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Abstract

Thrombospondin-related anonymous protein, TRAP, has a critical role in the hepatocyte invasion step
of Plasmodium sporozoites, the transmissible form of the parasite causing malaria. The extracellular
domains of this sporozoite surface protein interact with hepatocyte surface receptors whereas its
intracellular domain acts as a link to the sporozoite actomyosin motor system. Liver heparan sulfate
proteoglycans have been identified as potential ligands for TRAP. Proteoglycan binding has been
associated with the A- and TSR domains of TRAP. We present the solution NMR structure of the TSR
domain of TRAP and a chemical shift mapping study of its heparin binding epitope. The domain has an
elongated structure stabilized by an array of tryptophan and arginine residues as well as disulfide bonds.
The fold is very similar to those of thrombospondin type-1 (TSP-1) and F-spondin TSRs. The heparin
binding site of TRAP-TSR is located in the N-terminal half of the structure, the layered side chains
forming an integral part of the site. The smallest heparin fragment capable of binding to TRAP-TSR is
a tetrasaccharide.
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Plasmodium parasite is the causative agent of malaria.
Liver infection by sporozoites, the transmissible form of
the parasite from mosquito to human, is an attractive
target for malaria vaccine development. Blocking sporo-
zoite invasion or their development in hepatocytes would
stop infection before the onset of symptoms, as only the
later erythrocytic phases of the infection are associated
with symptoms. Two sporozoite surface proteins are
known to be involved in the hepatocyte infection. Spor-
ozoites are arrested in the liver most likely by an
interaction involving circumsporozoite protein (CS) and
heparan sulfate proteoglycans (HSPGs) (Rathore et al.

2001; Sinnis and Nardin 2002). At a later point, throm-
bospondin-related anonymous protein (TRAP) is released
onto the surface of the sporozoite from specialized
secretory organelles of the Apicomplexa called the micro-
nemes. Extracellular adhesive domains of TRAP bind
to host cell receptors and, powered by an interaction
between the TRAP intracellular C-terminal domain and
the sporozoite motor system (Kappe et al. 2004), a moving
junction is formed, enabling parasite invasion of hepato-
cytes. HSPGs are at least partially responsible for the inter-
action between TRAP and hepatocytes (Matuschewski et al.
2002; Akhouri et al. 2004).

Plasmodium CS and TRAP both contain an adhesive
thrombospondin type 1 domain, TSR. TSR is a small
;60-residue domain found in extracellular proteins or in
the extracellular part of transmembrane proteins that are
involved in immunity, cell adhesion, and neuronal de-
velopment (Tucker 2004). Structures of TSR domains
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from thrombospondin-1 (TSP-1; Tan et al. 2002) and
F-spondin (PDB codes 1SZL and 1VEX) have been solved.
These show that a TSR domain has an elongated structure
consisting of an antiparallel three-stranded b-sheet. The
domain core is formed by a stacked array of side chains
of conserved tryptophans, arginines, and cysteines. TSRs of
several proteins have been reported to mediate glycosami-
noglycan (GAG) binding.

A 20-residue motif called region II of CS TSR has been
implicated as the likely ligand in the adhesion of sporozoite
to liver HSPGs (Sinnis and Nardin 2002; Tewari et al. 2002).
Similarly, for the TSR domain of TRAP (TRAP-TSR) a role
as a mediator in HSPG binding has been inferred (Robson
et al. 1995; Matuschewski et al. 2002). TRAP contains
a second adhesive domain N-terminal to the TSR, the A
domain, which is a member of the von Willebrand factor
type A protein family (vWFA). These proteins contain a
metal ion-dependent adhesion site, MIDAS, implicated in
ligand binding (Lee et al. 1995). In vivo studies, where either
the A domain, the TSR domain, or both were mutated and
the sporozoite’s capability to adhere, glide, and invade a host
cell were observed (Matuschewski et al. 2002), indicated that
the A domain plays the major role in infectivity. The two
adhesive domains were found to interact with distinct
receptors, only the TSR interaction being GAG dependent.
Binding studies with recombinant proteins (McCormick
et al. 1999; Akhouri et al. 2004), however, suggested that
both domains interact with GAGs, and that the binding is
independent of MIDAS. A cluster of basic residues on the
surface of the A domain was suggested to be responsible for
the binding interaction (Akhouri et al. 2004).

Interestingly, P. falciparum also possesses a third TSR-
containing surface antigen that is expressed at the sporozoite
stage and binds to hepatocytes, PfSPATR (secreted protein
with altered thrombospondin repeat; Chattopadhyay et al.
2003). Its exact function is unclear.

Potential inhibitory means for preventing infection ensues
from a detailed view of the events connected to the
hepatocyte invasion step of Plasmodium sporozoites. To this
end, we have determined the solution NMR structure of the
TSR domain of TRAP and, through chemical shift mapping,
its interaction surface with heparin. We have also identified
the minimum number of disaccharide units necessary for the
interaction to take place. The studied TRAP-TSR domain
corresponds to residues 242–288 of P. falciparum TRAP
(Swiss-Prot code P16893).

Results

Solution structure determination of TRAP-TSR

The 2D 1H, 15N-HSQC spectrum of TRAP-TSR shows 44
of the 46 possible backbone amide cross peaks that are
well dispersed, except for residues W11, Q39, and V7,

K26, I29. The backbone amide cross peaks of the two
most N-terminal residues (G1 and S2, which come from
the expression system and are not part of the native
domain) are not visible in the spectrum. Additionally,
cross peaks of all glutamine and tryptophan side chain
N-H pairs as well as three out of four arginine side chain
N-H pairs are present. A basic set of triple resonance
spectra (HNCACB, CBCA(CO)NH, HNCO, CC(CO)NH,
and HCCH-COSY; Sattler et al. 1999; Permi and Annila
2004) acquired from a 13C, 15N-double labeled TRAP-
TSR sample resulted in a 98.8% 1H assignment, leaving
only the HN, Ha protons of G1 and HN proton of S2
unassigned. The assigned chemical shifts have been de-
posited in the BioMagResBank with the accession code 6865.

We determined the structure of TRAP-TSR by auto-
mated iterative NOE assignment-structure calculation
protocol (Herrmann et al. 2002). Except for the two
termini, a well-defined ensemble of structures was
obtained (Fig. 1; Table 1). The number of distance
restraints per residue is ;15. A typical distribution
pattern is observed in which restraints in regular struc-
tures outnumber those in loops. This leads to somewhat
higher root mean square deviation (RMSD) values in the
loops. RMSD to the mean structure for residues 4–46 is
;0.7 Å for backbone atoms and ;1.2 Å for all heavy
atoms. The atomic coordinates of TRAP-TSR were de-
posited in the PDB with the accession code 2BBX.

TRAP-TSR folds into the general Arg-Trp layered
elongated TSR structure

The TRAP-TSR domain has an elongated fold formed of
an antiparallel three-stranded b-sheet (Fig. 1). Strands B
and C form a regular b-sheet (residues 21–26 and 37–42),
whereas strand A is irregular with a rippled pattern
(residues 9–15). Multiple hydrogen bonds between back-
bone and side chain atoms as well as interactions between
the interleaved side chains of two tryptophans (W8, W11)
and three arginines (R23, R25, R27) stabilize the struc-
ture. A stabilizing cation-p interaction is likely to form
between lysine or arginine and an aromatic side chain
of phenylalanine, tyrosine, or tryptophan (Gallivan and
Dougherty 1999). As determined by the program CAP-
TURE (Gallivan and Dougherty 1999), all four possible
cation-p interactions between the stacked arginines and
tryptophans (R23–W11, R25–W11, R25–W8, R27–W8)
are deemed energetically significant in the TRAP-TSR
structure. Additional stability is brought to the structure
by three disulfide bonds at the ends of the elongated
structure, one on the N-terminal side (C5–C34) and two
on the C-terminal side (C14-C42, C18–C47).

The fold of TRAP-TSR is very similar to those of the
previously solved TSR domains (Fig. 2), namely, throm-
bospondin-1 (TSP-1) TSR domains 2 and 3 (Tan et al.
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Figure 1. Structure of TRAP-TSR. (A) Number of NOE restraints [(black) long range, i� j$5; (dark gray) medium range, i� j<5;

(light gray) sequential, i� j¼1; (white) intraresidual, i� j¼0] and RMSD [(open circles) backbone atoms; (filled circles) all heavy

atoms] per residue. The areas of regular structure are shown above. (B) Ensemble of 20 energy minimized structures of TRAP-TSR

domain; (C) secondary structure together with the stabilizing stack of tryptophan, arginine, and cysteine side chains shown specifically.

Protons are omitted from the figure for reasons of clarity. The three strands and the two termini are marked with capital letters. (D)

Sequence alignment of P. falciparum protein domains reported to have sequence similarity to TSRs. The proteins are TRAP, CTRP

(CS-protein-TRAP-related protein; Trottein et al. 1995) with seven TSR domains, SPATR (Chattopadhyay et al. 2003), CS (Dame et al.

1984), and TRAMP (thrombospondin-related apical merozoite protein; Thompson et al. 2004). TRAP and six of the CTRP TSRs have

their six cysteines organized in the manner typical for Group 2 TSRs. TRAMP TSR belongs to Group 1 TSRs. The potential locations

of disulfide bonds are shown above the alignment (Group 2) and below it (Group 1). SPATR, CS, and CTRP4 have a distinct pattern of

conserved residues and possibly divergent structures. Potential disulfide and stack forming residues are highlighted. CTRP1 and

CTRP4 have long insertions between the underlined residues. The location of these insertions is as in Tan et al. (2002). The alignment

was made with ClustalW (1.83) by excluding the insertions.
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2002) and F-spondin TSR domains 1 and 4 (PDB codes
1SZL and 1VEX). The three strands and the short loop 1
between strands A and B superimpose well, with RMSDs
varying from approximately 1.0 Å to 2.1 Å depending on
the structure. The closest similarity is found between
TRAP-TSR and F-spondin TSR-4. The loop 2 between
strands B and C shows more variation. TRAP-TSR has
the shortest loop, with 10 residues, while the longest ones
are found in TSP-1, with 19 residues in both TSR
domains. A stacked array of tryptophans, arginines, and
cysteines is observed in each structure. Some variation is
found in the number and type of residues participating in
the stack formation. TRAP-TSR has a disulfide bonding
pattern similar to that observed in F-spondin TSRs. The
N-terminal disulfide links the N terminus and loop 2. In
TSP-1 TSRs, a link within loop 2 is observed. This does
not, however, have any effect on the similarity of the fold.

A DALI program (Holm and Sander 1993) search from
the PDB revealed similar folds between TRAP-TSR and
TSP-1 TSR 2 (Z-score 3.7, Ca trace RMSD 2.9 Å),
F-spondin TSR-1 (Z-score 3.6, Ca trace RMSD 2.3 Å),
and a minor similarity with Escherichia coli ADP-ribose
pyrophosphatase (Z-score 2.2, Ca trace RMSD 3.3 Å).
The N-terminal domain of the latter has a three-stranded
antiparallel b-sheet fold, which is involved in homodimer
stabilization (Gabelli et al. 2001). It interacts with the
C-terminal domain of the other monomer through an
interface of many aromatic residues. It does not contain
an array of stacked Trp, Arg, and Cys side chains.

Heparin binds specifically to the N-terminal
half of TRAP-TSR

A potential heparin binding site is identified on the
surface of TRAP-TSR (Fig. 3). The three stacked argi-
nines form a positively charged region in the N-terminal
half of the molecule. Heparin is a highly sulfated poly-
saccharide, and could form a complementary surface in
an interaction with the TSR domain. NMR chemical
shifts are very sensitive to changes in local electronic
environment, a fact that is successfully exploited in
monitoring conformational changes and mapping ligand
binding interfaces. We performed chemical shift mapping
by the stepwise addition of low-molecular-weight heparin
(maximum Mr 3000, corresponding to 5–6 heparin dis-
accharides) to a 15N-labeled TRAP-TSR sample and by
recording a 2D 1H, 15N-HSQC spectrum at each titration
point. Selective perturbations in several TRAP-TSR
peaks indicate specific binding between TRAP-TSR and
heparin (Fig. 3). Backbone amide group 1H, 15N chemical
shift perturbations are confined to two regions of the
sequence. The largest changes were observed for S4–G6,
W8, and L30–S36 corresponding to the N terminus and
loop 2. The chemical shifts of side chain He1–Ne1 of W8
and He–Ne of R27 and R23 also change significantly
upon titration. Unfortunately, the R25 side chain He–Ne
does not show a cross peak in the spectrum, so its fate
upon titration could not be followed. The V7 cross peak is
clustered with those of K26 and I29. One of these peaks

Table 1. NMR restraints and structural statistics for the
ensemble of 20 best conformers of TRAP-TSR

Distance constraints

All 754

Sequential |i�j|¼1 432

Medium-range 1<|i�j|<5 37

Long-range |i�j|$5 285

Number of constraints per residue 15.4

Structure statistics

Average AMBER energy (kcal/mol) �2107.7 6 4.3

Violations

Distance constraints (Å) 0.07 6 0.02

Dihedral angle constraints (°) 2.41 6 0.31

Max. distance constraint violation (Å) 0.12

Max. dihedral angle violation (°) 3.15

Deviations from idealized geometry

Bond lengths (Å) 0.0113 6 0.0001

Bond angles (°) 2.11 6 0.03

Average RMSD from mean coordinates

(Å), residues 4–46

Backbone 0.68 6 0.13

Heavy 1.18 6 0.16

Ramachandran plot (%)a 78.9/20.4/0.2/0.5

a Residues in most favored/additionally allowed/generously allowed/dis-
allowed regions of the Ramachandran plot.

Figure 2. Comparison of TSR domain structures. Ribbon structures of

F-spondin TSR-4 domain (PDB code 1VEX) (A), TRAP-TSR (B), and TSP-1

TSR-2 domain (PDB code 1LSL) (C) are shown. The structures are in the

same orientation with the residues forming the stacked structure specifi-

cally shown, with tryptophans in red, arginines in blue, isoleucine in green,

and cysteines in yellow. The common fold is evident even though the

disulfide bonding pattern differs.

Structure of P. falciparum TRAP-TSR
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moves significantly upon addition of heparin, most likely
that of either V7 or I29. No additional peaks appeared in
the spectrum during titration.

To determine the minimum length of the binding
epitope on the polysaccharide, we also studied the bind-
ing of heparin fragments to TRAP-TSR. Our chemically

Figure 3. Characterization of the heparin binding site of TRAP-TSR. (A) A section of the overlaid 2D 1H, 15N-HSQC spectra acquired at

different heparin titration points of TRAP-TSR. The concentration of heparin grows in the order 0:1 (red), 0.2:1 (yellow), 0.4:1 (magenta),

0.6:1 (black), 0.8:1 (orange), and 1.2:1 (green). (B) Binding curves for two residues for low-molecular-weight heparin and heparin

tetrasaccharide. (C) A graph representing the chemical shift changes per residue for the low-molecular-weight heparin, at a heparin to

TRAP-TSR ratio of 1.2:1. Also, the changes occurring in Arg, Trp, and Gln side chains are reported. (D) Illustration of the relation of the

chemical shift perturbations to surface charge distribution and to the potential binding site on heparin. At the left, two solution conformations

of heparin (Mulloy et al. 1993; PDB code 1HPN) are shown. In the leftmost structure IdoA has the 2S0 conformation, and in the middle

structure the 1C4 conformation. IdoA and GlcN code for a-L-iduronic acid and a-D-glucosamine. Two tetrasaccharide units are shown,

separated by a dashed line. The binding epitope, formed by the negative cluster of three sulfate groups in successive monosaccharides, is

circled. The largest distance between sulfate oxygens is found in the 1C4 conformation, and is ;10.7 Å. In the upper right structure the

charge distribution of the surface of TRAP-TSR is shown, where blue indicates positive and red indicates negative partial charges. The

positively charged cluster has approximate dimensions of 15.3 3 13.3 Å, from the average distance in the ensemble of structures between

side chain Ne atoms of R23 and R27 and that between side chain methyl groups of V7 and T35. In the lower right structure, residues whose

Dd $ 0.05 ppm at a titration ratio 1:1.2 of TRAP-TSR to heparin are colored in red, and those with 0.02 < Dd < 0.05 ppm in orange.

Residues whose amide groups were not observed due to overlap are shown in white. Residues G1–S2 and P48–P49 are omitted for clarity.

Tossavainen et al.
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cleaved fragments corresponded to heparin di- and tetra-
saccharide units. Only the tetrasaccharide binds to TRAP-
TSR. Chemical shift perturbations were observed in the
same residues as in the low-molecular-weight heparin
titration. However, a clear quantitative difference was
seen between the two ligands (Fig. 3). This difference is
most likely associated with the number of binding sites
present in the two ligands. If heparin tetrasaccharide is
the shortest fragment that binds, low-molecular -weight
heparin most likely contains two or three binding sites.
The concentration of bound protein increases more
rapidly in the low-molecular-weight heparin titration as
compared to the tetrasaccharide titration, i.e., the chemi-
cal shift changes are larger with the long heparin when
the same relative concentrations of the two heparin
molecules are titrated.

The peak positions moved as a function of added heparin,
which is a sign of fast exchange on the NMR time scale. The
dissociation constant of heparin interaction with TRAP-TSR
was determined from an average NMR titration curve. The
curve included residues that had experienced chemical shift
perturbations $0.05 ppm at a 1:1.2 protein to heparin ratio.
Kd is ;0.5 mM for the tetrasaccharide and 0.2 mM for low-
molecular-weight heparin.

Discussion

Two highly conserved motifs have been identified as
being essential for GAG binding of TSRs, namely an
N-terminal motif containing tryptophan(s) (Guo et al.
1992a, b; Müller et al. 1993) and a stretch of basic
residues ;10 residues further in the amino acid sequence
(Sinnis et al. 1994; Gantt et al. 1997). From our structure,
it is clear that both the conserved tryptophans (8WDEW11

in P. falciparum TRAP-TSR) together with the arginines
(23RSRKRE28) are essential in holding the correct fold of
the domain. Their interleaved positioning enables a stabi-
lizing electrostatic interaction. Together with the disul-
fide bonds at the two termini, these form the scaffold of
the structure. A similar side chain array of conserved
arginine and tryptophan side chains has been observed in
the structures of TSP-1 TSRs (Tan et al. 2002) as well as
in F-spondin TSRs (PDB codes 1SZL and 1VEX).

It has been proposed that TSRs can be divided into two
groups based on linkages between the three strands
(Tan et al. 2002). The major difference between the
groups is the N-terminal disulfide bond. In group 1, the
bond is formed between cysteines within loop 2, whereas
in group 2, one cysteine resides in the loop and the other
one in the N-terminal part of the sequence Figs. (1, 2).
TRAP-TSR is a member of group 2 TSRs.

Besides being structurally important, the conserved argi-
nine and tryptophan residues form an integral part of the
binding site for heparin. Chemical shift perturbations ob-

served in the chemical shift mapping experiments performed
indicate that TRAP-TSR binds specifically to heparin at
a site of interaction localized in the N-terminal half of the
domain on the side of the layer of arginine and tryptophan
side chains (Fig. 3). This interaction is likely to be at least
partially electrostatic by nature since the depicted site largely
corresponds to a positively charged surface region found at
the N-terminal half of TRAP-TSR. At the C-terminal half,
several glutamate residues (E40, E43, E44, and E45) on the
same face of the molecule form an oppositely charged
surface. A positively charged surface is observed in the
TSP-1 structure as well (Tan et al. 2002). However, other
factors that modulate binding must be present, as in F-
spondin TSR-1 and TSR-4 similar positive surfaces are
found, but it appears that only TSR domains 5 and 6 in F-
spondin are able to bind heparin, domains 1–4 not being
involved (Tzarfaty-Majar et al. 2001). In F-spondin and
TSP-1, differences in the degree of glycosylation between
TSR domains (Gonzalez de Peredo et al. 2002) are likely to
provide specificity.

Heparin has a helical extended structure in which
sulfate groups form negatively charged clusters (Mulloy
et al. 1993). The size and the form of the negatively
charged cluster in heparin fit within the dimensions of the
positively charged region on the surface of TRAP-TSR
(Fig. 3). It is thus conceivable that the binding epitope in
heparin is formed by one charged cluster. A tetrasacchar-
ide is the minimal unit resulting in an interaction of
affinity sufficient to be detected in the experimental
conditions used. The disaccharide lacks one sulfate group
in its negative cluster as compared with the tetrasacchar-
ide. It is possible that a stronger interaction requires the
presence of a larger negative cluster. No interaction is
likely to occur between TRAP-TSR domains when
binding to a heparin molecule with multiple binding sites
since the residues perturbed by binding were the same in
the low-molecular-weight heparin and the heparin tetra-
saccharide titrations, and also the dissociation constant of
the low-molecular-weight heparin was approximately half
that of the tetrasaccharide.

TRAP-TSR has a relatively low affinity for heparin. From
the average titration curve of all residues experiencing
chemical shift perturbations over a threshold value, a disso-
ciation constant of 0.5 mM was determined for the in-
teraction between TRAP-TSR and heparin tetrasaccharide.
As has been suggested for CS TSR (Rathore et al. 2001), the
TRAP-TSR domain might also act in the target cell
recognition step as a low-affinity molecular probe for the
sporozoite, the TRAP A-domain providing the high-affinity
adhesive site(s) for specific binding. Previously, it has been
shown that for the interaction between the TRAP A domain
and heparin, the Kd is 80 nM (Akhouri et al. 2004), which is
over three orders of magnitude smaller than observed here
for TRAP-TSR.

Structure of P. falciparum TRAP-TSR
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The affinity of TRAP-TSR toward heparin observed in
this study might be different in the presence of the A
domain (and the rest of the extracellular part of the
protein). Akhouri et al. (2004) demonstrated that the
affinity for heparin of the whole extracellular domain of
TRAP is twice that of the A domain alone. It is feasible
that the two adhesive domains of TRAP could form
a continuous binding surface for heparin. This could
include the putative heparin binding site formed by the
cluster of basic residues identified on the surface of the
modeled structure of the TRAP A domain (Akhouri et al.
2004) and the positively charged region observed here on
the surface of TRAP-TSR.

In conclusion, we have demonstrated that TRAP-TSR
folds into an elongated b-sheet structure where the
conserved arginine, tryptophan, and disulfide-forming
cysteines form a stable stacked core. The layered side
chains create a positively charged surface in the
N-terminal half of TRAP-TSR that interacts with heparin.
TRAP-TSR alone binds heparin with a weak affinity.
However, this binding can be affected by the presence of
the other extracellular domains of TRAP, namely the
neighboring A domain. Structural studies with a multido-
main molecule as the target will eventually reveal the
roles of each domain in the interaction underlying
sporozoite hepatocyte invasion as well as permit a rational
structure-based approach for inhibitor design.

Materials and methods

Protein production and purification

cDNA for the TRAP-TSR domain region was constructed in
a nontemplate PCR using an overlapping primer pair spanning
the whole domain area. The primers used were: forward,
GAGGATCCGCAAGTTGTGGTGTTTGGGACGAATGGTCT
CCATGTAGTGTAACTTGTGGTAAAGGTACCAGGTCAAGA
AAAAGAGAAATCTTA; reverse, AGGAATTCTATGGAGGAC
ATCTTTCTTCTTCACATTGTTCTTGTATTTCACTTGTACAT
CCTTCGTGTAAGATTTCTCTTTTTCTTG.

The PCR product was cloned into pGEX-2T expression vector
and sequenced to verify integrity. E. coli bacterial strain BL-21
was used for high-level expression of the GST-fusion protein.
The TRAP-TSR domain was purified by thrombin-cleavage in
a glutathione-sepharose column (Amersham-Biosciences) as
described previously (Kilpeläinen et al. 2000).

Preparation of heparin di- and tetrasaccharides

Commercial high-molecular-weight heparin (Sigma-Aldrich)
was chemically cleaved as described by Ishihara et al. (1993).
After sodium borohydride reduction, size fractionation of the
obtained oligosaccharides was performed on a Superdex 30 (GE
Healthcare) column of size 1.6 3 60 cm, monitoring the light
absorbance at ultraviolet wavelengths. Pools of fractions con-
taining the di- and tetrasaccharides, as judged by comparison
with the elution position of commercially obtained heparin

hexasaccharide (Dextra Laboratories), were further purified by
rechromatography separately and subjected to three rounds of
lyophilization and rehydration.

Structure determination

NMR spectra for structure determination were acquired at 10°C on
Varian Unity Inova spectrometers operating at 600 and 800 MHz 1H
frequency, equipped with triple-resonance probeheads and actively
shielded z- and triple-axis gradient systems, respectively. The
sample contained 0.5 mM 13C, 15N-labeled TRAP-TSR in 20 mM
bis-Tris buffer (pH 6.6) at 10°C, 94% H2O/6% D2O. The spectra
were processed with Vnmr 6.1C (Varian Inc.) and analyzed with
Sparky 3.106 (T.D. Goddard and D.G. Kneller, SPARKY 3,
University of California, San Francisco).

3D HNCACB, CBCA(CO)NH, HNCO, CC(CO)NH, and
HCCH-COSY spectra were used for the assignment of the
chemical shifts (Sattler et al. 1999; Permi and Annila 2004).
NOE peaks were integrated from a 3D 15N-separated NOESY-
HSQC (Zhang et al. 1994) and a 13C-separated NOESY-HSQC
(Muhandiram et al. 1993) spectrum modified to simultaneously
excite aliphatic and aromatic carbon resonances.

Structure calculations were made automatically using the
program CYANA (Herrmann et al. 2002). Peaks from the
NOESY-HSQC spectra were picked and integrated manually,
and the peak lists together with the chemical shift assignments
were used as input for the iterative NOE assignment and
structure calculation with CYANA. Three hundred conformers
were generated, and the 30 conformers with lowest target
function values were subjected to restrained energy minimiza-
tion with AMBER 8 (D.A Case, T.A, Darden, T.E. Cheatham III,
C.L. Simmerling, J. Wang, R.E. Duke, R. Luo, K.M. Merz,
B. Wang, D.A. Pearlman, et al., AMBER 8, University of
California, San Francisco). AMBER refinement consisted of an
initial energy minimization of 2000 steps followed by a cycle of
simulated annealing using the generalized Born implicit solvent
model. In this cycle an initial heating to 1000 K over 4 psec was
followed by 4 psec of molecular dynamics at high temperature and
a slow cooling to 0 K within 12 psec. The step size was 1 fsec and
the cycle consisted of 20,000 steps. The force constants associated
with distance restraints and omega dihedral angles were 32 kcal
mol�1 Å�1 and 80 kcal mol�1 rad�1. Structures were analyzed
with PROCHECK-NMR (Laskowski et al. 1996). A final family
of 20 structures with the lowest AMBER energies and best
satisfying the restraints was selected to represent TRAP-TSR
structure in solution. The ensemble of structures has been de-
posited to the Protein Data Bank with accession code 2BBX. The
structure figures were generated with MOLMOL (Koradi et al.
1996) and InsightII (Accelrys Inc.) softwares.

Heparin titrations

Low-molecular-weight (average molecular weight ;3000 Da)
heparin purchased from Sigma-Aldrich, corresponding to 5–
6 disaccharide units, as well as chemically cleaved heparin,
corresponding to heparin di- and tetrasaccharide units, were
utilized to characterize the interaction between TRAP-TSR and
its substrate. Polysaccharide binding to TRAP-TSR was moni-
tored by recording a 2D 1H, 15N-HSQC spectrum at each
heparin addition point, with spectrometers operating at 500
MHz 1H (low-molecular-weight heparin) and 600 MHz 1H
frequency (heparin fragments). TRAP-TSR to heparin molar

Tossavainen et al.

1766 Protein Science, vol. 15

JOBNAME: PROSCI 15#7 2006 PAGE: 7 OUTPUT: Tuesday June 6 18:06:30 2006

csh/PROSCI/118156/ps0520685



ratios of 1:0, 1:0.2, 1:0.4, 1:0.6, 1:0.8, and 1:1.2 were analyzed.
For low-molecular-weight heparin also the ratio of 1:3.0 and for
the fragments ratios of 1:2.5 and 1:3.8 were analyzed.

Chemical shift change was calculated with Dd ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdHNÞ2 þ ð0:17 � ðdNHÞ2Þ

q
The dissociation constant was de-

termined from an average binding curve. This curve included
residues with Dd $ 0.05 ppm at the titration point with a 1:1.2
TRAP-TSR to heparin ratio. Dissociation constants were de-
termined by fitting the average chemical shift change of all
nonoverlapping residues versus peptide concentration with non-
linear regression to the equation:

dDav ¼ dDmaxfðKD þ L0½ � þ P0½ �Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKD þ L0½ � þ P0½ �Þ2 � 4 L0½ � P0½ �

q
g=2 P0½ �

where dDav is the average chemical shift change, dDmax is the
total chemical shift change at saturation, and [L0] and [P0] are
the ligand and protein concentrations, respectively.
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Koradi, R., Billeter, M., and Wüthrich, K. 1996. MOLMOL: A program
for display and analysis of macromolecular structures. J. Mol. Graph. 14:
51–55.

Laskowski, R.A., Rullmann, J.A.C., MacArthur, M.W., Kaptein, R., and
Thornton, J.M. 1996. AQUA and PROCHECK-NMR: Programs for
checking the quality of protein structures solved by NMR. J. Biomol.
NMR 8: 477–486.

Lee, J.-O., Rieu, P., Arnaout, M.A., and Liddington, R. 1995. Crystal structure
of the A domain from the a subunit of integrin CR3 (CD11b/CD18). Cell
80: 631–638.

Matuschewski, K., Nunes, A.C., Nussenzweig, V., and Ménard, R. 2002.
Plasmodium sporozoite invasion into insect and mammalian cells is
directed by the same dual binding system. EMBO J. 21: 1597–1606.

McCormick, C.J., Tuckwell, D.S., Crisanti, A., Humphries, M.J., and
Hollingdale, M.R. 1999. Identification of heparin as a ligand for the
A-domain of Plasmodium falciparum thrombospondin-related adhesion
protein. Mol. Biochem. Parasitol. 100: 111–124.

Muhandiram, D.R., Farrow, N.A., Xu, G.-Y., Smallcombe, S.H., and Kay, L.E.
1993. A gradient C-13 NOESY-HSQC experiment for recording NOESY
spectra of C-13-labeled proteins dissolved in H2O. J. Magn. Reson. B. 102:
317–321.

Müller, H.-M., Reckmann, I., Hollingdale, M.R., Bujard, H., Robson, K.J.H.,
and Crisanti, A. 1993. Thrombospondin related anonymous protein (TRAP)
of Plasmodium falciparum binds specifically to sulfated glycoconjugates
and to HepG2 hepatoma cells suggesting a role for this molecule in
sporozoite invasion of hepatocytes. EMBO J. 12: 2881–2889.

Mulloy, B., Forster, M.J., Jones, C., and Davies, D.B. 1993. N.m.r. and
molecular-modelling studies of the solution conformation of heparin.
Biochem. J. 293: 849–858.

Permi, P. and Annila, A. 2004. Coherence transfer in proteins. Prog. Nucl.
Magn. Reson. Spectrosc. 44: 97–137.

Rathore, D., McCutchan, T.F., Garboczi, D.N., Toida, T., Hernáiz, M.J.,
LeBrun, L.A., Lang, S.C., and Linhardt, R.J. 2001. Direct measurement
of the interactions of glycosaminoglycans and a heparin decasaccharide
with the malaria circumsporozoite protein. Biochemistry 40: 11518–
11524.

Robson, K., Frevert, U., Reckmann, I., Cowan, G., Beier, J., Scragg, I.G.,
Takehara, K., Bishop, D.H.L., Pradel, G., Sinden, R., et al. 1995.
Thrombospondin-related anonymous protein (TRAP) of. Plasmodium
falciparum Expression during sporozoite ontogeny and binding to human
hepatocytes. EMBO J. 14: 3883–3894.

Sattler, M., Schleucher, J., and Griesinger, C. 1999. Heteronuclear multidi-
mensional NMR experiments for the structure determination of proteins in
solution employing pulsed field gradients. Prog. Nucl. Magn. Reson.
Spectrosc. 34: 93–158.

Sinnis, P. and Nardin, E. 2002. Sporozoite antigens: Biology and immunology
of the circumsporozoite protein and thrombospondin-related anonymous
protein. Chem. Immunol. 80: 70–96.
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