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P

lasmodium parasites are antigenically complex, and consequently antibodies to many different parasite antigens are seen
in the adaptive immune response to malaria. Prominent among
the antigens of Plasmodium falciparum, the cause of most malaria
deaths, are numerous proteins associated with the merozoite surface or released from the merozoite apical organelles. Antibodies
to many of these antigens have been shown to inhibit invasion of
host erythrocytes by P. falciparum merozoites using an in vitro
growth inhibition assay (GIA) (3, 9, 27, 45). Inhibition of parasite
development by antibodies to other merozoite antigens appears to
be mediated by monocytes activated by antibody-Fc receptor
interactions in a process known as antibody-dependent cellular
inhibition (ADCI) (7, 44, 49, 50). To what extent either of these in
vitro assays of antibody activity represents correlates of functional
immunity remains unclear, but both have been used extensively in
the evaluation of merozoite antigens as vaccine candidates.
Merozoite surface protein 2 (MSP2) is a merozoite antigen that
is a potential component of a malaria vaccine (20, 32). MSP2 is a
highly abundant glycosylphosphatidylinositol (GPI)-anchored
membrane protein but is unusual in that orthologues are lacking
in the other Plasmodium species that infect humans and in rodent
parasites. For this reason there has been no assessment of MSP2 as
a vaccine candidate using rodent models of the human disease. A
major problem confronting the use of MSP2 and other merozoite
surface proteins as vaccine candidates is their extensive sequence
diversity (17, 24, 46, 51). MSP2 is one of the most polymorphic of
all the merozoite surface proteins, with a central variable region,
which comprises ⬎60% of the ⬃220-residue mature polypeptide
chain, flanked by conserved N-terminal and C-terminal regions
(17, 46). The variable region contains sequence repeats flanked by
nonrepetitive dimorphic sequences, which have allowed all MSP2
alleles to be categorized into the 3D7 and FC27 allelic families.
There is much evidence that many of these polymorphisms have
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arisen as a result of the selection pressure of protective host immune responses (4, 12, 54). Anti-MSP2 antibodies induced by
infection with P. falciparum are largely directed against epitopes in
the central variable region of the molecule (34, 48), and the strainspecific protection afforded by the Combination B vaccine in a
phase 1/2b trial in Papua New Guinea (18, 20) indicates that antiMSP2 antibodies to variable-region epitopes are protective. Little
is known about the mechanisms underlying that protection or the
fine specificity of the effector immune responses. However, in
vitro studies have shown that human antibodies to MSP2 have
functional activity in ADCI assays (19, 32).
In contrast to other well-characterized vaccine candidates,
MSP2 lacks a fold stabilized by intramolecular disulfide bonds
(57). The amino acid composition of MSP2 has a marked deficit of
hydrophobic residues, and extensive physicochemical analyses
have established that MSP2 is an intrinsically unstructured protein (1, 57). Nuclear magnetic resonance (NMR) studies on recombinant FC27 MSP2 revealed a highly disordered polypeptide
chain containing two short sequences with some helix propensity
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Merozoite surface protein 2 (MSP2) is an abundant glycosylphosphatidylinositol (GPI)-anchored protein of Plasmodium falciparum, which is a potential component of a malaria vaccine. As all forms of MSP2 can be categorized into two allelic families, a
vaccine containing two representative forms of MSP2 may overcome the problem of diversity in this highly polymorphic protein. Monomeric recombinant MSP2 is an intrinsically unstructured protein, but its conformational properties on the merozoite
surface are unknown. This question is addressed here by analyzing the 3D7 and FC27 forms of recombinant and parasite MSP2
using a panel of monoclonal antibodies raised against recombinant MSP2. The epitopes of all antibodies, mapped using both a
peptide array and by nuclear magnetic resonance (NMR) spectroscopy on full-length recombinant MSP2, were shown to be linear. The antibodies revealed antigenic differences, which indicate that the conserved N- and C-terminal regions, but not the central variable region, are less accessible in the parasite antigen. This appears to be an intrinsic property of parasite MSP2 and is
not dependent on interactions with other merozoite surface proteins as the loss of some conserved-region epitopes seen using
the immunofluorescence assay (IFA) on parasite smears was also seen on Western blot analyses of parasite lysates. Further studies of the structural basis of these antigenic differences are required in order to optimize recombinant MSP2 constructs being
evaluated as potential vaccine components.

Adda et al.

MATERIALS AND METHODS
Parasites and recombinant MSP2. P. falciparum strains 3D7 and FC27
were cultured and used in Western blotting and immunofluorescence
assays (IFA) as described previously (1). With the exception of the antigen
used to immunize mice (Ag1624) (see below), the recombinant forms of
3D7 and FC27 MSP2 used in the antigenic analyses described here were
C-terminally His-tagged proteins expressed in Escherichia coli, as used in a
combination MSP2 vaccine tested in a phase 1 clinical trial (32).
Western blotting, ELISA, and IFA. Western blotting, enzyme-linked
immunosorbent assays (ELISA), and IFA were all carried out using standard protocols as described previously (1). For semiquantitative IFA, parasite smears were fixed with acetone-methanol (1:1, vol/vol), and monoclonal antibodies (MAbs) were titrated in half-log serial dilutions from 3
g/ml to 0.03 g/ml in 1% bovine serum albumin (BSA) in phosphatebuffered saline (PBS) (BSA-PBS). Each slide was divided into six squares,
and each square was incubated with a different dilution of the primary
antibody followed by the secondary antibody (goat anti-mouse IgG conjugated to Alexa Fluor 568 also diluted 1:200 in BSA-PBS). Fluorescence
was detected by excitation at 568 nm, and images were captured using a
Spot-RT digital camera. Scoring was based on the penultimate dilution at
which fluorescence was visible.
Epitope mapping with peptide array. An array of 84 biotinylated 13mer peptides covering the entire mature 3D7 and FC27 MSP2 sequences
with an overlap of eight residues (see Table S1 in the supplemental material) was purchased from Mimotopes Pty Ltd. (Melbourne, Australia).
Peptides were solubilized in 80% dimethyl sulfoxide (DMSO) to a concentration of 2 to 6 mg/ml. Nunc 96-well flat-bottom plates were coated
overnight with 1 g/ml streptavidin in PBS. Blocking was performed for 2
h with 1% casein at 37°C, followed by incubation with peptides diluted in
PBS to 4 to 12 g/ml. MSP2 MAbs at 1 g/ml were incubated for 1 h at
room temperature, and binding was detected with anti-mouse horseradish peroxidase (HRP)-conjugated antibody (Invitrogen) at 1:2,500. Plates
were washed three times with PBS– 0.05% Tween between incubations.
The ELISA plates were exposed to the substrate 2,2-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) (Sigma-Australia) for 30 min, and absorbance was read at 405 nm after the reaction was stopped with 1% SDS.
Monoclonal antibodies. Hybridoma cell lines producing anti-MSP2
MAbs were produced using standard procedures. Briefly, spleen cells
from female CBA mice immunized with polymeric recombinant 3D7
MSP2 (Ag1624) formulated in Montanide ISA720 (1) were fused to Sp2/0
myeloma cells, and hybridomas were selected by their growth in hypoxanthine-aminopterin-thymidine(HAT) medium using 96-well microtiter
plates. Polymeric MSP2 was used to increase the immunogenicity of the
antigen and to increase the likelihood of polymer-specific MAbs being
produced. Primary hybridoma supernatants were screened by ELISA on
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plates coated with monomeric and polymeric Ag1624 (1), and positive
hybridomas were subjected to at least two rounds of limiting-dilution
cloning before cell lines were stored in liquid nitrogen. Purified MAbs
were isolated from the supernatants of roller bottle cultures on protein
G-Sepharose and were assayed by ELISA on plates coated with monomeric 3D7 and FC27 MSP2.
NMR spectroscopy. Nontagged, 15N-labeled FC27 MSP2 was prepared for NMR studies as described previously (57). A C211S mutation
was introduced by Quikchange site-directed mutagenesis (Stratagene).
Samples for NMR spectroscopy contained 44 M 15N-labeled FC27
MSP2, 20 mM sodium phosphate, and 10% 2H2O, pH 7.4, in a volume of
280 l in Shigemi microtubes. MAbs were concentrated to ⬃10 mg/ml in
PBS using Centricon centrifugal filtration units (Millipore) immediately
before titration into the NMR samples. Data were acquired at 5°C to
reduce line broadening due to exchange with solvent and at 600 MHz 1H
frequency using Bruker Avance II and Varian Inova spectrometers. 1H15
N band-selective optimized flip angle short transit heteronuclear multiple-quantum coherence (SOFAST HMQC) spectra (41) were acquired
in the presence of increasing concentrations of MAb up to ⬃20 M.
Backbone amide peak assignments under these experimental conditions
were derived from the published assignments (57) using pH titrations to
follow chemical shift changes. Peak heights were determined using the
CcpNmr Analysis program (53), and data were normalized to the height
in the absence of antibody and corrected for the dilution of MSP2 due to
the addition of antibody.

RESULTS

Specificity of MSP2 MAbs by ELISA on recombinant MSP2. Of
the nine MAbs generated in this study, six (1F7, 4D11, 6C9, 6D8,
9G8, and 9H4) reacted by ELISA with both forms of recombinant
MSP2, whereas three (2F2, 9D11, and 11E1) reacted with 3D7
MSP2 but not FC27 MSP2. As expected, the control MAb 8G10,
which reacts with an epitope in the 32-mer repeat of FC27 MSP2
(15), reacted in the ELISA with FC27 but not with 3D7 MSP2
(Table 1; see also Fig. S1 in the supplemental material). None of
the MAbs was specific for polymeric MSP2 (data not shown), but,
as described previously, MAb 6D8 reacted preferentially with monomeric MSP2 (1).
All MSP2 MAbs recognize short linear sequences in MSP2.
MAb epitopes were mapped using sets of biotinylated synthetic
13-residue peptides that had an 8-residue overlap. One copy of the
first three peptides common to both 3D7 and FC27 MSP2 was
synthesized, but because the central variable regions of 3D7 and
FC27 MSP2 are different lengths, the two peptide sets (3D7 and
FC27) extended through the conserved C-terminal region to give
two sets of peptides covering the same sequence but out of frame
with respect to each other by three residues (see Table S1 in the
supplemental material). All MAbs reacted strongly with one or
two peptides, identifying a linear sequence that comprised all or
the major components of the corresponding epitopes (Fig. 1 and
Table 1). The location of these linear sequences was consistent
with the specificities of the MAbs determined by ELISA using
recombinant MSP2. Of the six MAbs that reacted with both forms
of MSP2, one (6D8) reacted with peptide 3, which corresponds to
the C-terminal half of the conserved N-terminal region of MSP2.
This was consistent with our earlier observation that this MAb
reacts with the proteinase K-resistant core of MSP2 amyloid-like
fibrils (1). The other five MAbs that reacted with both forms of
recombinant MSP2 (9H4, 1F7, 6C9, 4D11, and 9G8) reacted with
peptides corresponding to conserved sequences close to the C terminus of MSP2.
From their reactivity with one 3D7 peptide (peptide 43) and
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and some motional restriction in the region of the single intramolecular disulfide bond toward the C terminus of the molecule (57).
Like a number of other intrinsically unstructured proteins, MSP2
has a propensity to form amyloid-like fibrils (1). It seems highly
likely that the conformation of the GPI-anchored merozoite surface antigen will be more constrained than monomeric recombinant MSP2, possibly as a result of oligomerization through intermolecular ␤-strand interactions that are amyloid like or as a result
of interactions with the merozoite membrane (31).
If MSP2 is to be used as a component of a malaria vaccine, it is
important to understand the structural relationship between recombinant MSP2 and the target antigen on the merozoite surface.
For this reason, we have produced a panel of monoclonal antibodies to MSP2, which we have used in a series of antigenic analyses of
recombinant and parasite MSP2. The results show that there are
significant conformational differences between the two forms of
MSP2 which are likely to have important implications for the efficacy of a vaccine based on the recombinant antigen.

Antigenicity of Merozoite Surface Protein 2

TABLE 1 Reactivity of anti-MSP2 MAbs with recombinant proteins and peptides by ELISA and of smears of the P. falciparum cloned lines 3D7 and
D10 by immunofluorescence microscopy
ELISA reactivity
MAb
Isotype

Specificity

Recombinant MSP2
form(s)

6D8
11E1
9D11
2F2
8G10

IgG1
IgG1
IgG2a
IgG1
IgG2b

Conserved N-terminal region
3D7 variable region
3D7 variable region
3D7 variable region
FC27 variable region

1F7
6C9
9H4
4D11
9G8

IgG1
IgG1
IgG1
IgG1
IgG2b

Conserved C-terminal region
Conserved C-terminal region
Conserved C-terminal region
Conserved C-terminal region
Conserved C-terminal region

No.

Sequence(s)

3D7

D10

3D7, FC27
3D7
3D7
3D7
FC27

3
23
29
35
52, 58

⫺
⫹⫹⫹⫹
⫹⫹⫹⫹⫹
⫹⫹⫹⫹⫹
⫹

⫺
⫺
⫺
⫺
⫹⫹⫹⫹⫹

3D7, FC27
3D7, FC27
3D7, FC27
3D7, FC27
3D7, FC27

42
42
42
43, 83, 84
43, 83, 84

FINNAYNMSIRRS
NPKGKGEVQEPNQ
KSNVPPTQDADTK
QTESPELQSAPEN
SGSQRSTNSASTS,
IASGSQRSTNSAS
SQKECTDGNKENC
SQKECTDGNKENC
SQKECTDGNKENC
NKENCGAA
NKENCGAA

⫹/⫺
⫹
⫹
⫹⫹⫹
⫹⫹⫹

⫹/⫺
⫹
⫹
⫹⫹⫹
⫹⫹⫹

a
Scoring was based on the penultimate dilution at which fluorescence was visible above background fluorescence: ⫹, 3 g/ml; ⫹⫹, 1 g/ml; ⫹⫹⫹, 0.3 g/ml; ⫹⫹⫹⫹ 0.1 g/ml;
⫹⫹⫹⫹⫹, 0.03 g/ml; ⫹/⫺, reactivity with some parasites in the smear at 3 g/ml; ⫺, no detectable reactivity.

two FC27 peptides (peptides 83 and 84) (Fig. 1 and Table 1), a
sequence of eight residues (NKENCGAA) was identified as the
epitope for MAbs 4D11 and 9G8 (see Fig. S2 in the supplemental
material). Centrally located in this epitope, which is close to the C
terminus of the mature protein generated by cleavage at the GPI
attachment site, is one of only two cysteine residues in MSP2,
which form an intramolecular disulfide bond. Remarkably, the
reactivity of 4D11 and 9G8 with MSP2 appeared to be unaffected
by the presence or absence of this bond (see below). Although
these two MAbs had very similar patterns of reactivity with these
peptides in the conserved C-terminal region of MSP2, MAb 9G8
but not MAb 4D11 had a weak but clearly significant reactivity
with peptide 75 in the FC27 set (Fig. 1A), which corresponds to a
sequence close to the C-terminal end of the central variable region
of FC27 MSP2. A modest sequence relationship in peptide 75 with
the 8-mer core of the major epitope (4 of 8 identical residues)
(data not shown) is consistent with this being a cross-reaction. In
contrast, MAb 4D11 but not 9G8 reacted weakly with a sequence
in the N-terminal conserved region (peptide 2). There was no
sequence relationship with the 8-mer core of the 4D11/9G8
epitope to explain this apparent cross-reaction.
The epitopes of the three other MAbs that reacted with the
C-terminal conserved region of MSP2 were immediately N-terminal to the 4D11 and 9G8 epitopes (Fig. 1 and Table 1). These three
MAbs (1F7, 6C9, and 9H4) all reacted strongly with a single peptide in the 3D7 MSP2 set (peptide 42) but with no peptide in the
FC27 MSP2 set. An alignment of the single reactive 3D7 peptide,
which contained the two cysteine residues in MSP2, with the overlapping 3D7 MSP2 peptides and the most closely corresponding
FC27 peptide suggests that the epitope(s) for these three MAbs is
dependent on the disulfide bond and several residues N-terminal
to the disulfide bond (see Fig. S3 in the supplemental material).
The three MAbs that reacted by ELISA with 3D7 but not FC27
MSP2 reacted with single peptides corresponding to central variable region sequences of MSP2. All three epitopes were located
between the GGSA tandem repeats, which characterize the 3D7
and some related forms of MSP2, and the conserved C-terminal
region (Fig. 1 and Table 1). As this region of the protein is dimorphic, we would expect all three of these MAbs to react with most,
if not all, forms of MSP2 belonging to the 3D7 allelic family. This
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contrasts with the MAb 8G10, which was used here as a positive
control. Consistent with published data (15), MAb 8G10 reacted
with two peptides in the FC27 MSP2 set that comprised part of the
32-mer repeat found in most alleles belonging to the FC27 allelic
family (Fig. 1 and Table 1). There are polymorphic sites within this
sequence, and, consequently, 8G10 would not be expected to react
with all forms of MSP2 belonging to the FC27 allelic family.
Epitope mapping in recombinant FC27 MSP2 by NMR spectroscopy. The epitopes of MAbs reactive against FC27 MSP2 were
also determined using NMR spectroscopy (38, 39). The strategy
employed relies on the unstructured nature of MSP2: backbone
amide peaks of free MSP2 are sharp due to the extensive flexibility
of the molecule on the nanosecond time scale, but when MSP2 is
bound to an antibody, these peaks are expected to be severely
broadened due to the slow rotational diffusion of the relatively
rigid antibody. The flexibility of MSP2 ensures that residues distant from the epitope are decoupled from this slow diffusion and
thus give rise to peaks of similar line shape to those of the free
protein. Consistent with this expectation, when increasing substoichiometric amounts of antibody were added to MSP2, the
gradual disappearance of a few localized backbone amide peaks in
1
H-15N correlation spectra was observed, with the remaining
MSP2 peaks unchanged in peak intensity or chemical shift (Fig. 2).
The epitopes mapped using this NMR technique are in agreement with those inferred from the peptide array data (Fig. 1 and
2), further demonstrating that none of these MAbs recognize
epitopes that are conformational or otherwise cryptic in the peptide array. Furthermore, the minor cross-reactive epitopes identified for MAbs 9G8 and 4D11 are also supported by the NMR data.
To test the sensitivity of the antibodies binding to C-terminal
epitopes to the presence of the disulfide bond, we repeated these
experiments using MSP2 in which the C-terminal cysteine (C211
in FC27 MSP2) was replaced with serine. MAbs 9G8 and 4D11
bound both C211S and wild-type MSP2 indistinguishably, confirming that the nearby intramolecular disulfide bond was irrelevant to the epitope of these two antibodies (Fig. 2). In contrast,
MAbs 1F7, 6C9, and 9H4 all failed to bind the mutant MSP2 under
these conditions, consistent with the inferred sensitivity of this
group of MAbs to the presence of the disulfide bond (Fig. 2).
Somewhat surprisingly, MAb 8G10 caused significant line-
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FIG 1 Epitopes mapped on MSP2 by ELISA. (A) Epitope mapping with the anti-MSP2 MAbs on 13-mer peptides overlapping by eight residues covering the
full-length 3D7 MSP2 sequence (peptides 1 to 45) and the FC27 MSP2 sequence (peptides 46 to 84) lacking the first 25 residues which are identical to those in
3D7 MSP2. OD, optical density. (B) Schematic diagram showing the location of the MAb epitopes identified by the peptide mapping in the two forms of MSP2.

4180

iai.asm.org

Infection and Immunity

Antigenicity of Merozoite Surface Protein 2

FIG 2 Epitopes mapped on MSP2 by NMR. Backbone amide peak heights for

N FC27 MSP2 (44 M) in the presence of ⬃15 M MAb, normalized to the
peak height in the absence of MAb. Data for wild-type MSP2 are shown in blue,
and data for C211S MSP2 are shown in red. Vertical bars indicate uncertainties
in peak heights as estimated from noise levels in 15N-1H SOFAST-HMQC
spectra. The locations of epitopes identified using the peptide array data in Fig.
1A are indicated as black bars (gray bars are for weaker, cross-reactive
epitopes).

15

broadening in the conserved N-terminal region of MSP2, in addition to the expected epitope in the 32-mer repeat in the central
variable region of FC27 MSP2. This additionally affected region
does not correspond to the previously identified secondary
epitope of 8G10 (SNTNS, corresponding to residues 28 to 32)
(40). Because 8G10 does not recognize 3D7 MSP2, it seems unlikely that this reflects a genuine interaction with the conserved
region. Rather, it may reflect antibody-mediated self-association
of the N-terminal region (1, 56) as a result of the duplication of the
primary epitope.
Only some MAb epitopes are accessible on the merozoite
surface. All MAb epitopes in the central variable region (11E1,
9D11, and 2F2 in 3D7 MSP2 and 8G10 in FC27 MSP2) were accessible in MSP2 on the surface of parasites when fixed smears of
infected erythrocytes were examined by immunofluorescence microscopy (Table 1; see also Fig. S5 in the supplemental material).
The two MAbs (4D11 and 9G8) that recognized an epitope close
to the C terminus also gave a strong IFA signal on the parasite
antigen. In contrast, the other three MAbs reacting with the conserved C-terminal region and MAb 6D8, which reacts with the
conserved N-terminal region, gave no signal or a very weak IFA
signal on the parasite antigens.
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MAbs reveal antigenic differences between recombinant and
parasite MSP2. When the anti-MSP2 MAbs were used to probe
Western blots of samples that had been subjected to SDS-PAGE
under nonreducing conditions, antigenic differences between the
recombinant proteins and the corresponding parasite proteins
were also apparent. The three 3D7 MSP2-specific MAbs (11E1,
9D11, and 2F2) reacted strongly with both recombinant and parasite MSP2 although in each case the signal on parasite MSP2 was
clearly stronger (Fig. 3A). Similarly, the FC27 MSP2-specific MAb
8G10 reacted strongly with both forms of FC27 MSP2, but again
there was a more intense signal on the parasite antigen. In contrast, the MAbs that recognized conserved regions of MSP2 generally reacted much more strongly with recombinant MSP2 than
the parasite antigens (Fig. 3B). MAb 6D8, which reacts with an
epitope in the short N-terminal conserved region of MSP2, reacted equally strongly with both forms of recombinant MSP2, as
seen by ELISA, but very weakly with parasite FC27 MSP2 and not
at all with the 3D7 parasite antigen (Fig. 3B). Similarly, the three
MAbs (6C9, 1F7, and 9H4) that were shown by peptide mapping
to react with an epitope centered on the disulfide bond in the
C-terminal conserved region of MSP2 gave very poor, if any, signals when used to probe the two forms of parasite MSP2 on Western blots. However, although these three MAbs reacted strongly
with recombinant 3D7 MSP2, they reacted very weakly with recombinant FC27 MSP2 (Fig. 3B) even though the epitope identified by peptide mapping was common to the two forms of MSP2.
The other two MAbs that recognized epitopes in the C-terminal
conserved region of MSP2 (4D11 and 9G8) reacted more strongly
with parasite MSP2 but still less strongly than with recombinant
MSP2 (Fig. 3B). Although these two MAbs reacted with the same
MSP2 peptides (Fig. 1 and Table 1), their specificities were not
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FIG 3 Western blotting on recombinant (lanes 1 and 2) and parasite (lanes 3
and 4) 3D7 (lanes 1 and 3) and FC27 (lanes 2 and 4) MSP2. (A) Analyses of the
three 3D7 MSP2-specific MAbs (9D11, 11E1, and 2F2) and the FC27 MSP2specific MAb 8G10. (B) Analyses of the six MAbs that recognize epitopes in the
conserved N-terminal (6D8) or C-terminal (1F7, 6C9, 9H4, 4D11, and 9G8)
regions of MSP2 as well as control blots probed with polyclonal sheep anti-3D7
and anti-FC27 MSP2 antisera. ␣, anti.

Adda et al.

DISCUSSION

FIG 4 Western blots of parasite 3D7 MSP2 (lanes 1 and 3) and FC27 MSP2
(lanes 2 and 4) subjected to SDS-PAGE under reducing (lanes 1 and 2) and
nonreducing (lanes 3 and 4) conditions. The 6D8 epitope was enhanced by
reduction of FC27 MSP2, the 6C9 epitope was destroyed by reduction of FC27
and 3D7 MSP2, and the 9G8 epitope was unaffected by reduction of both
forms of MSP2.
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identical; they both reacted more strongly with recombinant 3D7
MSP2 than with recombinant FC27 MSP2; but MAb 9G8 reacted
equally well with both forms of parasite MSP2, whereas MAb
4D11 reacted more strongly with the 3D7 form of parasite MSP2.
Further evidence that these two MAbs had different fine specificities was the observation that 9G8, but not 4D11, cross-reacted
with a protein of ⬃ 200 kDa (Fig. 3B), which from its size and
presence in uninfected red cells (data not shown) was assumed to
be spectrin. Because the amount of MSP2 in parasite lysates
loaded on the gels in these Western blot analyses is not known, we
cannot conclude that epitopes in the central variable region of
parasite MSP2 are more available than in the recombinant proteins, but we can conclude that they are preferentially displayed,
compared with some conserved-region epitopes, in parasite
MSP2.
The failure of some MAbs to give a clear and reproducible
Western blot signal on the parasite antigens was surprising, given
their strong reactivity on at least one form of recombinant MSP2.
Although some of these MAbs have very low binding affinities,
this does not appear to be the sole explanation for this poor reactivity because MAb 11E1, which has one of the lowest binding
affinities (36), gave a strong Western blot signal on the 3D7 parasite MSP2.
The MAbs revealed antigenic differences between the conserved regions of the two forms of MSP2. As discussed above,
MAb 6D8 usually reacted weakly with FC27 but not at all with 3D7
parasite MSP2 when SDS-PAGE was carried out under nonreducing conditions (Fig. 3B and 4). When this experiment was repeated using reducing sample buffer, reactivity of MAb 6D8 with
FC27 parasite MSP2 was enhanced, but there was still no reaction
with 3D7 parasite MSP2 (Fig. 4, left panel). This antigenic difference between the two forms of MSP2 must reflect differences in
the conformations adopted by the two different parasite forms of
this largely unstructured antigen. Furthermore, as the 6D8
epitope is in the N-terminal conserved region and as the only
disulfide bond in MSP2 is in the conserved C-terminal region, this
result suggests an interaction between these regions of MSP2,
which may differ between the two forms of parasite MSP2. However, there was an unexpected variability in these results in that the
6D8 epitope was not detected in parasite FC27 MSP2 in some
experiments under nonreducing or reducing conditions for SDSPAGE. This may be a reflection of the unstructured nature of
MSP2, which could result in different conformational ensembles
of MSP2 being analyzed in replicate experiments.

The results of these antigenic analyses of recombinant and parasite
MSP2 with a panel of MAbs have provided evidence consistent
with the conserved regions of both the 3D7 and FC27 forms of
parasite MSP2 being more ordered than in the corresponding recombinant antigens. Previous physicochemical analyses carried
out on the monomeric recombinant proteins showed them to be
highly disordered in solution and largely lacking in secondary
structure, characteristics of intrinsically unstructured proteins (1,
57). Consistent with this structural characteristic of MSP2, the
epitopes of all MAbs studied here mapped to short linear sequences contained within the variable central region of MSP2 or
within either the N- or C-terminal conserved regions. In the ensemble of equilibrium conformations that comprise intrinsically
unstructured proteins such as MSP2, there will be molecules that,
at least transiently, are more compact, with disparate regions of
the polypeptide chain in close proximity. This could possibly result in the generation of conformational B-cell epitopes, but our
results suggest that this is not a frequent occurrence, and in contrast to the dominance of conformational B-cell epitopes in globular proteins, linear epitopes predominate in MSP2 and presumably other intrinsically unstructured proteins. This is of particular
relevance to malaria vaccine development, given the abundance of
unstructured proteins in Plasmodium proteomes (16, 33).
The linear nature of the epitopes was confirmed by the NMR
technique also used here to map the epitopes. Upon the addition
of MAbs to FC27 MSP2, the loss of backbone amide peaks in
1
H-15N correlation spectra was largely restricted to the regions of
the MSP2 sequence identified by the peptide mapping as the corresponding epitope. The NMR chemical shift is an exquisitely sensitive probe of the conformational properties of a molecule. Thus,
the fact that no chemical shift changes were observed for any
MSP2 peaks on the addition of antibody suggests that the conformation of MSP2, beyond the immediate epitope, was not significantly perturbed by antibody binding.
Three of the MAbs generated in this study reacted with
epitopes in the 3D7 family-specific sequence between the GGSA
repeats and the conserved C-terminal region of MSP2. In contrast,
the epitope of the control MAb 8G10 has been mapped previously
to a sequence within the 32-mer repeat that is found in forms of
MSP2 belonging to the FC27 allelic family (15) and that was confirmed here. All four of these MAbs reacted strongly by IFA with
MSP2 in situ on the merozoite surface and gave strong and appropriately strain-specific signals when used to probe Western blots
of recombinant and parasite MSP2. Thus, the constraints imposed
on MSP2 by its anchoring into the merozoite plasma membrane
or by possible protein-protein interactions involved in the formation of the merozoite surface coat allow four widely spaced
epitopes in the central variable region of the antigen to be readily
accessible to antibodies. This is consistent with the finding that the
majority of naturally occurring anti-MSP2 antibodies react with
epitopes in the central variable region of the antigen (14, 42, 55).
Two (4D11 and 9G8) of the six MAbs that reacted with
epitopes in conserved regions of MSP2 also gave strong IFA and
Western blot signals on parasite MSP2. The specificities of these
two MAbs could not be distinguished by either the peptide or
NMR epitope mapping procedures used, but they clearly had different fine specificities as one (9G8) but not the other (4D11)
cross-reacted with red blood cell spectrin (Fig. 3B and data not
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merozoite and erythrocyte membranes to facilitate invasion (8,
28, 37, 52). The C-terminal domain of MSP1 and the extracellular
domains of AMA1 have globular folds stabilized by multiple intramolecular disulfide bonds (5, 23). Consistent with this, inhibitory MAbs to these antigens bind to conformational epitopes on
the surface of the proteins, and protective antibody responses are
induced in vivo only by protein constructs with the native disulfide
bonds in place (2, 29).
In contrast to MSP1 and AMA1, little information has been
available about the fine specificities of anti-MSP2 antibodies or
about the mechanisms by which they are protective. Although
there have been reports of antibodies to MSP2 having GIA activity
(10, 15, 35), polyclonal rabbit and human antisera we have raised
to MSP2 have no significant inhibitory activity, and in this regard
they contrast markedly with polyclonal rabbit antisera raised to
AMA1 using similar procedures (22). Likewise, none of the MAbs
studied here directly blocked merozoite invasion or inhibited intracellular growth of the parasite (data not shown). This included
MAb 8G10, which had been reported previously to inhibit merozoite invasion (15). Recent studies have reported that human antibodies induced by P. falciparum infections or vaccination with
MSP2 can mediate ADCI (19, 32, 47), raising the prospect that this
may be a better correlate of protective efficacy in antibodies directed against MSP2. It will be important to determine if antibodies to the epitopes defined in this study mediate other immune
effector mechanisms such as ADCI.
MSP1, the most abundant and extensively characterized protein on the merozoite surface, forms a protein complex with two
peripheral membrane proteins, MSP6 and MSP7 (26). Interactions with other proteins could result in a more ordered structure
for MSP2 on the merozoite surface with consequences for its antigenicity, and/or they could result in the loss of some antigenic
epitopes because of steric effects. However, there is no evidence of
MSP2 forming hetero-oligomeric complexes with other merozoite surface proteins, and the fact that some conserved-region
epitopes were less accessible in Western blotting as well as the IFA
of the parasite antigens suggests that the different conformation is
an intrinsic property of the parasite MSP2. This may be a reflection of the GPI moiety attached to the C terminus of parasite
MSP2. GPI anchors have been reported to affect antigenicity or
enzymatic activity of proteins to which they are attached (43), but
the results of our preliminary experiments examining the role of
the GPI anchor on MSP2 antigenicity have been inconclusive.
Experiments to explore this further as well as the impact of other
possible posttranslational modifications of parasite MSP2 are
planned.
The results of this study provide support for the strategy of
developing an MSP2 vaccine comprising the 3D7 and FC27 forms
of recombinant MSP2, which would induce antibodies to epitopes
in the dimorphic family-specific region of MSP2 that are accessible in MSP2 in situ on the merozoite surface. However, it is of
interest that some conserved region epitopes (4D11 and 9G8) are
also accessible on the parasite surface, and a vaccine that also induced high-titer antibody responses to these epitopes may be
more effective against a wide range of parasite genotypes. Ultimately, it will be important to carry out structural analyses of the
isolated parasite protein to determine its conformational characteristics. This will allow the design of a recombinant MSP2 vaccine
component that more closely matches the conformational and
antigenic properties of the parasite antigen. The results obtained
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shown). The epitope(s) recognized by 4D11 and 9G8 was unusual
in two respects: first, it was located within a few residues of the attachment site for the C-terminal GPI anchor, and, second, the
eight-residue sequence identified as the core of the epitope by the
peptide mapping included Cys219 in 3D7 MSP2 (Cys211 in FC27
MSP2). This residue forms an intramolecular disulfide bond with
Cys211 (Cys203 in FC27 MSP2), but the pattern of peptide reactivities and NMR epitope mapping with the FC27 C211S mutant
(Fig. 2) showed that the reactivity of these two MAbs with MSP2
was independent of this disulfide bond being in place. We have
shown previously that this disulfide bond is responsible for some
localized motional restriction in FC27 MSP2 (57). Nonetheless, it
appears that even in the absence of this bond, the local conformation necessary for binding to the 4D11 and 9G8 MAbs is still populated to a significant extent.
The epitopes of the other four MAbs located in conserved regions of MSP2 were either not detected or only weakly stained
when parasite smears were examined by IFA. One of these MAbs,
6D8, is the only MAb identified that reacts with the short conserved N-terminal region of MSP2, which was previously established to be responsible for the formation of amyloid-like fibrils by
MSP2 (1, 30). The failure to detect this epitope on the merozoite
surface was not due to removal of this region of MSP2 by proteolytic processing because polyclonal rabbit antibodies to the N-terminal conserved region of the antigen did react with the merozoite
surface by IFA (data not shown). Partial loss of the 6D8 epitope
upon fibril formation by recombinant MSP2 (1) led us to suggest
that amyloid-like intermolecular interactions involving this region of MSP2 may be responsible for the generation of homooligomers of MSP2 on the merozoite surface. Cross-linking studies have provided evidence of oligomerization of parasite MSP2
(1), and this could explain the loss of the 6D8 epitope although
other evidence supporting this hypothesis is lacking. Alternatively, it is possible that interactions between the N-terminal region of MSP2 and the merozoite membrane may render the 6D8
epitope cryptic (31, 57), but this would not explain why the 6D8
epitope is not accessible in parasite MSP2 on Western blots.
MAbs 1F7, 6C9, and 9H4 recognized an epitope in the conserved C-terminal region of MSP2 just N-terminal to the 9G8
and 4D11 epitope but reacted much more weakly than MAbs
9G8 and 4D11 by IFA with the merozoite surface. In contrast to
the 9G8/4D11 epitope, the 1F7/6C9/9H4 epitope was dependent on the disulfide bond being in place. However, the weak
IFA reactivity of MAbs 1F7, 6C9, and 9H4 was not due to the
lack of this disulfide bond, which forms spontaneously in recombinant and parasite MSP2 (Fig. 4 and data not shown).
Studies with merozoite surface protein 1 (MSP1) and apical
membrane antigen 1 (AMA1), which have been extensively assessed as potential vaccine components, have shown that antibody
fine specificity is an important determinant of GIA activity (11,
25). MAbs that block the secondary processing of MSP1 inhibit
merozoite invasion, whereas other MAbs binding to C-terminal
epidermal growth factor (EGF)-like domains of MSP1 do not inhibit (6). A subset of noninhibitory MAbs block the binding of
inhibitory MAbs, with the consequence that their GIA activity is
abolished (6, 21). Antibodies that block proteolytic processing of
AMA1 are also inhibitory (13), but other anti-AMA1 antibodies
inhibit merozoite invasion, presumably because they block the
binding of RON2 to AMA1, an interaction which is necessary for
the formation of the moving junction that forms between the
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here, which suggest that the antigenic differences between parasite
and recombinant MSP2 are an intrinsic property of the parasite
antigen and not a consequence of interactions with other merozoite surface proteins, encourage us to believe that this may be
feasible.
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