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Gliding motility and host cell invasion by apicomplexan parasites are empowered by an acto-myosin motor located
underneath the parasite plasma membrane. The motor is connected to host cell receptors through trans-membrane
invasins belonging to the thrombospondin-related anonymous protein (TRAP) family. A recent study indicates that
aldolase bridges the cytoplasmic tail of MIC2, the homologous TRAP protein in Toxoplasma, and actin. Here, we confirm
these unexpected findings in Plasmodium sporozoites and identify conserved features of the TRAP family cytoplasmic tail
required to bind aldolase: a subterminal tryptophan residue and two noncontiguous stretches of negatively charged
amino acids. The aldolase substrate and other compounds that bind to the active site inhibit its interaction with TRAP and
with F-actin, suggesting that the function of the motor is metabolically regulated. Ultrastructural studies in salivary gland
sporozoites localize aldolase to the periphery of the secretory micronemes containing TRAP. Thus, the interaction
between aldolase and the TRAP tail takes place during or preceding the biogenesis of the micronemes. The release of their
contents in the anterior pole of the parasite upon contact with the target cells should bring simultaneously aldolase, TRAP
and perhaps F-actin to the proper subcellular location where the motor is engaged.

INTRODUCTION

The phylum Apicomplexa is composed of unicellular eu-
karyotic parasites that include several major pathogens to
humans and/or livestock such as Plasmodium, Toxoplasma,
Cryptosporidium, Eimeria, and Babesia. They display a com-
mon set of organelles known as rhoptries, micronemes, and
dense granules that discharge their content in a defined
order during the host cell attachment/invasion processes
(Preiser et al., 2000; Morrissette and Sibley, 2002). In addi-
tion, the apicomplexan invasive forms (termed zoites) are
surrounded by a pellicle composed of the plasma membrane
and underneath it a continuous layer of flattened vesicles
defining the inner membrane complex (IMC).

Even though zoites do not possess cilia or flagella, they
exhibit a unique kind of locomotion termed gliding motility,
defined by the lack of obvious modification in the moving
cell shape, and the need for a supporting substrate (King,
1988). Several lines of evidence indicate that gliding motility
and cell invasion are related mechanisms empowered by the

same acto-myosin motor located in the cortical space in
between the plasma membrane and the IMC (King, 1988;
Dobrowolski and Sibley, 1996; Meissner et al., 2002b; Wetzel
et al., 2003). According to the current model, trans-membrane
proteins displaying adhesive extracellular domains and an-
chored to the motor trigger either forward locomotion or
penetration into the host cells (King, 1988; Menard, 2001;
Opitz and Soldati, 2002). One such molecule is the throm-
bospondin-related anonymous protein (TRAP), whose ex-
pression is restricted to Plasmodium sporozoites (Rogers et
al., 1992; Robson et al., 1997).

The essential role of TRAP on gliding motility and inva-
sion has been ascertained by genetic approaches (Sultan et
al., 1997; Kappe et al., 1999; Matuschewski et al., 2002). TRAP
is the founding member of a family of apicomplexan mem-
brane proteins, which includes the TgMIC2 protein of Tox-
oplasma gondii among others (Menard, 2001; Meissner et al.,
2002a). These proteins are stored in the micronemes and
rapidly translocated to the cell surface upon parasite activa-
tion, likely by Ca2� signaling (Carruthers and Sibley, 1999;
Gantt et al., 2000). The similarities among the �45 amino
acid-long carboxyl cytoplasmic tail of TRAP family proteins
are restricted to a subterminal tryptophan and a high con-
tent of acidic residues (Menard, 2001). However, replace-
ment of the cytoplasmic tail of TRAP by that of TgMIC2 did
not affect motility or infectivity of P. berghei sporozoites,
indicating that notwithstanding their diverse sequence the
cytoplasmic tail of these molecules have the same functional
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properties (Kappe et al., 1999). Several parasite mutants in
the TRAP C terminus were either nonmotile or displayed
abnormal gliding motility, denoting that this portion of the
molecule must interact directly or indirectly with the molec-
ular motor (Kappe et al., 1999). Direct binding of TRAP to
cytoskeletal proteins, however, has not been demonstrated
so far (Opitz and Soldati, 2002). An indirect kind of TRAP–
motor interaction via adapter molecule(s) and/or conforma-
tional changes regulated by extracellular ligands, such as
that defined for integrins and selectins (Serrador et al., 2002;
Liddington and Ginsberg, 2002), seems the most likely pos-
sibility.

Indeed, recent evidence indicates that the cytoplasmic tail
of both TgMIC2 and TRAP are bound to actin via the tet-
rameric glycolytic enzyme aldolase (Jewett and Sibley,
2003). It is known that mammalian aldolases bind to actin
through defined amino acid motifs (O’Reilly and Clarke,
1993; Wang et al., 1996) and that this binding affects both the
enzyme activity and cell contraction/motility (Schindler et
al., 2001). Here, we confirm in Plasmodium these unforeseen
findings and attempt to define the structural basis and the
regulation of the TRAP–aldolase interaction.

MATERIALS AND METHODS

Aldolases
Histidine-tagged P. falciparum aldolase (PfAldo) was expressed in Escherichia
coli and purified to crystallographic purposes by means of three chromatog-
raphy steps, including immobilized metal ion adsorption, ion exchange, and
size-exclusion columns (Kim et al., 1998). Partial clones from P. yoelii aldolase
obtained from the TIGR P. yoelii Gene Index were assembled by genetic
procedures to obtain the full-length sequence in frame with the glutathione
S-transferase (GST) protein of the pGEX 4T-1 vector (Amersham Biosciences,
Piscataway, NJ). Rabbit aldolase A and spinach aldolase were from Sigma-
Aldrich (St. Louis, MO).

Aldolase Activity Assays
Aldolase activity was assayed by either coupling the fructose 1,6-phosphate
(F1,6P) cleavage to the triose phosphate isomerase/�-glycerophosphate de-
hydrogenase reaction and continuous measuring of NADH consumption at
340 nm (Dobeli et al., 1990) or by using the aldolase kit (Sigma-Aldrich).
Carbohydrates and aldolase inhibitors were from Sigma-Aldrich. Kinetic
values were determined from double-reciprocal plots by using the least-
squares method.

TRAP Proteins
The entire cytoplasmic TRAP C terminus containing 45 residues was ampli-
fied from P. berghei (NK65 strain) genomic DNA by using the primers PbTC-t
for (5�-ggcGAATTCtataattttatagcaggaagtagcgc-3�) and PbTC-t rev (5�-
agcGTCGACtctagattagttccagtcattatcttcagg-3�). The TRAP�W and TRAP�acid
molecules were constructed using the PbTC-t for primer along with the
reverse primers PbTC-tW (5�-agcGTCGACtctagattagttcgcgtcattatcttcaggta-3�)
and PbTC-tA (5�-agcGTCGACtctagattagttccaggcattacctgcaggtaatttaaac-3�), re-
spectively. The TRAP25 mutant molecule was constructed using the primers
PbTC-tGLUT for (5�-cgGAATTCgatgtaatggcagatgatga-3�) and PbTC-t rev.
The amplicons were treated with EcoRI/SalI, purified, and cloned into pGEX
4T-1. Constructs were confirmed by DNA sequence analysis. GST-fusion
proteins expressed in E. coli were purified by affinity chromatography on
glutathione (GSH)-Sepharose columns (Amersham Biosciences) as described
previously (Buscaglia et al., 1998).

Peptides
Peptides derived from P. falciparum TRAP (Rogers et al., 1992) or P. berghei
aldolase (Cloonan et al., 2001) were custom-synthesized by Genemed Synthesis
Inc. (San Francisco, CA). Their sequences are as follows: TRAP13mer, N-PEQ-
FRLPEENEWN-C; TRAP25mer, N-ETLGEEDKDLDEPEQFRLPEENEWN-C;
TRAP34mer, N-CYAGEPAPFDETLGEEDKDLDEPEQFRLPEENEWN-C; and
Aldolase C-t, N-GAGGSTAGASLYEKKYVYC-C. In some cases, a cysteine resi-
due (denoted in bold) not present in the original sequence was added for direct
conjugation to Imject maleimide-activated keyhole limpet hemocyanin (KLH)
and bovine serum albumin (BSA) (both from Pierce Chemical, Rockford, IL)
following manufacturer’s guidelines.

Antisera
Goat anti-rabbit aldolase antibody was from Chemicon International (Te-
mecula, CA). Anti-GST antibody was from Amersham Biosciences. An anti-
serum to PfAldo was obtained by immunization of BALB/c mice with 30 �g
of enzyme emulsified in complete Freund’s adjuvant by the intraperitoneal
route, followed by two booster injections of 10 �g in incomplete Freund’s
adjuvant every 15 d. Two rabbit antisera against P. berghei TRAP were used,
one recognizing the cytoplasmic tail and other directed toward the amino acid
repeats (Sultan et al., 1997). The specificity of these antisera was confirmed by
lack of reactivity toward TRAP null parasites. In addition, an antiserum to the
cytoplasmic tail of P. falciparum TRAP was raised in mice immunized as
described above with the TRAP34mer peptide coupled to KLH. Anti-KLH-
Aldolase C-t peptide antiserum was raised in rabbits (Covance, Denver, PA).
The specificity of the two latter antisera was assessed by reactivity toward the
corresponding BSA-coupled peptide by enzyme-linked immunosorbent assay
(ELISA).

IgG and Fab Purification
IgG was obtained by protein A-Sepharose chromatography (Amersham Bio-
sciences) following manufacturer’s guidelines. To obtain the Fab fragments,
IgG was incubated overnight at 37°C with 0.02 mg/ml papain (Sigma-Al-
drich) in phosphate-buffered saline (PBS) containing 20 mM EDTA and 20
mM l-cysteine. Reaction was stopped with 100 �l of 0.3 M iodoacetamide in
PBS followed by buffer exchange using NAP-10 desalting columns (Amer-
sham Biosciences). Samples were applied onto protein A-Sepharose columns
and the flow-through fractions (containing the Fab) were collected.

Immunoprecipitation
P. berghei sporozoites (5 � 106) were resuspended in 2 ml of 25 mM HEPES,
pH 7.3, 1 mM EDTA, 1 mM MgCl2, 50 mM KCl, 0.5% Tween 20, and a
protease inhibitor cocktail (Sigma-Aldrich) and subjected to two bursts of
sonication (20 sec each) on ice. Every subsequent step was carried out at 4°C.
Tubes were kept on ice for 20 min and centrifuged at 14,000 rpm for 20 min.
Supernatant was centrifuged again and preadsorbed for 1 h with 200 �l of
protein G-Sepharose (Amersham Biosciences) equilibrated in resuspension
buffer. Aliquots (500 �l) of the supernatant were incubated for 4 h with 100 �g
of the indicated IgG. Protein G-Sepharose (100 �l) was then added, and
samples incubated for 1 h. Resins were washed five times in 1 ml each of
resuspension buffer and stripped at 100°C in loading buffer (50 mM Tris-HCl,
pH 6.8, 2% SDS, 10% glycerol, 10% 2-mercaptoethanol, and 0.1% bromphenol
blue).

Pull-Down Assays
One hundred micrograms of either PfAldo or as a control rabbit glyceralde-
hyde-3-phosphate dehydrogenase (Sigma-Aldrich) was mixed with 150 �g of
BSA and preadsorbed for 1 h with GSH-Sepharose equilibrated in buffer A (10
mM imidazole acetate, pH 7.3, 50 mM KCl, and 0.2% Tween 20). Supernatants
were incubated with 100 �l of GSH-Sepharose loaded with 50 �g of the
indicated GST-fusion protein for 3 h at 4°C. Pellets were washed five times in
1 ml each of buffer A and finally stripped at 100°C in loading buffer.

F-Actin Co-sedimentation Assays
Actin was purified from rabbit muscle acetone powder (Sigma-Aldrich) as
described previously (Pardee and Spudich, 1982). Nonpolymerized actin
(G-actin) was diluted in buffer G (5 mM Tris-HCl, pH 8, 0.2 mM ATP, 0.2 mM
dithiothreitol, and 0.2 mM CaCl2) up to 100 �g/ml and centrifuged to remove
denatured protein. Actin polymerization was carried out for 2 h at 4°C by the
addition of 50 mM KCl, 2 mM MgCl2, and 0.8 mM ATP (Pardee and Spudich,
1982). Twenty microliters of either GST-fusion protein (300 �g/ml) was
mixed with 1.5 �l of PfAldo (4 mg/ml) and 180 �l of polymerized actin
(F-actin) and incubated at room temperature for 45 min. In some cases,
different carbohydrates (100 �M) were added. F-Actin was precipitated at
65,000 � g for 2 h in a Beckman ultracentrifuge. Supernatants were collected
and pellets washed twice with 1 ml of buffer G before solubilization in 200 �l
of loading buffer diluted 1:5 in 8 M urea. Equivalent aliquots from both pellet
and supernatant fractions were analyzed in SDS-PAGE followed by Coomas-
sie Brilliant Blue staining.

Protein Biotinylation
PfAldo and normal rabbit IgG (2 mg/ml) extensively dialyzed against PBS
were labeled for 2 h at room temperature with 1 mM EZ-link Sulfo-NHS-
Biotin (Pierce Chemical). Reaction was stopped with 15 �l of 1 M Tris-HCl,
pH 7.2. Samples were applied onto NAP-10 columns to remove the excess of
free biotin and stored at 4°C with sodium azide (0.01%). The extent of
biotinylation was determined by the 2-hydroxyazobenzene-4�-carboxylic acid
dye method (Bayer and Wilchek, 1990).
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ELISA
Polystyrene ELISA microplates (NUNC A/S, Roskilde, Denmark) were
coated with 1 nmol/well of the TRAP34mer peptide in carbonate buffer, pH
9.5, and blocked in buffer A with 5% BSA for 3 h. Biotin-labeled proteins
diluted in the same buffer were incubated for 3 h in the presence of the
indicated compounds. After extensive washings in buffer A, NeutrAvidin
conjugated to horseradish peroxidase (HRPO) (1:5000; Pierce Chemical) was
added for 1 h. Absorbance values at 405 nm were recorded after the addition
of 2,2�-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Pierce Chemical) and
transformed to protein concentration by using a calibration curve of the
corresponding biotin-labeled protein performed in the same plate. Percentage
of inhibition displayed by each compound was calculated using the same
calibration curves and taking as 0% inhibition the mean value recorded for the
biotin-labeled protein without further additions.

Cryoimmunoelectron Microscopy
Salivary glands from P. yoelii-infected Anopheles stephensi mosquitoes were
fixed for 2 d at 4°C with 8% paraformaldehyde in 0.25 M HEPES, pH 7.4,
infiltrated, frozen, and sectioned as described previously (Folsch et al., 2001).
The sections were labeled first with mouse anti-PfAldo antibodies (1:100 in
PBS 1% fish skin gelatin) followed by anti-mouse IgG antibodies and 5-nm
protein A-gold particles (Department of Cell Biology, Medical School, Utrecht
University, Utrecht, The Netherlands). Afterward, sections were incubated
with rabbit anti-TRAP repeats antibodies (1:10) followed by 10-nm protein
A-gold particles before examination with a Philips 410 electron microscope
(Eindhoven, The Netherlands) under 80 kV.

Statistical Analysis
Mean values in every point of the curves were compared with that of the
corresponding control by using the Student’s t test. p � 0.05 was considered
significant.

RESULTS

In Vivo Experiments
To evaluate the possible in vivo interaction between TRAP
and aldolase, extracts from P. berghei sporozoites were im-
munoprecipitated with purified IgG against either TRAP
repeats or different aldolases. Normal IgG purified from the
corresponding species was used as control. Immunoprecipi-
tated fractions were analyzed by Western blot. An antiserum
raised against the cytoplasmic tail of TRAP reveals a discrete
number of bands ranging from �100 to �75 kDa in both the
total parasite lysate and the anti-TRAP immunoprecipitate
(Figure 1A). This antiserum also highlights the same bands
in both anti-aldolase precipitates but not in the control frac-
tions (Figure 1A), indicating that TRAP and aldolase interact
in vivo.

The in vivo aldolase–TRAP interaction was also revealed
by cryoimmunoelectron microscopy. For these experiments,
the rabbit anti-TRAP repeats antiserum was used along with
the mouse anti-PfAldo antiserum. Double labeling of sec-
tions obtained from salivary glands from infected mosqui-
toes colocalizes both proteins mostly to the periphery of
certain micronemes (Figure 1B, 1 and 3). Sixty-six of 165
(40%) TRAP-containing organelles analyzed from different
sections are labeled with both antisera. In addition, aldolase
can be found between the plasma membrane and the IMC
(Figure 1B, 2), scattered in the cytosol, and surrounding
certain microneme-like structures not labeled by the anti-
TRAP antiserum (Figure 1B, 1 and 3). Although these mi-
cronemes may not contain TRAP, it is also possible that the
absence of TRAP staining is technical in nature. Indeed,
using the same antibodies it has been previously shown that
most of sporozoite micronemes contain TRAP (Kappe et al.,
1999; Bhanot et al., 2003). The same pattern of labeling was
obtained when a goat anti-rabbit aldolase antiserum was
used (our unpublished data).

In Vitro Binding Assays
The in vitro interaction between TRAP and PfAldo was
initially evaluated by pull-down assays by using as baits
three different GST-TRAP proteins (Figure 2A). They in-
clude the entire wild-type P. berghei TRAP C-terminus se-
quence and two mutant molecules with alanine or glycine
substitutions in either the penultimate tryptophan or the last
tract of acidic residues (termed TRAP�W and TRAP�acid,
respectively). The parasites bearing these mutant molecules
had a profound defect in gliding motility and were not
infective (Kappe et al., 1999). These TRAP constructs were
immobilized onto GSH-Sepharose and incubated with an
equimolar mixture of PfAldo and BSA (Figure 2B, input).
The specifically retained proteins were eluted and revealed
by Coomassie-stained SDS-PAGE (Figure 2B, output). As
shown, PfAldo binds to the wild-type TRAP and to a much
lesser extent to the TRAP variant molecules. GST alone
displays negligible binding to PfAldo, whereas BSA does
not bind to the GST-fusion proteins (Figure 2B, output).
Furthermore, the enzyme downstream of aldolase on the
glycolytic pathway (glyceraldehyde-3-phosphate dehydro-
genase) did not bind to any of the GST-fusion proteins when
evaluated by similar pull-down assays (our unpublished
data). The effect of the introduced mutations in TRAP was
also evaluated by ELISA. Plates coated with either GST-
TRAP molecule were incubated with biotin-labeled PfAldo,
and the interaction revealed by the addition of HRPO-con-
jugated avidin. As shown in Figure 2C, only the wild-type
TRAP significantly binds to PfAldo by this technique.

To further characterize this interaction, we coated ELISA
plates with a peptide spanning the last 34 residues of P.
falciparum TRAP (TRAP34mer) and incubated them with
biotin-labeled PfAldo. As shown in Figure 3A, PfAldo binds
in a dose-dependent manner to the TRAP34mer-coated
plates, whereas purified normal rabbit IgG displaying sim-
ilar extent of biotinylation exhibits minimal binding capacity
in the same conditions. The binding of PfAldo to TRAP-
coated plates is strongly and specifically inhibited by a
mouse antiserum raised against the TRAP34mer peptide
(Figure 3B, top), by the TRAP34mer peptide itself in the fluid
phase (Figure 3B, middle) and by nonbiotinylated aldolases
(Figure 3B, bottom).

Mapping of the Aldolase-binding Site in TRAP
To map the aldolase-binding region in TRAP, we evaluated
the extent of inhibition displayed by a series of partially
overlapping peptides derived from the TRAP C terminus.
As indicated in Figure 4A, the binding of PfAldo to
TRAP34mer-coated plates is displaced by the TRAP34mer
itself present in the fluid phase (Figure 3B), and by a shorter
version of this peptide spanning solely the 25 C-terminal
amino acids of TRAP. Surprisingly, the inhibitory capacity
of the TRAP25mer peptide is higher than that of the
TRAP34mer (50% inhibition achieved at 5 and 40 �M con-
centration, respectively). A peptide spanning the last 13
residues of TRAP (TRAP13mer), on the other hand, does not
render significant inhibition even when assayed at 100 �M
concentration (Figure 4A). These results suggest that the last
25 residues of TRAP are sufficient to bind to PfAldo. To
confirm these findings in a fluid-phase assay, we performed
pull-down experiments by using either the entire TRAP tail
or a shorter version spanning just the last 25 residues (GST-
TRAP25; Figure 2A). As shown in Figure 4B, the extent of
binding to PfAldo is indistinguishable for both proteins.
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Mapping of the TRAP-binding Site in Aldolase

Compounds That Bind to the Enzyme Active Site Inhibit
Aldolase–TRAP Interaction To map the TRAP binding
site(s) on Plasmodium aldolase, we initially tried to obtain in
E. coli distinct truncated versions of the P. yoelii enzyme.
Unfortunately, all of these proteins, except for the full-length
molecule, were poorly expressed or targeted to inclusion
bodies (our unpublished data).

We then analyzed the effect of catalysis on the aldolase–
TRAP interaction. The substrate F1,6P and the products of
the reaction catalyzed by aldolase (dihydroxyacetone phos-
phate and glyceraldehyde-3-phosphate) inhibit at low mi-
cromolar concentration the binding of the enzyme to TRAP
(Table 1). These values are in the range of the Km for PfAldo
(Table 1), suggesting that this inhibition is mediated by
occupation of the active site. Related compounds such as
fructose 1-phosphate and fructose 6-phosphate display a

Figure 1. TRAP and aldolase interact in
vivo. (A) Lysates from P. berghei sporozoites
were immunoprecipitated using the IgG indi-
cated above each lane and probed with a rab-
bit anti-TRAP C-terminus antiserum (1:1000).
Molecular markers (in kilodaltons) are indi-
cated on the right. (B) Immunoelectron mi-
croscopy of P. yoelii sporozoites doubly la-
beled with mouse anti-PfAldo (5-nm gold
particles) and rabbit anti-TRAP repeats
(10-nm gold particles). 1, a longitudinal sec-
tion of the parasite identifies the TRAP-con-
taining micronemes (mi), some of which are
peripherally associated with aldolase. Some
microneme-like structures are solely labeled
by aldolase (arrows). 2, localization of aldo-
lase between the IMC and the plasma mem-
brane (pm) is highlighted by arrows. 3, a
transversal section of the parasite pinpoints
the intense and specific labeling of mi-
cronemes with TRAP and aldolase; few mol-
ecules of aldolase are observed in the parasite
cytosol. The arrow in the inset of 3 shows the
presence of TRAP and aldolase in a single
microneme. sg, salivary gland tissue. Bars,
150 nm.
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significantly impaired inhibitory activity (Table 1). The con-
centrations required to reach 50% of inhibition of the PfAl-
do–TRAP interaction and 50% inhibition of PfAldo activity
on F1,6P are very similar (millimolar range), further sup-
porting the role of the active site occupation in the former
effect. Neither fructose nor glucose 6-phosphate inhibits
PfAldo–TRAP interaction or PfAldo cleavage of F1,6P (Table
1). We also tested the effect of competitive inhibitors of
aldolase in our assay. As shown in Table 1, both suramin
and d-myo-inositol 1,4,5-phosphate (but not d-myo-inositol)
inhibit both PfAldo–TRAP interaction and F1,6P consump-
tion at roughly similar concentration.

Overall, these results suggest that TRAP is binding either
directly to the active site or to another region of the enzyme
whose conformation is changed upon occupation of the
active site. However, neither the TRAP34mer nor the
TRAP25mer inhibit PfAldo enzymatic activity even when
assayed at 100 �M concentration (Table 1).

The C Terminus of Aldolase Is Not Involved in the Binding
to TRAP Previous site-directed mutagenesis and crystallo-
graphic studies (Itin et al., 1993; Kim et al., 1998) indicate that
the last �20 amino acids of PfAldo play a critical role in the
catalytic reaction. It has been speculated that this species-

specific and flexible segment modulates the PfAldo activity
by burrowing into the active site (Kim et al., 1998). In Plas-
modium aldolases, this sequence is rich in positively charged
residues (Cloonan et al., 2001), suggesting that it might me-
diate the interaction with the acidic TRAP tail. However, we
found that the Aldolase C-t peptide spanning the last 19
residues of P. berghei aldolase (90% identical to the PfAldo
sequence) does not inhibit the PfAldo-TRAP binding even at
100 �M concentration (our unpublished data). Furthermore,
Fab fragments prepared from an antiserum raised against
this peptide are also inactive in preventing PfAldo–TRAP
interaction (Figure 5A), although they recognize and par-
tially inhibit PfAldo enzymatic activity (Figure 5B). Overall,
our data suggest that the C-terminal region of PfAldo is not
critical for its interaction with TRAP.

The Aldolase–TRAP Complex Interacts with F-Actin
The actin-binding site of mammalian aldolases includes a
series of residues (O’Reilly and Clarke, 1993; Wang et al.,
1996) highly conserved in the Plasmodium aldolases (Figure
6A) (Cloonan et al., 2001), but the direct interaction of the
parasite aldolase with actin has never been demonstrated.
Therefore, we first evaluated the in vitro interaction of
PfAldo and F-actin by cosedimentation assays. As shown in

Figure 2. TRAP cytoplasmic tail interacts with
PfAldo in vitro. (A) Schematic representation of
GST-TRAP variant molecules. Different con-
structs derived from P. berghei TRAP were
cloned in-frame at the C terminus of GST by the
unique EcoRI and SalI restriction sites. Amino
acid replacements inserted in each construct are
shaded. (B) Equal amounts of each GST-fusion
protein (indicated above) immobilized onto
GSH-Sepharose were incubated with 100 �g of
PfAldo and 150 �g of BSA (input). Specifically
retained proteins were evaluated by Coomassie
Blue-stained SDS-PAGE (output). The identity
of the revealed bands is indicated on the left
and the molecular markers (in kilodaltons) on
the right. (C) ELISA plates coated with 100 ng of
the indicated GST-fusion protein were incu-
bated with biotin-labeled PfAldo and revealed
by the addition of HRPO-avidin followed by a
colorimetric substrate. Samples were tested in
triplicate. Mean values of absorbance at 405 nm
are indicated (SD did not exceed 5% of mean
values; our unpublished data). Asterisks denote
significant differences (p � 0.01) with the corre-
sponding GST values.
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Figure 6B, PfAldo coprecipitates with actin microfilaments.
This interaction is partially inhibited by the aldolase sub-
strate F1,6P and by the aldolase products dihydroxyacetone
phosphate and glyceraldehyde-3-phosphate but not by fruc-
tose 6-phosphate or fructose (Figure 6B). BSA and �-actinin
were used as internal negative and positive F-actin–copre-

cipitating controls, respectively (Figure 6B) (Hohaus et al.,
2002). Additional cosedimentation assays were performed to
demonstrate the specific formation of a ternary complex
(F-actin–PfAldo–TRAP). As depicted in Figure 6C, GST-
TRAP, but not GST, is brought down into the F-actin pellet
when in the presence of PfAldo, indicating that the ternary

Figure 3. Specificity of PfAldo-TRAP inter-
action. (A) ELISA plates coated with the
TRAP34mer peptide were probed with either
biotin-labeled PfAldo or biotin-labeled rabbit
IgG as in legend to Figure 2C. (B) Inhibition of
TRAP34mer-biotin-labeled PfAldo (6 �g/ml)
interaction displayed by different mouse an-
tisera (top), peptides (middle), or nonbiotiny-
lated aldolases (bottom). Samples were tested
in triplicate and the mean values of absor-
bance at 405 nm are indicated (SD did not
exceed 5% of mean values; our unpublished
data). Asterisks denote significant differences
(p � 0.01) with the mean value recorded for
the biotin-labeled PfAldo without further ad-
ditions. One of three experiments with similar
results is shown. UP, peptide unrelated to
TRAP.

Figure 4. Mapping of aldolase-binding site on TRAP. (A) Peptides derived from the P. falciparum TRAP C-terminus sequence were tested
for their ability to interfere with the binding between biotin-labeled PfAldo and the TRAP34mer peptide as indicated in legend to Figure 3.
The sequence, length, and concentration required to obtain 50% inhibition (IC50%) are shown. (B) Equal amounts of each GST fusion protein
were tested for their ability to interact with PfAldo by pull-down assays as described in Figure 2B.
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complex is obtained even though TRAP per se is unable to
bind F-actin. The intensity of the revealed PfAldo and actin
bands in both the supernatant and pellet fractions is very
similar in the presence of either GST or GST-TRAP (Figure
6C). Therefore, neither the F-actin–PfAldo interaction, nor
the F-actin/G-actin ratio is affected by GST-TRAP.

Pull-down and ELISA assays revealed the key role of both
the penultimate tryptophan and the terminal stretch of
acidic residues of TRAP in its association to PfAldo (Figure
2, B and C). Indeed, all of wild-type TRAP is associated via
PfAldo to the F-actin pellet, whereas a fraction of both
TRAP�W and TRAP�acid molecules remain in the super-
natant (unbound) fraction as revealed by Western blot by
using an anti-GST antibody (Figure 6D).

DISCUSSION

Current evidence strongly suggests that gliding motility and
host cell invasion by apicomplexan parasites are empowered
by the same acto-myosin motor, a unique machinery re-
stricted to this phylum and highly conserved among its
members (Menard, 2001; Opitz and Soldati, 2002). Defining
the identity and mode of interaction of the components of
this machinery may provide new tools for the prophylaxis or
treatment of a wide range of human and livestock diseases.
The overall arrangement of the motor and several of its key
constituents such as actin (Dobrowolski and Sibley, 1996;
Wetzel et al., 2003), myosin A (Pinder et al., 1998; Matus-
chewski et al., 2001; Meissner et al., 2002b), and a family of
surface invasins related to TRAP (Menard, 2001; Matus-
chewski et al., 2002) have been already characterized. Recent
data also indicate participation in the machinery of a protein
that binds to the tail of myosin A (Herm-Gotz et al., 2002;
Bergman et al., 2003), of a Toxoplasma myosin docking pro-
tein (Beckers, personal communication), and of aldolase

(Jewett and Sibley, 2003). This latter molecule probably
transduces the signals from the parasite surface to the motor
by bridging the cytoplasmic tail of invasins to actin.

Here, we use different approaches to study the in vivo and
in vitro interaction of Plasmodium aldolase and TRAP. We
show that the last 25 residues of the TRAP tail are sufficient
to mediate this binding (Figure 4). This region of the TRAP
tail harbors most of its charged residues, whereas the re-
maining sequence close to the trans-membrane domain is
biased toward glycines and hydrophobic residues (valines,
alanines, prolines, tyrosines; Figure 2A) and promotes the
intracellular sorting of the molecule (Bhanot et al., 2003).
Within the defined aldolase-binding site on TRAP, our find-

Table 1. Correlation between inhibition of PfAldo activity and
PfAldo-TRAP interaction

Compound IC50%
a K1

b

Fructose 1,6-phosphate 4 �Mc N.A.d
Dihydroxyacetone phosphate 5 �M N.A.
Glyceraldehyde 3-phosphate 5 �M N.A.
Fructose 1-phosphate 1 mM 5 mM
Fructose 6-phosphate 5 mM 3 mM
Glucose 6-phosphate �50 mM �50 mM
Fructose �50 mM �50 mM
Suramin 500 �M 100 �M
d-Myo-inositol �10 mM �10 mM
d-Myo-inositol 1,4,5-phosphate 200 �M 500 �M
TRAP34mer 40 �M �100 �M
TRAP25mer 5 �M �100 �M

Each compound was tested at serial dilutions for the inhibition of
biotin-labeled PfAldo-TRAP34mer peptide interaction by ELISA
and for the PfAldo inhibition in activity assays using fructose 1,6-
phosphate as substrate.
a IC50%, concentration required to obtain 50% inhibition of PfAldo-
TRAP interaction.
b Ki, concentration required to obtain 50% inhibition of PfAldo
activity. Ki was calculated by plotting 1/Vel against the compound
concentration.
c Km value for PfAldo � 9 �M.
d N.A., non-applicable.

Figure 5. Effect of aldolase C terminus (c-t) on its interaction with
TRAP. (A) The inhibition of biotin-labeled PfAldo-TRAP34mer pep-
tide interaction displayed by different Fab fractions (0.3 mg/ml) was
evaluated as indicated in legend to Figure 3. One of two experi-
ments with similar results is shown. (B) PfAldo activity was con-
tinuously monitored at 340 nm in the presence of the indicated
antisera (1:250 dilution) or Fab fragments (1:50 dilution). Samples
were tested in duplicate and the mean values of absorbance are
indicated (SD did not exceed 3% of mean values; our unpublished
data). Asterisks denote significant differences (p � 0.01) with the
mean value recorded for the PfAldo without further additions. One
of two experiments with similar results is shown.
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ings reveal the critical role of the penultimate tryptophan in
the enzyme recognition (Figures 2, B and C, and 6D). These
results are in close agreement with those reported by study-
ing TgMIC2/TRAP and either rabbit or T. gondii aldolase
(Jewett and Sibley, 2003), except that we detect a minor
binding of aldolase to the TRAP�W molecule, which is
probably of relevance (see below). In addition, we demon-
strated that the acidic last stretch of 13 residues of the TRAP
tail is required but not sufficient for optimal binding to
aldolase (Figures 2, B and C, 4, and 6D). Our binding studies
using partially overlapping peptides demonstrate the pres-
ence of additional aldolase-contacting residues upstream of
the last 13 amino acids of TRAP. Indeed, as shown in Figure
4A, this sequence cannot displace the interaction between
aldolase and a longer version of the TRAP tail (TRAP34mer
peptide), whereas a 25mer peptide displays full inhibition.

Overall, these data concur with previous in vivo experi-
ments by using TRAP mutants. P. berghei sporozoites har-
boring a TRAP molecule deleted on its last 14 residues are
noninfective but still display residual motility (Kappe et al.,
1999). A similar phenomenon was verified for parasites
bearing TRAP molecules mutated in either the penultimate

tryptophan or the last tract of acidic residues (Kappe et al.,
1999). Though aberrant, this residual motility suggests that
the tethering of TRAP mutant molecules to the motor is
somehow taking place. The comparison of the aldolase-
binding sequence in TRAP with the structures of the aldo-
lase-binding motifs of other proteins provides additional
supporting evidence for our hypothesis. All of these mole-
cules display a consensus sequence composed of two acidic
stretches flanking a single highly hydrophobic residue (Fig-
ure 7). Deletion of either acidic tract or posttranslational
modification of the hydrophobic residue correlates with a
decreased affinity of these molecules for aldolase (Itin et al.,
1993; Volker and Knull, 1997; Eisenmesser and Post, 1998).
The participation of ionic bonds in the aldolase-TRAP inter-
action is also supported by the inhibitory effect of salts
(IC50% reached at 60 mM) and/or ionic detergents (our
unpublished data).

Thus, it is very likely that the two noncontiguous acidic
stretches in the TRAP tail (Figure 7) interact with positively
charged regions scattered throughout the surface of the
aldolase. The enzyme active site itself comprises a cluster of
basic residues, some of which are involved in the anchoring

Figure 6. An actin–aldolase–TRAP ternary
complex is formed in vitro. (A) Sequence
alignment of the actin-binding site of rabbit
aldolase A, and the corresponding residues in
Plasmodium-derived aldolases. The relative
position in the primary sequence for each res-
idue is indicated. (B) Left, PfAldo was ultra-
centrifuged in the presence or absence of F-
actin and both supernatant (S) and pellet (P)
fractions analyzed by Coomassie-stained
SDS-PAGE. The identity of the revealed
bands is indicated on the left. The addition of
different compounds (100 �M) before centrif-
ugation is indicated below each lane. DHAP,
dihydroxyacetone phosphate; G3P, glyceral-
dehyde-3-phosphate; F6P, fructose 6-phos-
phate; F, fructose. Right, fractionation of BSA
and �-actinin in F-actin cosedimentation as-
says. Both pellet (P) and supernatant (S) frac-
tions were analyzed as described in A. (C)
GST or GST-TRAP molecules were mixed
with F-actin in the presence (left) or absence
(right) of PfAldo and subjected to ultracentrif-
ugation. Equivalent supernatant (S, top) and
pellet (P, bottom) fractions were analyzed as
in A. (D) TRAP variants (indicated above each
lane) were assayed for their cosedimentation
capacity with F-actin in the presence of
PfAldo. Equivalent pellet (P, top) and super-
natant fractions (S, bottom) were analyzed by
Coomassie staining and Western blot by us-
ing an anti-GST antibody (1:500), respectively.
The identity of the revealed bands is indi-
cated on the left.
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of the phosphate groups of the substrate/products (Kim et
al., 1998). A direct binding of the TRAP tail to the aldolase
catalytic region is therefore conceivable. In this case, TRAP
and F-actin should be stably accommodated in a small sur-
face to form the ternary complex because both the catalytic
pocket and the actin-binding site on PfAldo are closely
apposed (Figure 8). This scenario would explain the inhibi-
tory role of aldolase substrate, products, and competitive
inhibitors in this interaction (Table 1). Indeed, the associa-
tion to aldolase of other sequences structurally related to
TRAP such as those displayed in Figure 7 is also displaced
by aldolase substrate/products (Schneider and Post, 1995;
Volker and Knull, 1997; Kao et al., 1999). However, this idea
is not supported by the observation that neither the
TRAP34mer nor the TRAP25mer peptide inhibited the in
vitro PfAldo activity even when tested at 100 �M concen-
tration (Table 1).

Although other explanations can be invoked, it is conceiv-
able that TRAP tail is not interacting with the aldolase active
site itself but with another positively charged region whose

structure is modified upon the occupancy of the catalytic
center. The last �20 residues of PfAldo define a highly
flexible and positively charged structure that is presumed to
modulate the enzymatic activity by its reversible burrowing
into the active site (Kim et al., 1998) (Figure 8). We failed,
however, to demonstrate a direct interaction between TRAP
and the C terminus of PfAldo (Figure 5). If successful, on-
going cocrystallization experiments between PfAldo and the
TRAP tail peptide will shed some light on this puzzling
issue.

Here, we demonstrated for the first time the specific as-
sociation of F-actin, aldolase, and TRAP in a ternary com-
plex (Figure 6C). The binding of aldolase to both F-actin and
TRAP is, however, inhibited during substrate turnover (Ta-
ble 1 and Figure 6B). How can the motor bridging properties
and the catalytic role of aldolase be reconciled in vivo?
Aldolase is a tetramer made up of four identical subunits
and F-actin is a multimer that can be assembled in bundles.
We favor the idea that actin–aldolase–TRAP form large dis-
sociable dynamic complexes with the rest of the motor be-
neath the plasma membrane, and that enzymatic turnover
will not disrupt all of these links simultaneously. The pos-
sibility that the concentration of the aldolase substrate/
products in the cortical cytoplasm is lower than that re-
quired to inhibit the interaction of the enzyme with TRAP,
or even that glycolysis does not take place in the space
where the motor is engaged cannot be ruled out. In this case,
the ATP required for the assembly and translocation of actin
microfilaments should be generated outside the cortical cy-
toplasm. Further studies dealing with the mechanisms of
energy conversion in this parasite stage and/or the in vivo
structure/function of the gliding motility machinery may
clarify these issues.

It has been previously shown that the aldolase–MIC2
complex is present on the surface of T. gondii tachyzoites
(Jewett and Sibley, 2003). Our ultrastructural studies on
salivary gland (resting) Plasmodium sporozoites indicate that
the formation of this complex occurs at a previous step. As
demonstrated for other apicomplexan invasins (Soldati et al.,
2001), TRAP is likely to be stored in the micronemes as an
integral type I membrane protein, with its adhesive N ter-
minus protruding toward the micronemal lumen and the
C-terminus tail facing to the cytoplasm. As shown in Figure
1B, aldolase is localized on the surface of micronemes con-
taining TRAP, most likely bound to its cytoplasmic tail.
These observations provide a plausible explanation for the
sorting of aldolase (and probably actin) to the narrow, con-
strained space in between the IMC and the plasma mem-
brane (Ngo et al., 2000). On parasite activation, TRAP-con-
taining micronemes fuse with the parasite membrane
(Carruthers and Sibley, 1999; Gantt et al., 2000) bringing the
adhesive domains of TRAP to the parasite surface, and
piggy back to its tail the aldolase–actin complex. This hy-
pothesis is in agreement with the observation that polymer-

Figure 7. Sequence comparison of aldolase-
binding motifs present in different proteins.
Aldolase-binding motifs present in human
glucose transporter 4 (GLUT4), bovine �-tu-
bulin, and the anion exchanger of human
erythrocyte membrane (band 3) were aligned
with the last 25 residues of P. falciparum TRAP
cytoplasmic tail (Pf TRAP). Overall acidic re-
gions are indicated by boxes.

Figure 8. Proximity of the actin-binding site and the catalytic center
in PfAldo. Ribbon diagram of the PfAldo monomer structure based on
crystallographic data showing the substrate (fructose 1,6-phosphate)
anchored to the active site, the sequence 38DESTQTIKKRFDN50 span-
ning the core of the actin-binding motif (in green) and the flexible C
terminus (in violet) apposed to the catalytic pocket.
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ization of actin in Apicomplexa takes place initially in the
anterior parasite pole (Wetzel et al., 2003). During gliding
motility and cell invasion, the aldolase–TRAP complex (and
perhaps other molecules) would be moved along the locally
formed and tightly regulated actin filaments (Jewett and
Sibley, 2003), propelled by the myosin A molecules tethered
to the IMC (Bergman et al., 2003).
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