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ABSTRACT
The Plasmodium falciparum antigen apical membrane antigen 1 (AMA1) is considered a
leading malaria vaccine candidate and a potential target of anti-malarial drugs. The
interaction between AMA1 and rhoptry neck protein 2 (RON2), both secreted from the
invading merozoite, is indispensable for the formation of the moving junction, which is
required for a successful parasite invasion. The crystal structure of AMA1 in complex with
a RON2L peptide, which corresponds to the binding region in RON2, revealed a stepwise
binding mechanism involving a major displacement of the domain II loop (DII loop) in
AMA1.

In this thesis experiments examining three aspects of the interaction between AMA1 and
RON2 are described. Firstly, a phage-display approach was used to identify the AMA1binding region in PfRON2 as a disulphide-bonded loop located between two predicted
transmembrane regions in the C-terminal region of RON2. A peptide corresponding to this
region competes with various AMA1-binding ligands and efficiently inhibits host cell
invasion. In the second part of this study a 19F NMR approach was developed to detect the
conformational change in the DII loop induced by ligand binding to AMA1. All four wildtype tryptophans and tryptophans inserted into the DII loop were replaced by 5fluorotryptophan. An increase in flexibility of the DII loop caused by binding of the
RON2L peptide was reflected in a marked sharpening of the resonance from the inserted
5-fluorotryptophan. A small AMA1-binding molecule isolated from a fragment-based
library was shown to induce a similar conformational change. This approach will be
valuable in identifying and characterizing therapeutically relevant inhibitors of the AMA1RON2 interaction.

In the last part of the study, mice were immunized with AMA1 in complex with bound
ligands (peptides RON2L, R1 and R3) to test the hypothesis that AMA1-ligand complexes
would divert antibody responses towards more conserved epitopes in AMA1. Little
evidence was found to support this hypothesis but this approach to inducing a broadly
protective antibody response to AMA1 should be examined in more detailed experiments.
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Chapter 1: Introduction
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1.1

Malaria

1.1.1

Global malaria issue

Malaria today remains one of the major global health issues. According to the latest WHO
report, malaria was still threatening approximately 3.4 billion people in 104 countries and
territories including 97 with ongoing malaria transmission in 2013. There was an estimated
207 million cases of malaria in 2012 including 627, 000 deaths - most of these deaths were
children under 5 years old (WHO, 2013b). Malaria is a highly prevalent disease in many
developing countries and it is particularly rampant in sub-Saharan Africa, where most cases
and deaths occur (UNICEF, 2006). Illness due to malaria imposes a high economic cost on
communities because it reduces the capacity of people to learn and be productive. Therefore,
malaria is both a consequence and cause of poverty in these countries.

Malaria in humans is caused by five species of parasite within the genus Plasmodium: P.
falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi. Each of these parasites are
transmitted to humans by the bite of an infected female Anopheles mosquito (WHO, 2013b).
Of these five species, P. falciparum is responsible for the majority of the clinical cases and
most malaria deaths. On the other hand, P. vivax is the most widely distributed species and
is responsible for much morbidity. Infection with malaria can result in a range of symptoms.
The most typical symptoms are periodic fevers and chills commencing 9-14 days following
infection. Other symptoms include headache, fatigue, vomiting and diarrhea. Malaria due
to P. falciparum infection can be rapidly complicated by cerebral malaria, organ
dysfunction or severe anaemia, which are the major causes of death (Carter et al, 2005;
Nchinda, 1998; WHO, 2013b).

Because of the severe effects of malaria, intensive efforts have been made to attempt to
control or prevent these infections. There is no licensed vaccine available to date but there
are a number of other tools that can dramatically reduce the impact of malaria. These tools
target either mosquitoes or humans. Of the tools targeting mosquitoes, insecticide-treated
nets and indoor residual insecticide spraying are the most widely used approaches.
Although these approaches have had impressive impacts in controlling malaria in numerous
countries they need to be supplemented by other control measures if eventual global
eradication is to be achieved. Moreover, the effectiveness of these approaches is being
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reduced by the emergence of insecticide-resistant mosquitoes (WHO, 2013b).

Drugs, either to prevent (chemoprophylaxis) or treat (chemotherapy) malaria have for many
years been another major malaria control measure. The 4-aminoquinoline chloroquine
discovered in 1934, was the most commonly used drug to treat uncomplicated malaria for
many years. However, due to the emergence and spread of drug resistance between 1970
and 1990 the efficacy of chloroquine was markedly reduced (Rosenthal, 2013; White, 2004;
WHO, 2013b). Lately, artemisinin and its derivatives have replaced chloroquine as the most
widely used anti-malarial drugs. Artemisinin was first isolated from the leaves of Artemisia
annua in the 1960s, and it is now commonly used in a combination regimen with a longer
acting partner drug to avoid the emergence of drug resistance (Nosten & White, 2007;
White, 1998). However, artemisinin resistance is emerging and this results in a delayed
clearance of parasitaemias accompanied by an increase in parasite gametocyte levels
(Ashley et al, 2014; Das et al, 2013; Sibley, 2014). This has led to the concern that
artemisinin will be much less effective in the near future. Therefore, it is desirable to
develop novel anti-malarial drugs, and in addition a vaccine that is effective in preventing
malaria infections.

1.1.2

Life Cycle of Malaria parasites

The life cycle of Plasmodium comprises one sexual stage and two asexual cycles (Figure
1.1). The human infection starts with the inoculation of asexual sporozoites by an infected
female Anopheles mosquito. The sporozoites travel through the bloodstream to the liver
where they invade hepatocytes in which they develop into preerythrocytic schizonts over 5
to 15 days (Fujioka & Aikawa, 2002). Some Plasmodium species, e.g. P. vivax but not P.
falciparum, can persist as dormant hypnozoites in the liver and are responsible for relapses
of disease months, or even years after the initial infection (Krotoski & Collins, 1982;
Krotoski et al, 1982). Up to thirty thousand ovoid-shaped P. falciparum merozoites are
released from a preerythrocytic (liver) schizont, each capable of subsequently invading an
erythrocyte. The merozoite has a filamentous protein coat, which enables the parasite to
adhere to the erythrocyte that it subsequently invades (Bannister et al, 2000a; Fujioka &
Aikawa, 2002). The entire asexual life cycle of P. falciparum in the erythrocyte takes
approximately 48 hours with merozoites developing into ring, trophozoite and then
schizont stages. Once the parasites have consumed most of the erythrocyte contents and
3

become mature, the schizont ruptures and releases from 6 to 30 merozoites, each of which
can invade a new red blood cell and initiate another erythrocytic cycle.

After invasion some merozoites develop into male or female sexual forms (gametocytes).
After these are ingested in a blood meal fertilization takes place in the mosquito midgut to
form non-motile zygotes. Within approximately 24 hours, the zygotes develop into motile
ookinetes, which traverse the peritrophic matrix and midgut epithelium of the mosquito.
The ookinetes transform into oocysts and subsequently mature into invasive sporozoites,
which invade the salivary gland epithelium of the mosquito. Here the sporozoites are ready
to infect a new susceptible host when they are inoculated into the subcutaneous tissue when
the mosquito takes another blood meal (Fujioka & Aikawa, 2002).

4

Figure 1.1 Life cycle of the malaria parasite. The asexual and sexual stages of the
parasite’s life cycle take place in the vertebrate (human) and mosquito hosts, respectively.
This diagram is adapted from (Fujioka & Aikawa, 2002; Prudencio et al, 2006).
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1.1.3

Merozoite invasion of erythrocytes

The merozoite is an ovoid-shaped unicellular organism approximately 1.5 μm in length. It
contains three major secretory organelles: the microneme, the rhoptry and dense granule.
Micronemes and rhoptries are localized apically whereas most dense granules are localized
in the apex. To invade erythrocytes, all three secretory organelles discharge their contents
and alter the structure of the host cell membrane during invasion (Bannister et al, 2000a;
Langreth et al, 1978). Host cell invasion by merozoites has four distinct phases. It starts
with the adhesion of parasites to the erythrocyte membrane, which involves a range of
merozoite surface proteins (Farrow et al, 2011) (Figure 1.2). After the initial attachment,
the merozoite re-orients so that the apical end is apposed to the erythrocyte membrane.
Subsequently, the apical organelles discharge their contents, which induces the formation
of a moving junction (MJ) between host cell and parasite membranes. Although the precise
mechanism of MJ formation remains unclear, it is essential for successful parasite invasion.
Following MJ formation, the erythrocyte membrane at the junction moves laterally along
the surface of the merozoite towards its posterior end, which leads to a deep invagination
of the erythrocyte surface. Eventually, the erythrocyte membrane fuses at the posterior end
of the merozoite so that the parasite is completely enclosed within a parasitophorous
vacuole (Mitchell & Bannister, 1988). The ingress of the merozoite into the erythrocyte
involves engaging the parasite actin-myosin motor as both motility and invasion by the
parasite are inhibited by the actin destabilizing reagent, cytochalasin D (Menard, 2001).
Few proteins are carried into the erythrocyte on the surface of the invading merozoite; most
are shed into the surrounding environment at the time of invasion (Bannister et al, 1975;
Riglar et al, 2011). Once internalization is complete, dense granules move towards the
surface of the parasite and release their contents into the lumen of the developing
parasitophorous vacuole (PV). The released molecules induce changes to the host-cell and
parasitophorous-vacuole membranes so that parasites can survive and proliferate within the
erythrocyte (Atkinson & Aikawa, 1990; Culvenor et al, 1991). Within the erythrocyte, the
parasite continuously exports proteins to the erythrocyte surface while haemoglobin is
degraded producing nutrients for the parasite but also toxic haem derivatives (Bannister et
al, 2000b). The intraerythrocytic parasite develops first into a cup-shaped ring stage and
then into more mature trophozoites. Eventually, the trophozoite reproduces asexually in a
process called schizogony. Six to 30 daughter merozoites are produced, which, when the
infected erythrocyte ruptures, can infect other erythrocytes.
6

Figure 1.2. Schematic diagram of merozoite invasion of erythrocytes. The parasite
invasion process includes initial attachment, parasite reorientation and MJ formation,
membrane invagination and parasite entry into the parasitophorous vacuole (adapted from
Kats et al, 2008).
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1.1.4

Moving junction formation

The MJ was identified approximately 30 years ago when erythrocyte invasion was
examined by electron microscopy. After initial adhesion of the merozoite to the erythrocyte
membrane, a depression on the erythrocyte surface is created followed by the formation of
a thick junction between the parasites’ apical tip and the host cell plasma membrane
(Aikawa et al, 1978). Host cell invasion cannot succeed without the formation of the MJ as
it plays multiple crucial roles during the invasion process. Apart from serving as a starting
point for propelling the merozoite into the parasitophorous vacuole, the MJ also acts as a
selecting sieve, which allows particular host plasma membrane proteins to be incorporated
into the PV membrane (Mordue et al, 1999). The results of recent studies indicate that some
components of the MJ, for example, the AMA1-RON2 complex, are conserved across
apicomplexan parasites (Bargieri et al, 2012; Besteiro et al, 2011). On the other hand, some
protein components of the MJ appear to be genus-specific, for example, RON8 is only
found in the Toxoplasma and coccidian parasites (Straub et al, 2009).

1.1.5

Evasion of host immune responses

Malaria parasites use many strategies to evade host immune responses. Host cell invasion
by the merozoite is a rapid process, which occurs in less than two minutes. This minimizes
the time the extracellular merozoite is exposed to host immune attack. The parasite also can
use a number of alternative invasion pathways, for example, sialic-acid dependent or
independent pathways.

The intra-erythrocytic parasite remodels the host cell by exporting numerous proteins to
the erythrocyte membrane. Because of the altered morphology of the infected red cell it is
recognized as foreign and would be destroyed by the spleen. To avoid clearance by the
spleen P. falciparum generates knob-like protrusions on the erythrocyte surface, which
mediate cytoadherence whereby erythrocytes containing mature asexual stages adhere to
the vascular endothelium (Crabb et al, 1997; Pasternak & Dzikowski, 2009). The knobs
contain two major parasite proteins: knob-associated histidine rich protein (KAHRP) and
P. falciparum erythrocyte membrane protein-1 (PfEMP1) (Baruch et al, 1995; Crabb et al,
1997; Culvenor et al, 1987). PfEMP1 is the primary antigen that is responsible for
cytoadherence by binding to a series of host vascular adhesins, including CD36,
8

intercellular adhesion molecule1 (ICAM-1) and chondroitin sulphate A (CSA). PfEMP1
also mediates rosetting (normal erythrocytes binding to an infected erythrocyte) and
autoagglutination of infected red blood cells (Baruch et al, 1996; Helmby et al, 1993;
Newbold et al, 1997; Reeder et al, 1999; Rowe et al, 1997). Binding to different adhesins
results in sequestration of infected erythrocytes into different organs and thereby
contributes to virulence of the disease (Kraemer & Smith, 2006).

In P. falciparum expression of alternative forms of PfEMP1, which are encoded by
different members of the var gene family, results in antigenic variation. There are
approximately 60 different var genes in the genome of P. falciparum, however, if multiple
independent parasite isolates are compared, the var gene repertoire is enormous (Barry et
al, 2007; Kirkman & Deitsch, 2012). Each parasite expresses only one var gene at any
given time and this feature is known as allelic exclusion. As soon as a particular form of
PfEMP1 is recognized by the immune system, var gene expression is rapidly switched to a
different variant (Pasternak & Dzikowski, 2009; Scherf et al, 2008). This mechanism
effectively minimizes the chance of generating broadly cross-reactive antibodies against
PfEMP1 and ensures its continued role in mediating cytoadherence.

In contrast to PfEMP1, the majority of parasite antigens are encoded by single genes but
many of these antigens are highly polymorphic. The different allelic forms of these antigens
(such as MSP1, MSP2 and AMA1, for example) differ in their antigenicity and this is one
of the major reasons why host immunity against malaria parasites can develop only after
repeated infections with the same parasite species (Franks et al, 2003; Remarque et al,
2008a).

1.1.6

Malaria vaccine development

Although malaria can be controlled, and has been eliminated from some countries by
existing control measures, and the majority of clinical cases can be treated with antimalarial drugs, there are many countries where malaria remains endemic and global
eradication is not yet feasible. To make eradication feasible, an effective malaria vaccine
is required. In the last 30 years, intensive efforts have been made in malaria vaccine
development and a number of vaccines have been tested in clinical trials, but no licensed
vaccine is yet available.
9

The development of a malaria vaccine has been a long process. There are many reasons for
this, which include the complicated parasite life cycle, many stage-specific antigens and
lack of knowledge of which antigens are the primary targets of the protective immune
response induced by infection. Because many parasite antigens are expressed in only one
life cycle stage, vaccines targeting different life-cycle stages are under development (Hill,
2011). The three major types of malaria vaccines are: pre-erythrocytic vaccines, which
contain sporozoite or liver-stage parasite antigens; asexual blood-stage vaccines, which
contain merozoite or infected erythrocyte antigens; and sexual-stage vaccines, which
contain ookinete antigens (Anders et al, 2010; Epstein & Richie, 2013; Schwartz et al,
2012).

Another reason for the long development time is the numerous different strategies that are
being explored for delivering the antigens. Subunit vaccines that contain one or multiple
recombinant antigens in an appropriate adjuvant are the most common experimental
malaria vaccines (Hill, 2011). Other strategies include peptide vaccines, virus-like particles
or virosome vaccines, viral-vectored vaccines and whole parasite vaccines (Arama &
Troye-Blomberg, 2014; Bruder et al, 2010; Hill et al, 2010; Schwartz et al, 2012).

The RTS,S vaccine, which contains virus-like particles, is the most advanced malaria
vaccine. The antigen contains the central repeat region of the P. falciparum
circumsporozoite protein (CSP) and C-terminal CSP T-cell epitopes fused to the hepatitis
B surface antigen (Ballou et al, 1987; Stoute et al, 1997). When the CSP-HsAg fusion
protein is co-expressed in yeast cells with an excess of normal HsAg, virus-like particles
displaying the CSP sequences are generated (Wilby et al, 2012). RTS,S in the adjuvant
AS01 (or AS02) can induce high levels of antibodies in humans and reduced the prevalence
of malaria by 30-50% in volunteers in early clinical trials (Aide et al, 2010; Bejon et al,
2008; Guinovart et al, 2009; Olotu et al, 2011). In 2010, a large-scale phase III trial using
the RTS,S/AS01 vaccine was initiated in Africa. Approximately 15,000 children at 11 sites
in 7 African countries were involved in this trial, and they were aged either 5-17 months
(children) or 6-12 weeks (infants) (Agnandji et al, 2011; Rts et al, 2012). The report of the
first analysis indicated that 56% efficacy against the first episode of clinical malaria and
47% efficacy against severe malaria were achieved in the 5-17 month old children.
However, the overall efficacy of RTS,S/ASO1 against clinical malaria in infants aged 6-12
10

weeks was only 27%, without significant protection against severe malaria (Rts, 2014).
Although the RTS,S vaccine is likely to be the first generation malaria vaccine, which will
probably be licensed and deployed in the near future, it is unlikely that this vaccine will
reach The Malaria Roadmap’s 2015 landmark goal of “a protective efficacy of more than
50 percent against severe disease and death and lasts longer than one year” (WHO, 2013a).
Because the efficacy of the RTS,S vaccine is relative low, it is important that the
development of other vaccines continues.

Another important type of pre-erythrocytic vaccine under development contains whole
sporozoites. In an early trial, over 90% protective efficacy was achieved when irradiated
sporozoites were inoculated by mosquito bites (Hoffman et al, 2002). These sporozoites
could invade hepatocytes but developed into defective schizonts, which could not rupture
to release merozoites. However, delivering a vaccine to millions of people in the field by
mosquito bite is impractical and, therefore, this approach was modified by inoculating
humans with sporozoites isolated from mosquito salivary glands (Hoffman et al, 2010).
The results of Phase I/IIa clinical trials showed that intradermal inoculation of isolated
sporozoites was safe and tolerated in humans, but the immunogenicity is mild and efficacy
of the vaccine is relatively low (Epstein et al, 2011). Seder and colleagues indicated that
intravenous immunization with five doses of the whole sporozoite vaccine induced strong
immune responses and complete protective efficacy against homologous parasites (Seder
et al, 2013). Recently, a double-blind placebo-controlled trial using controlled human
malaria infection with the whole sporozoite vaccine was conducted in 30 Tanzanian
volunteers, who received 10,000 or 25,000 sporozoites. The result showed that this vaccine
was safe, tolerated and highly effective (Shekalaghe et al, 2014). The sequencing of the P.
falciparum genome facilitated the development of GAPs as an alternative approach to
delivering a whole sporozoite vaccine (Maier et al, 2006; VanBuskirk et al, 2009).
Sporozoites with the P36 and P52 genes deleted can invade hepaptocytes but do not
develop into viable merozoites. Immunization with p52-/p36- knockout parasites showed
complete protection against malaria in a mouse model (Labaied et al, 2007). However, the
result of the first clinical trial in humans was disappointing, because the GAPs in one
volunteer emerged from the liver and gave rise to a peripheral parasitaemia (Spring et al,
2013). Apart from this uncertainty about GAPs, deployment of vaccines containing whole
sporozoites have a number of common obstacles: high cost of manufacture, difficulty of
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storage and distribution, and requirement for intravenous inoculation (Hill, 2011; Seder et
al, 2013).

Much effort has also been made to develop an asexual blood stage vaccine as the induced
immune responses could, by inhibiting parasite invasion, reduce parasite densities and
thereby reduce morbidity and mortality. A number of vaccines containing single or multiple
recombinant protein antigens have been tested in pre-clinical studies and some of them
have proceeded to clinical trials (Anders et al, 2010; Genton et al, 2003). Various candidate
vaccine antigens, including MSP1, AMA1, MSP3 and EBA175, were identified on the
merozoite surface. Generally, these antigens, in various adjuvants, were shown to be safe
and immunogenic in phase I trials, but none of these vaccines has shown a satisfactory level
of efficacy in a phase II trial (Genton et al, 2002; Spring et al, 2009; Thera et al, 2008;
Thera et al, 2011). The extensive polymorphism in these antigens is one reason for their
limited efficacies in phase II trials (Takala et al, 2009). Naturally acquired immune
responses predominantly target the polymorphic regions in antigens and this results in the
production of antibodies with varying degrees of strain specificity. To overcome the
problem caused by antigenic polymorphisms, vaccines containing multiple allelic forms of
an antigen are under development and some of them have successfully induced straintranscending antibody responses in pre-clinical studies (Dutta et al, 2013; Harris et al, 2014;
Malkin et al, 2007; Takala & Plowe, 2009). These multi-component vaccines now need to
be tested in clinical trials.

As an alternative to subunit vaccines, whole-parasite vaccines are also being explored for
vaccinating against asexual blood stages of P. falciparum. Pombo and colleagues
immunized five volunteers with low numbers of erythrocytes infected with 3D7 P.
falciparum followed by drug treatment and found that they were protected against
challenge with the homologous parasite (Pombo et al, 2002). The volunteers did not have
detectable parasite-specific antibodies but did have strong cell-mediated immune responses
involving both CD4+ and CD8+ T cells. Consequently, the authors concluded that cellmediated mechanisms rather than antibodies mediated the protection induced by this live
parasite vaccine. A safer approach has been to immunise with whole asexual blood-stage
parasites that have been chemically attenuated (Good et al, 2013). Chemical attenuation of
the rodent parasite P. chabaudi was achieved by the irreversible alkylation of the parasite
DNA with the result that replication of the parasite genome was prevented. When mice
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were inoculated with the attenuated P. chabaudi CD4+ dependent strain- and speciestranscendent immunity was induced. The same alkylating agent (seco-cyclopropyl pyrrolo
indole analogs) has been used to attenuate P. falciparum but no data is yet available to show
whether this vaccine induces protection in human volunteers.

A third approach to developing a malaria vaccine targets the sexual stages that develop in
the mosquito vector. These sexual-stage vaccines contain either gametocyte or ookinete
antigens (Arevalo-Herrera et al, 2011; Gregory et al, 2012; Smith et al, 2011). Most of the
sexual-stage vaccines tested failed to show satisfactory levels of efficacy on parasite
transmission, except the ookinete antigen, Pfs25 (and the P. vivax orthologue Pvs25),
which were taken into phase I clinical trials (Malkin et al, 2005; Wu et al, 2008). The
efficacies of two Pvs25 vaccines (Pvs25 alone and Pfs25+Pvs25) were determined using a
membrane-feeding assay (MFA), which was designed to monitor the ability of antisera
raised against sexual-stage vaccines to reduce infection of mosquitoes (Miura et al, 2007).
These vaccines showed some transmission-blocking efficacy, however, the phase I studies
were stopped because of unacceptable reactogenicity, possibly due to an inappropriate
adjuvant. This safety issue as well as the ethical issue of vaccinating individuals who are
not necessarily going to directly benefit are major obstacles for the development of sexualstage vaccines (Hill, 2011). Although the development of sexual-stage vaccines is not very
advanced, it is thought that these vaccines are likely to play an important role in the eventual
global eradication of malaria.

1.1.7

Proteins involved in erythrocyte invasion

Erythrocyte invasion by the malaria parasite is a complex process, which involves a large
number of proteins on the merozoite surface and proteins released from merozoite secretory
organelles (Cowman et al, 2012). Although the precise functions of most of these proteins
remain unclear, some have been shown to be indispensable for parasite invasion.

A large number of merozoite surface proteins play important roles in the initial attachment
of merozoites to erythrocytes. These proteins are either anchored into the merozoite surface
membrane by a glycosylphosphatidylinositol (GPI) moiety or peripherally associated with
the merozoite surface (Cowman et al, 2012). The majority of the GPI-anchored proteins
contain either EGF domains (MSP1, 4, 5, 10) or six-cysteine domains (Pf12, 38, 92), and
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both these domains are frequently involved in protein-protein interactions (Ishino et al,
2005; Sanders et al, 2005). One exception is MSP2, which does not contain any defined
domains (Low et al, 2007). MSP2 was identified as an intrinsically disordered protein and
the recombinant protein is prone to self-associate and form amyloid-like fibrils (Yang et al,
2007). It is thought MSP2 may homo-oligomerize on the merozoite surface and may
interact with other proteins to facilitate the initial attachment of merozoites to erythrocytes.

MSP1, another GPI-anchored protein, is the most abundant merozoite surface protein
(Gilson et al, 2006). MSP1 has been suggested to associate directly with band 3 on the
erythrocyte membrane but more recently it has been shown to be a platform for other
parasite proteins that interact with red blood cell membrane components (Goel et al, 2003;
Lin et al, 2014). Earlier studies showed that MSP1 associated with two peripherally bound
proteins, MSP 6 and 7, to form a complex, which facilitates the attachment of merozoites
to red cells (Kauth et al, 2003; Kauth et al, 2006). MSP1 also forms a complex with
MSPDBL1 and MSPDBL2; and these two proteins bind to yet unidentified receptors on
the erythrocyte surface (Lin et al, 2014). Attempts to knock out MSP1 have been
unsuccessful, indicating that this protein is indispensable for parasite invasion (O'Donnell
et al, 2000).

Another group of proteins, which include MSP3, MSP6, MSP7, MSPDBL1, MSPDBL2
and the serine rich antigen, are indirectly associated with the merozoite surface (Cowman
& Crabb, 2006). Some of these proteins form a complex with MSP1 as mentioned
previously, and the others are associated with the merozoite surface via their functional
domains including erythrocyte binding-like domain and leucine-rich zipper-like domain
(Cowman et al, 2012). Although all these proteins are suggested to play various roles in the
invasion process, the precise functions of these proteins are still not fully understood.

Unlike merozoite surface proteins, parasite proteins that facilitate merozoite reorientation
and the tight junction formation are released from the parasite apical organelles just before
they are required (Singh et al, 2010). Two major protein families, the Duffy binding-like
(DBL) and reticulocyte binding-like homologues (PfRh), were found to be responsible for
the adhesion of parasites to erythrocytes (Harvey et al, 2012). Most of these proteins are
localized at the apical surface, therefore, it is possible that these proteins are involved in
the re-orientation of the merozoite. Each member of these two protein families binds
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specifically to a receptor protein on the erythrocyte membrane. For example, EBA-175 and
-140 bind to glycophorin A and C, respectively (Lobo et al, 2003; Maier et al, 2003; Orlandi
et al, 1992; Sim et al, 1994). These dispensable ligand-receptor interactions provide
alternate sialic-acid dependent invasion pathways, which appear to be equally efficient
(Harvey et al, 2012; Reed et al, 2000). This mechanism allows the merozoite to adapt to
various selective pressures by switching between different invasion pathways (Duraisingh
et al, 2003).

PfRh5, which has less than 30% sequence similarity with other family members and does
not contain a transmembrane (TM) domain, is indispensable for merozoite invasion (Baum
et al, 2009; Chen et al, 2011). The erythrocyte surface protein basigin was identified as the
receptor protein for PfRh5 (Crosnier et al, 2011). PfRh5 forms a complex with another
indispensable micronemal Rh5 interacting protein (RIPR) and a rhoptry neck protein (Chen
et al, 2011). Although the precise function of this complex remains unclear, it has been
hypothesized that the formation of the PfRh5-RIPR complex is required for the interaction
between AMA1 and RON2 and the subsequent invasion process.

A complex formed by the micronemal protein AMA1 and rhoptry neck protein RON2 has
been shown in several studies to be important for moving junction formation and parasite
invasion (Lamarque et al, 2011). However, it is controversial as to whether this complex is
essential for merozoite invasion, and this controversy will be discussed in section 1.2.2
(Harvey et al, 2014). It has also been shown that the cytoplasmic region of RON2 interacts
with a set of RON proteins, however, the precise function of the RON complex also remains
unclear (Proellocks et al, 2010).

After reorientation, the merozoite begins to invade the red cell, moving into the
parasitophorous vacuolar space. A number of subtilisin-like proteases are secreted on to the
merozoite surface and these proteases cleave the red cell membrane-bound proteins from
the merozoite surface to liberate the merozoite (Yeoh et al, 2007). PfSUB1 is one of the
major proteases and it is responsible for the proteolysis of the SERA proteins (ArastuKapur et al, 2008). Another protease, PfSUB2, mediates the shedding of AMA1, MSP1
among other merozoite surface proteins (Harris et al, 2005b). Some studies have shown
that these proteases are essential for merozoite invasion, but their precise roles still need to
be further explored (Child et al, 2010; Koussis et al, 2009).
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Invasion of erythrocytes requires engagement of the merozoite actin-myosin motor, a
mechanism which is highly conserved across apicomplexan parasites (Farrow et al, 2011).
The inner membrane complex of the merozoite is associated with an indispensable PfMyoA
protein via a protein complex, which contains glideosome associated protein (GAP) 45 and
50, and myosin tail domain interacting protein (MTIP) (Baum et al, 2006; Bergman et al,
2003; Meissner et al, 2002; Thomas et al, 2010). PfMyoA interacts with F-actin filaments
to drive the merozoite into the parasitophorous vacuolar space (Schmitz et al, 2005). Once
ingress of merozoites is completed, the PV is sealed at the posterior end of the merozoite
via membrane fusion.

1.2

Apical membrane antigen1 (AMA1)

1.2.1

AMA1 and its structure

AMA1 is a low abundance type I integral membrane protein and it is unique to
apicomplexan parasites (Peterson et al, 1989; Triglia et al, 2000). AMA1 contains 16
conserved cysteine residues forming eight intramolecular disulphide bonds, which divide
the protein into three non-overlapping putative subdomains (Figure 1.3) (Hodder et al,
1996). P. falciparum AMA1 is synthesized as an 83kDa precursor comprising an Nterminal cysteine-rich ectodomain, a single TM domain and a C-terminal cytoplasmic tail
(Waters et al, 1990). Shortly after synthesis, a short N-terminal prosequence is cleaved from
the ectodomain of PfAMA1, and this results in the production of a 66kDa mature form of
the protein (PfAMA166), which is released from the microneme just before parasite
invasion. Much of PfAMA166 spreads around the merozoite surface in an actin-independent
manner, but AMA1 accumulates in an increased concentration at the apical end of the
parasite (Howell et al, 2003; Howell et al, 2001).
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Domain I

Domain III

Domain II

Figure 1.3. Schematic diagram of the 3D7 PfAMA1 ectodomain. The ectodomain of
AMA1 is divided into 3 subdomains by the pattern of the eight intramolecular disulphide
bonds (shown in black). Red dots represent the five most polymorphic residues in PfAMA1
(Position 187, 197, 200, 230, 243) (Bai et al, 2005). Image was adapted from Hodder et al,
1996.
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After schizont rupture, PfAMA166 is cleaved at position Thr517, which is 29 residues Nterminal to the start of the predicted TM region. This proteolytic processing results in the
shedding of a 48kDa form of PfAMA1 (PfAMA148) from the merozoite surface.
Approximately one third of PfAMA148 is further cleaved at position Asn464 within the
ectodomain resulting in the production of a truncated 44kDa form of PfAMA1 (PfAMA144)
(Howell et al, 2003). A membrane-bound subtilisin-like protease, PfSUB2, is responsible
for the cleavage of PfAMA166. This calcium-dependent protease is also involved in the
shedding of the MSP 1/6/7 complex and a micronemal protein PTRAMP (Green et al, 2006;
Harris et al, 2005b; Howell et al, 2003). (It is now known that the cleavage site of PfSUB2
is primarily determined by the distance between the cleavage site and parasite membrane
and is not always Thr517 (Olivieri et al, 2011)). PfSUB2 appeared to be dispensable for
parasite invasion since PfAMA166 was shown to be sufficient for effective merozoite
invasion. However, parasites with mutations that blocked PfSUB2-mediated shedding were
not viable in culture, suggesting that PfSUB2 plays an important role in the invasion
process. This finding is also supported by the fact that parasites expressing sheddingresistant forms of AMA1 are more susceptible to invasion inhibitory antibodies (Olivieri et
al, 2011).

Nuclear magnetic resonance (NMR) spectroscopy was used for the first studies on the
conformation of AMA1. The NMR structure of PfAMA1 domain III, a 14kDa fragment,
contains a well-defined β-sheet core (40 residues), which is stabilized by three disulphide
bonds and is interrupted by a less structured loop region of approximately 30 residues (Nair
et al, 2002). Both the N- and C-terminal regions of domain III are unstructured, suggesting
that the linkages between domain III and its adjacent domains are quite flexible. In contrast,
the NMR structure of PfAMA1 domain II, which is a 16kDa fragment, was poorly defined
and showed typical molten globule-like features (Feng et al, 2005). The N- and C-terminal
regions of domain II, which are linked by two disulphide bonds, form a four-stranded βsheet linked to a short helix. The long loop (DII loop) linking the N- and C-terminal regions
contains four short α-helices. The X-ray crystal structure of AMA1 (described below)
indicates that domain I and II are closely associated in a single fold (Pizarro et al, 2005).
Therefore, the NMR structure of domain II, in the absence of domain I, could not reflect its
native conformation.
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X-ray crystallography was used to determine the structures of the complete ectodomain of
P. vivax AMA1 (domain I+II+III) and domain I +II of P. falciparum AMA1 (Bai et al,
2005; Pizarro et al, 2005) (Figure 1.4). Despite modest sequence similarity, both structures
show that domain I and domain II are closely associated and have folds belonging to the
PAN (Plasminogen, Apple, Nematode) module superfamily (Tordai et al, 1999). The PAN
superfamily is characterized by the pattern of cysteine residues and secondary structures
rather than high sequence identities, and PAN domains are commonly involved in ligandreceptor interactions. The PAN domains in AMA1 consist of a five-stranded sheet
wrapping around a helix (Bai et al, 2005). The structural relationship between domain I and
domain II indicates that they have most likely evolved from the same ancient domain.

The structure of PvAMA1 is incomplete since electron densities of a large number of loop
regions were poorly defined (Pizarro et al, 2005) (Figure 1.4). The longest region of missing
electron density was in the DII loop, suggesting that this loop is highly flexible. Due to the
missing structural elements, no obvious ligand-binding region was identified in the
structure of PvAMA1. In contrast, the loop regions in the PfAMA1 structure were more
resolved revealing a hydrophobic cleft with the characteristics of a ligand-binding site (nine
surface-exposed hydrophobic residues) (Bai et al, 2005) (Figure 1.5). This cleft is
surrounded by a number of flexible loops, which extend from the core region of the PAN
domains. Further structural and sequence analysis indicated that the hydrophobic cleft and
the DII loop are highly conserved regions of the protein.
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Figure 1.4. Stereo view of the X-ray crystal structures of AMA1. Crystal structures of
PvAMA1 (domain I+II+III) (top panel) and PfAMA1 (domain I+II) (bottom panel). In
PvAMA1, domain I is shown in green, domain II in blue and domain III in magenta. The
missing DII loop is located between residues Gln294 and Phe335 (Pizarro et al, 2005). In
PfAMA1, domain I is shown in yellow and domain II in red. The N-terminal region of
domain I is shown in blue and disordered loop regions are shown in violet (Bai et al, 2005).
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Figure 1.5. Surface view of PfAMA1 domain I+II. The hydrophobic cleft is highlighted
in green. The core residue Tyr251 is shown in blue and highly polymorphic residues are
indicated in red. This structure is adapted from Bai et al, 2005.
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AMA1 is highly polymorphic. From sequence alignments a total of 62 polymorphic sites
accounting for approximately 10% of the AMA1 sequence have been identified (ChesneSeck et al, 2005; Remarque et al, 2008b; Takala & Plowe, 2009). Four of these polymorphic
sites are in the prosequence and three are in the cytosolic region of AMA1. The level of
polymorphism in domain I is greatest; domains I, II and III contain 36, 11 and 8
polymorphic sites, respectively (Takala et al, 2009). The majority of the polymorphisms in
AMA1 are dimorphic with 16 sites having three or more possible amino acids. Although
some polymorphisms in AMA1 appear to be linked, a very large number of haplotypes of
AMA1 have been identified in a number of studies. For instance, in a longitudinal study in
Mali 214 unique haplotypes were identified among 506 AMA1 sequences (Takala et al,
2009).

A meta-population genetic analysis indicated that the diversity of AMA1 haplotypes is not
restricted geographically and it is not related to either parasite transmission intensity or the
levels of overall polymorphism in AMA1 (Barry et al, 2009; Duan et al, 2008). In addition,
sequence analyses have shown the great majority of mutations in the PfAMA1 gene are
nonsynonymous rather than synonymous (Hughes & Hughes, 1995; Verra & Hughes,
2000). These observations indicate that the extensive polymorphisms in AMA1 are caused
and maintained by selection pressure, most likely from naturally acquired protective
antibody responses. This is strongly supported by the population genetic studies, but which
domain of AMA1 is under the strongest selection is controversial. A large number of
AMA1 sequences from a Nigerian population were analysed with various independent
statistical tests and the results indicated that domain I was under the strongest selection
(Polley & Conway, 2001). Similar results were obtained from inter-population and intrapopulation analyses, which were conducted using AMA1 alleles from an Asian and an
African population (Polley et al, 2003). In contrast, an allelic diversity study on clinical
malaria in a Kenyan population indicated that domain III was under strongest selection
(Osier et al, 2010). These analyses using samples from different populations suggests that
the strength of immune selection is not simply correlated with the levels of polymorphism
in different domains, but is more associated with the geographical regions from where the
parasites were derived. Nevertheless, the consensus of these studies is that the majority of
polymorphic sites selected by protective antibodies are surface exposed and located on one
face of AMA1 (Takala & Plowe, 2009). This may reflect the fact that the other face of
AMA1 is obscured by interaction with the parasite membrane or another parasite protein.
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The importance of the polymorphisms in AMA1 for evasion of host immune responses was
established in animal models and in vitro studies of P. falciparum. Immune responses
elicited by immunizing with a single form of AMA1 protected against the homologous
parasite but were incapable of protecting against challenge with a heterologous parasite
strain (Crewther et al, 1996; Hodder et al, 2001). This observation clearly indicated that the
polymorphisms in AMA1 contributed to immune evasion. To determine the contributions
of the different polymorphisms to immune evasion, all polymorphic sites were sorted into
a number of clusters based on their proximity to each other in the structure (Dutta et al,
2007). A detailed analysis of the contributions of 24 PfAMA1 polymorphic sites to
antigenic escape was conducted using an in vitro model. An antigenic escape residues
(AER) cluster of 13 polymorphic sites in domain I was shown to make the highest
contribution. Further analyses indicated that this strong contribution of the AER cluster in
domain I was mainly attributed to the C1L cluster (residues 196-207), which was found
around one end of the hydrophobic cleft. This C1L cluster contains eight polymorphic sites
including five highly polymorphic sites (Ouattara et al, 2013). The importance of the
polymorphisms in domain I to immune evasion was supported by the fact that the majority
of inhibitory antibodies elicited against 3D7 PfAMA1 recognized strain-specific epitopes
within domain I (Coley et al, 2001; Drew et al, 2012; Dutta et al, 2007). In addition, a
second important AER cluster was found in domain II and its contribution was enhanced
by polymorphisms within domain III.

The importance of the polymorphisms in AMA1 for immune evasion has been confirmed
in a longitudinal cohort study carried out in Mali (Takala et al, 2009). Blood samples from
individuals infected with multiple episodes of malaria were examined and the sequences of
AMA1 were obtained. Changes in clusters of polymorphisms as well as in single amino
acids were determined after aligning AMA1 sequences from these infected participants,
and the critical polymorphic sites for antigenic escape were identified. In addition to the
C1L cluster, changes at polymorphic sites 172 and 175 also had a significant contribution
to antigenic escape as they were highly associated with symptomatic reinfection. Since
these two residues are grouped with less critical residues, their impacts were not observed
in the earlier in vitro studies. Of all these critical polymorphic sites, the association between
changes at position 201 and the development of clinical symptom was predicted to be the
strongest.
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1.2.2

Function of AMA1

AMA1 is the most extensively studied asexual blood-stage antigen but the nature of its
specific function and whether it is essential for parasite development remains controversial.
Immunofluorescence studies showed that AMA1 colocalizes with the parasite RON
complex at the MJ that forms between the parasite and erythrocyte membranes after apical
reorientation and before merozoite invasion begins (Riglar et al, 2011). The RON proteins
are secreted from the rhoptry neck prior to MJ formation and are transported by vesicles
into the erythrocyte where they associate with the cytoplasmic face of the erythrocyte
membrane (Alexander et al, 2005; Bradley et al, 2005). Three RON proteins (RON2, 4 and
5) are found in P. falciparum whereas an additional RON8 is found in T. gondii and
coccidia (Besteiro et al, 2009; Lebrun et al, 2005; Richard et al, 2010; Straub et al, 2009).
The current generally accepted model is that the RON complex creates a receptor in the
erythrocyte membrane to which the apex of the merozoite is anchored via AMA1 (Besteiro
et al, 2011).

A considerable amount of evidence indicates that AMA1 interacts with a short loop of
RON2 between the two C-terminal TM domains, which is exposed on the external face of
the erythrocyte membrane (Lamarque et al, 2011; Tyler & Boothroyd, 2011). On the other
hand, the cytoplasmic region of RON2 forms a complex with the secreted parasite proteins:
RON 4 and 5 (and RON8 in T. gondii) (Alexander et al, 2006; Besteiro et al, 2009; Cao et
al, 2009). These RON proteins form an independent complex even without the presence of
RON2, and this complex may be involved in parasite propagation and initial attachment.

Although the precise function of AMA1 remains unclear much early evidence suggested
that AMA1 played an indispensable role in MJ formation and parasite invasion. The
importance of AMA1 was illustrated by the fact that molecules that block the interaction
between AMA1 and RON2 can effectively inhibit merozoite invasion (Richard et al, 2010;
Srinivasan et al, 2011; Treeck et al, 2009). An early P. falciparum AMA1 knockout was
not viable in blood-stage culture (Triglia et al, 2000). However, a series of recent knockout
studies indicated that AMA1 is not always essential for parasite invasion (Harvey et al,
2014). One study indicated that the disruption of the AMA1 gene could inhibit P.
falciparum merozoite invasion, whereas T. gondii tachyzoites still retained the ability to
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invade host cells, suggesting that AMA1 is dispensable in T. gondii (Giovannini et al, 2011).
These results may be reconciled if no more than 10% of AMA1 expressed on the tachyzoite
surface is required for efficient host cell invasion (Mital et al, 2005), and leaky expression
of AMA1 in the T. gondii used in this study could allow parasite invasion.

Subsequently, a complete knockout of AMA1 in T. gondii was achieved using a conditional
DiCre-loxP approach (Bargieri et al, 2013). Similar to the previous study, AMA1-deficient
tachyzoites were shown to invade host cells as efficiently as wild-type parasites.
Furthermore, the necessity of AMA1 for invasion by P. falciparum was also questioned. A
live-cell imaging study utilizing the same knockout approach showed that AMA1-deficient
merozoites were capable of invading erythrocytes, but these merozoites were either ejected
from the erythrocyte or remained inside the erythrocyte without developing into ring stages
(Yap et al, 2014). Moreover, prolonged echinocytosis was observed immediately following
invasion by these AMA1-deficient merozoites and the proliferation of parasites was
severely impaired (Gilson & Crabb, 2009). All these studies suggest that although AMA1
may not be essential for MJ formation and host cell invasion, this protein may play
important roles in resealing the erythrocyte membrane after invasion and during subsequent
parasite proliferation.

Recently, a modified T. gondii strain, which expressed less than 0.5% of the level of AMA1
expressed by wild-type parasite, was created (Lamarque et al, 2014). This parasite strain
together with a RON2 mutant with exceptionally low binding affinity for AMA1 was used
to determine whether AMA1 is dispensable. In the absence of either AMA1 or RON2, MJ
formation was severely impaired and parasites detached from the host cells, suggesting that
the AMA1-RON2 complex is important for MJ formation and parasite internalization.
Despite the severe impairment of host cell invasion, AMA1 was found to be dispensable
because alternate invasion pathways were used. In the absence of the AMA1-RON2
complex, one of three possible paralogous complexes (AMA2-RON2, AMA3-RON2L2 and
AMA4-RON2L1) was used to facilitate the invasion process but these alternate invasion
pathways were less efficient. Equivalent RON2 and AMA1 paralogues have not yet been
identified in P. falciparum.

The conserved cytoplasmic region of AMA1 also has an important role in parasite invasion.
Some studies suggested that the cytoplasmic tail of AMA1 mediates the binding of AMA1
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to aldolase and GAPDH, which are thought to be essential links between the invasion motor
and parasite membrane (Buscaglia et al, 2003; Srinivasan et al, 2011; Treeck et al, 2009)..
However, a recent study showed that a TgAMA1 mutant that did not bind to aldolase had
no impact on parasite invasion (Shen & Sibley, 2014). This result questions the role played
by the cytoplasmic tail of AMA1. Phosphorylation of residues in the cytoplasmic tail of
PfAMA1 is important for merozoite invasion and this indicates this region of AMA1 has a
signalling function (Leykauf et al, 2010). Signalling pathways involving the AMA1
cytoplasmic domain may also contribute to the intracellular replication of parasite, but this
idea needs to be further explored (Santos et al, 2011).

1.2.3

Ligand-induced conformational change of AMA1

RON2, the natural binding ligand of AMA1, has been well characterized in a number of
studies (Besteiro et al, 2009). RON2 is a large molecule (>200kDa) and it contains three
predicted TM regions (Lamarque et al, 2011). Two of these TM regions are located towards
the C-terminal end of RON2 and the other one is found in the N-terminal region. The
identity of the AMA1-binding region in RON2 has been explored in several studies. The
consensus of these studies is that the 39-residue sequence (RON2L) between the two Cterminal (predicted) TM domains is responsible for the binding to AMA1 (Lamarque et al,
2011; Tyler & Boothroyd, 2011). The RON2L peptide binds to AMA1 with an extremely
high affinity (approximately 10nM) (Vulliez-Le Normand et al, 2012). However, a
cysteine-rich domain in the central region of RON2 was also suggested to bind to AMA1,
albeit with a much lower affinity (Hossain et al, 2011). The possibility of there being
multiple AMA1-binding regions in RON2 still cannot be ruled out but it seems unlikely.
Peptide RON2L effectively inhibits parasite invasion and it contains two cysteine residues
that form an indispensable intramolecular disulphide bond. Disruption of this disulphide
bond by mutagenizing either of the two cysteine residues completely aborts the interaction
between AMA1 and RON2L (Lamarque et al, 2011).

Initially, the structure of the AMA1-RON2L complex was determined in T. gondii using a
37-mer TgRON2L peptide with an intact disulphide bond (Tonkin et al, 2011) (Figure
1.6A). The peptide forms a U-shaped loop and it penetrates deep into the hydrophobic cleft
of AMA1. A significant finding revealed by this co-crystal structure is that binding of
peptide RON2L induces a substantial conformational change of AMA1 (Figure 1.6B).
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When the U-shaped cysteine loop of RON2L peptide binds into the hydrophobic cleft of
TgAMA1 there is a 29-Å movement of the DII loop exposing a basic patch on the surface
of AMA1, which interacts with a complementary negatively-charged region towards the
N-terminus of RON2L. This stepwise binding mechanism, which leads to an intimate
association between AMA1 and RON2L, was also shown to be conserved in P. falciparum
(Figure 1.6C) (Vulliez-Le Normand et al, 2012). In addition to peptide RON2L, the binding
of peptide R1, which exhibits a close structural similarity to PfRON2L, can induce a similar
conformational change of AMA1.

Guided by the co-crystal structures of AMA1-RON2L in T. gondii and P.falciparum, a
number of critical contact residues in both binding components were identified using
alanine-scans. In T. gondii, all critical contact residues found in either TgRON2 (Asp1297,
Asp1304, Pro1309, Cys1313 and Cys1323) or TgAMA1 (Phe197 and Tyr213) are highly
conserved (except the less conserved Leu1319 in TgRON2) (Tonkin et al, 2011). This
suggests that the binding of AMA1 to RON2 in T. gondii involves conserved faces of the
interacting molecules. Moreover, a bridge formed between Tyr213 in TgAMA1 and
Pro1309 in TgRON2 is important for anchoring RON2L in the hydrophobic cleft of AMA1
and also for promoting the displacement of the DII loop. In contrast, the AMA1-RON2L
interaction was not affected when the core residue Tyr230 in TgAMA1 (analogous residue
of Tyr251 in PfAMA1) was mutagenized to Ala. This finding was supported by one study
in P. falciparum, showing that the interaction between AMA1 and RON2 was not affected
by replacing Tyr251 in PfAMA1 with Ala (Vulliez-Le Normand et al, 2012). Another study
indicated that Tyr251 is critical for the binding of PfAMA1 to PfRON2 (Srinivasan et al,
2011) but it is quite clear that there is little contact between this residue and the RON2L
peptide in the co-crystal structure. Additionally important contact residues were identified
in PfAMA1 and PfRON2 using Ala scans; the binding of AMA1 to RON2 was significantly
reduced or completely abrogated when the following residues were mutagenized to alanine:
Pro2033, Phe2038, Arg2041, Pro2044 in PfRON2 and Phe183, Tyr234 in PfAMA1
(Vulliez-Le Normand et al, 2012).
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Figure 1.6. The structure of AMA1 in complex with the peptide RON2L. (A) The
structure of TgAMA1 (purple) in complex with the TgRON2L peptide (green) with
correctly formed disulphide bond (yellow). (B) The ordered DII loop (dash line) is
displaced upon the binding of TgRON2L and a basic patch on AMA1 is exposed. This basic
patch then interacts with the complementary acidic patch within the N-terminal region of
RON2L. (C) The structure of PfAMA1 (blue) in complex with the peptide PfRON2L
(orange). These structures are adapted Tonkin et al, 2011 and Vulliez-Le Normand et al,
2012.
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1.2.4

Other AMA1-binding ligands

Before RON2 was identified as the natural binding ligand of AMA1, a number of AMA1binding molecules were identified. These molecules, including mAbs, peptides and shark
antibodies, were used to characterize AMA1 and explore the potential functions of the
protein.

Anti-AMA1 monoclonal antibodies can be divided into two sub-groups: inhibitory and
non-inhibitory antibodies. Non-inhibitory mAbs, which have no impact on parasite
invasion, are of less interest. MAb 2C5 is a strain-specific non-inhibitory mAb that binds
to the 3D7 and D10 forms but not the FVO form of PfAMA1 (Coley et al, 2006). The entire
correctly folded ectodomain of AMA1 is required for 2C5 binding but the precise epitope
of this mAb has not been mapped.

Inhibitory mAbs are of much more interest since they bind to functionally important sites
on AMA1 and prevent parasite invasion. The majority of inhibitory antibodies bind to
AMA1 with considerable allele specificity, whereas a minority are more broadly crossreactive. Inhibitory mAb 1F9 is a well-characterized antibody that binds to the 3D7 and
D10 but not the HB3 or W2mef forms of PfAMA1 (Coley et al, 2006). The epitope of 1F9
was initially mapped, using fragments of AMA1 displayed on phage, to a 57 residue
fragment of domain I, which contained a single disulphide bond. This 1F9 epitope was then
confirmed by the X-ray crystal structure of AMA1 in complex with the Fab fragment of
1F9 (Figure 1.7). This structure shows that framework residues of the 1F9 Fab fragment
bind into the solvent-exposed hydrophobic cleft of AMA1 (Coley et al, 2007). The structure
also shows that the flexible CDR loops of 1F9 interact with the highly flexible loops
surrounding the hydrophobic cleft. A large number of key contact residues (Asp196,
Glu197, His200, Phe201 and Asp204) were identified within the domain I loop d. The
majority of these contact residues are polymorphic; residue Glu197 is the most
polymorphic residue in AMA1. The binding of AMA1 to 1F9 was completely abrogated
when Glu197 was mutagenized to any other residue (Coley et al, 2001; Coley et al, 2007).
In addition to loop 1d, a number of contact residues were also identified in domain I loop
c (Glu187 and Leu189) and loop e (Ile225, Asn228 and Lys230). Site-specific mutagenesis
indicated that the binding of AMA1 to 1F9 was either completely abrogated or impaired
when any one of the residues His200, Phe201, Asp204 and Ile225 was mutagenized.
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A number of more recently generated growth-inhibitory mAbs (1B10, 4E8 and 4E11)
reacting with domain I epitopes were able to bind to multiple allelic forms of PfAMA1
(Dutta et al, 2013). Epitope mapping of these mAbs showed that they all recognize
conserved regions at the rim of the hydrophobic cleft. These mAbs, binding to the
conserved face of AMA1, are relatively potent inhibitors of merozoite invasion. This result
suggests that domain I can still elicit broadly reactive antibodies despite the high level of
polymorphism, but it should be noted that these broadly reactive antibodies were generated
by immunizing with a tetravalent AMA1 vaccine not a single form of PfAMA1.

In contrast to mAb 1F9 rat anti-AMA1 mAb 4G2 is broadly cross reactive, binding to at
least 10 different allelic forms of PfAMA1 and blocking the invasion of the corresponding
parasite strains (Collins et al, 2007; Kocken et al, 1998). Apart from blocking the
interaction between AMA1 and RON2, mAb 4G2 can also disrupt the shedding of
PfAMA166 from the merozoite surface. The spreading of AMA1 around the merozoite
surface is also impaired by the presence of 4G2 (Dutta et al, 2005). No co-crystal structure
is available for AMA1 in complex with 4G2, but the 4G2 epitope is conformationallydependent and requires the presence of both domain I and II of AMA1. A subsequent study
using site-specific mutagenesis showed that 4G2 binds to the disordered DII loop in AMA1
(Collins et al, 2007). Importantly, the DII loop is a highly conserved region in PfAMA1
and this is consistent with the fact that 4G2 is a broadly cross-reactive antibody.

Domain III in AMA1 is relatively conserved and several mAbs to this region of AMA1 are
also broadly cross-reactive. Immunization with a peptide mimic of the domain III loop I
elicited two growth-inhibitory mAbs (DV5 and DV11) (Mueller et al, 2003). These two
mAbs recognized two distinct discontinuous regions (KRIKLN and DDEGNKKII) in
domain III of PfAMA1 and bound to multiple allelic forms of the antigen. MAb 1E10 is
another antibody that reacts with a conserved epitope in domain III (Dutta et al, 2013).
1E10 was shown to inhibit parasite growth by preventing the secondary processing of
AMA1. Although 1E10 alone is not a strong inhibitor of parasite growth, it appeared to
synergize with 4G2 to provide stronger inhibition. All these findings suggest that domain
III of AMA1 is an important region for eliciting broadly reactive antibodies.
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Figure 1.7.The structure of 3D7 PfAMA1 in complex with mAb 1F9 Fab. The heavy
chain of 1F9 Fab is shown in orange and the light chain in yellow. Domain I and domain II
of AMA1 are shown in dark blue and light blue, respectively. The hydrophobic cleft is
indicated in green. The structure is adapted from Coley et al, 2007.
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A number of peptides have also been identified as AMA1-binding molecules. All the
AMA1-binding peptides were identified and isolated from random phage-displayed peptide
libraries. Of these peptides, F1 and R1 are the most extensively studied (Harris et al, 2005a;
Li et al, 2002). Peptides F1 and R1 were identified by panning the phage library on the 3D7
form of PfAMA1 and both peptides bind specifically to the 3D7 and D10 antigens. These
two peptides compete with each other for binding to AMA1, indicating that they bind to
overlapping sites on the antigen’s surface. Moreover, both peptides can inhibit parasite
invasion, but R1 is at least 10 times more potent than F1. This difference in potency is
correlated with difference in their binding affinities. Sequence alignments indicate that the
two peptides have little similarity. The structure of F1 determined by NMR contains a type
I β-turn encompassing key contact residues (Keizer et al, 2003). These secondary structural
elements of F1 appear to be important for the potency of F1 in inhibiting parasite invasion.
In contrast, peptide R1 contains a stretch of hydrophobic residues and it can effectively
block the interaction between AMA1 and mAbs 1F9 and 4G2. As the 1F9 and 4G2 epitopes
are at opposite ends of the hydrophobic cleft this finding indicates that R1 most likely binds
within the hydrophobic cleft of AMA1. This was confirmed by determining the X-ray
structure of AMA1 in complex with R1, showed that R1 mimics the binding of RON2L to
AMA1 (Vulliez-Le Normand et al, 2012) (Figure 1.8). Intriguingly, the structure shows
that two R1 peptides, a major one and a minor one, bind sequentially to AMA1. The major
R1 lies deep in the hydrophobic cleft and the minor one lies above the major one with only
minor contacts to AMA1. This may be an artefact of crystal packing because only a single
R1 molecule was located in the cleft by NMR studies of the complex (Wang et al, 2014).

Like peptide RON2L, R1 induces the displacement of the DII loop when it binds to AMA1.
Although R1 mimics the binding of RON2L its binding is more strain specific possibly
because R1 makes contact with two highly polymorphic residues (Tyr175 and Ile225)
surrounding the hydrophobic cleft of AMA1. A series of backbone amides were methylated
and these relatively minor modifications significantly improved the binding affinity,
bioactivity and proteolytic stability of R1 (Harris et al, 2009). However, this made little
difference to the binding specificity of R1 because contacts with the two polymorphic key
residues are required for R1 binding.
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Figure 1.8. The structure of AMA1 in complex with the R1 peptide. The major R1
peptide (yellow) lies in the deep hydrophobic cleft on AMA1. The minor R1 peptide (purple)
lies above the major one in the structure (Vulliez-Le Normand et al, 2012).
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Antibodies isolated from a shark antibody (immunoglobulin new antigen receptor = IgNAR)
library can also bind to AMA1. Unlike other antibodies, IgNARs only contain a heavychain homodimer without the associated light-chains (Greenberg et al, 1993). To
compensate for the missing hypervariable regions within light-chains, an exceptionally
long CDR3 loop is found in IgNARs and this provides extensive binding variability. In
contrast, the CDR1 variable region of IgNARs is quite short and the entire CDR2 region is
missing (Roux et al, 1998; Streltsov et al, 2004). Both the CDR1 and CDR3 regions are
important for IgNAR binding (Stanfield et al, 2004). Because of the long CDR3 loop
IgNARs were considered likely to penetrate into the hydrophobic cleft of AMA1 and block
this functionally important site (De Genst et al, 2006). A phage-displayed IgNAR library
was panned on the 3D7 form of PfAMA1 and IgNAR 12Y-2 was identified (Nuttall et al,
2001). IgNAR 12Y-2 was found to bind specifically to the 3D7 form of AMA1 with a
relatively low affinity (approximately 700 nM) (Henderson et al, 2007). Affinity maturation
of 12Y-2 resulted in the production of IgNAR 14I1M15. Like 12Y-2, 14I1M15 binds to
AMA1 in an allele-specific manner, but its binding affinity is two magnitudes higher than
12Y-2. Both 12Y-2 and 14I1M15 inhibit parasite invasion in a growth inhibition assay and
the inhibitory activity correlated strongly with binding affinity. The co-crystal structure of
AMA1 in complex with 14I1M15 was also determined, confirming that the extended CDR3
loop of IgNAR penetrates into the hydrophobic cleft of AMA1 (Figure 1.9). A number of
polymorphic residues (Glu187, Phe201 and Ile225 in 3D7 form of PfAMA1) were
identified that are important for the interaction between AMA1 and 14I1M15, and this
finding is consistent with the restricted binding specificity of this IgNAR.
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Figure 1.9. The structure of 3D7 PfAMA1 in complex with IgNAR 14I1M15. IgNAR
is represented in ribbons and the elongated CDR3 loop at the top of the molecule penetrates
into the hydrophobic cleft (pink) of AMA1 (surface representation). A number of
polymorphic residues surrounding the hydrophobic cleft are indicated in shaded purple
(Henderson et al, 2007).
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1.2.5

Immunological studies and clinical trials

AMA1 has been a leading malaria vaccine candidate. Both E. coli-expressed recombinant
AMA1 and parasite-derived AMA1 are highly immunogenic and polyclonal antibodies
elicited against AMA1 in, for example rabbits, are capable of inhibiting merozoite invasion
(Schwartz et al, 2012). Simian and murine models of the human infection have been used
to show that immunization with recombinant forms of AMA1 can protect against challenge
with a variety of Plasmodium species (Anders et al, 1998; Collins et al, 1986; Collins et al,
1994; Crewther et al, 1996; Hodder et al, 2001; Silvie et al, 2004; Stowers et al, 2002).
However, anti-AMA1 antibodies are relatively strain-specific because of the extensive
polymorphisms within AMA1 (Takala et al, 2009; Takala & Plowe, 2009). Despite the
strain-specific antibody responses the efficacy achieved in the various pre-clinical studies
led to AMA1 vaccines being further evaluated in clinical trials.
An E. coli-expressed recombinant 3D7 form of AMA1, adjuvanted in Montanide® ISA 720
was tested in a phase I clinical trial in Australia but the development of this vaccine was
discontinued because of poor immunogenicity and problems with stability (Saul et al, 2005).
Another recombinant 3D7 AMA1 vaccine, developed at Walter Reed Army Institute of
Research and formulated in the GSK adjuvant AS02A (as an oil-in-water emulsion), was
shown to be safe and immunogenic in phase I trials (Polhemus et al, 2007; Thera et al,
2008). The same antigen adjuvanted in AS02A or AS01B (a liposome-based adjuvant) led
to a significant reduction in parasite growth rates when subjects in a Phase I/IIa study were
challenged with parasites (Spring et al, 2009). However, this effect on parasite growth was
not clearly correlated with host immune responses. Moreover, participants who were
vaccinated with AMA1/AS01B became parasitaemic after sporozoite challenge, indicating
that this formulation of AMA1 was unlikely to be sufficiently efficacious.

A phase II study using the AMA1/AS02A vaccine was conducted in 2011 when four
hundred Malian children were immunized (Thera et al, 2011). In this trial only 20% efficacy
was achieved against multiple episodes of malaria. Despite the low efficacy, when parasites
that expressed AMA1 with the sequence in the C1L cluster identical to 3D7 PfAMA1 were
examined, vaccine efficacy increased to 64.3%. This result confirmed that the highly
polymorphic C1L cluster is the dominant region for protective strain-specific antibodies.
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Although the results of this clinical trial were encouraging, a single form of AMA1 appears
insufficient to elicit broadly protective antibody responses.

The AMA1-C1 vaccine was designed at National Institutes of Health to induce broadly
protective antibody responses (Mullen et al, 2008). It contained Pichia pastoris-expressed
3D7 and FVO forms of AMA1, which were adjuvanted with Alhydrogel®. The vaccine was
shown to be safe and immunogenic in phase I studies, and a subsequent phase II study was
conducted in 300 Malian children aged 2-3 years (Sagara et al, 2009). In this phase II study,
AMA-C1 did not have a significant impact on either the primary (rate of P. falciparum
parasitaemia >3,000/μL) or secondary endpoints (P. falciparum density). The toll-like
receptor 9 agonist CpG 7909 was then added into the formulation and this resulted in
enhanced inhibitory activities of the elicited antibodies against the two homologous parasite
strains but the antibodies still failed to inhibit a large number of heterologous parasite
strains. In addition to the AMA1-C1 vaccine, the NIH group also designed an AMA1/MSP1
combination vaccine (Ellis et al, 2012). The 3D7 and FVO forms of both antigens were
adjuvanted with Alhydrogel® + CpG and tested in phase I studies in naïve adults in the USA
and malaria-exposed adults in Mali. The results of the phase Ia trial in the USA indicated
that this vaccine is highly immunogenic and the growth inhibitory activity of sera from
vaccinees correlated with antibody titres. However, immunization with this vaccine also
resulted in mild adverse events, which were overcome by early administration of over-thecounter medications. No report for the phase 1b trial in Mali is yet available.

A vaccine developed in The Netherlands containing the FVO form of AMA1 expressed in
P. pastoris has also been tested in a phase I trial (Roestenberg et al, 2008). This antigen
was formulated in three different adjuvants: Montanide® ISA 720, Alhydrogel® and AS02A.
All three formulations were shown to be acceptably safe, but FVO AMA1/ASO2A was less
reactogenic than the other two formulations. Like the 3D7 AMA1/ASO2A vaccine, a
particular concern here is that a single form of AMA1 would not be sufficient to elicit
broadly protective antibody responses and for this reason the development of this AMA1FVO vaccine was discontinued (Schwartz et al, 2012).

To overcome the antigenic diversity of AMA1 and induce broadly protective antibody
responses, a number of multi-component vaccines have been tested in pre-clinical studies,
but none has yet been tested in a field trial (Dutta et al, 2013; Kennedy et al, 2002; Kusi et
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al, 2009; Miura et al, 2013). One of these vaccines contained four different forms of AMA1
(3D7, FVO, W2mef and HB3), broadly representative of global AMA1 diversity (Drew et
al, 2012). Antibodies elicited against this vaccine were shown to inhibit the growth of 18
different P. falciparum isolates. This result reflects the substantial antigenic overlap
between different forms of PfAMA1, which results in enhanced responses to conserved
inhibitory epitopes. The highly polymorphic C1L epitopes were only targeted by a small
proportion of inhibitory antibodies, suggesting that immunization with a multivalent
AMA1 vaccine diverts inhibitory antibodies from the polymorphic epitopes to more
conserved epitopes on AMA1 surface. Consistent data were produced by Dutta and
colleagues immunizing rabbits with Quadvax, a tetravalent vaccine containing the same
four forms of AMA1 (Dutta et al, 2013). Immunization with Quadvax induced polyclonal
antibodies that inhibited the invasion of a total of 26 strains of P. falciparum. These broadly
inhibitory antibodies targeted predominantly the conserved face and domain III of AMA1,
while the antibody responses against domain II were significantly lower. Another
polyvalent AMA1 vaccine contained six different forms of AMA1 (3D7, CAMP, HP22,
HP47, M24 and L32), representing six different populations of AMA1 haplotypes
worldwide (Miura et al, 2013). Polyclonal antibodies elicited against this vaccine were
significantly more inhibitory of invasion by heterologous parasite strains. Subsequently,
these authors showed that five forms of AMA1 were sufficient to induce broadly protective
immunity since the addition of HP22 AMA1 had no impact on the growth inhibition
activities of the generated antibodies. When 72 combinations of immunogen and parasite
were analysed variation of amino acids at 13 individual polymorphic sites in AMA1 had
the strongest impact on growth inhibition activities of elicited antisera. Therefore, although
immunization with multivalent AMA1 vaccines induces enhanced antibody responses
against more conserved epitopes, antibodies to polymorphic epitopes are still an important
component of the response.

A vaccine containing three diversity-covering (DiCo) PfAMA1 proteins was developed by
Remarque and colleagues in The Netherlands (Remarque et al, 2008b). The sequences of
the three DiCo PfAMA1 recombinant proteins incorporated 97% of PfAMA1 sequence
diversity. Antisera generated against the DiCo vaccine had similar levels of growth
inhibitory antibodies as antisera elicited against either 3D7, FVO or HB3 PfAMA1. This
result suggested that the DiCo vaccine could indeed cover a remarkably high degree of

38

sequence diversity in AMA1 but it remains to be evaluated against a large number of P.
falciparum strains.

An alternative strategy to elicit broadly protective antibody responses is to design vaccines
that contain novel forms of AMA1 in which the key polymorphic residues are mutagenized.
In one of these studies all the polymorphic residues in the dominant AER (C1L cluster) of
FVO PfAMA1 were mutagenized to alanine (Dutta et al, 2010). Immunization with this
AER mutant diverted the antibody response towards more conserved epitopes, however,
antibodies targeting the conserved epitopes were not inhibitory. Nonetheless, this study
reinforced the importance of the C1L cluster as a target of inhibitory antibodies. In the
second study, mutant forms of 3D7 and FVO PfAMA1 were constructed in which the five
highly polymorphic residues in domain I were replaced with either alanine or serine (Harris
et al, 2014). Antisera elicited against one of the two 3D7 PfAMA1 mutants were shown to
be more broadly cross-reactive, whereas immunization with a mutant form of FVO
PfAMA1 (FVO Ala) had little impact on antibody responses. This result suggested that
different subsets of polymorphic residues in AMA1 are important for the specificities of
antibodies elicited against various forms of AMA1. In comparison to the formulation
containing wild-type 3D7 and FVO PfAMA1, a biallelic formulation including at least one
mutant form of AMA1 elicited more broadly cross-reactive antibody responses. In addition,
the 3D7ser/FVO formulation was shown to elicit antibodies with enhanced growth
inhibition activity against the W2mef parasite line. This study suggested that immunization
with well-designed mutant forms of AMA1 may be a useful strategy for overcoming the
antigenic diversity, but this approach needs to be further evaluated in preclinical studies
before commencing clinical development.

In this thesis study, the importance of the interaction between AMA1 and RON2 was
refined by a number of approaches. Intensive efforts were made to develop a method that
can monitor the ligand-induced movement of the DII loop in AMA1, and this method may
facilitate screen and development of novel drug leads. Furthermore, it was of interest to
investigate the immunogenicity of the conserved regions in AMA1. Therefore, an
immunization study was conducted to test the hypothesis that an AMA1-ligand complex
would divert antibody response towards more conserved epitopes.
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Chapter 2: Materials and Methods
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2.1

Materials

2.1.1

Bacterial strains

The TG1 E. coli strain used for phage preparation was kindly provided by George Smith
(University of Missouri, Columbia, MO, USA), and was maintained on minimal media for
short term use. TG1 cells can be used to select for the plasmid encoding the F-pilus, which
was essential for phage infection. The JM109 E. coli strain used for cloning purposes was
purchased from Promega and maintained on LB media. The SG13009 E. coli strain cells
used for the expression of full-length AMA1 (domain P+I+II+III) was maintained on LB
media in the presence of 70 μg/mL of kanamycin (A.G. Scientific) for selecting the pREP4
vector. The BL21 E. coli strain used for the expression of 5F-Trp-labelled AMA1 (domain
I+II) was maintained on LB media. All E. coli cells were stored as 10% (v/v) glycerol
stocks at -80 °C for long term storage.

2.1.2

Phage and phagemid

Phagemid vector pHENH6 was provided by Karen Harris (La Trobe University, Melbourne,
VIC, Australia). This vector contains a single copy of M13 bacteriophage gene III, a signal
sequence for periplasmic export and a sequence encoding the myc epitope, which enables
the standardisation of phagemid-derived pIII. The fusion protein was expressed and
displayed on phage surface when M13K07 helper phage (GE Healthcare) was added into
the culture. Phagemid vectors containing different forms of PfAMA1 or various peptides
(R1, R3 and F1) were kindly provided by Karen Harris (La Trobe University, Melbourne,
VIC, Australia). A series of RON2 gene fragments and different AMA1 mutant constructs
were introduced into the pHENH6 vector by inserting double stranded (ds) DNA encoding
the desired gene into the vector. Fusion proteins or fragments were subsequently expressed
and displayed on phage surface.

2.1.3

Recombinant proteins

The recombinant AMA1 chimeric proteins (D1, D2, D3, Cons, Poly, Hydroph, D2 loop,
D21e) and PbAMA1 were kindly provided by Sheetij Dutta (Walter Reed Army Institute
of Research, Silver Spring, Maryland). These chimeric proteins display a particular region
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of 3D7 PfAMA1 on an immunologically non-reactive P. berghei AMA1 scaffold (Dutta et
al, 2013). Multiple forms of recombinant full-length PfAMA1 proteins (3D7, FVO, HB3,
W2mef and 7G8) were kindly provided by Dr Karen Harris (La Trobe University,
Melbourne, VIC, Australia). Full-length PfAMA1 and its mutant forms were produced as
previously described (Hodder et al, 2001). Briefly, His-tagged AMA1 proteins were
expressed in E.coli and purified by Ni-NTA affinity chromatography after solubilization.
The eluted proteins were refolded in refolding buffer (0.5 M urea, 100 mM NaCl and 20
mM Tris, pH 8.0) in the presence of 0.1 M of reduced glutathione and 0.025 M of oxidized
glutathione. The correctly folded proteins were purified using ion exchange and gel
filtration high performance liquid chromatography (HPLC) to achieve >90% purity. The
folded nature of all recombinant proteins were assessed using two conformationallydependent mAbs 1F9 and 4G2.

2.1.4

Peptides

Peptides R1 (VFAEFLPLFSKFGSRMHILK), R3 (PVLRSGRCAELIQIGFRCRA),
R3[ser] (PVLRSGRSAELIQIGFRSRA), RON2L (DITQQAKDIGAGPVASCFTTRMS
PPQQICLNSVVNTALS), trRON2 (CFTTRMSPPQQICLNSVVNTALS), R1 and R3
bitoinylated at the C-termini, and RON2L biotinylated at the N-terminus were purchased
from GL biochem Ltd. (Shanghai, China). The purities of the peptides were >70%.

2.1.5

Antibodies

Mouse anti-AMA1 monoclonal antibodies 1F9 and 5G8, and rabbit anti-AMA1 polyclonal
sera were produced as previously described (Coley et al, 2001; Harris et al, 2014). Another
group of mouse anti-AMA1 mAbs 1E10, 1B10, 4E8, 4E11 and 5A6 was kindly provided
by Dr Sheetij Dutta (Dutta et al, 2013). Rat anti-AMA1 mAb 4G2 was kindly provided by
Alan Thomas (Biomedical Primate Research Centre, Rijswijk, The Netherlands) (Collins
et al, 2007).
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2.1.6

New antigen receptor variable domains (IgNAR)

The gene for recombinant IgNAR 14I1M15 was kindly provided by Stewart Nuttall
(CSIRO Preventative Health Flagship, Melbourne, VIC, Australia) and it was expressed
and purified as previously described (Henderson et al, 2007; Nuttall et al, 2004).

2.1.7

AMA1 binding chemical compounds

AMA1 binding fragments 5-(4-aminophenyl)-4-methylthiazol-2-amine (MIPS 2177), 5(1H-benzo[d]imidazo-2-yl)benzene-1,3-diamine (MIPS 2191), and 2-(piperidin-1-yl)-1Hbenzo[d]imidazol-6-amine (MIPS 2129) were synthesized by established procedures
(Carpenter et al, 2006; Lee & Lee, 2000; Mikroyannidis, 1996) and kindly provided by
Raymond Norton (Medicinal Chemistry, Monash Institute of Pharmaceutical Sciences,
Monash University, Melbourne, Australia).

2.1.8

Plasmid preparation

The phagemid vector pHENH6 plasmid and the expression vector pQE9 were prepared
using plasmid preparation kit (QIAgen) based on the manufacturer’s instructions. Genomic
DNA isolated from P. falciparum parasites was kindly provided by Dr Richard Beaumont
(La Trobe University, Melbourne, VIC, Australia).

2.1.9

Oligonucleotides

All oligonucleotides were ordered as sequencing/PCR grade and synthesized by
GeneWorks (Hindmarsh, SA, Australia). The sequences of the vector primers and
oligonucleotides used for the site-specific mutagenesis of 3D7 PfAMA1 are summarized
in Table 2.1 & 2.2.
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Table 2.1. Oligonucleotide primers used for PCR
Name

Specificity

Restriction site

Sequences (5’3’)

Tm (°C)

pHENH6F

Regions flanking insert in

None

GGAAACAGCTATGACCATGATTACGC

55

pHENH6R

pHENH6 vector

None

GGCCCCATTCAGATCCTCTTCTGA

50

pQE9F

Regions flanking insert in

None

GCTTTGTGAGCGGATAACAATTATAATAG

56

pQE9R

pQE9 vector

None

GCGTTTTTTATTGGTGAGAATCCAAGCTAG

59

RON2LF

Sequence encoding C- and

None

GCGCCATGGGTATAACACAACAAGCTAAAGATATAG

62

RON2LR

N-termini of RON2L peptide

None

ATTAGCGGCCGCTTTCATAGCCGATTGAGT

66

3D7 Pro F pQ

Sequence encoding C- and

BamHI (underlined)

GCGGGATCCCAGAACTACTGGGAACATCCGTAC

57

3D7 DIII R pQ Hind

N-termini of the full-length

HindIII (underlined)

CGGAACACAAACCGACTTATGACAAAATGAAATGAAAGCTTGCG

59

3D7

PfAMA1

(domain

P+I+II+III)
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Table 2.2. Oligonucleotide primers used for site-specific mutagenesis in 3D7 PfAMA1
Name

Specificity

Sequences (5’3’)

Tm (°C)
(Phusion DNA polymerase)

W110FF

Mutagenesis of Trp 110 in 3D7

ATGGGTAATCCGTTTACTGAATACATGGCA

70.9

W110FR

PfAMA1 to Phe

CCATGTATTCAGTAAACGGATTACCCATGTAGT

69.4

W315FF

Mutagenesis of Trp 315 in 3D7

GCCTGTTTGTCGATGGCAACTGT

70.0

W315FR

PfAMA1 to Phe

CATCGACAAACAGGCCGAACTTC

69.4

W298FF

Mutagenesis of Trp 298 in 3D7

GTAGTTGATAACTTCGAGAAAGTTTGCCCTCGC

70.9

W298FR

PfAMA1 to Phe

AGGGCAAACTTTCTCGAAGTTATCAACTACGTTC

70.6

W399FF

Mutagenesis of Trp 399 in 3D7

GGGTTACAACTTCGGCAACTACAACACCG

72.2

W399FR

PfAMA1 to Phe

TGTAGTTGCCGAAGTTGTAACCCTTACCG

70.1

Y353WF

Mutagenesis of Tyr 353 in 3D7

GAAACAGTGGGAACAGCACCTGACCG

71.1

Y353WR

PfAMA1 to Trp

GCTGTTCCCACTGTTTCGGTTGATCC

69.9

Y360WF

Mutagenesis of Tyr 360 in 3D7

CAGCACCTGACCGACTGGGAGAAGATC

71.4

Y360WR

PfAMA1 to Trp

TTCTTTGATCTTCTCCCAGTCGGTCAGG

69.6

F367WF

Mutagenesis of Phe 367 in 3D7

TCAAAGAAGGTTGGAAAAACAAGAACGCGAG

70.7

F367WR

PfAMA1 to Trp

GTTCTTGTTTTTCCAACCTTCTTTGATCTTCTCATAGTC

69.0

IS373WF

Inserting an Trp between Ala 372 and

AAGAACGCGTGGAGCATGATCAAATCTG

71.0

IS373WR

Ser 373 in 3D7 PfAMA1

AGATTTGATCATGCTCCACGCGTTCTTG

71.0

F379WF

Mutagenesis of Phe 379 in 3D7

AATCTGCGTGGCTGCCGACTGG

70.2

F379WR

PfAMA1 to Trp

AGTCGGCAGCCACGCAGATTTGATC

70.7

F385WF

Mutagenesis of Phe 385 in 3D7

CTGGTGCCTGGAAGGCAGATCGC

70.3

F385WR

PfAMA1 to Trp

GATCTGCCTTCCAGGCACCAGTCG

69.3

Y390WF

Mutagenesis of Tyr 390 in 3D7

CAGATCGCTGGAAATCTCACGGTAAGGG

70.1

Y390WR

PfAMA1 to Trp

CGTGAGATTTCCAGCGATCTGCCTTG

69.8
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2.1.10 Media
2 Yeast Tryptone (2YT):
1.6% (w/v) Tryptone (Oxoid), 1% (w/v) Yeast Extract (Oxoid), 0.5% (w/v) NaCl (Amresco)

Luria-Bertani (LB):
1% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 1% (w/v) NaCl, 1.5% (w/v) bacteriological
agar (Amresco)

Superbroth (SB):
3% (w/v) Tryptone, 2% (w/v) Yeast Extract, 1% (w/v) MOPS (Amresco)

Super Optimal broth with Catabolite repression (SOC):
2% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 0.05% (w/v) NaCl, 0.02% (w/v) KCl
(Merck), 0.2% (w/v) MgCl2 (Merck), 20 mM glucose (Amresco)

5 x M9 salts:
1.5% (w/v) KH2PO4, 6.4% (w/v) Na2HPO4. 7H2O, 0.25% (w/v) NaCl, 0.5% (w/v) NH4Cl

100 x Trace elements:
13.4 mM EDTA, 3.1 mM FeCl3. 6H2O, 0.62 mM ZnCl2, 76 μM CuCl2. 2H2O, 42 μM CoCl2.
2H2O, 162 μM H3BO3, 8.1 μM MnCl2. 4H2O

Minimal media (MM):
For 1 L MM, the following chemicals were added to pre-autoclaved bacteriological agar
(15 g in 750 mL MilliQ H2O) after media had cooled to <50 °C: 200 mL of pre-sterilized
5x M9 salt, 1 mL of pre-sterilized 20% (w/v) MgCl2, 0.5 mL of sterile filtered 10 mg/mL
thiamine-hydrochloride (Sigma), 20 mL of sterile filtered 20% (w/v) glucose and the
required antibiotics. The volume of the media was adjusted to 1L with MilliQ water. Agar
plates were poured and stored before use at 4°C.

Minimal media for expressing 5F-Trp-labelled proteins
M9 salt media were supplemented with 2% glucose (w/v), 1 x BME vitamins, 1 x trace
elements, 2 mM MgSO4 and 0.1 mM CaCl2.
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2.2

Methods

2.2.1

Phage preparation

TG1 E.coli cells harbouring the phagemid vector pHENH6 with the desired AMA1 or
RON2 gene were amplified in 10 mL 2YT broth (50 μg/mL amp). The culture was grown
at 37 °C until it reached log phase. The cultures were then left stationary at room
temperature for 15 min to allow for regeneration of the F-pilus. Phages were then rescued
from TG1 E. coli cells by adding 1/1000 (v/v) kanamycin-resistant helper phage (1011 per
aliquot) followed by incubation at 37 °C for 90 min (stationary). Finally, 70 μg/mL of
kanamycin was added to the culture, which was then incubated at 37 °C overnight with
shaking (170-190 rpms). The overnight culture was centrifuged at 7,700 g for 10 min and
phage in the supernatant were precipitated using 5 x polyethylene glycol (PEG) solution
(30% (w/v) PEG8000 (Amresco), 2.6 M NaCl). After incubation at 4 °C for 2 h, the solution
containing precipitated phage was centrifuged at 15,000 g for 30 min and the phage pellet
was resuspended in 1 mL of phosphate buffered saline (PBS, Astral Scientific) and stored
at -80 °C for subsequent analysis. Phage were quantitated by serial titration or reactivity
against mAb 9E10 (Sigma), which recognizes the myc tag linked to the pHENH6-derived
PIII.

2.2.2

Phage titration

Phage were serially diluted 10-fold in 2YT media. An equal volume of log phase TG1
E.coli cells was mixed with serially diluted phage and the mixtures were incubated at 37 °C
for 1 h at room temperature. 20 μL of 10-7 to 10-12 phage dilutions were plated on LB plates
in the presence of the appropriate antibiotics (70 μg/mL kan & 100 μg/mL amp) and
incubated at 37 °C overnight. Phage concentrations (CFU/mL) were determined based on
the number of colonies on the overnight plates. The CFU/mL represents the number of
phage per mL.

2.2.3

Parasite Growth Inhibition Assay (GIA)

The GIA was carried out by Dr Damien Drew (The Burnet Institute of Medical Research
and Public Health, Melbourne, VIC, Australia). P. falciparum growth inhibition assays
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(GIA) were essentially performed as described (Persson et al, 2008) with the following
modifications: Synchronised early trophozoite stage parasites were adjusted to 0.1%
parasitemia and 2% hematocrit. Five μL of 1 mg/mL peptides (R1, R3, RON2L, R3[ser])
or control solvent (DMSO) was mixed with 45 μL of infected red blood cells to generate a
final culture volume of 50 μL. For competition assays, a constant amount of peptide R1 (50
μg/mL) was mixed with red blood cells in the presence of increasing amounts of the
competing peptides (R3 or R3[ser]). Parasites were allowed to develop through two cycles
of erythrocyte invasion for 72 h at 37 oC. Early trophozoites formed after the second round
of invasion were fixed for 1 h at room temperature by adding glutaraldehyde (ProSciTech)
to a final concentration of 0.25% (v/v). After fixation, parasites were washed in HTPBS,
stained with 10 x SYBR green dye (Invitrogen) and 5x105 red blood cells were counted per
well using a BD FACSCantoII Flow-cytometer. FACS counts were analyzed using FloJoTM
(Ver 6.4.7) software. The percentage of invasion inhibition was calculated according to the
following equation: (% parasitemia in test well/mean % parasitemia in control wells) x 100)
- 100) x - 1). All GIA were run in a 96-well plate format and each antibody or peptide was
tested in duplicated or triplicated wells. The levels of growth inhibition were represented
as the combined mean of two separate assays set up on different days.

2.2.4

Enzyme-linked immunosorbent assays (ELISA)

2.2.4.1 Direct binding ELISA
96-well microtiter plates (Maxisorp, Nunc) were coated with 0.2 μg/well of the target
antigen in PBS and incubated overnight at 4 °C. Unbound antigen was removed by washing
the plate twice with PBS. Each well on the plate was then blocked with 200 μL blotto (5%
skim milk powder in PBS) for 2 h at room temperature. 100 μL/well of primary probe at
the appropriate concentration was added to the corresponding wells and the plate was
incubated at room temperature for 1 h with shaking. To minimize the non-specific
interactions, phage were diluted to the desired concentration in blotto. Proteins and
antibodies were diluted to the desired concentrations in either blotto or PBS 0.05% (v/v)
Tween 20 (PBS-T). The plate was washed five times with PBS-T after the incubation period.
100 μL/well of secondary and tertiary probes were added to the corresponding wells and
the plate was incubated at room temperature for 1 h with shaking. Bound phage were
detected using a horseradish peroxidase (HRP) conjugated anti-M13 mAb (1 in 5000; GE
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healthcare). Recombinant AMA1 proteins were detected using rabbit anti-AMA1
polyclonal sera (1 in 5000) followed by a HRP-conjugated anti-rabbit, Fc-specific mAb (1
in 1000; Millipore). MAbs 1F9, 5G8 and anti-AMA1 mouse sera were detected using a
HRP-conjugated anti-mouse, Fc-specific mAb (1 in 1000, Millipore). MAb 4G2 was
detected using a HRP-conjugated anti-rat, Fc-specific mAb (1 in 1000, Jackson). Unbound
probes were then removed by washing the plate five times with 200 μL/well of PBS-T.
Binding was assessed using 100 μL/well of 3,3’,5,5’-tetramethylbenzidine (UltraTMB,
Thermo), and the reaction was stopped by adding 100 μL/well of 1 M HCl. The absorbance
of each well was read at 450 nm (A450nm). Alternatively, binding could also be assessed
using 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid substrate (ABTS, Sigma)
(0.98 mM ABTS, 0.98 mM citric acid and 0.003% H2O2). 150 μL/well of ABTS was added
to the corresponding wells and incubated at room temperature for 45 min with shaking, the
absorbance was read at 420 nm (A420nm).

2.2.4.2 Competition ELISA
Competition ELISAs were essentially performed as described (Harris et al, 2014). AntiAMA1 mouse sera were titrated against immobilized 3D7 PfAMA1 and serum dilutions
that gave an OD reading of approximately 3 were selected for competition ELISAs. Serum
samples were then prepared at twice the desired dilution and mixed 1:1 with increasing
concentrations of the competitor antigens. The mixtures were pre-incubated for 1 h and
subsequently applied to the corresponding wells. The mixtures were then allowed to
interact with the immobilized 3D7 PfAMA1 (0.2 μg) for 1 h at room temperature. After the
plate was washed five times with PBS-T, 100 μL/well of HRP-conjugated anti-mouse, Fcspecific mAb (1 in 1000, Millipore) was added to each well. Binding was assessed using
ABTS (Sigma) and the OD was recorded at 420 nm after 45 min incubation. In each ELISA
plate, OD of the control wells, which excluded either the primary probe or a competitor
antigen were determined to rule out non-specific interactions in the competition ELISA.
All competition assays were carried out in duplicates.
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2.2.4.3 Biotinylated peptide ELISA
Biotinylated peptides were immobilized on the pre-blocked Reacti-Bind NeutrAvidin high
binding capacity plates (Pierce). Plates were initially washed three times with washing
buffer (PBS, 0.05% (v/v) Tween 20, 0.1% (w/v) BSA (Sigma)) followed by applying 100
μL/well of biotinylated peptides (2 μg/mL in washing buffer) to the desired wells. The plate
was incubated at 4 °C overnight and then washed four times with washing buffer to remove
unbound peptides. The primary probes including phage, recombinant proteins and
antibodies were diluted to the desired concentration in washing buffer and applied to the
corresponding wells (100 μL/well) without any blocking step. The plate was incubated at
room temperature for 1 h with shaking and it was then washed three times with the washing
buffer to remove unbound molecules. The secondary probes and tertiary probes, which
were described in 2.2.4.1, were diluted in washing buffer and applied to the corresponding
wells. The binding was assessed by applying 150 μL/well of ABTS to each well and the
absorbance was read at 420nm after 45 min incubation. Control wells with the absence of
either immobilized peptide or primary probe were used to discriminate non-specific
interactions and all assays were carried out in duplicates.

2.2.5

Surface Plasmon Resonance (SPR)

All SPR analyses were performed using the ProteOn XPR 36 platform (BioRad) and were
carried out in 0.1% (v/v) PBS-T at 25 °C using a constant flow rate of 30 μL/min. 50 nM
of either AMA1 recombinant proteins or 5F-Trp-labelled AMA1 proteins were
immobilized on a GLC sensor chip following the manufacturer’s recommended protocol.
Peptides RON2L, R1, R3 and R3[ser] were flowed across the surface of the chip at a
constant flow rate for 8 min, then dissociated from the AMA1 surface for 800 sec by
flowing PBS-T across the surface of the chip. Peptides were tested at a range of
concentrations (RON2 and R1, 50 to 3.125 nM; R3 and R3[ser], 300 to 18.75 nM) and a
lane without AMA1 was included as a negative control. Signals generated in buffer only or
DMSO only control experiments were subtracted from the resulting sensorgrams and the
remaining signals were exclusively contributed by the binding of the peptides to AMA1.
All peptide samples were diluted in PBS-T and the surface of the chip was regenerated by
injecting 30 μL of 0.85% phosphoric acid (flow rate =100 μL/min) in all channels in the
vertical orientation of the ProteOn XPR36 fluidics.
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2.2.6

Polymerase chain reaction (PCR)

PCR was used to amplify target gene fragments from the vector plasmid (pHENH6, pQE9,
pET-26b) using primers that either flanked or incorporated the target gene sequences. The
sequences of the oligonucleotide primers are summarized in section 2.1.9. AmpliTaq
polymerase was used for colony-screening PCR. Each reaction contained 1 mM MgCl2
(Applied Biosystems), 0.5 mM dNTPs (GE Healthcare), 1 μg/mL of both forward and
reverse primers, 2 μL of template DNA and 2.5 U of AmpliTaq Gold polymerase (Applied
Biosystems) in 1 x GeneAmp PCR Buffer (Applied Biosystems), and the reaction volume
was made up to a total of 50 μL with MilliQ water. Template DNA was obtained from
different sources including colonies resuspended in 10 μL of water, purified plasmids, and
genomic DNA extracted from parasites. The PCR thermocycle included an initial
denaturation step (94 °C for 10 min) followed by 30 cycles of 94 °C, 30 sec; a 30 sec
annealing step using a temperature appropriate to the specific primers used (refer to Table
2.1); 72 °C for elongation with the time based on the size of the target gene fragment. A
final elongation for 7 min at 72 °C was performed to complete the PCR reaction and
samples were stored at 4 °C for further analysis.

Alternatively, a Phusion hot start II High-Fidelity DNA polymerase (Finnzymes) was used
to amplify mutagenized gene fragments; this enzyme reacts in a more rapid and accurate
manner. Each reaction contained 200 μM of dNTPs, 0.5 μM of both forward and reverse
primers, 1 ng of template DNA, 0.02 U/μL of Phusion DNA polymerase in 1 x Phusion HF
or GC buffer. All reactions were made up to 20 μL or 50 μL with MilliQ water. The PCR
thermocycle included an initial denaturation step (98 °C for 10 sec) followed by 30 cycles
of 98 °C, 10 sec; a 10 sec annealing step using a temperature appropriate to the specific
primers used (refer to Table 2.2); 72 °C for elongation with the time based on the size of
the target fragment. A final elongation for 1 min at 72 °C was performed to complete the
PCR reaction and samples were stored at 4 °C for further analysis.
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2.2.7

Agarose gel electrophoresis

Agarose gel electrophoresis was performed using the Mini-Sub® cell GT DNA
electrophoresis apparatus (BioRad). DNA grade agarose was prepared in 1 x TAE buffer
(0.4 M Tris-acetate, 1 mM EDTA, pH8.0), the percentage of the gel was determined based
on the size of the target gene fragment. Ethidium bromide (Sigma) was added to the agarose
gel at a final concentration of 0.4 μg/mL. DNA samples were mixed with 4 x loading dye
(0.25% (w/v) orange G (Sigma), 50% (v/v) glycerol) and then applied to the agarose gel.
Size of the target DNA sample was determined based on the 1kB plus DNA ladder
(Invitrogen). Gels were electrophoresed at 100V for 60 min in TAE buffer using the BioRad
apparatus. DNA bands were visualized under ultraviolet light using a gel documentation
system (BioRad).

2.2.8

DNA sequencing

The sequences of both purified PCR products and plasmid DNA were determined by the
Australian Genome Research Facility (AGRF; Melbourne, VIC). Purified DNA was
quantitated using the NanoDrop2000 (Thermo) and the amount of DNA required for
sequencing was determined following the AGRF’s instructions. The DNA samples were
mixed with 9.6 pmol of either forward or reverse primer and each sequencing reaction was
made up to 12 μL with MilliQ water.

2.2.9

Preparation of electrocompetent cells

TG1 and SG13009 (containing plasmid pREP4) E. coli cells were inoculated into 10 mL
of 2YT media and incubated overnight at 37 °C. 2.5 mL of the overnight culture was
amplified in 500 mL of fresh 2YT media and incubated at 37 °C with shaking. When the
culture OD600 reached 0.5, it was transferred to 4 °C for 30 min and then centrifuged at
2,400 g for 15 min at 4 °C. The cell pellet was resuspended in 500 mL of ice cold MilliQ
water and incubated at 4 °C for another 15 min. Resuspended cells were centrifuged as
previously described and the cell pellet was resuspended in 250 mL of ice cold MilliQ water
and incubated at 4 °C for 15 min. Resuspended cells were then centrifuged as previously
described and the cell pellet was resuspended in 20 mL of 10% (v/v) ice cold glycerol.
Resuspended cells were incubated at 4 °C for 15 min and centrifuged at 1,900 g for 10 min.
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Eventually, the cell pellet was resuspended in 1 mL of 10% (v/v) glycerol, dispensed into
200 μL aliquots and snap frozen in liquid nitrogen.

2.2.10 DNA transformation
40 μL of freshly thawed electrocompetent cells were mixed with the required amount of
DNA in a 0.1 cm gap cuvette (Bio-Rad) and subjected to a single pulse of ~4.2 msec at 1.7
kV, 200 Ω resistance and 25 mF capacitance. The transformation was carried out by BioRad Gene pulser XcellTM. The transformed cells were recovered in 1 mL of SOC media for
1 hour at 37 °C with shaking and then plated on appropriate selective media.

2.2.11 Construction of 3D7 PfAMA1 mutants
Two overlapped 3D7 PfAMA1 (domain I+II+III) gene fragments incorporating desired
point mutations were amplified by PCR using the appropriate primers (Table 2.3). These
two overlapped DNA fragments were purified using a PCR purification kit (Promega), and
1 ng of the two purified DNA samples were mixed and applied as template DNA for the
subsequent overlapping PCR. The overlapping PCR was then performed using pHENH6
forward and reverse primers, which incorporate the flanking regions of the foreign
sequences in the vector. All PCR reactions were performed using Phusion hot start II HighFidelity DNA polymerase (Finnzymes) and the conditions of PCR thermocycle were set up
as previously described in section 2.2.6. 3D7 PfAMA1 mutants that were constructed in
the pHENH6 vector and subsequently displayed on the phage surface are summarized in
Table 2.3. The sequences of the oligonucleotides used for mutagenesis are summarized in
Table 2.2.
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Table 2.3. Mutant forms of 3D7 PfAMA1
Phage displayed
AMA1

Oligonucleotide primers

mutants

(domain I+II+III)

W110F AMA1

W110F For & Rev/ pHENH6 For &

Expression of full-

Expression

length

5F-Trp-labelled

AMA1

(domain P+I+II+

AMA1 (domain

III)

I+II)













































Rev
W315F AMA1

W315F For & Rev/ pHENH6 For &
Rev

W298F AMA1

W298F For & Rev/ pHENH6 For &
Rev

W399F AMA1

W399F For & Rev/ pHENH6 For &
Rev

Y353W AMA1

Y353W For & Rev/ pHENH6 For &
Rev

Y360W AMA1

Y360W For & Rev/ pHENH6 For &
Rev

F367W AMA1

F367W For & Rev/ pHENH6 For &
Rev

F379W AMA1

F379W For & Rev/ pHENH6 For &
Rev

F385W AMA1

F385W For & Rev/ pHENH6 For &
Rev

Y390W AMA1

Y390W For & Rev/ pHENH6 For &
Rev

Insertion(IS)

IS373W For & Rev/ pHENH6 For &

373W AMA1

Rev
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2.2.12 Cloning of mutant forms of 3D7 PfAMA1 into the expression vector
Genes encoding mutant forms of 3D7 PfAMA1 were cloned into the expression vector for
producing recombinant proteins in E. coli (Table 2.3). The full-length AMA1 (domain
P+I+II+III) and AMA1 domain I+II were cloned into plasmid vectors pQE9 and pET-26b,
respectively. 1 μg of foreign gene and vector plasmid were digested with 10 units of
appropriate restriction enzymes for 2 h at 37 °C. Restriction enzymes BstXI/Hind III and
Nco I/Not I were chosen to digest vector pQE9 and pET-26b, respectively. Digested gene
fragments and vector plasmid were subsequently ligated (3:1 molar ratio) for 1 h at 25 °C
using 1μL of T4 DNA ligase (NEB) in 1 x T4 DNA ligase buffer (NEB). The total volume
of each ligation reaction was made up to 20 μL with MilliQ water. Once the ligation
reactions were finished, the ligated samples were purified using a 0.22μm filter membrane
(Millipore). 2 μL of ligated product was mixed with 30 μL of electrocompetent E.coli cells
and the construct was transformed as previously described. Plasmid pQE9 was transformed
into SG13009 E.coli cells harbouring the pREP4 plasmid and pET-26b was transformed
into BL21 E.coli cells. To select the transformed cells, colony PCR and subsequent
sequencing were carried out; colonies containing desired constructs were selected for the
production of recombinant proteins.

2.2.13 Construction of phage-displayed PfRON2 gene fragment library
Construction of gene fragment library was performed as described (Coley et al, 2001) with
a number of modifications. A gene fragment encoding half of the PfRON2 sequence (amino
acid 773- 2189) was amplified from P. falciparum genomic DNA that was kindly provided
by Dr Richard Beaumont (LaTrobe University, Melbourne, VIC, Australia). To obtain an
adequate amount of small RON2 gene fragments, 8 μg of amplified RON2 gene was
digested with 1 μL of DNAse I (10 μg/mL) for 1 min at room temperature in DNAse buffer
(50 mM Tris-HCl, pH 8.0; 10 mM MnCl2; 100 μg/μL BSA). The digestion reaction was
stopped by the addition of 10 μL of 0.5 M EDTA and the reaction was further heat
inactivated at 70 °C for 10 min. 6 μg of pHENH6 vector was digested overnight with 2 μL
of PstI-HF (10 Unit/μL) at 37 °C. To create blunt ends, both digested vector and small
RON2 fragments were treated with 1 μL of vent polymerase (2 Unit/μL; NEB) for 30 min
at 72 °C in ThermoPol buffer in the presence of 10 mM MgCl2 and 10 mM dNTPs. All
DNA samples were then purified and RON2 gene fragments were ligated into the pHENH6
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vector overnight at 14 °C. The ligation reaction contained 0.33 pmol of pHENH6 vector, 1
pmol of small RON2 gene fragments and 10 μL of T4 DNA ligase (400 Unit/μL; NEB) in
1 x T4 ligase buffer (NEB) and the reaction was made up to 200 μL with MilliQ water. The
molarity of RON2 fragments was determined based on the average size (650 bps) of the
gene fragments. The ligated DNA was purified using a PCR purification kit (QIAgen) and
eluted in 80 μL of MilliQ water. To produce the naïve RON2 gene fragment library, six
electroporations (11 μL of DNA plus 90 μL of cells) were performed to transform ligated
genes into electrocompetent TG1 E. coli cells and the transformed cells were pooled and
recovered in SOC media for 1 h 45 min. Recovered cells were mixed with an equal volume
of 50% (v/v) glycerol and stored at -80 °C for long term storage. To determine the size of
the naïve library, 5 μL of transformed cells were serially diluted 10-fold in SOC culture
media (final volume 45 μL). The final dilution point was 10-8 and 10 μL samples of each
dilution were plated on selective media (LB agar, 100 μg/mL Amp). The plate was
incubated overnight at 37 °C and colonies were counted the next morning. The size of the
naïve library was subsequently expressed as CFU/mL.

2.2.14 Selection of AMA1-binding peptides from the PfRON2 gene fragment library
The biopanning technique adapted from the previous publication was used to select AMA1binding peptides from the RON2 gene fragment library (Parmley & Smith, 1988). 10 wells
in a 96-well Maxisorp plate (Nunc) were coated with 100 μL/well (5 μg/mL in PBS) of
3D7 PfAMA1 overnight at 4 °C. The plate was then washed twice with 200 μL/well of PBS
to remove unbound proteins. All wells were blocked with 200 μL/well of blotto (5% (w/v)
skim milk powder in PBS) for 2 h and blotto was removed by washing the wells twice with
PBS (200 μL/well). 100 μL/well of the naïve RON2 gene fragment library (diluted to 1011
cfu/mL in blotto) was applied to each well and allowed to interact with immobilized 3D7
PfAMA1 for 2 h at room temperature. Unbound phage were subsequently removed by
washing the wells twice with PBS (200 μL/well). Bound phage were eluted with 0.1 M
glycine (100 μL/well, pH 2.2) for 10 min and the eluted phage were pooled together. The
pooled phage were restored to pH 7 by adding approximately 50 μL of 1.5 M Tris-HCl (pH
9.0). The phage were then added to log phase TG1 E.coli cells with regenerated F-pilus.
The culture was incubated stationary at 37 °C for 1 h and the 1st round of phage were
subsequently amplified as previously described in section 2.2.1.
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For the subsequent rounds of biopanning, 100 μL/well of phage amplified from the previous
round (diluted 1 in 2 in blotto) were applied to AMA1-coated wells. Two additional rounds
of biopanning were carried out under the same conditions as described for the 1st round,
except the washing stringency was increased for each successive round. All wells were
washed with 2 x PBS, 4 x PBS-T in the 2nd round, and 2 x PBS, 6 x PBS-T in the 3rd round.
After three rounds of biopanning, pooled phage from each round were diluted 1 in 10 in
blotto and the binding of these phage pools to immobilized 3D7 PfAMA1 was determined
by an enrichment ELISA. Individual clones were then isolated from the 2nd and 3rd round
of biopanning and their reactivities against immobilized 3D7 PfAMA1 were tested.
Eventually, AMA1-binding RON2 peptides were identified and their sequences were
determined.

2.2.15 AMA1 proteolysis study
The proteolytic processing of AMA1 was monitored in the presence of two different
proteases, trypsin (Promega) and Glu-c (Roche). Sequencing grade trypsin hydrolyses
peptide bonds on the carboxylic sides of either lysine or arginine residues. Glu-C from
Staphylococcus aureus V8 specifically hydrolyses peptide and ester bonds on the carboxyl
sides of glutamic acids. Trypsin and Glu-c were prepared at a concentration of 0.1 μg/μL
in trypsin re-suspend buffer (Promega) and MilliQ water, respectively. Both proteases were
kept at -80 °C for long term storage. 80 pmol of AMA1 (3D7 or FVO form) was cleaved
by either 1/20 (w/w) of Glu-C at 25 °C or 1/100 (w/w) of trypsin at 37 °C. The same amount
of AMA1 was cleaved in the presence of 400 pmol of various peptides (R1, R3, RON2L
and a –ve control peptide). Time courses of the proteolysis of AMA1 with or without the
peptides were also performed. The proteolytic reaction was carried out in 1 x PBS and
stopped by adding 1.9 μL of 100 mM HCl to 15 μL of the reaction volume. This resulted
in the pH of the proteolytic reactions being reduced to approximately 3. Cleaved AMA1
was subsequently mixed with either 4 x non-reducing NuPAGE LDS sample buffer
(Invitrogen) or 4 x reducing sample buffer that contained 50 mM of DTT (Astral). Mixtures
were boiled at 90 °C for 10 min and applied to the 4-12% Bis-Tris NuPAGE gel (Invitrogen)
along with the SeeBlue® plus 2 pre-stained molecular weight standards (Invitrogen). SDSPAGE was run at 150V for 1 h in 1 x MES-SDS running buffer. SDS-PAGE gels were then
stained with Coomassie brilliant blue stain for 1 h and destained in destain solution (7.5%
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(v/v) acetic acid, 20% (v/v) ethanol, 72.5% (v/v) sterile H2O) until protein bands could be
visualised.

2.2.16 AMA1 intrinsic fluorescence study
The intrinsic fluorescence spectra of 3D7 PfAMA1 and its mutant forms were monitored
at 25 °C using a Cary fluorimeter. The protein samples were excited at a wavelength of
295nm and the resulted emission spectra (300nm to 450nm) were obtained. The slit size
for both excitation and emission was set to be 10nm and the scanning speed was 120
nm/min. The intrinsic fluorescence spectra of different forms of AMA1 were obtained
using 100 μL of 1 μM AMA1 in the fluorimeter cuvette. Changes in the fluorescence
spectra of AMA1 were monitored when various peptides (RON2L, R3 and R3[ser]) were
incubated with AMA1. The final peptide to AMA1 molar ratio was 5:1. Measurements
were obtained after 30 min incubation of AMA1 with the peptides at room temperature.
PBS was used as diluent for all proteins and peptides in this study.

2.2.17 Production of 5F-Trp-labelled AMA1 (domain I+II) and its mutant forms
5F-Trp-labelled AMA1 and its mutants were expressed, solubilised and isolated as
described (Hodder et al, 2001). The recombinant proteins were subsequently refolded
overnight in the conventional refolding buffer with the addition of 0.6 M of L-Arg (Anders
et al, 1998). To correctly form the five intramolecular disulphide bonds in AMA1 domain
I + II (Hodder et al, 1996), reduced glutathione and oxidized glutathione were then added
to the refolding buffer at a final concentration of 0.1 M and 0.025 M, respectively. After
refolding, the proteins were purified through a HiTRAP QFF (GE Healthcare) ionexchange column and the sample buffer was changed to 20 mM phosphate buffer, pH 7.4.
The binding of conformationally sensitive mAbs to F-Trp-AMA1 and its mutants was
assessed using Western blot. All protein samples were run on SDS-PAGE and transferred
to a nitrocellulose membrane. The membrane was subsequently probed with 1 μg/mL of
mAb 1F9, and proteins were detected using HRP-conjugated anti-mouse antibody (1 in
2000 dilution，Millipore).
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2.2.18 NMR spectroscopy
19

F NMR spectra were acquired on a Bruker AvanceIII spectrometer operating at 564 MHz

(600 MHz 1H frequency) and at 25 °C using a TCI triple-resonance cryoprobe, with the 1H
channel tuned for

19

F. Samples contained ~ 100 μM 5F-Trp AMA1 in 20 mM sodium

phosphate, pH 7.4, with 0.005% trifluroethanol as internal reference for 19F chemical shift
(-1.375 ppm relative to trace TFA in water) and signal intensity and 7% 2H2O for the
spectrometer lock signal. R1 and RON2L were added from 1 mM stocks in 20 mM sodium
phosphate, pH 7.4 to a final peptide:AMA1 ratio of 1.2:1, while trRON2 was used at a ratio
of 5:1 to account for its lower affinity. Small molecule ligands of AMA1 were added from
100 mM stocks in H2O (MIPS2129), ethanol (MIPS2191) or DMSO (MIPS2177). Spectra
were typically acquired as 2K scans of 8K complex points over a 150 ppm sweep width for
a total experimental time of less than 40 min. Spectra were processed using 20 Hz
exponential line-broadening prior to Fourier transformation. Line widths were estimated
by least-squares fits to a sum of Lorentzians.

2.2.19 AMA1 immunization study
C57BL/6 and CBA mice used in this immunization study were purchased from Monash
Animal Services (MAS, Monash University, VIC, Australia) and Animal Resource Centre
(ARC, Canning Vale, WA, Australia), respectively. All mice were aged between 10-11
weeks. For immunizing mice with AMA1 in complex with a binding ligand, 160 pmol of
recombinant 3D7 PfAMA1 protein was mixed with 800 pmol of different AMA1-binding
peptides (R1, R3 and RON2L). Immunization with 3D7 PfAMA1 alone was also conducted
simultaneously. The immunization protocol included the following procedures: samples of
pre-immunization sera were obtained before immunization and mice were inoculated
subcutaneously in the left inguinal region with either AMA1 alone or AMA1 in complex
with a peptide formulated as a water-in-oil emulsion in the adjuvant Montanide ISA720.
On day 28 mice were given a second immunization (subcutaneously, in the right inguinal
region) with the same amount of antigen again formulated in Montanide ISA720. Mice
were killed on day 42 and a cardiac blood sample was collected from each mouse. Blood
samples were incubated at 37 °C for 1 h and then 4 °C for 5 h before the serum was
separated by centrifugation at 1,700 g for 6 min. Serum samples were stored at -80 °C until
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antibody levels were determined by ELISA. These immunization experiments were carried
out in accordance with the oversight of the La Trobe University Animal Ethics Committee.

2.2.20 Construction of HRP-conjugated mAb 1F9
Initially, 2 mg of HRPO type VI was dissolved in 0.2 mL of MilliQ water with supplements
of 40 μL of acetate buffer (36.6 mM sodium acetate, 0.95% glacial acetic acid, pH4.2) and
40 μL of 0.2 M sodium periodate. After turning green, the solution was allowed to incubate
in the dark at room temperature for 15 min. The HRP was then dialyzed into 0.75 mL
carbonate buffer (81 mM sodium carbonate, 0.2 M sodium bicarbonate, pH 9.5) using a
pre-equilibrated NAP5 column (GE Healthcare). The eluted HRP sample from the NAP5
column was activated and subsequently mixed with 200 μL of 10 mg/mL mAb 1F9 in
carbonate buffer. The mixture was then incubated in the dark at room temperature for 1 h.
20 μL of 4 mg/mL of fresh sodium borohydride was subsequently added into the mixture,
which would incubate for another hour at room temperature. The HRP-conjugated mAb
1F9 was eventually dialyzed into PBS.
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Chapter 3: Results
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3.1

Characterization of the AMA1-binding region in PfRON2

3.1.1

Introduction

The formation of the MJ, which leads to the internalization of the malaria parasite, is
essential for parasite invasion (Lamarque et al, 2011). The component proteins of the MJ
were extensively explored and shown to be unique to apicomplexan parasites. A group of
conserved rhoptry neck proteins (RONs) were found in the MJ (Proellocks et al, 2010). Of
these RON proteins, only RON2 forms a complex with AMA1. This AMA1-RON2
complex mediates MJ formation and plays a potential role in the initial attachment of the
parasites to the host cells (Bargieri et al, 2013). However, the precise function of this
AMA1-RON2 complex remains unclear. Sequence analyses suggested that RON2 contains
three predicted TM regions (Tyler & Boothroyd, 2011). The extracellular region of RON2
was suggested to bind to AMA1 in the MJ and the cytoplasmic region of RON2 forms a
complex with other RON proteins (Besteiro et al, 2009). In light of the data obtained from
preliminary studies, a detailed characterization of the interaction between AMA1 and
RON2 at the molecular level is required. In this study, the AMA1-binding region in
PfRON2 was determined using a phage-displayed PfRON2 gene fragment library. This
binding region in RON2 was subsequently produced as a synthetic peptide and its binding
mechanism was then characterized by using a number of AMA1-binding molecules.

3.1.2

Amplification of PfRON2 DNA fragment

In order to identify the region within PfRON2 that interacts with AMA1, it was decided to
amplify the RON2 gene and produce a gene fragment library in M13 phage. This library
could then be panned on AMA1 and overlapping binding fragments could be identified to
reveal the AMA1-interacting region(s) in RON2. Unexpectedly, it was not possible to
amplify the full-length RON2 gene from 3D7 P. falciparum genomic DNA (kindly
provided by Richard Beaumont, LaTrobe University, Melbourne, VIC, Australia). The
predicted PfRON2 sequence in the Plasmodium Genomics Resource database
(http://plasmodb.org/ plasmo/) contained a repetitive N-terminal region, which is unlikely
to be involved in the interaction between AMA1 and RON2. As a result, a gene fragment
encoding the C-terminal ~55% of RON2 (AAs 933-2189, RON2ct) was amplified. This
region is predicted to contain three TM regions (AAs 1113-1133, AAs 2001-2021 and AAs
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2068-2088)

(TopPred

membrane

protein

prediction

software,

http://mobyle.pasteur.fr/cgibin/portal.py?#forms::toppred) (Figure 3.1). The potential
extracellular region between these TM regions of RON2 should contain the AMA1-binding
region. Consequently, the RON2 gene fragment library was constructed using the amplified
RON2ct gene fragment.

3.1.3

Construction of phage-displayed PfRON2 gene fragment library

To construct the gene fragment library, the full-length RON2ct gene fragment was digested
using DNaseI, which cleaves DNA non-specifically to release di-, tri- and oligonucleotide
fragments with 5’-phosphorylated and 3’-hydroxylated ends. A digestion time course
indicated that a one minute digestion of the RON2ct gene was optimum for producing a
variety of RON2 DNA fragments (Figure. 3.2). Consequently, 8 μg of the RON2ct gene
fragment was digested for one minute and the resulting small fragments were ligated into
the pHENH6 phagemid vector. The size of the RON2 library was determined to be
approximately 5x109 cfu after transforming the ligation mixture into the TG1 E. coli cells
(data not shown). Around 80% of the randomly sequenced colonies contained RON2 gene
fragments, which had sizes ranging from 300bps to 1000bps (Figure 3.3). Approximately
80% of the RON2 gene fragments were expected to be either reverse-orientated or frameshifted. Consequently, this RON2 gene fragment library contained an estimated ~ 4x108
cfu of functional RON2 fragments displayed on phage and was considered satisfactory to
be panned on 3D7 PfAMA1.
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MLKFFIFILHIYLYIDSIYSSELSKHVKHDTDELKYASPTYDPKKGTKVIFYMPGNEQGVIPNNIQNK
QHGTSIYPAIEYPTTKYPAIEYPGSEMNNGKTGTTNSGIYNKAHGSSNDYNASNSQDKTINLHIDEN
NSNNSYQPYDSNNTNNNTNSNNNSNNNSNNNSNNNSNNYSNNNSNTNSNTNSNTNSNNNTTNYD
LNSEYEKIRRKEEEAARRIERERRADINRKNQDNNSNKYNNEQNGGYESDGNSPNSRVNINITNNG
THGNPHNNNSYGHKNNMHNTTNGNYANGNYANGNYSKGDYTNGDYTNGDYTNGDYTNGINNN
MHGKNNYNTANGEYVNGAYDGLNNGSYKLIGNLNNNQNVDNSYNQGNENDKTYTSNYNINLED
NKNSPDNNQNYISTFNKDIGPNKSERSYYDVYGREYDDNKYNPYNKTNNHNTNQNGSTTYGSNA
NGTYGPNGTYGSNGTYEPNESYGPNGAYGPNGTYGHNGKYGSKGTYGNNETPYYVEHPEYDNG
KSMSDFHVKDSKDNIGPGGDYPNLYQNIYGNEKNPNIFPGSPRNINVYSVHHIPNNGANGGLNSGA
NGGLNNGANDGLNNGANGGLNNGANGGLNNGANGGLNNGMNNGMNNGMNNGMNNGMNNG
MNNGMNNGTNGGLNNGMNNGMNNGMNNGMNNGIHDDLYNSENSTFNNGLNNSGRTGLNNAY
PHNGMLNNGTEYNVHYGNSDSNNTNDSMLNENYYSDSDYDDHTPGNKKKVYKSVAERNKKSAS
QDSLGAGFSDSDSDSEYEVVDGENKKYKKKNKENNEKDKYENNWDSNNYNSDNEIKDGYLSESE
REYARNKANEIEDKMKKGEYSRKYKNSKSNESGYASKQTSDSDDSDIEANAFYVDNGQEMLIKEK
EHYSSDSEHHKEESASIGNLNVFFPAENYHFSTYMGFDRRSFLPSNEIELEKMIGANFSNEVKNYCS
RQNVAQKIGDYLNISFEYSRALEELRSEMILDFNKRKHLTNNTDDTILHMIENAEKRKNDPNYKEA
YENKDYANNANIFMNEYSNPLSTKYNKILKEYLCHLFVNNPGTKPLERLYYNSLALGELVEPIRNK
FKSLASSTIDFNYEIHMASASNIYLLAHFLVLSLAYLSYNEYFTTGTKSFYSLPTILTANSDNSFFML
NEMCNIHYNPNKNFKKDITFIPIESRPKRTTTFYGERRLTCDLLELVLNAIMLININEINNVFSNNNV
DGYENSLSFSHNAIRIFSKVCPKINNDNVLKCEFEESSLYNPKIIKNDTSEKSSQKNLKKAFDLLRTY
AEIEGHSAEGSTSPYYVSLILDDMKYNDFYKYTLWYEPRELIYGDIRGMQMKKKKKTKYIYNDFM
KKSTQLKKKLIKNDLKYNLKSKGLVFLYAMIDKYGSILNKSQKAKVQFLNSTSSIRYYLYLNKVIF
KSAKTYLDIMKRVLEELQTSTNTPLKFLVRGNYIENINNIARNDNMFYANLFVLTALSRRDPVKDY
YNDKRKMLSATLAEKFANSTSMLIPHKLRKLVVSMKKGLLKKKLLTSLAKVKLLQHIPAHMLENI
TSSIRFTTHTIATMQIIQNAKYMSKHNFSQYDSKGMLARQIFTKGGFAEYADNLMAKWFSKGFEEY
KREQIENFKMENSIDSELKDSEREDENDSSEESAKKKLQDLQLEEREKMKKENSLLFNQSDKWDQF
INKELVRALGLWLEFNDNPTNASSFVYKVVEDSKHLLENNIDNNIIFSRTVKPTKQTAFRRFFNKILS
LGNMLLRKPSFRVEHALWFGATIDIKKAFILLEKVSELHKMLNNQDESWLINEAFIEIVDHVVDLST
YKHVREPFGVARNPGMMAINPKYAELSHENRLRELQNSMCADHCSSVWKVISSFALHHLKNPDSL
HTYESKFSKNSFGNKIDDKDFVHNFKMILGGDAVLHYFDNLLPKTMKKDLKAMKYGVSLTSAYS
LKLTKIIFSQMQLPYLSQMFYMQAPYFGHFIGKWQKKRQQSRLKEIMSFMTLGSLSAYTLFSAMDI
TQQAKDIGAGPVASCFTTRMSPPQQICLNSVVNTALSTSTQSAMKCVFSVGLFASIGPYLFAPMAG
LAVWNILKSEFKVLQRIDMALKNVFKNMWNKFLSLKGISKLRGIFKRKKAMKKKIIENATRKMND
MKNNPEKAKAHKMALKKINNYSKGSYHYISYAKIRI

Figure 3.1. Schematic diagram and the predicted sequence of PfRON2. Features of
PfRON2 revealed by TopPred include a 21 residue-long signal sequence (green) and three
predicted TM regions (yellow). The RON2ct gene fragment amplified for library
construction is highlighted in orange in the schematic diagram and underlined in the
sequence.
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bp

Figure 3.2. Digestion time course of the RON2ct gene fragment using DNAseI. A one
minute digestion, which resulted in the production of a variety of RON2 DNA fragments
and little undigested RON2ct fragment, was used for construction of a RON2 fragment
library.
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bp

Figure 3.3. The PfRON2 gene fragment library. A) 24 colonies were selected from the
PfRON2 gene fragment library and the inserted RON2 fragments were amplified by PCR.
21 out of 24 colonies contained RON2 fragments as they gave PCR products clearly larger
than 195 bps, the PCR product obtained using empty vector. B) Sequences of ten PCR
products confirmed that these gene fragments gave an even coverage of the RON2ct gene
fragment. The arrows indicate the orientations of the sequences; some fragments were
reverse orientated and could not be expressed correctly on the phage surface.
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3.1.4

Identification of AMA1-binding region in RON2 using biopanning

The RON2 gene fragment library was subjected to three rounds of biopanning on
immobilized 3D7 PfAMA1. A phage ELISA of the resulting pools of phage showed that
there was enrichment for phage that bind to AMA1 (Figure 3.4A). These phage pools did
not bind to reduced and alkylated AMA1 suggesting that panning has enriched for RON2
fragments that specifically bind to folded AMA1. Individual phage clones were isolated
and the sequences of the inserted RON2 fragments were determined. Several sequences
were obtained varying from 23 amino acids to 67 amino acids in length (Figure 3.4B). All
of

the

sequences

contained

a

23

amino

acids

long

core

region,

DIGAGPVASCFTTRMSPPQQICL, which is located between the predicted TM region 2
and 3 (Figure 3.4B). This region containing two cysteine residues, which likely form a
disulphide bond, appears to be the minimal binding fragment obtained using this approach.

3.1.5

Characterization of AMA1-binding fragment in RON2 using phage display

After this work was commenced, two studies identified a region of RON2 (TgRON2L) that
bind to AMA1 in T. gondii using a different approach than phage display (Lamarque et al,
2011; Tyler & Boothroyd, 2011). Interestingly, the minimal AMA1-binding fragment
identified in our biopanning campaign corresponded to a region within TgRON2L (Figure
3.5A). In order to remain consistent with the published data, we chose to work on the
equivalent peptide in P. falciparum RON2.

To confirm that this region of PfRON2 could indeed bind to AMA1, the peptide
corresponding to the region between the predicted TM region 2 and 3 in PfRON2
(D2021ITQQAKDIGAGPVASCFTTRMSPPQQICLNSVVNTALS2059) was displayed on
the phage surface and then examined for binding to AMA1. Phage displaying this RON2
peptide (RON2L) reacted equally well with different forms of PfAMA1 (3D7, D10, FVO,
W2mef, HB3, 7G8) (Figure 3.5B). This result supported that the RON2L peptide represent
the critical AMA1-binding region in PfRON2. The broad reactivity of RON2L peptide is
consistent with the finding that the interaction between RON2 and AMA1 can occur
irrespective of the parasite strain from which AMA1 was derived (Lamarque et al, 2011).
It was also observed that phage-displayed RON2L peptide did not bind to unfolded AMA1
(Figure 3.5B). Furthermore, there was no binding to P. chabaudi AMA1 (Figure 3.5B),
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suggesting that the nature of the binding site is not conserved in all Plasmodium species.
Evidence that the binding region for this interaction is conserved in P. falciparum was
obtained by showing that mutations of the loop 1d in AMA1 (which lies outside the
conserved hydrophobic cleft) had little effect on binding to RON2L (Figure 3.5B).
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A

B

Figure 3.4. Panning of the PfRON2 gene fragment library on immobilized 3D7
PfAMA1 and the sequences of the binding peptides. A) Three rounds of panning were
conducted on immobilized AMA1 and significant enrichment of the binding signal was
observed after each round of panning. None of these phage pools bound to reduced and
alkylated 3D7 PfAMA1 (R&A AMA1). The average of duplicated wells is shown and error
bars indicate the range. B) Binding clones were isolated and sequenced. Overlapping
sequences were identified between the predicted TM domain 2 and 3.
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A

PfRON2L sequence
DITQQAKDIGAGPVASCFTTRMSPPQQICLNSVVNTALS

B

Figure 3.5. The binding of phage-displayed peptide PfRON2L to different forms of
AMA1. A) Alignment of RON2L sequences from T. gondii and P. falciparum, and the
longest RON2 peptide sequence from the panning campaign. The 23-mer core region
identified in the panning campaign is indicated. PfRON2L was used for the subsequent
characterization of the AMA1-RON2 interaction. B) Phage-displayed RON2L peptide was
diluted 1 in 10 in PBS and incubated with multiple forms of immobilized PfAMA1 (3D7,
D10, HB3, W2mef, FVO and 7G8), loop 1d PfAMA1 mutant (3D7ala), reduced and
alkylated 3D7 PfAMA1 (R&A AMA1) and the DS form of P. chabaudi AMA1. The
average of duplicated wells is shown and error bars indicate the range.
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3.1.6

Synthetic peptides RON2L and R3

To further characterize the interaction between AMA1 and RON2L, synthetic RON2L
peptides corresponding to the 39-residue sequence, with or without an N-terminal biotin,
were purchased from GL Biochem (China). Consistent with the results using phage-display
approach, multiple forms of PfAMA1 (3D7, FVO, W2mef, HB3, 7G8) appeared to bind
almost equally well with the biotinylated RON2L peptide immobilized on the plate. No
binding was observed between the peptide RON2L and reduced and alkylated AMA1,
suggesting that the peptide only reacts with correctly folded protein (Figure 3.6A). An
ELISA based competition assay indicated that free RON2L peptide efficiently blocked the
binding of AMA1 to the biotinylated RON2L peptide (Figure 3.6B).

A group of well characterized AMA1-binding ligands including mAbs 1F9 and 4G2,
IgNAR 14I1M15 and peptide R1 were used to map the precise binding sites of the RON2L
peptide on the surface of AMA1 (Coley et al, 2007; Collins et al, 2007; Harris et al, 2005a;
Henderson et al, 2007). All of these ligands were able to block the interaction between
immobilized RON2L and AMA1 (Figure 3.7A), suggesting that the binding site of RON2L
on the surface of AMA1 overlaps the binding sites of these AMA1-binding molecules. The
interaction between AMA1 and RON2L was blocked more effectively by two strong
binding ligands (mAb 1F9 and 4G2) than two relatively weak binding ligands (R1 and
14I1M15) (Figure 3.7A). Thus the ability of AMA1-binding ligands to block the AMA1RON2L interaction appears to correlate with binding affinity.

Peptide R3 (PVLRSGRCAELIQIGFRCRA) isolated from a phage-displayed 20-mer
peptide library can also bind to 3D7 PfAMA1 (Karen Harris, Unpublished data), albeit with
lower affinity than peptide R1 and RON2L. Two cysteine residues in R3 that form a
disulphide bond were found to be essential for its binding to AMA1 because the binding
was completely abrogated when these two cysteine residues were mutagenized to serine
(Karen Harris, Unpublished data). Additional characterization of R3 conducted by Karen
Harris showed that R3 competes with peptide R1, mAb 1F9 and 4G2, and IgNAR 14I1M15.
Therefore, all these results suggested that R3 bound in or close to the hydrophobic cleft of
PfAMA1.
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Taken together, these binding experiments show that all the AMA1-binding reagents
examined here are able to bind in close proximity to each other. Moreover, they are all
binding in or close to the hydrophobic cleft. Even though peptide R3 could not inhibit the
binding of AMA1 to immobilized RON2L peptide (Figure 3.7A), RON2L peptide could
block AMA1 from binding to immobilized R3 peptide (Figure 3.7B). This suggests that R3
and RON2L bind to the same region on AMA1, but the binding affinity of R3 for AMA1
is significantly lower than RON2L.

To further explore the binding site of RON2L on AMA1, we made use of a series of AMA1
mutants (kindly provided by Dr Karen Harris) in which three polymorphic residues
(position 172, 175 and 176) near the hydrophobic cleft and two potential contact residues
for R1 binding (position 224 and 225) within the cleft were mutagenized to alanine (Figure
3.8A). These mutants were used to identify residues in AMA1 that are essential for the
binding to the peptide RON2L. As expected, unmutagenized, refolded AMA1 was able to
bind to immobilized RON2L, whereas reduced and alkylated AMA1 did not (Figure 3.8B).
Of the AMA1 mutants, all were able to bind to RON2L (Figure 3.8B). AMA1 with Gly172,
Tyr175 or Leu176 mutagenized to alanine were able to bind to a similar extent to wild-type
AMA1, whereas AMA1 with Ile225 replaced by alanine had a slightly higher binding to
RON2L in the ELISA assay. When Met224 was replaced by alanine, there was a significant
reduction in the binding of this mutant to RON2L. This suggests that this residue although
not essential for binding, does play a role in the interaction between AMA1 and RON2L.
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A

B

Figure 3.6. Both non-labelled RON2L and biotinylated RON2L bound to AMA1. A)
Biotinylated RON2L peptide immobilized on the NeutrAvidin plate was able to bind to
multiple forms of PfAMA1, but not reduced and alkylated AMA1. The average of
duplicated wells is shown and error bars indicate the range. B) A constant amount of
AMA1 (0.1 μg/ml) was incubated with increasing concentrations of non-labelled RON2L
in NeutrAvidin plates coated with biotinylated RON2L.
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A

B

Figure 3.7. The peptide RON2L and most PfAMA1-binding molecules recognised a
similar site on the surface of PfAMA1. A) A constant amount of AMA1 (0.1 μg/ml) was
incubated with increasing concentrations of AMA1-binding molecules in NeutrAvidin
plates coated with biotinylated RON2L. B) A constant amount of AMA1 (0.4 μg/ml for R1
and 0.8 μg/ml for R3) was incubated with increasing concentrations of RON2L in
NeutrAvidin plates coated with biotinylated R1 or R3. The average of duplicated wells is
shown and error bars indicate the range.
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A

B

Figure 3.8. The peptide RON2L binds to 3D7 PfAMA1 mutants. A) Mutated residues
are highlighted in different colours in the crystal structure of AMA1. The hydrophobic cleft
is highlighted in green B) A range of concentrations of AMA1 mutants, wild-type AMA1
and reduced and alkylated AMA1 were allowed to interact with the biotinylated RON2L
peptide immobilized on the MaxiSorp plate. The binding was significantly reduced for the
mutant Met224ala. The average of duplicated wells is shown and error bars indicate the
range.
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3.1.7. Measurements of the binding affinities of peptides for AMA1
To further characterize the interaction between AMA1 and different binding peptides, the
binding affinities of the peptides for PfAMA1 were determined using surface plasmon
resonance (SPR). Five forms of PfAMA1 (3D7, FVO, W2mef, HB3, 7G2) were
immobilized on the surface of the chip and the measurements were obtained simultaneously
using one-shot kinetics on the ProteOn XPR36 (BioRad). To achieve this, each form of
AMA1 was flowed across one of the six horizontal channels on the chip and this procedure
allowed the protein to be coupled via free amines. The last channel was occupied by buffer
only and this was used to adjust the baseline for the subsequent measurements.

To determine the binding affinities of each peptide, five different concentrations of the
peptides and a buffer only control were allowed to flow vertically across the chip surface.
The sensorgrams were obtained for each peptide binding to the full length PfAMA1
(domain P+I+II+III) and the binding affinities were determined using the 1:1 Langmuir
binding algorithm (data not shown). The results showed that the peptide RON2L bound
tightly to all forms of PfAMA1 with binding affinities (KD) of less than 10 nM (Table 3.1).
The binding affinity of the strain-specific peptide R1 for 3D7 PfAMA1 was an order of
magnitude lower (50 nM) than that of the RON2L peptide. In contrast, peptide R3 bound
to all forms of AMA1, albeit with relatively low affinities (133nM-544nM) (Table 3.1).
The disulphide bond in R3 was important for binding because a peptide R3[ser], in which
the two cysteine residues in peptide R3 were mutagenized to serine, did not bind to
immobilized AMA1.

Peptides RON2L and R3 are both broadly cross-reactive, however, there is a large
difference in their binding affinities for AMA1. The sensorgrams indicate that both peptides
rapidly associate with 3D7 PfAMA1 (association rates (ka) of approximately 1.5E+05 1/Ms)
(Figure 3.9). Therefore, the difference in dissociation rates between the peptide R3
(kd=2.33E-02 1/s) and RON2L (kd=1.23E-03 1/s) could explain their different binding
affinities. In contrast, R1 had a relatively fast association rate and a dissociation rate
intermediate between that of RON2L and R3 (3.50E+05 1/Ms and 1.77E-02 1/s,
respectively).
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Table 3.1. Binding affinities of AMA1-binding peptides for different forms of
PfAMA1

Forms of

Binding affinities (KD) of peptides for different forms of PfAMA1

PfAMA1

(M)
RON2L

R3

R3[ser]

R1

3D7

9.57x10-9

1.33x10-7

X

5.04x10-8

FVO

1.60x10-9

5.44x10-7

X

X

W2mef

3.91x10-9

2.10x10-7

X

X

HB3

2.32x10-9

3.88x10-7

X

X

7G8

1.75x10-9

4.85x10-7

X

X

X indicated that no interaction was observed.
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Figure 3.9. Measurements of the binding affinities of RON2L, R3 and R1 for 3D7
PfAMA1 using ProteOn. Peptides RON2L, R3 and R1 were flowed across immobilized
3D7 PfAMA1 on the sensorchip. All peptides were injected as a five-membered two-fold
series starting at 50nM (RON2L and R1) or 300nM (R3). Measured data was distinguished
from the global fit by the noise signal and the Langmuir algorithm was used as the fitting
model. Both the association constant (ka) and dissociation constant (kd) are shown for each
peptide.
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3.1.8. Inhibition of merozoite invasion of host cells in vitro by AMA1-binding
peptides
Most of the AMA1-binding reagents that bind in or close to the hydrophobic cleft are able
to block merozoite invasion. It has been shown that a peptide corresponding to RON2L in
TgRON2 and the peptide R1 could inhibit the growth of T. gondii and P. falciparum,
respectively (Harris et al, 2005a; Lamarque et al, 2011). To confirm these results and
further compare the impact of these peptides on the growth of malaria parasites, AMA1binding peptides were added to P. falciparum cultures in vitro and parasite growth
inhibition was determined in a growth inhibition assay (GIA). As expected, the growth of
parasites was completely inhibited even in the presence of the lowest amount of the peptide
RON2L (Figure 3.10A). In contrast, the percentage of growth inhibition of parasites
decreased as the concentration of R1 decreased, and parasite growth was not affected when
less than 12.5 μg/ml of R1 was added to the parasite culture. Thus, RON2L is a much more
potent inhibitor of AMA1 function than R1. Interestingly, despite the fact that the peptide
R3 binds to a similar site on AMA1 as RON2L and R1, very little inhibition of parasite
growth was observed even in the presence of 200 μg/ml of R3 (Figure 3.10A). Although
the binding affinity of R3 for AMA1 is approximately three fold lower in comparison to
R1, this difference is unlikely to account for the complete lack of inhibition by R3 at the
concentrations examined.

It is possible that the disulphide bond in the R3 peptide was not in place or that the peptide
may have been degraded during the GIA. If this was the case, no inhibition would be seen.
Therefore, it was important to determine whether the R3 peptide was able to bind to AMA1
under the conditions of the GIA. It was reasoned that if R3 was able to bind to AMA1 in
culture medium then it should be able to compete with the R1 peptide for binding to AMA1,
and this would reduce the ability of R1 to inhibit the growth of parasites. R1 added to the
GIA at 50 μg/ml resulted in approximately 40% inhibition of the parasite growth (Figure
3.10B), but the addition of increasing amounts of R3 led to a corresponding decrease in the
inhibitory effect of R1. This result indicated that R3 was able to bind to AMA1 and block
the inhibitory effect of R1 under the conditions of the GIA. This conclusion was supported
by the observation that when the R3 peptide with cysteine residues mutated to serine was
added there was very little blocking of the inhibitory effect of R1 (Figure 3.10B). Similar
data was obtained when the peptides were diluted in 10% or 5% DMSO (Figure 3.10B and
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data not shown). Taken together, these data strongly suggested that R3 and R1 bind to the
same region of AMA1 with only R1 inhibiting parasite growth.
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Figure 3.10. AMA1-binding peptides inhibit parasite growth. A) The percentage of
growth inhibition of the in vitro parasite cultures was determined in the presence of
increasing concentrations of AMA1-binding peptides (R1, RON2L and R3). B) 50 μg/ml
of R1 was added to the parasite cultures in the presence of increasing concentrations of R3
or R3[ser]. The ability of R1 to inhibit parasite growth was markedly reduced in the
presence of R3 but only marginally in the presence of R3[ser].
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3.1.9

The peptide R3 facilitates the interaction between RON2L and AMA1

Previous data showed that the R3 peptide could not inhibit parasite growth even though it
bound to a similar region on the surface of AMA1 as the inhibitory peptides RON2L and
R1. Moreover, previous ELISA results showed that R3 could not block the binding of
AMA1 to immobilized RON2L (Figure 3.7A). However, AMA1 was added in significant
excess in that competition ELISA. In order to examine if R3 is able to modulate the binding
of AMA1 to RON2L, we carried out an ELISA where AMA1 was added in limiting
amounts. Under these modified conditions, R3 appeared to enhance the binding of AMA1
to immobilized RON2L (Figure 3.11). As expected, the R1 peptide inhibited the binding of
AMA1 to immobilized RON2L as described previously (Figure 3.7A). When R3 was
mutated so as not to bind to AMA1 (R3[ser]), it had very little effect in this assay (Figure
3.11). Taken together, these data suggest that R3 can bind to AMA1 and possibly induce a
partial conformational change that may actually facilitate RON2L binding.
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Figure 3.11. Peptide R3 facilitated the interaction between RON2L and 3D7 PfAMA1.
A constant amount of AMA1 (0.02 μg/ml) was incubated with increasing concentrations
of competitor peptides (R3, R1 and R3[ser]) in NeutrAvidin plates coated with biotinylated
RON2L. R3 appeared to facilitate the interaction between AMA1 and RON2L; R1 blocked
the interaction and R3[ser] had very little impact on the interaction. The average of
duplicated wells is shown and error bars indicate the range.
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3.1.10 RON2L competes with novel AMA1-binding monoclonal antibodies
Several novel anti-AMA1 mAbs including ones that are broadly inhibitory were kindly
provided by Dr Sheetij Dutta (Walter Reed Army Institute of Research, Silver Spring,
Maryland, USA). Epitope mapping of these mAbs using a set of AMA1 chimeric proteins
allowed broadly inhibitory sites to be defined on the surface of AMA1. Targeting these
epitopes may provide an approach to improving the breadth of protection afforded by
AMA1 vaccines. The information about the epitopes of these novel mAbs is summarized
in Figure 3.12 (Dutta et al, 2013).

Competition ELISAs were carried out to determine whether any of the epitopes of these
novel mAbs overlap with the RON2L-binding region on AMA1. Three inhibitory mAbs
(1B10, 4E8 and 4E11) that bind to loops adjacent to the hydrophobic cleft of AMA1 were
shown to block the interaction between AMA1 and RON2L in a dose-dependent manner
(Figure 3.13). Binding of RON2L to AMA1 was not affected by mAbs that bind to domain
II (5A6) or domain III (1E10) (Dutta et al, 2013). MAbs 1F9 and 4G2, which have
previously been shown to block the AMA1-RON2L interaction (Figure 3.7), were used as
positive controls. MAb 5G8, which binds to the pro-domain of AMA1 and has previously
been shown not to affect binding of AMA1 to RON2L (data not shown), was used as a
negative control. These results suggest that domain I in AMA1 is a very important region
for the binding of RON2L, and molecules that bind in this region are likely to be inhibitory.
Three of the novel mAbs (1B10, 4E8 and 4E11) that compete with RON2L were shown to
be broadly cross-reactive, and some evidence suggested that their epitopes contain the loop
1e (Dutta et al, 2013). To confirm this, an AMA1 mutant in which the polymorphic residue
K230 in loop 1e was mutagenized to alanine was constructed and displayed on the phage
surface. The binding of the inhibitory mAbs (1B10, 4E8 and 4E11) to mutant K230A was
significantly reduced and this result confirmed that the loop 1e was the target region of the
most potent mAbs (Figure 3.14). Overall, these data suggest that the loop 1e in AMA1 is
important for generating broadly inhibitory antibodies and this possibility should be further
investigated.
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Figure 3.12. Epitope mapping of the AMA1-binding mAbs. The approximate epitope
regions of mAbs are shown in three different views of the crystal structure of AMA1. The
hydrophobic cleft (green), C1L cluster (dark blue), domain I (light blue), II (yellow) and
III (magenta) are highlighted in the structure. This figure was adapted from Dutta et al,
2013.

Figure 3.13. Novel mAbs blocked the interaction between RON2L and AMA1. A
constant amount of AMA1 (0.05 μg/ml) was incubated with increasing concentrations (0.15
μg/ml-150 μg/ml) of mAbs in NeutrAvidin plates coated with biotinylated RON2L. MAb
1E10 and 5A6 recognized different binding regions to RON2L. The average of duplicated
wells is shown and error bars indicate the range.
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Figure 3.14. Loop 1e in AMA1 is recognized by various anti-AMA1 mAbs. The binding
of mAbs 1B10, 4E11 and 4E8 to AMA1 was significantly reduced when residue K230 in
the loop 1e was mutagenized to alanine. The binding of mAbs 1F9, 4G2 and the peptide
RON2L were not affected by this mutation. MAb 5G8 was used as a negative control in
this assay. The average of duplicated wells is shown and error bars indicate the range.
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3.2

Monitoring the ligand-induced conformational change of PfAMA1
using different approaches

3.2.1

Introduction

AMA1 is considered not only a malaria vaccine candidate but also a potential target of new
anti-malarial drugs (Macraild et al, 2011). AMA1 released from the merozoite micronemes
forms a complex with RON2 and this complex was shown to be important for a successful
merozoite invasion, although the recent knockdown studies have generated some
controversy regarding the precise role of the complex (Harvey et al, 2014). An important
feature of the AMA1-RON2 interaction revealed by the co-crystal structure was a
conformational change in AMA1 in which the DII loop moved away from the hydrophobic
cleft (Vulliez-Le Normand et al, 2012).

As discussed earlier a diverse range of ligands, including the peptides RON2L and R1,
monoclonal antibodies and shark antibodies (IgNARs), bind to the hydrophobic cleft and
block the interaction between AMA1 and RON2 (Coley et al, 2007; Harris et al, 2005a;
Henderson et al, 2007; Vulliez-Le Normand et al, 2012). In contrast, peptide R3 binds to
multiple forms of PfAMA1, but cannot block the interaction between AMA1 and RON2.
All these findings have stimulated research to identify inhibitors of this interaction that may
be valuable drug leads. Two approaches, high-throughput screening and fragment-based
ligand discovery, have been used to identify small molecules that bind to AMA1 and
compete with peptide RON2L or R1 (Lim et al, 2013; Srinivasan et al, 2013). In order to
understand the mechanisms by which these small molecules bind to AMA1 and to better
evaluate their potential as inhibitors of the AMA1-RON2 interaction, we have explored
methods that would allow detection of ligand-induced conformational change of the DII
loop. In this study, three different approaches were applied to the detection of ligandinduced movements of the DII loop of PfAMA1. The approach, which best provided clear
evidence of the conformational change of AMA1, will be used to interrogate small AMA1binding molecules that have been identified by fragment screening. Such an approach could
be used to characterize other AMA1-binding molecules that are being assessed as drug
leads.

87

3.2.2

Monitoring the changes of proteolytic processing of AMA1 induced by ligand
binding

Displacement of the AMA1 DII loop induced by ligand binding was shown to be important
for the AMA1-RON2 interaction and parasite invasion. No method is available to monitor
this ligand-induced conformational change of AMA1 without resorting to co-crystallization
studies. We have examined several approaches for monitor this conformational change of
AMA1, the first approach being the susceptible of AMA1, with or without the bound
ligands, to proteolysis. Altered susceptibility of AMA1 to certain proteases may be
observed because the substantial movement of the AMA1 DII loop induced by ligand
binding (Tonkin et al, 2011).

Two proteases, trypsin (cleaves at the carboxyl side of lysine and arginine) and glu-c
(cleaves at the carboxyl side of glutamic acid), were examined in this study. Both proteases
have multiple cleavage sites in the AMA1 DII loop, which is displaced by ligand binding.
AMA1 proteins with or without the bound ligands (RON2L, R1 and R3) were first
subjected to the action of trypsin for 10 min and the resulting fragmentation patterns of
AMA1 were examined and compared by reducing SDS-PAGE (Figure 3.15). To ensure
near saturation, the peptide ligands were added in significant excess. It appeared that trypsin
cleavage was less efficient when RON2L was bound to AMA1 since there was a substantial
amount of uncleaved AMA1 remaining (Figure 3.15). This was not the case when R1 or
R3 was used as the binding ligand; the trypsin fragmentation patterns for AMA1 with these
ligands were essentially the same as AMA1 alone or AMA1 with an irrelevant peptide
present in the assay. As the binding of both R1 and RON2L induce the conformational
change in AMA1, the slower trypsin processing of AMA1 in the presence of RON2L
cannot reflect the induced conformational change and trypsin is not considered a suitable
protease for this approach.

When AMA1, with or without the peptide ligands, was incubated with protease glu-c for
30 min, the binding of all three ligands (RON2L, R1 and R3) resulted in more efficient
proteolytic degradation of AMA1 as evidenced by the more complete degradation of the
largest fragment of AMA1 (Figure 3.16A). The rate of proteolysis did not change when
AMA1 was incubated with an irrelevant non-binding peptide. The effect of RON2L on the
susceptibility of AMA1 to glu-c was confirmed in a time-course study. When AMA1 was
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incubated with glu-c without addition of RON2L, there was a substantial amount of fulllength AMA1 (~60 kDa) left after 15 min (Figure 3.16B, left hand panel). In contrast, when
RON2L was added to AMA1 glu-c digestion left very little full-length AMA1 after 15 min
(Figure 3.16B, middle panel). This effect was specific for the AMA1-binding ligand
because when an irrelevant peptide with no affinity for AMA1 was included in the assay,
the fragmentation pattern was identical to that of AMA1 alone (Figure 3.16B, right hand
panel).

Further evidence of the specificity of this assay was obtained by incubating 3D7 or FVO
PfAMA1 plus glu-c in the presence of different binding ligands. Equal amount of 3D7 or
FVO PfAMA1 were digested with glu-c for 10 min with or without the bound ligands and
the glu-c fragmentation patterns were compared on reducing SDS-PAGE. As expected, the
addition of either RON2L, R1 or R3 increased the rate of cleavage of 3D7 PfAMA1 by gluc (Figure 3.17, left panel). In contrast, proteolysis of FVO PfAMA1, which does not bind
to R1, was only enhanced in the presence of RON2L and R3 (Figure 3.17, right panel).

These results indicate that proteolytic processing of AMA1 can be enhanced by ligand
binding but the changes in fragmentation patterns with trypsin and glu-c digestion were
relatively subtle and unlikely to provide the basis of a useful method for monitoring the
ligand-induced conformational change in AMA1.
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Figure 3.15. SDS-PAGE analysis of fragments generated by trypsin digestion of
AMA1. Recombinant AMA1 proteins with or without the addition of AMA1-binding
peptides (RON2, R1, R3 and an irrelevant peptide) were subjected to cleavage with trypsin
for 10 min and then analysed by SDS-PAGE under reducing conditions.
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A

B

Figure 3.16. Increased proteolytic processing of AMA1 induced by binding of peptides.
A) AMA1 was cleaved by glu-c for 30 min in the presence of different peptides and
digested samples were analysed by reducing SDS-PAGE. B) A time course of proteolysis
of AMA1 was carried out in the presence of the peptide RON2L. The proteolysis of AMA1
alone or AMA1 plus an irrelevant peptide were also carried out using the same conditions.
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Figure 3.17. Strain-specific peptide R1 had no impact on the proteolytic processing of
FVO PfAMA1. Both 3D7 (left) and FVO (right) forms of PfAMA1 were digested with
glu-c for 10 min in the presence of AMA1-binding peptides (RON2L, R1 and R3) and an
irrelevant control peptide. Enhanced proteolytic processing of AMA1 was specifically
induced by the binding of peptide to AMA1.
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3.2.3

Construction of AMA1 mutants for the intrinsic fluorescence study

The displacement of the buried DII loop in AMA1 can lead to changes in the environment
around the residues in the loop. Therefore, a method that can reflect these environmental
changes will potentially be useful to monitor the conformational change induced by ligand
binding to AMA1. Protein intrinsic fluorescence spectrometry is a sensitive approach that
can monitor changes of the environment around aromatic residues within a protein. Of the
three aromatic residues, tryptophan (Trp) is the predominant contributor to intrinsic
fluorescence of a protein. If one or more Trp residues are located within or near the DII
loop, ligand-induced conformational change of AMA1 may induce changes in the intrinsic
fluorescence spectra.

Because none of the four Trp residues in AMA1 is in or close to the flexible DII loop
(Figure 3.18), a series of mutant forms of 3D7 PfAMA1 (corresponding to the AMA1
ectodomain) were created, either by replacing individual aromatic residues in the loop with
Trp or by inserting an additional Trp in the middle of the loop (between A372 and S373).
Each of the mutant proteins was expressed on the surface of phage so that they could readily
be assessed for their ability to bind the conformationally-dependent mAbs 1F9 and 4G2,
and peptide RON2L (Table 3.2). Both mAbs and RON2L bound the replacement mutant
F367W and insertion mutant IS373W as well as they bound wild-type AMA1 (Figure 3.19).
In contrast, the binding of the mAbs and peptide to the other replacement mutants was
reduced (F360W, F379W and F385W) or abolished (Y353W, F379W and Y390W)
compared to wild-type. Consequently, mutants F367W and IS373W were selected and the
corresponding full-length ectodomains (domain P+I+II+III) were expressed in E. coli. Both
mutant forms and wild-type AMA1 reacted equally well with the conformationallydependent mAbs 1F9 and 4G2 (Figure 3.20), suggesting that the proteins were correctly
folded and suitable for the studies of intrinsic fluorescence.
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Table 3.2. Comparison of the reactivity of phage-displayed AMA1 DII loop mutants
and wild-type AMA1
Reactivity with AMA1-binding ligands
Phage-displayed AMA1
mAb 1F9

mAb 4G2

Peptide RON2L

+++

+++

+++

Replacement mutant Y353W

-

-

-

Replacement mutant Y360W

+

++

++

Replacement mutant F367W*

+++

+++

+++

Replacement mutant F379W

+

-

+

Replacement mutant F385W

++

+

+

Replacement mutant Y390W

-

-

-

+++

+++

+++

Wild-type AMA1

Insertion mutant IS373W*

* indicates the two mutant forms of AMA1 selected for expression in E. coli as
recombinant proteins. +++ indicates an OD >2.5 for mAbs and >1.5 for peptide, ++
indicates an OD >1.5 for mAbs and >1 for peptide, + indicates an OD >0.5 for mAbs
and >0.5 for peptide, - indicates an OD <0.5 for mAbs and <0.5 for peptide
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Figure 3.18. Location of tryptophan residues and the domain II loop in AMA1. The
structure of AMA1 DI+II (PDB ID 2Z8V) showing the locations of the four tryptophan
residues, W110, W298, W315, and W399 (yellow). None of the four Trp residues is located
in the domain II loop (blue) or hydrophobic cleft (green). Also shown are the sites of Trp
mutation, F367 (red), and insertion, IS373.
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Figure 3.19. MAb reactivity of AMA1 mutants displayed on the surface of phage.
Phage-displayed wild-type and mutant forms of AMA1 were incubated with immobilized
mAbs 1F9 and 4G2, and peptide RON2L. The average of duplicated wells is shown and
error bars indicate the range.

Figure 3.20. MAb reactivity of recombinant AMA1 mutant proteins (domain
P+I+II+III). Decreasing concentrations of mAb 1F9 (left) and 4G2 (right) were allowed
to bind to immobilized recombinant 3D7 PfAMA1 and its mutant forms. The average of
duplicated wells is shown and error bars indicate the range.
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3.2.4

Monitoring the changes of intrinsic fluorescence spectra induced by ligand
binding

After the expression of the correctly folded wild-type AMA1 and two mutant forms
(F367W and IS373W), the intrinsic fluorescence spectra of these proteins were recorded
(Figure 3.21). All protein samples were excited at a wavelength of 295nm and the resulting
emission spectra were recorded from 300 to 450 nm. (At this excitation and emission
wavelength Trp alone is responsible for the signal). The maximum signals in the intrinsic
fluorescence spectra of the two mutant forms of AMA1 were significantly higher than the
maximum signal in the spectrum of wild-type AMA1 (Figure 3.21). This is consistent with
the fact that an additional Trp residue was inserted into the mutant forms of AMA1. Red
shifts were also observed in the spectra of both mutants, suggesting that the additional Trp
residues introduced into the DII loop were highly solvent exposed. The fluorescence
spectrum of reduced and alkylated AMA1 was also obtained, and it had the highest
fluorescent signal as well as a more dramatic red shift in the spectrum, reflecting the
increased exposure of the Trp residues after reduction and alkylation.

When AMA1 with bound peptide ligands was examined no red or blue shift in the intrinsic
fluorescence spectra was seen (Figure 3.22). On the other hand, the fluorescent signals of
both F367W and IS373W AMA1 were quenched upon the addition of peptide RON2L
(Figure 3.22), whereas the binding of RON2L had minor impact on the fluorescent signal
of wild-type AMA1. However, the fluorescent signals of two AMA1 mutants were also
quenched in the presence of the control peptide R3[ser] and the quenching effect of R3[ser]
was comparable with that of RON2L (Figure 3.22). This result suggested that the quenching
of AMA1 fluorescence was not entirely caused by the binding of peptide to AMA1, and
therefore this approach was not suitable for monitoring the conformational change of
AMA1.
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Figure 3.21. Intrinsic fluorescence spectra of wild-type AMA1, two AMA1 mutant
forms and reduced and alkylated AMA1. The intrinsic fluorescence spectra (300 - 450
nm) of different forms of AMA1 (1μM) were obtained after the protein samples were
excited at a wavelength of 295 nm.
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Figure 3.22. Intrinsic fluorescence spectra of wild-type AMA1 and two AMA1 mutant
forms in the presence of peptide ligands. The intrinsic fluorescence spectra (300 - 450
nm) of wild-type AMA1 and its mutants (1μM) were obtained in the presence of RON2L
or R3[ser]. The peptides were added at a 5-fold excess. All protein samples were excited at
a wavelength of 295 nm.
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3.2.5

Expression, purification and characterization of F-Trp-AMA1 and its
mutants for the 19F NMR study

19

F NMR spectroscopy was considered an alternative approach to the detection of the

ligand-induced movements of the DII loop of PfAMA1. This approach requires a Trp
residue in the DII loop, which undergoes the major conformational change. In the studies
described in Section 3.2.3, it was shown that the mAb and peptide-binding characteristics
of the replacement mutant F367W and the insertion mutant IS373W were almost identical
to wild-type AMA1. Therefore, both mutants and wild-type PfAMA1 (domains I+II), were
expressed in E. coli as 5F-Trp-labelled recombinant proteins. This was done by growing
the bacteria in minimal media supplemented with glyphosate (to inhibit aromatic amino
acid metabolism) and 5F-Trp, Phe, and Tyr.

The 5F-Trp-labelled recombinant proteins were isolated and refolded following the
previously published procedures, modified by the addition of 0.6 M L-arginine to the
refolding buffer. This resulted in a high yield of each form of AMA1 DI+II, all of which
were judged to be >95% pure by non-reducing SDS-PAGE. Mass spectrometry confirmed
the identity of the expressed constructs and was consistent with

19

F-Trp incorporation to

the level of approximately 85% (data not shown). The conformationally-dependent mAb
1F9 reacted well on western blots with all three forms of AMA1, indicating the presence
of correctly refolded protein (Figure 3.23A). The binding affinities of 5F-Trp-AMA1 for
the peptides RON2L and R1 were found to be 5 and 23 nM, respectively, using SPR
measurements. The replacement mutant F367W bound both peptides with affinities nearly
identical to those of wild-type AMA1 DI+II, whereas the binding affinities of the insertion
mutant IS373W were slightly reduced (Figure 3.23B). Moreover, 5F-Trp-AMA1 and the
two mutants gave similar circular dichroism (Figure 3.24) and 1-D 1H NMR spectra (Figure
3.25A). This indicated that all three 5F-Trp-labelled proteins were folded correctly and
potentially suitable for using

19

F NMR studies to monitor movement of the DII loop

induced by ligand binding.
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A

B

Figure 3.23. 5F-Trp-labelled AMA1 and its mutant forms are highly pure and
functional. A) 2μg of 5F-Trp-labelled proteins were subjected to SDS-PAGE followed by
Coomassie blue staining (top panel). After transferring to nitrocellulose membrane, the
protein reacted with mAb 1F9 (bottom panel). B) SPR sensorgrams for the binding of 5FTrp-labelled AMA1 proteins to peptides RON2L and R1 (50 -3.1 nM).
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Figure 3.24. Circular dichroism spectra of 5F-Trp AMA1. Spectra for wild-type (black),
F367W (blue) and IS373W (red) were recorded at 25°C and 0.2 mg/ml in 20 mM NaPO4,
100 mM NaCl, pH 7.4 on an Aviv Model 410SF spectrophotometer.

102

A

B

Figure 3.25. 1-D 1H NMR spectra of 5F-Trp-labelled AMA1 and its mutant forms.
Upfield region of the 1H NMR spectra of wild-type AMA1, its F367W and IS373W mutants
(A) and Trp substitution mutants made to assign the 5F-Trp resonances in native AMA1
(B). These spectra show the well-dispersed methyl signals characteristic of correctly folded
AMA1.
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3.2.6

Assignment of 5F-Trp 19F resonances in native AMA1

The NMR spectrum of 5F-Trp-AMA1 DI+II consists of four peaks between -45 and -50
ppm, consistent with the presence of four Trp residues in this construct (Figure 3.26A). To
assign these peaks to specific 5F-Trp residues, additional AMA1 mutants were constructed
in which the native Trp residues were individually mutated to Phe or Tyr. These mutants
were expressed as 5F-Trp-labelled recombinant proteins and judged to be >95% pure on a
non-reducing SDS-PAGE (Figure 3.23A). Three mutants, W110F, W298F, and W315F
were correctly folded, as judged by reactivity with mAb 1F9 on western blots (Figure 3.23A)
and 1H NMR spectra (Figure 3.25B), but attempts to mutate W399 failed to yield correctly
folded AMA1 (data not shown).
Each peak in the 19F NMR spectrum of 5F-Trp-AMA1 DI+II was assigned to one of the
native Trp residues by identifying the missing peak in the successful Trp to Phe point
mutants. W110, W315 and W298 in 5F-Trp-AMA1 were unequivocally assigned to
resonances at chemical shifts of -46.8, -48.9 and -49.1 ppm, respectively (Figure 3.26A),
and the assignment of W399 to the resonance at -45.8 ppm was made by elimination. The
W110 peak shifted upfield in the 19F NMR spectrum of 5F-Trp-AMA1[W315F], whereas
the W315 peak shifted downfield in 5F-Trp-AMA1[W110F] (Figure 3.26A); these two Trp
residues are within 4 Å of one another in the AMA1 structure (Figure 3.18), so this mutual
perturbation was not unexpected.
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3.2.7

19F

NMR spectra of AMA1 DII loop mutants

When the insertion and replacement mutant proteins (IS373W and F367W, respectively)
were examined by 19F NMR, no additional sharp peak was seen in either spectrum (Figure
3.26B). In the spectrum of 5F-Trp-AMA1[F367W], there was a broad peak partially
overlapping the W298 resonance, at around -49.4 ppm, which is possibly attributable to the
5F-Trp introduced at position 367. In contrast, 5F-Trp-AMA1[IS373W] has a

19

F NMR

spectrum almost identical to that of 5F-Trp-AMA1 (Figure 3.26B), the only difference
being a small increase in signal intensity in the region around the W298 resonance. This
indicates an almost complete overlap of the introduced W373 resonance with that of W298.
Despite the fact that the 5F-Trp signals introduced in these constructs are, to a greater or
lesser extent, obscured by overlap, ligand-induced changes to the conformation and/or
dynamics of the DII loop are expected to cause detectable changes to the chemical shift
and/or line shape of these signals. For this reason, both 5F-Trp-AMA1[F367W] and 5FTrp-AMA1[IS373W] were used in further NMR studies to assess whether either mutant
would serve as a probe of conformational change in the DII loop.
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A

B

Figure 3.26. 19F NMR spectra of 5F-Trp-AMA1 and its mutants. (A) Assignments of
the native Trp resonances using Trp-to-Phe mutants. The expected location of the peak
missing in each mutant spectrum is indicated by an asterisk, with the resulting resonance
assignments as labelled. (B) Spectra of 5F-Trp F367W AMA1 (red) and 5F-Trp IS373W
AMA1 (blue) are fit to a sum of five Lorentzian peaks (black; individual components in
grey), showing that both spectra are well described by the four wild-type 5F-Trp signals,
plus a single broad peak from the introduced Trp.
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3.2.8

19F

NMR spectra reveal conformational change in the DII loop

As a first step in establishing the sensitivity of 19F NMR spectra of 5F-Trp-AMA1[F367W]
and 5F-Trp-AMA1[IS373W] to conformational change in the DII loop, we tested the
response of these spectra to binding of the peptide ligands RON2L and R1. A significant
change in the 19F NMR of 5F-Trp-AMA1[F367W] was observed in the presence of RON2L,
with the broad peak at -49.4 ppm, attributed to the introduced W367, becoming quite sharp
(Figure 3.27A). The sharpening of the peak may reflect a significant increase in the
flexibility of W367 relative to the rest of AMA1, which is led by the conformational change
of AMA1.

Similar sharpening of the peak attributed to the inserted W373 was seen in the

19

F NMR

spectrum of the insertion mutant 5F-Trp-AMA1[IS373W] upon binding of the RON2L
peptide. However, this effect is partly obscured by overlap with the W298 peak, which
itself appears to be slightly broadened by the addition of RON2L (Figure 3.27A). In light
of this result, the insertion mutant was not used for further NMR studies of the ligandinduced conformational change of the AMA1 DII loop. When we examined the effect of
RON2L binding on the

19

F NMR spectrum of 5F-Trp-AMA1, minor changes were also

seen in the resonances of the wild-type tryptophans. Specifically, we observed slight
broadening and chemical shift changes to the peaks of W298 and W399, which presumably
reflect changes to the conformation or dynamics of AMA1.

When R1 was bound to 5F-Trp-AMA1[F367W], we saw similar spectral changes to those
observed in the presence of RON2L. The line width of the 5F-Trp 367 resonance decreases,
such that it becomes the sharpest peak in the spectrum (Figure 3.27B, Table 3.3). This
supports our interpretation that the decrease in line width is attributable to an increase in
conformational flexibility of W367 on a nanosecond timescale, and this is indicative of the
rapid movement of the DII loop.

To further explore the sensitivity of the introduced 5F-W367 resonance to conformational
changes in the DII loop, we used a truncated RON2L peptide (trRON2), which contained
the C-terminal disulphide-bonded loop of RON2L but not the N-terminal negativelycharged residues. An examination of the structure of the AMA1/RON2L complex
suggested that this trRON2 would not directly contact or displace the DII loop and,
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therefore, it would be expected to induce changes in the DII loop distinct from those
induced by the longer RON2L peptide. As a result of the loss of the interactions made by
the N-terminal residues of RON2L, the affinity of trRON2 is significantly reduced relative
to the longer RON2L peptide, with a KD measured for the trRON2-3D7 AMA1 interaction
by SPR of approximately 40 μM (data not shown). To account for this reduced affinity and
to ensure that the interaction is near saturation, trRON2 was added to 5F-TrpAMA1[F367W] in significant excess. Despite this, trRON2 induced much less sharpening
of the W367 resonances than when RON2L or R1 was the ligand (Figure 3.27C). The 19FNMR spectrum of the F367W-trRON2L complex provided additional evidence of ligandinduced structural changes elsewhere in AMA1; again there was an upfield shift of the
resonances of W399 and W298, as well as a more marked downfield shift of the W110
resonance.

Table 3.3 Line widths of 5F-Trp resonances in F367W AMA1 in the presence and
absence of RON2L and R1.
5F-Trp F367W AMA1

5F-Trp F367W AMA1

5F-Trp F367W AMA1

(Hz)a

+ RON2L (Hz)

+ R1 (Hz)

W399

114 ±4

132

128

W110

110 ±4

98

150

W315

96 ±13

89

130

W298

102 ±5

128

105

W367

250 ±15

104

93

a. Average line-width ±SEM from 5 independent samples
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Figure 3.27.

19F

NMR spectra of complexed F-Trp-AMA1 and its DII mutants.

19

F

NMR spectra of F-Trp-AMA1 and its DII loop mutants in complex with RON2L (A), R1
(B) and trRON2 (C). Spectra of wild-type AMA1 in the presence and absence of peptide
are in purple and navy, F367W AMA1 in red and blue and IS373W AMA1 in black and
cyan. R1 and RON2 are present at 20% molar excess with respect to AMA1, and trRON2
at a 5-fold excess.
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3.2.9

Characterization of non-peptidic inhibitors using 19F NMR

We then explored the utility of this 19F NMR-based probe of the DII loop conformation in
current efforts to develop inhibitors of the AMA1-RON2 interaction as potential antimalarial drugs. To this end, we tested a series of molecules from our current fragmentbased drug discovery efforts directed against AMA1.(Lim et al, 2013) Each of these
molecules binds AMA1 DI+II and is competed by R1, indicating that they bind in the
vicinity of the hydrophobic cleft. However, the structures of R1 and RON2L in complex
with AMA1 identify an extensive area of interaction that includes a number of defined
subsites, all of which represent possible binding sites for these fragments (Macraild et al,
2011; Tonkin et al, 2013). It remains unclear which of these sites each fragment binds, and
their impact on the conformation of AMA1 has not yet been determined.

To monitor the conformational changes of AMA1 upon the binding of these compounds,
the spectra of 5F-Trp-AMA1[F367W] were recorded with increasing amounts of the
compounds of interest (Figure 3.28). Each of these compounds was tested at concentrations
well above their respective KD, as determined by SPR (Lim et al, 2013). For a subset of
tested compounds (MIPS2191 and MIPS 2129), we detected no significant change in the
line shape of the 5F-Trp 367 resonance, suggesting that these molecules do not alter the
conformation of the DII loop. In contrast, other compounds, exemplified here by MIPS2177,
caused a concentration-dependent decrease in the W367 line width, albeit to a much lesser
extent than the peptide ligands R1 and RON2L, suggesting it may cause the similar
conformational change of AMA1 as occurred for the peptides (Figure 3.28). Additionally,
MIPS2177 and MIPS2129 caused concentration-dependent downfield shifts of the W110
peak. Similar shifts were observed in the presence of trRON2, and to a lesser extent in the
presence of both R1 and RON2L. MIPS2191, in contrast, caused an upfield shift of this
peak. These changes indicate some dynamic change to the local environment of W110 upon
binding of each of these molecules.
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Figure 3.28.

19F

NMR sepctra of F-Trp-AMA1 complexed with small molecules.

19

F

NMR spectra of 5F-Trp-F367W AMA1 bound to small molecule ligands MIPS2191 (A),
MIPS2129 (B) and MIPS2177 (C). Spectra are shown for free 5F-Trp-F367W AMA1
(black) and in the presence of 1 mM (red) and 3 mM (blue) ligand.
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3.3

Overcoming allelic specificity by immunizing mice with PfAMA1
in complex with peptide ligands

3.3.1

Introduction

In a phase II trial conducted in Mali, only 20% efficacy was achieved using a 3D7 PfAMA1
based vaccine (Thera et al, 2011). The major obstacle of developing AMA1 based vaccines
is the extensive polymorphism within the antigen, which results in the production of strainspecific antibodies. Although the precise function of AMA1 still remains unclear, the
inability to knockout AMA1 suggested the importance of the protein during erythrocyte
invasion (Triglia et al, 2000). Despite the importance of AMA1, only a small proportion
(approximately 10%) of expressed AMA1 was required to form the complex with RON2
necessary for normal invasion by T. gondii (Mital et al, 2005). Therefore, the majority of
AMA1 expressed on the parasite surface is not involved in MJ formation. We hypothesized
that in P. falciparum this excess, uncomplexed AMA1 on the merozoite surface may induce
the production of strain-specific antibodies. These antibodies may have limited reactivity
with AMA1 in the MJ because they would predominantly target polymorphic epitopes
bordering the hydrophobic cleft, which is the RON2 binding site. (Figure 3.29). If so, it
may be possible to induce more broadly cross-reactive antibodies by immunizing with
AMA1 in complex with either the RON2L peptide or a mimic of RON2L such as the R1
peptide.

To test this hypothesis, mice were immunized with AMA1 in complex with various binding
ligands. All the ligands (RON2L, R1 and R3) used in this experiment are able to bind in
the hydrophobic cleft of AMA1 and share overlapping binding sites. The anti-AMA1
antibodies in sera collected from these mice were analysed for reactivity to homologous
and heterologous forms of AMA1. Moreover, epitopes of these antibodies were mapped
using a series of AMA1 chimeric proteins.
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Dominant antibody response
Figure 3.29. Free and complexed AMA1 may induce antibody responses which differ
in specificity. It is hypothesized that the excess parasite AMA1 induces an antibody
response directed predominantly to strain-specific epitopes.
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3.3.2

Mouse immunizations and isolation of sera

Two strains of mice (C57BL/6 and CBA) were immunized with either recombinant 3D7
PfAMA1 (Domain P+I+II+III) alone or the equivalent amount of 3D7 PfAMA1 in
combination with different peptides. Each immunization group contained 8 mice and
peptides were added to AMA1 in a 5-fold molar excess. At the commencement of the study,
little was known about the interaction between AMA1 and RON2. Therefore, the R1
peptide, which binds in the hydrophobic cleft of AMA1 and inhibits parasite invasion, was
used as the AMA1-binding ligand in the first set of immunizations. After the
AMA1/RON2L and AMA1/R3 interactions were characterized, another set of
immunizations were carried out using RON2L and R3 as the AMA1-binding ligands. The
procedures for the immunizations were described in section 2.2.19. Sera were collected
from mice immunized with AMA1 alone or AMA1 in combination with peptide ligands.
Antibody titres were determined by ELISA for the eight mice in each group. The antibody
titres induced by AMA1 alone were significantly higher (p value < 0.05) than those induced
by the AMA/R1 complex in C57BL/6 mice, whereas free and complexed AMA1 induced
comparable antibody titres in CBA mice (Figure 2.30, left panel). The antibody titres
induced by the AMA1/RON2L complex were higher (p value <0.05) than those induced by
AMA1 alone in CBA mice but not in C57BL/6 mice (Figure 3.30, right panel). The
AMA1/R3 complex tended to induce higher anti-AMA1 antibody titres than AMA1 alone
in both CBA and C57BL/6 mice but the difference did not reach significance in either strain
(Figure 3.30, right panel). These data indicate that immunization with AMA1 in complex
with AMA1-binding peptides can result in changed anti-AMA1 antibody titres, but the
nature of the change is influenced by both the characteristics of the bound peptide and the
genotype of the immunized animal.

3.3.3

Do AMA1-ligand complexes induce more broadly cross-reactive antibodies?

Competition ELISAs were carried out to determine whether using AMA1 in complex with
a binding peptide as the immunogen could lead to the production of more broadly crossreactive antibodies. Five different forms of PfAMA1 (3D7, FVO, W2mef, HB3 and 7G8)
were used as competitor antigens in this assay and the ELISA experiments were conducted
essentially as described previously in section 2.2.4.2. The results were plotted as
competition curves with the signal in the presence of a competitor antigen expressed as a
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percentage of the signal in the absence of competitor antigen. (Figure 3.31). To enable
quantitative comparisons of the antibody specificities induced by the different immunogens
residual binding values were predicted from 3-parameter sigmoidal curves generated for
each serum sample (GraphPad Prism software). This residual binding value reflected the
proportion of polyclonal antibodies captured by immobilized 3D7 PfAMA1 that did not
react with a given competitor antigen (Figure 3.31). Thus, a lower residual binding reflected
a more broadly cross-reactive serum sample because a large subset of antibodies in the
serum reacted with a competitor antigen.

For the first set of immunizations, mice were immunized with either AMA1 alone or AMA1
in complex with the R1 peptide. Antibodies raised against AMA1/R1 in C57BL/6 mice,
had a slightly lower residual binding to 3D7 AMA1 when any of the four heterologous
forms of PfAMA1 was used as a competitor antigen (Figure 3.32A). This suggested that
more antibodies raised against the AMA1/R1 complex were able to bind to heterologous
forms of PfAMA1. Although the differences in residual binding were subtle and none of
them appeared to be statistically significant (One-tailed Mann-Whitney test, p > 0.05, Table
3.4), a slightly lower residual binding was found with all competitor antigens. Moreover,
similar results were seen when CBA mice were immunized with AMA1 and AMA1/R1
(Figure 3.32B). Because there was a consistent trend towards lower residual binding in
every case, it is likely that AMA1 complexed with R1 can induce slightly more broadly
cross-reactive antibodies, consistent with the hypothesis.

Due to the encouraging results obtained from the AMA1/R1 immunizations, two peptides
that bind to multiple forms of AMA1, the RON2L and R3 peptides, were chosen to be the
AMA1-binding ligands in the second set of immunizations. Neither the AMA1/RON2L
complex nor the AMA1/R3 complex was able to induce antibodies that were more broadly
cross-reactive than antibodies raised against AMA1 alone (Figure 3.32 C & D). Although
lower residual binding was seen for some sera with a particular competitor antigen, none
of these differences was statistically significant and no consistent trend of lower residual
binding was seen (Table 3.5 & 3.6). Moreover, sera raised in both C57BL/6 and CBA mice
gave similar results (Figure 3.32 C & D), suggesting that the binding specificities of
antibodies were not affected by different host mice strains in this study.
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Taken together, some changes of the antibody specificity were observed when mice were
immunized with the AMA1/R1 complex. However, given that this effect is subtle, it is not
clear what the functional significance of such an increase in more broadly cross-reactive
antibodies would be.
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C57BL/6 mice

CBA mice

Figure 3.30. ELISA antibody titres of sera elicited against AMA1 alone or AMA1ligand complexes. The titres of antibodies raised against AMA1 in complex with a binding
ligand or AMA1 alone were analysed (n = 8 in each group). Sera obtained from C57BL/6
and CBA mice were diluted to 1 in 10000 and 1 in 31600, respectively, and each serum
was allowed to bind to immobilized 3D7 PfAMA1. The error bars indicate the standard
error of the mean (SEM). P values were determined by a Mann-Whitney test [two tailed]
comparing the free AMA1 immunization group with the complexed AMA1 immunization
group, * indicates p < 0.05.
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Figure 3.31. Diagrammatic representation of performing and analysing ELISA based
competition assays. Five forms of PfAMA1 (3D7, FVO, W2mef, HB3 and 7G8) were
used as competitor antigens in this assay. Individual sera were allowed to bind to
immobilized 3D7 PfAMA1 in the presence of various competitor antigens (top panel) and
residual binding was calculated from a 3-parameter plot of the binding curve. Data was
plotted for individual competitor antigens and sera from different mouse strains were
analysed separately (bottom panel).
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C
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D

Figure 3.32. Immunization with AMA1 in complex with a binding ligand had a minor
impact on the binding specificities of induced antibodies. A constant concentration of a
serum sample was allowed to interact with immobilized 3D7 PfAMA1 in the presence of
increasing concentrations of a competitor antigen. Four different subgroups of results are
shown: the first set of immunizations using C57BL/6 (A) and CBA (B) mice; the second
set of immunizations using C57BL/6 (C) and CBA (D) mice. The average predicted
residual binding from two independent experiments is displayed for each mouse (n = 8 per
group). The mean ±standard error of the mean for each immunization group is shown.
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Table 3.4. Comparison of residual binding between sera raised against AMA1 and the
AMA1/R1 complex
AMA1 versus AMA1/R1
Competitor form of AMA1

Mouse

Lower residual binding group

p value

strain
FVO

C57BL/6

AMA1/R1

0.1911 (>0.05)

W2mef

C57BL/6

AMA1/R1

0.1172 (>0.05)

HB3

C57BL/6

AMA1/R1

0.2869 (>0.05)

7G8

C57BL/6

AMA1/R1

0.3227 (>0.05)

FVO

CBA

AMA1/R1

0.3992 (>0.05)

W2mef

CBA

AMA1/R1

0.1393 (>0.05)

HB3

CBA

AMA1/R1

0.2527 (>0.05)

7G8

CBA

AMA1/R1

0.0974 (>0.05)

p values were determined using one-tailed Mann-Whitney test. Sera from both C57BL/6
and CBA mice were analysed.

Table 3.5. Comparison of residual binding between sera raised against AMA1 and the
AMA1/RON2L complex
AMA1 versus AMA1/RON2L
Competitor form of AMA1

Mouse

Lower residual binding group

p value

strain
FVO

C57BL/6

AMA1

0.3227 (>0.05)

W2mef

C57BL/6

AMA1

0.2209 (>0.05)

HB3

C57BL/6

AMA1

0.2209 (>0.05)

7G8

C57BL/6

AMA1

0.1172 (>0.05)

FVO

CBA

AMA1

0.1172 (>0.05)

W2mef

CBA

AMA1

0.3227 (>0.05)

HB3

CBA

AMA1

0.4796 (>0.05)

7G8

CBA

AMA1/RON2L

0.2527 (>0.05)

p values were determined using one-tailed Mann-Whitney test. Sera from both C57BL/6
and CBA mice were analysed.
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Table 3.6. Comparison of residual binding between sera raised against AMA1 and the
AMA1/R3 complex
AMA1 versus AMA1/R3
Competitor form of AMA1

Mouse

Lower residual binding group

p value

strain
FVO

C57BL/6

AMA1

0.1641 (>0.05)

W2mef

C57BL/6

AMA1

0.1911 (>0.05)

HB3

C57BL/6

AMA1

0.0974 (>0.05)

7G8

C57BL/6

AMA1

0.2527 (>0.05)

FVO

CBA

AMA1/R3

0.3992 (>0.05)

W2mef

CBA

AMA1

0.3227 (>0.05)

HB3

CBA

AMA1/R3

0.4796 (>0.05)

7G8

CBA

AMA1/R3

0.3992 (>0.05)

p values were determined using one-tailed Mann-Whitney test. Sera from both C57BL/6
and CBA mice were analysed.
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3.3.4

Recombinant AMA1 chimeric proteins displaying different regions of
PfAMA1

Although immunization with AMA1-ligand complexes did not induce substantially more
cross-reactive antibodies as measured by a competition ELISA, it is still possible that there
was a subtle shift in binding specificity of the antibodies generated. Therefore, it was of
interest to determine whether immunization with the complex induced antibodies with
different domain specificities to those induced by immunizing with AMA1 alone. To test
this, a set of AMA1 chimeric proteins (Kindly provided by Sheetij Dutta, Walter Reed
Army Institute of Research, Silver Spring, Maryland, USA) were used to map the epitopes
of the polyclonal sera from mice immunized with AMA1 alone or AMA1-ligand complexes.
From knowledge of the crystal structure of AMA1, these AMA1 chimeras were designed
to display different structural regions of 3D7 PfAMA1 on the P. berghei AMA1 scaffold
(Dutta et al, 2013). These regions included domain I (D1), domain II (D2), domain III (D3),
the hydrophobic cleft (Hydroph), the polymorphic face (Poly), the conserved face (Cons),
the DII loop (D2 loop), and domain II plus loop 1e (D21e). The P. berghei backbone has
been shown to be immunogenically silent in this type of assay (Dutta et al, 2013). Before
the epitopes of individual sera were mapped, the folding of these AMA1 chimeras was
assessed using the two well-characterized conformationally-dependent mAbs, 1F9 and 4G2
(see Section 1.2.4). As expected, mAb 1F9 bound strongly to AMA1 chimeric proteins
displaying domain I, the polymorphic face, and the hydrophobic cleft (Figure 3.33). MAb
4G2 was able to bind to chimeras displaying the conserved face, the hydrophobic cleft and
domain II plus loop 1e. Moreover, none of these two mAbs bound to PbAMA1 and an
irrelevant monoclonal antibody failed to bind to any of these chimeras. Taken together,
these data showing that these mAbs bound to chimeras displaying regions of AMA1 that
contained their epitopes, indicated that the AMA1 chimeras were correctly folded.
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Figure 3.33. MAbs bound to AMA1 chimeras displaying different regions of 3D7
PfAMA1. 0.1 μg/mL of mAb 1F9, 4G2 and an irrelevant mAb were allowed to interact
with immobilized AMA1 chimeras and recombinant PbAMA1. The average of duplicated
wells is shown and error bars indicate the range.
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3.3.5

Epitope mapping of polyclonal sera

After confirming the folding of the AMA1 chimeras, the regions of PfAMA1 recognised
by the sera from mice immunized with AMA1 alone or in complex with a binding peptide
were analysed. Sera were diluted 1 in 3160 and allowed to bind to immobilized AMA1
chimeric proteins in an ELISA-based binding assay. The binding signals (OD) of each
serum against chimeric proteins were obtained and plotted for each immunization group.
Many of the sera contained antibodies that bound to AMA1 chimeric proteins displaying
domain II, domain III, conserved face and polymorphic face but the sera reacted much more
poorly with the other chimeras (Figure3.34). Similar results were obtained in both strains
of mice.

The patterns of antibody reactivity on the chimeric proteins provided further evidence that
immunizing with AMA-peptide complexes changed the nature of the anti-AMA1 antibody
response and that this was influenced by the nature of the bound peptide and the strain of
mouse immunized. Of particular relevance to testing our hypothesis were the antibody
responses recognising the CONS chimera but there was no evidence from the ELISA data
(Figure 3.34) that immunizing with any of the AMA1-peptide complexes resulted in an
increased antibody response to the conserved face of AMA1. An analysis of the antibody
responses using the POLY chimera showed mostly low responses with only minor changes
in the responses to the complexes compared to the responses to AMA1 alone; the antiPOLY response induced by the AMA1/R1 complex was lower (but not significantly) in
C57BL/6 but not CBA mice (Figure 3.34A & B), whereas the anti-POLY response induced
by the AMA1/R3 complex was significantly higher in CBA but not C57BL/6 mice (Figure
3.34C & D). Domain II and domain III are relatively conserved regions of AMA1 but the
analyses of the antibody responses on these chimeras also gave little support for our
hypothesis. Lower antibody reactivity on domain II was induced by the AMA1/R1 complex
and this reached significance when C57BL/6 mice were immunized (Figure 3.34A & B).
In contrast, no such reduction of the domain II response was seen in either strain of mouse
immunized with the AMA1/R3 or AMA1/RON2L. These differences tend to mirror the
differences seen when the antibody responses induced by AMA1 alone or the peptide
complexes were measured by ELISA on 3D7 PfAMA1 (Figure 3.30).
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Figure 3.34. Epitope mapping of polyclonal sera. All serum samples were diluted to 1 in
3160 and allowed to interact with immobilized AMA1 chimeric proteins. A) The binding
of sera from C57BL/6 (A) or CBA (B) mice immunized with AMA1 alone or AMA1/R1
complex were determined and plotted for the individual chimeric proteins. The binding of
sera from C57BL/6 (C) or CBA (D) mice immunized with AMA1 alone, AMA1/R3
complex or AMA1/RON2L complex were determined and plotted for the individual
chimeric proteins. The error bars indicate the standard errors of the means (SEM). P values
(for chimeras D2, D3, CONS and POLY) were determined by a Mann-Whitney test [two
tailed] comparing the free AMA1 immunization group with the complexed AMA1
immunization group, * indicates p < 0.05.
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3.3.6

Anti-AMA1 sera compete with mAb 1F9 binding to AMA1

The ELISA results using PfAMA1 or Pf/PbAMA1chimeras showed that immunization
with AMA1-ligand complexes rather than AMA1 alone had very modest effects on the
nature of the anti-AMA1 antibody responses. Furthermore, it was intriguing to note that
there appeared to be very low antibody response to domain I of AMA1 (Figure 3.34). This
was unexpected as previous studies have shown domain I to be immunogenic. In particular,
the loop 1d in domain I of AMA1 has been shown to be highly polymorphic and an
important target of strain-specific antibodies (Coley et al, 2007).

In order to address this inconsistency, a competition ELISA was carried out to examine the
ability of antibodies in the sera to block the binding of mAb 1F9 to AMA1. MAb 1F9 has
been shown previously to bind to loop 1d of AMA1 and indeed it has been shown that
residue 197 in this loop is critical for binding (Coley et al, 2001; Coley et al, 2007). Thus
it was of interest to determine whether any of the antibodies raised were able to bind to the
1F9 epitope, and if so was there a difference between mice immunized with AMA1 alone
and mice immunized with the AMA1/RON2L complex.

To achieve this, mAb 1F9 was conjugated to HRP (Section 2.2.20) and this was allowed to
bind to immobilized AMA1 in the presence of increasing concentrations of sera. When
C57BL/6 mice were immunized with AMA1 alone, many of the serum samples could block
1F9 binding, however, other sera were either unable to block 1F9 binding or inhibited the
binding only slightly (Figure 3.35A, top panel). In contrast, all sera from C57BL/6 mice
immunized with the AMA1/RON2L complex were able to inhibit 1F9 binding to AMA1
(Figure 3.35A, bottom panel). This trend was also observed for sera from CBA mice
immunized with AMA1 alone or the AMA1/RON2L complex (Figure 3.35B). This data
indicated that the majority of serum samples from mice immunized with AMA1 alone or
the AMA1/RON2L contained antibodies able to bind to 1F9 epitope.

Because the 1F9 epitope overlaps regions of AMA1 such as the hydrophobic cleft, loop 1d
and loop 1e that are targets for inhibitory antibodies, it was of interest to determine whether
immunization with the AMA1/RON2L complex modulated the antibody responses to the
1F9 epitope. In order to quantitate this effect, the OD signal for each serum sample at 1 in
100 dilution was subtracted from the starting OD (1F9 binding without addition of sera)
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and the resulting differences were converted to percentages of maximal binding of 1F9.
From these data (Figure 3.35C)., it was observed that, in C57BL/6 mice, there was indeed
a significant shift towards an increase in antibodies that bind to the 1F9 epitope when mice
were immunized with the AMA1/RON2L complex in comparison to mice immunized with
AMA1 alone. Although this effect did not reach significance when CBA mice were
immunized, the trend towards greater 1F9-like antibodies in mice immunized with the
AMA1/RON2L complex was evident (Figure 3.35C).

In summary, although a consistent trend of lower residual binding was obtained for sera
from mice immunized with the AMA1/R1 complex, little evidence was obtained from
competition ELISAs and epitope mapping that would support our hypothesis that more
broadly cross-reactive antibody responses could be induced by immunization with the
AMA1-peptide complexes compared to immunization with AMA1 alone.
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A
Sera from mice immunized with AMA1 alone

Sera from mice immunized with the AMA1/RON2L complex
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B
Sera from mice immunized with AMA1 alone

Sera from mice immunized with the AMA1/RON2L complex
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C
C57BL/6 mice

CBA mice

Figure 3.35. Polyclonal sera blocked the interaction between AMA1 and mAb 1F9.
HRP-conjugated mAb 1F9 was allowed to bind to immobilized 3D7 PfAMA1 in the
presence of increasing concentrations of polyclonal sera. Sera obtained from C57BL/6 (A)
and CBA (B) mice immunized with either AMA1 alone or the AMA1/RON2L complex
were examined. C) Antibody levels that compete with mAb 1F9 were plotted for each
serum sample as the percentage of maximal binding of 1F9 and analysed for each
immunization group (n = 8 per group). The differences between antibodies elicited against
AMA1 alone and the AMA1/RON2L complex were analysed using two-tailed MannWhitney test. The means ± standard errors of the means of data for each immunization
group are shown.
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Chapter 4: Discussion
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4.1

Biological importance of the interaction between AMA1 and RON2

In the first part of this study, the aim was to identify the region of PfRON2 that binds to
AMA1.

The

AMA1

complex

with

RON

proteins

was

first

identified

by

immunoprecipitation in T. gondii and the proteins comprising the complex were identified
with specific antibodies (Alexander et al, 2005; Lebrun et al, 2005). Subsequently, a
complex containing RON2, 4, 5 and AMA1 orthologues was identified in P. falciparum
(Alexander et al, 2006; Cao et al, 2009; Collins et al, 2009). In early studies with P.
falciparum, RON4 was shown to coprecipitate with AMA1 and immunofluorescence
showed these two proteins colocalized at the MJ (Riglar et al, 2011). However, more recent
studies indicated that only RON2 directly interacts with AMA1 in the MJ (Cao et al, 2009;
Srinivasan et al, 2011). The AMA1-RON2 complex has been shown to be important, but
not always essential, for the formation of the MJ, which plays a critical role in invasion but
also in the attachment of the parasite apex to the host cell membrane (Bargieri et al, 2013;
Srinivasan et al, 2011). RON4 and other proteins in the protein complex at the MJ appear
to be located within the cytoplasm of the host cell whereas RON2 spans the erythrocyte
membrane; the extracellular and cytoplasmic regions of RON2 interact with AMA1 and
other RON proteins, respectively (Besteiro et al, 2011). To further understand the binding
mechanism whereby AMA1 and RON2 interact, it was desirable to identify the precise
AMA1-binding region(s) in RON2.

At the commencement of this study the precise region on RON2 that interacts with AMA1
was not known. Phage-display has been previously used in our laboratory to map the
conformationally-dependent epitope of mAb 1F9 in domain I of AMA1 (Coley et al, 2001).
Therefore, we used phage-display in an attempt to identify the peptide sequence in PfRON2
that binds to 3D7 PfAMA1. Phage-display can be a rapid and efficient method of
identifying binding regions in protein-protein interactions, particularly for proteins that
contain no, or poorly defined, TM regions (Wilson & Finlay, 1998). In addition,
overlapping peptides, which may provide additional information about binding regions in
protein-protein interactions, could be identified by panning a phage-displayed gene
fragment library on a target antigen.

In order to use this approach, a phage-displayed library of PfRON2 gene fragments was
constructed. The ideal library would contain a large number of overlapping fragments of
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various sizes covering the complete PfRON2 sequence, however, amplification of the fulllength PfRON2 gene was not successful possibly because of its large size and AT-rich
nucleotide sequence. Splitting the RON2 gene into two halves resulted in successful
amplification of the C-terminal but not the N-terminal coding sequence. The N-terminal
region of RON2 predominantly consists of repetitive regions, which are unlikely to be
involved in binding to AMA1, therefore this region was not examined further. The Cterminal half of PfRON2 (RON2ct, AAs 933-2189) encoded by the amplified sequence
contained all three predicted TM regions of PfRON2 (Lamarque et al, 2011).

Panning of the RON2 gene fragment library on 3D7 PfAMA1 identified a set of
overlapping AMA1-binding peptides located towards the C-terminal end of PfRON2. All
of these peptides contained the same two cysteine residues, which subsequently have been
shown to form an indispensable intramolecular disulphide bond (Srinivasan et al, 2011).
This data suggest that a 23-residue sequence (Asp2028 to Leu2050) is the minimal region
necessary for binding of PfRON2 to PfAMA1. These findings are consistent with two
subsequently published studies, showing that the AMA1-binding region in TgRON2
(TgRON2L) is located between two predicted TM regions towards the C-terminal end of
TgRON2 (Lamarque et al, 2011; Tyler & Boothroyd, 2011). Based on the results of our
panning study, it is clear that there is some flexibility in the nature of the sequences flanking
the cysteine loop are tolerated while still retaining binding. We have not measured the
binding affinity for each of these peptides and therefore it is difficult to determine which is
the optimal binding peptide identified by this approach. A peptide that contains the
disulphide-bonded loop of RON2L but no flanking regions was subsequently shown by
others to have a binding affinity approximately 25-fold lower than that of RON2L (VulliezLe Normand et al, 2012). Together these results indicate that although the flanking
sequences of the cysteine loop in RON2L are not essential, they strongly enhance the
binding affinity of RON2L for AMA1. This is supported by the co-crystal structure, which
showed that the binding of the cysteine loop of RON2L induces the exposure of the fully
functional binding site on AMA1 with enhanced shape and charge complementarity; the
N-terminal helix in RON2L binds to the exposed patch on AMA1 and strongly facilitates
their interaction (Tonkin et al, 2011; Vulliez-Le Normand et al, 2012).

One study reported that there are multiple AMA1-binding regions in RON2. In addition to
the C-terminal region of RON2, a cysteine-rich domain in the central region of PfRON2
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was shown to bind to AMA1 with relatively low affinity (Hossain et al, 2011). An
overlapping AMA1-binding sequence in the central region of PfRON2 was identified by
Dr Richard Beaumont who showed that a hydrophobic peptide in the central CLAG domain
of RON2 bound to AMA1 with low affinity (Beaumont, unpublished data). This
hydrophobic peptide is predicted to form an amphipathic helix and it has some sequence
similarity to the R1 peptide. These two studies suggested that the central region of RON2
indeed bound to AMA1 albeit with lower affinity. However, no AMA1-binding peptide
from this central cysteine-rich region/CLAG domain of PfRON2 was identified in our
panning campaign. As the RON2 central region identified by Hossain and colleagues bound
to AMA1 with relative low affinity (Hossain et al, 2011), it is possible that the
corresponding phage-displayed peptides were washed off in our panning campaign because
of the high stringency of the washes used. To identify any peptides binding with lower
affinities, a second panning campaign was conducted using much lower stringency washes,
but still no AMA1-binding peptide from the central region of RON2 was identified. Given
the fact that no other studies, including our panning campaign, have identified an AMA1binding peptide in the central region of RON2, it is believed that the RON2L peptide is the
only part of RON2 responsible for binding to AMA1. The binding of the central region of
RON2 to AMA1 is possibly due to a non-specific hydrophobic interaction. Consistent with
this, the co-crystal structure shows that RON2L fully occupies the functionally important
hydrophobic cleft of AMA1, and RON2L alone is sufficient to inhibit parasite growth
(Srinivasan et al, 2011; Vulliez-Le Normand et al, 2012).

Before the co-crystal structure was resolved, it was evident that the RON2L peptide bound
to a conformationally-dependent region on AMA1 because it failed to bind to the reduced
and alkylated protein. This characteristic is also shared by a series of AMA1-binding
molecules including mAb 1F9, peptide R1 and IgNAR 14I1M15. RON2L blocked the
binding to AMA1 of all these molecules (Figure 3.7), all of which bind into the hydrophobic
cleft of AMA1 (Coley et al, 2007; Harris et al, 2005a; Henderson et al, 2007). These
competition data indicate that RON2L binds in or in close proximity to the hydrophobic
cleft of AMA1. RON2L was a broadly cross-reactive peptide (Figure 3.6), therefore it is
likely to penetrate into the hydrophobic cleft of AMA1 making major contacts with the
conserved residues within the cleft. This is supported by the observation that the binding
of RON2L to AMA1 was significantly reduced when the conserved residue Met224 located
centrally and deep in the hydrophobic cleft was mutagenized to alanine (Figure 3.8).
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Penetration into the hydrophobic cleft of AMA1 is facilitated by the U-shaped
conformation of RON2L resulting from the intramolecular disulphide bond. The
importance of this structural element was confirmed by the finding that binding of RON2L
to AMA1 was completely abrogated when either cysteine residue in RON2L was
mutagenized to alanine (Srinivasan et al, 2011).

The R1 and R3 peptides were first identified by panning a phage-displayed 20-mer peptide
library on 3D7 PfAMA1 (Harris et al, 2005a). These two peptides and RON2L were shown
to recognize an overlapping region in or close to the hydrophobic cleft of AMA1 (Harris et
al, 2005a) (Figure 3.7). A number of characteristics are shared by R1 and RON2L: high
sequence similarity in the central regions of two peptides (five identical residues and two
similar residues), comparable binding affinities for 3D7 PfAMA1, and the ability to inhibit
parasite growth in vitro (Vulliez-Le Normand et al, 2012). These similarities between
RON2L and R1 were reinforced by the co-crystal structures, indicating that R1 is a mimic
of RON2L, even though R1 does not adopt the U-shaped conformation of RON2L. Binding
of RON2L or R1 induces a similar displacement of the AMA1 DII loop leading to the
exposure of a basic patch on the surface of AMA1 (Vulliez-Le Normand et al, 2012). In
contrast, there is little sequence similarity between RON2L and R3, but both peptides
contain an indispensable intramolecular disulphide bond and, consequently, a U-shaped
conformation. RON2L and R3 were also shown to react with multiple forms of PfAMA1
(Harris, unpublished data), suggesting that they both bind to conserved regions in or close
to the hydrophobic cleft of AMA1.

Despite these similarities, these three peptides have distinct binding characteristics. The
first major difference is their binding specificities. Both RON2L and R3 are broadly crossreactive, but the R1 peptide binds to AMA1 in a relatively strain-specific manner (Harris
et al, 2005a). It would appear that a major reason for this is that R1 makes contacts with
two highly polymorphic residues (Tyr175 and Ile225 in 3D7 PfAMA1) surrounding the
hydrophobic cleft of AMA1, whereas RON2L makes no contact with these polymorphic
residues (Vulliez-Le Normand et al, 2012).

There are also major differences between the binding affinities of RON2L (less than 10nM)
and R3 (130-540nM) for different forms of PfAMA1 (Table 3.1). The SPR measurements
indicated that the binding affinities of RON2L and R3 for AMA1 are predominantly
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associated with their distinct dissociation rates, but the association rates of the two peptides
for AMA1 are comparable. These similar association rates may reflect the U-shaped
conformations of the two peptides, which allows both RON2L and R3 to bind into the
hydrophobic cleft of AMA1 and induce the displacement of the DII loop. In contrast, the
remarkable differences in the dissociation rates between the two peptides may reflect the
fact that R3 does not contain the negatively-charged N-terminal -helix, which is involved
in the complementary interaction with the exposed basic patch on the surface of AMA1.
Given the observation that R3 could not inhibit parasite invasion in vitro (Figure 3.10), this
complementary interaction may play an essential role in parasite invasion.

It was intriguing that R3 facilitated the interaction between AMA1 and RON2L, despite
the fact that both the R3 and RON2L peptides recognize an overlapping region on the
surface of AMA1. It is possible that R3 induces the conformational change of AMA1 but
rapidly dissociates, because there is no subsequent complementary electrostatic interaction
enhancing the affinity of the interaction (Tonkin et al, 2011). AMA1 with the displaced DII
loop and exposed basic patch is likely to be more readily accessed by RON2L, which would
displace any of the remaining lower affinity R3 peptides. To confirm this possibility and
further explore the binding nature of R3, it will be informative to determine the x-ray crystal
structure of AMA1 in complex with the R3 peptide.

A number of mAbs were also used to characterize the interaction between AMA1 and
RON2L. It is evident that RON2L spans the entire hydrophobic cleft because it can compete
with mAbs 1F9 and 4G2, which bind to the opposite ends of the cleft (Coley et al, 2007;
Collins et al, 2007). Recently, a number of mAbs generated against Quadvax, a tetravalent
AMA1 vaccine, were kindly provided by Dr Sheetij Dutta (Dutta et al, 2013). These mAbs
were shown to be broadly inhibitory, particularly the three mAbs (1B10, 4E11 and 4E8)
that bind to domain I of AMA1. All three mAbs competed with RON2L for binding to
AMA1 and their epitopes were all mapped to the domain I loop e. The 1e loop is relatively
less flexible than other loops surrounding the hydrophobic cleft (Coley et al, 2007). Loop
1e is relatively conserved and close to the conserved hydrophobic cleft residues contacted
by RON2L. This would explain why antibodies that bind to this loop are broadly crossreactive. As expected, antibody 1E10 that binds to domain III of AMA1 did not block the
interaction between AMA1 and RON2L (Figure 3.13). This is consistent with the finding
that RON2L binds into the hydrophobic cleft of AMA1, which is comprised of sequences
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from domain I and II. MAb 1E10 and other mAbs that bind to domain III of AMA1 can
also inhibit parasite invasion, albeit to a lesser extent than inhibitory antibodies targeting
domain I. This suggests that the relatively more conserved domain III of AMA1 may
interact with other proteins that facilitate parasite invasion. For example, domain III of
AMA1 was shown to bind to the erythrocyte membrane protein Kx (Kato et al, 2005). The
Kx protein is not essential for parasite invasion, but invasion of erythrocytes lacking the
Kx protein was less efficient. Nevertheless, the most potent mAbs were shown to bind to
epitopes in domain I of AMA1. This is consistent with antibodies binding to domain I being
more likely to block the interaction between AMA1 and RON2L.

In summary, the interaction between AMA1 and RON2 is important for malaria parasite
invasion. Both our results and the published co-crystal structures indicate that RON2L
binds to a highly conserved region within the hydrophobic cleft of AMA1 (Vulliez-Le
Normand et al, 2012). Molecules that bind to AMA1 with high affinity and compete with
RON2L are likely to block parasite invasion. In contrast, the R3 peptide, which binds in
the vicinity of the RON2L-binding site, but with low affinity, facilitates the interaction
between AMA1 and RON2L.

4.2

Monitoring the movement of the AMA1 DII loop

Given the importance of the AMA1-RON2 interaction for parasite invasion, inhibitors of
this process could be exploited in drug discovery. Numerous studies have shown that
molecules that block critical protein-protein interactions, show promise as effective
treatments of diseases. For example, the small molecule Nutlin3, which blocks the
interaction between MDM2 and p53, was generated to treat cancer (Vassilev et al, 2004).
Small molecules were also designed to treat HIV by blocking the interaction between HIV
glycoprotein 120 (gp120) and the CCR5 chemokine receptor, which mediates viral entry
into host cells (Dorr et al, 2005).

Because a diverse range of molecules, including mAbs, shark antibodies and peptides have
been shown to inhibit the binding of RON2 to AMA1 and thereby inhibit merozoite
invasion (Coley et al, 2007; Harris et al, 2005a; Henderson et al, 2007), the AMA1-RON2
interaction is a potential target for developing drug leads. Crystal structures of the
AMA1/RON2L complexes revealed that a conformational change in AMA1 is induced by
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the binding of RON2L into the hydrophobic cleft (Tonkin et al, 2011; Vulliez-Le Normand
et al, 2012). Small molecules that can either induce or block this ligand-induced
conformational change of AMA1 are potential drug leads. Small molecules that compete
with the peptide R1 and RON2L have recently been identified using a fragment-based
approach and high-throughput screening, respectively (Lim et al, 2013; Srinivasan et al,
2013). All these molecules were shown to bind in or close to the hydrophobic cleft and
some of them were shown to inhibit parasite invasion. In the further evaluation of these and
other AMA1-binding small molecules it would be desirable to assess whether any of them
induce the conformational change in AMA1 that has been shown to be induced by the
binding of RON2L. Thus the experiments described in Section 3.2 of this thesis were
carried out to identify a convenient method that could be used to detect the conformational
change in AMA1 induced by ligand binding.

Changes in susceptibility of AMA1 to proteolytic processing induced by ligand binding
were first examined. Limited proteolysis of a protein was used to probe the
disordered/flexible region(s) in proteins and this approach has been successfully used to
monitor the conformational states of several partly disordered proteins (for example, GMP
synthetase, apomyoglobin and UCPs) (Fontana et al, 2004; Huang, 2003; Hubbard, 1998;
Oliver et al, 2014). It was hypothesized that the enhanced flexibility of the AMA1 DII loop
induced by ligand binding would result in the exposure of more sites of limited proteolysis
on the surface of AMA1, thus AMA1 would be more susceptible to proteolysis. In some
studies, limited proteolysis was analyzed using mass spectrometry-based proteomic
techniques, which provide detailed information about the precise cleavage sites and
resulting fragments (Feng et al, 2014; Oliver et al, 2014). Here instead, gel electrophoresis
(SDS-PAGE), a quick and simple technique, was chosen to assess whether limited
proteolysis could be used to detect the ligand-induced conformational change in AMA1.
Two proteases, trypsin and glu-c, which have multiple predicted cleavage sites in the
flexible DII loop, were examined. There was no evidence that the rate or pattern of trypsin
digestion of AMA1 was enhanced by the binding of RON2L or R1. Instead the rate of
trypsin processing of AMA1 was inhibited upon the binding of RON2L but not R1 (Figure
3.15). As both these peptides induce the conformational change in AMA1, it is unlikely
that the decreased rate of trypsin digestion of AMA1 is associated with the conformational
change induced by ligand binding. It is possible that cleavage sites of trypsin were simply
concealed more efficiently by the binding of RON2L than by the binding of R1 and
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therefore preoteolytic cleavage was less efficient. Although the binding of RON2L
modulated the susceptibility of AMA1 to trypsin, the differential effects of RON2L and R1
binding suggested that this would not offer a robust method for detecting and monitoring
the ligand-induced conformational change in AMA1.

In contrast to the results with trypsin the susceptibility of AMA1 to glu-c was enhanced
upon binding of RON2L, R1 or R3. Cleavage sites on the surface of AMA1 or buried in
the structure might become more accessible to glu-c because of the ligand-induced
movement of the AMA1 DII loop, supporting the hypothesis that the more disorder form
of AMA1 would be more susceptible to proteolysis. The finding that binding of R3 also
enhanced the rate of glu-c processing of AMA1 is consistent with the hypothesis that R3
could induce the conformational change in AMA1, but because there is no subsequent
complementary electrostatic interaction between AMA1 and R3 this peptide would not be
inhibitory as it would be readily displaced by the RON2 protein. Although the increased
rate of glu-c digestion of AMA1 in the presence of the peptide ligands is most likely due to
the displacement of the AMA1 DII loop, the changes in the AMA1 digestion patterns on
SDS-PAGE are relatively subtle. Consequently, it is unlikely that this method will be
sensitive enough to detect the conformational change of AMA1 induced by the binding of
drug leads, which, because they are low molecular weight molecules, will have relatively
low affinities for AMA1 (Lim et al, 2013; Srinivasan et al, 2013). While it is possible that
more significant changes in susceptibility of AMA1 to proteolytic processing might be
observed when using alternative proteases and/or digestion conditions (digestion
temperature and pH for the protease) (Hubbard, 1998), it was concluded that this method
did not show sufficient promise to justify further investigation.

As an alternative approach, we assessed whether the conformational change of AMA1
could be monitored by changes of protein intrinsic fluorescence, which has been widely
used to monitor conformational changes in proteins (for example, the binding of DMSO
and copper-induced conformational changes in BSA and azurin, respectively) (Fuentes et
al, 2004; Pabbathi et al, 2013). It was hypothesized that changes in the protein fluorescence
spectra would reflect the ligand-induced changes of the average environment around Trp
residues, but all four native Trp residues in wild-type AMA1 are located some distance
from the DII loop. Consequently, a series of AMA1 mutants with an additional Trp residue
in the DII loop were constructed. Because of the structural similarity, it was expected that
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the replacement of individual Phe residues in the AMA1 DII loop with Trp would most
likely maintain the native folding of AMA1. The insertion site of an additional Trp was
chosen at a highly exposed site, between two relatively small residues (A372 and S373),
where it was less likely to perturb the global structure of AMA1. Because the integrity of
AMA1 was not affected when F367 was mutated to Trp or a Trp was inserted between
A372 and S373 these two DII loop mutants (F367W and IS373W, respectively) were
considered to be suitable for the intrinsic fluorescence studies.

Quenching of the fluorescent signals of both AMA1 mutants, F367W and IS373W, in the
presence of not only the RON2L peptide but also the negative control R3[ser] peptide,
suggests that these quenching effects were caused by some artefact rather than the ligandinduced movement of the AMA1 DII loop. In contrast, the fluorescent signal of wild-type
AMA1 was not affected by the presence of any peptide tested, which suggests that the
fluorescent signals of the two AMA1 DII loop mutants being quenched were from the
additional Trp residue in the DII loop. However, the artefact that led to this quenching
effect has not been further investigated. Conformational changes resulting in more or less
solvent exposure of Trp residues are associated with red and blue shifts, respectively, in the
intrinsic fluorescent spectra (Traiphol & Charoenthai, 2008). The lack of either a red or
blue shift in the spectra of AMA1 and its mutants induced by the binding of any of the
peptides is puzzling and not easily reconciled with the changes in the conformation of the
DII loop revealed by the X-ray crystallography studies (Vulliez-Le Normand et al, 2012).
While these results are interesting, they indicate that the intrinsic fluorescence cannot be
used to monitor the ligand-induced conformational change in AMA1.
In contrast to the proteolysis and intrinsic fluorescence studies 19F NMR was found to be a
useful approach for probing the RON2L-induced conformational change in AMA1.
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NMR has been shown to be extremely sensitive to ligand-induced conformational changes
in a range of proteins of biological and therapeutic interest. For instance, the conformational
change in the β2-adrenergic receptor induced by the binding of various agonist and
antagonist was effectively monitored by this approach (Liu et al, 2012b).
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F NMR was

also used to monitor conformational changes in the lipid-binding interface of the
actinoporin equinatoxin II (Anderluh et al, 2005). To monitor the ligand-induced movement
of the AMA1 DII loop by 19F NMR all Trp residues in the wild type AMA1 and the two
mutants generated for the intrinsic fluorescence studies were substituted with 5145

fluorotryptophan (5F-Trp). The protein folding and activities of all 5F-Trp-labelled protein
were confirmed using a number of reagents and methods including a conformationallydependent mAb 1F9, SRP measurements, circular dichroism and 1-D 1H NMR. Results
obtained from these methods were all consistent with wild-type AMA1, suggesting that all
these 5F-Trp-labelled proteins were indistinguishable from wild-type AMA1 and were
suitable for use in the 19F NMR study.

Three of these four Trp residues could be unequivocally assigned using AMA1 mutants in
which Trp residues were individually mutated to Phe, W399 could not be mutated because
the mutants W399F and W399Y did not fold correctly when displayed on phage. The
inability to mutate W399 is possibly due to its location, which is mostly buried in the
structure of AMA1 and important for the global structure of the antigen. Thus W399 was
assigned by elimination in the 19F NMR spectrum. It was noted that an upfield shift of the
W110 peak was observed when W315 was mutated and the W315 peak shifted downfield
when W110 was mutated. This suggests the occurrence of a mutual perturbation, which is
consistent with the fact that these two tryptophan residues are located close to each other
in the structure and their interaction may play an important role in stabilizing the structure
of AMA1.
Although no additional peak was seen in the 19F NMR spectra of the two AMA1 mutants
(F367W and IS373W), broad peaks that were either partially or completely overlapped with
the W298 resonance were seen in the spectra of both F367W and IS373W. These line
shapes are presumably the result of conformational exchange in the environment of W367
and W373 on microsecond to millisecond timescales but the significant overlap of the
additional tryptophan residue and W298 resonances precluded a detailed characterization
of this exchange. Although the additional tryptophan resonances are poorly resolved in their
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F NMR spectra both mutants were used in the subsequent analyses to see if there were

changes in the spectra induced by the binding of RON2L or R1.

When peptide RON2L was added to 5F-Trp-labelled proteins in a significant excess, the
broad peak attributed to the introduced W367 in the spectrum of 5F-Trp-AMA1[F367W]
became very much sharpened. This sharpening may reflect a quenching of the exchange
process that causes the W367 resonance in the absence of peptide to be unusually broad, or
a significant increase in the flexibility of W367 relative to the rest of AMA1. In the light of
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X-ray crystallographic studies on co-crystals of AMA1 and RON2L, which indicate that
the DII loop is displaced from the hydrophobic cleft by the binding of the peptide and is
not resolved in the electron density (Vulliez-Le Normand et al, 2012), the latter explanation
was considered more likely. The chemical shift of the W367 resonance in the presence of
RON2L is essentially identical to that of free 5F-Trp under these conditions, consistent with
the observed signal arising from an unstructured and solvent-exposed loop. In the spectra
of 5F-Trp-AMA1[IS373W], some sharpening of the peak attributed to W373 was induced
by the binding of RON2L, however, this effect is only reflected as slight broadening of the
resonance at around -49.2 ppm due to the overlapping of the W373 peak with the W298
peak. Consequently, this IS373W mutant was not considered suitable for further study.
Additionally, changes to the peaks of W298 and W399 in the spectrum of 5F-Trp-AMA1
were observed upon the binding of RON2L. Such changes are subtle, and were not
obviously resolved in the crystal structure of the AMA1/RON2L complex. This emphasizes
the extreme sensitivity of 19F NMR signals to changes of this type.

Similar sharpening of the W367 peak was also seen in the presence of peptide R1 and this
is consistent with the fact that R1 is a mimic of RON2L (Vulliez-Le Normand et al, 2012).
This result also supports the interpretation that the rapid movement of the DII loop is
reflected in the decreasing line width in the spectrum. If the alternative explanation, that
the line width is decreased by the quenching of intermediate timescale exchange processes,
applied we would expect the W367 resonance to reach approximately the same line shape
as the other (structured) tryptophans in AMA1 DI+II. Furthermore, the chemical shift of
the 5F-Trp 367 resonance is identical in the presence of R1 and RON2L, as well as other
ligands, as would be expected if the DII loop is displaced, but not if due to an interaction
with the ligands added. Thus, we conclude the sharpening of the W367 resonance is
indicative of the enhanced mobility of this region of the DII loop in AMA1 in the bound
state. This had been inferred from crystallographic studies but not hitherto observed directly
(Vulliez-Le Normand et al, 2012).

To further investigate the changes of the spectrum caused by the conformational change,
the spectrum of 5F-Trp-labelled protein was recorded in the presence of a truncated RON2
peptide (trRON2). In comparison with the spectra when RON2L or R1 was used as ligand,
there was much less sharpening of the W367 resonances induced by the binding of trRON2
(Figure 3.27C). It is possible, therefore, that trRON2 binding increases the flexibility of the
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DII loop, albeit to a much lesser extent than when RON2L or R1 bind. Alternatively, the
changes induced by trRON2 may reflect a quenching of the exchange process that broadens
the W367 resonance in the absence of ligand. In either case, this indicates that trRON2 does
indeed induce a distinct conformational change in the region around W367.

After establishing the
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F NMR approach, we examined the ability of a series of small

molecules, which block the interaction between AMA1 and R1, to induce the displacement
of the DII loop. Of three molecules that were tested, only MIPS2177 caused a
concentration-dependent decrease in the W367 line width (Figure 3.28). This may reflect
the displacement of the DII loop by MIPS2177, as occurred for the peptides, with the
reduced magnitude of the effect being a consequence of the lower affinity of the small
molecule. On the other hand, the change in line shape caused by MIPS2177 may be due to
the quenching of exchange processes that contribute to the intrinsic line width of the W367
signal. In either case, these data indicate that MIPS2177 binds at the AMA1 hydrophobic
cleft and modulates the conformational behavior of the DII loop. In contrast, although
MIPS2191 and MIPS2129 both bind at the hydrophobic cleft (see below), they do not affect
the DII loop, suggesting that they bind to a distinct region of the cleft from the binding site
of MIPS2177.

Interestingly, both MIPS2177 and MIPS2129 caused downfield shifts of the W110
resonance, whereas MIPS 2191 caused an upfield shift of this peak (Figure 3.28). Each of
these ligands has been shown directly (by crystallography) or indirectly (by competition
with R1) to bind to the hydrophobic cleft, more than 30 Å from W110 (Lim et al, 2013).
Although we cannot rule out the possibility of a secondary binding site for each of these
ligands close to W110 on DII, the generality of this effect across peptide and small molecule
ligands suggests a long-range conformational coupling between the two sites, such that the
binding of these ligands at the hydrophobic cleft induces conformational change at this
distant site. The detection of allosteric structural change of this nature by 19F NMR is well
established (Liu et al, 2012a; Song et al, 2007). As noted above, any such conformational
coupling is not evident from the available crystal structures, suggesting that it may be
dynamic in nature. It is, however, consistent with the extensive changes seen in the 1H-15N
HSQC spectrum of AMA1 DI+II on binding these ligands.
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Ligand-induced conformational changes in proteins are widespread, are frequently
functionally important, but often present challenges for the development of inhibitors. As
such, there is demand for simple and efficient means to characterize these changes.
Overwhelmingly, such methods depend on the introduction of specific probes at strategic
sites within the target protein, typically by the introduction and labeling of thiols in the
form of free cysteine residues. The presence of disulphides in the target protein complicates
such strategies, as correct protein refolding and labeling specificity are difficult to achieve.
We have addressed these issues here in the development of a simple and generally
applicable
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F NMR method involving the site-specific introduction of Trp residues and

labeling with 5F-Trp. The environmental sensitivity of
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F chemical shifts permits

specificity with respect to native Trp residues. Applied to the emerging malaria drug target,
AMA1, this method provides direct evidence for a ligand-induced increase in the flexibility
of the DII loop that flanks and partially obscures the binding site of the native ligand, RON2.
In addition, it identifies distinct conformational consequences of binding ligands from our
current fragment-based drug discovery efforts, suggesting that these fragments may be
binding at distinct subsites within the hydrophobic cleft of AMA1. This method will be an
important tool in ongoing efforts to develop and exploit AMA1 ligands as inhibitors of host
cell invasion by the malaria parasite.

4.3

Immunogenicity of AMA1-peptide complexes

AMA1 has been considered a leading malaria vaccine candidate, but the development of
an effective AMA1-based vaccine is problematic because of the extensive polymorphism
within the antigen, which leads to the production of strain-specific antibodies and
protection against a limited range of parasite AMA1 genotypes (Anders et al, 2010; Takala
et al, 2009). Although some antibodies elicited against AMA1 are broadly cross-reactive,
a number of studies indicated that immunization with a single form of recombinant AMA1
is not sufficient to induce antibodies that block invasion by multiple strains of P. falciparum
(Drew et al, 2012; Terheggen et al, 2014). In order to induce more broadly cross-reactive
antibody responses experimental vaccines that contain multiple forms of recombinant
AMA1 have been developed. When tested in pre-clinical studies some of these vaccines
showed promising results with the antibody responses diverted to more conserved epitopes
on AMA1 (Drew et al, 2012; Dutta et al, 2013; Harris et al, 2014). However, polyvalent
vaccines have the disadvantage that they require the manufacture and formulation of a
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number of antigens, which would significantly increase the cost of a vaccine. Therefore, in
the last part of these thesis studies an alternative approach was investigated in which an
attempt was made to divert antibody responses to more conserved epitopes on AMA1 by
immunizing mice with AMA1-peptide complexes. The peptides (RON2L, R1 and R3) used
in this study have been shown or are predicted to bind into the hydrophobic cleft of AMA1
and thereby induce the displacement of the AMA1 DII loop (Tonkin et al, 2011; VulliezLe Normand et al, 2012).

There appear to be two populations of AMA1 associated with the merozoite surface. A
small portion of AMA1 is concentrated at the apex of the merozoite where, in complex with
RON2, it is important for the formation of the MJ (Lamarque et al, 2011; Srinivasan et al,
2011). A knockdown study in T. gondii indicated 10% or less of AMA1 expressed in
tachyzoites was required for the formation of a functional MJ (Mital et al, 2005). The great
majority of AMA1 (approximately 90% in T. gondii) is not complexed with RON2 (or any
other molecules) and is found spread around the merozoite surface. It seems likely that the
antibody response to AMA1 is predominantly determined by presentation to the immune
system of uncomplexed AMA1 – the majority population of the antigen. If so, this could
be a mechanism used by the parasite to evade host immune responses; antibody responses
to uncomplexed AMA1 may be predominantly directed to epitopes in the polymorphic
loops surrounding the hydrophobic cleft of AMA1, which are close to the RON2-binding
site (Vulliez-Le Normand et al, 2012). This could protect the functional AMA1 at the apex
of the merozoite from being recognized by host antibodies and reduce the production of
broadly cross-reactive antibodies. Hence, we hypothesized that immunization with AMA1
in complex with RON2L or a mimic of RON2L may induce antibody responses to more
conserved epitopes that are likely to be accessible on AMA1 in the MJ.

Apart from diverting antibody responses to more conserved epitopes on AMA1,
immunization with AMA1-peptide complexes could also be advantageous in a number of
other aspects. Antibody titres are commonly correlated with the efficacy of a vaccine. A
pre-clinical test using the Aotus model indicated that high antibody titres against AMA1
(particularly cross-strain inhibitory antibodies) are required for solid protection against
malaria (Dutta et al, 2009). This may also be the case in other animal models and human
hosts. Therefore, it is desirable to develop a vaccine that induces high antibody titres against
AMA1. For a number of antigens macromolecular complexes or protein aggregates have
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been found to induce high antibody responses (Qian et al, 2012). For example,
immunoglobulin G is an effective therapeutic agent for treating autoimmune diseases and
IgG aggregates significantly improve the immunogenicity of the antigen (Nezlin, 2010). A
similar effect was reported for a malaria parasite antigen; chemically cross-linked
conjugates of the sexual-stage vaccine candidate Pfs25 induced 1000-fold higher antibody
responses than those induced by the monomeric form of the antigen (Qian et al, 2007). It is
possible that immunization with the AMA1-peptide complexes could also induce higher
antibody titres against AMA1. If so, such enhanced immunogenicity of AMA1 may
facilitate the development of an AMA1-based vaccine with higher efficacy.

Immunization with the AMA1/RON2L complex may induce antibodies that target not only
AMA1 but also RON2. The major problem of developing an effective malaria vaccine is
that the parasite has a complex life cycle and expresses a large number of antigens with
extensive polymorphisms (Anders et al, 2010). To overcome these problems and provide
solid protection against malaria, development of vaccines that target multiple antigens
and/or parasite life-cycle stages may be required. The simplest approach to achieve this is
to design a vaccine that contains multiple antigens, for example, an AMA1/MSP1
combination vaccine was developed to induce antibodies that target both AMA1 and MSP1
(Ellis et al, 2012). Construction of chimeric molecules as vaccine candidates is another
approach explored for inducing antibodies against multiple antigens and such chimeric
proteins have been tested in a number of pre-clinical malaria vaccine studies. For example,
a chimeric protein (PfCP-2.9), which is composed of AMA1 DIII and a C-terminal
fragment of MSP1, was constructed, and inhibitory antibodies elicited against PfCP-2.9
were shown to recognize both asexual-stage antigens (Li et al, 2010). A chimeric molecule
was also constructed in order to induce antibodies that target multiple life-cycle stages of
P. falciparum. Immunization with a fragment of Pfs48/45 fused to a fragment of glutamaterich protein induced antibodies that inhibited the invasion by asexual-stage parasites and
also blocked the transmission of sexual-stage parasites (Theisen et al, 2014).

In these thesis studies a non-covalent complex of AMA1 and a RON2 fragment (RON2L)
was used as the immunogen instead of a chimeric molecule. Antibodies that target both
AMA1 and RON2L are more likely to block the interaction between AMA1 and RON2,
and could very effectively prevent the formation of the MJ and subsequent parasite invasion.
However, given the fact that the relatively small RON2L peptide was used in the
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formulation and this peptide is largely buried in the hydrophobic cleft of AMA1, it may not
be possible to induce antibodies that bind specifically to RON2L. Furthermore, no study
has detected naturally acquired antibody responses to RON2. This is possibly due to the
fact that the majority of the RON2 protein is localized on the cytoplasmic face of the
erythrocyte membrane, whereas only the small extracellular region corresponding to
RON2L is exposed to the host immune responses (Lamarque et al, 2011). As described
above, this small extracellular region of RON2 may not induce antibody responses because
it binds into the hydrophobic cleft of AMA1.

The DII loop in AMA1 is a highly flexible (disordered) region. Proteins that are
intrinsically disordered or contain disordered domains are highly prevalent in P. falciparum
(for example, MSP1 and MSP2) (Yang et al, 2007). Some of these proteins form homooligomers or complexes with other merozoite surface antigens. This may result in
conformational transitions in these antigens, which in some cases will involve transitions
from disordered states to more ordered states. Thus, free recombinant antigens and their
corresponding parasite antigens may induce distinct antibody responses because some
epitopes on these recombinant proteins may not be accessible when proteins are in situ on
the parasite surface and vice versa. This is supported by the observation that some mAbs
elicited against recombinant MSP2, which is an almost entirely disordered protein, do not
recognize the corresponding parasite antigen on the merozoite surface (Adda et al, 2012).
This may also be the case for MSP1 (which contains significant regions predicted to be
disordered) and AMA1. MSP1 was found to form a large complex with MSP6/MSP7/
MSPDBL1/MSPDBL2 on the merozoite surface but there is no information about the effect
of the interaction between MSP1 and these other molecules on MSP1 conformation and
antigenicity (Kauth et al, 2006; Lin et al, 2014). The AMA1 DII loop undergoes major
conformational change upon the binding of RON2 and the 19F NMR studies (Section 3.2)
also indicated that binding of RON2L induced subtle conformational changes elsewhere in
AMA1 (Vulliez-Le Normand et al, 2012). It is clear from these findings that free
recombinant AMA1 is unlikely to have the same conformation as the antigen in the MJ.
Therefore, immunization with the AMA1/RON2L complex is more likely to induce
antibodies specific to the functional state of AMA1 in the MJ. Antibodies that target
complexed but not free AMA1 are likely to recognize novel epitopes, which are displayed
on AMA1 upon ligand binding.
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Ligand-induced exposure of novel epitopes on antigens has been reported in other systems
and these epitopes are usually functionally important and/or highly conserved. For example,
the conformational rearrangement of human immunodeficiency virus type 1 (HIV-1)
envelope gp120 is induced by the binding of CD4 (Zhang et al, 1999). This conformational
change facilitates the interaction between gp120 and its coreceptor CCR5, resulting in
efficient viral docking and entry. Importantly, this CD4-induced conformational change in
gp120 leads to the exposure of an additional epitope near the CCR5 binding site. This new
epitope is recognized by a human neutralizing mAb 17b, which does not bind to free gp120.
Another relevant example is the enhanced antigenicity of influenza A virus hemagglutinin
(HA) rendered by the conformational change accompany HA trimerization (Magadan et al,
2013). A large number of epitopes on HA targeted by neutralizing antibodies are only
displayed after HA trimerization. These examples emphasize the potential importance of
conformational change to the production of neutralizing/inhibitory antibodies and suggest
that it may be productive to examine the effect on immunogenicity of the conformational
change in AMA1.

Little evidence was obtained from either the competition assays or epitope mapping that
immunization with the AMA1-peptide complexes diverted antibody responses to more
conserved epitopes on AMA1; the only exception being immunization with the AMA1/R1
complex induced slightly but consistently more broadly cross-reactive antibody responses
(Table 3.4). However, the differences did not reach significance and the altered antibody
responses are unlikely to be induced by the displacement of the AMA1 DII loop because it
was not the case when the AMA1/RON2L complex was used as immunogen. A concern is
the peptides may dissociate from AMA1 after inoculation despite the fact that all the
peptides were added in significant excess. Therefore, a more stable AMA1/RON2L
complex may be required to induce more broadly cross-reactive antibodies, and this may
be achieved by constructing a cross-linked conjugate of AMA1/RON2L. Although
immunization with the non-covalent AMA1/RON2L complex did not direct antibody
responses to more conserved epitopes on AMA1, others have reported that immunization
with the same complex induced qualitatively better inhibitory antibodies (Srinivasan et al,
2014). Antibodies elicited against the 3D7 AMA1/RON2L complex not only blocked the
invasion by the 3D7 strain of P. falciparum in vitro but also protected mice against
challenge with P. yoelii. Furthermore, these authors also showed that antibodies elicited
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against the 3D7 AMA1/RON2L complex failed to inhibit invasion by the FVO strain of P.
falciparum. This is consistent with our finding that the binding specificity of elicited
antibodies is not altered by immunizing mice with the AMA1/RON2L complex. It is
possible that the binding of RON2L to AMA1 leads to the exposure of more inhibitory
epitopes on AMA1, which are not highly conserved. This possibility was supported by the
results of the competition ELISAs, showing that immunization with the AMA1/RON2L
complex induced more “1F9-like” antibodies than those induced by AMA1 alone. These
“1F9-like” antibodies may be highly inhibitory but bind to AMA1 in a strain-specific
manner.

Higher antibody titres were induced against the AMA1/RON2L complex than those
induced by AMA1 alone in CBA mice but not C57BL/6 mice. It has also been reported that
comparable levels of antibodies to AMA1 were elicited against the AMA1/RON2L
complex and AMA1 alone in BALB/c mice (Srinivasan et al, 2014). Moreover,
immunization with either the AMA1/R1 or the AMA1/R3 complex did not induce higher
titres of antibodies. These findings suggest that complexed AMA1 only induces higher
titres of antibodies in some mouse strains.

The ELISA results showed that sera from mice immunized with the AMA1/RON2L
complex failed to react with immobilized RON2L (data not shown), suggesting that the
great majority of antibodies elicited against the AMA1/RON2L complex bind specifically
to AMA1 but not RON2L. Consistent results were obtained for sera from mice immunized
with the other AMA1-peptide complexes. As discussed above, immunization with the
AMA1-peptide complexes seems to be insufficient to induce antibodies to the peptides,
which is not surprising because they are relatively small and are largely buried in the
hydrophobic cleft of AMA1.

In summary, these experiments have provided no clear evidence that immunization with
the AMA1/RON2L complex directs antibody responses to more conserved epitopes on
AMA1. Antibody titres seem to be affected by the immunized mouse strain rather than the
complexed form of AMA1. Further experiments could be conducted to determine whether
immunization with cross-linked AMA1/RON2L conjugates will have a more significant
impact on antibody responses to AMA1. It is also of interest to determine whether
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immunization with the AMA1/R1 or the AMA1/R3 complex induces qualitatively better
inhibitory antibody responses.

Overall, the interaction between AMA1 and RON2 was shown to be important for a
successful parasite invasion. Molecules that bind to AMA1 with high affinities and compete
with RON2 are likely to be inhibitory. In addition, the displacement of the DII loop in
AMA1 induced by RON2 binding plays an important role in the AMA1-RON2 interaction
and parasite invasion. Therefore, molecules that induce a similar movement of the AMA1
DII loop may be potential drug leads. The 19F NMR approach was proven to be a useful
tool in ongoing efforts to develop such small molecules as inhibitors of the AMA1-RON2
interaction and parasite invasion. Because of the importance of the AMA1-RON2
interaction and the substantial movement of the AMA1 DII loop induced by RON2 binding,
it was hypothesized that the AMA1/RON2 complex can divert antibodies towards more
conserved epitopes on AMA1. However, subsequent study showed little evidence to
support the hypothesis. This finding suggests that the binding of RON2 to AMA1 can
neither alter the immunogenicity of the conserved regions in AMA1 nor lead to the
exposure of more conserved epitopes on AMA1. Nonetheless, all the findings in this thesis
contribute to the knowledge of the interaction between two important Plasmodium
falciparum antigens, AMA1 and RON2.
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