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ABSTRACT: Apical membrane antigen 1 (AMA1) interacts with RON2 to
form a protein complex that plays a key role in the invasion of host cells by
malaria parasites. Blocking this protein−protein interaction represents a
potential route to controlling malaria and related parasitic diseases, but the
polymorphic nature of AMA1 has proven to be a major challenge to vaccine-
induced antibodies and peptide inhibitors exerting strain-transcending
inhibitory effects. Here we present the X-ray crystal structure of AMA1
domains I and II from Plasmodium falciparum strain FVO. We compare our
new structure to those of AMA1 from P. falciparum 3D7 and Plasmodium
vivax. A combination of normalized B factor analysis and computational
methods has been used to investigate the flexibility of the domain I loops and
how this correlates with their roles in determining the strain specificity of
human antibody responses and inhibitory peptides. We also investigated the
domain II loop, a key region involved in inhibitor binding, by comparison of multiple AMA1 crystal structures. Collectively, these
results provide valuable insights that should contribute to the design of strain-transcending agents targeting P. falciparum AMA1.

Malaria is one of the most widespread infections, with
more than 40% of the global population at risk of

contracting the disease.1,2 Each year, there are approximately
250 million clinical cases of malaria that result in more than
600000 deaths worldwide.2 The majority of these deaths are
due to Plasmodium falciparum infections occurring in young
children in sub-Saharan Africa.2 Although much less likely to
cause death, Plasmodium vivax infections also contribute to a
substantial malaria burden across the globe, with 70−80 million
cases occurring annually.3 Although current artemisinin
combination therapies have been highly effective against
Plasmodium parasites, signs of resistance have already emerged.4

There is an urgent need to combat this threat using therapeutic
agents that act against a broad range of parasite strains,
especially those that have become resistant to available
therapies.
Apical membrane antigen 1 (AMA1) forms part of the

moving junction complex essential for erythrocyte invasion by
Plasmodium merozoites, and ligands that disrupt AMA1
function inhibit the growth in vitro of P. falciparum asexual
blood stages.5−9 Further, a conditional knockdown of PfAMA1

severely impaired the parasite’s ability to invade red cells,10 and
a complete gene knockout is not viable in P. falciparum.11

AMA1 is a type I integral membrane protein,12 the extracellular
region of which consists of three domains based on the
connectivities of its eight intramolecular disulfide bonds: an N-
terminal domain I, a central domain II, and a C-terminal
domain III.13,14 Antibodies to AMA1 can block red cell invasion
by P. falciparum in vitro and contribute to the adaptive immune
response that partially protects exposed individuals against
malaria. AMA1 has been a leading candidate for inclusion in a
vaccine against P. falciparum,15 but in a Phase IIb clinical trial in
Mali, a 3D7 PfAMA1 vaccine provided protection against only a
subset of P. falciparum AMA1 genotypes, reflecting the
extensive sequence polymorphisms in this antigen.16 A bivalent
3D7 and FVO PfAMA1 vaccine, also tested in Phase IIb trials,
failed to protect because of the poor immunogenicity of the
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alum formulation.17 Currently, preclinical studies with multi-
valent vaccines (four to six AMA1 alleles) show promise,
inducing a more broadly cross-reactive antibody response.18,19

The two most extensively studied forms of PfAMA1, 3D7
and FVO, have 24 amino acid differences, and these
polymorphic residues have been grouped into domain I−III
clusters based on their spatial proximity on the X-ray crystal
structure of 3D7 PfAMA1.20 The domain I cluster is the most
important of the three in mediating escape from inhibitory
antibodies and was further classified into subclusters C1−C3.
Within C1, the region termed C1L is particularly important for
immune escape.18,21 In the preclinical studies of PfAMA1
vaccines, it was noted that antisera to 3D7 PfAMA1 were more
strain-specific than antisera to FVO PfAMA1.
AMA1 has a hydrophobic cleft that is the site of interactions

with its protein-binding partner RON2.9,22 The cleft is
surrounded by six loops from domain I (loops Ia−If) and an
extended loop from domain II (DII loop).23 The DII loop
appears to contain a strain-transcending epitope as the
monoclonal antibody 4G2, which binds to the base of the
DII loop, exhibits strain-independent inhibition of P.
falciparum.5 We and others have proposed that small molecules
targeted to the hydrophobic cleft may interrupt the AMA1−
RON2 protein−protein interaction and provide a route to
novel therapeutics in the form of protein−protein interaction
inhibitors.24−26 However, polymorphic regions C1 and C3
surrounding one end of the cleft were shown to restrict the
cross-reactivity of inhibitory antibodies and peptides such as
IgNAR,7 1F9,27,28 and R1.6,9,29 It has been postulated that
sequence variation in the highly polymorphic C1L region (of
the C1 subcluster) may result in local secondary structure
changes.15,21 In particular, the presence of a two-turn helix in
the Id loop has been questioned for the FVO allele because of
the presence of a glycine residue at position 197.15

To answer fundamental questions regarding the impact of
sequence diversity on AMA1, we have determined the first X-
ray crystal structure of PfAMA1 from FVO. We show through
X-ray crystallography, all-atom molecular dynamics, and nuclear
magnetic resonance (NMR) spectroscopy that the sequence
divergence does not result in structural changes that account for
the strain-specific effects documented for inhibitory antibodies
and peptides.

■ EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Domains I and II of
the ectodomains of FVO and 3D7 PfAMA1 (residues 104−
438) were produced according to the protocol described by
Lim et al.24 except that the hexa-His tag was removed using
TEV protease. The pure His-tagged proteins were dialyzed
using membrane tubing (Spectra/Por 3, 3.5 kDa MWCO)
against a 100-fold volume of 50 mM Tris (pH 8.0) under
constant stirring at 4 °C overnight, and then TEV protease was
added to the sample at a 1:30 ratio (w/w) and cleavage allowed
to proceed at 4 °C for 48 h with gentle agitation. The mixture
was filtered (0.2 μm) and loaded onto a 5 mL CHT I ceramic
hydroxyapatite column (Bio-Rad). The cleaved protein was
eluted using a linear gradient of 10 to 150 mM phosphate
buffers (Na2HPO4 and NaH2PO4·H2O) (pH 7.4) over 15
column volumes. The pooled fractions were concentrated and
buffer exchanged into 20 mM Tris (pH 8.0) using an Amicon
Ultra-4 centrifugal unit with an Ultracel-10 membrane
(Millipore).

1H NMR Spectroscopy and Size-Exclusion Chroma-
tography. FVO PfAMA1 purified from hydroxyapatite
chromatography was buffer exchanged into 20 mM phosphate
buffer (Na2HPO4 and NaH2PO4·H2O) and 50 mM NaCl (pH
7.4) containing 10% 2H2O using a PD-10 desalting column
(GE Healthcare). The sample was subsequently concentrated
as described above to a final protein concentration of 50 μM.
Part of this final product was used for 1H NMR. A 1H-detected
pulse program incorporating the excitation sculpting scheme
for water suppression was employed to characterize FVO
PfAMA1. A total of 128 scans and 16K data points were
acquired at 600 MHz on a Bruker Avance III spectrometer at
35 °C. The data were processed in Topspin 3.2 using an
exponential multiplication function with 2 Hz line broadening.
The water signal was used to reference the 1H NMR spectrum.
The final product was loaded onto a Superdex 200 10/30 GL
column and eluted isocratically with 20 mM phosphate buffer
(Na2HPO4 and NaH2PO4·H2O) and 50 mM NaCl (pH 7.4) at
a flow rate of 0.5 mL/min.

2H2O Escherichia coli Adaptation. Fifty microliters of a
competent E. coli BL21(DE3) glycerol stock, previously frozen
at −80 °C, was thawed on ice for 10 min prior to adding 1 μL
of plasmid carrying expression vector pPROEX HTb
(Novagen) with FVO or 3D7 PfAMA1[104−438] sequences.
The mixture was left on ice for a further 30 min and then in
water at 42 °C for 45 s. One milliliter of Luria broth (LB) was
added to each sample, and the culture was incubated at 37 °C
while being constantly shaken at 225 rpm. After 45 min, 50 μL
of culture was spread over a LB plate containing 50% (v/v)
2H2O and 100 μg/mL ampicillin and then incubated at 37 °C
overnight. A single colony of the freshly transformed cells was
inoculated into 10 mL of LB medium with 50% (v/v) 2H2O
and 100 μg/mL ampicillin. The culture was grown for 24 h at
37 °C while being constantly shaken at 225 rpm. The cell
mixture was spread on a culture plate, and subsequently, a
single colony of cells was incubated in growth medium as
described above, except that the LB plate and medium prepared
with 75% (v/v) 2H2O were used instead. The final cell culture
containing 75% (v/v) 2H2O was stored at −80 °C with 20%
(v/v) glycerol.

Isotopically Labeled AMA1. A scrape of the glycerol stock
of 2H2O-adapted E. coli was inoculated into LB medium with
75% (v/v) 2H2O and 100 μg/mL ampicillin. The culture was
incubated overnight at 37 °C while being constantly shaken at
225 rpm. The overnight culture was then centrifuged at 1500g
for 15 min. The supernatant was decanted, and the cell pellets
were resuspended in 2 volumes of optimized minimal
medium30 prepared with 100% (v/v) 2H2O, 1 g/L 15NH4Cl,
and 8 g/L [13C]glucose. The cells were allowed to grow for 3 h
while being shaken at 37 °C before being induced with 1 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG) for 24 h. The
protein was then purified as described above.

1H−15N HSQC and Three-Dimensional (3D) HNCO
Experiments. 2H-, 15N-, and 13C-labeled 3D7 and FVO
PfAMA1 were dissolved at concentrations of 300 and 75 μM,
respectively, in 20 mM phosphate buffer (Na2HPO4 and
NaH2PO4·H2O) (pH 7.0) containing 50 mM L-arginine, 50
mM L-glutamic acid, 0.2% (w/v) protease inhibitor cocktail
(Roche), 0.01% (w/v) sodium azide, and 10% (v/v) 2H2O. The
FVO PfAMA1 spectrum was acquired on a Bruker Avance III
600 MHz spectrometer at 35 °C. A spectrum of 3D7 PfAMA1
was acquired on a Bruker Avance III 800 MHz spectrometer at
30 °C. Both the 1H−15N HSQC and 3D HNCO experiments
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were conducted using pulse sequences with transverse
relaxation-optimized spectroscopy (TROSY) effects.31,32
1H−15N HSQC spectra were acquired with 64 scans at 2048
and 256 data points for the 1H and 15N dimensions,
respectively. A total of 32 scans was recorded for the 3D
HNCO experiments, with 2048, 128, and 128 data points for
the 1H, 15N, and 13C dimensions, respectively. Both the direct
and indirect dimensions of 1H−15N HSQC and 3D HNCO
data were processed using a QSINE window with a phase shift
of 2. Linear prediction using 32 coefficients was applied to all
indirect dimensions.
R1−FVO PfAMA1 Interactions. A Biacore T200 biosensor

was employed to measure the interaction between recombinant
FVO PfAMA1 DI and DII and the R1 peptide (GL Biochem).
Surface plasmon resonance (SPR) experiments were conducted
essentially as described previously24 except that dimethyl
sulfoxide was not included in the running buffer. Approximately
8000 RU of protein was coupled in a single flow cell (1000 RU
= 1 ng of protein/mm2). The binding of R1 peptide6,29 to FVO
PfAMA1 was evaluated using a 2-fold serial dilution ranging in
concentration from 15.6 to 500 μM.
Sequence Alignment and Analysis. All sequence align-

ments and analyses were performed using the UniProt online
tool (http://www.uniprot.org/). Accession numbers for AMA1
sequences used in this study are as follows: UniProt entry
Q9TY48 for FVO PfAMA1 and UniProt entry Q7KQK5 for
3D7 PfAMA1. The residues defining the AMA1 hydrophobic
cleft and polymorphic sites were obtained from published
literature.7,23,33−35

Crystallization, X-ray Data Collection, Structure
Determination, and Refinement. Crystallization conditions
for FVO PfAMA1 were identified following a robotic broad
screen using the IndexHT (Hampton Research) and JCSGPlus
(Molecular Dimensions) crystal screens. Optimization of a
single initial hit from the Index screen used the hanging drop
vapor diffusion method, with a 1:1 (v/v) ratio of protein to
mother liquor (well volume of 0.5 mL). Small, stacked crystals
appeared after three months in 25% (v/v) polyethylene glycol
3350, 0.1 M HEPES (pH 7.5), and 0.2 M MgCl2. A single
crystal was separated from the stacked cluster and cryo-
protected by the addition of 10% glycerol prior to data
collection.
3D7 PfAMA1 crystals were grown in 12−15% (v/v)

polyethylene glycol 3350, 0.02 M MES (pH 6.0), and 10
mM MnCl2 as detailed in ref 23. 3D7 PfAMA1 crystals were
dehydrated overnight in a reservoir solution with an increased
level [35% (v/v)] of polyethylene glycol 3350 before cryo-
stabilization in 38% (v/v) polyethylene glycol 3350, 0.088 M
MES (pH 6.0), and 44 mM MnCl2 for 6−8 h prior to data
collection. For crystals used to test soaking solvents, 5% (v/v)
methanol or Milli-Q water was added to the stabilization
solution.
Data were collected at 100 K for all crystals using the

Australian Synchrotron micro crystallography MX2 beamline
3ID1. Diffraction images were processed using XDS36 and
AIMLESS37 from the CCP4 suite.38 Five percent of each data
set was flagged for calculation of RFree

39 with neither a sigma
nor a low-resolution cutoff applied to the data. A summary of
data collection statistics is provided in Table S1 of the
Supporting Information.
Structure determination proceeded using the Molecular

Replacement method and the program PHASER.40 A search
model for FVO PfAMA1 was constructed by removing the

solvent and flexible loops from a crystal structure of 3D7
PfAMA1 [Protein Data Bank (PDB) entry 1Z40]. A single clear
peak in both the rotation and translation functions was evident
and packed well within the asymmetric unit. Together with the
unbiased features in the initial electron density maps, the
correctness of the molecular replacement solution was
confirmed. All subsequent model building and structural
validation for FVO and 3D7 PfAMA1 structures was conducted
using Phenix41,42 and COOT.43 Solvent molecules were added
only if they had acceptable hydrogen bonding geometry
contacts of 2.5−3.5 Å with protein atoms or with existing
solvent and were in good 2Fo − Fc and Fo − Fc electron density.
Hydrogen bonds (excluding water-mediated bonds) and salt
bridges were calculated using PDBePISA.44 The coordinates
and structure factors are available from the Protein Data Bank
(entries 4R1A, 4R19, 4R1B, and 4R1C). Raw data and images
are available from TARDIS45 (www.tardis.edu.au).

B Factor Analysis. The B factors obtained from PDB files
cannot be used directly, because the values may be on different
scales because of the application of different refinement
procedures.46 To compare the B factors from different
structures, the values were normalized as described by
Parthasarathy et al.47 The Cα B factor values were extracted
from FVO PfAMA1 (PDB entry 4R1A) and P. vivax AMA1
(PDB entry 1W81) as well as the four 3D7 PfAMA1 crystal
structures (PDB entries 1Z40, 4R19, 4R1B, and 4R1C), and
normalized using the equation Bnormalized = (Cα B factor −
Bmean)/σ(B), where Bmean and σ(B) are the mean value and
standard deviation, respectively, of the distribution of observed
thermal factors. The average values and standard deviations of
normalized B factors were calculated for α-helical and β-sheet
regions, loops Ia−If, and the DII loop. Average values were not
calculated for regions in which more than half of the amino acid
sequence was missing in the crystal structures.

Molecular Dynamics Simulations. The dynamics of three
different AMA1 structures were studied. Atomic coordinates of
P. vivax AMA1 (PDB entry 1W81, residues 49−383) and 3D7
PfAMA1 (PDB entry 1Z40, residues 104−438) were obtained
from the Protein Data Bank. Coordinates for FVO PfAMA1
(residues 104−438) were obtained in this study. Missing atoms
and residues were modeled using MOE 2012.10.48 Each protein
was solvated in a water cubic box consisting of TIP3P water
molecules49 with Na+ ions added to neutralize any charge. The
minimum distance from the surface of the protein to any face of
the water box was set to 12 Å for each simulation.
All-atom molecular dynamics (MD) simulations were

performed using the NAMD 2.9 MD package50 on the IBM
Blue Gene/Q supercomputer of the Victorian Life Sciences
Computation Initiative (VLSCI). Proteins were defined by the
newly published and tested AMBER force field, FF12SB.51−53

Equilibration was performed in three stages. First, potential
steric clashes in the initial configurations were relieved with
50000 steps of energy minimization. Initial velocities for each
system were assigned randomly according to a Maxwell−
Boltzmann distribution at 100 K. Each system was then heated
to 300 K over 0.1 ns, with the protein harmonically restrained
(10 kcal mol−1 Å−2) under the canonical ensemble (NVT)
conditions. Following this, each system was simulated for an
additional 0.1 ns under the isothermal−isobaric ensemble
(NPT) conditions with all heavy protein atoms harmonically
restrained (10 kcal mol−1 Å−2). Thereafter, each system was
subjected to 250 ns of free simulation.
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For all simulations, an integration time of 2 fs was used and
the nonbonded cutoff length was set at 1 nm. All simulations
were conducted at a constant temperature (300 K) and
pressure (1 atm), using a Langevin damping coefficient of 0.5
fs−1. For each simulation system, periodic boundary conditions
(PBC) were used together with the particle mesh Ewald (PME)
method for electrostatics interactions.54 Electrostatics and
VDW nonbonded forces were cut off at 1 nm. For each
protein, three trajectories were run in parallel, differing only in
the distribution of their initial velocities. System conformations
were saved every 10 ps for subsequent analysis.
All the analyses were performed using the GROMACS 4.0.7

simulation software package.55 Prior to MD analyses, transla-
tional and rotational motions were eliminated by superposition
of each frame onto the initial conformation. The root-mean-
square deviations (rmsds) of the backbone heavy atoms in each
system were calculated relative to their corresponding initial
minimized structures. Backbone root-mean-square fluctuations
(rmsfs) were calculated for the productive phase (50−250 ns)
of each simulation. All images were created by VMD version
1.9.156 or PyMOL version 1.3r2 (Schrodinger, LLC, 2010, The
PyMOL Molecular Graphics System).
Electrostatic Surface Potential Calculations. Protein

electrostatic potentials were calculated using APBS version
1.3.57 Atom electrostatic charges were taken from the FF12SB
force field. The electrostatic potential was visualized using
PyMOL 1.3r2 (Schrodinger, LLC) with positive potential in
blue and negative potential in red over the range of −3kbT/ec to
3kbT/ec, where kb is the Boltzmann constant, T is the
temperature (set to 300 K), and ec is the electron charge.
Effect of Mutations on the Stability of the R1−3D7

PfAMA1 Complex. The contributions of specific mutations to
the overall thermodynamic stability of the R1−3D7 PfAMA1
complex structure9 were estimated in silico with FoldX using
default settings.58 The reported Gibbs free energies are the
differences between those of wild-type and mutated 3D7
PfAMA1 in the context of the complex.

■ RESULTS

X-ray Crystal Structure of FVO PfAMA1. To generate
protein crystals of FVO PfAMA1, a construct of FVO domains I
and II (DI + II) equivalent to that of 3D7 PfAMA1 was

produced.23 The quality of our recombinant FVO PfAMA1
protein was assessed using 1H NMR spectroscopy and size-
exclusion chromatography (Figure S1 of the Supporting
Information). Overall, good signal dispersion was observed in
the 1H NMR spectrum, with methyl proton signals at −0.48
and −0.52 ppm as well as amide proton signals beyond 9 ppm
(Figure S1A of the Supporting Information); the spectrum was
consistent with a single folded product. During size-exclusion
chromatography, FVO PfAMA1 eluted as a single peak
consistent with a monomeric form of the protein (38 kDa)
(Figure S1B of the Supporting Information).
The X-ray crystal structure of FVO PfAMA1 was determined

to 2.0 Å with final R and Rfree values of 19.5 and 25.5%,
respectively (Figure 1A and Table S1 of the Supporting
Information). FVO PfAMA1 crystallized with one molecule in
the asymmetric unit in space group C21. Seven α-helical and 16
β-sheet regions were identified in the final FVO PfAMA1
structure. Similar to the 3D7 PfAMA1 (Figure 1B, PDB entry
1Z40) and P. vivax AMA1 structures (PDB entry 1W81), both
DI and DII of FVO PfAMA1 formed PAN folds that consist of
a two-turn α-helix packed against a five-stranded β-sheet. The
two PAN folds pack against each other to form the protein
core, as seen in the 3D7 PfAMA123 (PDB entry 1Z40; 0.27 Å
rmsd over 219 Cα atoms) and P. vivax59 AMA1 (PDB entry
1Z40; 0.29 Å rmsd over 197 Cα atoms) structures. The DI + II
sequences of 3D7 and FVO PfAMA1 have 21 amino acid
residue differences [sharing 94% sequence identity (Figure S2
of the Supporting Information)].
All residue differences found in the C1 (residues 187, 190,

196, 197, 200, 204, 206, and 225) and C2 (residues 242, 243,
282, 283, and 285) clusters can be observed in our FVO
PfAMA1 structure (Figure S2 of the Supporting Information).
Structural analysis of regions in the vicinity of the C1L
(residues 196, 197, 200, 204, and 206), C2, and DII clusters, as
well as residues 167 and 300, did not reveal any significant
structural differences between FVO and 3D7 PfAMA1 DI + II
(Figure S3 of the Supporting Information). Structural differ-
ences were also not found in regions around residues 187 and
190 within the C1 cluster. Of the regions in the proximity of
residue 225, residues 226−232 are disordered in FVO PfAMA1
but ordered in 3D7 PfAMA1. Structural comparisons could not
be performed for C3 because residues 175 and 267, which

Figure 1. X-ray crystal structures of (A) FVO (PDB entry 4R1A) and (B) 3D7 (PDB entry 1Z40) PfAMA1. Residues that vary between FVO and
3D7 PfAMA1 proteins are shown as red sticks. The Id loops are colored orange in both structures. The DII loop is indicated by the dotted circle in
both panels, and the structure of the DII loop in 1Z40 is colored magenta (B). Two residues critical for the AMA1−RON2 interaction (Phe183 and
Tyr251) are shown as yellow sticks in both structures. The hydrophobic cleft runs across the top of the molecule in this view, from the Id loop at one
end to the DII loop at the other.
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constitute this cluster, are disordered in both structures. Nine of
the 12 residues that define the hydrophobic cleft could be
observed in our FVO PfAMA1 structure (V169, L176, F183,
I190, Y202, V208, M224, Y251, and I252);7 the three
remaining hydrophobic residues (M273 from DI and L357
and F367 from DII) are disordered in the FVO PfAMA1
structure.
The structure of FVO PfAMA1 showed numerous disordered

loops in both domains. In DI, the disordered residues not
observed in the density (160−163, 173−176, 226−232, and
258−273) correspond to loops Ib and If and part of the Ie loop
(Figure 1A). There are 38 residues missing in DII [351−388
(Figure 1A)], which correspond to most of the loop DII
structure found in the 3D7 PfAMA1 structure (Figure 1B).
Flexibility of the Loops in Different Forms of AMA1.

To ascertain whether the sequence polymorphisms might
provide a structure-based “escape” route from the host immune
response and inhibitor binding, we analyzed the loop flexibility
of our FVO PfAMA1 structure in comparison to those of the
published 3D7 PfAMA1 (PDB entry 1Z40) and P. vivax AMA1
(PDB entry 1W81) structures. We compared normalized B
factors from all Cα atoms from each AMA1. The normalized B
values were expressed in units of standard deviations about the
mean Cα B factor for the corresponding structure; therefore,
regions that are more rigid in a protein would have low
normalized B factors, whereas flexible regions would have high
normalized B values. This analysis showed that loops Ib and If
(polymorphic cluster C3) are highly flexible regions in all three
structures (Figure 2 and Table S2 of the Supporting
Information). Loops Ia, Ic (residues 187 and 190 of the C1
cluster), and Ie (residue 225 of the C1 cluster) are mobile in

FVO PfAMA1 and P. vivax AMA1 but exhibit limited mobility
in 3D7 PfAMA1. The Id loop (C1L cluster) appears to be more
rigid in FVO PfAMA1 than in 3D7 and P. vivax AMA1, but
inferring the biological relevance of this result is difficult
because of the presence of extensive crystal contacts made by
residues within the Id loop of FVO PfAMA1 (Figure S4 of the
Supporting Information; see below).
In an effort to further assess the flexibility of the three AMA1

proteins, we undertook all-atom molecular dynamics simu-
lations. Throughout our MD simulations, all systems were
found to be stable following an initial structural rearrangement
that took place early in the simulations (30−50 ns). Therefore,
all subsequent analyses were conducted for the last 200 ns of
each simulation (productive stage). Calculated rmsd values for
the productive stage of MD simulations [3D7 PfAMA1, 0.19 ±
0.04 nm; FVO PfAMA1, 0.20 ± 0.03 nm; and P. vivax AMA1,
0.30 ± 0.05 nm (Figure S5 of the Supporting Information)]
indicated that all systems were stable and that the P. vivax
protein was slightly more flexible than the other proteins
[particularly in the region of loop Ia (Figure S6 of the
Supporting Information)]. The rmsf results (Figure S6 of the
Supporting Information) show that the fluctuation patterns of
the three proteins were similar, with peak fluctuations occurring
in the same loops of each AMA1 structure (loops Ib, Ic, Ie, and
If), which is consistent with the B factor analysis. The Ie loop
appears to be more flexible in FVO PfAMA1 than in 3D7
PfAMA1. This observation may explain why the Ie loop is
disordered in the FVO PfAMA1 crystal structure but not in
3D7 PfAMA1. On the basis of the rmsf results, the Id loop is
flexible in all three AMA1 structures, which supports our earlier
conclusions that the rigidity of the Id loop (Figure 2B) seen in
FVO PfAMA1 was a consequence of crystal contacts.
Crystallization artifacts, such as crystal contacts, can often

complicate structural comparisons and implications drawn from
static structures. The presence of stabilizing crystal contacts was
identified in the original 3D7 PfAMA1 structure by Bai et al.23

In the search for suitable crystallization conditions of 3D7
PfAMA1 for our fragment screening campaign,24 we noticed
that such crystal contacts could be modulated by soaking
crystals in different solvents. This allowed us to examine the
effect of these contacts on the conformation and/or flexibility
of the surface loops in 3D7 PfAMA1. We reproduced the
original crystal conditions of Bai et al.,23 determined the 1.8 Å
X-ray crystal structure (PDB entry 4R19), and showed that it
was identical to the published structure (PDB entry 1Z40;
0.118 Å rmsd over 275 Cα atoms). Under these conditions,
3D7 PfAMA1 crystallized in a P31 space group with two
molecules per asymmetric unit and showed crystal contacts that
potentially stabilize the Ia−If and DII loops surrounding the
hydrophobic cleft (Table S3 of the Supporting Information).
Subjecting the crystals to 5% methanol (PDB entry 4R1C) or
water (PDB entry 4R1B) during their stabilization immediately
prior to data collection produced changes in the space group
and unit cell dimensions (Table S1 of the Supporting
Information), and these two new 3D7 PfAMA1 structures
showed different degrees of flexibility within the Ia, Ic, and Ie
loops relative to the published 3D7 PfAMA1 structure (Table
S2 of the Supporting Information). The 3D7 PfAMA1
structures from the Milli-Q water- and methanol-treated
crystals have higher average normalized B factors for the Ia,
Ic, and Ie loops compared to those of the 1Z40 structure
(Figures 3 and 4). The Ie loop of FVO PfAMA1, which is
disordered, is ordered in all the 3D7 PfAMA1 structures.

Figure 2. Flexibility of Ia−If and DII loops (identified with yellow
bars). Normalized Cα B factors of (A) 3D7 PfAMA1 (PDB entry
1Z40), (B) FVO PfAMA1 (PDB entry 4R1A), and (C) P. vivax AMA1
(PDB entry 1W81). Residues 49−383 for the P. vivax AMA1 sequence
are equivalent to residues 104−438 in the FVO and 3D7 PfAMA1
sequences.
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However, it is difficult to determine if there is a real difference
in the flexibility of the Ie loop as crystal packing is found in all
the 3D7 PfAMA1 structures (Table S3 of the Supporting
Information). The Ib and If loops are disordered in both the
water- and methanol-treated 3D7 PfAMA1 crystals, indicating
that these regions are highly mobile in the protein (Figures 3
and 4 and Table S2 of the Supporting Information).
Conformational Flexibility of the DII Loop. The DII

loop in both P. vivax AMA1 and our FVO PfAMA1 (Figure
1A) structure is disordered. This is in contrast to the published
3D7 PfAMA1 structure in which only five residues are missing
from the DII loop (residues 383−387) (Figure 1B). However,
there was missing density for DII loop residues 370−387 in our
Milli-Q water-treated 3D7 PfAMA1 structure and residues
351−387 in the methanol-treated 3D7 PfAMA1 structure,
similar to our FVO PfAMA1 structure (Figures 1B and 3). MD
simulations showed that, although the N- and C-termini of the
DII loop are highly mobile for FVO PfAMA1, 3D7 PfAMA1,
and P. vivax AMA1 (Figure S6 of the Supporting Information),
large conformational changes or movements of the α-helix at
the center of the DII loop were not observed in any of these
proteins. This implies that, despite its flexibility, the DII loop
undergoes slow conformational exchange, beyond the time
scale sampled in our MD simulations.
The original 3D7 PfAMA1 structure (PDB entry 1Z40)

provides support for the DII loop being ordered as a
consequence of crystal contacts.23 Our investigation of these

contacts found that there were 9 and 13 residues from
neighboring molecules close to (<4.0 Å) the DII loop of
reference 3D7 PfAMA1 chains A and E, respectively (Figure
S7A of the Supporting Information). In particular, we found
that both Glu354 (Oε1) and His356 (NH) of chain E formed
hydrogen bonds with the main and side chains of Ser423 of a
symmetry-related molecule (Figure S7A of the Supporting
Information). The DII loop of chain A was stabilized by polar
interactions between Lys363 (Nζ) and Asp317 of a symmetry-
related molecule. In our FVO structure, there are no crystal
contacts close to the DII loop, possibly allowing the loop to
populate different positions within the crystal lattice (Figure
S7B of the Supporting Information).
NMR studies of FVO and 3D7 PfAMA1 were undertaken to

further assess their flexibility in solution. Both 2D 1H−15N
HSQC and 3D HNCO spectra were acquired. Of the 316
amide backbone NMR resonances expected in both forms of
PfAMA1, only 261 and 250 peaks were identified in the HSQC
spectra of FVO and 3D7 PfAMA1, respectively (Figure S8 of
the Supporting Information). The discrepancies between the
expected and observed resonances are due to regions of the
protein that undergo conformational exchange on the
intermediate time scale (microseconds to milliseconds).60

NMR signals from regions with such motion are often
broadened beyond detection in multidimensional NMR
experiments. In the HNCO spectra, there were fewer
resonances in 3D7 PfAMA1 than in FVO PfAMA1 [248 and

Figure 3. Cartoon model (left) and B factor putty (right) of the X-ray crystal structures of 3D7 PfAMA1: (A and B) 3D7 crystal structure from ref
23, (C and D) 3D7 crystal treated with Milli-Q water (PDB entry 4R1B), and (E and F) 3D7 crystal treated with methanol (PDB entry 4R1C).
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216 peaks in FVO and 3D7 PfAMA1, respectively (Figure S9 of
the Supporting Information)]. This difference suggests that
3D7 PfAMA1 has a slightly greater number of backbone
resonances that are broadened by intermediate conformational
exchange than FVO PfAMA1. This is in contrast to what is
predicted from comparison of the published 3D7 PfAMA1

structure (PDB entry 1Z40), which is highly ordered
throughout the molecule, with our crystal structures of both
FVO PfAMA1 and 3D7 PfAMA1 in different solvents. In
summary, these data indicate that in solution both FVO
PfAMA1 and 3D7 PfAMA1 contain significant regions of
disordered structure, some of which are undergoing conforma-
tional exchange on an intermediate time scale that produces
substantial broadening of NMR resonances.60

Mapping the Strain Variation of the Inhibitory
Peptide R1. The R1 peptide,6,29 identified by phage display,
inhibits red cell invasion by merozoites of 3D7 P. falciparum
and related strains with a 50% inhibitory concentration (IC50)
of ∼0.1 μM. X-ray crystal structures23,25 show that R1 contacts
three polymorphic residues (Tyr175, Met224, and Ile225) in
3D7 PfAMA1, with residues at positions 175 and 225 being
important determinants of R1 strain specificity. Substitution of
these residues as in W2mef (I225E) or HB3 (Y175D and
I225N) significantly reduced the peptide’s inhibitory effect.9

FVO PfAMA1 also has Y175D and I225N substitutions (Figure
S2 of the Supporting Information). Accordingly, we found that
R1 binds weakly to FVO PfAMA1, with an estimated Kd of
≥500 μM (Figure S10 of the Supporting Information).
To investigate why R1 binds so weakly to FVO PfAMA1, we

estimated the effect of mutations on binding of R1 by FVO
PfAMA1. The crystal structure of the 3D7 PfAMA1−R1
complex (PDB entry 3SRJ) was used as a template, and four
FVO PfAMA1 sequence variations found in the R1-binding
cleft (Y175D, M190I, D204N, and I225N) were generated by
FoldX 3.061,62 to mimic an apparent FVO PfAMA1−R1
complex-binding structure (Figure 5). Single mutations were
also generated to compare the individual effects on the binding
energy. Analysis of point mutations shows that the changes at
positions 175 and 225 (Y to D and I to N, respectively) had the
largest effect on stability, with increases in free energy of 6 and

Figure 4. Flexibility of Ia−If and DII loops (identified with yellow
bars) in 3D7 PfAMA1. Normalized Cα B factors of (A) the 3D7
original condition,23 (B) the 3D7 crystal treated with Milli-Q water,
and (C) the 3D7 crystal treated with methanol.

Figure 5. Comparison between the R1−3D7 PfAMA1 complex and free FVO PfAMA1. (A) R1−3D7 PfAMA1 crystal structure (PDB entry 3SRJ).
(B) FVO PfAMA1 model. Electrostatic potentials mapped on the solvent accessible surface for the R1-bound PfAMA1 structures are shown on the
right. Sequence variations between 3D7 and FVO PfAMA1 are shown as sticks. R1 is shown as a magenta ribbon. Protein surfaces are color-coded
according to electrostatic potential gradient, where positively and negatively charged areas are colored blue and red (iso-values from 3kbT/ec to
−3kbT/ec), respectively.
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3 kcal/mol, respectively (Table S4 of the Supporting
Information). These energy changes are presumably due to
the loss of two hydrogen bonds between R1 and AMA1 at these
two positions (Figure 5). The M190I change resulted in a small
increase in free energy (1 kcal/mol), suggesting that the
increase in cleft volume and hydrophobicity resulting from the
M190I change has an effect on R1 binding. Distal to the R1
interaction sites, the D204N change has no effect on the
complex. Taken together, the four changes were estimated to
contribute to a total increase in ΔG of 10 kcal/mol and
significant changes in the hydrophobic cleft, creating an
unfavorable environment for the R1 peptide (Table S4 of the
Supporting Information).

■ DISCUSSION
AMA1 is implicated in the invasion of host cells by malaria
parasites as well as other apicomplexan parasites.22,25,63,64

Sequence comparison of FVO and 3D7 PfAMA1 domains I and
II identifies 21 amino acid differences that occur exclusively at
the polymorphic face of AMA1.23,33,35 However, despite earlier
hypotheses,15,21 our FVO structure shows that these changes
do not influence the overall fold of AMA1. The Ia−If loops that
surround most of the hydrophobic cleft in AMA1 all display
some level of disorder in the electron density from the FVO
PfAMA1, 3D7 PfAMA1, and P. vivax structures. This apparent
loop flexibility coupled with the polymorphic residues found in
most of these regions provides AMA1 with an effective means
of restricting cross-strain inhibitory activities of various ligands
such as the R1 peptide and poses a challenge to efforts to
design a vaccine or therapeutic agents effective against a broad
range of strains and species of Plasmodium parasites.
Polymorphic residues within loop Id (C1L cluster) are

important in mediating escape against AMA1 antibodies
induced by P. falciparum infections or in vaccine trials.23,25,65

Residue 197 appears to be one of the most important residues
in AMA1 responsible for immune escape.65,66 In this study, we

have shown that residue changes, including a Gly at position
197, do not result in structural changes in this region. This
includes the two-turn helix within C1L. Residues 196, 204, and
206 are not engaged in any polar interactions and are unlikely
to be important in stabilizing the structure of the Id loop
(Table S5 of the Supporting Information). The main chain
atoms of residues 197 and 200 in both strains form polar
interactions with main chain atoms of Thr194 and Lys203,
respectively. Substitution of Glu with Gly at position 197 in
FVO PfAMA1 prevents the polar interaction between Thr194
[O] and Glu197 [Oγ1] observed in 3D7. The H200D change
at position 200 results in an additional side chain electrostatic
interaction between Asp200 [Oδ1] and Lys203 [Nζ] in the
FVO form of AMA1. The extensive pattern of hydrogen bonds
stabilizing the Id loop is largely conserved in both strains
(Figure 6 and Table S5 of the Supporting Information). These
interactions appear to stabilize the structure and permit radical
changes at polymorphic sites in the Id loop without causing
significant conformational changes. This implies that the
polymorphic nature of this region does not affect the structure
of the protein and that immune escape arises largely from
changes in properties of individual side chains.
Unlike the published structures of 3D7 PfAMA1 and one

1F9−3D7 PfAMA1 complex (PDB entries 1Z40 and 2Q8A,
respectively), in which the conserved DII loop is partially
ordered, the DII loop of FVO PfAMA1 is completely
disordered. This is similar to the case in another crystal form
of the 1F9−3D7 PfAMA1 complex (PDB entry 2Q8B)27 and
the P. vivax AMA1 structure (PDB entry 1W81).59 The
flexibility of the DII loop is linked to a conformational change
that allows the protein to interact with its protein-binding
partner, RON2 (PDB entry 3ZWZ).27 By sequence and
structural superposition, it appears that the intraprotein
contacts involved in stabilizing the local secondary structure
of the DII loop are maintained in FVO PfAMA1. The
differences observed between the crystal structures of the two

Figure 6. Cartoon showing polar interactions that stabilize the Id loop (orange) in (A) FVO (blue) and (B) 3D7 (green) PfAMA1. The DII loop is
colored magenta. Residues Phe183 and Tyr251 are shown as yellow sticks.
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forms of AMA1 reflect different individual conformational
states captured under the different crystallization conditions
rather than an inherently greater level of disorder in the FVO
PfAMA1 DII loop. This view is further supported by our 3D7
PfAMA1 structures, in which different extents of crystal
contacts gave rise to different degrees of order in the DII loop.
In conclusion, our results show that the overall structure,

including the flexible nature of the DII loop, is conserved
between the FVO and 3D7 forms of AMA1. The interacting
interfaces between DI and the DII loop consist of invariant
residues across all P. falciparum strains. The structural
conservation of DI and DII appears likely to be conserved
across all allelic forms of AMA1 and hence represents an
attractive site for strain-transcending therapeutic interventions.
Given that DII loop displacement is associated with formation
of the AMA1−RON2 complex, it is conceivable that stabilizing
the DII loop in its ordered state would be inhibitory to AMA1
function.9 Recently, we have undertaken a fragment-based
screening campaign against AMA1 to identify chemical
scaffolds capable of inhibiting the protein−protein interac-
tions.24 The structure described here will help guide the design
of small molecule inhibitors of AMA1 with broad strain
specificity.
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