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An actomyosin motor located underneath the plasma membrane
drives motility and host-cell invasion of apicomplexan parasites
such as Plasmodium falciparum and Plasmodium vivax, the caus-
ative agents of malaria. Aldolase connects the motor actin fila-
ments to transmembrane adhesive proteins of the throm-
bospondin-related anonymous protein (TRAP) family and
transduces the motor force across the parasite surface. The TRAP-
aldolase interaction is a distinctive and critical trait of host hepa-
tocyte invasion by Plasmodium sporozoites, with a likely similar
interaction crucial for erythrocyte invasion by merozoites. Here, we
describe 2.4-A and 2.7-A structures of P. falciparum aldolase
(PfAldo) obtained from crystals grown in the presence of the
C-terminal hexapeptide of TRAP from Plasmodium berghei. The
indole ring of the critical penultimate Trp-residue of TRAP fits
snugly into a newly formed hydrophobic pocket, which is exclu-
sively delimited by hydrophilic residues: two arginines, one glu-
tamate, and one glutamine. Comparison with the unliganded
PfAldo structure shows that the two arginines adopt new side-
chain rotamers, whereas a 25-residue subdomain, forming a helix-
loop-helix unit, shifts upon binding the TRAP-tail. The structural
data are in agreement with decreased TRAP binding after mu-
tagenesis of PfAldo residues in and near the induced TRAP-binding
pocket. Remarkably, the TRAP- and actin-binding sites of PfAldo
seem to overlap, suggesting that both the plasticity of the aldolase
active-site region and the multimeric nature of the enzyme are
crucial for its intriguing nonenzymatic function in the invasion
machinery of the malaria parasite.

actin | Apicomplexa | cell invasion machinery | gliding motility |
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M alaria is one of the most devastating parasitic diseases
worldwide, amounting to 300-500 million cases and 1-2
million deaths per year (1). Different species of Plasmodium
infect the human host, the most important ones being Plasmo-
dium falciparum and Plasmodium vivax. Increased occurrence of
multidrug-resistant Plasmodium strains reflects the need and
development for new effective antimalarials (2, 3). Human
infection starts when anopheline mosquitoes inject sporozoites
into the skin during a blood meal. The sporozoites gain access to
the blood stream and ultimately invade hepatocytes where they
develop and multiply. Upon rupture of the infected hepatocytes,
merozoites are released and rapidly enter erythrocytes, where
they undergo schizogony and propagate the blood cycle of the
infection that causes the symptoms of malaria.

A multiprotein complex located in the narrow space between
the plasma membrane and the microtubule-supported inner
membrane complex (IMC) empowers both substrate-dependent
gliding motility and host-cell invasion in Plasmodium (reviewed
in refs. 4 and 5). This machinery consists of short-length actin
filaments (6—8) moved by an unconventional class XIV myosin
A (MyoA) (9) that is tightly anchored to the IMC by means of
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its association with the MyoA-tail-interacting protein (10-12)
and the GAP45-GAP50 complex (13, 14). Our recent structure
of MTIP bound to the MyoA-tail (15) showed interaction
between two invasion machinery proteins. The current study
provides insight at the atomic level of the second inter-protein
interaction occurring in this fascinating and essential multipro-
tein assembly of the malaria parasite.

The transmembrane surface adhesins responsible for contact-
ing the host-cell receptor(s) belong to the TRAP family, present
across the phylum Apicomplexa (16, 17). Surprisingly, the con-
nection between the actin filaments and the cytoplasmic tail of
TRAP-like proteins is not direct but mediated by fructose
1,6-bisphosphate (F1,6P) aldolase (18, 19). This interaction
requires the presence of acidic residues and an essential, pen-
ultimate, Trp residue (20, 21) that characterizes the cytoplasmic
tail of TRAP family proteins. It is through the aldolase connec-
tion that the motor force is translated into capping and redis-
tribution of TR AP-like molecules along the parasite surface (4,
22). When TRAP-like molecules engage cellular receptors, a
moving junction is formed between the host-cell membrane and
the parasite, and invasion follows, as originally described in
Plasmodium merozoites (23). All of the components of this
machinery, as well as their overall arrangement, are present in
different Plasmodium invasive stages (sporozoites, merozoite,
and the mosquito vector-restricted ookinetes) and are evolu-
tionary conserved across the phylum Apicomplexa (5, 20, 24—
26). Because it is obligatory for Plasmodium and most Apicom-
plexa to invade various host cells to complete their life cycle, the
machinery is a very attractive target for drug development
(15, 27).

P. falciparum aldolase (PfAldo) belongs to the class I aldola-
ses, which are present in most organisms and are highly con-
served at the amino acid sequence and structural level (28). The
crystal structure of PfAldo was initially solved in our laboratory
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to 3 A resolution in an unliganded state (29). Crystallographic
studies of class I aldolases from several other species have been
reported. Most relevant for our work are those of the human
aldolases where unliganded structures of the enzyme isoforms
found in muscle (HsA) (30), liver (HsB) (31), and brain tissue
(HsC) (32) have been described, and also that of HsA in complex
with the substrate F1,6P (30). Additional crystallographic stud-
ies of covalent reaction intermediates and aldolases trapped in
complex with the substrate F1,6P, the products dihydroxyac-
etone phosphate and glyceraldehyde-3-phosphate, or competi-
tive inhibitors have helped in understanding the reaction mech-
anism (30, 33-36). In class I aldolases, the reversible cleavage
reaction of F1,6P is mediated by Schiff-base formation of a lysine
with the substrate. This lysine, which corresponds to Lys-236 in
PfAldo (Lys-229 in HsA), together with additional key active-site
residues of PfAldo, is depicted in Fig. 1A4.

Here we report the structure of PfAldo in complex with the
C-terminal TR AP-tail of the rodent malaria parasite P. berghei.
Our findings reveal a most surprising binding mode for the
critical penultimate tryptophan residue near the PfAldo active
site, involving an induced fit mechanism, which includes a rigid
body motion of a 25 residue subdomain. The position of the
TRAP-tail residues is in good general agreement with recently
reported molecular modeling studies (37), which were carried
out entirely independently from the current study [supporting
information (SI) Fig. 6]. Based on our results we propose that
molecular flexibility and the multimeric nature of aldolase are
both critical for its interactions with both TRAP and actin in the
invasion machinery.

Results

Overall Structure of the TRAP-Tail-Bound PfAldo. Even though the 25
C-terminal residues of TRAP play a role in the binding to
aldolase, biochemical data indicated that the extreme C terminus
of TRAP is a crucial component of this interaction (21). Based
on these results, we used a TRAP-tail hexapeptide (Ac-
EDNDWN) corresponding to residues 601-606 of P. berghei
TRAP for cocrystallization with PfAldo.

Two structures of PfAldo complexed with the TR AP-tail peptide
were solved to 2.4 and 2.7 A resolution (see SI Materials and
Methods) by using the unliganded PfAldo structure [PDB ID code
1AS5C (29)] as a molecular replacement model. The refined tet-
rameric structures have an Ryon/Reree combination of 20.1/25.0%
and 20.8/26.9%, with excellent geometry (see SI Table 1).

Clearly defined difference electron density was observed in
the two PfAldo structures in subunit D. The other three subunits
in both structures displayed less well defined TR AP-tail density.
The difference density observed in subunit D corresponds to the
C-terminal residues DWN of the TR AP-tail with the indole ring
of the penultimate W605, and the carboxylate and carboxamide
of the C-terminal N606, fitting well into the difference density in
the higher resolution structures (Fig. 18). The DWN tripeptides
in the two structures superimpose within ~1.0 A (see SI Fig. 7);
therefore, we describe in the rest of the article the 2.4 A
resolution structure. The most striking feature is the binding
mode of the penultimate TRAP-W605, previously shown to be
essential for the PfAldo-TRAP interaction (19, 21). Its indole
ring is buried in a hydrophobic groove formed solely by four
hydrophilic residues of which three are charged: PfAldo R4S,
E40, R309, and Q312. The side chain of R48 and main chain plus
Cg atoms of R309 are the major constituents of the indole-
binding pocket, with the indole nitrogen forming a hydrogen
bond with the carboxyl group of E40 (Fig. 24). The C-terminal
TR AP-N606 interacts with K151 via its carboxamide group, and
with R153 using its C-terminal carboxyl group. The side chain of
TRAP-D604 does not seem to make contacts with aldolase but
its negative charge is likely to contribute electrostatically to the
free energy of binding because of the large overall positive
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Fig. 1. Structure of P. falciparum aldolase and bound TRAP-tail. (A) Struc-
tural overview of one PfAldo subunit (light blue ribbon). Residues binding to
the TRAP-tail are highlighted in red; residues involved in binding of F1,6P in
the active site are shown in blue. Key substrate binding residues are as follows:
Pf-Asp-39 (HsA-Asp-33), Pf-Lys-112 (HsA-Lys-107), Pf-Lys-151 (HsA-Lys-146),
Pf-Arg-153 (HsA-Arg-148), and Pf-Glu-194 (HsA-Glu-187). The main chain
nitrogens of Pf-Ser-278 (HsA-Ser-271), Pf-Gly-279 (HsA-Gly-272) bind to the
1-phosphate group of F1,6P (30). Labels of PfAldo residues equivalent to
rabbit aldolase amino acids implicated by site directed mutagenesis studies
(43) to be involved in actin binding (i.e., R48, K112, R153, and K236) are
highlighted with a gold background. (B) Difference electron densities for the
DWN C-terminal residues of the TRAP-tail in two independent PfAldo:TRAP-
tail structures. The cA weighted (F, — F) difference densities, shown in green
and contoured at 20, were calculated by omitting all TRAP-tail residues during
the refinement procedure. The C-terminal TRAP-tail residues 604-606 are
shown as sticks in magenta. The corresponding (2F, — F) electron density
maps of subunit D in both structures is contoured at 1o in blue. (Upper) The
2.4-A data set. (Lower) The 2.7-A data set (see SI Materials and Methods and
SITable 1). (C) Close-up of the active site and TRAP-binding site with important
residues highlighted. The TRAP-tail residues are shown in magenta, TRAP-
binding residues in red, and active-site residues in blue.

charge of PfAldo in this region. The three residues upstream of
D604 of the TR AP hexapeptide bound do not display interpret-
able density, which suggests significant conformational flexibil-
ity. However two of these side chains are negatively charged and
occur in the neighborhood of positively charged PfAldo side
chains of K46, K47, R48, K53, and R309. Therefore alteration in
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Fig. 2. Key interactions of the TRAP-tail with P. falciparum aldolase. (A)
TRAP-tail residues D604, W605, and N606 (magenta) interacting with PfAldo
residues (light blue). C, positions are marked as spheres. Selected hydrophobic
contacts are shown with red lines and distances in angstroms. The hydrogen
bond between the indole nitrogen of TRAP-W605 and the carboxylate of E40,
and the interactions between TRAP-N606 with R153 and K151, and of the
backbone oxygen of TRAP-D604 with R48, are depicted in black. (B) Sequence
alignment of the C-terminal TRAP-tail residues of three plasmodial species.
Identical residues are shaded in red. All TRAP residues involved in contacts
with aldolase are well conserved in several Plasmodium species.

the charge of these side chains are likely to affect affinity in
agreement with biochemical studies (19-21).

The Indole Anchor-Binding Pocket. Comparing the PfAldo:TRAP
complex with the unliganded PfAldo structure (29) reveals that
TRAP-tail binding is accompanied by critical conformational
changes. Of the four indole-binding residues, E40 and Q312
undergo relatively small changes, by 0.6 and 0.2 A for their side
chains, respectively. In contrast, the side chq,in of the indole-
binding R309 moves considerably, up to ~3.1 A for the C, atom,
whereas the side chain of R48 shifts by 3.0 A and its main chain
by 1.5 A.OThe latter motion is correlated with a rigid body shift
of ~1.1 A of =25 residues of the helix a2-loop-helix a3 region
comprising residues T42 to D66 (Fig. 3). Evidently, the TRAP-

/ D604

tryptophan indole creates its own binding pocket, which is absent
in the unliganded PfAldo structure (see SI Fig. 8). The overall
movements of side and main chains induced by the intercalating
TRAP-W605 result in a distinctly larger active-site groove when
compared with the unliganded state of PfAldo. Therefore,
TR AP-tail binding by PfAldo constitutes a classical example of
“induced fit.”

TRAP and Substrate-Binding Regions Overlap. Several structures have
revealed how the substrate F1,6P is bound to class I aldolases from
a variety of species (30, 33-35), and it is of interest to compare the
F1,6P-binding site with that of the TR AP-tail. The superposition
reveals that F1,6P binding is incompatible with simultaneous bind-
ing of the TR AP-tail because of several clashes between the two
entities bound. For instance, the C4 and C5 atoms of the substrate
F1,6P are essentially at the same position as the TRAP-N606 side
chain (Fig. 4). This positional overlap is in excellent agreement with
previous biochemical data, which demonstrated decreased enzy-
matic activity of PfAldo upon addition of a 34- and 25-mer peptide
spanning the C terminus of TRAP, and inhibition of TRAP-
binding by aldolase substrates such as F1,6P, dihydroxyacetone
phosphate, or glyceraldehyde-3-phosphate (19, 21, 37). Peptide
inhibition studies of PfAldo by the TR AP-tail hexapeptide from P.
berghei, EDNWN and P. falciparum, EENEWN yielded ICs values
of ~40 uM and ~300 uM, respectively. This inhibition of activity
by TRAP hexapeptides is in complete agreement with the observed
binding site of the P. berghei TRAP-tail in our structure.

Mutation Studies. We mutated several residues of PfAldo in the
neighborhood of the TR AP-tail-binding site and evaluated the
TR AP-binding capacity of each mutant (Fig. 5) using previously
described methods (19, 21). Mutation of the indole-contacting
R48 to either D or G, completely abolished TRAP-binding,
which correlates well with its extensive contact with TRAP-
W605 (Fig. 24). The E40G mutant displays essentially no
TR AP-binding, which is in agreement with the fact that the
interaction partner for the indole nitrogen of TRAP-W605 has
been removed in this mutant. Significant effects are also ob-
served when two other indole-contacting residues, R309 and
Q312, are individually mutated to serine, leading in each case to
a 20-fold reduction in TR AP-binding. These two residues mainly
mediate hydrophobic contacts with TRAP-W605 via their Cg
atom and R309 also with its C, atom.

Mutation of R153 to glycine removes its interaction with the
carboxyl group of TRAP-N606 which agrees with decreased
affinity of the R153G substitution. Changing K151 to an aspar-
tate removes an interaction with the side chain of TRAP-N606

D604
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Fig.3. Conformational changes of P. falciparum aldolase upon TRAP-tail binding. Shown is a stereoview of the TRAP-binding region. The TRAP-bound structure
is shown in light blue, the unliganded structure in gray (29), and the TRAP-tail C-terminal tripeptide DWN in magenta. Key residues binding the penultimate
Trp-indole ring are highlighted with sticks. Note the rigid body motion of helix 2, which is part of the helix-loop-helix T42-D66 subdomain shift upon

TRAP-binding (see The Indole Anchor-Binding Pocket).
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Fig.4. TRAP-tail binding interferes with substrate binding. Shown is a stereoview of the PfAldo:TRAP-tail complex superimposed onto the structure of human
aldolase A complexed with F1,6P (30) (PDB ID code 4ALD). Key residues enabling the accommodation of the penultimate Trp-indole ring are highlighted as sticks.
The TRAP-tail is shown in magenta, residues involved in substrate binding in blue, and human aldolase A in yellow. The substrate F1,6P are shown as sticks in
green, with the two phosphate groups in orange. The C-terminal TRAP-tail residue partially occludes the substrate-binding site.

which explains the decreased TR AP-binding of this mutant. The
substitution of L316 by an aspartate results in decreased affinity
for TRAP because the Cs, of 1L316 is in van der Waals contact
with the Cgz of R48. This change in side chain at position 316
alters therefore the position of the critical R48. Other substitu-
tions, e.g., of D39 and A313 to glycine, have a less dramatic effect
on TRAP-binding, which correlates well with the fact that these
residues are further away from the TR AP-tail. The mutagenesis
results seem to be in excellent agreement with our structure
(Figs. 1, 24, and 5).

Discussion

Comparison with Other Studies. The binding site of the three
C-terminal residues of the TR AP-tail to PfAldo observed in our
structures (Figs. 1B and 24) corresponds well with results from
other investigations. In particular the demonstration that muta-
tions of the penultimate Trp residue of TR AP-like molecules to
structurally closely related Tyr and Phe residues disrupts binding
to aldolase (21) is in excellent agreement with the binding mode
observed. The smaller phenol side chain of a Tyr cannot form the
hydrogen bond with E40, whereas a Phe would have a very
unfavorable interaction with this glutamate side chain. This
substitution is also in agreement with our mutagenesis studies,
which show that the E40G PfAldo mutation essentially leads to
a complete loss of TRAP-tail-binding affinity (Fig. 5). This
result is all the more remarkable because the E40G mutation
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Fig. 5. Effects of PfAldo residue substitutions on TRAP-binding. The per-

centage of TRAP-binding compared with WT PfAldo, as evaluated by methods
described elsewhere (19), is plotted on the vertical axis. The aldolase mutants
studied are plotted along the horizontal axis. The excellent correlation be-
tween the effect of the substitutions and the structure of the PfAldo:TRAP-tail
complex is discussed in Mutation Studies.
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removes a negative charge from the TRAP-tail-binding site,
which would be expected to promote binding of the negatively
charged TRAP-tail, but the opposite is the case thereby con-
firming the importance of E40 in interacting with the indole.

The MWMD tail of MIC2, the homolog of TRAP in Toxo-
plasma gondii (18), can be modeled without problems in the T.
gondii aldolase structure: (i) the first Met of the MIC2 tail points
toward the solution; and, (ii) a favorable interaction between the
second Met of the MIC2 tail and the aliphatic part of the side
chain of R148 in T. gondii aldolase, corresponding to PfAldo
R153, occurs after some minor side-chain shifts (see SI Fig. 9).
Our observed binding mode of the DWN TR AP-tail tripeptide
is compatible with the EWDD tail of the Wiskott—Aldrich
Syndrome protein peptide binding to aldolase (21). When main-
taining the position of the W-indole anchor, the N-terminal D to
E substitution, and the addition of the C-terminal D, can be
readily accommodated in our structure (data not shown). It
therefore seems that the aldolase active-site region is capable of
binding related amino acid sequences from different proteins
with the indole ring of the binding partner serving as an anchor
(Figs. 1 and 2A4) whereas multiple negatively charged carboxy-
lates upstream and downstream are engaged in favorable elec-
trostatic interactions with the numerous positive charges of the
active-site region. The highly conserved Trp residue in the tail of
TR AP-like molecules from different Apicomplexan species has
been experimentally associated with gliding and host-cell inva-
sion (5, 17, 18, 38, 39).

Perspectives for Drug Design. To evaluate opportunities for selec-
tive inhibition of the TR AP-binding site, our PfAldo: TR AP-tail
complex structure was compared with the human aldolase
isozymes. Human brain Aldolase C (HsC), which is the closest
structural homolog to PfAldo according to the EBI SSM server
(40), superimposed with PfAldo with an rms deviation of 0.90 A
for 329 residues and an overall sequence identity of 56% [1XFB,
(32)]. The three human isoforms differ mutually in sequence by
28.7% (HsA vs. HsB), 16.7% (HsA vs. HsC), and 27.8% (HsB vs.
HsC), and differ by 42.5-47.3% when compared with PfAldo.
The nine active-site residues are invariant in all four enzymes.
The four residues (E40, R48, R309, and Q312) defining the
TR AP-W605 pocket are conserved in all three human aldolases,
as are eight residues of the 25 helix-loop-helix residues under-
going the rigid body shift upon TRAP-tail binding by PfAldo
Fig. 3). Nevertheless, selective inhibitors of protozoan aldola-
ses, including that from Plasmodium, have been reported (41).
The observed flexibility in the active-site region of PfAldo

Bosch et al.
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suggests that small molecules might be discovered which selec-
tively inhibit TRAP-binding to PfAldo without impairing the
functioning of human aldolases by exploring differences between
PfAldo and human aldolase residues at some distance from the
active site, e.g., by contacting second and third shell residues of
the binding site, or by preventing the shift of the helix-loop-helix
unit which is required for creating the TR AP-binding site.

Simultaneous TRAP and Actin Binding. The motion of the helix-
loop-helix T42-D66 region identified in our structure is of
particular interest as it partially corresponds to the biochemically
identified actin-binding region of rabbit aldolase (42) equivalent
to D39-N51 of PfAldo. Also, the four side chains of rabbit
aldolase implicated in actin binding by mutagenesis studies (43),
corresponding to R48, K112, R153, and K236 in PfAldo, are in
close proximity to the TRAP-binding region revealed by our
studies (Fig. 14). Likely overlap of the TRAP and actin-binding
sites of aldolase is also suggested by enzymatic activity studies of
PfAldo indicating that TR AP-binding as well as actin binding is
competitively inhibited by F1,6P (19). At the same time, Bus-
caglia and coworkers (19) have shown that PfAldo, TRAP-tail
and actin can form a ternary complex, whereas Jewett and Sibley
(18) provided evidence for the same complex in 7. gondii.
Aldolases in Apicomplexa therefore seem to have the remark-
able property of binding both TRAP and actin with the over-
lapping and therefore mutually exclusive binding sites for these
partner proteins, when considering a single aldolase subunit.
However, taking into account that aldolase is tetrameric (29, 44),
this apparent contradiction is resolved: different subunits of the
same aldolase tetramer can bind different invasion machinery
proteins. Interestingly, our hypothesis is in agreement with
several studies reporting that different subunits of the same
aldolase tetramer display different affinities for small molecule
ligands (33, 34, 45-47) (see SI Materials and Methods). These
studies and our results suggest that F1,6P aldolases are sophis-
ticated allosteric assemblies where protein binding near the
active site of one subunit affects the affinities for proteins near
the active sites of other subunits. It might even be possible that
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