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Apical membrane antigen 1 (AMA1) is a leading malaria vaccine
candidate that possesses polymorphisms that may pose a problem
for a vaccine based on this antigen. Knowledge of the distribution
of the polymorphic sites on the surface of AMA1 is necessary to
obtain a detailed understanding of their significance for vaccine
development. For this reason we have sought to determine the
three-dimensional structure of AMA1 using x-ray crystallography.
The central two-thirds of AMA1 is relatively conserved among
Plasmodium species as well as more distantly related apicomplexan
parasites, and contains two clusters of disulfide-bonded cysteines
termed domains I and II. The crystal structure of this fragment of
AMA1 reported here reveals that domains I�II consists of two
intimately associated PAN domains. PAN domain I contains many
long loops that extend from the domain core and form a scaffold
for numerous polymorphic residues. This extreme adaptation of a
PAN domain reveals how malaria parasites have introduced sig-
nificant flexibility and variation into AMA1 to evade protective
human antibody responses. The polymorphisms on the AMA1
surface are exclusively located on one side of the molecule,
presumably because this region of AMA1 is most accessible to
antibodies reacting with the parasite surface. Moreover, the most
highly polymorphic residues surround a conserved hydrophobic
trough that is ringed by domain I and domain II loops. Precedents
set by viral receptor proteins would suggest that this is likely to be
the AMA1 receptor binding pocket.

malaria � vaccine

Malaria is a major factor in maintaining the economic
hardship of the world’s poorest societies and is responsible

for 2% of global mortalities (1, 2). Most instances of death and
severe disease result from Plasmodium falciparum infections of
young children. After several episodes of malaria, individuals
develop resistance to the more severe forms of the disease (3),
which, at least in part, is the result of the development of
protective antibodies (4–6). Development of a vaccine that
augments naturally acquired immunity should, therefore, be
possible. Malaria parasites are highly complex, contain �5,000
genes (7), and, in the human host, develop through several
antigenically distinct life cycle forms. Consequently, identifying
the antigens responsible for the development of immunity has
not been an easy task, although a number of experimental
vaccines are now under development. The most advanced of
these, the RTS,S�ASO2A vaccine based on the circumsporozoite
surface protein, was shown to significantly reduce P. falciparum
infections for 6 months (8). The efficacy of RTS,S�AS02A could
no doubt be improved by being combined with one or more other
antigens, particularly antigens capable of inducing protective
immunity against asexual blood stages of P. falciparum. AMA1
is one of the most promising candidates and has recently been
tested in a phase I clinical trial (9).

AMA1 is expressed in two critical life-cycle forms, the sporo-
zoite, which invades hepatocytes, and the merozoite, which

invades red blood cells, and so offers a unique opportunity as a
non-stage-specific vaccine target. AMA1 is conserved in all
Plasmodium species and in the phylum of apicomplexa parasites
and therefore offers the potential for development of vaccines or
therapeutics to a wide range of human and animal parasitic
diseases (10, 11). Native and recombinant AMA1 have been
shown to function as vaccines in a variety of animal models of
human malaria (12–16). The protective immune effector mech-
anism appears to be antibodies that block merozoite invasion of
red blood cells. Anti-AMA1 antibodies prevent the invasion of
host cells by parasites in vitro (17, 18), but inhibition can be
strain-specific (19). For example, antibodies to strain 3D7
AMA1 were noninhibitory for strain W2mef, and this was shown
to be due to the AMA1 sequence differences of these two strains
(20). This result is consistent with analyses of AMA1 sequences
which indicate that the ama1 gene is under diversifying selection
(21–23). The recent demonstration that anti-AMA1 antibodies
in humans are associated with protection from malaria (24)
provides support for the view that AMA1 polymorphisms are
being selected in response to naturally acquired protective
immune responses of humans.

The exact function of AMA1 is not clear, although ama1 is an
essential gene (10, 25), and both domain I and domain III of
AMA1 are likely to be functionally critical. Both are bound by
inhibitory antibodies in vitro, and the clustering of polymor-
phisms suggests that they are both targets of protective antibody
responses in humans (21, 26–29). Domain I is conserved among
Plasmodium species and in other apicomplexan parasites. It
presumably has a function common to all apicomplexa that is not
specific to a particular host cell type. Domain III is not well
conserved in Babesia bovis and Toxoplasma gondii AMA1 se-
quences, and this region of AMA1 may have a Plasmodium
genus-specific function. AMA1 is released from micronemes at
the time of invasion, and antibodies that target AMA1 allow
merozoites to attach to red blood cells but prevent merozoite
reorientation and the establishment of a tight junction (30, 31).
Isolated recombinant preparations of AMA1 do not interact
with red blood cells, but other studies suggest that an AMA1–red
cell interaction may occur (25, 32).

In this study, we determined the structure of the central
portion of AMA1 to examine the location of the polymorphisms
and to determine the impact that the polymorphisms will have
on AMA1 as a potential vaccine. The AMA1 polymorphisms
were clustered in two ways. Polymorphic sites where only two
amino acids are found (dimorphisms) are concentrated on one
face of AMA1, presumably the face that is exposed on the
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parasite surface. In contrast, highly polymorphic residues sur-
round a hydrophobic pocket that we predict is critical to AMA1
function.

Materials and Methods
Protein Expression, Purification, and Crystallization. AMA1 domains
I�II (104-NYMG-PIEVE-438) was expressed in Escherichia coli
as a N-terminal His-tagged protein and refolded by dialysis into
a buffer containing a redox couple, 2 mM 2-mercaptoethanol
and 0.2 mM cystamine, to allow disulfide bond formation. The
protein was extensively purified, the tag was removed by using
TEV protease, and crystals were grown in 20 mM MES (pH 6),
10 mM MnCl2, and 8% PEG 3350. Crystals were ‘‘dehydrated’’
by placing them in mother liquor over 35% PEG and transferred
into a cryo or stabilization solution (88 mM MES, pH 6�44 mM
MnCl2�38% PEG 3350). This procedure considerably improved
the crystal mosaicity and diffraction resolution. The rational for
the choice of the NYMG-PIEVE fragment and the expression,
purification, and crystallization procedures are described in
detail in ref. 33.

Heavy Atom Derivatization and Data Collection. Heavy atoms that
bound to AMA1 in solution were identified by electrophoresis
mobility-shift experiments in native gels (34). Successful deriv-
atives resulted from a 20-min incubation in 10 mM K2ReCl6 and
an overnight incubation in 2 mM K2IrCl6. K2IrCl6 data sets were
collected in-house with crystals maintained at 100 K by using a
rotating anode generator and image plate detector. Native and
Re data sets were collected at beamline X25 at the National
Synchrotron Light Source, Brookhaven National Laboratory.
All data sets were collected in 0.5° sections. The K2ReCl6
anomalous data set was collected by using inverse beam geom-
etry every 20°. The native data set was collected in two 240°
sweeps, one at long exposure (15 sec) and one at short exposure
(3 sec), and the data were merged. Data sets were indexed by
using D*TREK (35) or HKL2000 (36). Data sets were scaled by using
SCALEIT, and heavy atom sites were identified by using Patterson
and difference Fourier maps (37). K2IrCl6 bound to three sites
in the asymmetric unit cell, and K2ReCl6 bound to two sites. One
of the sites was occupied by both compounds.

Structure Determination. Phases calculated by using MLPHARE
were reasonable to 4 Å resolution (figure of merit � 0.5) but
dropped precipitously in quality at higher resolution. The asym-
metric unit cell contained two AMA1 molecules with a solvent
content of 50%. At low resolution, data sets could be indexed in
space group p3121, indicating that the noncrystallographic sym-
metry (NCS) twofold axis was almost perpendicular to the p31
screw axis, confirmed by the presence of twofold self-rotation
peaks identified by using POLARRFN (37). Solvent-f lattened maps
were generated by using DM (37), and the NCS transformation
matrix was calculated by using heavy atom sites and by using the
bones ncs�op facility in O (38). NCS-averaged, solvent-f lattened,
and histogram-matched maps were calculated with DM by using
the automask option. Phases could be extended to 3 Å resolution
before the electron density started to become disconnected. The
resulting map was of sufficient quality to allow �75% of the
structure to be traced. Iterative cycles of refinement using
REFMAC (39) or CNS (40) and model building in SIGMAA-
weighted maps at increasing resolution using O (38) were used to
generate the final refined structure. The same set of test
reflections was always used. Refinement statistics are for all data
extending from 30–1.9 Å with TLS parameters refined for fixed
individual B factors before refinement of individual isotropic B
factors. Each molecule in the asymmetric unit cell was defined
as a TLS group.

Analysis of Polymorphisms. A set of 129 nonredundant P. falcipa-
rum AMA1 sequences was compiled from several studies (21–23,
41). The lowest coverage was at the N terminus of the crystal-
lized region (34 sequences). Polymorphic sites were categorized
as ‘‘highly polymorphic’’ if the third most abundant amino acid
had a frequency of at least 5% in the nonredundant set.
Dimorphic sites were categorized as ‘‘high-frequency dimor-
phisms’’ if the frequency of the less abundant amino acid was
between 15% and 50%. For ‘‘low-frequency dimorphisms,’’ the
frequency of the less abundant amino acid was between 2% and
15%. Amino acids below a frequency of 2% were assumed to be
neutral mutations or errors.

Results and Discussion
Overview of the Crystal Structure. The fragment of AMA1 that we
crystallized includes domains I�II of AMA1 and 20 aa of
sequence N-terminal to domain I. Domains I and II encompass
the central portion of AMA1 and make up the only portion of
the extracellular region of AMA1 that is conserved in the most
evolutionarily distant AMA1 or AMA-related sequences:
T. gondii AMA1 (10, 42) or MAEBL (43). The structure was
solved by using the technique of multiple isomorphous replace-
ment with anomalous scattering. The refined structure (Table 1)
contains two molecules in the asymmetric unit and extends from
residues 108 to 438 with a refined free R value of 23% and an R
value of 19%. The two molecules in the asymmetric unit cell are
virtually identical with an rms fit of 0.45 over 305 carbon alpha
atoms. Three flexible loops were not observed in the electron
density: a 5-aa stretch in domain I (172-GNQYL), a 9-aa stretch

Table 1. Crystallographic data and refinement statistics

Data sets Native K2ReCl6 K2IrCl6

Data reduction
Wave length, Å 1.100 1.176 1.541
Space group p31 p31 p31

Unit cell, Å 54.1, 54.1,
214.1

54.2, 54.2,
214.8

54.1, 54.1,
214.1

Mosaicity, ° 0.4 0.5 0.4
Resolution, Å 30–1.9 30–2.7 30–2.4
Rsym, % 6.2 (30) 10.6 (44) 7.9 (38)
Completeness, % 99.2 (100) 99.9 (100) 99.9 (100)
Redundancy 9.5 (10.5) 7.1 (7.2) 2.7 (2.8)
I�� 30 (11) 41 (8) 15 (3)
Heavy-atom refinement (data extending to 3 Å)
Risomorphous, % 21 8
Number of sites 2 3
Rcullis (anomalous) 0.89 (0.78) 0.91
Figure of merit 0.47
Refinement statistics (no data cutoff)
Reflections (test) 51,869 (2,629)
Protein atoms 4,882
Waters 253
Rcryst, % (Rfree) 19.4 (23.5)
Average B factor, Å2 protein 38.5,

waters 38.4
Rms deviations from

ideal
Bond lengths, Å 0.015
Bond angles, ° 1.44
Ramachandran plot* 87.4% core, 12.2% allowed,

0.4% generous, 0.0% disallowed

Data reduction statistics values in parentheses are for the outer shell.
*Proportion of the molecule within the most favored of disfavored phi�psi
regions determined by using PROCHECK (58).
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in domain I (265-KDESKRNSM), and a 4-aa stretch in domain
II (383-GAFK).

The structure of AMA1 domains I�II can be split into two
domains: domain I (yellow, Fig. 1) and domain II (red, Fig. 1).
The N-terminal extension forms a distorted helix and packs
against domain II. A loop extending from domain II contains an
�-helix and a pair of �-strands and packs against one side of
domain I (loop II, Fig. 1). Apart from loop II, domain II forms
a typical protein domain in that it largely consists of closely
packed secondary structure elements that associate mostly by
hydrophobic interactions. At the core of domain II is a five-
stranded �-sheet that packs against a 12-residue �-helix on one

face in addition to interacting with three other �-strands on the
opposite face (Fig. 1).

The structure of domain I is considerably more irregular.
Large sections of domain I consist of loops that are interspersed
with secondary structure elements. Most of the loops are well
ordered in the structure, even at the protein surface. This is
partially the result of fortuitous crystal contacts. The most
extensive crystal contact (1,660 Å2) results from the intercalation
of three of the domain I loops (data not shown). The loops adopt
identical conformations in the two AMA1 molecules in the
asymmetric unit cell; however, on the parasite surface these
loops may be flexible and adopt alternate conformations. The
irregularity of domain I extends into its interior. Approximately
50% of domain I has no secondary structure and consists of
‘‘nonrepetitive structure’’ (44). As is typical of nonrepetitive
structure, there are many isolated turns, many buried waters, and
a large number of buried hydrophilic residues that form side
chain–main chain interactions. However, to one side of domain
I, immediately adjacent to domain II, there is a five-stranded
�-sheet, packed against a 12-residue helix.

AMA1 Domains I�II Consists of Two Tandem PAN Domains. A three-
dimensional alignment of the sheet and helix in domains I and
II revealed a close alignment (rms fit of 1.25 Å for 55 carbon
alpha atoms with a sequence identity of 13%). AMA1 domains
I�II presumably results from an ancient domain duplication that
has undergone significant adaptation resulting in the extensive
loops in domain I and the long domain II loop. A three-
dimensional homology search (45) employing the core domain II
structure revealed that AMA1 domains I or II have a PAN or
apple domain fold (46). The PAN domain consists of a central
five-stranded sheet (yellow) that wraps around a 12-residue helix

Fig. 1. Stereo view of the AMA1 domain I�II structure showing the two
interconnected domains. The 20 aa from the N-terminal extension are colored
blue, domain I is yellow, domain II is red, and loops that are disordered in the
structure are violet. This and all other figures depicting the structure were
generated by using PYMOL (www.pymol.org).

Fig. 2. The PAN domains of AMA1 domain I (a) and AMA1 domain II (b), N
domain of hepatocyte growth factor (c) [1BHT (47)], and the apple domain of
leech antiplatelet protein (d) [1I8N (48)]. Disulfide linkages are shown in
orange. The numbering of the secondary structure elements is shown in c with
the corresponding numbering in the primary sequence in Fig. 3 according to
the scheme of Ultsch et al. (47). Characteristic PAN or apple domain disulfides
are shown in d. Disordered loops in the AMA1 structure are colored violet.

Fig. 3. Sequence alignment based on the tertiary alignment of PAN domain
crystal structures. Carbon alphas that align within 2.5 Å in the tertiary struc-
tures are shown in uppercase. N-term, the N-terminal 20 aa; dI, domain I of
AMA1; dII, domain II of AMA1; 1BHT, N domain of hepatocyte growth factor
(47); 1I8N, leach anti-platelet protein (48). Central PAN domain sheets are
colored yellow, the PAN helix is blue, and the peripheral sheets are green, with
secondary structure elements numbered as in Fig. 2. Residues in violet are
disordered in the structure. Cysteines are colored orange. The same Greek
letter below two cysteines indicates that they are disulfide-bonded. Residues
at PAN-domain conserved hydrophobic positions are colored blue. Surface-
exposed hydrophobic Plasmodium-conserved residues that line the base of
the hydrophobic trough are colored green. The N-terminal ‘‘distorted’’ helix
is helical but contains carbonyls that interact with waters, side chains, and
main-chain nitrogens in 310 and �-helical connections. The short 310 helix is
shown as a small cylinder. �-helices are shown as large cylinders, and �-strands
as arrows. Positions of domain I loops, Ia to If, are indicated together with the
domain II loop (loop II).
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(blue) (Fig. 3). The helix and five-stranded sheet of AMA1
domains I or II align well with the two published PAN domain
crystal structures. Alignments of AMA1 domain II with the N
domain of hepatocyte growth factor (Fig. 2c; sequence identity
of 5% over 59 atoms) (47) or Leech antiplatelet protein (Fig. 2d;
sequence identity 19% over 47 atoms) (48) resulted in rms fits
of �1.6 Å, reasonable overall alignments.

On the opposite side of the helix the central PAN domain
sheet interacts with two loops. The loops connecting �-strands
1 and 3 and �-strands 4 and 5 adopt different conformations
in PAN domain structures, and the 1� and 4� �-strands they
contain are variable in length and position (Fig. 2). A primary
sequence alignment based on the tertiary alignment of PAN
crystal structures is shown in Fig. 3. Sequence conservation is
restricted to one disulfide bond (Fig. 3, �) and six hydrophobic
residues (Fig. 3, blue). AMA1 was not previously recognized

as a PAN domain protein because both domain I and II have
lost disulfides that are characteristic of PAN domains and have
acquired other disulfides that are not characteristic of PAN
domains (Figs. 2 and 3).

PAN or apple domains occasionally exist in isolation, such as in
leech antiplatelet protein, and can occur as individual domains in
multiple domain proteins, such as plasminogen or hepatocyte
growth factor. Most frequently, however, PAN domains are present
in tandem arrays (46). For example, clotting factor XI consists of a
serine protease domain fused to four tandem apple domains, each
domain with a specific ligand-binding function (49–51). Similarly, T.
gondii MIC-4 apple domains have distinct functions. The sixth apple
domain interacts with host cells, whereas the first two apple
domains are required for microneme targeting (52, 53). The
number of studies in which PAN domain interactions have been
examined at a molecular level is limited, but the manner by which
PAN domains interact with their ligands does not appear to be
conserved. The third apple domain of factor XI interacts with
platelets by using side chains on �-strand 4� or at the C terminus of
the domain (51), whereas, hepatocyte growth factor N domain uses
residues at the opposite surface of the domain (the helix and
�-strand 2) to interact with heparin (54).

AMA1 domains I and II are remarkable in that they are
extreme adaptations of the PAN domain fold, with several long
loops extending from their PAN domain cores (Fig. 2 a and b).
It is likely that the acquisition of the loops during AMA1
evolution has provided a means of evading protective antibody
responses. The flexible loops, which would tolerate the acqui-
sition of mutations, may divert antibodies from the functionally
critical region of the PAN domain.

AMA1 Polymorphisms. Within the population of P. falciparum
AMA1 sequences there are five ‘‘highly polymorphic’’ residues
(positions 187, 197, 200, 230, and 243). These form a cluster at
the top left of the molecule as orientated in Fig. 4b. Most AMA1
polymorphic sites are dimorphic, with only two amino acid
residues found in the population (Fig. 4: orange, high frequency;

Fig. 4. Clustering of polymorphic residues on the surface of AMA1. Side
chains 197, 200, 230, and 243, shown in red, are highly polymorphic. High-
frequency dimorphisms are shown in orange, with low-frequency dimor-
phisms in yellow, as described in Materials and Methods. (a) Surface view of
the ‘‘nonpolymorphic face.’’ (b) Surface view of the ‘‘polymorphic face.’’ Areas
colored violet are disordered in the structure.

Fig. 5. AMA1 loops surround a conserved hydrophobic trough. (a) Stereo view with surface-exposed Plasmodium-conserved hydrophobic residues that line
the base of the trough shown in green. Tyrosine 251, located in the trough center, is identical in all apicomplexan sequences. Polymorphic sites are shown in
red, with K230 and H200 indicated. Dimorphic sites are colored orange (high frequency) and yellow (low frequency). ‘‘Ordered’’ loops are colored blue with the
domain I loops Ia, Ic, Id, and Ie in dark blue and the domain II loop in light blue. Disordered loops Ib and If are colored violet. The disordered loops contain four
dimorphic sites, and the approximate location of these residues is indicated. (b) Surface view of the hydrophobic trough. Carbon and sulfur atoms that form the
base of the hydrophobic trough are colored green. Other carbon and sulfur atoms are colored white. Oxygen atoms are colored red, and nitrogen atoms are
blue. Disordered regions are colored violet.
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yellow, low frequency). These are also clustered and are mostly
located on one side of AMA1, ‘‘the polymorphic face’’ as viewed
in Fig. 4b. There are four dimorphic residues in the nonpoly-
morphic face at positions 121, 325, 393, and 395 (Fig. 4a). The
dimorphisms at positions 121 and 325 are at a low frequency,
3–5%, and the dimorphism at position 395 is conservative (R or
K). This leaves one high-frequency nonconservative dimorphism
that lies on the nonpolymorphic face (position 393, orange at
center of Fig. 4a). The contrast between the two faces in the
number of polymorphisms is striking. One possibility is that only
a single face of AMA1 is exposed on the parasite surface.

Extended Hydrophobic Pocket Between the AMA1 Loops. The selec-
tive acquisition of several loops on AMA1 domains I and II
during evolution of the PAN domains suggests that the loops
serve a purpose, possibly that of ‘‘protecting’’ a functionally
critical portion of the molecule. Examination of the region
between the loops revealed the presence of an extended pocket
with a base that contains a series of hydrophobic side chains (Fig.
5). This hydrophobic trough consists of nine hydrophobic amino
acid side chains that are solvent exposed and hydrophobic in all
Plasmodium AMA1 sequences (Figs. 3 and 5). Tyrosine 251, at
the center of the trough, rises above the floor of the trough, and
is identical in all AMA1 sequences, even those of the more
distantly related T. gondii and B. bovis parasites (10, 11).
Similarly, V169, F183, L357, and F367 are hydrophobic in all
apicomplexan sequences. The overall features of the hydropho-
bic trough are, therefore, conserved in all AMA1 molecules.

Consistent with the functional importance of the hydrophobic
trough is the presence of polymorphic residues on the loops that
surround the trough. Of the five highly polymorphic residues in
P. falciparum sequences, four (positions 187, 197, 200, and 230)
surround one end of the hydrophobic pocket (Fig. 5). In addition,

12 dimorphic residues are distributed throughout all of the loops
apart from loop Ia and loop II (Fig. 5). The loops that surround
the hydrophobic trough on AMA1 are analogous to the variable
loops that hide the CD4 binding site of HIV gp120 (55) or the
ring of polymorphisms that surround the sialic acid binding
pocket of influenza hemagglutinin (56). Although there is no
direct evidence for the functional importance of the hydrophobic
pocket on AMA1, these precedents would indicate that this is
likely to be a functionally critical region of AMA1 that is a
frequent target of protective immunity.

Note. Just before submission of this manuscript, a structure of P. vivax
AMA1 was published (57). This protein was expressed in yeast and
consisted of full-length AMA1 ectodomain, providing a view of the
overall AMA1 structure. However, the structure is less complete, with
15% of the molecule disordered in the crystals. Pizarro et al. report that
the binding site of inhibitory monoclonal antibody 4G2 is in the domain
II loop that extends into domain I. This loop is disordered in the P. vivax
structure, but is observed in the P. falciparum structure reported here
(Fig. 1). Interestingly, two of the residues that make up the hydrophobic
trough (L357 and F367) are part of the domain II loop. Also, the domain
II loop is on the nonpolymorphic face of AMA1. Therefore, AMA1
contains at least one nonpolymorphic epitope that is the target of
inhibitory antibodies. It is not clear how immunogenic this epitope will
be in humans but it offers the possibility that an AMA1 vaccine will not
necessarily be strain specific.
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