter described in S. cerevisiae
and other trypanosomatids. Indeed, the RNAi mediated
knockdown remarkably reduced TbHMIT gene expression,
compromised cell growth and decreased Pi transport by half.
In addition, Pi transport was inhibited when parasites were
incubated in the presence of concentrations of myo-inositol
that are above 300 μM. However, when expressed in
Xenopus laevis oocytes, two-electrode voltage clamp experi-
ments provided direct electrophysiological evidence that the
protein encoded by TbHMIT is definitely amyo-inositol trans-
porter that may be only marginally affected by the presence of
Pi. These results confirmed the presence of a Pi carrier in
T. brucei, similar to the H+-dependent inorganic phosphate
system described in S. cerevisiae and other trypanosomatids.
This transport system contributes to the acquisition of Pi and
may be involved in the growth and survival of procyclic
forms. In summary, this work presents the first description
of a Pi transport system in T. brucei.
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FCCP Carbonylcyanide-p-
trifluoromethoxyphenylhydrazone

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IDP Imidodiphosphate
PSG Phosphate-sodium-glucose

Introduction

African trypanosomiasis is a parasitic disease of medical and
veterinary importance affecting mainly the sub-Saharan
Africa. Their causative agents, the African trypanosomes, are
hemoflagellate and blood-borne unicellular protozoans that are
transmitted through the bite of tsetse fly species (Glossina
spp.) and cause often-fatal diseases in various mammals
(Beschin et al. 2014). Human African trypanosomiasis
(HAT) or sleeping sickness is caused by T. brucei gambiense
and T. brucei rhodesiense (Steverding 2008). Animal African
trypanosomiases (AAT) are caused by a large number of spe-
cies that include T. congolense, T. vivax, T. evansi and T. brucei
bruceiwhich cause BNagana^ in cattle, and T. equiperdum that
causes BDura^ in horses (Lopes et al. 2010).

Without prompt diagnosis and treatment, HAT is usually
fatal. The parasites multiply in body fluids, cross the blood–
brain barrier and invade the central nervous system (WHO
2014). According to Food and Agriculture Organization
(FAO), the infection threatens an estimated 60 million people
and about 50 million of cattle livestock. AAT causes 3 million
deaths in cattle every year and Nagana has a severe impact on
agriculture in sub-Saharan Africa (FAO 2015).

It is known that inorganic phosphate (Pi) is important for
several cellular functions and, in addition, for biochemical
reactions related to the transfer of phosphoryl groups (Dick
et al. 2014). In Saccharomyces cerevisiae, intracellular levels
of phosphate are regulated by the PHO system. There are two
major transporters described: a repressible high-affinity sys-
tem (active at low concentrations of Pi) and a low-affinity
system (active at high concentrations of Pi). High-affinity sys-
tem comprises two Pi transporters, namely Pho84 and Pho89.
Pho84 is an H+/Pi cotransporter (Persson et al. 1998, 1999),
while Pho89 is a Na+/Pi cotransporter that is active at alkaline
pH (Martinez and Persson 1998). Also in S. cerevisiae, the
expression of the genes encoding these transporters is regulat-
ed by exogenous Pi concentration through the kinase/cyclin-
mediated PHO pathway (Auesukaree et al. 2003). Pi trans-
porters were also described in bacteria, plants and mammalian
cells (Harris et al. 2001; Ito et al. 2005; Lamarche et al. 2008;
Pavón et al. 2008; Villa-Bellosta and Sorribas 2010). It was
reported that Pho84 phosphate permease has the dual func-
tion, acting both as transporter and receptor (named
Btransceptor^). In this case the same phosphate-binding site
is involved in both transport and signaling (Kriel et al. 2011;
Schothorst et al. 2013).

Pi transporters were recently described in Plasmodium
falciparum, the causative agent of malaria (Saliba et al.
2006), and several trypanosomatid protozoan parasites, in-
cluding T. rangeli, Leishmania infantum and T. cruzi (Dick
et al. 2012; Russo-Abrahão et al. 2013; Dick et al. 2013). As
reviewed previously, T. rangeli and T. cruzi possesses two
independent Pi incorporation mechanisms: Na+-independent
Pi uptake that is most likely H+-dependent and Na+-dependent
Pi uptake (Dick et al. 2014). In contrast, L. infantum possesses
only H+-dependent Pi uptake mechanism that is similar to
S. cerevisiae, wherein Pi transport and cell growth is modulat-
ed by Pi deprivation (Persson et al. 2003; Vieira et al. 2011;
Russo-Abrahão et al. 2013). Regarding the Pi uptake, Na

+:Pi
and H+:Pi transporters probably facilitate the entry of Pi into
the cytosol, which allows Pi to be utilized by metabolic path-
ways (Dick et al. 2014). Putative Pi transporters with high
similarity to the yeast Pho84 and Pho89 and the Na+:Pi
symporter from P. falciparum were identified in the genome
of several trypanosomatids. Moreover, their corresponding
mRNAs were detected in T. rangeli, T. cruzi and L. infantum
by qRT-PCR (Dick et al. 2012; Russo-Abrahão et al. 2013;
Dick et al. 2013). In T. brucei, a putative Pho84 orthologue
(Tb11.02.3020), initially annotated in GeneDB/TriTrypDB as
a putative sugar transporter, is a H+:myo-inositol symporter
named TbHMIT that is essential for parasite survival in cul-
ture (Gonzalez-Salgado et al. 2012, 2015). The Na+:Pi-
symporter of P. falciparum is important for malaria parasites
to exploit the Na+ in the infected erythrocyte cytosol to ener-
gize the uptake of solutes (Saliba et al. 2006).

In this work, using biochemical, pharmacological and mo-
lecular approaches, we describe for the first time Pi transport
mechanisms in T. brucei procyclic forms.

Materials and methods

Materials

All reagents were purchased from Merck (Darmstadt,
Germany) or Sigma Chemical Co. (St. Louis, MO, USA).
Radioactive inorganic phosphate (32Pi) was purchased from
Instituto de Pesquisas Energéticas e Nucleares (IPEN,
Brazil). Distilled water used in the preparation of all solutions
was deionized with a Milli-Q system of resins (Millipore
Corp., Bedford, MA, USA).

Cell culture

Trypanosoma brucei brucei procyclic forms, strain 427, were
grown at 28 °C in SDM-79 medium (LCG Biotechnology,
Brazil) supplemented with 10% of foetal bovine serum (FBS)
(Vitrocell, Brazil) (de Souza Leite et al. 2007) and the cells
were cultured at intervals of 48/72 h. T. b. brucei strain with
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the plasmid pAG3020 (29–13 procyclic forms co-expressing a
tetracycline repressor and T7 polymerase) was cultured at
28 °C in SDM-79 containing 10% FBS, 25 μg/ml hygromycin
(Invitrogen, USA), and 15 μg/ml neomycin (G418, Invitrogen,
USA) (Gonzalez-Salgado et al. 2012). For experiments, the
parasites were harvested from the culture medium by centrifu-
gation at 1500 g, 4 °C for 10 min and washed three times in
buffer containing 100 mM sucrose, 20 mM KCl, 5.5 mM glu-
cose and 50 mM Tris (pH 7.2).

The bloodstream form strain 427 was obtained from Dra.
Ana Paula Cabral de Araujo Lima from the Instituto de
Biofísica Carlos Chagas Filho da UFRJ, and cultivated in
HMI-9 medium supplemented with Serum Plus (SAFC
Bioscience - USA) at 37 °C in a 5%CO2 humidified incubator
and 10% of FBS. These cells (105) were used to inject into
(BALB/c, males, 5–6 weeks) mice following the guidelines
approved by the Ethics Committee from Centro de Ciências
da Saúde of UFRJ (number IBCCF-085). The bloodstream
forms used in the experiments were obtained after 4 days of
infection. The parasites were isolated from the blood buffy coat
in PSG buffer (3 mM KH2PO4, 57.2 mM Na2HPO4, 45 mM
NaCl, 5.5 mM glucose at pH 8.0) by DEAE-cellulose chroma-
tography (DE-52,Whatman) as described earlier (Bakker et al.
1999). The cells were washed in PSG buffer and stored on ice
(Bakker et al. 1999). For the Pi transport, the cells were washed
in buffer comprising of 116 mMNaCl, 5.4 mMKCl, 55.5 mM
glucose and 10 mM HEPES (pH 7.2). Cell numbers were
counted using a Neubauer chamber.

Assay for 32Pi transport in T. b. brucei

T. b. brucei cells (5.0 × 107 cells/ml) kept in high (10 mM) or
low (1 mM) Pi, or with different concentrations of myo-inosi-
tol (Sigma-Aldrich, USA) were incubated at 25 °C for 1 h in a
reaction mixture (0.2 ml) containing, unless otherwise speci-
fied in the figure legends, 140 mM choline chloride, 1.5 mM
CaCl2, 5 mM KCl, 10 mM HEPES-Tris (pH 7.2), 1 mM
MgCl2, 0.1 mM KH2PO4 and 2.5 μCi/nmol 32Pi (Dick et al.
2013). For the comparison of bloodstream and procyclic
forms, cells were incubated with buffer containing 116 mM
NaCl, 5.4 mM KCl, 55.5 mM glucose, 10 mM HEPES
(pH 7.2), 0.1 mMKH2PO4 and 2.5 μCi/nmol 32Pi. Pi transport
was stopped by adding 0.2 ml of an ice-cold solution contain-
ing 140 mM choline chloride, 1.5 mM CaCl2, 5 mM KCl,
10 mM HEPES (pH 7.2) and 1 mM MgCl2. After washing
with the same cold buffer (4 °C), the cells were disrupted by
adding 0.1% (w/v) SDS. The mixture containing the 32Pi taken
up by the cells was then transferred (on a filter paper) to a
scintillation vial containing 9.0 ml of scintillation fluid. Blank
values of uptake were obtained by exposing the cells to the
reaction mixture and keeping them on ice during the time of
the experiment (De Koning et al. 2000).

To determine the substrate affinity (K0.5) and maximum rate
(Vmax) of the Pi transporter,

32Pi uptake was measured at Pi
concentrations over the range 0–0.5 mM. To evaluate the effect
of perturbations in the membrane potential of the parasite, we
used the H+ ionophore, FCCP (10 μM). The vacuolar ATPase
inhibitor bafilomycin A1 (100 nM) and the K+ ionophore van-
comycin (100 μM) (Ito et al. 2005; Uyemura et al. 2004;
Chintagari et al. 2010) were tested to verify the effect on 32Pi
transport in T. brucei. In addition, we also tested the H+,K+-
ATPase inhibitor, SCH28080 (100 μM), and pyrophosphate
analogs, IDP (100 μM) and AMDP (100 μM) (Marchesini
and Docampo 2002; Martinez et al. 2002). Control vehicles
were water (IDP and AMDP), DMSO 1% (bafilomycin A1,
valinomycin and SCH28080) and ethanol 1% (FCCP). Uptake
values obtained in the presence of the vehicles were similar to
the values obtained in water control. Pi transport was also
measured in the absence or presence of myo-inositol (10, 300
and 1000 μM). The viability of T. B. brucei was verified by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide)methodology (Mosmann 1983).

The 32Pi in the supernatant of the reaction mixture was
identified as the unique radiolabeled molecule by ascending
thin layer chromatography on PEI-cellulose sheets. It was
used 0.75 M Pi (pH 3.4) as solvent and the radioactive spots
were detected by autoradiography, according to Vieyra
et al. 1985.

Intracellular ATP determination

Intracellular ATP in T. B. brucei was measured using an ATP
bioluminescence assay kit as described by Martins and col-
leagues (Martins et al. 2009) with slight modifications.
Procyclic forms were incubated with 140 mM choline chlo-
ride, 1.5 mM CaCl2, 5 mM KCl, 10 mM HEPES-Tris
(pH 7.2), 1 mMMgCl2 and 0.1 mMKH2PO4 and centrifuged
at 3000×g. Aliquots of the sedimented parasites (5 × 107 cells)
were lysed in 0.1 ml of 3% trichloroacetic acid (TCA) supple-
mented with 2 mM EDTA. Ten minutes later the lysed sus-
pension was centrifuged at 10,000×g for 10 min and clear
aliquots (0.02 ml) of the supernatants were added to equal
volumes of the luciferin/luciferase buffer. The ATP content
was measured in a luminometer (Molecular Devices) as the
light emitted at 570 nm within 10 s. A diluted pure ATP
solution was used as standard.

RNA isolation and quantitative PCR (qPCR)

Total RNA was isolated from T. brucei procyclics transfected
with the plasmid pAG3020 grown in the absence or presence of
tetracycline (10 × 107 cells) using TRIzol®Reagent (Invitrogen
Corporation, Carlsbad, USA) according to the manufacturer^s
instructions. Total RNA concentrations were determined at
260 nm using a Nanodrop ND-1000 system (Thermo
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Scientific, Wilmington, USA), and the RNA samples used had
an A260/A280 ratio between 1.8 and 2.0. RNA integrity was
checked by native agarose gel electrophoresis. One microgram
of RNA was treated with RNase-free DNAse I (Fermentas
International Inc., Burlington, Canada) and used to synthesize
cDNAwith a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, USA). For qPCR, an
Applied Biosystems ABI Prism 7500 Real-Time PCR System
(Applied Biosystems) and SYBR Green PCR Master Mix
(Applied Biosystems) were used under the following condi-
tions: one cycle for 10 min at 95 °C, followed by 50 cycles of
15 s at 95 °C and 45 s at 60 °C. Genes were amplified using the
primers (Tb11.02.3020–5 ′-TGGAAACAAAGGGG
CTCACA-3′ and 5′-TTCACTGCATTGGGAACCGT-
3′;TcGAPDH – 5′-GCAGCTCCATCTACGACTCC-3′ and
5′-AGTATCCCCACTCGTTGTCG-3′). Primers were de-
signed using Primer3 software (Rozen and Skaletsky 2000).
All assays were performed in duplicates, and GAPDH expres-
sion was used for normalization (Giarola et al. 2013).
Amplification was followed by melting curve analysis.
Moreover, reaction products were subjected to agarose gel elec-
trophoresis to check amplification specificity.

T. b. brucei Tb11.02.3020 gene silencing by RNA
interference (RNAi)

The plasmid pAG3020 (Gonzalez-Salgado et al. 2012), con-
taining a fragment of 339 bp spanning nucleotides 842–1181
of the Tb11.02.3020 gene was used to down-regulate expres-
sion by RNAi. T. B. brucei procyclic forms 29–13 (4 × 107)
were isolated from mid-log phase (0.5–0.8 × 107 cells/ml) by
centrifugation at 1250 x g for 10 min, mixed with 100 μL of
electroporation solution of human T cell electroporation kit of
Nucleofector (Lonza, USA) containing 15 μg of linearized
plasmid pAG3020 with NotI and electroporated with the de-
vice U-033 program of AMAXA™ Nucleofector™
(LONZA, USA). Then, the electroporated cells were inoculat-
ed in 5 ml of SDM-79 medium containing 15% FBS, 25 μg/
mL hygromycin (Invitrogen, USA), and 15 μg/ml neomycin
(G418, Invitrogen, USA). After 12 h, an aliquot of 3 ml of the
culture was diluted 10× in medium containing 50% of fresh
SDM-79 medium and 50% of conditioned SDM-79 medium
containing 10% FBS and 2 μg/ml puromycin (Invitrogen,
USA) for the selection of parasites containing the plasmid
pAG3020 (SDM-selection). An aliquot of 100 μL/well were
distributed into 96-well plates (Corning, USA) which were
sealed with parafilm and kept in a moist chamber at 26 °C.
After 10–14 days, puromycin antibiotic resistant clones were
diluted in SDM-selection 1:5 and transferred to 24-well plates
(Corning, USA). After three cycles of dilution 1:5 to expand
the cultures, the parasites were tested for the presence of plas-
mid pAG3020 by PCR reaction using oligonucleotides
pALC14-F (5″-TTCGAGTTTTTTTTTCCTTTTCCCC-3`)

and Tb3020R (5″-GCTCTAGACTCGAGTGGGAA
CACCTGTGAAACAA-3`). Total DNA was extracted from
parasites with TotalPure DNA (BioAgency, USA) following
the manufacturer^s instructions. The PCR reaction was per-
formed in a final volume of 20 μL containing Taq buffer
(Biotools, USA), total DNA (10 ng), primers described above
at 0.8 μM and 1 U of Taq DNA polymerase (Biotools, USA).
The tubes were heated to 94 °C (Bhot-start^) prior to addition
of DNA polymerase. The incubation tubes programwas 94 °C
(30 s), calculated annealing temperature of 58 °C (45 s) and
72 °C (1 min) of length, with this cycle repeated 29X, follow-
ed by a final incubation for 9 min, 72 °C. Control reactions
were incubated under the same conditions but in the absence
of total DNA template or in the presence of pAG3020 plas-
mid. For all analyzes, the DNA containing samples were sub-
jected to electrophoresis on agarose gel 1% type LE
(Promega, USA) containing ethidium bromide 0.5 μg/mL
(BioAgency, Brazil). The 1 kB GeneRuler (Fermentas, USA)
was used as the DNA size standard. After electrophoresis, the
gels were visualized byUV trans-illuminator and the results of
separations photo-documented using ImageQuant system
(GE Healthcare, USA). The induction of RNAi was started
by addition of 1 μg/ml tetracycline (Sigma, USA) to the par-
asite cultures.

Expression and functional characterization
of Tb11.02.3020 in Xenopus oocytes

The Tb11.02.3020 gene was amplified using primers
Tb3020–2-F (5-CCGCTCGAGATGAAGTGGCG
CGTGAAGAT-3) and Tb3020–2-R (5-CCCAAGCT
TCTAAATGGGCGCACGGGC-3), resulting in plasmid
pAG3020–2, and inserted between the XhoI and HindIII
sites of pCDNA3.1(−) vector (Invitrogen). From the line-
arized vector, the capped cRNAwas synthesized (Ambion,
Applied Biosystems, Rotkreuz, Switzerland), and a
poly(A) tail of about 300 residues was added to the tran-
script using yeast poly(A) polymerase (USB, USA).
Aliquots containing 100 nM RNAwere prepared from this
stock solution and stored at −80 °C. Xenopus laevis oo-
cytes were prepared, injected, and defollicated as described
previously (Gonzalez-Salgado et al. 2012; González-
Salgado et al. 2015). Each oocyte was injected with 50 nl
of cRNA solution (5 fmol of RNA/oocyte) followed by
incubation in modified Barth’s solution (10 mM HEPES,
pH 7.5, 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3,
0.82 mM MgSO4, 0.34 mM Ca(NO3)2, 0.41 mM CaCl2,
100 units/ml penicillin, 100 μg/ml streptomycin) at 18 °C
for 3 days before measurements. Electrophysiological ex-
periments were performed exactly as described before
(Gonzalez-Salgado et al. 2012, 2015) but comparing the
effects of different concentrations of either myo-inositol
or Pi, or both.
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Statistical analysis

In all cases, at least three independent experiments were per-
formed in triplicate. The values shown in all experiments rep-
resent the mean ± SE. Kinetic parameters (apparent K0.5 and
Vmax values) were calculated using nonlinear regression anal-
ysis of the data to the Michaelis–Menten equation. Relative
expression and ΔΔCt values were calculated from the Ct
(cycle threshold) values obtained from qPCR as described
elsewhere (Nordgård et al. 2006). The mean ΔΔCt values
obtained from our experiments were subjected to Grubb^s test
to detect outliers (Burns et al. 2005), and a comparison among
the different conditions was made using an unpaired t-test or
Student^s t-test. Differences were considered significant at
p < 0.05. The relative expression values (2 − ΔΔCt) were
used only for graphic construction. All statistical analyses
were performed using Prism 5.0 software (GraphPad
Software, San Diego, USA).

Results

Characterization and kinetic parameters of Pi uptake
by procyclic forms

To investigate if procyclic forms of T. brucei are able to take
up Pi, trace amounts of 32Pi were added to the cell suspensions
and time-dependent incorporation of label into parasites was
determined by measuring the radioactivity in the cell pellet

after centrifugation and disrupting the cells with SDS. As
shown in Fig. 1a, procyclic forms of T. brucei are able to
incorporate 32Pi and this uptake is linear for 60 min. Longer
times of incorporation could possibly lead to saturation, but
our aim was solely to analyze the linear phase of transport to
determine the apparent kinetic parameters. In addition, Pi up-
take also increased linearly with the cell number (Fig. 1b). The
affinity for Pi uptake by the parasites was evaluated, revealing
that Pi transport followed Michaelis–Menten kinetics over the
Pi concentration range of 5–500 μM (Fig. 1c). The transporter
kinetic parameter values were calculated and revealed an ap-
parent K0.5 = 0.093 ± 0.008mMand a Vmáx = 3.2 ± 0.1 nmol x
min−1 × 10−7 cells.

The supernatant of Pi transport medium was used to verify
the presence of 32P. PEI-cellulose chromatogram was used to
reveal the prominent radioactive spots and compared to the
relative migration of standard [32Pi]Pi . No other radiolabeled
molecule was observed between the origin and [32Pi]Pi
(Fig. S1).

It has been reported earlier that the optimum pH for H+-
dependent Pi transport is in the acidic range, whichmay reflect
a preference for transport of phosphate in protonated forms.
pH values ranging from 6.4 to 8.4 were tested, and the trans-
port in the acidic pH was higher than in alkaline pH, as shown
in Fig. 1d. Thus, all the following experiments were per-
formed at pH 7.2, the same as the parasite culture medium.

Maintaining nutrient homeostasis is critical to all cells and
in particular to microorganisms, whose environment fluctu-
ates in unpredictable ways. When nutrients are depleted,

Fig. 1 Kinetic parameters of Pi
transport by T. b. brucei: time
course (a), effect of cell density (b),
dependence of Pi on

32Pi influx (c)
and effect of pH (d). Intact cells
were incubated at 25 °C in a
reaction mixture containing
140 mM choline chloride, 5 mM
KCl, 1.5 mM CaCl2, 10 mM
HEPES (pH 7.2), 1 mMMgCl2,
0.1 mM KH2PO4, 2.5 μCi/nmol
32Pi, (a) either for different times
with 5 × 10−7 cells/ml; (b) with
different cell concentrations for 1 h
as shown in abscissa; (c) in various
concentrations of KH2PO4 (0–
0.5 mM) for 1 h or (d) with 10mM
HEPES-Mes-Tris with a pH
ranging between 6.4 and 8.4. In
this pH range, the cells were viable
throughout the experiment. The
data shown are the mean activities
± SEM of at least three
experiments, with different
cell suspensions
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low-affinity transporters are replaced by high-affinity ones
(Levy et al. 2011). Therefore, we measured Pi transport activ-
ity in cells growing at low (1 mM) and high (10 mM) concen-
tration of Pi. As expected, based on observations with other
heteroxenic trypanosomatids (Dick et al. 2014), Pi uptake was
six times higher in cells cultivated at low concentrations of Pi
(Fig. 2).

To assess the effect of perturbation of the parasite plasma
membrane potential gradient on Pi uptake (and possibly the H

+

distribution across the membrane), parasites were incubated in
the absence or presence of the H+ ionophore FCCP and the H+-
pump inhibitor bafilomycin A1. As shown in Figure 3, depo-
larization of the plasma membrane with FCCP reduced Pi up-
take, the opposite of what happened with bafilomycin A1. In
addition, we tested the pyrophosphate analogs and
pyrophosphatase inhibitors AMDP and IDP, respectively, but
observed no effect of these inhibitors on Pi transport, suggest-
ing no involvement of H+-pyrophosphatase coupled to this Pi
transport system in T. brucei procyclics (Fig. 3a). Finally, we
found that valinomycin, a K+ ionophore, and SCH28080, a
H+,K+-ATPase inhibitor, were able to inhibit the Pi transport
in this parasite (Fig. 3a). Taken together, these data suggest the
importance of H+,K+ gradient for Pi transport, possibly via
involvement of a SCH28080 sensitive - H+,K+-ATPase.

ATP levels

Recently, Dick et al. (2013) suggested that FCCP, valinomycin
and SCH28080 could have metabolic effects at the mitochon-
drial level leading to severe ATP depletion, thus indirectly
affecting the active Pi uptake. Therefore, we measured the
intracellular ATP content under Pi transport conditions, in the
absence or presence of SCH28080, valinomycin and FCCP,
which inhibit Pi transport in procyclic forms (Fig. 3a). The
results showed that only FCCP led to a decrease in cellular
ATP levels (Fig. 3b).

Pi transport in procyclic and bloodstream forms

While T. brucei procyclic forms multiply in the mid-gut of the
tsetse fly, bloodstream form parasites proliferate in body fluids
of the mammalian host. Comparison of Pi uptake between the
two life cycle forms showed that Pi transport was much higher
in procyclic forms than in bloodstream forms, as measured at
their respective growth temperatures, i.e. 25 °C and 37 °C,
respectively (Fig. 4).

RNA interference, growth curve, and Pi transport

Using the translated protein sequence of S. cerevisiae Pho84
(accession number: NP_013583.1), we identified in the
TritrypDB a gene encoding a protein (Tb11.02.3020) with
24% identity at the protein level to the ScPho84 H+:Pi
symporter. However, a recent study demonstrated that
Tb11.02.3020 gene encodes a bona-fide H+-myo-inositol
symporter (named TbHMIT) that is essential for normal
growth of T. brucei brucei procyclic (Gonzalez-Salgado
et al. 2012) and bloodstream forms (González-Salgado et al.
2015). In recent studies based on 3-dimensional structure of
ScPho84, generated using bacterial GlpT permease as a tem-
plate and multiple sequence alignments of phosphate trans-
porters from plants, bacteria and fungi, key amino acids were
identified to play an important role in phosphate transport
(Ceasar et al. 2016; Samyn et al. 2012). The PSI-Coffee align-
ment of ScPho84 and TbHMIT (Di Tommaso et al. 2011)
indicated that important functional residues in ScPho84 phos-
phate transporter, like the corresponding Q206, D358, Y362
and K492 residues that are important for the phosphate-
binding site, and D78, R168 and E473 residues that are im-
portant for the H+-binding site (Ceasar et al. 2016; Samyn
et al. 2012), are conserved (Q177, D324, Y329 and K459,
and D19, R101 and E438, respectively) in TbHMIT (data
not shown). Therefore, after the biochemical characterization
of the Pi transport preferences in procyclics, a cell line with
TbHMIT tetracycline-inducible RNA interference (RNAi)
was generated to test its potential influence in Pi transport.

For gene silencing experiments, T. B. brucei procyclic
forms were transfected with plasmid pAG3020 (Gonzalez-
Salgado et al. 2012). Initially, the plasmid pAG3020 was lin-
earized with NotI restriction enzyme (Fig. S2A), and then was
electroporated into T. B. brucei 29.13 procyclic forms.
Parasites were then selected, and subsequently cloned by lim-
iting dilution as described inMaterials and Methods. The total
DNA from several clones were isolated (data not shown) and
the presence of plasmid pAG3020 in two clones were detected
by PCR. As shown in Fig. S2B, amplicons were generated
only in the presence of DNA isolated from parasites
transfected with plasmid pAG3020 and the clone F5 was cho-
sen for further experiments.

Fig. 2 Effect of Pi concentration in the culture medium on Pi transport.
Intact cells grown for 72 h in the presence of 1 or 10 mM Pi in the culture
medium were incubated for 1 h at 25 °C in a reaction mixture containing
140 mM choline chloride, 5 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2,
10 mM HEPES (pH 7.2), 0.1 mM KH2PO4 and 2.5 μCi/nmol 32Pi. The
results are the means ± S.E.M. for three independent determinations. (*)
p < 0.001 by Student’s t-test or unpaired t-test
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Transfected F5 cells were grown in the absence or pres-
ence of tetracycline, with the aim of inducing TbHMIT
gene silencing. As expected, after the fourth day of culture,
growth of cells maintained in the presence of tetracycline
decreased (Fig. 5). TbHMIT mRNA levels and Pi transport
were compared in cells grown for two and three days in the
presence of tetracycline (Fig. 6). The results show that
while TbHMIT mRNA levels dropped by 80% (Fig. 6a-
b), transport of Pi decreased by >50% (Fig. 6c-d). Thus,
in addition to impaired uptake of myo-inositol caused by
silencing of TbHMIT (Gonzalez-Salgado et al. 2012),
RNAi-induced parasites also showed reduced transport of
Pi. This surprising effect suggested that the transporter may

mediate both inositol and Pi uptake, which prompted us to
perform experiments of Pi transport in the presence of in-
creasing concentrations of myo-inositol. As shown in
Fig. 7, there was a significant decrease in Pi uptake when
parasites were incubated with concentrations of myo-inosi-
tol higher than 300 μM.

In addition, we performed functional biochemical studies
to determine if TbHMIT mediates Pi transport in the Xenopus
laevis expression system. Microinjected oocytes were per-
fused with different concentrations of Pi. While myo-inositol
elicited currents in these oocytes and but currents in water-
injected control oocytes (Gonzalez-Salgado et al. 2012),
1 mM phosphate and 10 mM phosphate elicited similar

Fig. 3 Effect of inhibitors on Pi transport (a) and ATP levels (b) in T. b.
brucei. Intact cells were incubated for 15 min at 25 °C in a reaction
mixture containing 140 mM choline chloride, 5 mM KCl, 1.5 mM
CaCl2, 1 mM MgCl2, 10 mM HEPES (pH 7.2), the indicated inhibitors,
as shown in the abscissa; bafilomycin A1 (100 nM), FCCP (10 μM), IDP
(100 μM), AMDP (100 μM), valinomycin (100 μM) and SCH28080
(100 μM) and (a) 0.1 mM KH2PO4, 2.5 μCi/nmol 32Pi to test Pi

transport or (b) 0.1 mM KH2PO4 to measure the ATP levels using an
ATP bioluminescent assay Kit, described in Materials and Methods. The
data shown are the mean activities ± SE of at least three determinations,
each with different cell suspensions. Asterisks mark significant
differences (p < 0.05) from control, as determined by Student’s t-test.
CTRL: control of the experiment of Pi transport in the presence of
inhibitors vehicles (water, ethanol or dimethyl sulfoxide)

Fig. 4 Comparison of the Pi transport in bloodstream and procyclic
forms of T. b. brucei. After obtaining the bloodstream and procyclic
forms of T. b. brucei, the cells were incubated in buffer comprising
116 mM NaCl, 5.4 mM KCl, 55.5 mM glucose, 10 mM HEPES
(pH 7.2), 0.1 mM KH2PO4 and 2.5 μCi/nmol 32Pi. The results are the
means ± S.E.M. for three independent determinations. (*) p < 0.001 by
Student’s t-test

Fig. 5 Analysis of T. b. brucei 29.13 + pAG30.20 growth curve in the
absence or presence of tetracycline for Tb11.02.3020 gene silencing.
Tb11.02.3020 gene was silenced and the cell growth was analyzed. Cell
growth was monitored for 12 days in the absence (circles) or presence
(squares) of tetracycline, using clone F5. Data shows the mean ± SEM,
for at least three experiments with different cell suspensions
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current amplitudes (Table 1). As expected, 100 μM myo-ino-
sitol induced an ion-conductance in TbHMIT -expressing oo-
cytes, which was not affected by 1 mM phosphate. In contrast,
10 mM phosphate significantly (p < 0.02) decreased the cur-
rent amplitude elicited by 100 μM myo-inositol (Table 1). In
each experiment we verified that 100 μMmyo-inositol elicited
the same current amplitude as at the beginning of the
experiment.

Discussion

Pi transport in T. b. brucei showed a low K0.5 value of around
0.1 mM. In 1998, Persson et al. (1998) proposed a classifica-
tion for Pi transporters in S. cerevisiae. According to this pro-
posal, high-affinity Pi transport is characterized by K0.5 values
between 0.005 and 0.015 mM, while low-affinity Pi transport
is characterized by values of an apparent Km for external
phosphate of approximately 0.8 mM (Persson et al. 1998;
Dick et al. 2014). It has been recently revised that other pro-
tozoan parasites, such as T. rangeli, T. cruzi and L. infantum,
show K0,5 values for Pi transport of 0.045, 0.073 and
0.016 mM, respectively (Dick et al. 2014). In addition,
Fig. 1d shows the optimum pH for Pi transport in the acidic
pH range, confirming the literature data that there is more
transport activity in acid pH, using mainly Pi as H2PO4 form
which is available in this pH range. This result has a different
profile from that presented by L. infantum, but has similar
profile to that presented by P. falciparum and T. cruzi, in
which Pi uptake is via a carrier with a strong preference for
H2PO4 (Saliba et al. 2006; Russo-Abrahão et al. 2013; Dick
et al. 2013). Under physiological conditions, the extracellular
pH varies also with the relative proportions of monovalent
(H2PO4

−) and divalent (HPO4
2−) Pi. At pH below 6.0, Pi is

present mainly as H2PO4
−, whereas with increasing of pH, Pi

is present as HPO4
2−.

Fig. 6 Relative expression of the Tb11.02.3020 gene and Pi uptake in
procyclic forms after induction of RNAi. Cells were grown in the absence
(black bars) or presence (grey bars) of tetracyclin for 2 and 3 days,
washed and used for the extraction of total RNA, which was treated
with DNaseI and then used for cDNA synthesis. Differences between
the cDNA level (a, b) were determined using qPCR as described in

M&M. Intact cells grown in the same conditions were incubated for 1 h
at 25 °C in a reaction mixture containing 140mM choline chloride, 5 mM
KCl, 1.5 mM CaCl2, 10 mM HEPES (pH 7.2), 1 mM MgCl2, 2.5 μCi/
nmol 32Pi, and processed to compare the Pi uptake (c, d). The results are
the mean ± S.E.M. for three independent determinations. (*) p < 0.001 by
Student’s t-test or unpaired t-test

Fig. 7 Influence of myo-inositol on Pi uptake in T. b. brucei. Intact cells
were incubated for 1 h at 25 °C in a reaction mixture containing 140 mM
choline chloride, 5 mM KCl, 1.5 mM CaCl2, 10 mM HEPES (pH 7.2),
1 mM MgCl2, 2.5 μCi/nmol 32Pi in the absence or presence of myo-
inositol (10, 300 and 1000 μM). The results are the mean ± S.E.M. for
three independent determinations. (*) p < 0.001 by Student’s t-test or
unpaired t-test. CTRL: control of Pi transport experiments (absence of
myo-inositol)
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It has been reported that high affinity Pi transporters in
L. infantum have higher mRNA levels (twice) when cells are
grown at low Pi concentration (Russo-Abrahão et al. 2013). In
S. cerevisiae, PHO84 transcript was expressed only when the
cells were grown in a low Pi medium (Bun-Ya et al. 1991),
suggesting that PHO84 is regulated at the transcriptional level
by Pi. In T. b. brucei, procyclic forms grown at low concen-
tration of Pi (1 mM) showed higher Pi transport activity than
cells grown at high Pi concentration (10 mM).

In S. cerevisiae, the phosphate metabolism signal transduc-
tion pathway (PHO pathway) regulates the expression of several
genes involved in the availability and absorption of phosphate
from extracellular sources (Auesukaree et al. 2003). In environ-
ments with high Pi concentrations, a negative regulatory com-
plex is formed between Pho80 protein (cyclin) and Pho85 pro-
tein (cyclin-dependent kinase protein, CDK), which inhibits the
function of pho4 activator through its hyperphosphorylation. As
the phosphorylated form of the pho4 is located predominantly in
the cytoplasm, the Pho-genes transcription (Pho5, Pho84 and
Pho89) are disrupted. Under conditions of low Pi concentra-
tions, the Pho81 protein (CDK inhibitor) inhibits the activity
of Pho80-Pho85 complex, pho4 remains dephosphorylated
and localized in the nucleus, where it activates Pho-genes tran-
scription (Persson et al. 1999). A positive Bfeedback^ mecha-
nism has been described in PHO pathway. Phosphate limiting
conditions reduce the low affinity transporter expression and
thus activate the PHO pathway, including non-repression of
Pho84 carrier. When the phosphate concentration increases,
the proteins are also degraded and removed from the plasma
membrane (Lundh et al. 2009). In a T. brucei BlastP analysis,
we identified two protein sequences showing high similarities to
S. cerevisiae Pho80 (accession number: AJT93899.1) and
Pho85 (accession number: NP_015294.1) proteins. It is tempt-
ing to speculate that T. brucei parasites sense environmental Pi in
a similar way as yeast and increase Pi transport under conditions
of low extracellular Pi levels.

While procyclic forms possess a cytochrome dependent
mitochondrial respiratory chain and a reduced level of alter-
native oxidase, bloodstream forms lack cytochromes involved
in the cell redox balance and cell signaling, depending only on
alternative independent cytochrome oxidase and glycolysis to
obtain ATP (Bakker et al. 1999; Chaudhuri et al. 2006).

Bloodstream forms do not have a functional Krebs cycle or
oxidative phosphorylation, and are unable to store carbohy-
drates. Furthermore, glycolysis in trypanosomes and other
members of the Kinetoplastida is very different of other cells
and the glycosomes are the major source of ATP production in
T. brucei bloodstream forms (Clarkson et al. 1989; Bakker
et al. 1999; Chaudhuri et al. 2006; Singha et al. 2009).
Because they have diverse metabolisms and inhabit different
environments with challenging availabilities of Pi, we com-
pared the Pi transport rate in these two forms of T. brucei. Pi
transport was much higher in procyclics than in bloodstream
forms, both at 25 °C and 37 °C, the optimum temperature for
growth of the later forms. There may be at least two reasons
for this fact: the availability of Pi is different in the insect gut
and mammalian host blood, or metabolic demand for ATP
production regulates how much Pi is transported into the cells.
The Pi concentration was measured in the mice blood and
showed a concentration of 5 mM. This concentration is higher
than Pi concentration found in the SDM79 medium and the
levels of Pi transport are similar to cells grown in 10 mM of Pi
(data not shown). Thus, this result supports the first hypothesis
suggested above. However, we cannot rule out the involve-
ment of both hypotheses.

In 1996, Fristedt and colleagues described the importance
of proton motive force generated by the activation of a H+-
ATPase, favoring the proton gradient across the plasma mem-
brane in S. cerevisiae (Fristedt et al. 1996). In T. B. brucei, the
bafilomycin A1 was not able to inhibit the transport Pi, unlike
FCCP, which can lead to a dissipation of the proton gradient
damaging Pi transport. In S. cerevisiae, the phosphate uptake
activity was reduced in the presence of carbonyl cyanide m-
chlorophenylhydrazone (CCCP), a chemical inhibitor of oxi-
dative phosphorylation, demonstrating that the dissipation of
the proton gradient exerts a limitation of Na+-dependent Pi
transport by Pho89 (Zvyagilskaya et al. 2008). A similar result
was observed with L. infantum since Valinomycin, a K+ ion-
ophore, and SCH28080, H+,K+-ATPase inhibitor, also
inhibited Pi transport (Russo-Abrahão et al. 2013). These data
suggest the importance of H+ and K+ gradient to Pi transport
(Villa-Bellosta and Sorribas 2010), possibly by the involve-
ment of an SCH28080 sensitive- H+,K+-ATPase that would
sustain the protons flow, collaborating with Pi transport.

Table 1 Current amplitudes elicited by different substrates in TbHMIT-injected and water-injected control oocytes

Injection 1 mM Phosphate 10 mM Phosphate 100 μM myo-Inositol 100 μM myo-Inositol +
1 mM Phosphate

100 μM myo-Inositol +
10 mM Phosphate

TbHMIT (n = 6–9) 4.2 ± 0.4 nA 8.6 ± 0.9 nA 24.5 ± 0.7 nA 25.2 ± 0.4 nA 25.3 ± 1.1 nA

Water (n = 6–7) 3.8 ± 0.4 nA 6.8 ± 1.2 nA 3.0 ± 0.4 nA 4.9 ± 0.6 nA 8.2 ± 1.4 nA

Mediated by TbHMIT 0.4 ± 1.6 nA 1.8 ± 3.7 nA 21.5 ± 2.5 nA 20.3 ± 2.0 nA 16.2 ± 3.8 nA

Values are given as mean ± SEM. Error propagation was used to determine the uncertainty of the current mediated by TbHMIT

Bn^ means de number of experiments performed in duplicates/triplicates
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After Pi entry into cells, it may be used for energy pro-
duction (ATP) in mitochondria, or stored in organelles,
such as contractile vacuole complex and acidocalcisomes,
acidic organelles capable of storing mainly calcium and
polyphosphate (polyP) (Docampo et al. 1995; Huang et al.
2014; Jimenez and Docampo 2015). Proteomic studies re-
cently demonstrated the presence of an orthologue of the
low-affinity Na+/Pi transporter Pho91 of S. cerevisiae
(Tb927.11.11160) that is localized in acidocalcisomes of
T. brucei, where it is expected to export Pi from this organ-
elle to the cytosol (Huang et al. 2014). Two pumps are also
present in these organelles: the vacuolar type H+-ATPase
(V-H+-ATPase), sensitive to bafilomycin A1, and the
vacuolar-type H+-pyrophosphatase (V-H+-PPase), sensitive
to IDP and AMDP (Vercesi et al. 1994; Rodrigues et al.
1999; Huang et al. 2014). IDP and AMDP are analogs of
pyrophosphate and pyrophosphatase inhibitors, so they
were tested in T. B. brucei Pi transport, in order to investi-
gate the role of acidocalcisomes in Pi storage. However
there is no modulation of Pi transport by these compounds,
indicating no involvement of a pyrophosphatase coupled to
this system, which could maintain the flow of H+ coupled to
the transport of Pi.

The results obtained here using the inhibitors prompted us
to investigate if these inhibitions affected the Pi carrier directly
or if they had some other effect impairing the transport of Pi by
the cells, such as the inhibition of ATP production. It was
therefore measured the intracellular ATP content in Pi trans-
port conditions, in the absence or presence of SCH28080,
valinomycin and FCCP, inhibitors that negatively modulate
Pi transport. Only FCCP led to a decrease in ATP levels, which
can also be considered to be sufficient to sustain ATP-
dependent Pi transport.

As mentioned above, because of similarities with the se-
quence of the H+/Pi cotransporter Pho84 from S. cerevisiae
(Ceasar et al. 2016; Persson et al. 1998, 1999; Samyn et al.
2012), it has been hypothesized that Tb11.02.3020 may en-
code a H+:Pi symporter in T. brucei similar to other
trypanosomatids (Dick et al. 2014; Russo-Abrahão et al.
2013). The high similarity between T. brucei PHO84 sequence
and PHO84 sequences from other Trypanosomatids was cor-
roborated by phylogenetic trees recently published (Russo-
Abrahão et al. 2013; Vieira-Bernardo et al. 2017), suggesting
that these proteins have been conserved throughout
trypanosomatid evolution (Russo-Abrahão et al. 2013).
However, a recent study determined that Tb11.02.3020 en-
codes a H+-myo-inositol symporter (TbHMIT) which is main-
ly localized in the Golgi, is implicated in inositol-
phospholipid synthesis and is essential for normal growth of
T. brucei procyclic and bloodstream forms (Gonzalez-Salgado
et al. 2012, 2015. We now found that RNAi-mediated deple-
tion of TbHMIT caused not only a defect in parasite growth
but also led to a 50% drop in the uptake of Pi. In addition, it

was also shown that the Pi transport was only inhibited if
procyclic form parasites were placed in concentrations of
myo-inositol higher than 300 μM. Studies in Xenopus oocytes
revealed that TbHMIT elicited currents after addition of myo-
inositol (Gonzalez-Salgado et al. 2012, Pi failed to do so.
However, the presence of 10 mM phosphate significantly
(p < 0.02) decreased the current amplitude elicited by
100 μM myo-inositol in Xenopus oocytes. The electrophysio-
logical experiments indicate that the protein encoded by
TbHMIT is a myo-inositol transporter that may be only mar-
ginally affected by the presence of Pi. However, it is unclear
whether phosphate is an electroneutral substrate of TbHMIT
or if it competes with the binding of myo-inositol. Therefore,
although the TbHMIT gene product may not transport both
substrates, it seems to modulate Pi uptake in parasites in
culture.

One possibility to explain the decrease of Pi transport
could be related to an effect mediated by the transport of
protons and myo-inositol that could influence the uptake of
Pi. Another possibility would be the formation of a com-
plex transport system composed by two or multiple pro-
teins that interact at the membrane and modulate/control
the uptake of common (in this case H+) and different com-
pounds (such as myo-inositol and Pi). So far, no other can-
didates were identified to fulfill these transport require-
ments in T. brucei, and additional studies involving molec-
ular and proteomic approaches will be necessary to solve
the challenging observations described here.

In conclusion, plasma membrane potential plays an impor-
tant role in cell functions. In the case of most eukaryotic cells,
plasma membrane potential arises primarily as a result of the
passive diffusion of ions across the plasma membrane with a
contribution from the electrogenic translocation of ions by ion
pumps (Nolan and Voorheis 2000). It has been demonstrated
that an electrogenic H+-ATPase plays a significant role in the
maintenance of the membrane potencial in both bloodstream
and procyclic forms of T. brucei (Van Der Heyden and
Docampo 2002). In addition, a plasma membrane K+/H+-
ATPase, sensitive to inhibitors of the gastric K+/H+-ATPase
and previously identified as a H+-ATPase, was described in
Leishmania donovani (Jiang et al. 1994). Together with the
results presented in this work showing that Pi transport is
inhibited by another inhibitor of H+/K+-ATPase, it is possible
to infer that H+,K+-ATPase has an important role in maintain-
ing the flow of H+ that supports the Pi transporter in T. brucei.
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