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Thesis abstract
Malaria is a deadly disease responsible for over 430,000 deaths per year. Highly effective
therapeutics and increased efforts in vector control have seen a steady decrease in disease
prevalence over the past decades. However, to reach the ultimate goal of global eradication of
malaria, a robust and broadly protective vaccine is sorely needed.
The target antigen and focus of this thesis is merozoite surface protein 2 (MSP2), an
intrinsically disordered protein that is abundant on the surface of the parasite. The
polymorphisms in MSP2 are confined to a central variable region that characterises the protein
into two allelic families, 3D7 and FC27. Flanking this region are a highly conserved N- and Cterminal regions. Vaccine trials with recombinant MSP2 resulted in a reduction in parasite
density, although this was strain-specific. If the immune response can be biased towards
conserved regions of MSP2, problems with strain-specific protection may be circumvented.
In this work, the emerging approach of structure-based vaccine design is applied to
MSP2. The rational design of antigens based on their native conformation may provide a path
forward where traditional vaccine methods have failed. To achieve this, a panel of monoclonal
antibodies (mAb) generated in mice immunised with recombinant MSP2 was utilised.
Acquiring structural information on antibody-bound MSP2 should provide insights into the
conformation of native MSP2 on the merozoite surface and inform the design of a better
malaria vaccine.
The N-terminal region of MSP2 is known to adopt an α-helical conformation in the
presence of lipid and it is likely that this conformation is present on the parasite surface. The
mAb 6D8 recognises an epitope in this region, but is unable to bind to native MSP2 on
merozoites. A crystal structure of 6D8 Fv bound to its minimal binding epitope showed that
the structure of the antibody-bound epitope was incompatible with the lipid-bound
conformation. Additional crystal structures and NMR spectroscopy also revealed that transient
interactions mediated by residues beyond the conserved region of the 6D8 epitope were able
to subtly modulate epitope binding.
The C-terminal region of MSP2 is recognised by mAbs that are able to bind to parasite
MSP2. One of these mAbs, 4D11, was crystallised with its minimal binding epitope. During
the process of crystallisation, this peptide was found to form a homo-dimer with both peptides
able to bind 4D11. The structure was stabilised by multiple intramolecular hydrogen bonds and
presented a template for further optimisation as a peptide vaccine. This was achieved by
designing a series of dimeric, linear and backbone-cyclised peptides, conjugating them to a
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carrier protein, keyhole limpet haemocyanin (KLH), and immunising mice. Each peptide was
able to induce high titres of antibody specific to the 4D11 epitope. Moreover, the specificity of
the native peptide sequence could be biased towards the more accessible 4D11 epitope with a
single amino acid point mutation.
In summary, high-resolution crystal structures of antibody-bound epitopes within the
conserved regions of MSP2 were solved and described in this study. These structures gave us
a better understanding of possible mechanisms of immune escape employed by the parasite and
the effects of disorder on antibody recognition. Additionally, the 4D11-bound epitope served
as an excellent template for the rational structure-based design of several peptide vaccine
candidates. The findings of this study represent an exciting and novel approach towards a better
MSP2-based malaria vaccine and may have broader implications for the design of other
disordered vaccine candidates.
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1.1 Malaria
Malaria is a mosquito-borne infectious disease caused by protozoa of the Plasmodium genus,
which is responsible for over 200 million cases and 430,000 deaths per year (1, 2). Most of
these deaths occur in Sub-Saharan African and South East Asian countries, where younger
children and pregnant women are at the highest risk. The social and economic burdens of the
disease are exacerbated by ineffective vector control and limited access to treatments and
prevention, with the disease often associated with poverty (3, 4). Although the prevalence of
the disease has been decreasing over the last few decades, the goal of worldwide eradication of
malaria still requires considerable work.
Of the many species of Plasmodium, five are known to commonly infect humans: P.
falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi (5, 6). The disease varies in
virulence and lethality among these species, with the most prevalent and deadly, P. falciparum,
accounting for more than 90% of human mortalities (7). The clinical symptoms of malaria
typically occur between 10 and 15 days after a bite from an infected mosquito (8). These
symptoms can be debilitating and may include anaemia, fever, joint pains, nausea and
headaches. More severe cases of malarial infection can be fatal, such as in cerebral malaria,
where parasite infected red blood cells sequester in the brain microcirculation, causing swelling
in the brain that can lead to seizures, coma and death (9).
Early strategies to control malaria, such as vector control and drug therapies, have seen
great success in reducing the burden of malaria in some regions (2, 10). In more developed
countries these measures have been sufficient to eliminate the disease altogether.
Unfortunately, in areas of intense malaria transmission, relying on these strategies alone will
not be sufficient to achieve global eradication of malaria. The successful global eradication of
smallpox, and significant reduction in occurrences of polio and measles have shown that
vaccines are immensely powerful tools against infection. However, the complex biology of the
Plasmodium parasite, exemplified by its extensive antigenic polymorphism and diverse
immune evasion strategies, has complicated the development of an effective malaria vaccine
(5, 8, 10–12). A robust malaria vaccine, able to generate antibodies that block invasion or
induce phagocytosis of infected cells, would limit parasite replication and greatly reduce the
severity of clinical illness, giving patients time to build up their own natural immunity. The
most advanced malaria vaccine so far, RTS,S/AS01, has progressed through Phase III clinical
trials and is currently undergoing further evaluation in Phase IV trials before wider roll-out.
However, these trials showed that the vaccine had only modest efficacy, with a 30% reduction
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in severe malaria cases in children aged 5-17 months (13). Additionally, protection conferred
by the vaccine diminished rapidly over time, with no efficacy observed four years after
immunisations (14). These results show there is still much room for improvement and highlight
the urgent need for more effective second generation malaria vaccines.
The Plasmodium parasite has a complex life cycle involving an insect vector and
vertebrate host, both of which are essential for parasite survival (15). Infection begins with the
blood meal of an infected female Anopheles mosquito, whereupon sporozoites in the
mosquito’s salivary glands are injected into the host circulation (Figure 1). These sporozoites
localise in the liver and invade hepatocytes, where they mature into merozoites before release
into the bloodstream. This initiates a cycle of erythrocyte invasion by the merozoite known as
the blood stage. It is at this point where the symptoms of malaria arise (6). The blood stage is
marked by the rapid invasion of erythrocytes by merozoites, followed by the asexual replication
of merozoites. Upon rupture of infected erythrocytes, a new load of merozoites is released into
circulation, ready to infect more healthy red blood cells and continue the cycle (11). Some
merozoites will leave this cycle and develop into sexual forms of the parasite known as
gametocytes (8). When taken up by the mosquito during a blood meal, gametocytes undergo
sexual recombination and develop into sporozoites, continuing the cycle. Disruption of the
Plasmodium life cycle by drug therapies or vaccination is crucial, not only for limiting the
damage to the host, but also for controlling the dissemination of parasites in the population.

Figure 1: Life cycle of Plasmodium falciparum in the human host
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1.2 Merozoite surface protein 2
The complexity of the Plasmodium life cycle, coupled with its ability to evade the host immune
system, makes it likely that a successful malaria vaccine will require multiple components,
targeting different life stages of the parasite. Pre-erythrocyte vaccines will reduce the chances
of infection by clearing the parasite before they can infect erythrocytes. Transmission blocking
vaccines, that target the sexual, sporogonic, or mosquito stages of the parasite, will stop the
spread of malaria by hindering the parasite’s ability to reproduce. Vaccines successfully
targeting the asexual blood stage will inhibit parasite replication, ideally clearing infection, or
at the very least reduce the severity of symptoms and the risk of death. In recent years, interest
in blood-stage vaccines has waned, in part owing to the focus on development of preerythrocyte vaccines such as RTS,S. Despite this, the ability of blood-stage vaccines to prevent
or reduce the severity of clinical illness dictates that they will be invaluable in reducing the
burden of malaria. This thesis details work on merozoite surface protein 2 (MSP2), a bloodstage antigen unique to Plasmodium falciparum and found in high abundance on the merozoite
surface (16).
This ~23 kDa protein is almost entirely intrinsically disordered (17) and anchored Cterminally to the surface of the merozoite by a glycophosphatidylinositol (GPI) moiety (18–
20). The precise role of MSP2 in P. falciparum is unknown, but knockout of the MSP2 gene
results in non-viable parasites (18), suggesting that MSP2 is essential for merozoite infection
of the erythrocyte. The protein is present on the merozoite surface coat during invasion and
quickly degrades after entering the erythrocyte (21). All MSP2 proteins can be grouped into
two allelic families, 3D7 and FC27 (22–24), that differ in a central variable region, flanked by
highly conserved N- and C-terminal regions (Figure 2). The central variable region constitutes
up to 60% of the protein, with the 3D7 allele characterised by short GSA repeats (25), whilst
the FC27 allele carries longer tandem repeats of 32- and 12-residue sequences. The protein
contains a single disulfide bond within the conserved C-terminal region.
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Figure 2: Schematic diagram of 3D7 and FC27 allelic families of MSP2, depicting conserved,
dimorphic and polymorphic domains. Anti-MSP2 mouse mAb epitopes are indicated with red
lines.
MSP2 is well characterised as a vaccine candidate. Several human vaccine trials
involving the antigen have been being carried out, with one trial demonstrating that an immune
response against MSP2 was efficacious (22, 26–30), Phase I/IIb trials of the “Combination B”
vaccine, consisting of three recombinant antigen components, RESA, MSP1 and 3D7-MSP2,
were undertaken on 120 Papua New Guinean (PNG) infants (27, 28). A 62% reduction in
parasite densities was observed, with participants having a lower prevalence of parasite
carrying the 3D7 allelic form of MSP2. Furthermore, over a 12-month period, a higher
incidence of morbidity was associated with FC27-type parasites, suggesting that the protection
observed was due at least in part to the MSP2 component of the vaccine. In an effort to
circumvent the problem of strain specific protection, a Phase I trial was carried out using a
mixture of full-length 3D7 and FC27 MSP2 adjuvanted in Montanide ISA720 (26). Although
the trial was terminated midway due to adjuvant reactogenicity and concerns regarding the
vaccine stability, antibodies induced by the vaccine exhibited functional activity by antibodydependent cellular inhibition (ADCI) assays.
Unfortunately, the specific mechanisms behind antibody-mediated protection are poorly
understood. Growth inhibition assays (GIAs) have been the most widely used functional assay
for anti-merozoite antibodies, but there is a poor correlation between growth inhibitory
antibodies and protective immunity (31, 32). Anti-MSP2 antibodies show limited inhibitory
activity in standard GIAs (26, 30) despite showing efficacy in vaccine trials (22). Even
antibodies from immune adults are often unable to inhibit parasite replication in these standard
assays. More reliable functional correlates of protection, including the ADCI (26) and the
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opsonic phagocytosis assay (31), have shown that anti-MSP2 antibodies are able to both inhibit
in vitro growth of parasite in the presence of monocytes and induce opsonic phagocytosis.
A recent study identified antibody-mediated complement-dependent inhibition as a
dominant mechanism in the targeting of merozoites by both vaccine-induced and naturallyacquired immune responses (33). Antibodies able to activate the classical complement pathway
were found to be strongly correlated with protection from disease, with MSP2 identified as a
major target. While antibodies to MSP2 can be internalised into the erythrocyte when bound to
the merozoite surface in complement-free systems (31), in the presence of complement these
antibodies effectively inhibited invasion. These studies suggest that mechanisms we are only
now beginning to understand are mediating the inhibitory activity of antibodies that, by
themselves, are not directly inhibitory. These results further strengthen the case for MSP2 as a
promising malaria vaccine candidate.

1.2 Merozoite surface protein 2 as a vaccine candidate
MSP2, in common with many other merozoite surface proteins (34), is intrinsically disordered
in solution (35). The sequence of MSP2 is remarkably hydrophilic and shows low sequence
complexity, both of which are hallmarks of intrinsically disordered proteins (IDPs). IDPs are a
class of proteins that do not have a well-defined structure under native, functional conditions
(36, 37). The discovery of these proteins has challenged the long-held paradigm that a defined
structure is a pre-requisite for protein function (38, 39) with an increasing number of examples
of functional IDPs able to assume a structure when complexed with their binding partner.
Moreover, IDPs are promiscuous in their protein-protein interactions and are able to adopt
differing conformations dependent on their binding partners (40). It is possible that the
abundance of IDPs in the proteome of P. falciparum may provide a mechanism of immune
escape for the parasite by acting as a “smokescreen”, biasing the host immune response towards
non-protective epitopes. Little is known of the implications of antigen disorder for immune
recognition. However, recent analysis of antibody recognition of disordered antigens has
challenged the long-held view that disorder is detrimental to immune recognition (41). Instead,
it was shown that the affinity of antibodies to their cognate epitopes was only weakly dependent
on the degree of disorder. Furthermore, disordered epitopes were generally smaller and more
efficient in their binding interactions than ordered epitopes, reinforcing disordered antigens as
important targets of immune recognition. MSP2 is an excellent candidate to better understand
this largely understudied area and may have broader implications in the optimisation of other
disordered vaccine candidates.
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1.4 Anti-MSP2 mouse monoclonal antibodies
A significant challenge in the development of vaccines targeting blood-stage antigens is the
extensive diversity of these antigens (19, 42, 43). These polymorphisms have evolved under
the pressure of immune selection to assist the parasite in immune evasion. As this diversity can
be detrimental to the development of broadly protective antibodies, vaccines need to cover the
majority of strains able to cause infection (11). One way to avoid these problems is to skew the
immune response towards conserved regions. In the case of MSP2, the highly conserved Nand C- terminal regions are promising targets for the design of broadly protective MSP2-based
vaccines, and are the main focus of this thesis.
This project builds on previous work by Adda et al (44), where a panel of monoclonal
antibodies (mAbs) was generated from mice immunised with recombinant forms of both 3D7
and FC27 MSP2. To locate the binding region of each antibody, epitope mapping was carried
out using a peptide array of overlapping 13-residue peptides spanning both alleles of MSP2.
Overall, ten mAbs recognising epitopes in conserved and variable regions of MSP2 were
identified (Figure 2). Five antibodies; 9H4, IF7, 6C9, 4D11 and 9G8, recognised an
overlapping epitope within the conserved C-terminal region of MSP2, while a single mAb,
6D8, recognised an epitope within the conserved N-terminal region. Within the variable
regions of MSP2 three antibodies, 2F2, 9D11 and 11E1, recognised 3D7-type MSP2 and mAb
8G10 recognised the FC27 allelic form of MSP2.
Intriguingly, these epitopes showed differing abilities to recognise parasite MSP2. These
differences are discussed in detail below. Understanding the structural determinants of the
binding of these antibodies to their cognate epitopes may provide valuable insight into how
MSP2 is presented in its native environment.

1.5 N-terminal epitopes
Despite the intrinsically disordered nature of MSP2, some regions of local structure are present,
notably within the conserved regions (45, 46). In particular, the 25-residue N-terminus of
MSP2 has been found to adopt an α-helical conformation upon lipid interaction (35, 46–48).
The N-terminus of MSP2 could thus interact with the merozoite surface membrane in a similar
way. A single antibody, 6D8, was able to recognise an epitope within the conserved N-terminal
of recombinant MSP2 (Figure 3) (44). However, immunofluorescence assays (IFA) showed
that 6D8 was unable to recognise native MSP2 on the parasite. Understanding the structural
determinants of the interaction between 6D8 and its cognate epitope, and comparing the epitope
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structure with its α-helical lipid-bound conformation, should shed light on possible
mechanisms of immune escape.

Figure 3: Amino acid sequence of key epitopes within the conserved regions of MSP2

1.6 C-terminal epitopes
The conserved C-terminal region of MSP2 spans 50 amino acid residues and contains the only
disulfide bond in the protein (19, 43). Five antibodies (9H4, 1F7, 6C9, 4D11 and 9G8) are able to
recognise overlapping epitopes within an 18-residue stretch encompassing the disulfide bond of the Cterminal region (Figure 4) (44). As previously alluded to (section 1.4), these antibodies showed
differing reactivity towards native (parasite) MSP2 by both IFA and western blot. Of the five antibodies
recognising conserved C-terminal epitopes, only 4D11 and 9G8 gave strong IFA signal to parasite
MSP2. The other C-terminal epitope antibodies, 9H4, 6C9 and 1F7, recognise an adjacent overlapping
epitope with 10-fold weaker IFA signal to parasite MSP2 than 4D11 and 9G8, suggesting that this
epitope is less accessible on the merozoite surface. There may also be slight conformational differences
between recombinant and native MSP2. As the protein is C-terminally anchored by a GPI moiety (18,
44), the close proximity of C-terminal epitopes to the merozoite membrane surface may contribute to
this difference. Furthermore, it is important to acknowledge that the conformation of MSP2 on live
parasite may differ from that of native MSP2 in IFA and western blot. The process of parasite fixation
in IFA and the use of lysed parasite in western blot can change the protein conformation and in turn
influence antibody recognition (49).
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1.7 Antibody fragments
The above studies utilised antibody isotype immunoglobulin G (IgG), a key player in the
humoral immune response. IgGs are large molecules, usually around 150 kDa in size (Figure
4), which are composed of four polypeptide chains, two identical heavy and two identical light
chains arranged in a Y-shape, typical of monomeric antibodies. The use of full-size IgGs or
even antigen-binding fragments (Fabs) is not ideal for nuclear magnetic resonance (NMR)
spectroscopy or other structural studies. Furthermore, their production is time-consuming and
expensive. Smaller antibody domains, variable fragments (Fv) and single-chain variable
fragments (scFv) make ideal substitutes for full size IgGs and have been used in a number of
applications, including as immunotherapeutics (50–52). These fragments consist of just the
variable domains (VH and VL chains) of the IgG and retain the parent molecule’s binding
properties. A scFv differs from an Fv in having a short peptide linker between the VH and VL
(53–56). These antibody fragments can be expressed recombinantly in Escherichia coli,
significantly reducing both the time and costs of production. Their smaller size (25-30 kDa)
also means they are amenable to NMR spectroscopy (57). In previous work during my honours
project in collaboration with the Garvan institute

(unpublished) scFv and Fv antibody

fragments were designed for all antibodies targeting conserved regions of MSP2 (58). The
expression of these constructs was optimised with 6D8, 9H4 and 4D11 scFv/Fv antibody
fragments giving suitable yields for structural analyses.

Figure 4: Schematic diagram of IgG, Fab, scFv and Fv antibody domains
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1.8 Peptide vaccines
One of the focuses of the work presented in this thesis are peptide vaccines and their application
to MSP2. The following section is based on a published review article by MacRaild, C. A. et.al.
in Peptide Science, 2018 (Appendix I).
Vaccines are an indispensable tool in the fight against disease and have had a significant
impact on public health over several decades (59). Traditionally, vaccines have relied on the
use of live-attenuated or inactivated forms of the pathogen to induce a protective immune
response. However, in some cases, such as malaria, the pathogen is difficult to culture in vitro
at large scale. Moreover, the use of whole organisms as vaccines introduces a high antigenic
load when often only a small subset of antigens are driving protection (60). There is also the
possibility of adverse allergenic reactions to certain antigens in these preparations. These
obstacles have led to an increased interest in subunit vaccines, in which single, or a select few,
proteins are used in a vaccine formulation to induce protective immunity (61).
The use of peptides as vaccines takes this rationale further, as even a single protein
antigen such as MSP2 may have many epitopes, not all of which contribute to protective
immunity. Peptide vaccines offer a means to formulate vaccines containing only epitopes that
are capable of inducing a positive and efficient immune response (52, 60). The ease of peptide
synthesis makes large-scale production feasible, whilst also offering a cleaner vaccine
preparation lacking biological contaminations commonly associated with recombinant
expression or whole organism vaccines. The specificity of peptides also allows for improved
customisability, facilitating, for example, a multi-epitope approach to target different strains or
stages in the life cycle of the pathogen.
For these reasons, there has been long-standing interest in this area of vaccine design,
with over 500 peptide vaccines reaching clinical trials, targeting a wide range of indications
(Table 1). Seven of these vaccines have reached Phase III trial (Table 2). Much of this recent
interest has focussed on T-cell epitopes, with all of the vaccines to reach Phase III being T-cell
based. For many diseases, however, B-cell responses also play an important role in immune
protection, although peptide-based vaccines based on B-cell epitopes have proved more
challenging for a number of reasons. Owing to the small size of peptides, they are generally
poorly immunogenic. In addition, T-cell epitopes required for the establishment of a robust
immune response may also be absent in smaller peptides. To address these issues, carrier
proteins or adjuvants are typically included in the vaccine formulation. As peptides are also
prone to enzymatic degradation, epitopes can be modified by conformational stabilisation or
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cyclisation, or peptide mimetics that are resistant to proteolysis can be developed (62). Finally,
and perhaps most importantly, peptide-based approaches are limited because the antibody
response to many protein antigens is dominated by conformational epitopes, which are difficult
or impossible to capture effectively in a peptide-based design. Intrinsically disordered antigens
such as MSP2 are uniquely suited for implementation as peptide vaccines because disordered
epitopes are invariably linear, eliminating the challenge of capturing conformational epitopes
in a peptide vaccine.
Table 1: Peptide vaccines in clinical trials
Number of active
or completed
clinical trials
Phase III

7

Phase II

203

Phase I and
Early Phase 1

307

Conditions being treated with peptide vaccines

Cancer immunotherapies, Multiple sclerosis, Type
1 Diabetes
Cancer immunotherapies, Myelodysplastic
syndrome, HIV, HBV, HCV, Cytomegalovirus,
Myasthenia gravis, Influenza, Malaria (falciparum)
Cancer immunotherapies, HIV, HPV, HBV, HCV,
Age related macular degeneration, Respiratory
syncytial virus, Malaria (vivax), Malaria
(falciparum), Hand foot and mouth disease,
Influenza, Multiple sclerosis, Alzheimer’s disease,
Listeria, Cat allergy, Ragweed allergy, House dust
mite allergy, Grass allergy
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Table 2: Phase III clinical trials currently active or completed
Candidate
MDX-1379
PR1 leukaemia
peptide vaccine
Telomerase
peptide vaccine
GV1001
NeuVax
NeuroVax

Construct

Condition

Two peptides from gp100
melanocyte protein
Derived from proteinase 3
and neutrophil elastase

Metastatic
melanoma
Acute
myeloid
leukaemia
Pancreatic
cancer

Derived from reverse
transcriptase subunit of
telomerase (hTERT)
Derived from human
leukocyte antigen HER2
Two peptides from T-cell
receptor
Peptides from MAGE-A3
and NY-ESO-1 proteins

MAGE-A3 and
NY-ESO-1
Immunotherapy
T-cell epitope of heat
Diapep277
shock protein 60

Clinical
status
Phase III

Clinical Trials
Identifier
NCT00094653

Phase III

NCT00454168

Phase III

NCT00425360

Breast
cancer
Multiple
sclerosis
Multiple
myeloma

Phase III

NCT01479244

Phase III

NCT02057159

Phase III

NCT00090493

Type 1
Diabetes

Phase III

NCT01281072

1.9 Structure-based vaccine design
Structure-based vaccine design, or structural vaccinology, is an emerging strategy for the
rational design of vaccine candidates (63, 64). The recent improvement in high-resolution
structural analyses such as X-ray crystallography, NMR spectroscopy, and cryo-EM have
enabled us to move away from traditional methods of vaccine design that rely heavily on trialand-error testing of antigens. Instead, by using high-resolution structures, antigens can be
designed to better mimic their native conformations and yield a more efficient immune
response, offering a way forward for pathogens where traditional methods have failed (65).
Whilst the structures of therapeutic targets have been integral in the design of many small
molecule drugs on the market today, the approach has only recently been implemented in
vaccine design. Although the field is still in its infancy, structure-based vaccine design has
already shown promise in a number of disease conditions, including meningococcus B (66),
respiratory syncytial virus (RSV) (67, 68), Group B Streptococcus (69), and HIV (70–72). The
first two will be discussed in detail below.
Similar to malaria, Neisseria meningitidis employs a high degree of polymorphism in its
genome to evade the immune system (73, 74), In the case of the surface-exposed lipoprotein,
factor H-binding protein (fHbp), 500 known sequences could be categorised into three distinct
variant groups. Although immune responses against fHbp have proven to be bactericidal, there
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are difficulties with strain specificity as immunisation with each group alone is unable to induce
a cross-reactive response (75). Using a NMR and X-ray crystallography to determine the
structure of fHbp, a large-scale design effort was initiated to overcome this sequence
variability. Key conformational epitopes were first identified from each variant, then these
epitopes were categorised depending on their location on the protein into 11 discrete regions.
A total of 54 chimeric antigens was designed and expressed by grafting these key epitopes in
varying combinations. Two of these fHbp chimeras were able to induce a broad bactericidal
immune response against strains carrying any of the three variant groups of fHbp (66).
Another example of structural vaccinology being applied successfully can be seen in a
respiratory syncytial virus vaccine based on the RSV fusion glycoprotein (RSV F) (68, 76).
Efforts to generate an effective RSV F-based vaccine are complicated by large conformational
changes during fusion to the host-cell membrane. The work focused on an antigenic site
specific to the pre-fusion state of the glycoprotein, which is meta-stable, but functionally
relevant and known to elicit potent neutralising antibodies (67, 77). Using six high-resolution
crystal structures of RSV F in complex with these antibodies, an analogue was designed with
the key antigenic site stabilised. This site was accessible even when the protein was exposed
to extreme pH, osmolality and temperature. Ultimately, the stabilised RSV F glycoprotein was
able to elicit an RSV-specific immune response with high neutralising activity in mice and
macaques (68).
The above examples involve the application of structure-based vaccine design towards
highly structured proteins. In these examples, extensive effort was needed to preserve
conformational epitopes and correct protein folding throughout the design process. Because
MSP2 is intrinsically disordered, these considerations do not apply. Moreover, as a
consequence of the focus on conformational epitopes, the field of structural vaccinology has
not yet ventured into the domain of peptide vaccines. MSP2 provides an exciting platform to
combine these two strategies for the design of novel malaria vaccines. Our results may have
wider implications in contributing to a general understanding of the immune response towards
disordered protein antigens.
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1.10 Project Scope and Aims
MSP2 is a promising blood-stage vaccine candidate that has shown evidence that it can induce
an efficacious immune response (22). The protein is highly abundant on the merozoite surface
and has proven to be essential for parasite invasion of the erythrocyte (16, 18). In previous
work, a panel of anti-MSP2 mouse mAbs was identified and their binding epitopes were
determined by peptide array (44). The structural determinants underlying the differing abilities
of these antibodies to recognise parasite MSP2 are unknown. Determining the antibody-bound
conformations of epitopes that are accessible on the parasite surface will provide valuable
insight into possible conformations of native MSP2. The main aim of this study is to merge the
growing field of structure-based vaccine design with the advantages of peptide vaccines to
design novel malaria vaccine candidates based on MSP2. By studying an intrinsically
disordered protein such as MSP2, we also aim to add to the knowledge of the immune response
towards disordered antigens.
Naturally-acquired protective immunity to MSP2 in malaria is dominated by the central
variable region. Strain-specific reduction in parasite density induced by the ‘Combination B’
vaccine also suggested that the variable region was playing a role in vaccine-induced
protection. However, the high degree of polymorphism in this area poses a problem for vaccine
design. Chapter 2 describes the analysis of key epitopes in the central variable region of MSP2
and the design and expression of antibody fragments for the 3D7-specific 2F2, 9D11 and 11E1
mAbs. This Chapter also describes efforts to crystallise 9H4 antibody fragments with its
cognate epitope.
From Chapter 3 onwards the focus shifts to the conserved regions of MSP2. This Chapter
describes work on the N-terminal region specific mAb 6D8, an antibody unable to recognise
native MSP2 by western-blot and IFA. The N-terminal region of MSP2 is known to adopt an
α-helical conformation when interacting with lipid. It is possible that this helical conformation
is present on the parasite surface. X-ray crystallography and NMR were used to understand
why the 6D8 epitope is masked on the parasite surface. Additionally, the peculiar phenomenon
of strain-specific binding within a highly conserved region is explored.
Although our studies of the N-terminal region provided valuable insight into the effects
of disorder on antibody recognition, in Chapter 4, the focus shifts towards the conserved Cterminal region. As antibodies targeting the C-terminal region of MSP2 are able to recognise
parasite MSP2, this region is appealing as a target for vaccine design. This Chapter describes
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a high-resolution crystal structure of 4D11 Fv in complex with its minimal binding epitope,
and analyses the structural determinants of the binding of this key epitope.
Based on this structural information, Chapter 5 describes the design of a series of
constrained dimeric, linear and backbone cyclised peptides, for use as possible MSP2-based
peptide vaccines. MD simulations were performed to assess if the additional constraints would
add too much strain on the peptides. Promising candidate peptides were synthesized, then
surface plasmon resonance (SPR) was used to determine their binding to 4D11 before
conjugation to KLH and immunisation in mice. The resulting sera were analysed by enzymelinked immunosorbent assay (ELISA) to determine antibody titre and specificity.
Finally, Chapter 6 summarises the findings of this study and discusses potential future
directions of this work.
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Chapter 2
Cloning, expression and structural
characterisation of antibody fragments
against MSP2
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2.1 Introduction
The polymorphisms of MSP2 are confined to the central variable region of the protein, which
consists of highly polymorphic tandem repeats, flanked by non-repetitive dimorphic sequences
that define the two allelic families of MSP2, 3D7 and FC27 (19, 78). Although polymorphisms
in the central variable regions of MSP2 may make the region less appealing as a vaccine target,
vaccine trials and sero-epidemiological studies suggest that antibodies targeting these regions
are associated with a reduction in parasite density in children. Naturally-acquired immune
responses in PNG children were found to be directed against the allele-specific central variable
region (79, 80). Furthermore, the multicomponent “Combination B” vaccine containing 3D7type MSP2 reduced parasite density in PNG children by 62% (22). This reduction was only
seen in parasites of the 3D7-MSP2 genotype and was accompanied by a higher incidence of
morbidity associated with FC27-type parasite. A subsequent Phase I vaccine trial including
both allelic forms of MSP2 as components was able to induce antibodies that exhibited cellular
inhibition of parasite growth (26). Moreover, a recent immunisation trial in mice used chimeric
MSP2 analogues consisting of conserved and variable regions of both FC27 and 3D7 MSP2
was also shown to elicit a robust strain-transcending response across both families (81).
All four antibodies that recognised epitopes within the central variable region of MSP2
(8G10, 2F2, 9D11 and 11E1) were strongly reactive to native parasite MSP2 by IFA,
indicating that the central variable region is accessible to the immune response (44). The
epitopes recognised by 2F2, 9D11 and 8G10 are all located in dimorphic regions of MSP2 that
are fairly conserved within their respective allelic families. In contrast, the 11E1 epitope resides
in a more polymorphic region of MSP2 (Figure 1). Thus, the 11E1 mAb would be an excellent
candidate with which to investigate the effects of polymorphisms on antibody affinity and their
role in possible mechanisms of immune escape. A recent study characterising the naturallyacquired immune response from four malaria endemic regions using epitope mapping
identified antibodies specific to both variable and conserved regions were present (82). Among
others, variable region epitopes recognised by 2F2 and 9D11, and the conserved C-terminal
4D11/9H4 epitopes, were found to be immunodominant. The lack of antibodies able to bind
the 11E1 epitope may be attributed to its high degree of polymorphism, as peptides used to
probe antibodies would be unable to capture all MSP2 variants. Although an immune response
towards conserved regions of MSP2 would be ideal for broad protection against both allelic
families of MSP2, inducing production of antibodies able to recognise variable regions of
MSP2 may be necessary for effective protection.
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Figure 1: Amino acid sequence of key epitopes within the variable regions of MSP2. 8G10 is
FC27-specific, whilst 11E1, 9D11 and 2F2 are 3D7-specific.

In this Chapter, known MSP2 sequences of variable region epitopes recognised by
mAbs 2F2, 9D11 and 11E1 are analysed. Understanding mutations that are present in the
population, and their frequency, may assist in the design of MSP2 analogues able to induce a
broader protective response against a wide range of MSP2 variants. Constructs for antibody
fragments derived from 2F2, 9D11 and 11E1 were designed and expressed by first acquiring
their sequences from their corresponding mouse hybridoma cells lines. These sequences were
cloned into scFv and Fv scaffolds using available 4D11, 9G8, 6C9, 9H4 and 6D8 antibody
fragments as a template.
The C-terminal region of MSP2 is recognised by five mAbs: 4D11, 9G8, 6C9, 1F7 and
9H4. Each of these shows different abilities to recognise parasite MSP2, suggesting that some
epitopes are more accessible than others on the merozoite surface. Also described in this
Chapter are efforts to determine crystal structures of 9H4 bound to its cognate epitope.
Although the 9H4 epitope is poorly accessible on the parasite surface by IFA and western blot,
understanding the conformation of the antibody-bound epitope may account for this epitope
masking. Furthermore the structure can inform the design of better MSP2-based antigens able
to steer the immune response towards more accessible epitopes.
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2.2 Materials and methods
Expression and purification of 3D7-MSP2 thioredoxin fusion protein
Thioredoxin (THDX) fusion protein of 3D7-MSP2 was expressed in E. coli BL21 (DE3)
overnight at 37°C in 50 mL of Luria broth (LB) with 100 µg/mL ampicillin (AMP) and 15
µg/mL tetracycline (TET) as a seed culture. Overnight culture was diluted 1000-fold with fresh
LB medium with AMP and grown at 37°C to an optical density (OD600) of 0.8-1.0. At this point
isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM to
induce expression. After a further 6 h at 37°C, the cells were harvested by centrifugation (8000
g for 10 min at 4°C), lysed by resuspending in 50 mM phosphate buffer, pH 7.0 and incubated
in a boiling water bath for 15 min. The lysis of cells by boiling is unconventional and would
usually be detrimental to a protein, but the intrinsically disordered nature of MSP2 allows it to
withstand such high temperatures (35). Lysate was cleared by centrifugation (16000 g for 20
min at 4°C) and the His-tagged protein was purified by fast protein liquid chromatography
(FPLC) using a high-capacity Ni-nitrilotriacetic acid (NTA) resin. A gradient of 0-500 mM
imidazole in 250 mM NaCl / 50mM phosphate buffer pH 7.0 over 6 min was run at a flow rate
of 2.5 mL/min. Eluted samples were concentrated and buffer-exchanged into 50 mM phosphate
buffer using an Amicon Ultra-15 10 kDa centrifugal filters. The concentrated sample was then
treated with tobacco etch virus (TEV) protease for 48 h at 24°C with the addition of 1 mM
dithiothreitol (DTT) for removal of THDX. Cleaved protein was filtered and further purified
by high-performance liquid chromatography (HPLC) through an Altima 5 µM 250 mm C8
column. A gradient of 5% - 80% acetonitrile (ACN) 0.1% trifluoroacetic acid (TFA) was used
over 80 min at 5 ml/min flow rate.

Assessing polymorphisms in known sequences of MSP2
Sequences of MSP2 were found by a nucleotide and protein Basic Local Alignment Search
Tool (BLAST) (83) search of the swissprot and pdb database using both gene sequences of
3D7 and FC27 MSP2. Sequences corresponding to short fragments or not containing the MSP2
variable region were removed. Multiple sequence alignment was then carried out with Clustal
Omega (84). The sequences were translated to their amino acid sequence and each variable
region epitope was assessed separately. Geneious version R7 (http://www.geneious.com) (85)
was used to compile these data and create the sequence logos. The sequences were sorted
manually by their mutations and the frequency of these mutations within the total sample was
calculated.
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Isolation and PCR amplification of Fv domains
Mouse hybridoma cells lines producing anti-MSP2 mAbs 2F2, 9D11 and 11E1 were provided
by the WEHI antibody facility (Bundoora, Victoria). Cells were grown to confluence,
harvested, washed in phosphate buffered saline (PBS) and provided as frozen cell pellets. The
cells were lysed and homogenised in TRIzol solution (Life Technologies). Total RNA was
purified using the PureLink RNA Mini Kit (Life Technologies) as per supplier instructions.
First strand cDNA was synthesised using the commercially available SMART complementary
deoxyribonucleic acid (cDNA) library construction kit (Clontech Laboratories). Amplification
of cDNA libraries was performed with Platinum Pfx DNA polymerase (Life Technologies)
following the supplier’s protocol. Polymerase chain reaction (PCR) amplification of mouse
variable-region domains were performed with the same degenerate primers used by Fields et.al.
(86) (Table 1). As the yields from most of these PCR amplifications were low, the PCR product
was re-amplified using the same primers to acquire suitable amounts of DNA. The DNA was
gel purified and cleaned with the PureLink quick gel extraction kit (Life technologies) and
stored at -20 °C. Each insert was restriction digested with Nco1 and Not1 and cloned into
pET32a vector for sequencing. The functionality of each VH and VL sequence was evaluated
by sequence alignment with the mouse immunoglobulin set stored at the IMGT reference
directory (http://www.imgt.org) (87). Following validation of functional sequences, codonoptimised genes for each chain were ordered from Genscript with appropriate restriction sites
at the 3’and 5’ends.
Table 1: Degenerate primers used for amplification of mouse variable heavy (VH)
and light (VLL and VLK) chains, highlighted sequence indicate restriction sites
Name
Sequence (5’-3’)
CTTCCGCCATGGSARGTBMAGCTGSAGSAGTCWGG
VH-FOR
TACAGGGCGGCCGCGGACAGTGGATARACMGATGG
VH-REV
CTTCCGCCATGGGAYATTGTGMTSACMCARWCTMCA
VKAPPA-FOR
TACAGGGCGGCCGCGGGATACAGTTGGTGCAGCATC
VKAPPA-REV
CTTCCCCATGGCAGGCTGTTGTGACTCAGGAA
VLAMBDA-FOR
TACAGGGCGGCCGCGCTTGGGCTGACCTAGGACAGT
VLAMBDA-REV
R(AG), B(GCT), M(AC), Y(CT), W(AT)
Degeneracy code:
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Construction of Fv constructs
The new anti-MSP2 Fv chains were constructed using a previously sequenced, codonoptimised framework from 9H4 Fv in pET12a. The novel VH and VL regions required two
consecutive rounds of restriction digestion and ligation to replace the existing VH and VL in the
9H4 Fv frame (Figure 2). Specific primers (Table 2) were designed incorporating suitable
restriction sites for each VH (Sal1 and Nsil) and VL chain (Nco1 and Xho1) including stop
codons at the reverse anchors. Each chain was amplified with Platinum Pfx DNA polymerase
(Life Technologies) by PCR and the product was gel-purified before restriction digestion. The
VH was first cloned into the 9H4 Fv frame using T4 ligase (Life Technologies) at room
temperature for 20 min, followed by insertion of the VL. The ligated product was transformed
into ultracompetent XL10 cells and colonies were chosen for plasmid isolation. Completed Fv
constructs were sequenced and stored at -20°C, ready for transformation and expression.

Table 2: Specific primers used for construction of Fv and scFv constructs, highlighted sequence
indicate restriction sites
Name
Sequence (5’-3’)
TTTGCGTCGACGCAGGTCAAGCTGGAGGAGTC
2F2VH_SalI_For
TTTGCGTCGACGGAAGTTCAGCTGGAGCAGTC
9D11VH_SalI_For
TTTGCGTCGACGGAAGTCAAGCTGCAGCAGTC
11E1VH_SalI_For
TCCGCTATGCATTTATTAGGGTGTCGTTTTGGCTG
VH_FV_NsiI_Rev
AGCCGGCCATGGCCGACATTGTGCTGACCCAGAC
2F2VLKA_NcoI_For
AGCCGGCCATGGCCGATATTGTGCTGACACAATCTCC
9D11VLKA_NcoI_For
AGCCGGCCATGGCCGATATTGTGATGACCCAGACTACATC
11E1VLLA_NcoI_For
TCCGCTCTCGAGTTATTATGCAGCATCAGCCCG
VL_Fv_XhoI_Rev
GATATACATATGCGGGCGAAACTCCTAGGA
OmpT_scFv_NdeI_For
CCAGGAATGCATTTATTAGGATCCGGAGACGGTGACCGTGGTCCC
11E1_Fv_Nsil_BamHI_Rev
TGGATCCGGGTGTCGTTTTGGCTGCA
2F2VH_BamHI_Rev
TGGATCCGGGTGTCGTTTTGGCTGAG
9D11VH_BamHI_Rev
2F2_9D11VH_GGGGS_
GTCGGCCATGGAACCACCGCCACCAGAACCGCCACCACCGCTACCACC
ACCACCGGATCCGGGTGTCGT
Bam_NcoI_Rev
11E1_GGGGS_Bam_NcoI_Rev

GTCGGCCATGGAACCACCGCCACCAGAACCGCCACCACCGCTACCACC
ACCACCGGATCCGGAGACGGT
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Figure 2: Schematic diagram of construction of novel Fv antibody fragments utilising 9H4 Fv
as a base

Construction of scFv constructs
The initial method for generation of scFv constructs utilised previously-sequenced Fv fragment
constructs as a template. This involved replacing the silent linker region between the VH and
VL chains with a flexible spacer corresponding to three GGGGS repeats (Figure 3). Specific
primers were designed to incorporate suitable restriction sites along with the Gly-Ser linker
(Table 2). The Fv constructs were first restriction digested with Nde1, Nsi1 and Nco1 to release
two fragments corresponding to the VH (450 bp) and the silent linker (90 bp), the VH fragment
and linear plasmid were gel-purified. The VH was used as a base for the installation of the GlySer linker before ligation into the linear pET12a-VL plasmid. As the Fv constructs contained a
frameshift between the VH and VL, a single nucleotide was added into the linker region to
correct the reading frame. Two PCR amplifications with Platinum Pfx DNA polymerase (Life
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Technologies) were used to install the scFv 3XGGGGS linker to the VH. The first set of primers
was used to remove the stop codon downstream of the VH and also to extend the consensus 3’
terminal sufficiently for efficient primer pairing of the second set of primers necessary for
installation of the GGGGS linker. The VH-linker fragment was restriction-digested with Nde1
and Nco1 and ligated into the linear pET12a-VL plasmid with T4 ligase (Life Technologies).
The ligated product was transformed into ultracompetent XL10 cells and colonies were chosen
for plasmid isolation. Completed scFv constructs were sequenced and stored at -20°C, ready
for transformation and expression. This method was used to create scFv constructs for 2F2 and
9D11, although, owing to poor expression, codon-optimised scFv genes were subsequently
purchased from Genscript.

Figure 3: Schematic diagram detailing the conversion of Fv constructs into their corresponding
scFv constructs by insertion of a Gly-Ser linker

IPTG induction and expression of antibody fragments
All scFv or Fv antibody fragments were expressed in E. coli strain BL21 (DE3). Overnight
cultures were grown at 37°C in 50 mL of LB with 100 µg/mL AMP, 15 µg/mL TET and 4%
glucose and 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 min at 4°C) and resuspended in fresh LB medium containing AMP and TET with no glucose. After the cells were
equilibrated in the fresh media for 2 h, IPTG was added to a final concentration of 1 mM to
induce expression. The induced cells were incubated at room temperature (RT) overnight and
harvested by centrifugation.
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Autoinduction of antibody fragments
To improve the yield of poorly-expressed antibody fragments and increase the simplicity and
consistency of induction, autoinduction was trialled. (88) ZYM-5052 autoinduction media was
prepared with (per litre): tryptone 10 g, yeast extract 5 g, Na2HPO4 3.56 g, KH2PO4 3.4 g,
NH4Cl 2.68 g, Na2SO4 0.71 g, glycerol 4 ml, glucose 0.5 g, lactose 2 g, 1 x BME vitamins
solution (Sigma-aldritch), and MgSO4 1 mM. Overnight cultures were grown at 37°C in 50 mL
of LB broth with 100 µg/mL AMP, 15 µg/mL TET and 4% glucose. The overnight culture was
diluted 1000-fold with fresh ZYM-5052 medium and incubated for 41 h at 30°C. Cells were
harvested by centrifugation and periplasmic extraction (see below) was performed.

Periplasmic extraction
Each antibody fragment construct contains a periplasmic signal sequence that allows the
expressed protein to be secreted into the periplasm. The oxidising environment of the periplasm
allows for the formation of disulfide bonds and correct folding. Extraction of protein from the
periplasm is achieved by lysis of the bacterial outer membrane by osmotic shock. The cell
pellet (6 g) was resuspended in 35 mL of sucrose buffer (30 mM Tris 2 mM
Ethylenediaminetetraacetic acid (EDTA)/30% sucrose/pH 8.0) prior to centrifugation at
10000xg for 20 min at 4°C. The supernatant was discarded and the pellet resuspended in 30
mL ice-cold MQ water with 2 mM MgCl2 and 10 μg/ml DNase I. The resuspended cells were
incubated in ice for 15 min for periplasmic rupture. Cells were pelleted at 15000xg for 20 min
at 4°C and the supernatant periplasmic extract collected. The periplasmic extract was filtered
and subjected to affinity purification for removal of antibody fragments.

Affinity purification
The MSP2 affinity column was prepared by amide conjugation of full-length 3D7 MSP2 to
hydroxysuccimidyl-sepharose resin. This was performed following the manufacturer’s
protocol with 5-10 mL of resin for each column. Purification was performed in a gravity
column. The periplasmic extract of scFv and Fv fragments were flowed through a MSP2
affinity column, washed with 5 column volumes of wash buffer (50 mM phosphate buffer at
pH 7.0), then eluted in 15 mL of 200 mM glycine pH 2.7 and neutralised immediately with 3
mL of 1M Tris base. Eluted samples were then concentrated using an Amicon Ultra-15 10K
Centrifugal Filter Unit to 1/10th of the original volume. The concentrated sample was dialysed
twice against 50 mM ammonium bicarbonate at 4°C, over 24 h then lyophilised.
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Refolding of novel variable region antibody fragments
Owing to the possibility of incorrect folding in the periplasm or denaturation during the process
of extraction, some antibody fragments were unable to be purified by affinity purification. The
first method of refolding involved placing the periplasmic extract under redox conditions.
Reduced and oxidised forms of glutathione were added to 10 mL of periplasmic extract and
kept at 4°C for 3 h. The next method of refolding was by dilution in GdnHCl, with periplasmic
extract buffer exchanged into 3.5 M GdnHCl, 5 mM DTT, pH 7.4 to fully denature the protein.
Four subsequent dilutions were performed 4 h apart, gradually reducing the GdnHCl
concentration. The first dilution contained 2M GdnHCl, 50 mM Tris, 0.2 M NaCl, 1mM
EDTA, pH 7.4, and the two subsequent dilutions contained 1 M and 0.5 M GdnHCl with 0.4
M ArgHCl, 1mM GSSG, 2mM GSH, 50 mM Tris, 0.2 M NaCl, 1mM EDTA, pH 7.4. Before
affinity purification, a final dilution was carried out in PBS.

Peptide synthesis
Peptides including 3D7-MSP2207-222 and 3D7-MSP2215-222 were synthesised in-house by
standard 9-fluorenylmethoxycarbonyl (Fmoc) solid-phase chemistry using an automated
peptide synthesiser 3 (PS3). The peptides were assembled via coupling of 0.3 mmol (3 equiv)
of FMOC-protected amino acids to 0.1 mmol rink 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)-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 dimethylformamide (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. Cleavage of the complete peptides was performed with TFA:triisopropylsilane
(TIPS):water (95:2.5:2.5 v/v).
The cleaved material was precipitated in cold diethyl ether overnight 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 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%
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acetonitrile / 9.9% water / 0.1% TFA) against solvent A (0.1% TFA in water) over 1 h at 5
ml/min flow rate.

Removal of purification tag from scFv constructs
To make constructs of 4D11 and 9H4 scFv more amenable to crystallisation, analogues were
designed to remove the flexible His-tag and Myc-tag at their N-terminus. Conveniently, a
BamHI restriction site was located directly after the VL chain, upsteam of the His-tag. A simple
restriction double digest with NdeI and BamHI was used to remove the 800 bp insert
corresponding to the VH-linker-VL insert. This insert was then ligated into a pET12a plasmid
without the purification tag completing the construct leaving the desired construct.

Antibody crystallisation
Freeze-dried antibody fragments were dissolved in 1 ml of 20 mM Tris buffer with 100 mM
NaCl at pH 7.0 and mixed with synthetic peptide epitopes at a scFv/Fv:peptide molar ratio of
1:1.5. Size-exclusion chromatography was then performed with a Superdex 10/300 GL column
(0.5 mL/min) and fractions containing complexed monomeric antibody fragment were
collected and concentrated. Once the desired concentration (15-30 mg/mL) was reached, the
complexed antibody-peptide was filtered through a 0.22 µm filter. Promising conditions from
the initial trial (JCSG+ screen kit) were optimised in a subsequent narrow screen with variation
in buffer pH and precipitant concentrations.
Crystals were grown using the hanging-drop vapour diffusion method, with 1:1
(vol/vol) ratio of protein to reservoir solution, using well volume of 0.5 mL. Crystals were
cryo-protected by the addition of 10 % glycerol prior to data collection. Each dataset was
collected at 100 K using the Australian Synchrotron macro crystallography MX1 beamline
3BM1. Diffraction images were processed using iMosfilm and Scala from the CCP4 suite.(89)
5% of each dataset was flagged for calculation of RFree(90) with neither a sigma nor a lowresolution cut-off applied to the data.
Structure determination proceeded using the Molecular Replacement method and the
program PHASER (91). 6D8 Fv (PDB ID: 4QYO) was used as an initial model, the peptide
epitope was removed and sequence alignment with the 9H4 Fv sequence was performed. The
aligned sequences were input into CHAINSAW (92) to mutate the 6D8 Fv residues into those
of 9H4 Fv. Long stretches of residues that were not in consensus between the two sequences
were automatically removed from the model. PHASER MR (91, 93) was used to solve the
structure by molecular replacement.
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2.3 Results
Polymorphisms in variable regions of MSP2
Of the panel of mAbs available, four are able to recognise epitopes within the central variable
regions of MSP2. There is one FC27-specific antibody, 8G10, and three 3D7-specific
antibodies, 2F2, 9D11 and 11E1. 11E1 is particularly interesting as it recognises an epitope
within a highly polymorphic region of MSP2. BLAST searches of the MSP2 gene sequence
for both 3D7 and FC27 were performed to gather all known MSP2 sequences in the population.
A total of 420 sequences was found for 3D7-type MSP2 and 203 for FC27-type MSP2. When
aligned and translated to their amino acid sequences, the 13-residue epitopes of each antibody
were analysed individually for mutations, deletions, amino acid frequency, and the frequency
of each mutation among the total sample analysed. Sequence logos were created to visualise
the sequence conservation of each epitope (Figure 4).

Figure 4: Sequence logos of variable-region epitopes 2F2 (3D7-MSP2172-184), 9D11 (3D7MSP2142-154) 11E1 (3D7-MSP2112-124) and 8G10(FC27-MSP277-89). Amino acid frequency
for each position is indicated by the height of their single letter code, overall height represents
mean pairwise identity over all pairs in the column, and colour represents amino acid charge
or hydrophobicity.
The results showed high sequence conservation in both 2F2 and 9D11 epitopes within the 3D7
allelic family. This is unsurprising as these epitopes are within dimorphic regions of MSP2.
The 8G10 epitope also showed moderate sequence conservation across the FC27 allelic family,
with only one frequent mutation of Arg in place of a Ser. The 11E1 epitope had a high degree
of polymorphisms, with some mutations corresponded to fairly drastic changes in amino acid
properties. One of the most common mutations involved a negatively-charged Glu swapping
to a positively-charged Lys. Other mutations corresponded to loss of charge (K216N) and
increased flexibility (E218G). Such extreme changes would be expected to substantially
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change the antigenic surface of the epitope and may be an effective mechanism of immune
evasion.
The overall frequency of each 11E1 mutation was calculated; the top 8 most frequent
sequences are shown in Table 3. Surprisingly, the reference sequence present in our form of
3D7-MSP2 was only seen in 3.3% of the sample, instead, single point mutations corresponding
to Q118E (26.4%) and E121K (25.7%) were the most common in the sampled sequences.
Table 3: 11E1 epitope sequence frequency
Freq.
%
Sequence
NPKGKGEVQEPNQ(ref)
14
3.3
111
26.4 NPKGKGQVQEPNQ
108
25.7 NPKGKGEVQKPNQ
50
11.9 NPKGNGGVQEPNQ
34
8.1 NPKGNGGVQKPNQ
22
5.2 NPKGNGKVQEPNQ
12
2.9 NPKGKGEVQEQNQ
10
2.4 NPKGNGEVQEPNQ

CDNA library sequencing of variable region monoclonal antibodies
In previous work by the Norton lab, scFv and Fv constructs for mAbs recognising conserved
regions of MSP2 (4D11, 9G8, 6C9, 9H4 and 6D8) were designed and made available. mAbs
targeting the variable region have not been sequenced and their corresponding scFv and Fv
antibody fragments constructs are yet to be created. The following work describes the design
and expression of these constructs.
Hybridoma cells for 2F2, 9D11 and 11E1 were acquired from Professor Robin Anders
at La Trobe University. To isolate the antibody DNA required for the design of scFv and Fv
antibody fragments, total RNA was extracted from the hybridomas. mRNA was then isolated
and a cDNA library was synthesised (Figure 5A). The genetic information for the variable
heavy and light chains (VH and VL) was amplified by polymerase chain reaction (PCR) from
the cDNA libraries using degenerate primer sets designed for amplification of mouse variable
domains (94–96). As there are two classes of VL domains, λ and κ, a separate primer set was
used for each. As initial PCR reactions were unsuccessful or had low yields, reaction conditions
for each cDNA library and primer set required individual optimisation (Figure 5B).
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A

B

Figure 5: (A) DNA agarose gel of cDNA library amplified from variable region hybridomas,
(B) DNA agarose gel showing antibody domain PCR amplification products.
Intriguingly, two VL chains were amplified (κ and λ) from the cDNA of all hybridomas.
The ability of a single cell line to express more than one heavy or light chain is not uncommon
and has been observed by others in the literature. (97, 98) The fragments for each chain were
cloned into pET32a for sequencing. Sequencing and subsequent evaluation with the IMGT
reference directory (http://www.imgt.org) revealed that there was a functional VH and VL for
each mAb (Table 4). This involved checking the sequence for unwanted stop codons, and
frame shift errors. The sequences were also matched with known V-gene and J-gene alleles in
the database. The sequences were also The VLL sequences of each mAb were not functional.
For 11E1, both VL sequences were identical, although this was probably because the VLL
primer was able to amplify the VLK sequence. The full VH and VL sequences are shown in
Table 5.
Table 4. Summary of gene products sequenced from mouse hybridoma 2F2, 9D11 and
11E1
Hybridoma
Primer set
V-gene
J-gene
Status
IGHV1-52*01
VH
IGHJ3*01 F
Functional
IGHV1-61*01 F
2F2
VLL
IGLV1*01
IGLJ1*01 Non-functional
VLK
IGKV3-7*01
IGKJ2*01
Functional
IGHV1-53*01
IGHJ2*01
VH
Functional
IGHV1S16*01
IGHJ2*02
9D11
VLL
IGLV1*01
IGLJ1*01 Non-functional
VLK
IGKV8-30*01
IGKJ1*01
Functional
IGHV14-3*02
VH
IGHJ1*01
Functional
IGHV14-4*01
11E1
Functional
VLL
IGKV8-28*01
IGKJ5*01
(same as VLK)
VLK
IGKV8-28*01
IGKJ5*01
Functional
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Table 5: Variable region amino acid VH and VL sequences, Grey and yellow highlights
indicate CDRs
Name
2F2 VH
2F2 VLK
9D11 VH
9D11 VLK
11E1 VH
11E1 VLK

Translated sequence
QVKLEESGAELVKPGASVKLSCKASGYTFTSYWMHWVKQRPGQGLEWIGNIDPSD
SETHYNQKFKDKATLTVDKSSSTAYMQLSSLTSEDSAVYYCARVGLLYYGDYDWF
AYWGQGTLVTVS
DIVLTQTPASLAVSLGQRATISCRASQSVSTSSYSYMHWYQQKPGQPPKLLIKYA
SNLESGVPARFSGSGSTTDFTLNIHPVEEEDTATYYCQHSWEIPYTFGGGTKLEI
K
EVKLQQSGAEVVKPGASVKLSCKASGYTFTDYWIHWVKQGPGQGLEWIGEINPTN
DDTNYNEKFKNRATLTVDESSTTAYLQLSSLTSEDSAVYYCTVRGLIRWVDYWGQ
GTALTVS
DIVLTQSPSSLAVSVGEKVTMSCKSSQSVLYSSNQKNYLAWYQQKPGQSPKVLIY
WASTRESGVPDRFTGSGSGTDFTLTISSVKAEDLAVYYCQQYYTYRTFGGGTKLE
IK
EVKLQQSGAELMRPGTSVKLSCTASGFNIKDDYIHWVKQRPEQGLEWIGRIDPAN
GNTKYVPKFQDRATITADTSSNIAYLQLSSLTSEDTAVYYCARRDGNYGWYFDVW
GAGTTVTVS
DIVMTQTTSSLSVSAGERVTMSCKSSQSLLNSGNQKNYLAWYQQKPGQPPKVLIY
GAFTRESGVPDRFTGSGSGTDFTLTISSVQAEDLAVYYCQNDHSYPLTFGAGTKL
ELK
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Cloning of variable-region Fvs
After acquiring VH and VL chain sequences for each variable-region mAb and validating them
as functional, the process of antibody fragment construction could move forward. First, the VH
sequence was amplified with specific primers and digested with SalI and NsiI restriction
enzymes. The 9H4 Fv vector that would serve as a scaffold for these new antibody fragments
was also digested (Figure 6A). After ligation of the new VH into the vector, the VL was inserted
using NcoI and XhoI restriction enzymes (Figure 6B). The completed constructs were then
sequenced to verify that cloning was successful.

Figure 6: (A) Digestion of 2F2, 9D11 and 11E1 VH inserts with SalI and NsiI in preparation
for cloning into 9H4 Fv vector (B) Digestion of VL inserts with NcoI and XhoI for ligation
into their cognate VH containing vector. – indicates undigested and + indicate digested.

Variable-region Fv expression
The plasmids were transformed into E. coli BL21 (DE3) for expression. Initial test expressions
revealed poor expression for all variable region Fv fragments. Subsequent large-scale
expression revealed similar results (Figure 7), with 11E1 displaying no noticeable expression
whilst 2F2 and 9D11 Fv had some protein in the expected 10-15 kDa range. However, leaky
expression was observed in these constructs as protein was present in the uninduced sample.
The poor expression may be attributed to the use of mammalian sequences that have not been
optimised for recombinant expression.
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Figure 7: Variable region Fv expression. U - uninduced, S - sucrose extract, P - periplasmic
extract
Variable-region scFv expression
Using the Fv fragments above as templates, scFv antibody fragment constructs were
successfully cloned and sequenced for 2F2 and 9D11. However, owing to the poor expression
of Fv fragments due to the lack of codon optimisation, work on these constructs was halted.
Instead, codon-optimised genes for 2F2, 9D11 and 11E1 scFv fragments were purchased. Test
expression of these new constructs yielded some promising results (Figure 8), with three
colonies picked for each construct. Both 2F2 and 9D11 scFv had good expression, with a large
band in the expected 25-30 kDa range by Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Leaky expression was again seen in the uninduced lanes, but the
inclusion of 4% glucose used in larger-scale expression should reduce the undesired
expression. 11E1 scFv showed no expression, with no clear band in the expected range.
Considerably fewer colonies were observed after transformation of the 11E1 construct,
suggesting that this antibody fragment may be in some way toxic to the cells.
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Figure 8: Test expression of variable region scFv antibody fragments; three colonies were
picked for each construct. U - uninduced, I - induced
Larger-scale expression was carried out with the 2F2 and 9D11 scFv constructs. The
periplasmic extracts showed relatively clean samples with good scFv expression (Figure 9A).
Unfortunately, affinity purification with 3D7-MSP2 was unable to separate the scFv,
suggesting that the antibody fragments were unable to bind MSP2. It is possible that the
antibody fragments were misfolded in the periplasm or denatured during the process of
periplasmic extraction. In an effort to recover the scFv, first, a simple redox refolding strategy
was employed. Two redox refolding conditions using reduced and oxidised forms of
glutathione were tested on 2F2, but affinity purification yielded no correctly-folded scFv
(Figure 9B). Dilution refolding of 2F2 scFv using decreasing concentrations of GdnHCl was
also unable to correctly refold the antibody fragment (Figure 9C). Further work will be
required to express functional variable-region antibody fragments.

Figure 9: (A) Affinity purification of 9D11 and 2F2 scFv, (B) redox refolding of 2F2 scFv at
3 mM:0.3 mM and 2 mM:1 mM reduced:oxidised glutathione, (C) Dilution refolding in
GdnHcl. P - periplasmic extract, F - flow-through, E - elution, x10 - ten-fold concentrated
elution
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4D11 Fv/9H4 Fv + MSP2207-224 crystallisation trials
Prior to my candidature, crystallisation trials involving 4D11 scFv and 9H4 scFv in complex
with their shared epitope MSP2207-224 were carried out. Wide screens using three commercially
available screening kits yielded no suitable crystals. Since the flexible linker present in the scFv
antibody fragments may be detrimental to crystal formation, the Fv constructs were evaluated
instead. The Fv forms of both of 4D11 and 9H4 Fv were complexed with MSP2207-224 for initial
wide screening of crystallisation conditions. Although the 4D11 Fv complex did not yield any
promising conditions, encouraging conditions were found for the 9H4 Fv complex.
Crystallisation conditions for the 9H4 Fv complex were further optimised in a narrow screen
and several large needle-like crystals grew within 4 days (Figure 10). X-ray diffraction data
for these crystals were collected at the Australian Synchrotron at 1.3 Å resolution.

Figure 10: Image of thin needle-like 9H4 Fv crystals, and X-ray diffraction pattern of 9H4 Fv
complexed with MSP2207-224
Despite the excellent data, attempts to solve the 9H4 Fv + MSP2207-224 structure were
not fruitful. Molecular replacement was used to solve the phases of the diffraction data using
the structure of 6D8 Fv (PDB ID: 4QYO) mutated to the 9H4 Fv sequence as an initial model.
As the structures of Fv antibody fragments are well characterised and known to not differ
dramatically in fold or orientation, the use of a mutated 6D8 Fv as a model should be sufficient
to solve the 9H4 structure. However, initial attempts to solve a structure were unsuccessful.
Subsequent attempts included; forcing different space groups, probing the data with VH
and VL chains as separate ensembles, changing solvent content and varying the number of
copies to search for. Some combinations of these parameters were able to solve structures,
although their statistics were far from ideal (RFree and Rcryst > 0.5), suggesting that the solved
structures were not correct. Manual inspection of these structures also revealed poor electron
density occupancy and unusual orientation of Fv chains.
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A potential explanation for the inability to solve a 9H4 Fv structure by molecular
replacement may be its low binding affinity to its cognate epitope (Kd = 2.7 µM). The peptide
may have dissociated from 9H4 Fv during the crystallisation process. The lack of bound peptide
may have destabilised the Fv resulting in a change in fold or orientation. To test this, a sample
of the crystals used for data collection was picked and run by LCMS to confirm the presence
of peptide (Figure 11). No peptide was detected in the sample, supporting the hypothesis that
crystallisation had effectively removed the peptide from the complex.

Figure 11: (A) LC trace of 9H4 crystals used in data collection (B) MS spectra of largest
peak corresponding to 9H4 VH. The peptide mass (848 Da) was not observed throughout
the spectra

47

Removal of His-tag from scFv constructs
An alternative strategy for crystallisation of 9H4 and 4D11 with their cognate epitopes involved
using their scFv equivalents. The linker between the heavy and light chain would greatly reduce
the possibility of the chains dissociating from each other, as seen with 9H4 Fv. Previous
attempts to crystallise scFv antibody fragments of 4D11 and 9H4 in a number of buffers and
commercial screens had not yielded any protein crystals. It was thought that the flexible Histag and Myc-tag at the N-terminus of these constructs may have had a detrimental effect on
crystal packing. Two new constructs of 4D11 and 9H4 scFv were therefore generated with
these tags removed. After sequencing of these constructs to confirm that the His-tag had been
removed, large-scale expression was carried out in preparation for crystallisation screens. The
overall yields for the no-tag constructs were similar to the original constructs (Figure 12).

Figure 12. (left) Affinity purification of no-tag analogues of 4D11 and 9H4 scFv, S - sucrose
extract, P - periplasmic extract, FT - flow through, E1/E2 - elutions and (right) image of crystals
of 9H4 no-tag scFv in complex with MSP2207-224.

Both 9H4 and 4D11 no-tag scFv were complexed with 16-residue epitope MSP2207-224
for crystallisation wide screens. Promising hits were found for the 9H4 constructs and taken
further for optimisation in narrow screens. When taken to the synchrotron for data collection
these crystals showed poor diffraction. This may be due to poor lattice formation as decreased
attenuation and exposure to the X-ray source showed that protein was present. Conditions for
this complex will require further optimisation to determine a structure.
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Autoinduction of 9H4 scFv no-tag construct
A bottleneck in progress towards crystallisation of 9H4 antibody fragments was its poor
expression. Multiple large-scale batches were required to obtain suitable yields for screening
of crystallographic conditions. Autoinduction provides a simple approach to protein
expression, requiring minimal involvement after the inoculation of culture. This would save
time from the standard IPTG expression of antibody fragments, which requires change of
media to remove glucose and initiate expression. The 9H4 no-tag scFv construct was used to
compare the autoinduction methods with standard IPTG induction (Figure 13). Although
autoinduction was found to have superior expression even after 1 day of growth, periplasmic
extraction was shown to be considerably more efficient in the IPTG-induced cells. Hence,
overall yields between the two methods were similar. If periplasmic extraction were to be
optimised for autoinduced cells, the yield of not just 9H4 but other antibody fragments may be
improved upon significantly.

Figure 13: Comparison of IPTG expression and autoinduction of 9H4 no-tag scFv. Uuninduced, I - induced,S - sucrose extract, P - periplasmic extract, FT - flow through, E - elution,
x10 – 10-fold concentrated elution

49

2.4 Discussion
The work in this chapter describes considerable efforts to generate scFv and Fv antibody
fragments that target variable regions of MSP2. VH and VL sequences were successfully
amplified and sequenced from cDNA libraries generated from mouse hybridomas cell lines.
These sequences were first used to create Fv fragments, however, the low expression and poor
yields of these constructs led to the purchase of codon-optimised scFv fragments. Although
these constructs showed improved expression, they were unable to bind MSP2, suggesting
misfolding in the periplasm or denaturation during extraction from the cell. Efforts to refold
2F2 scFv using redox conditions and dilution in GdnHCl were unsuccessful. Different methods
of refolding and optimisation of the purification process may be able to remedy this (55, 56,
99). Alternatively, different expression hosts such as Pichia or mammalian cells may also
improve the yield of functional antibody fragments (100, 101). The method of autoinduction,
with some optimisation, showed potential to improve yields of 9H4 no-tag scFv. This approach
could be applied to other antibody fragments, including those in the variable region.
The analysis of variable-region epitopes revealed mutations that correspond to quite
significant changes in amino acid properties. These mutations were prominent in the 11E1
epitope, located within a highly polymorphic region of 3D7-MSP2. Surprisingly, among the
samples examined, the 11E1 sequence present in the reference 3D7-MSP2 variant was
relatively infrequent, with the Q118E and E121K variants being most common. As the 11E1
mAb is able to recognise MSP2 on the surface of the parasite, it possible that antibodies
targeting the 11E1 epitope may contribute to a protective response. Indeed, the selective
pressure of protective antibodies targeting the 11E1 epitope may explain its high degree of
diversity. There is strong evidence in literature suggesting that these polymorphisms are
employed by pathogens as a mechanism of immune evasion (11, 43, 102). Determining key
residues for 11E1 binding and the effect polymorphisms have on recognition may assist in the
design of malaria vaccines able to protect against all variants of MSP2.
The second aspect of this chapter involves antibody fragments targeting the conserved
C-terminal region of MSP2. Conserved epitopes in antigens are often desirable as vaccine
targets as immune response towards them can elicit broad protection, bypassing the problems
associated with polymorphic regions. Despite sharing an overlapping epitope, 4D11 mAb is
able to recognise native MSP2 on the parasite, whereas 9H4 cannot. Understanding the
structural determinants of this difference may provide insight into the conformation of native
parasite MSP2. Numerous crystallisation screens were conducted, including hundreds of
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crystallisation conditions, in efforts to obtain a structure of 4D11 and 9H4 in complex with
their cognate epitope. Furthermore, a range of antibody fragments and their analogues was
tested, the latest of which, a scFv without the flexible N-terminal purification tag, showed some
promising hits and warrants optimisation in narrow screens. An alternative strategy to obtain
crystallographic data for these complexes may entail the use of Fab fragments that are known
to crystallise well. However, the cost and time associated with their production are not as
favourable as for their smaller scFv and Fv counterparts. In the case of 4D11, the work here
ultimately culminated in a crystal structure of 4D11 Fv in complex with its minimal binding
epitope MSP2215-222, as described in Chapter 4 of this thesis.

2.5 Conclusions
Six constructs corresponding to antibody fragments targeting variable-region epitopes were
cloned and expressed. Although these constructs were unable to bind to MSP2, further
optimisation of refolding or purification methods may restore functional binding. The analysis
of polymorphisms in the variable region of MSP2 offers an alternative path to elicit a broadly
protective immune response. Additionally, acquiring crystal structures of key MSP2 epitopes
bound to their cognate antibodies is a major focus of this thesis. The work in this chapter has
contributed to the progression of this project towards more efficient MSP2-based vaccine
candidates.
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Chapter 3
Structural basis of epitope masking and
strain specificity of a conserved epitope in
an intrinsically disordered malaria vaccine
candidate
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3.1 Chapter introduction
The previous Chapter described the production of variable region antibody fragments and our
efforts to acquire structural information on the binding of 4D11 and 9H4 to their cognate
conserved C-terminal epitope.
The work described here focuses on the conserved N-terminal region of MSP2, which
is recognised by the mouse mAb, 6D8. The N-terminal region is well characterised and known
to adopt an α-helical conformation when interacting with lipid. It is likely that this
conformation is present in its native form on the merozoite surface. 6D8 is unable to recognise
parasite by IFA and western blot, suggesting that the epitope is inaccessible or masked in the
native antigen. Here, we determine the minimal binding epitope of 6D8 by SPR by using a
series of peptides covering MSP211-23. A high-resolution crystal structure was obtained with
6D8 Fv in complex with the 9-residue peptide (NAYNMSIRR). This structure revealed why
the 6D8-bound conformation was incompatible with the lipid-bound α-helical structure. Also
investigated in this chapter, is the strain-specific difference in binding of 6D8 to 3D7 and FC27
MSP2. FC27-MSP2 binds to 6D8 IgG with 5-fold higher affinity than 3D7-MSP2 even though
the epitope is fully conserved. Two peptides were synthesised, extending the 6D8 epitope by
five residues into the variable region of MSP2. These peptides were able to replicate the
difference in binding of the full-length protein and were crystallised in complex with 6D8 Fv.
Although these structures were unable to resolve the difference in binding affinity, NMR
spectroscopy revealed subtle transient interactions between the variable region residues and
6D8.
A portion of the work in this chapter was carried out prior to my candidature, including
the determination of the minimal binding epitope of 6D8. Furthermore, contributions involving
NMR and SPR were performed by my colleagues Drs. Chris MacRaild and Rodrigo Morales.
However, all crystal structures were solved and further analyses were completed by me within
the PhD timeframe. This work provides a proof-of-principle that crystallographic data of antiMSP2 antibody fragments, in complex with their cognate epitopes, can be acquired and that
they can offer important insights into the basis of epitope recognition and masking on the
parasite surface. Moreover, the experience obtained working with 6D8 greatly assisted in the
work described in later chapters of this thesis. As the results of this Chapter have been
published in Scientific Reports, they are presented in the format of a published article in the
immediate section below.
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Chapter 4
Structure and characterisation of a key
epitope in the conserved C-terminal domain
of the malaria vaccine candidate MSP2
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4.1 Chapter introduction
In the previous Chapter, the structural determinants of 6D8 binding to an epitope in the
conserved N-terminal region of MSP2 are determined. A high-resolution crystal structure of
6D8 Fv in complex with its minimal binding epitope showed that the antibody-bound
conformation was incompatible with its lipid-bound counterpart, which is known to adopt an
α-helical conformation. When bound to 6D8, the α-helix of the epitope was disrupted at Ser19
owing to interactions of Arg21 and Arg22 with the 6D8 paratope, revealing why 6D8 mAb is
unable to recognise native MSP2 on the merozoite surface. Strain-specific binding of 6D8 was
also investigated with crystallographic data and NMR. These results showed that residues in
the variable region beyond the fully conserved epitope could form transient interactions with
6D8 and modulate binding affinity.
In this Chapter, the crystallographic methods established with 6D8 are applied to
epitopes in the conserved C-terminal region of MSP2, specifically the epitope recognised by
4D11 mAb. In contrast to 6D8 mAb, 4D11 mAb is able to recognise parasite MSP2, suggesting
that its epitope is accessible to the host immune system. A crystal structure was solved with
4D11 Fv in complex with its cognate 8-residue epitope (NKENCGAA). The bound peptide
was found to form a homodimer, during the process of crystallisation, mediated by a disulphide
bond between the free cysteines in the monomers. Although this dimer is not present in native
MSP2, MD simulations and SPR competition binding assays showed that the bound
conformation of the dimer is consistent with the native disulphide-bonded sequence. These
results support the relevance of the crystal structure to native MSP2 on the parasite surface.
This structure underpinned further work on the design and evaluation of MSP2-based peptide
vaccine candidates, as described in the subsequent chapter. As the results of this Chapter have
been published in Journal of Molecular Biology, they are presented in the format of a published
article in the immediate section below.
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Figure S1. SPR sensograms of competition binding assay using alanine scan peptides and 4D11
IgG (a) 4D11 IgG calibration curve (b) Wild type 3D7-MSP2207-222 (c) K216A (d) E217A (e)
N218A (f) G220A. These results are summarised in Figure 1c and Table 1 in the main text.
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Figure S2. ITC titrations of 3D7-MSP2207-222 into (a) 4D11 IgG and (b) 4D11 Fv. Solid red lines
are lines of best fit with corresponding Kd values shown.
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Figure S3. [1H, 15N]-HSQC spectrum of 15N-labelled 3D7-MSP2207-224 in the absence (red) and
presence (blue) of 4D11 scFv.
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Figure S4. Size-exclusion chromatography of 4D11 Fv complexed with 3D7-MSP2215-222 using
a Superdex 75 10/300 column (GE healthcare) at 0.5 mL/min shows that the sample is
predominantly monomeric.
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Figure S5. SPR sensograms of competition binding assay using monomeric and dimeric
peptides MSP2215-222 8-residue peptides with both 4D11 IgG and 9G8 IgG (a) 4D11 IgG
calibration curve (b) 4D11 IgG + monomeric MSP2215-222 (c) 4D11 IgG + dimeric MSP2215-222 (d)
9G8 IgG calibration curve (e) 9G8 IgG + monomeric MSP2215-222 (f) 9G8 IgG + dimeric MSP2215222. These results are summarised in Figure 4 in the main text.
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Figure S6. RMSD of each epitope after alignment of 4D11 Fv over 100 ns with respect to
equilibrated MD simulation starting conformation. All residues of 4D11 Fv were aligned
before calculation of each epitope RMSD. Neither the conformation nor the position of the
bound epitope change significantly throughout the simulation. The binding region
(NKENCGAA) of the 16-residue modelled epitope has an identical RMSD to the 8-residue
peptide throughout the simulation suggesting that the flexible N-terminal extensions are
responsible for the higher RMSD observed from the full 16-residue peptide.
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(a)

(b)

(c)

Figure S7. (a) HPLC purification of crude synthetic 3D7-MSP2207-222 peptide, (b) LC of collected
fraction and (c) mass-spectroscopy profile of purified peptide
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(a)

(b)

(c)

Figure S8. (a) HPLC purification of crude synthetic monomeric 3D7-MSP2215-222, (b) LC of
collected fraction and (c) mass-spectroscopy profile of purified peptide
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(a)

(b)

(c)

Figure S9. (a) HPLC purification of crude synthetic dimeric 3D7-MSP2215-222 peptide,
(b) LC of collected fraction and (c) mass-spectroscopy profile of purified peptide
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(b)

(a)

Figure S10. 2Fo–Fc electron density map of MSP2215-222 shown at 1.0 σ contour level of the (a)
dimer and (b) monomer.
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Chapter 5
Guiding the immune response of MSP2,
and intrinsically disordered vaccine
candidate
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5.1 Chapter introduction
In the previous Chapter, a high-resolution crystal structure of 4D11 Fv in complex with its
cognate minimal binding epitope (NKENCGAA) was solved. 4D11 mAb recognises an epitope
in the highly conserved C-terminal region of MSP2 that is accessible on native MSP2 by IFA
and western blot, and hence presents a promising target for immune protection. The crystal
structure revealed that the peptide epitope adopted a β-bend ribbon conformation when bound
to 4D11. Key interactions between the epitope and the 4D11 paratope in the structure agreed
with alanine scan data, which showed that residues Lys216, Glu217, Asn218 and Gly220 were
essential for binding. The bound peptide was found to form an asymmetrical homo-dimer in
the process of crystallisation via formation of a disulphide bond between the free cysteines in
the sequence. MD simulations and SPR competition binding assays were utilised to show that
this dimeric conformation was relevant to the native wild-type disulphide-bonded epitope.
In this Chapter, the structure-based vaccine design approach is applied to MSP2 to
develop peptide immunogens capable of eliciting protective antibodies with broad strain
specificity. The 4D11-bound dimeric peptide was used as a template for the design of a series
of conformationally-constrained peptides to be conjugated to carrier protein KLH for
immunisation in mice. The dimer peptides were stabilised by linking the N- and C- termini of
each peptide to form linear or backbone-cyclised analogues. MD simulations, SPR, and direct
ELISA were used to inform the design of these peptides and prioritise those that would be
moved forward to animal immunisations. Additionally, key residues for binding of 9H4 were
determined by alanine scanning. The 9H4 mAb binds to an epitope in close proximity to the
4D11 epitope, but is unable to recognise parasite MSP2. In an effort to bias the antibody
response towards 4D11-like antibodies and away from 9H4-like antibodies, two peptides were
designed. The first was a 17-residue peptide with the wild-type sequence (A1), the second was
identical, but with a single point mutation (K209A) that removed a key residue for 9H4 binding.
Antibody responses for each peptide group were analysed by ELISA and a peptide array was
used to determine specificities.
This Chapter is presented in the form of a manuscript in preparation. Some
experimental aspects are incomplete and require further work, specifically, merozoite ELISAs
that are currently being undertaken by collaborators. However, the results presented are largely
complete and should be ready for publication soon after thesis submission.
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Abstract
Vaccine trials involving the intrinsically disordered vaccine candidate, merozoite surface
protein 2, have shown that the antigen is in part responsible for a reduction in parasite density.
However, this reduction was strain-specific, suggesting that polymorphic regions of MSP2 are
immuno-dominant. These polymorphisms are localised in a central variable region that is
flanked by highly conserved N- and C-terminal regions. One strategy to bypass the hurdle of
strain-specificity is to bias the immune response towards conserved regions. Two mouse
monoclonal antibodies, 4D11 and 9H4, recognise the conserved C-terminal region of MSP2.
Although both epitopes overlap, they each show different antigenic properties, with 4D11 able
to recognise parasite MSP2 whilst 9H4 cannot, suggesting that the 4D11 epitope is accessible
on the parasite surface. In this work, the emerging field of structure-based vaccine design is
applied to MSP2 using a crystal structure of 4D11 Fv in complex with its cognate minimal
binding epitope. Molecular dynamics simulations and surface plasmon resonance have
informed the design a series of constrained peptides based on the 4D11-bound epitope
structure. These peptides were conjugated to keyhole limpet hemocyanin and immunised in
mice. High to moderate peptide-specific antibody titres were generated in all groups. The
specificities of antibody responses revealed that single point mutations can focus vaccine
responses towards more favourable epitopes. This rational approach to vaccine design may be
useful not only to MSP2-based malaria vaccines, but also other intrinsically disordered
antigens.
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Introduction
The global health burden of malaria is still significant today, with over 200 million cases and
430,000 deaths per year (1). Despite the recent regulatory approval of the pre-erythrocytic
RTS,S/A01 vaccine, the modest efficacy in young infants in Phase III trials calls for further
research towards more effective and robust malaria vaccines (13). An ideal malaria vaccine
will probably need to be multi-valent, targeting multiple stages of the Plasmodium life cycle.
Inhibition of pre-erythrocytic stages would minimise or prevent symptomatic infection whilst
vaccines targeting the blood-stage would combat breakthrough infection. This work focuses on
a merozoite surface protein 2 (MSP2), a blood-stage antigen found in abundance on the parasite
surface. All MSP2 proteins can be characterised into two allelic families, 3D7 and FC27, that
are defined by a central variable region. Flanking this polymorphic region are highly conserved
N-terminal and C-terminal regions.
Phase I-IIb immunisation trials in Papua New Guinean children with the Combination
B vaccine, of which 3D7-MSP2 was a component, showed a 62% reduction in parasite
densities (22, 30). However, this was skewed towards parasites expressing 3D7-MSP2. This
suggested that, although immunisation with MSP2 is efficacious, the response is highly
strain-specific. Subsequently, a vaccine containing both allelic forms of MSP2 was tested in
Phase I trials and was able to induce antibodies that could inhibit parasite growth and invasion
(26). Recent efforts to address the problem of strain-specificity involve production of MSP2
chimaeras composed of the central variable region of both 3D7 and FC27 and the conserved
N- and C-terminal regions (81). Animal immunisations with these constructs yielded a robust
immune response towards both MSP2 alleles.
An alternative method to circumvent the problem of strain-specificity is targeting
epitopes in the conserved regions an antigen. The C-terminal conserved region of MSP2 is
recognised by five mouse monoclonal antibodies (mAb), 4D11, 9G8, 9H4, 6C9 and 1F7, which
bind to overlapping epitopes (44). Despite the close proximity of binding sites, these antibodies
have different antigenic properties. 4D11 and 9G8 mAbs show strong recognition of parasite
MSP2 by western blot and immunofluorescence assay (IFA), whilst 9H4, 6C9 and 1F7 mAbs
are unable to bind parasites, suggesting that these epitopes are less accessible in native MSP2
on parasite surface. Guiding affinity maturation towards antibodies able to recognise native
MSP2 may yield a more efficient immune response.
Peptide vaccines may be a useful tool in guiding the immune response towards these
key epitopes (60). They offer a cleaner antigen preparation with minimal allergic and
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autoimmune response owing to their synthetic origin, whilst avoiding redundant or detrimental
epitopes not associated with protection. Moreover, with the ability to include multiple epitopes
in the vaccine formulation, different life stages of the parasite can be targeted for improved
efficacy (103). The disordered nature of MSP2 also lends itself to a peptide vaccine owing to
a lack of discontinuous or conformational epitopes in the antigen (44). Although this is
advantageous, with an increased flexibility, a large variety of conformations can be sampled
by recombinant MSP2 in solution, not all of which will guide affinity maturation of antibodies
able to recognise parasite MSP2 efficiently. Structural vaccinology, an emerging field in
rational vaccine design, involves the use of antigen structure to inform the design of better
vaccine candidates. This approach has shown promise in a variety of disease conditions,
including meningococcus B (66), respiratory syncytial virus (67, 68), Group B Streptococcus,
(69) and HIV (70–72), although the applications to disordered protein antigens and peptide
vaccines remain largely unexplored.
Recently, the crystal structure of a key epitope in the C-terminal region of MSP2, bound
to the 4D11 variable fragment (Fv) was solved at 2.2 Å resolution (104). The structure revealed
that the bound epitope adopts a β-bend ribbon conformation that was stabilised by two
intramolecular hydrogen bonds. The peptide crystallised as a homo-dimer via the free cysteine
in the peptide sequence, with both peptides able to bind their separate 4D11 Fv antibody
fragment. In this work, we use the dimeric 4D11-bound epitope structure as a template for the
rational design of a better MSP2-based vaccine.

Results
Alanine scan of 9H4 and 4D11 epitope
In our previous work, the minimal binding epitope and key residues involved in 4D11
recognition was confined to the 8-residue peptide 3D7-MSP2215-222 with Lys216, Glu217 and
Asn218 crucial for binding (44, 104). To understand the epitope of 9H4 and compare it with
4D11, the same alanine scan peptides were used to probe 9H4 IgG binding (Figure 1A and
1B). Affinities for and 9H4 IgGs were measured by surface plasmon resonance (SPR), using a
competition binding assay described previously (104). Mutation of Lys209, Thr212 or Asp213
to Ala resulted in a significant loss of 9H4 binding, suggesting that they are crucial for 9H4
recognition (Table 1). Intriguingly, mutations to residues Gly214-Glu217 resulted in a 10-fold
increase in binding to 9H4 relative to the wild-type sequence. Attempts to crystallise 9H4 and
6C9 Fv with their cognate epitopes and the tighter binding mutants were unsuccessful, so the
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structural determinants of this binding interaction are still unknown. The epitopes of 6C9 and
9H4 were located closer to the N-terminus of the peptide and no residues involved in binding
were shared with the 4D11 epitope (Figure 1C and 1D).

Figure 1: SPR competition assay using alanine scan 16-residue peptides of 3D7-MSP2207–222
with (A) 9H4 and (B) 4D11 IgG. Schematic representation of disulphide bonded epitope
sequence for both (C) 9H4 and (D) 4D11 IgG indicating the location of key residues. Black
indicates alanine mutants with no effect on binding, the green shows the wild-type binding of
3D7-MSP2207–222, red indicate the alanine mutations that decreased the binding and blue
indicate mutations that increased binding.

Table 1. Alanine scan of 13 residue epitope MSP2207-222 to determine key residues for binding
of 9H4 and 4D11 IgG
Kd against 9H4 Kd against 4D11
Peptide
16-mer sequence
IgG (µM)
IgG (µM)
SQKECTDGNKENCGAA
1.5
0.9
3D7-MSP2207-222 (WT)
AQKECTDGNKENCGAA 2.9
0.5
S207A
SAKECTDGNKENCGAA 2.9
0.4
Q208A
SQAECTDGNKENCGAA 7.3
0.3
K209A
SQKACTDGNKENCGAA 1.4
0.5
E210A
SQKECADGNKENCGAA 4.8
0.5
T212A
SQKECTAGNKENCGAA 0.6
0.5
D213A
SQKECTDANKENCGAA 0.07
0.4
G214A
SQKECTDGAKENCGAA 0.1
0.5
N215A
111
SQKECTDGNAENCGAA 0.09
21.0
K216A
SQKECTDGNKANCGAA
0.09
219.4
E217A
SQKECTDGNKEACGAA 2.7
6.0
N218A

Table 1. Alanine scan of 16-residue epitope MSP2207-222 to determine key residues for
binding of 9H4 and 4D11 IgG
Kd against 9H4 Kd against 4D11
Peptide
Sequence
IgG (µM)
IgG (µM)
0.9
3D7-MSP2207-222 (WT) SQKECTDGNKENCGAA 1.5
AQKECTDGNKENCGAA 2.9
0.5
S207A
SAKECTDGNKENCGAA
2.9
0.4
Q208A
SQAECTDGNKENCGAA 7.3
0.3
K209A
SQKACTDGNKENCGAA 1.4
0.5
E210A
SQKECADGNKENCGAA 4.8
0.5
T212A
SQKECTAGNKENCGAA 0.6
0.5
D213A
SQKECTDANKENCGAA 0.07
0.4
G214A
SQKECTDGAKENCGAA 0.1
0.5
N215A
SQKECTDGNAENCGAA
0.09
21.0
K216A
SQKECTDGNKANCGAA 0.09
219.4
E217A
SQKECTDGNKEACGAA 2.7
6.0
N218A
SQKECTDGNKENCAAA
2.9
42.2
G220A
Design of peptides for immunisation
Two peptides were designed following results from the alanine scan, a 16-residue peptide with
the wild-type sequence MSP2207-222 (A1) and an identical peptide with the single point mutation
(K209A) (Figure 2). These peptides were designed to determine if removal of residues key to
6C9/9H4 binding would skew the immune response away from the less accessible 6C9/9H4
epitope and towards 4D11-like antibodies. For immunisations, the commonly-used carrier
protein, KLH was chosen. As conjugation to KLH required a free thiol, a cysteine residue was
included in all of the peptides.

Figure 2: Schematic representation of dimeric 4D11 epitope peptides dimer (D1), linear (L1),
backbone cyclised (C1), wildtype sequence 17-residue peptide (A1) and its single point
mutant K209A, which has had the key residue Lys209 that is important for 9H4 binding
removed.
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Another series of peptides was designed using the homo-dimeric, 4D11-bound structure
as a template. The symmetry and close proximity of the N- and C-termini (5.0 Å) of peptides
in the disulphide-mediated dimer (Figure 3) allowed for linkage at one or both termini, making
linear (L1-3) or cyclic peptides (C1-3), respectively. Glycine was chosen as a linker owing to
its structural flexibility and easy integration by peptide synthesis. It was possible that the
additional constraints introduced to the peptides could obstruct the epitope conformation or
impede synthesis. Hence, molecular dynamics (MD) simulations were employed to further
inform peptide epitope design and to determine the ideal linker lengths in the linear and cyclic
peptides.

Figure 3: Crystal structure of 4D11-bound homodimer peptide shows close proximity between
N- and C-termini of peptides, green dashed lines indicate distance between the peptide
termini.
With linker lengths ranging from 1-3 Gly residues, all linear and cyclic peptides proved
to be stable during a 100 ns MD simulation (Supplementary Figure S1). Each peptide had
two repeats of the 4D11 epitope, hence, both epitopes were aligned, individually, with the
4D11-bound peptide from the crystal structure. RMSD values were calculated using the
backbone atoms of residues involved in 4D11 binding (MSP215-19). As expected, owing to the
additional constraints, the cyclic peptides were more stable, with less variation and flexibility
than the linear peptides. In most cases, the conformation of both epitopes in the peptide were
within 2.5 Å RMSD of the bound conformation. However, there were instances of one side of
the peptide straying from the bound conformation more than the other. This was most
pronounced in C3, with one face of the peptide having an RMSD of 2 Å and the other face an
RMSD of 3 Å.
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Following MD simulations, each peptide was synthesised by standard Fmoc synthesis.
Orthogonal protection of cysteines was used to ensure that the desired disulphide bond was
formed, leaving the C-terminal cysteine for KLH conjugation. This complicated the synthesis
of backbone-cyclised peptides as cysteine de-protection conditions also cleaved the peptide
from the resin. Consequently, disulphide bond formation and cyclisation coupling were
performed in solution, increasing the time and difficulty of synthesis. To determine if the
additions incorporated into the dimer sequence hindered binding to 4D11, SPR was used to
measure their binding affinity to 4D11 IgG (Table 2). All peptides were able to bind 4D11,
with the tightest binding peptides, A1 and K209A having a Kd of 0.2 µM and the weakest, D1,
2.38 µM. All linear and cyclic peptides showed tight binding to 4D11, and in both cases the
shorter linker length of a single Gly residue had the strongest binding. Moving forward, L1 and
C1 were chosen for conjugation to KLH and immunisations along with D1, A1 and K209A.
Table 2. Binding affinities of peptides for KLH conjugation were determined by a SPR
competition binding assay. Cysteines required for conjugation to maleimide-activated KLH
are indicated in yellow, additional linker residues and mutations are shown in red.
Name
8mer
D1
L1
L2
L3
C1
C2
C3
A1
K209A

Sequence
NKENCGAA
NKENCGAA
NKENCGAAC
NKENCGAAGNKENCGAAC
NKENCGAAGGNKENCGAAC
NKENCGAAGGGNKENCGAAC
c[NKENCGAAGNKENCGAAC]
c[NKENCGAAGGNKENCGAACG]
c[NKENCGAAGGGNKENCGAAGCG]
SQKECTDGNKENCGAAC
SQAECTDGNKENCGAAC
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Kd against 4D11
IgG (uM)
0.24
2.38
0.47
0.67
0.58
0.44
0.68
1.04
0.20
0.20

Epitopes in the peptide-KLH conjugates were able to bind to 4D11 and 9H4 IgG
ELISA was used to assess if 4D11 and 9H4 IgG could still recognise the KLH-conjugated
peptide (Figure 4A). Each peptide-KLH conjugate was coated on the plate and probed with
serial dilutions of 4D11 or 9H4 IgG. All peptide conjugates were able to bind 4D11, with
C1-KLH and full-length 3D7+FC27 MSP2 the tightest binders, followed by L1-KLH and
D1-KLH. The A1-KLH and K209A-KLH conjugates had weaker binding when compared to
other peptide conjugates. This is probably due to the bivalent nature of the dimeric peptides,
which presents two faces for 4D11 recognition. The close proximity of the C-terminal cysteine
conjugation to the 4D11 epitope may also hinder binding. The K209A-KLH conjugate was
unable to bind 9H4 IgG, confirming that the mutation of key residue Lys209 to Ala had
successfully inhibited the 9H4 recognition (Figure 4B).

Figure 4: (A) Direct ELISA indicates that all peptide-KLH conjugates are recognised by 4D11 IgG,
(B) K209A-KLH is unable to bind to 9H4, indicating that the 9H4 epitope had been removed
successfully.
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Peptide-KLH conjugates were able to induce epitope-specific immune response
Specific anti-peptide titres were determined by coating ELISA plates with their corresponding
peptide-bovine serum albumin (BSA) conjugates. High antibody titres were seen for peptides
L1-KLH, C1-KLH and the full-length MSP2 mixture (endpoint titre > 3.5 x 106) (Figure 5).
A1-KLH had moderate antibody titre (endpoint titre > 1.5 x 106) followed by D1-KLH and
K209A-KLH, with an endpoint titre of > 7 x 105. To confirm that the maleimide linker present
in each conjugate was not eliciting a response, a non-related peptide was conjugated to BSA
and coated on the plate. None of the pooled sera showed any response to this conjugate at 1000fold dilution (Supplementary Figure 2). These results indicate that immunisation with
peptide-conjugates can induce a peptide-specific response.

Figure 5: Mouse sera, taken two weeks after final immunisation with antigen, contain
antibodies that recognise their corresponding peptide-BSA conjugate or in the case of the
MSP2 mix, recombinant 3D7 and FC27 MSP2 coated on the ELISA plate. Each point is the
mean of two replicate wells for an individual mouse. Lines indicates group median. Endpoint
titres were calculated using a cut-off value three standard deviations greater than OD405 for
naïve mouse serum (~0.015).
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Peptide-KLH conjugates directed the immune response towards the 4D11 epitope
To further characterise the response against these dimeric peptides, specificity was determined
by indirect ELISA. Individual mouse sera from each group was probed using a biotinylated
peptide array corresponding to nine peptides spanning the epitope recognised by 4D11 and 9H4
mAbs (peptides A-I) (Table 3). Peptides C and D contained the 9H4 epitope whilst peptides E
to G encompass the 4D11 epitope. The 3D7 + FC27 MSP2 mixture elicited a response towards
peptides C-F, encompassing both 9H4 and 4D11 epitopes (Figure 6). However, the response
against MSP2 was largely dominated by a single mouse in the group. In contrast, responses
against each of the dimeric peptide-KLH conjugates (D1, C1, and L1) were more consistent
throughout the sample size and were to the 4D11 epitope. Only one instance of cross reactivity
was observed, with one mouse in the L1 cohort generating antibodies that recognised peptide
D. The lack of binding to the adjacent peptide C suggests that these antibodies are recognising
residues closer to the C-terminal, probably the GNKENC residues that are present in the
immunising peptide.

K209A mutation caused bias in immune response against 4D11 epitope
The removal of the key residue Lys209 in K209A peptide resulted in a drastic change in
antibody specificity when compared to the wild-type A1 peptide. The A1 peptide generated
antibodies primarily against peptides C and D, the 9H4 epitope, suggesting that the epitope is
immunodominant over the 4D11 epitope. The single mutation in the K209A peptide
successfully removed the 9H4 epitope and shifted antibody recognition towards the 4D11
epitope represented by peptides E and F.

Table 3. Peptide array used to probe antibody specificities, peptides
C-D encompass the 9H4 epitope (red) and peptides E-G contain the
4D 11 epitope (green).
Peptide name
Sequence
HPQNTSDSQKECT
A
QNTSDSQKECTDG
B
SDSQKESTDGNKE
C
SQKECTDGNKENC
D
ECTDGNKENCGAA
E
TDGNKENCGAATS
F
NKENCGAATSLLN
G
ENCGAATSLLNNS
H
CGAATSLLNNSSN
I
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Figure 6: Antibody specificities of individual mice from each group was determined by peptide
array (peptides A-I)
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Discussion
Despite the many decades of research, an effective vaccine for some pathogens, such as
malaria, remains elusive. The reverse vaccinology approach has brought about a new
generation of vaccine candidates (105, 106). Advances in multi-strain genome sequencing have
enabled not only the identification of novel surface antigens, but also the ability to discern
polymorphic and conserved regions. However, vaccines designed on protein sequence alone
are not adequate to induce antibodies that can recognise native antigen. The direct evolution of
the reverse vaccinology approach, structural vaccinology, may be the next step in rational
vaccine design. Similar to structure-based drug design (107, 108), although largely unexplored,
the structural vaccinology strategy employs structural data from X-ray crystallography, NMR
spectroscopy and cryo-EM to inform the rational design of novel vaccine antigens.
Early applications of the approach involved grafting of key epitopes or electrostatic
surfaces onto proteins (66) and scaffolds (71, 109). Crystal structures have also been used to
assist in the design of stabilised analogues of otherwise unstable antigens (68). Significant
effort is often required to mimic the conformational epitopes in these structured antigens. In
contrast, the intrinsically disordered nature of MSP2 presents a unique challenge that may
benefit from the structure-based strategy. Although conformational disorder has commonly
been suggested to impede the affinity maturation of specific and high-affinity antibody
responses, in-depth analysis and comparison of ordered and disordered epitope-antibody
interactions have shown otherwise (41). Indeed, antibody affinity was found to be only weakly
dependent on disorder, with similar antibody binding affinity seen in both disordered epitopes
and their structured counterparts. Furthermore, disordered epitopes were found to be shorter in
length than ordered epitopes, making more efficient interactions with the antibody paratope.
This challenges the long-held belief that the entropic costs associated with the transition from
disorder to order, are detrimental to antibody binding, and reinforces the notion that disordered
antigens are bona fide targets of antibody recognition.
An important consideration when constraining disordered epitopes into their antibodybound or native conformations is the effects on antibody maturation. Introducing rigidity in
epitopes may be favourable to reduce the entropic costs of binding, but it may also lead to
activation of fewer germline antibodies. There are examples in literature of multiple
neutralising antibodies recognising the same disordered epitope in noticeably different
conformations (110–112). Presumably, the flexibility of these epitopes allows for affinity
maturation down multiple paths. In this study, although 4D11-like antibodies may be desirable,
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confining the immune response to a narrow repertoire of B-cell precursors may be less efficient
and some antigen flexibility may be required to elicit a robust immune response.
The utilisation of peptides in structure-based vaccine design is surprisingly unexplored,
perhaps due to their inability to present conformational epitopes. However, this is not an
obstacle for disordered antigens, such as MSP2, with epitopes that are invariably linear and
amenable to peptide-based strategies. The high customisability of peptides, coupled with
detailed structural analyses of epitope-antibody interactions, means that peptides can be
constrained into their antibody-bound conformation without introducing potentially distracting
epitopes. The well-established field of peptide synthesis offers a variety of strategies for
introduction of constraints and stabilisation of secondary structure(62, 113–115). Here we use
the crystal structure of 4D11 Fv in complex with its minimal binding epitope to inform the
design of a series of peptide epitope vaccines. The homo-dimeric peptide present in this
structure led to the design and synthesis of a series of dimeric peptides constrained as linear or
backbone cyclised analogues. These peptides were all capable of inducing a peptide-specific
response specific to the 4D11 epitope.
The stark change in antibody specificities induced by the mutant peptide K209A when
compared to the wildtype sequence peptide A1, presents a simple strategy to bias the immune
response to favourable epitopes. Recently, chimeric MSP2 antigens that include variable and
conserved regions of 3D7 and FC27 alleles were able to induce a broad immune response to
both strains in mice (81). Mutations such as K209A can be implemented into recombinant
analogues of MSP2 such as these chimeras and may enhance antibody production to the more
accessible 4D11 epitope.
These results provide a promising platform for further work on MSP2-based peptide
vaccine candidates. Despite the wide use of the growth inhibition assay in evaluation of antimerozoite antibodies, there is a poor correlation with protective immunity (26, 31). To further
characterise the immune response to these peptide vaccines, more reliable functional correlates
of protection such as antibody-mediated complement-dependant inhibition (33), antibodydependent cellular inhibition (31), and opsonic phagocytosis (116) assays will be required.
Collectively, these results suggest that, with structural knowledge of antibody-bound epitopes,
structural vaccinology can be applied to customisable peptide vaccines to induce a highly
specific antibody response.
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Materials and methods
SPR
Affinities for peptide epitopes and dimer peptides to 4D11 and 9H4 IgG were measured by
SPR (Biacore T200, GEHealthcare) by a competition assay method developed previously
(104). Briefly, 3D7-MSP2 was immobilised on a CM5 chip and a standard curve was
established by flowing eight twofold dilutions of 4D11/9H4 IgG from 100 nM stock. To
determine binding, eight three-fold dilutions of peptide, from 10 µM stock were added with 50
nM 4D11/9H4 IgG to compete with the immobilised antigen.

MD simulations
MD simulation was used to assist in the design of dimer peptides before synthesis. To evaluate
if the strain introduced via disulphide bonds and backbone cyclisation would preclude the
peptide from adopting a conformation capable of binding 4D11, each peptide was constructed
in Maestro (Schrödinger 2016-4) using the 4D11 Fv bound homo-dimeric peptide in the crystal
structure (PDB ID: 5TBD) as a template. Each model was checked for favourable rotamers and
dihedral angles. The simulations and analysis of each peptide were performed with GROMACS
version 5.1.2 software and GROMOS 54A7 forcefield (117, 118). The complex was placed in
a cubic box with a minimal distance between protein and the wall of the unit cell set to 10 Å
and was solvated using the TIP3P water model. The solvated system was minimised 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/mol/nm2) in
an NVT ensemble. The V-rescale-modified Berendsen thermostat with a time coupling
constant of 0.1 ps was then used for temperature regulation (119). This simulation was then
repeated with no restraints. Finally, the system was equilibrated at 300 K for 100 ps in an NPT
ensemble. The Parrinello– Rahman barostat with a pressure coupling constant of 2 ps was used
to control the system pressure (120). The LINCS algorithm was used to constrain covalent
bonds, allowing a simulation time step of 2 fs (117). A non-bonded interaction cutoff of 9 Å
was used. Long- range electrostatics were calculated with the particle mesh Ewald method
(121).The production simulations were performed in an NPT ensemble at 300 K and 1 bar for
100 ns. Post-processing of the MD simulations was performed using the GROMACS utility
rmsdist.
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Peptide synthesis
All peptides were synthesised in-house by standard 9-fluorenylmethoxycarbonyl (Fmoc) solidphase chemistry using an automated peptide synthesiser 3 (PS3, Pti Instruments). All linear
peptides (L1-L3, A1, K209A and Alanine scan peptides) were assembled by coupling 0.3 mmol
(3 equiv.) of FMOC-protected amino acids to 0.1 mmol rink 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)-1,1,3,3-tetramethyluronium hexafluorophosphate
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 dimethylformamide (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. Orthogonal protection of cysteines were employed to ensure that the correct disulphide
connectivity was present, with the C-terminal cysteine free for conjugation to BSA or KLH. 4methoxytrityl (mmt) was used as a thiol protecting group for cysteines taking part in disulphide
bond formation. Selective removal of mmt was performed with trifluoroaceticacid
(TFA):triisopropylsilane (TIPS): dichloromethane (DCM) [1:2:97 (vol/vol)] for 2 x 30 min.
The disulphide bond was for linear peptides were formed using 0.2 mmol (2 equiv) Nchlorosuccinimide (NCS) in DMF for 2 h (122, 123).
Cyclic peptides (C1-C3) were assembled on 2-chlorotritiyl chloride resin (1.4 mmol/g
loading). Deprotection of mmt and cleavage from the resin was performed concurrently with
TFA:TIPS:DCM [1:2:97 (vol/vol)] for 2 x 1 h. Disulphide bonds were formed with air
oxidation in 0.175 mM triethylamine (TEA), DMF for 2 days. The linear peptides were then
cyclised in solution with PyClock (3 equiv.) and DIPEA (10 equiv.) in DMF for 16 h.
The dimer peptide D1 was synthesised by first assembling the short CGAA and
CGAAC peptides separately on rink amide AM resin. The CGAA peptide was fully cleaved
from the resin whilst the mmt on the N-terminal cysteine of CGAAC was removed by the
methods discussed previously. To form the disulphide bond between these peptides, cleaved
CGAA peptide was mixed with resin-bound CGAAC in 0.2 mmol (2 equiv.) NCS, DMF for 2
h. The remaining amino acids were assembled by standard FMOC solid-phase chemistry and
the N-terminals were acetylated. As peptide conjugation with KLH was to be established via
activated maleimide on the carrier protein, a free cysteine was included in the design of each
peptide.
Cleavage of the complete peptides was performed with TFA:TIPS:dimethylbenzene
(DMB) [92.5:2.5:5 (vol/vol)]. The cleaved material was precipitated in cold diethyl ether and
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insoluble peptide material was spun down at 4000 rpm for 15 min at 0 °C, 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 and freeze-dried prior to further purification.
All peptides were purified on a reverse-phase C18 column (Vydac; 10 × 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 peptides was assessed by mass spectrometry
(LCMS; Supplementary Figures S3, S4, S5, S6 and S7)

Protein preparation and mice immunisation experiments
Peptide was conjugated to maleimide-activated KLH (Sigma-Aldrich) following the
manufacturer’s protocol. Briefly, 1 mg of each peptide was mixed with 1 mg KLH in the
provided buffer for a 200-fold excess of peptide to carrier protein. The reaction mixture was
degassed under nitrogen and mixed at room temperature for 2 h. Any unreacted peptide was
removed by dialysis against PBS using a 10 kDa cutoff membrane. The extent of conjugation
was determined using Ellman’s reagent. Peptide-KLH conjugate stock solution was stored at
4°C until further use. Prior to immunisation, peptide-KLH conjugates were diluted to 1 mg/mL
in PBS and formulated with Montanide ISA720 at 3:7 ratio (antigen:adjuvant) to a final
concentration of 0.3 mg/mL. The 3D7 + FC27 MSP2 mix was formulated using 0.15 mg/mL
of each allelic form. Female C57BL/6 mice (n=6 per group) were inoculated subcutaneously
with 100 µL containing 30 µg of antigen at weeks 0, 4 and 8, then euthanized at week 10. Sera
was collected and stored at -80°C.

ELISA
To determine peptide-KLH binding to 4D11 and 9H4, Maxisorp 96-well microtitre plates
(Nunc) were coated overnight at 4°C with 2 µg/mL peptide KLH in PBS. The plates were
blocked with 1% BSA in PBS for 1 h before adding 100 µL of 4D11 and 9H4 IgG in eleven
half log10 serial dilutions starting from stock at 1 µg/mL. After 1 h incubation at 4°C and
washing, antigen-bound antibodies were detected with goat anti-mouse IgG (1:2000 dilution)
and freshly prepared 2,2-azinobis(3-ethylbenzthiazolinesulfonic acid (ABTS) substrate (1 mM)
in citric acid buffer pH 4.2 containing horseradish peroxidase (HRP). The absorbance was read
at 405 nm using a microplate reader. For determination of peptide-specific antibody titres,
peptide-BSA conjugate was coated on the plate instead and sera were added at 1000-fold
dilution. End-point titres were taken as the x-axis intercept of the dilution curve at an
absorbance value three standard deviations (s.d.) greater than OD 405 for naïve mouse serum.
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To generate the ELISA data for peptide array specificity, nine biotinylated 13-residue
peptides (A-I), that overlap by 2 or 3 residues, spanning the C-terminal region of MSP2 were
used (44, 81). Maxisorp 96-well microtitre plates (Nunc) were coated overnight at 4°C with 1
µg/mL streptavidin in PBS. The plates were blocked with 1% BSA in PBS for 2 h before adding
1:500 biotinylated peptides. Individual sera samples were diluted 1:1000 in blocking solution
before addition to the peptide array. Antibody was detected with the same protocol as
mentioned above.
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Supplementary

Figure S1. RMSD of the 4D11 epitope shape over 100 ns MD simulation with respect to the
conformation of the 4D11-bound epitope from the crystal structure (PDB ID: 5TBD). Only
residues involved in 4D11 binding were backbone aligned (MSP2217-220). As each peptide was
dimeric, RMSD for each 4D11 epitopes was aligned separately, shown in green and red.
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Figure S2. To determine if there was an immune response towards the maleimide linker moiety
in KLH, direct ELISA was used to show if pooled sera had any binding to a non-relevant
peptide (SKWICANRSVCPI) maleimide-conjugated to BSA. None of the pooled sera had
significant response towards this conjugate, indicating that the maleimide linker was not
immunogenic.
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Figure S3. (A) Liquid chromatography trace of purified D1 peptide and (B) mass-spectroscopy
profile
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Figure S4. (A) Liquid chromatography trace of purified L1 peptide and (B) mass-spectroscopy
profile
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Figure S5. (A) Liquid chromatography trace of purified C1 peptide and (B) mass-spectroscopy
profile
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Figure S6. (A) Liquid chromatography trace of purified A1 peptide and (B) mass-spectroscopy
profile
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Figure S7. (A) Liquid chromatography trace of purified K209A peptide and (B) massspectroscopy profile
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Chapter 6
Conclusions and future directions
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The burden of malaria is still significant today despite steady progress over the last decades. In
order to achieve the ultimate goal of global eradication, a robust and effective malaria vaccine
is an absolute requirement. The work described in this thesis is relevant to this goal.
A major focus of my project was the application of structural biology to vaccine design,
in an emerging field commonly known as structural vaccinology or structure-based vaccine
design. A large portion of the work builds on previous work in which a panel of monoclonal
antibodies was generated in mice against recombinant MSP2 (44). These antibodies were able
to recognise native MSP2 on the parasite surface to varying degrees; here, the structural
determinants of antibody recognition were explored and that structural information was utilised
to inform the design of better MSP2-based vaccine candidates. The organisation of this thesis
reflects that of the protein of interest, in that it can be separated into the investigation of three
distinct domains, a central variable region, a conserved N-terminal region and a conserved Cterminal region (19, 78).
The first portion of this thesis described the design and expression of antibody
fragments corresponding to mAbs that recognise epitopes in the central variable region. The
four antibodies specific to this region of MSP2 (2F2, 9D11, 11E1 and 8G10) were strongly
reactive to native parasite MSP2 by IFA, suggesting that their cognate epitopes would be
accessible to the host immune system. Moreover, antibodies from naturally-acquired and
vaccine-induced immunity that target the variable region have been shown to be protective and
effective in reducing parasite densities respectively (30, 79, 80). cDNA libraries were generated
from hybridoma cell lines expressing variable region mAbs 2F2, 9D11 and 11E1. From these
libraries, mouse variable heavy (VH) and light (VLL and VLK) chains were amplified and
sequenced. The CDRs of each mAb were cloned onto the previously sequenced, codonoptimised framework from 9H4 Fv to create new anti-MSP2 Fv and scFv antibody fragments
that were able recognise epitopes in the variable region of MSP2. While these antibody
fragments were expressed at suitable yields, none was able to bind to recombinant MSP2, and
therefore could not be affinity purified using MSP2. This suggested that the antibody fragments
had been misfolded in the periplasm or denatured during the process of purification. Further
work will be required to correctly fold these variable region specific antibody fragments; this
may include the use of different methods of refolding and optimisation of the purification
process (55, 56, 99). Alternatively, different expression hosts such as Pichia or mammalian
cells may improve the yield of functional antibody fragments (100, 101). Expression of the
larger antigen-binding fragment (Fab) is also a possibility (124–126).
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To complement the work with antibody fragments specific for the variable region and
to better understand possible mechanisms of immune evasion employed by the parasite,
polymorphisms in the central variable region were analysed in detail. A total of 420 sequences
of 3D7-MSP2 and 203 of FC27-MSP2 was aligned and translated. Polymorphisms in the
immunodominant epitopes recognised by 3D7-specific mAbs (2F2, 9D11 and 11E1) and
FC27-specific antibody 8G10 were evaluated individually for mutations, deletions, amino acid
frequency and the frequency of each mutation within the population. These results revealed
high sequence conservation in both 2F2 and 9D11 epitopes across the 3D7 allelic family, with
8G10 showing moderate conservation within the FC27 allele. Owing to their location within
dimorphic regions of MSP2 this was not unexpected. The 11E1 epitope had a high degree of
polymorphisms, with some corresponding to drastic changes in amino acid properties, such as
the reversal of side-chain charge and increased flexibility. In terms of mutation frequency, the
reference sequence present in our form of 3D7-MSP2, was present in only 3.3% of the sampled
sequences. The most frequent sequence within this sample, corresponding to the Q118E
mutation in the 3D7-MSP2 sequence, was seen in 26.4% of sequences. There is strong evidence
that these polymorphisms, driven by immune pressure, serve as a mechanism of immune
evasion (11, 43, 102). Future direction of this work may include synthesis of the most frequent
11E1 epitope sequences to determine their effect on binding. Understanding which residues are
important for 11E1 binding may inform the design of vaccine candidates able to elicit a broad
protection against all MSP2 variants. Conversely, excluding highly polymorphic epitopes such
as 11E1 altogether, in favour of conserved epitopes may achieve the same goal, and was the
focus of the remainder of the work presented in this thesis.
The conserved N-terminal region of MSP2 is known to adopt an α-helical conformation
when interacting with lipid (35). 6D8 mAb is able to recognise an epitope within this region,
but is unable to bind to native MSP2 on the parasite surface. To better understand the structural
determinants of 6D8 binding, the crystal structure of 6D8 Fv in complex with its minimal
binding epitope (NAYNMSIRR) were solved. This structure revealed that when bound to 6D8,
the epitope did adopt a helical structure, although this was disrupted at Ser19, explaining at
least in part why the 6D8-bound conformation was incompatible with the lipid-bound α-helical
configuration, and in turn, why 6D8 was unable to recognise parasite MSP2. Although the
antibody-bound structure of the 6D8 epitope does not directly contribute to vaccine
development, it may be possible to induce antibodies against the N-terminal region using the
lipid-bound structure. The amphipathic nature of the helix suggests that only one face may
interact with the merozoite surface, leaving the other side accessible to antibody binding. With
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peptide synthesis, stabilised helical analogues of the region could be created by installing
paired lactam bridge residues across the sequence. Alternatively, flanking the wild-type
sequence that is already known to have high helical propensity, with constrained helical turns
may be enough to drive the rest of the sequence into a helical conformation (127, 128). These
peptides could be used to affinity-purify N-terminal region specific antibodies from polyclonal
sera that could recognise helical epitopes. If present, these antibodies may uncover new
conserved epitopes that may contribute to the design of novel MSP2-bassed vaccines. Even the
constrained peptides themselves may serve as good immunogens.
The third domain of MSP2, the conserved C-terminal region, is recognised by two key
mAbs, 4D11 and 9H4. Although they recognise overlapping epitopes, these antibodies
exhibited distinct antigenic properties (44). Whilst 4D11 mAb was able to recognise native
parasite MSP2 by IFA and western blot, 9H4 mAb was not. To determine key residues for
antibody binding, an alanine scan was performed along the full 16-residue epitope, which
showed that Lys216, Glu217, Asn218 and Gly220 were essential for 4D11 binding, whilst 9H4
binding was dependent on residues closer to the N-terminus, Lys209, Thr212 and Asp213.
Intriguingly, removal of residues Gly214 to Glu217 significantly improved binding of 9H4.
Crystallisation attempts involving 9H4 antibody fragments in complex with either wildtype or
mutated epitopes were unfortunately unsuccessful. However, new 9H4 antibody fragment
constructs have shown promise and require further optimisation.
My experience with 4D11 was more favourable, and a crystal structure of 4D11 Fv in
complex with its minimal binding epitope (NKENCGAA) was determined at high resolution
(2.2 Å). The structure revealed that this epitope adopted a β-bend ribbon conformation when
bound to 4D11, characterised by two overlapping β-turns. Furthermore, key interactions
observed between 4D11 and the epitope supported the alanine scan results, with additional
interactions detected between Ala221 and the VL CDRs. Although the peptide was purified as
a monomer prior to crystallisation, the bound state of the peptide was found to be homodimeric, mediated by a disulphide bond between the free cysteines of each monomer in the
sequence. Although both faces of the peptide were able to bind 4D11 Fv, there is no evidence
that native MSP2 exists as a covalent dimer. In order to confirm the relevance of the dimeric
bound conformation to native MSP2, MD simulations of the dimer and extended disulphidebridged 16-residue epitope were performed. These simulations showed that both peptides,
when bound to 4D11 Fv, exhibited identical conformational behaviour and stability.
Furthermore, SPR binding assays showed that both the monomer and dimer had similar binding
affinity to 4D11, supporting the relevance of the dimeric conformation.
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Multiple intramolecular hydrogen bonds were found to stabilise the 4D11-bound dimer
structure, presenting it as a promising template for application of structure-based vaccine
design. Moreover, the close proximity of the N- and C-termini of both peptides suggested the
possibility of linking the peptides together, further stabilising the epitope. A series of peptide
immunogens was then designed with one or both termini linked to create constrained linear
and cyclic analogues of the dimeric peptide. MD simulations were performed to determine
ideal linker length and whether the additional constraints would impede the peptide from
adopting a conformation that can bind to 4D11. Linker lengths of 1-3 Gly residues were found
to be tolerated and peptides were synthesised by standard Fmoc peptide synthesis. Another two
peptides were also designed to evaluate the effects of removing the 9H4 epitope. These
corresponded to the wildtype 16-residue peptide MSP2207-222 and an identical peptide with the
K209A mutation. SPR competition binding assay showed that all peptides were able to bind
4D11, with the single Gly linker length exhibiting the tightest binding. The dimeric peptide
(D1), linear peptide (L1), backbone-cyclised peptide (C1), MSP2207-222 (A1) and the mutated
MSP2207-222 (K209A) were conjugated to KLH carrier protein and used to immunise mice
alongside full-length MSP2 as a control.
Analysis of terminal bleed sera showed that removal of the 9H4 epitope via the K209A
mutation had a drastic effect on antibody specificity. The wildtype A1 sequence predominantly
elicited antibodies targeting the 9H4 epitope, suggesting its immunodominance over the 4D11
epitope. However, when the 9H4 epitope was removed, the response was biased towards the
more desirable 4D11 epitope. This simple mutation could be easily introduced into
recombinant forms of MSP2 to induce a more efficient immune response towards the conserved
C-terminal region.
All dimeric peptide-KLH conjugates were able to induce a response specific to the
4D11 epitope. When compared to sera from mice immunised with full-length 3D7 and FC27
MSP2, the response was more focused on the 4D11 epitope and more consistent across mice
in the group. Future directions of this work involve firstly determining, by using a combination
of merozoite ELISA, IFA and western blot, whether the antibodies induced can recognise
parasite MSP2. Promising peptide immunogens will then be used to immunise rabbits to
generate suitable volumes of sera for functional assays such as ADCI (26), complement
fixation (33) and opsonic phagocytosis assays(116) to determine their mechanism of
protection.
My work on the intrinsically disordered vaccine candidate MSP2 underpins ongoing
efforts to develop next-generation, broadly-protective MSP2-based immunogens. The
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application of structural vaccinology to disordered antigens shows significant promise, and
may be expected to contribute to the development of vaccines targeting other disordered
antigens from a range of pathogens. The results presented in this thesis also enhance our
understanding of the effects of disorder on antibody recognition.
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