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ABSTRACT: Apical membrane antigen 1 (AMA1) of the human malaria parasitePlasmodium falciparum
is synthesized by schizont stage parasites and has been implicated in merozoite invasion of host erythrocytes.
Phage-display techniques have recently been used to identify two 15-residue peptides, F1 and F2, which
bind specifically toP. falciparumAMA1 and inhibit parasite invasion of erythrocytes [Li, F.,et al. (2002)
J. Biol. Chem. 277, 50303-50310]. We have synthesized F1, F2, and three peptides with high levels of
sequence identity, determined their relative binding affinities forP. falciparumAMA1 with a competition
ELISA, and investigated their solution structures by NMR spectroscopy. The strongest binding peptide,
F1, contains aâ-turn that includes residues identified via an alanine scan as being critical for binding to
AMA1 and inhibition of merozoite invasion of erythrocytes. The three F1 analogues include a 10-residue
analogue of F1 truncated at the C-terminus (tF1), a partially scrambled 15-mer (sF1), and a disulfide-
constrained 14-mer (F1tbp) which is related to F1 but has a sequence identical to that of a disulfide-
constrained loop in the first epidermal growth factor module of the latent transforming growth factor-â
binding protein. tF1 and F1tbp bound competitively with F1 to AMA1, and all three contain a type I
â-turn encompassing key residues involved in F1 binding. In contrast, sF1 lacked this structural motif,
and did not compete for binding to AMA1 with F1; rather, sF1 contained a type IIIâ-turn involving a
different part of the sequence. Although F2 was able to bind to AMA1, it was unstructured in solution,
consistent with its weak invasion inhibitory effects. Thus, the secondary structure elements observed for
these peptides in solution correlate well with their potency in binding to AMA1 and inhibiting merozoite
invasion. The structures provide a valuable starting point for the development of peptidomimetics as
antimalarial antagonists directed at AMA1.

Apical membrane antigen 1 (AMA1) is a surface-exposed,
type 1 integral membrane protein conserved throughout all
Plasmodiumspecies. It is critical for the invasion of host
red blood cells (RBCs) (2), and is translocated from the
rhoptries to the apical end of the merozoite surface near the
time of invasion (3-5), although its precise role in this
process remains undefined. It has been postulated that AMA1
is involved in realignment of the parasite following attach-
ment to the RBC, ensuring that the apical prominence of
the merozoite is in the proximity of the RBC surface (6).

AMA1, which appears to be a target of naturally acquired
protective antibody responses, is a leading candidate for
inclusion in a malaria vaccine and a target for the develop-
ment of antimalarial therapeutics. Recombinant AMA1
induced protective immune responses in mouse and monkey
models againstPlasmodium chabaudi adamiand Plasmo-
dium fragile, respectively (7-10), and both monoclonal and
polyclonal antibodies against AMA1 inhibit merozoite inva-
sion of RBC (9-14). The observation that it was not possible
to obtain targeted gene disruptions of the AMA1 gene that
knocked out the function of the protein further supports an
important role for AMA1 in the invasion of host erythrocytes
(15). An orthologue of AMA1 found in the related apicom-
plexan parasiteToxoplasma gondiipresumably plays a role
in the invasion of cell types other than erythrocytes by this
pathogen (16, 17).

Phage-display techniques have been used in a range of
applications to identify peptides that can bind to organ-
specific molecules (18, 19), recognize DNA (20), and mimic
carbohydrate structures (21) and clinically important antibod-
ies (22). The structures of several of these peptides, both in
solution and bound to their receptors, have been determined
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using nuclear magnetic resonance (NMR) and X-ray crystal-
lography (23-25). In recent work by Liet al. (1), a library
of random 15-residue peptides expressed as part of the minor
coat protein gpIII of filamentous phage were panned on
immobilized AMA1. Phage with the highest binding affinity
for AMA1 were selected for DNA sequencing. These data
yielded three different peptide sequences denoted F1-F3
(Figure 1), which were subsequently characterized on the
basis of their ability to bind specifically to recombinant and
native AMA1, and their ability to block merozoite invasion
of RBC.

The first peptide, F1, represented the majority of clones
isolated from the phage-display library. This peptide, which
had the highest affinity forPlasmodium falciparumAMA1
but was unable to bind toP. chabaudiAMA1, was the most
effective peptide at inhibiting merozoite invasion of RBC.
An alanine scan of F1 indicated that the pentapeptide
sequence Leu5Gly6Phe7Gly8Pro9 was critical for both binding
to AMA1 and invasion inhibition (1). On the basis of this
result, a 10-residue truncated version of F1 (tF1), which
lacked the five C-terminal residues of F1, was synthesized
and shown to have the same biological activity as F1. The
final peptide in this series, F1tbp, is related to F1 and was
synthesized after a BLAST search revealed that the sequence
of F1 was homologous with that of the first epidermal growth
factor (EGF) module of the latent transforming growth
factor-â binding protein, particularly in the region of the key
pentapeptide sequence. This sequence was contained in a
disulfide-constrained loop in this protein, and so a peptide
incorporating this sequence, including the disulfide, was
produced and shown not only to bind to AMA1 but also to
compete with the binding of F1. The solution structure of
this peptide has been determined and compared with the
corresponding region of known EGF structures.

Peptides F2 and F3 contain the consensus motif XXRX-
PVXXXXV, where the first two residues are hydrophobic.
Although both peptides had lower relative binding affinities
for P. falciparumAMA1 than F1, they were able to compete
for AMA1 in the presence of phage displaying F1 and were
also able to inhibit merozoite invasion, albeit at concentra-
tions 10-fold higher than that required for F1. In contrast to
F1, both F2 and F3 were able to bind to bothP. falciparum
AMA1 and P. chabaudiAMA1. This suggests that the
binding epitopes for each of the three peptides, F1-F3,
overlap at least partially, but are not identical. Each of these

peptides had no effect on parasite development when added
after merozoites had successfully entered the RBC. In this
study, we have investigated the solution structures of four
peptides in these two families and report on the biological
properties and structures of several analogues based on the
most active peptide, F1.

MATERIALS AND METHODS

Peptides.All synthetic peptides investigated in competition
ELISAs and by NMR spectroscopy were prepared by
AUSPEP Pty Ltd. (Parkville, Victoria, Australia). The correct
mass of each peptide was verified by mass spectrometry,
and the overall purity (>90%) was confirmed by reverse
phase HPLC. The sequences of these peptides are shown in
Figure 1.

Competition ELISAs.A competitive binding assay based
on ELISA techniques was used to determine whether any
of the synthetic peptides were able to block the binding of
F1 phage toP. falciparumAMA1. Plates (96 wells) were
coated with 0.5µg of P. falciparumAMA1 in 100 µL of
0.1 M Na2HCO3 (pH 8.5) per well at 4°C overnight. Wells
were then blocked with 300µL of 0.5% (w/v) BSA in PBS
for 2 h atroom temperature followed by three washes with
PBS. Then 1010 phage particles and 10µg of the appropriate
peptide in 100µL of 0.5% (w/v) PBS were added to each
well (corresponding to 65µM for each of the peptides except
tF1, which was at 95µM) and incubated at room temperature
for 1 h. Wells were then washed with PBS-T (0.5% Tween
20) five times. Bound phage particles were detected using a
1:3000 dilution of an anti-M13-HRP antibody (Amersham
Pharmacia Biotech, Castle Hill, New South Wales, Australia)
in PBS with o-phenylenediamine as the enzyme substrate.
Each set of conditions was repeated in duplicate.

Peptide Inhibition of Merozoite InVasion of RBCs. P.
falciparum cloned lines 3D7 and HB3 were cultured
continuously as described by Trager and Jensen (26). For
invasion assays,P. falciparumcloned lines were grown to
parasitaemias of approximately 10% and erythrocytes in-
fected with mature-stage (schizont) parasites were purified
on a Percoll cushion (27). The infected erythrocytes were
adjusted to 3-4% parasitaemia and 2% haematocrit and
aliquoted into wells containing 50µmol of F1, tF1, or sF1
or no peptide. Approximately 20 h later, smears were made
to determine the number of invaded cells, identified as those
cells containing rings. Parasitaemia levels were determined
by counting 1000 cells from Giemsa-stained thin blood films.
Each set of conditions was repeated in duplicate.

NMR Spectroscopy.Samples were prepared for NMR by
dissolving lyophilized peptides in a 10%2H2O/90% H2O
mixture to a final concentration of approximately 2.5 mM.
The pH was adjusted to 4.5, but no buffer was present. Two-
dimensional homonuclear TOCSY spectra with a mixing time
of 37.5 ms and E-COSY NMR spectra were collected on a
Bruker AMX-500 spectrometer. NOESY spectra with a
mixing time of 250 ms were collected on a Bruker DRX-
600 spectrometer.1H-13C HMQC spectra for the assignment
of 13C chemical shifts (28, 29) were collected using 2.5 mM
samples of natural-abundance F1 and tF1 in 100%2H2O on
a Bruker AMX-500 spectrometer. Diffusion measurements
were performed using a PFG longitudinal eddy-current delay
pulse sequence (30, 31) as implemented by Yaoet al. (32).

FIGURE 1: Sequences of peptides that interact with AMA1. Peptides
F1-F3 were previously identified from a phage-display library (1).
The peptide tF1 is a truncated version of the F1 peptide that was
designed on the basis of the alanine scan of F1 to identify critical
residues. sF1 represents an inactive version of F1 containing the
same amino acid residues but in a different sequence. F1tbp is a
constrained version of F1 by virtue of incorporation of a disulfide
bond. Peptides F1, tF1, sF1, and F1tbp are aligned to show the
conserved core; identical and conserved residues are shown in bold
and italics, respectively. F2 and F3 are aligned according to the
consensus sequence defined by Liet al. (1).
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All spectra were collected at 5°C unless otherwise stated
and were referenced to an impurity peak present at 0.15 ppm.
Spectra were processed using XWINNMR (version 1.3,
Bruker Biospin) and analyzed using XEASY (version 1.3.13)
(33). Tables of chemical shift assignments for peptides F1,
tF1, F1tbp, and sF1 have been deposited in the BioMagRes-
Bank (34) as entries 5476, 5477, 5478, and 5479, respec-
tively.

Structure Calculations.Structures for the major conforma-
tion of each peptide investigated in this study were calculated
using distance restraints from two-dimensional NOESY
spectra acquired at 600 MHz. A series of amide exchange
experiments on the F1 peptide (pH 4.5 and 5°C) failed to
show any slowly exchanging amides, and no amide temper-
ature coefficients (∆δ/∆T) with a magnitude of<5.6 ppb/K
were observed in F1, tF1, or sF1. Temperature coefficient
magnitudes (|∆δ/∆T|) of >4-5 ppb/K generally indicate an
exposed amide proton, whereas values of<3 ppb/K indicate
an amide proton that is shielded from solvent (35). As a result
of these two experiments, no hydrogen bond restraints were
included in any structural calculations. Changes in amide
proton chemical shifts were linear over the temperature range
examined (5-35 °C), indicating no significant fluctuations
in conformation over this range.

Dihedral restraints forφ angles are summarized in Table
1. 3JHNHR values were measured from a DQF-COSY spectrum
and converted toφ dihedral restraints as follows:3JHNHR >
8 Hz, φ ) -120 ( 30°; 3JHNHR < 6 Hz, φ ) -60 ( 30°.
Where positiveφ angles could be excluded on the basis of
NOE data,φ angles were restricted to a negative value (φ )
-90 ( 90°). For each peptide, cis-trans isomerization of a
proline residue was observed, identified by the presence of
characteristic NOEs and the presence of peak splitting for
the prolines and preceding residues. The percentage of the
cis conformation was estimated to be no more than 5% for
each peptide, and in each case, families of structures were
calculated only for the dominant trans conformation.

Intensities of NOE cross-peaks assigned in XEASY were
calibrated using the CALIBA macro from the program
DYANA (version 1.5) (36). NOEs providing no restraint or
representing fixed distances were removed. Initial structures
were then calculated using torsion angle dynamics and
simulated annealing protocols in DYANA with the experi-
mental restraints. These structures were optimized for a low
target function which comprises terms for NOE and dihedral
angle violations. The final constraint set was then used to
calculate a new family of 200 structures using the standard
simulated annealing script supplied with CNS (version 1.1)
(37). Distance geometry routines were not used as the flexible
regions of these peptides were found not to sample the full
conformational space allowed by the restraints, resulting in
regions of apparently well-ordered backbone. The 50 lowest-
energy structures were selected, and a box of water was built
around the peptide structure using the OPLSX parameter set
described by Linge and Nilges (38). This was then energy
minimized on the basis of NOE and dihedral restraints and
the geometry of the bonds, angles, and impropers. From this
set of structures, a final family of 20 lowest-energy structures
was chosen for analysis using PROCHECK-NMR (39) and
MOLMOL (40). The final structures had no experimental
distance violations greater than 0.2 Å or dihedral angle
violations greater than 5°. All structural figures were prepared
using the program MOLMOL (40).

RESULTS

Peptides.NMR spectroscopy has been used to determine
the structures of peptides identified by phage display as
binding toP. falciparumAMA1. F1 was investigated as it
was the most represented sequence in the final family of
peptides selected by phage display, had the highest relative
binding affinity for P. falciparumAMA1, and was the most
effective peptide at inhibiting merozoite invasion. F2 was
included because it represented a different sequence motif
that was able to bind bothP. falciparumand P. chabaudi

Table 1: Summary of Experimental Constraints and Structural Statistics for Peptides F1, tF1, sF1, and F1tbp

F1 tF1 sF1 F1tbp

no. of distance restraints 93 83 70 91
intraresidue (i ) j) 51 38 21 29
sequential (|i - j| ) 1) 29 37 34 51
medium-range (1< |i - j| < 5) 13 6 15 21

no. of dihedral restraints 10 5 2 8
energiesa

ENOE (kcal mol-1) 12.3( 1.9 6.0( 1.4 5.4( 1.4 11.0( 2.0
deviations from idealb

bonds (Å) 0.0090( 0.0006 0.0049( 0.0005 0.0042( 0.0003 0.0069( 0.0001
angles (deg) 1.01( 0.09 0.57( 0.05 0.47( 0.03 0.73( 0.07
impropers (deg) 0.76( 0.06 0.43( 0.06 0.34( 0.04 0.30( 0.05

rms deviationsc

backbone atoms (global) >2 1.74 >2 0.98
backbone atoms [S(φ) andS(ψ) > 0.8] 0.26 0.42 0.23 0.47

Ramachandran plotd (%)
most favored 64.5 79.0 64.0 61.8
allowed 35.5 21.0 28.5 38.2
additionally allowed 0 0 1.5 0
disallowed 0 0 6.0e 0

a The values forENOE are calculated from a square-well potential with force constants of 50 kcal mol-1 Å2 after minimization in a water box as
described in Materials and Methods. Values prior to water minimization were 0.12( 0.01, 0.65( 0.03, 0.06( 0.02, and 3.6( 0.05 kcal mol-1

for F1, tF1, sF1, and F1tbp, respectively. The rmsd values over the backbone heavy atoms (N, CR, and C) were compared before and after water
minimization over the well-ordered residues (Sφ,ψ > 0.8); for each peptide, the rmsd was less than 0.5 Å.b The values for the bonds, angles, and
impropers show the deviations from ideal values based on perfect stereochemistry.c The rmsd over the backbone heavy atoms (N, CR, and C) over
the indicated residues.d As determined by the program PROCHECK-NMR for all residues except Gly and Pro (39). e Residues in the disallowed
region for sF1 were all located in the unstructured C-terminal tail.
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AMA1 (unlike F1) and was able to inhibit merozoite
invasion. The other three peptides that were investigated were
related to F1. A 10-residue version of F1 truncated at the
C-terminus was designed that retained the biological proper-
ties of F1. sF1 is a related peptide with the same amino acid
composition as F1 but a partially scrambled sequence (Figure
1). The sF1 peptide was used as a negative control because
of its complete lack of binding and biological activity (see
below).

A BLAST search (41) with the F1 sequence identified a
related sequence within a loop region of the human latent
transforming growth factor-â binding protein (42, 43) that
was naturally constrained by a disulfide bridge. This
sequence shares a consensus motif with F1 and tF1 consisting
of a hydrophobic residue (L/I) followed by GFGP (Figure
1). A peptide corresponding to this disulfide-constrained loop,
F1tbp, was therefore synthesized for analysis in this study.

Peptide Binding to P. falciparum AMA1.Each peptide was
examined by the ELISA for its ability to compete with phage
displaying F1 for binding toP. falciparumAMA1. Initially,
1010 phage particles per mL were incubated with immobilized
P. falciparumAMA1 in the presence or absence of 10µg
of each of the peptides, F1-F3 (Figure 2A). This showed
that the F1 peptide competed effectively with the phage
particles displaying the same peptide for binding toP.
falciparumAMA1, reducing the level of binding of phage
by 87%. In contrast, the control peptide sF1 was unable to
compete. Despite their lack of sequence homology, peptides
F2 and F3 competed with the phage particles, albeit to a
lesser extent than F1 (reducing the level of phage binding
by 53 and 33%, respectively). In a second series of
competition assays using increasing amounts of peptide, each
member of the F1 peptide family was examined for its ability
to compete with phage displaying F1 (Figure 2B). Consistent
with previous observations, F1 was the most efficient
competitor at all concentrations, while sF1 was not able to
compete for binding at concentrations up to 300µM. Both
tF1 and F1tbp could compete with the phage at all concen-
trations tested with only slightly reduced affinities relative
to F1. In a separate series of assays, each of the peptides
(F1, tF1, sF1, and F1tbp) was immobilized in the wells of a
microtiter plate and their ability to capture freeP. falciparum
AMA1 assayed by detection with rabbitP. falciparum
AMA1 antiserum followed by HRP-conjugated anti-rabbit
IgG antibody (Figure 2C). F1 was the most efficient at
capturingP. falciparumAMA1, closely followed by both
tF1 and F1tbp, whose activities were indistinguishable from
each other. By comparison, the sF1 peptide had little ability
to captureP. falciparumAMA1.

Merozoite InVasion of Red Blood Cells. AMA1 is believed
to play an essential role in the invasion of RBC by the
malarial parasite (9, 11, 14). As binding of F1 and tF1 toP.
falciparum AMA1 was observedin Vitro, an invasion
inhibition assay was performed to determine whether these
peptides could inhibit parasite invasion of RBCs. Parasites
from cloned strains 3D7 and HB3 were incubated with RBCs
in the presence or absence of F1, tF1, and sF1 (Figure S1).
F1 and its truncated form inhibited the invasion of RBCs by
3D7 merozoites by approximately 60%, with an IC50 of 10
µM, whereas sF1 was not inhibitory. This result agrees well
with the alanine scan of Liet al. (1), which showed that
none of the residues critical for theP. falciparumAMA1

binding activity of F1 are in the C-terminal segment. These
peptides were not able to inhibit invasion by the HB3 parasite
strain or bind to AMA1 from the HB3 strain ofP. falciparum,
suggesting that the binding site for F1 and tF1 occurs in a
region of variability in the primary amino acid sequence, 27
residues of which differ between the 3D7 and HB3 forms
of P. falciparum AMA1. Peptide F1tbp was also tested
against strain 3D7 and found to be equipotent with F1 in
inhibiting invasion (IC50 ) 10 µM; data not shown).

NMR Spectroscopy.1H NMR spectra of all peptides were
characterized by a limited chemical shift dispersion that is
not unusual for peptides of this size. Each peptide contained

FIGURE 2: Peptide binding toP. falciparumAMA1. (A) Peptides
F1-F3 and sF1 were competed against phage displaying F1 for
binding toP. falciparumAMA1 strain 3D7. Phage binding toP.
falciparumAMA1 was detected using an ELISA-based assay. (B)
Competition assay for binding to phage displaying F1 using
increasing amounts of peptides F1, tF1, F1tbp, and sF1 detected
using an ELISA-based assay. (C) The F1 series peptides were bound
to a plate, and their ability to captureP. falciparumAMA1 was
assessed by an ELISA-based assay. AMA1 was added at either 10
(black bars) or 100µg/mL (gray bars).
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at least one proline, with F1tbp containing two (Figure 1),
and all of these prolines were observed to undergo cis-trans
isomerization (not shown). For each peptide, the trans
conformation dominated in solution, constituting approxi-
mately 95% of the total. While chemical shifts were assigned
for some cis conformations, the structures described below
are for the major trans conformers.1H chemical shifts were
assigned for each of the peptides in the F1 family and F2
(see the Supporting Information). In addition,13C chemical
shifts were assigned for peptide tF1. Chemical shifts for each
of the peptides F1, tF1, F1s, and F1tbp in water have been
deposited in the BioMagResBank (34). Translational diffu-
sion coefficients were measured for F1 (1.24× 10-10 m2/s)
and sF1 (1.39× 10-10 m2/s). Allowing for temperature and
viscosity effects, these diffusion coefficients are similar to
those of the peptides studied by Yaoet al. (32), implying
that F1 and sF1 are monomeric under the solution conditions
used in this study.

Resonance assignments were made for all backbone and
most side chain protons in peptides F1, tF1, and F1tbp in
the major (trans) conformations. Assignments are missing
because of spectral overlap for Ser8 (CRH and CâH), Gly10
(all), Ser13 (all), Gly15 (all), and the side chains of Leu9
(CγH and CδH3) and Leu14 (CγH and CδH3) in sF1, and for
Arg2, Leu3, and Leu9 in F2. Deviations of amide andR
proton chemical shifts from random coil values followed the
same pattern for F1 and tF1 peptides except for the amide
proton of Ala10, located at the truncation site in tF1 (Figure
3). This indicates that the backbone atoms in these two
peptides are in similar environments and are thus likely to
adopt similar conformations in solution.

Families of structures for each of the peptides were
calculated using distance restraints obtained from two-
dimensional homonuclear NOESY spectra. A summary of
the medium-range, sequential, and intraresidue NOEs and
dihedral restraints used in the final calculations in both
DYANA and CNS is shown in Table 1. There were no long-
range NOEs (i - j > 4), and no slowly exchanging protons
were observed in amide exchange experiments (not shown).
The final families of 20 structures for each peptide in the
F1 series are shown in Figure 4, and a comparison of
structural statistics is in Table 1. No distance violations of
>0.2 Å or dihedral violations of>5° were observed in the
final structures.

A well-defined conformation was not obtained for the F2
peptide, with an rmsd for the backbone in excess of 2.0 Å
(structures not shown). This was partly attributable to missing
chemical shift assignments as a result of spectral overlap,
particularly for Arg2, Leu3, and Leu9. However, the chemi-
cal shifts that were assigned were close to random coil values
(not shown), and only intraresidue and sequential NOE
correlations were observed, implying that this peptide was
flexible in solution and did not adopt a stable conformation.

The angular order parameterS is used to assess the
precision of torsion angles within an ensemble of structures,
with a value of 1 if the angle is identical over the family of
structures and 0 if the angle is undefined. TheS values for
theφ andψ angles of these peptides are presented in Figure
S2 of the Supporting Information and those for the side chain
ø1 angles in Figure S3. For F1 and tF1, theφ andψ angles
were generally well-ordered (Sφ,ψ > 0.8) over residues 2-9.
F1 had lowerS values for Ser11 and 12ψ angles resulting

FIGURE 3: Deviation of chemical shifts from random coil values. Chemical shifts of backbone amide and CRH resonances from (A) F1, (B)
tF1, (C) sF1, and (D) F1tbp were compared to random coil chemical shift values published by Merutkaet al. (61). The letter P indicates
the presence of a proline residue, while the gray bar denotes the residues involved in type Iâ-turns. Two values are indicated for CRH of
each Gly residue.
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in disorder in the C-terminal tail in the family of structures.
F1tbp was well-defined except for the first and last residues,
while sF1 was poorly defined from residue 8 to the
C-terminus, most likely reflecting the lack of resonance
assignments and NOE restraints for these residues. Generally,
the decrease inSvalues was reflected in the greater disorder
observed in the family of structures (Figures 4, S2, and S3).
Notably, theφ angle of Gly8 in F1 and tF1 and Gly6 of
F1tbp showed a reducedSvalue. For residues with anSvalue
of >0.8, the Karplus equation was used to back-calculate
the expected3JHNHR value from the averageφ angle. For F1,
tF1, and F1tbp, none of these calculated coupling constants
was below 6 Hz, in good agreement with the experimental
data (Supporting Information). Residues occupying positions
where small coupling constants (<5 Hz) would be expected
were found to be glycines and prolines.Svalues for the F2

peptide were generally<0.6 (not shown), with residues
scattered in all regions of the Ramachandran plot, confirming
that this peptide does not adopt a dominant, ordered
conformation in solution.

The F1 peptide had an ordered backbone over residues
Trp2-Pro9, but the N-terminus and the five C-terminal
residues were disordered (Figure 4A). The backboneφ and
ψ angles for residues Gly6 and Phe7 indicate the presence
of a type Iâ-turn between Leu5 and Gly8 in this peptide.
The truncated version of this peptide, tF1, also had an ordered
backbone over residues Trp2-Pro9 (Figure 4B) that could
be superimposed over the equivalent residues in F1 with an
rmsd of 0.76 Å over the backbone heavy atoms (Figure 5).
This was consistent with the chemical shift data in Figure
3, which suggested that the protons in the two peptides
experienced the same chemical environments. The inactive
control peptide sF1 contained a type IIIâ-turn encompassing
Ser3-Phe6 (Figure 4C). However, it was not possible to
overlay this peptide onto any of the other peptides in the F1
series. Notably, the LGFG motif involved in aâ-turn in F1
and tF1 was not involved in a turn structure in the sF1
peptide. F1tbp was well-defined over the backbone atoms
for residues Ile3-Phe11 (Figures 4D and 5), and contained
a type Iâ-turn at residues Ile3-Gly6.

Peptides in aqueous solution often sample a range of
conformations in the absence of any structural restraints such
as disulfide or lactam bridges. The finding that F1 and tF1
adopted a type Iâ-turn at residues Leu3-Gly6 is unexpected,
but presumably reflects the strong propensity of this sequence
to form such a turn (as discussed below). The presence of a
type Iâ-turn at residues Ile3-Gly6 of F1tbp is less surprising
because the termini of this peptide are linked by a disulfide.
The similarities in the patterns of deviations from random
coil chemical shifts for the NH and CRH resonances from
these regions of F1, tF1, and F1tbp (Figure 3), however,
support the contention that they do adopt similar conforma-

FIGURE 4: Structures of the F1 series of peptides. Superpositions
of families of the 20 lowest-energy structures for (A) F1, (B) tF1,
(C) sF1, and (D) F1tbp. Structures were superimposed over the
backbone heavy atoms (N, CR, and C) of residues 2-9 for F1 and
tF1, residues 2-7 for sF1, and residues 2-13 for F1tbp. For F1,
the poorly defined C-terminal region from residue 11 to 15 is not
shown to facilitate comparison with the tF1 peptide. In the case of
sF1, the poorly defined region (residues 8-14, whereSφ,ψ < 0.8
for consecutive residues) is included to illustrate the lack of order
over the LGFG sequence. For reference, the position of the
equivalent Phe in F1, tF1, and F1tbp is labeled.

FIGURE 5: Overlay of the F1 peptide with the truncated peptide
(tF1) and the cyclized peptide (F1tbp). The closest-to-average
structures for each of peptides F1 (red), tF1 (blue), and F1tbp
(yellow) are superimposed over the backbone atoms of residues
which are critical for biological activity (Leu5-Pro9 for F1 and
tF1 and Ile3-Pro7 for F1tbp). The rmsd for the backbone heavy
atoms (N, CR, and C) for these peptides was 0.75 Å. Also
superimposed are the LGFGP motif from crystal structures of a
triacylglycerol hydrolase fromG. candidum(green) and the L3
subunit of the 50S ribosome fromH. marismortui(magenta), which
were obtained from the Protein Data Bank. In addition to these
two proteins, the LGFGP sequence occurs in approximately 120
other proteins that have been sequenced, but to date, no other
structures have been determined experimentally.
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tions in solution. The deviations of the NH shifts for Ile3
and Gly4 of F1tbp differ slightly from those for F1 and tF1,
being closer to random coil, but the corresponding CRH ∆δ
values are in good agreement. Wishartet al. (44) noted that
the positions ofâ-turns in proteins could often be distin-
guished by pairs of CRH ∆δ values with opposite signs (+
and-, or - and+). This is indeed the pattern displayed by
the Gly and Phe residues that occupy positionsi + 1 andi
+ 2 in the structures of F1, tF1, and F1tbp (Figure 3). On
the other hand, when∆δ values for NH and CRH resonances
of type I â-turns in a range of small disulfide-stabilized
polypeptides with well-defined structures are compared
(Figure S4 of the Supporting Information) (45-52), it
becomes clear that the patterns vary considerably, making
it difficult to assess turn formation from such data alone.

DISCUSSION

In this study, we have examined the structural features of
a series of peptides that bind to AMA1 and inhibit merozoite
invasion of host red blood cells. The F1 and F2 families of
peptides were identified, using phage-display techniques, as
having the ability to bind specifically toP. falciparumAMA1
strain 3D7 and, in the case of F2,P. chabaudiAMA1 strain
DS (the sequence of which is 52% identical with that ofP.
falciparum AMA1) as well. Once an alanine scan had
identified the residues in F1, Leu5-Pro9, that were important
for binding to P. falciparumAMA1 (1), a truncated 10-
residue peptide (tF1) was designed that competed with F1
phage for binding to AMA1 and was as effective as F1 in
binding to AMA1 and inhibiting merozoite invasion of red
blood cells (Figures 2 and S1). F1 and tF1 exhibited similar
inhibitory profiles, blocking merozoites of theP. falciparum
3D7 strain but not those of theP. falciparumHB3 strain
(Figure S1). In addition, the monoclonal antibody, mAb4G2,
which binds toP. falciparumAMA1 and can inhibit the
invasion of red blood cells by the parasite (53), blocks the
binding of F1, but not F2 or F3, toP. falciparumAMA1
(1). These results suggest that the F1 and F2 peptides bind
to two different but overlapping sites on AMA1.

Another peptide, F1tbp, representing a disulfide-stabilized
peptide fragment of the latent transforming growth factor-â
binding protein with a sequence similar to that of F1, was
also examined for affinity forP. falciparumAMA1. It was
found to be as effective as tF1 in competing forP. falciparum
AMA1 with phage displaying F1 (Figure 2) and equipotent
with F1 in inhibiting the invasion of red blood cells by 3D7
merozoites (Figure S1). The sequence similarity and occur-
rence of common structural features in F1 and latent TGF-â
binding protein raise the intriguing possibility that AMA1
could bind a latent TGF-â binding protein-like molecule on
the surface of host red blood cells during merozoite invasion.
Alternatively, the homology between F1 peptide and latent
TGF-â binding protein may be coincidental and have no
biological implications for invasion. Further work is required
to distinguish between these two possibilities.

As these peptides exhibited interesting biological proper-
ties, their solution structures were determined. Each member
of the F1 family contained an ordered backbone in the
N-terminal region of the peptide, but F2 did not adopt a
preferred conformation in solution. A lack of dispersion in
the chemical shifts hindered the assignment of NOE cross-

peaks for this peptide, but those chemical shifts that were
assigned were close to random coil values, as would be
expected for an unstructured peptide. This of course does
not preclude this peptide from adopting a stable conformation
upon binding to its target epitope.

Each of the peptides in the F1 family was found to contain
a â-turn structure. In F1 and tF1, thisâ-turn encompasses
residues which had been identified previously by alanine
scanning as being important for both binding to AMA1 and
the ability to inhibit invasion. This suggests that these turns
may be involved in the binding interactions. Gly6 and Phe7,
which are in the second and third positions, respectively, of
the turns were the residues for which the largest decreases
in binding activity were observed when they were replaced
with alanine (1). These residues, which may be critical for
binding or maintaining the turn structure, or possibly both,
are shown mapped onto the F1 structure in Figure 6. It was
noted by Skeltonet al. (23) that in many peptides identified
by phage-display techniques a cluster of two or three
hydrophobic residues was critical for binding to target
receptors. In the case of F1 and tF1 in our study, Leu5 and
Phe7 may be fulfilling this role, as suggested by the alanine
scan.

F1tbp contained a type Iâ-turn encompassing residues
Ile3-Gly6 and, as shown in Figure 5, superimposed very
well with the LGFGP motif of both F1 and tF1 (rmsd∼
0.65 Å), even though the flanking sequence was quite distinct
from that of F1 and tF1 and the N- and C-termini of F1tbp
were linked by a disulfide bond. The F1tbp sequence forms
part of putative EGF-like calcium binding domain in the
latent TGF-â binding protein (42). F1tbp corresponds to
residues 527-540 of the full-length protein, that is, the last
14 of the 40 residues in the putative EGF-like calcium
binding domain. There are currently no structures for the
latent TGF-â binding protein that can be compared with the
structure determined for F1tbp, but other human EGF
domains have been found to contain aâ-turn motif in this
location, although the turn type varies. In human factor VII,
it is a type I turn (54), as observed for F1tbp, while the
corresponding region from human factor IX is a type II turn
(55).

Two sets of protein structures containing the LGFGP motif
have appeared recently in the Protein Data Bank (56). These
include a triacylglycerol hydrolase fromGeotrichum can-
didum[PDB entry 1THG (56, 57)] and a series of structures
of subunits of the 50S ribosome fromHaloaroula maris-
mortui complexed with several different antibiotics [PDB
entries 1KA8, 1K9M, 1KD1, and 1KQS (56, 58)]. The
LGFGP motif from these structures and those determined
for F1, tF1, and F1tbp overlay remarkably closely, with a
pairwise backbone rmsd of 0.75 Å (Figure 5). This indicates
that the L(I)GFGP sequence has a strong propensity to adopt
a â-turn structure, largely independent of the surrounding
sequence. This may be a consequence of the nonpolar
character of the residues involved. Nonetheless, it must be
acknowledged that the peptide structures described in our
study represent the averages of ensembles of interconverting
conformations which are likely to include conformations in
which the turn structures are less well defined than indicated
in Figure 4. The fact that NMR data sets for three peptides,
one of which is stabilized by a disulfide bridge, define a
type I â-turn in homologous regions of their sequences, and
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that the homologous sequence in larger proteins adopts an
identical structure, implies that this local structural element
is relatively stable. We therefore believe it is unlikely that
their conformations will change significantly upon binding
to AMA1, given the conservation of the structure observed
for this motif across several unrelated peptides and proteins,
but this needs to be established experimentally.

The control peptide, sF1, had no recognizable structural
motif over the residues where a turn was observed in the F1
and tF1 peptides, instead containing a type IIIâ-turn near
the N-terminal. This is likely to be due at least in part to the
presence of a serine rather than a proline at the end of the
LGFGP motif that is required for biological activity in F1.

â-Turns are now recognized as a common structural motif
that is involved in the interactions of peptides and proteins
with their target receptors, and there is growing interest in
the development of nonpeptide, drug-like molecules that
mimic these structures (59). A recent example is an opiate
analogue that mimics type Iâ-turns in enkephalin (60). The
molecule has a rigid, bicyclic structure with four sites of
diversity, including thei to i + 3 positions of the corre-
spondingâ-turn. Importantly, this molecule can be readily
synthesized using commercial solid-state techniques. Our
finding that a commonâ-turn structure in F1 and tF1

encompasses the residues essential for binding to AMA1,
and that F1tbp shares this structural feature, suggests that it
should be possible to develop nonpeptide mimetics of the
key elements of these inhibitory peptides. These have the
potential to bind AMA1 and block its interactions with the
erythrocyte membrane, and thus to block merozoite invasion
at the clinically important stage of the disease.
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