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Abstract
Merozoite surface protein 2 (MSP2) is an intrinsically disordered antigen that is
abundant on the surface of the malaria parasite Plasmodium falciparum. The two

T

allelic families of MSP2, 3D7 and FC27, differ in their central variable regions, which

IP

are flanked by highly conserved C-terminal and N-terminal regions. In a vaccine trial,
full-length 3D7 MSP2 induced a strain-specific protective immune response despite

SC
R

the detectable presence of conserved region antibodies. This work focuses on the
conserved C-terminal region of MSP2, which includes the only disulfide bond in the
protein and encompasses key epitopes recognised by the mouse monoclonal

NU

antibodies (mAb) 4D11 and 9H4. Although the 4D11 and 9H4 epitopes are
overlapping, immunofluorescence assays have shown that the mAb 4D11 binds to

MA

MSP2 on the merozoite surface with a much stronger signal than 9H4.
Understanding the structural basis for this antigenic difference between these
antibodies will help direct the design of a broad-spectrum MSP2-based malaria

D

vaccine. 4D11 and 9H4 were re-engineered into antibody fragments (scFv and Fv)

TE

and validated as suitable models for their full-size IgG counterparts by surface
plasmon resonance and isothermal titration calorimetry. An alanine scan of the 13-

CE
P

residue epitope 3D7-MSP2207-222 identified the minimal binding epitope of 4D11 and
the key residues involved in binding. A 2.2 Å crystal structure of 4D11 Fv bound to
the 8-residue epitope NKENCGAA provided valuable insight into the possible
conformation of the C-terminal region of MSP2 on the parasite. This work underpins

AC

continued efforts to optimise recombinant MSP2 constructs for evaluation as
potential vaccine candidates.
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Introduction
Development of a malaria vaccine is a high priority. The mosquito-borne disease,
caused by protozoa of the Plasmodium genus, is responsible for 200 million cases

T

and over 430,000 deaths per year [1]. Although vector control and drug interventions

IP

have significantly decreased mortality over the past decade, the global eradication of
malaria calls for a robust and effective vaccine [2]. The most advanced vaccine

SC
R

candidate is RTS,S/AS01, a pre-erythrocytic vaccine that has shown only modest
efficacy in young children and infants in Phase III trials [3]. Blood-stage vaccines are
aimed at inhibiting parasite growth and proliferation, thereby reducing the severity of

NU

symptoms and in turn mortality [4,5]. The eradication of malaria will require the
development of multi-stage vaccines able to prevent blood-stage infection and block

MA

transmission.

Merozoite surface protein 2 (MSP2) is a ~23-kDa glycosylphosphatidyl inositol
(GPI)-anchored protein present in the asexual blood-stages of Plasmodium

D

falciparum and is one of the most abundant proteins on the surface of the merozoite

TE

[6,7]. The protein is highly polymorphic, particularly in the central variable region,
which consists of tandemly arrayed repeat sequences and dimorphic sequences that

CE
P

differentiate the protein into two allelic families, 3D7 and FC27 (Figure 1a) [8,9]. The
central variable region is flanked by a highly conserved 25-residue N- and ~50residue C-terminal region, the latter containing the only disulfide bond of the protein.
Similar to many other blood-stage antigens [10–12], MSP2 is an intrinsically

AC

disordered protein lacking a well-defined structure in solution [13], although the
protein has been found to have a propensity for amyloid-like fibril formation [14,15].
The structural characteristics of MSP2 when interacting with the merozoite surface
and those mediated by the GPI-anchor are still being explored. NMR studies have
shown that the conserved N-terminal region adopts an α-helical conformation when
in the presence of lipid [16] and identified some motional restriction in the conserved
C-terminal region caused by the single disulfide bond [13].
MSP2 is well characterised as a vaccine candidate and has been included in
several human vaccine trials [17–21]. In Phase I-IIb trials recombinant 3D7-MSP2 in
combination with MSP1 and RESA was tested in Papua New Guinean children
[18,22]. A 62% reduction in parasite densities was observed, although this was
biased towards parasites expressing the 3D7 allele of MSP2 that was used in the
vaccine [19]. This implies that the response to MSP2 dominated the protective effect
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in this trial, but that the MSP2 response was highly strain-specific. A vaccine
containing recombinant forms of both 3D7 and FC27 MSP2 was tested in Phase I
trials and induced antibodies against both alleles that were able to inhibit parasite

T

growth by antibody-dependant cellular inhibition (ACDI) [20] and complement-

IP

mediated inhibition [23]. A recent approach to circumvent the problems of strainspecific immune responses involved the use of MSP2 chimeras that incorporated

SC
R

conserved and variable regions of the 3D7 and FC27 alleles [24]. In mice, these
chimeras were able to induce a robust anti-MSP2 antibody response across both
alleles. Nonetheless, the success of an MSP2 vaccine is likely to be significantly

NU

enhanced by a protective immune response targeting conserved epitopes.
A panel of monoclonal antibodies (mAbs) has been generated from mice

MA

immunised with recombinant forms of both 3D7 and FC27 MSP2 [25]. Epitope
mapping was performed using an array of overlapping 13-residue peptides spanning
both alleles of MSP2. Overall, ten mAbs were able to recognise linear epitopes in

D

both conserved and variable regions of MSP2. Here we focus on mAbs 4D11, 9G8

TE

and 9H4, which recognise overlapping epitopes within an 18-residue stretch of the
conserved C-terminal region encompassing the single disulfide bond. These

CE
P

antibodies are all able to recognise recombinant MSP2, but they show differing
reactivity by immunofluorescence assays (IFA) and western blot towards MSP2
derived from parasite material. 4D11 and 9G8 exhibited a 10-fold stronger signal by
IFA in comparison to 9H4, suggesting that the 9H4 epitope is less accessible on the

AC

merozoite surface. In this work we use the 4D11 mAb to better understand the
structural determinants of binding to parasite MSP2.

Results
Alanine scan of 4D11 epitope
In previous work [25] the epitope of mAb 4D11 was mapped with an array of 13residue peptides covering full-length 3D7-MSP2 and FC27-MSP2, with an overlap of
8 residues; mAb 4D11 was able to bind three of these overlapping peptides (Figure
1b). As the 8-residue sequence NKENCGAA was common to these three peptides
this 8-mer appears to be the minimal epitope for mAb 4D11. Binding of mAb 4D11 to
MSP2 was independent of the presence of the disulfide bond as the 3D7-MSP2212-224
and 3D7-MSP2215-227 peptides each contained only a single cysteine, and this result
was confirmed in the context of full-length MSP2.
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To determine the contributions to binding of each residue in the minimal epitope
sequence, an alanine scan was performed of MSP2207-222 (Table 1). All peptides
were oxidised to form the disulfide bond before high-performance liquid

T

chromatography (HPLC) purification. The N- and C-termini were capped by acetyl

IP

and amide moieties, respectively, to avoid electrostatic interactions with the epitope
that would not be present in the full-length protein. The affinities of these peptides for

SC
R

4D11 IgG were determined by SPR competition assays using immobilised 3D7
MSP2 and varying concentrations of peptide with 4D11 IgG. Direct binding assays
were not suitable as the small peptide size gave a poor response. Mutations to

NU

Lys216, Glu217, Asn218 and Gly220 caused a marked decrease in binding affinity,
suggesting they make key interactions with 4D11

(Figure

1c,

1d

and

MA

Supplementary Data, Figure S1). Mutation of Glu217 to alanine resulted in a
complete loss of binding. In contrast, mutation of residues 207-215 did not have a
significant effect on binding. The decreased binding caused by mutation of Gly220

D

was unexpected but may indicate that the flexibility and/or small size of this residue

TE

are important for binding.

CE
P

4D11 antibody fragments are suitable models for their full IgG counterparts
To better understand the antibody-bound conformation of the key 4D11 epitope, Fv
and scFv antibody fragments were designed based on the 4D11 IgG sequence and
were expressed at high yield in Escherichia coli [26,27]. To confirm that these

AC

antibody fragments were suitable models for 4D11 IgG, isothermal titration
calorimetry (ITC) was used to compare their affinities using the 3D7-MSP2207-222
peptide (Supplementary Data, Figure S2). 4D11 Fv and scFv were found to have
Kd values of 2.7 and 3.0 µM, respectively, very close to the binding affinity of 4D11
IgG at 2.2 µM.

NMR spectroscopy of MSP2207-224 bound to 4D11 scFv
To further explore the interaction between 4D11 and MSP2, NMR was employed. To
enable efficient isotope labelling, a recombinant form of 18-residue MSP2207-224 was
used. The NMR spectra of MSP2207-224 free in solution reveal limited chemical shift
dispersion, consistent with the expected lack of well-ordered structure in the free
epitope (Supplementary Data, Figure S3). Upon addition of a small excess of
unlabelled 4D11 scFv to

15

N-labelled 3D7-MSP2207-224, a more dispersed set of
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peaks appeared, indicating that much of the 18-residue peptide adopts a more
defined structure in the presence of the antibody. Indeed, each peak in the [1H,15N]HSQC spectrum of the free peptide was significantly perturbed by antibody binding,

T

despite the inference from the alanine scan that the N-terminal half of the peptide

IP

does not make significant interactions with the antibody. There is, however,
significant variation in the peak intensity and linewidth in the antibody-bound spectra,

SC
R

suggesting that some parts of the peptide retain significant flexibility when bound.
The relaxation properties of this complex were such that obtaining good-quality
triple-resonance data from much of the bound peptide proved impossible.

NU

Accordingly, we were unable to fully assign the spectra of the bound peptide.

MA

Crystal structure of 3D7 MSP2215-222 bound to 4D11 Fv
Initial crystallisation trials involving 4D11 Fv in complex with the 16-residue disulfidecyclised 3D7-MSP2207-222 were unsuccessful. This was probably a consequence of

D

significant flexibility in a large portion of the peptide, as inferred from the NMR data.

TE

Smaller peptides were therefore tested, including the 8-residue 3D7-MSP2215-222, the
minimal binding epitope of 4D11. The 4D11 3D7-MSP2215-222 complex was

CE
P

crystallised and its structure was determined to 2.2 Å resolution (Table 2, Figure 2).
The crystals contained four Fv-peptide complexes in the asymmetric unit, with the
peptide forming two homodimers via disulfide bonds formed between the free
cysteines in the monomer sequence. The bound peptide is stabilised as a β-bend

AC

ribbon, a subtype of the 310 α-helical structure, which is characterised by consecutive
overlapping β-turns. The first turn encompasses Asn215 (i) - Asn218 (i+3), with
dihedral angles typical of a type I β-turn. The second overlapping turn encompasses
Glu217 (i) – Gly220 (i+3) and, although slightly different from the canonical dihedral
angles, most closely resembles a type I’ β-turn [28]. The crystal structure supports
the results from the alanine scan, with Lys216, Glu217 and Asn218 forming key
interactions with the 4D11 VH complementary determining regions (CDRs). Gly220
formed a hydrogen bond with a light chain Asn residue (Asn34L; the Kabat
numbering system was used for 4D11 residues [29] with the chain indicated by a
subscript). The lack of space surrounding the Gly α-carbon explains why mutation to
an alanine in this position had a detrimental effect on binding. An additional
interaction was also present between the backbones of Ala221 and Gly91L.
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Although the peptide was purified as a monomer by HPLC, and size-exclusion
chromatography confirmed that the 4D11 Fv-peptide complex was monomeric prior
to crystallisation (Supplementary Data, Figure S4), the 8-residue peptide 3D7-

T

MSP2215-222 formed a disulfide-mediated homo-dimer in the crystal. The four Fvs and

IP

peptides in the asymmetric unit of the crystal were oriented in such a way that two
Fvs had their antigen-binding sites facing each other, forming a small pocket in

SC
R

which the peptide homo-dimer was bound (Figure 3). Attempts to crystallise 4D11
Fv with 8-residue monomeric peptide analogues with serine in place of the cysteine
failed. The tight packing of the Fv-peptide dimer in the crystal suggests that

NU

formation of the dimer may have assisted crystal formation. The peptide dimer itself
contains both intra- and intermolecular hydrogen bonds that stabilise its

MA

conformation. Asn215 in particular forms intermolecular hydrogen bonds with the
backbone of Cys219 and Ala221, and an intramolecular hydrogen bond with Asn218.
4D11 binds recombinant, full-length MSP2, in which Cys219 is engaged in an

D

intramolecular disulfide with Cys211, as a monomer and binds equally well to a

TE

cysteine mutant C219S [25]. There is no evidence that native MSP2 exists as a
covalent dimer on the parasite surface [14], implying that 4D11 recognises

CE
P

monomeric MSP2 on the parasite surface. Accordingly, it was necessary to establish
the relevance of the dimer structure to that interaction.

Dimeric 8-mer is able to bind 4D11 and 9G8 IgG

AC

The binding affinity of dimeric 3D7-MSP2215-222 to 4D11 IgG was determined in order
to assess the relevance of the bound dimeric conformation revealed in the crystal
structure. Both air oxidation and iodine oxidation of monomeric 8-mer peptide in
solution failed to yield dimeric peptide. Instead, the dimer was synthesised on resin
with cystine as a building block. The affinities of the monomeric and dimeric peptides
were measured against both 4D11 and 9G8 IgG by an SPR competition binding
assay. The affinity (Kd) of the monomeric 8-mer was 4.3 µM, slightly weaker than the
dimer, at 1.4 µM. These affinities are comparable to the 0.9 µM Kd of the longer 3D7MSP2207-222 peptide, which contains the native disulfide bond. In addition, mAb 9G8,
another antibody able to recognise parasite MSP2 by IFA and western blotting, was
able to bind the monomeric and dimeric peptide with Kd values of 0.3 and 0.2 µM,
respectively (Figure 4, Supplementary Data, Figure S5). The ability of the dimer to
bind both 4D11 IgG and 9G8 IgG at affinities comparable to those of the monomer
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indicates that the conformation adopted by the bound dimer is accessible to
recombinant and parasite MSP2. The slightly higher affinity binding of dimer to both
antibodies suggests that the constraints imposed by the additional inter-molecular

the

entropic

penalty

associated

with

the

disordered-to-ordered

IP

reducing

T

hydrogen bonds in the dimer structure are favourable for 4D11 binding, probably by

SC
R

conformational transition upon binding.

Molecular dynamics simulations with bound 8-mer and modelled 16-mer epitopes
Molecular dynamics (MD) simulations were employed to gauge the stability of the 8-

NU

residue and 16-residue MSP2 epitopes in complex with 4D11 Fv. This enabled us to
assess whether additional adjacent residues and/or the disulfide bond in the native

MA

epitope have an effect on the epitope binding conformation. MD simulations over 100
ns were performed to sample the conformational space of two peptides, MSP2215-222
and MSP2207-222, bound to 4D11 Fv. For the monomeric 8-residue epitope MSP2215the starting structure was extracted directly from the crystal structure. For the 16-

D

222,

TE

residue epitope, the crystallographic conformation was extended N-terminally to
residue 207 (MSP2207-222), with the native disulfide modelled in. When only 4D11 Fv

CE
P

was aligned, the epitope RMSD for both peptides remained below 3 Å, suggesting
that they remained in the binding pocket the entire simulation (Supplementary Data,
Figure S6). When the 8-residue epitope was aligned over this period, the epitope
RMSD remained at 2 Å throughout the simulation, suggesting that the overall epitope

AC

conformation did not change significantly during simulation (Figure 5). As expected
from the NMR data, the flexible N-terminal extensions of the modelled 16-residue
epitope had a higher epitope-aligned RMSD (3 Å) than the 8-residue epitope (2 Å).
However, when only the core binding residues (NKENCGAA) were used for
alignment in the modelled 16-residue epitope, they were found to be stable, with an
RMSD of 2 Å, identical to that of the 8-residue epitope alone. These simulations
showed that the 8-residue epitope and the extended disulfide bridged 16-residue
epitope share identical conformational behaviour and stability when bound to 4D11
Fv, further supporting the relevance of the bound dimeric conformation in the crystal
structure.

Discussion
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Intrinsically disordered proteins are known to be abundant in eukaryotic pathogens,
with apicomplexans, including the malaria parasite Plasmodium, being particularly
enriched [10,30]. Moreover, these disordered proteins are frequently targets of host

T

immune recognition [12,31]. The effects of conformational disorder on antigenicity,

IP

and the broader implications for vaccine development, are largely unknown and are
still being explored. Entropic costs associated with antibody binding to disordered

SC
R

antigens have been thought to be detrimental to development of high affinity and
specific antibodies. However, a comparison of antibody binding to disordered and
ordered antigens has shown that disordered epitopes, although usually shorter in

NU

length than their ordered counterparts, are highly efficient in their binding [31].
The recombinant form of MSP2 used in clinical trials is highly disordered [13] and

MA

the conformations of some regions of the protein differ from that of the native GPIanchored antigen. Many disordered proteins are known to undergo a disorder-toorder transition when binding to their functional targets [32–34], and given the

D

abundance of proteins in the merozoite surface coat it is likely that such protein-

TE

protein interactions may influence the conformation of MSP2. Additionally, it is
possible that lipid interactions or the C-terminal GPI-anchor may impose

CE
P

conformational constraints on the protein, favouring a more ordered conformation for
the parasite protein. For example, the N-terminal region of MSP2 has been found to
adopt an α-helical conformation upon interaction with lipid micelles [16]. The mAb
6D8, which recognizes an epitope within the conserved N-terminal region of MSP2,

AC

is unable to recognize parasite MSP2. The structural basis for this significant
difference in binding was revealed by a high-resolution crystal structure of the 6D8epitope complex, which showed that the antibody-bound and lipid-bound
conformations were incompatible [35].
The strain specificity of the vaccine response towards MSP2 implies that epitopes
within the variable region play a role in protection [19]. For the development of a
strain-transcending MSP2-based vaccine, however, directing the immune response
towards conserved regions of the protein would be beneficial, provided that epitopes
in these conserved regions are recognised by antibodies elicited by the vaccine.
Thus, mAb 4D11 and its corresponding scFv and Fv antibody fragments, which
recognise an epitope that is accessible in parasite MSP2, present a valuable
opportunity to understand how the C-terminal conserved region behaves on the
merozoite surface. The crystal structure obtained here revealed that the bound 4D11
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epitope adopted a β-bend ribbon conformation with two overlapping hydrogen
bonded β-turns. MD simulations showed that this conformation was stable in the
context

of

the

extended

MSP2207-222 epitope,

which

includes the

native

T

intramolecular disulfide bond.

IP

The accessibility of the 4D11 epitope on the parasite surface contrasts with poor
accessibility of the epitope recognised by mAb 9H4 [25]. Although 9H4 recognises

SC
R

an epitope that overlaps with that of 4D11, 9H4 only weakly recognises parasite
MSP2 by IFA and western blotting. The ability to direct the immune response
towards epitopes that are accessible on the parasite surface, such as the 4D11

NU

epitope investigated here, and away from potentially distracting epitopes such as
9H4, suggests a strategy for engineering a more effective MSP2-based vaccine.

MA

The alanine-scan data presented in this paper, together with the crystal structure
of the bound conformation of the minimal epitope, provide a rational basis for such
antigen engineering. A possible approach to optimising the immunogenicity of the C-

D

terminal region of MSP2 involves constraining the conformation towards that

TE

observed for this key epitope in the crystal structure. Although this has not been
attempted with a disordered antigen such as MSP2, there has been success in the

CE
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rational design of vaccines based on structure [36–38]. In the case of MSP2, the
ability of 8-residue dimer to bind to two mAbs able to recognise the parasite surface,
4D11 and 9G8, may make it a promising candidate for further study when coupled to
a suitable carrier. In addition, the elimination of epitopes unlikely to contribute to

AC

protection, such as the 9H4 epitope, may improve vaccine efficacy. Currently, MSP2
analogues without the 9H4 epitope have been designed for immunisation trials in
mice. The results obtained here increase our understanding of the conserved Cterminal region of MSP2 and will assist in the design of MSP2-based vaccine
components that more closely match the conformational and antigenic properties of
parasite MSP2.

Methods
Recombinant expression and purification of 3D7-MSP2 and MSP2207-224
3D7-MSP2 and the C-terminal region peptide MSP2207-224 were produced
recombinantly in E. coli BL21(DE3) Gold (Stratagene) cells using a codon-optimised
construct (Genscript) cloned into a thioredoxin-His6 expression system, pET32a
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(Novagen). The protein was expressed and purified using methods specific for
recombinantly expressed disordered proteins, as described previously [30].

T

Antibody fragment preparation and purification

IP

4D11 scFv and Fv antibody fragments were assembled using 4D11 V H and VL
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sequences optimised for expression in E. coli BL21-Gold as described previously
[26]. Synthetic genes (Genscript) were cloned into pET12a (Merck Millipore) for
periplasmic expression in E. coli. Seed culture was grown overnight in the presence
of tetracycline (15 µg/mL), ampicillin (100 µg/mL) and 4% glucose. The overnight

NU

culture was diluted 1000-fold with fresh LB medium containing AMP, TET and 4%
glucose at 37°C to an OD600 of 0.8-1.0. The cells were then pelleted (5000 g for 15

MA

min at 4°C) and re-suspended in fresh LB medium containing AMP and TET with no
glucose. After the cells were equilibrated in fresh media for 2 h, isopropyl β-D-1thiogalactopyranoside was added to a final concentration of 1 mM to induce

D

expression. The induced cells were incubated at room temperature overnight, then

TE

harvested by centrifugation. The protein was extracted from the periplasm by
osmotic shock with treatment of sucrose buffer (30 mM Tris, 2 mM EDTA, 30%

DNase I at 4°C.

CE
P

sucrose, pH 8.0) followed by lysis of the periplasm with 5 mM MgCl2 and 10 μg/mL
The 4D11 antibody fragment was purified from the periplasmic extract by affinity

AC

purification using 3D7 MSP2-bound beads. The MSP2 affinity column was prepared
by amide conjugation of full-length 3D7 MSP2 to hydroxysuccimidyl-Sepharose resin
(Sigma-Aldrich) following the manufacturer’s protocol. Bound antibody fragments
were washed extensively with 50 mM phosphate buffer, pH 7, and eluted from the
MSP2 beads with 100 mM glycine, pH 2.7. Samples were neutralized immediately
with 1M Tris, concentrated in a 10 kDa MWCO centrifuge filter (Amicon Ultra-0.5,
Merck-Millipore) and dialyzed against 20 mM ammonium bicarbonate prior to
lyophilization and storage at -80 ºC. The purity of each antibody fragment was
assessed by SDS-PAGE and LC-MS.

Peptide synthesis
Peptides including the alanine scan of 3D7-MSP2207-222, MSP2215-222 along with the
corresponding 8-residue monomeric analogues MSP2215-222(C219S) and MSP2215-
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222(C219α-aminobutyric

acid)

were

synthesised

in-house

by

standard

9-

fluorenylmethoxycarbonyl (FMOC) solid phase chemistry using an automated
peptide synthesiser 3 (PS3, Pti Instruments). The peptides were assembled via

T

coupling of 0.3 mmol (3 equiv) of FMOC-protected amino acids to 0.1 mmol rink

IP

amide AM resin (0.53 mmol/g loading). Coupling reactions were carried out for 50
min under the activation of 0.3 mmol (3 equiv) O-(1H-6-chlorobenzotriazole-1-yl)-
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1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) and 0.6 mmol (6 equiv)
N,N-diisopropylethylamine (DIPEA). A double coupling was performed on the first
residue of each peptide. Chain deprotection was carried out with 20% piperidine in

NU

DMF for 2 min. The peptides were N-terminally capped with an acetyl moiety using
0.5 mmol (5 equiv) of acetic anhydride in 0.5 mmol (5 equiv) DIPEA. Dimerization of

MA

the MSP2215-222 peptide proved difficult as conventional air oxidation over 5 days and
iodine oxidation over 24 h were unsuccessful. Instead the dimeric peptide was
synthesised on resin using bis-FMOC-L-cystine and constructed by fragment

D

condensation.

TE

Cleavage of the complete peptides was performed with TFA:TIPS:water
(95:2.5:2.5 v/v). The cleaved material was precipitated in cold diethyl ether overnight

CE
P

at -20 ºC. The insoluble peptide material was spun down at 4,000 rpm for 30 min at 0
ºC and the pellet washed twice in cold diethyl ether prior to removal of the organic
phase. The crude peptide mixture was resuspended in 50% acetonitrile/0.1% TFA,
filtered and freeze-dried prior to further purification. Disulfide bond-containing

AC

peptides were oxidised by air in 100 mM ammonium bicarbonate for 2 h before
HPLC purification. MSP2 peptides were purified on a reverse-phase C18 column
(Zorbax, 10 x 300 mm) using a linear gradient of 5 to 60% of solvent B (80%
acetonitrile / 9.9% water / 0.1% TFA) against solvent A (0.1% TFA in water) over 1 h.
The purity of MSP2 peptides was assessed by mass spectrometry (LC-MS)
(Supplementary Data, Figures S7, S8 and S9).

Affinity measurements
The affinities of 4D11 IgG and Fv for synthetic peptides and recombinant MSP2 were
determined by ITC (Microcal ITC-200, GE Healthcare) using murine mAb 6D8, 6D8
scFv or 6D8 Fv. Titrations were performed in 10 mM HEPES, 100 mM NaCl, pH 7.4
at 25°C. Antibody concentrations were 10 µM (IgG) or 20 µM (scFv/Fv), with peptide
titrated from 200 µM stocks. Control titrations of peptide into buffer were performed,

ACCEPTED MANUSCRIPT
and resulting heats of dilution subtracted from the corresponding titration into
antibody. Affinities for peptide epitopes and full-length 3D7-MSP2 to 4D11 IgG were
measured by SPR (Biacore T200, GE Healthcare) using a Mouse Antibody Capture

T

kit (GE Healthcare). Initial direct binding SPR assays with the alanine scan peptides

IP

were not feasible due to sensitivity issues caused by the small size of the peptides.
Instead, affinities were measured by an SPR competition assay with 3D7-MSP2
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immobilised on a CM5 chip. A standard curve was established by flowing eight 2-fold
dilutions of 4D11 IgG from 100 nM stock. Varying 3-fold dilutions of peptide were
used from 10 µM stock to compete with the immobilised antigen. 50 nM 4D11 IgG

NU

was used throughout the assay.

MA

X-ray data collection and structure refinement

4D11 Fv and synthetic peptide 3D7-MSP2215-222 were mixed at 1:1.5 (mol/mol) ratio
in crystallization buffer (20 mM Tris-HCl, 100 mM NaCl, pH 7.0) for 1 h at room

D

temperature. Unbound peptide and high molecular weight aggregates were removed

TE

by gel filtration (Superdex 75 10/300 GL, GE Healthcare). The complex was
concentrated to 20-30 mg/mL by gentle centrifugation (Amicon Ultra 3 kDa, Merck-

CE
P

Millipore Pty) and cleared of precipitants by centrifugation at 10,000 rpm for 10 min,
then filtered through a 0.22 µm spin filter at 4ºC. Antibody concentrations were
determined based on the absorbance at 280 nm (A 1%280nm = 1.6) by NanoDrop
(Thermo-Fisher Pty Ltd).

AC

Crystals were grown using the hanging-drop vapour diffusion method, with 1:1
(vol/vol) ratio of protein to reservoir solution and 0.5 mL well volume. Crystals grew
in 23% (w/v) PEG3350, 0.1 M BIS Tris (pH 6.0), 0.2 M MgCl2 and were cryoprotected by the addition of 10 % glycerol prior to data collection. Data were
collected at 100 K using the Australian synchrotron macro crystallography MX1
beamline 3BM1 [39] Data was processed using the CCP4 suite [40]. Diffraction
images were indexed and integrated using iMosfilm and Aimless was used to merge
data sets and perform scale and average. The final structure was solved with
merged data from two crystals collected under identical conditions. 5% of each
dataset was flagged for calculation of RFree [41]. Structure determination proceeded
using the Molecular Replacement method and the program PHASER [42]. A search
model was constructed from the crystal structure of mouse Fv 6D8 (PDB ID 4QYO)
by removing the ligand from the search model and mutation of residues to the 4D11

ACCEPTED MANUSCRIPT
sequence using CHAINSAW from the CCP4 suite [40]. Initial electron density maps
clearly showed unbiased features of the 3D7-MSP2215-222 peptide ligand between the
two protein chains. All subsequent model building and structural validation was

T

undertaken using Phenix [43,44] and COOT [45]. The refined 2Fo–Fc electron

IP

density of the 3D7-MSP2215-222 peptide ligand is shown in Supplementary Data,
Figure S10. Solvent molecules were added only if they had acceptable hydrogen-

SC
R

bonding geometry contacts of 2.5 to 3.5 Å with protein atoms or with existing solvent
and were in good 2Fo-Fc and Fo-Fc electron density. Molprobity was used to assess

NU

the quality of the refined structure [46].

MD simulations

MA

Molecular dynamics simulation was employed to gauge the stability of the 8-residue
and 16-residue MSP2 epitopes in complex with 4D11 Fv. The initial models of the
16-residue disulfide-bonded epitope MSP2207-222 were created using Modeller

D

version 9.17 [47], with the 8-residue epitope from the crystal structure as a template.

TE

A total of 30 models was prepared, those with disfavoured rotamers and dihedral
angles were removed, and a single model was chosen as a starting point for further

CE
P

molecular dynamic studies. The simulations and analysis of 4D11 Fv in complex with
both the monomeric 8-residue epitope and the modelled 16-residue disulfide-bonded
peptide were performed using GROMACS version 5.1.2 software [48,49] and Amber
99SB-ILDN force field [50]. The protonation state of ionisable amino acids was set

AC

for a pH of 7.0, with Na+ or Cl- counterions added to neutralize the system as
required. The complex was placed in a rhombic dodecahedron box with a minimal
distance between protein and the wall of the unit cell set to 10 Å, and solvated using
the TIP3P water model. The solvated system was minimized using the steepest
descent algorithm for 5000 steps. The system was equilibrated in three stages: first,
a 100 ps MD simulation at 10 K with positional restraints on the protein (1000 kJ/molnm2) in an NVT ensemble. The V-rescale modified Berendsen thermostat with a time
coupling constant of 0.1 ps was used for temperature regulation [51]. This simulation
was then repeated with no restraints. Finally, the system was equilibrated at 300 K
for 100 ps in an NPT ensemble. The Parinello-Rahman barostat with a pressure
coupling constant of 2 ps was used to control system pressure [52]. The LINCS
algorithm was used to constrain covalent bonds, allowing a simulation time step of 2
fs [48]. A non-bonded interaction cutoff of 9 Å was used. Long range electrostatics

ACCEPTED MANUSCRIPT
were calculated with the particle mesh Ewald (PME) method [53].The production
simulations were performed in an NPT ensemble at 300 K and 1 bar for 100 ns.
Snapshots were stored every 2 ps resulting in a total of 50000 conformations which

T

were used in the MD trajectory analysis. Post-processing of the MD simulations was

IP

performed using the GROMACS utility rmsdist.
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Accession numbers

Coordinates and structure factors have been deposited in the Protein Data Bank with
accession number 5TBD. Nucleotide sequences of the 4D11 VH and VL chain have

MA

NU

been deposited to the Genbank database (KY038039 and KY03040, respectively).
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Figure 1. (a) Schematic of the primary structures of 3D7 and FC27 MSP2. (b)
Aligned 13-mer peptides from peptide array able to bind with mAb 4D11. 3D7MSP2212-224 and 3D7-MSP2210-222 reacted strongly with mAb 4D11 by ELISA [25].
Overlapping residues are shown in bold, cysteine residues are shown in red. (c)
SPR competition assay of alanine scan 16-mer peptides of 3D7-MSP2207-222. Black
lines show alanine mutants with no effect on binding, the green line indicates the
wild-type binding of 3D7-MSP2207-222 , red lines indicate the alanine mutations that
decreased the binding to 4D11 IgG. (d) Schematic representation of disulfidebonded peptide sequence indicating location of key residues in red.
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Figure 2. 2.2 Å crystal structure of 4D11 Fv bound to the 8-mer peptide 3D7MSP2215-222. (a) Crystal structure of 3D7-MSP2215-222 bound within the paratope of
4D11 Fv (b) The conformation of 3D7-MSP2215-222 (orange) is stabilised by a
number of hydrogen bond interactions (shown as green dashed lines) with the CDRs
of 4D11 Fv (grey) involving residues Lys216, Glu217, Asn218, Gly220 and Ala221.
Figure 3. Crystal structure of 4D11 Fv in complex with 3D7-MSP2215-222 homodimer
(a) Both peptides in the homodimer are able to bind to 4D11 Fv, hence the unusual
orientation of two Fvs facing towards each other. (b) Hydrogen bond interactions
within the homodimer include intramolecular (black dashed lines) and intermolecular
(green dashed lines)
Figure 4. SPR competition assay of dimeric and monomeric 8-mer peptide 3D7MSP2215-222 using immobilised C-terminal region peptide 3D7-MSP2171-221, (a) 4D11
IgG (b) 9G8 IgG
Figure 5. Root mean square deviation (RMSD) of the epitope shape over 100 ns
with respect to the equilibrated MD simulation starting conformation. All residues
were aligned for the 8-mer (red) and 16-mer (green), blue indicates the RMSD of the
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16-mer with only the binding residues 217-222 aligned. The conformation of the
binding region of the modelled 16-residue epitope does not change significantly.
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Table 1. Alanine scan of the 13-residue mAb 4D11 epitope MSP2207-222 to determine
key residues for binding. Kd was determined by SPR (± standard deviation of three
replicate experiments). Synthetic peptides were N-terminally acetylated and Cterminally amidated.

3D7-MSP2207-222 (WT)
S207A
Q208A
K209A
E210A
T212A
D213A
G214A
N215A
K216A
E217A
N218A
G220A

SQKECTDGNKENCGAA
AQKECTDGNKENCGAA
SAKECTDGNKENCGAA
SQAECTDGNKENCGAA
SQKACTDGNKENCGAA
SQKECADGNKENCGAA
SQKECTAGNKENCGAA
SQKECTDANKENCGAA
SQKECTDGAKENCGAA
SQKECTDGNAENCGAA
SQKECTDGNKANCGAA
SQKECTDGNKEACGAA
SQKECTDGNKENCAAA
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Kd against 4D11 IgG
(µM)
0.9 ± 0.4
0.5 ± 0.2
0.4 ± 0.1
0.3 ± 0.1
0.5 ± 0.2
0.5 ± 0.2
0.5 ± 0.1
0.4 ± 0.1
0.5 ± 0.2
21.0 ± 6.0
219 ± 64
6.0 ± 2.3
42 ± 10

IP

16-mer sequence*
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Peptide
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2.2
321569
20.66/24.70

D

7064
365
27.1
27.3
19.9
26.9
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Refinement
Resolution
Number of reflections
Rwork/Rfree (%)
Number of Atoms
Protein
Water
B-factors
Protein
Fv
Epitope
Water
RMSDs
Bond length (Å)
Bond angles (°)
Ramachandran Plot
Outliers (%)
Favoured (%)
Rotamer Outliers (%)

7.5 (2.6)
100 (100)
7.3 (7.3)
43777

NU

I/σI
Completeness (%)
Redundancy
Unique reflections
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R

4D11 Fv + MSP2215-222 (PDB ID: 5TBD)
Data collection
Space group
P1
Cell dimensions
a, b, c (Å)
41.97, 72.97, 81.97
α, β, γ (°)
68.2, 78.8, 76.8
Resolution (Å)
65.99-2.2 (2.27-2.20)
Rpim (%)
15.5 (66.4)

T

Table 2. Data collection and refinement statistics

0.003
0.68
0
98.1
0.3

Clashscore [46]
2.65
Values in parentheses refer to the highest resolution shell.
Agreement between intensities of repeated measurements of the same reflections
and can be defined as: ∑(Ih,i – <Ih>)/∑ Ih,i, where Ih,i are individual values and <
Ih > is the mean value of the intensity of reflection h.
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Protective antibody response to the malaria antigen MSP2 is largely strain-specific.
Monoclonal antibody 4D11 recognises a conserved epitope on parasite MSP2.
Alanine scan identified the minimal binding epitope of 4D11.
Crystal structure revealed the conformation of the 4D11-bound epitope.
Insight into the conformation of the conserved epitope on the parasite will inform MSP2-based
vaccine design.
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