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ABSTRACT

The expression of a Plasmodium falciparum 41 kDa blood stage antigen (p4l) was followed by
examining both protein level and aldolase activity in synchronized cultures. The protein and enzymatic
levels were low in erythrocytes containing ring forms, and increased markedly with the appearance of
trophozoites and young schizonts. The subcellular localization of p4l adolase was determined using
immunoel ectron microscopy with rabbit anti-p41 and anti-recombinant p41 antisera. P41 was localized
within the cytoplasm of P. falciparum extracellular merozoites, trophozoites and schizonts.

INTRODUCTION

Several defined components of Plasmodium falciparum asexual stages may induce partial protection
against blood stage infection in immunized monkeys and are therefore considered candidates for the
development of malaria vaccines (Hall et a. 1984; Perrin et al. 1985; Collins et al. 1986; Patarroyo et al.
1987). The gene coding for one of these components with a molecular mass of 41kDa (p41) has recently
been cloned, and revealed significant homology with known eukaryotic aldolases (Certa et al. 1988;
Knapp et a. 1990). Aldolase (D-Fructose-1.6-biphosphate D-glyceradehyde-3-phosphate lyase, EC
4.1.2.13) acts as a rate limiting step for the degradation of Fructose-1.6-diphosphate (FDP). The
importance of this enzyme is reinforced by the fact that Plasmodium lack a citric acid cycle and thus have
to use high amounts of glucose (WHO scientific group 1987). In the present investigation we have
followed the expression of p4l and aldolase activity in synchronized P. falciparum cultures and have
determined the subcellular localization of p41 by immunoel ectron microscopy.

MATERIALSAND METHODS

P. falciparum culture: P. falciparum SGE2 isolate was cultivated in 100 x 20 mm petri dishes using the
candle jar method (Jensen and Trager 1977; Perrin et a. 1984). Cultures were synchronized by two
treatments with 5 % mannitol at an interval of 34 h (Lambros and Vanderberg 1979). The synchronized
culture was divided into six 60 x 15 mm petri dishes (5 ml cultures with a hematocrit of 4 %) which were
then harvested 4, 12, 20, 28, 36 and 44 h later. The infected red blood cells (IRBC) were washed twice
with serum free RPM1 1640 and extracted in 1 ml of lysis buffer (5 mM Tris, 50 mM NaCl, 5 mM EDTA,
1% Nonidet P-40 and 2 mM phenylmethyl sulfonyl fluoride, pH 7.2). The lysate was centrifuged at
60,000 x g for 30 min at 4°C and the supernatant was stored in aiquots at —75°C.
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Immunization of rabbits: Purification and analysis of affinity purified and recombinant p41 were carried
out as described (Srivastava et a. 1990). Antisera against affinity purified and recombinant p4l were
obtained after immunization of rabbits with 100 pg of appropriate antigensin 1 ml of phosphate buffered
sadine (PBS) mixed with an equal volume of Freund’'s complete adjuvant (Sigma Chemical Co, USA)
followed by two booster immunizations at two week intervals with 100 pg of identically prepared protein
in Freund’s incomplete adjuvant (Perrin et a. 1985; Srivastava et al. 1990). The anti-p41 rabbit serum
immunoprecipitated a single band of 41 kDa from the **S-methionine labeled combined schizont and
merozoite extract and also reacted with p41 in Western blots of up to adilution of 1/10,000.

Western blot: Five pl of lysate from each of the successive cultures were separated using 9% sodium
dodecyl sulfate - polyacrylamide gel eectrophoresis (SDS-PAGE) (Laemmli 1970) and electroblotted on
0.45 pm nitro cellulose paper (Millipore, France) (Dunn 1986). Blots were saturated with 3% bovine
serum albumin in PBS (pH 7.4) for 1 h at 37°C, washed once with PBS + 0.1% Tween 20 and incubated
with 1/1000 dilution of anti-p41 for 1 h at room temperature. The blots were washed three times for 5 min
each with PBS containing 0.1% Tween 20 and incubated with 1/250 dilution of biotinylated anti-rabbit
19G (Amersham, U.K.) for 1 h at room temperature. After three washes, the blots were incubated with
1/400 dilution of Streptavidin-biotinylated horseradish peroxidase complex (Amersham, U.K.) for 30 min
at 22°C. The antigen-antibody complex was revealed by the addition of 4 chloro-1 naphthol and H,0; for
10-20 min (22.5 ml PBS + 2.5 ml of 4 mg/ml solution of 4 chloro-1 naphthol + 25 pl of 30% H,0,). The
reaction was stopped by washing the stripes with distilled water.

Determination of aldolase activity: The aldolase activity present in lysates of successive synchronized
cultures was determined using the Test Combination Aldolase reagent kit (UV method Ref. No. 123838)
purchased from Boehringer (Mannheim, FRG), and the anaysis was performed on a Cobas Fara
centrifugal analyzer (Hoffmann-La-Roche, Basel, Switzerland). The adolase activity assay was based on
an estimation of trios phosphate formed from FDP in the presence of limiting quantities of aldolase by
convention to a—glycerophosphate dehydrogenase. The rate of the coupled reaction, which reflects the
rate of aldolase reaction, was estimated by a spectrophotometric measurement at 340 nm of
(5-Nicotinamide adenine dinucleotide oxidation (Beinenherz et al. 1953). One unit of enzymatic activity
is defined as the cleavage of 1 umol of substrate (FDP) per minute.

Aldolase inhibition assay: Anti-p41 was used for the inhibition of aldolase activity on successive cultures
of P. falciparum. Equal volumes of the successive parasite extracts were incubated with 10 pl of anti-p41
for 5 min at 25°C before starting the assay described above. The percent inhibition was calculated as
follows:

Enzymeactivity in absenceof Ab-Enzymeactivity in presenceof Ab
Total enzymeactivity

%inhibition of aldolase activity = x 100
Immunoel ectron microscopy: Extracellular merozoites and IRBC were fixed with 1% paraformaldehyde,
0.1% glutaraldehyde in 0.1 M PBS at pH 7.3, and embedded in LR White resin (Polysciences, Inc.,
Warrington, PA) (Aikawa and Atkinson 1990). Sections were etched with a saturated agueous solution of
sodium metaperiodate for 30 min, blocked for 30 min in 0.1 M PBS containing 5% nonfat dry milk,
incubated overnight at 4°C in rabbit anti-p41 or control rabbit serum and then, incubated for 1 h with goat
anti-rabbit 1gG conjugated to gold particles (Janssen, Piscataway, NJ). Sections were stained with 2%
Uranyl acetate in 50% methanol and examined with a JEOL 100CX electron microscope (Torii et a.
1989).

RESULTSAND DISCUSSION
Our results confirm that aldolase activity and protein levels of p4l changed in parallel during the
development of P. falciparum and reached maxima in the trophozoites and early schizont stages, when
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Fig. 1. Expression of p4l in highly synchronized
successive P. falciparum cultures at 4, 12, 20, 28, 36
and 44 h (Lanes 1 to 6) starting with ring stage (Lane
1) in western blot. Anti-P41 rabbit antiserum was

Aldolase activity (U/Lx107%)
N

4 12 20 28 36 44
Hours

Fig. 2 Parasite aldolase activity during P.
falciparum asexua blood stage cycle (e==e) and its
specific inhibition by anti-p41 rabbit antiserum
(0--0).

used at adilution of 1/1000.

maturation and replication of the parasite occur. The 5 ul lysates from successive cultures containing an
identical number of RBC were separated using SDS-PAGE, transferred onto nitrocellulose membranes
and probed with rabbit anti-p41 (Fig. 1). Rabbit anti-p41 reacted only with a polypeptide of apparent
molecular mass of 41 kDa and no reactivity was observed using an extract of normal RBC (Srivastava et
a. 1990). The concentration of p41l, as shown by the intensity of the p41 band on the Western blot, was
low in preparations of ring forms (fust and last samples) and increased markedly in samples containing
trophozoites and schizonts. The percentage of the various blood stagesisindicated in Table 1.

These results were confirmed by quantitative measurements of aldolase activity in successive samples
(Fig. 2). In cultures of normal RBC the aldolase activity was less than 3 mU/L, corresponding to the
activity of human RBC aldolase. The aldolase activity in IRBC containing ring forms was at least twice
that observed in normal RBC. The adolase activity increased markedly with the appearance of
trophozoites and young schizonts, but decreased at the time of schizont rupture (appearance of new rings).
A markedly reduced level of parasite adolase activity was measured in the last sample which contained
mainly new young ring forms. Here parasite multiplication had increased the parasitemia 2.1 times,
compared to the first sample. These results suggest that parasitic aldolase is preferentially synthesized at
the trophozoite stage. To confirm that the increase in adolase

Table 1. Percentage of various asexual blood stages during P. falciparum culture

Time of harvest (hours)

4 12 20 28 36 44°
Rings 81.0 18.2 44 28.5 85.5 94.4
Trophozoites 19.0 81.8 91.2 9.5 7.8 5.6
Schizonts 0 0 44 62.0 6.7 0

4The parasitemia was 9.5%
® Following schizont rupture and reinvasion parasitemia was 20%
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Fig. 3. Immunoelectron microscopic localization of p4l revealed by anti-p4l rabbit serum and colloidal gold. (A)
Extracellular merozoites of P. falciparum showing localization of gold particles over cytoplasm. Rhoptries (R) and dense
granules (D) are not labeled. (B) Young schizonts (S) of P. falciparum. Gold particles are scattered over the cytoplasm.
The cytoplasms of infected erythrocytes (Ei) are not associated with gold particles. (Bar equals 0.5 um)

activity was of parasitic origin, successive samples were incubated with rabbit anti-p41 which
dramatically depressed parasite aldolase activity (Fig. 2). The remaining activity due to human RBC
aldolase was not inhibited by rabbit anti-p41 (Srivastava et a. 1990). Less than 10% inhibition of parasite
aldolase activity was observed using normal rabbit antisera or rabbit antisera directed against other P.
fal ciparum components (rabbit anti-190-200 kDa, rabbit anti-SHARP, data not shown).

To determine the localization of p4l in the parasite, we performed immunoel ectron microscopy using
rabbit anti-p41 antiserum and anti-recombinant p41 antiserum. Gold particles revealed a distribution of
p4l confined to the cytoplasm, yet not associated with rhoptries, micronemes or dense granules of P.
falciparum extracellular merozoites (Fig. 3A). In the erythrocytic stage of P. falciparum, gold particles
were scattered throughout the cytoplasm of trophozoites and schizonts, indicating a diffuse pattern of p4l
in these mature parasites. Although cytoplasm of infected erythrocytes remained devoid of gold particles
(Fig. 3B). This result is consistent with the finding that aldolase activity is mostly concentrated in the
cytosol fractions of the P. knowlesi schizonts (Saxena et al. 1986).

Initialy, p41l was identified by monoclonal antibodies which reacted not only with 41 kDa but also
with 82 kDa components (Perrin and Dayal 1982). The 82 kDa component is processed into a 76 kDa
polypeptide which displays protease activity and has been shown to be unrelated to the 41 kDa by
pulse-chase experiments (Braun-Breton et al. 1986, 1988). Rhoptry proteins of similar molecular weight
(82 kDa and 40/42 kDa) have aso been immunoprecipitated by monoclonal antibodies (Schofield et al.
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1986, Clark et a. 1987). These monoclona antibodies react by immunofluorescence with rhoptries of
merozoites and diffusely within whole schizonts. Using a monoclonal antibody which reacts only with a
42 kDa component (p42), p42 was proven to be localized within the Rhoptry organelle by
immunoelectron microscopy (Bushell et al. 1988). Furthermore, Schofield et al. (1986) reported that the
target antigen (p42) contained both conserved and variable epitopes. These observations are in contrast to
the highly conserved gene structure (Certa ct al. 1988) and subcellular localization of p4l, and suggest
that p4l and p42 are different molecules. The conserved structure of p4l and its capacity to induce
protective immunity in immunized monkeys (Perrin et al. 1985) suggests that this molecule might be a
candidate for the development of a malaria vaccine. Despite previous reports, however, it has been
recently shown that immunization with recombinant p41 did not protect monkeys from a chalenging
infection (Herrera et a. 1990). Recombinant p41 lacks the first five amino acids of the natural p41. The
monkey seraimmunized with natural p41 and challenged with P. falciparum contained antibodies against
severa additional parasite antigens which were missing in the sera immunized with recombinant p41
(Herrera et al. 1990). These differences could account for the discrepancies that appeared among these
reports.
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