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Abstract Inorganic pyrophosphate promoted the acidification
of a subcellular compartment in cell homogenates of Plasmodium
falciparum trophozoites. The proton gradient driven by pyropho-
sphate was collapsed by addition of NH4Cl or the K+/H+

exchanger nigericin and eliminated by the pyrophosphate analog
aminomethylenediphosphonate. Pyrophosphatase activity was
dependent upon K+, and partially inhibited by Na+. The presence
of a plant-like vacuolar H+-translocating pyrophosphatase
(V-H+-PPase) was confirmed using antibodies raised against
conserved peptide sequences of the enzyme, which cross reacted
with a protein band of 76.5 kDa. Immunofluorescence micros-
copy using these antibodies showed a general fluorescence over
the whole parasites and intracellular bright spots suggesting a
vesicular and plasma membrane localization. Together, these
results indicate the presence in P. falciparum of a V-H+-PPase
of similar characteristics to those of the enzyme from plants.
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1. Introduction

Plasmodium falciparum is an obligate intracellular parasite
belonging to the phylum Apicomplexa. It has been found
recently that apicomplexan parasites possess several biochem-
ical peculiarities in common with plants, such as the presence
of a functional shikimate pathway [1], and a chloroplast-like
organelle, termed the apicoplast [2^4]. These recent discov-
eries have been useful to explain the mechanism of action of
some antiparasitic compounds [5] and to provide new oppor-
tunities for the development of novel antimalarial agents [4,6].

In previous work we demonstrated the presence of a plant-
like vacuolar proton-translocating pyrophosphatase (V-H�-
PPase) in Trypanosoma cruzi [7], Leishmania donovani [8],
and T. brucei [9], the causative agents of Chagas' disease,
visceral leishmaniasis, and African sleeping sickness, respec-
tively, and in the apicomplexan parasite Toxoplasma gondii
(Rodrigues et al., unpublished results). Until recently, V-H�-
PPases had been described in detail only in plants (including
the unicellular alga Acetabularia [10] along with a homologous
H�-pyrophosphate synthase in the photosynthetic bacterium
Rhodospirillum [11]). An apparently vacuolar-type pyrophos-
phatase activity was detected in rat liver Golgi fractions [12]
using very high concentrations of pyrophosphate (1^3 mM).
However, it is not known whether it has similar properties to
the plant enzyme.

In this report, we demonstrate that P. falciparum intra-
erythrocytic stages possess a V-H�-PPase activity with fea-
tures in common with the trypanosomatid and plant activities.

2. Materials and methods

P. falciparum clone HB3 was grown at 2% hematocrit and 10%
parasitemia to the trophozoite stage by the method of Trager and
Jensen [13]. To isolate the trophozoites, erythrocytes were washed
twice in phosphate bu¡ered saline (PBS) by centrifugation at 4³C at
1500Ug for 5 min. Infected erythrocytes were enriched using the
Percoll method [14]. Infected erythrocytes within the 70% Percoll in-
terphase were collected and contained predominantly trophozoites
(85^90% of the red blood cells, the rest containing ring-stage and
schizont forms) by examination of Giemsa-stained thin blood smears.
To isolate the parasites, infected erythrocytes were lysed with 0.1 mg/
ml saponin in PBS at room temperature for 5 min. After centrifuga-
tion at 1500Ug for 5 min at 4³C to remove red blood cell membranes,
the parasites were washed ¢ve times in bu¡er A (116 mM NaCl,
5.4 mM KCl, 0.8 mM MgSO4, 5.5 mM glucose, and 50 mM HEPES,
pH 7.2). The parasites were resuspended at 1U108 cells/ml in the same
bu¡er. Contamination of the preparation with red blood cells was
negligible. Protein was measured using the Bio-Rad Coomassie blue
method.

Nigericin, ammonium chloride and sodium pyrophosphate were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Acridine
orange, 2-amino-6-mercapto-7-methylpurine ribonucleoside (MESG),
purine nucleoside phosphorylase (PNP), and the standard phosphate
solution were from Molecular Probes, Inc. (Eugene, OR, USA). Ami-
nomethylenediphosphonate (AMDP) [15] and polyclonal antisera,
which had been raised against keyhole limpet hemocyanin (KHL)-
conjugated synthetic peptides corresponding to the hydrophilic loops
IV (antibody 324) and XII (antibody 326) of plant V-H�-PPase [16],
were kindly provided by Prof. Philip Rea, University of Pennsylvania.
All other reagents were analytical grade.

Pyrophosphate-driven proton transport was assayed by measuring
changes in the absorbance of acridine orange (A493-A530) in an SLM-
Aminco DW 2000 dual wavelength spectrophotometer [7^9]. Cell ho-
mogenates were incubated at 30³C in 2.5 ml of a standard bu¡er
containing 130 mM KCl, 2 mM MgSO4, 10 mM HEPES (pH 7.2),
50 WM EGTA, 3 WM acridine orange, and 0.1 mM PPi (pH 7.2). Each
experiment was repeated at least three times with di¡erent cell prep-
arations, and Fig. 1 shows representative experiments. Pyrophospha-
tase activity, in terms of phosphate release, was determined as per
Scott et al. [7] for assays using di¡erent bu¡ers. Reaction mixtures
contained 130 mM KCl, 10 mM K-HEPES, 2 mM MgSO4, 50 WM
EGTA, pH 7.2 (or other bu¡ers, as described in Table 1), 0.1 mM
MESG, 0.4 U/ml PNP, together with the cell membrane preparation
(60 Wg/ml) in a total volume of 0.1 ml. Activity was monitored by the
increase in absorbance at 360 nm using a Power Wave 340 plate
reader (Bio-Tek Instruments) at 30³C, and was calibrated for each
bu¡er with a standard phosphate solution.

For SDS electrophoresis and preparation of Western blots P. falci-
parum trophozoites (1U109) were resuspended in 300 Wl Dulbecco's
PBS (Gibco BRL) containing proteinase inhibitors (1 Wg/ml aprotinin,
1 Wg/ml leupeptin, 1 Wg/ml pepstatin and 1 mM phenylmethylsulfonyl
£uoride) and frozen at 370³C. Thawed cells were homogenized with a
Te£on pestle at 4³C and aliquots (10 Wl, about 10 Wg of protein) were
mixed with 10 Wl electrophoresis bu¡er (125 mM Tris-HCl pH 7, 10%
(w/v) L-mercaptoethanol, 20% (v/v) glycerol, 4.0% (w/v) SDS, 4.0%
(w/v) bromophenol blue) and boiled for 5 min prior to application to
10% SDS-polyacrylamide gels. Electrophoresed proteins were trans-
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ferred to nitrocellulose [17] using a Bio-Rad Transblot apparatus.
Blots were blocked in 5% non-fat dry milk in PBS and kept overnight
at 4³C. Polyclonal antisera raised against keyhole limpet hemocyanin-
conjugated synthetic peptides corresponding to the hydrophilic loops
IV (antibody 324) and XII (antibody 326) of plant V-H�-PPase [16]
were used. A 1:1000 dilution of antiserum in blocking bu¡er was
applied to blots at room temperature for 60 min. The nitrocellulose
was washed three times for 15 min each with T-PBS bu¡er (Tween 20,
0.1% in PBS) before addition of a 1:10 000 dilution of goat anti-rabbit
IgG in blocking bu¡er for 30 min. Immunoblots were visualized on
radiographic ¢lm (Kodak) using the ECL chemiluminescence detec-
tion kit (Amersham Life Science).

For immuno£uorescence microscopy, smears were made with cul-
tures or with parasites released by the saponin treatment, ¢xed with
acetone at 320³C for 30 min, blocked with ammonium chloride and
3% bovine serum albumin in PBS for 30 min and prepared for im-
muno£uorescence using a 1:100 dilution of anti-V-H�-PPase antibody
or pre-immune serum in 5% bovine serum albumin-PBS and a FITC-
coupled goat anti-rabbit IgG secondary antibody (1:160). Immuno-
£uorescence images were obtained with an Olympus BX-60 £uores-
cence microscope and the image analysis system described previously
[18].

3. Results

When acridine orange was added to cell homogenates of
P. falciparum trophozoites some dye was accumulated and
retained in the absence of added energy sources (Fig. 1A).
Once a steady state of acridine orange accumulation was
reached, addition of 0.1 mM PPi led to further dye uptake.
This indicated the establishment of a proton gradient (vpH)
across the membrane of a subcellular compartment, and in-
creasing organelle acidity. This gradient collapsed completely
after the addition of 10 mM NH4Cl (Fig. 1A). Addition of 10
WM of the pyrophosphate analog and speci¢c inhibitor of
plant vacuolar pyrophosphatases AMDP [14] prevented acri-
dine orange accumulation (Fig. 1B, trace a). AMPD (10 WM)
released acridine orange when added after acidi¢cation had
started (Fig. 1B, trace b). The vesicle pH was neutralized and
acridine orange released after addition of 1 WM nigericin (Fig.

1B). Pyrophosphatase was also assayed in membrane prepa-
rations by inorganic phosphate detection [7^9]. The e¡ects of
monovalent cations on AMDP-inhibitable pyrophosphate hy-
drolysis are shown in Table 1. Replacing 130 mM KCl with
250 mM sucrose in the bu¡er resulted in lower pyrophospha-
tase activity that was further reduced by replacement of
130 mM KCl with 130 mM NaCl. Use of a bu¡er containing
equimolar concentrations of NaCl (65 mM) and KCl (65 mM)
resulted in lower pyrophosphate hydrolysis than in the pres-
ence of 130 mM KCl or 65 mM KCl/125 mM sucrose. These
results suggest that K� was necessary for this activity, whilst
Na� was inhibitory. Together, these results agree with those
obtained with plant [11], trypanosomatid [7^9], and T. gondii
(Rodrigues et al., submitted) V-H�-PPases, which are K�-de-
pendent and inhibited by Na�.

Immunoblotting of total lysates allowed immunological de-
tection of P. falciparum V-H�-PPase with antibodies devel-
oped against the plant enzyme. A single protein band with a
molecular mass of approximately 76.5 kDa was detected (Fig.

Fig. 1. Pyrophosphate-driven proton transport in trophozoite homogenates. Homogenates (60 Wg protein/ml) were added to a bu¡er containing
130 mM KCl, 2 mM MgSO4, 50 WM EGTA and 10 mM HEPES, pH 7.2, plus 3 WM acridine orange (B) in the absence (A, and trace b in B)
or in the presence of 10 WM AMDP (B, trace a). Acridine orange (AO, 3 WM), 0.1 mM pyrophosphate (PPi), 10 mM NH4Cl, 20 WM AMDP,
and 1 WM nigericin (NIG) were added where indicated by the arrows.

Table 1
E¡ect of bu¡er composition on pyrophosphatase activity in P. falci-
parum trophozoites

Experimental conditions Pyrophosphate hydrolysis
(% of control)a

130 mM KCl 100 þ 9.3
65 mM KCl/125 mM sucrose 86 þ 13
65 mM KCl/65 mM NaCl 53 þ 12.0
130 mM NaCl 36 þ 5.8
250 mM sucrose 51 þ 8.0

Rates are relative (%) to the 130 mM KCl bu¡er. All bu¡ers con-
tained, in addition, 2 mM MgSO4, 10 mM HEPES and 50 WM
EGTA, and were adjusted to pH 7.2 with KOH, NaOH, or Tris
base for KCl, NaCl, and sucrose bu¡ers, respectively. Values are
means þ S.D. of triplicate samples. Control activity was 1.96 þ 0.1
v360/min/mg protein.
aRates were corrected by subtraction of non-speci¢c activity in the
presence of 20 WM AMDP.
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2, lanes 2 and 3) indicating cross reaction of plant antibodies
with the P. falciparum protein. No background staining was
observed when normal serum was used as a control (Fig. 2,
lane 1). Immuno£uorescence of culture cells using the same
antibodies (Fig. 3B,C) showed a general £uorescence over the
whole parasites and intracellular bright spots suggesting a
vesicular and plasma membrane localization. No £uorescence
was observed in control cultures incubated only with pre-im-
mune serum and secondary £uorescein-labeled goat anti-rab-
bit IgG (Fig. 3A) or in non-infected erythrocytes (Fig. 3B,C).
A similar labeling pattern was obtained with isolated troph-
ozoites (data not shown).

4. Discussion

In this study, we have identi¢ed a H�-translocating pyro-
phosphatase activity in homogenates of P. falciparum. Acri-
dine orange uptake in the presence of pyrophosphate was
reversed by the K�/H� exchanger, nigericin. As occurs with
plant [11] and trypanosomatid [7^9] vacuolar pyrophospha-
tases, pyrophosphate-driven proton transport was blocked
by the pyrophosphate analog AMDP and the pyrophospha-
tase activity was stimulated by potassium and inhibited by
sodium ions.

This is the ¢rst report of the presence of a V-H�-PPase
activity in P. falciparum. A P. falciparum gene with homology
with genes for V-H�-PPases is listed in GenBank (AF115766),
but the sequence has not been published and it is not known
whether it encodes a functional V-H�-PPase. A gene encoding
a protein with homology with inorganic pyrophosphatases has
also been reported recently in P. falciparum [19]. The apparent
lack of a V-H�-PPase in mammalian cells makes this enzyme
a potential target for speci¢c chemotherapy. V-H�-PPases had
been described before in plants, phototrophic bacteria, yeasts
[11], and trypanosomatids [7^9]. In plants, V-H�-PPases are
present in the vacuole membrane (tonoplast) [11] and also in
the plasma membrane [20,21]. Antibodies to conserved re-
gions of the plant V-H�-PPase [14] cross reacted with the
enzyme from T. cruzi and suggested an intracellular and plas-
ma membrane localization in this parasite [7]. The same anti-
bodies used in this study reacted with a P. falciparum poly-
peptide (Fig. 2) and also suggested an intracellular and
plasma membrane localization of the V-H�-PPase (Fig. 3).

Inorganic pyrophosphate is the substrate for the pyrophos-
phate-dependent phosphofructokinase found in several api-

Fig. 3. Indirect immuno£uorescence analysis of V-H�-PPase in trophozoites of P. falciparum. Fluorescence (A, B, C) or bright ¢eld (D, E, F)
images of infected erythrocytes: A,D, with preimmune serum; B,E, with antibody 324; C,F, with antibody 326. The images show intense label-
ing over the whole parasites and bright, intracellular spots. Arrows show trophozoite stages of the parasite. Bars = 10 Wm.

Fig. 2. Western blot analysis of the V-H�-PPase. Panels show the
detection of the V-H�-PPase by immunoblot, using antibodies spe-
ci¢c for the plant enzyme. P. falciparum proteins (10 Wg) were sepa-
rated by SDS-PAGE and transferred to nitrocellulose. Lane 1, im-
munoblot probed with normal rabbit serum. Lanes 2 and 3 show
immunoblots probed with antibody 324 and 326, respectively. The
V-H�-PPase antibody recognized a polypeptide with an apparent
molecular mass of 76.5 kDa.
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complexan parasites including T. gondii [22,23], Cryptospori-
dium parvum [23], and Eimeria tenella [23]. However, little is
known about pyrophosphate metabolism in malaria parasites.
Our detection of a proton translocating pyrophosphatase ac-
tivity in P. falciparum suggests that pyrophosphate could play
an important role in the metabolism of these parasites.
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