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Page 54, Section 2.12.2, following 2nd paragraph
Insert "45 jil of the soluble fraction and 6.25 \i\ of the insoluble fraction were loaded
onto the gel'.
These volumes represent equal proportions of these samples and therefore Pf332 is
both soluble and insoluble in TX100.

Page 83, Figure 3.3, Panel B and C.
The smaller bands are likely to be breakdown products of the full length fusion
protein. These bands are detected with both Coomassie Brilliant Blue staining and
immunoblot analysis using an anti-MBP antisera and are likely to consist of MBP
plus varying portions of the PfEMP3 fusion. The bottom band in lane 1 is likely to
be breakdown of the MBP-FIa fusion to the more stable MBP. Without the LacZ
portion, which is fused to MBP with expression from pMAL vectors, MBP runs at
approximately 43 kDa. This band was therefore not expected to bind IOVs and as
shown in Figure 3.4b (lane 3, page 84), binding was not detected.

70, Section 3.6.2, and Figures 3.9, 3.10 and 3.14.
Although there were faint bands detected in lanes 5 and 7 in Figure 3.14, indicating
low level binding of PfEMP3A29 and A45 to spectrin, these bands were not detected
consistently across a number of interactions and were not seen in Figure 3.10 for
binding of these fragments to IOVs. In addition, the difference in the levels of
binding between PfEMP3A15, and PfEMP3A29 and A45 were not consistent with the
difference in levels of purified protein seen in Figure 3.9. These points, along with
the IAsys data indicate that PfEMP3A29 and A45 do not bind spectrin.

Page 75, 4th line from the bottom
Insert the word "of between 'presence' and 'adjacent'

Page 77, 2nd paragraph
Delete 8ast sentence vThe reprodudbility of the results'.Chapter 3. Specificity
of the interaction between PfEMP3 and purified spectrin, including
discussion of a competition experiment involving a synthetic peptide.
Insert text into Section 3.10, page 77, following 1 s t paragraph.

A number of experiments performed as part of this study indicate a specific
interaction between the spectrin binding domain of PfEMP3. These include the lack
of binding to spectrin observed for the BSA negative control and for the different
regions of PfEMP3 (Section 3.7.2), along with the ability to delete the spectrin
binding domain from a PfEMP3 fragment (Section 3.7.4). In addition, the data
obtained using the IAsys system showed an interaction between PfEMP3 and spectrin
that is saturable (see Nunomura et a!., 1997 for determination of the saturation
curves using th£ IAsys system as referenced in Section 2.20) and binding affinities
that are comparable to other interactions at the membrane skeleton (discussed on
page 76-77). This, along with the known location of both spectrin and PfEMP3 at the
membrane skeleton, was considered strong evidence towards a real and likely
specific interaction. A competition experiment with a synthetic peptide was
considered worthwhile, as was the addition of a synthetic peptide to infected and
uninfected erythrocytes (discussed on page 79), however, it was decided to pursue
the identification of the PfEMP3 binding domain within spectrin (Chapter 4) as a
higher priority given the limited time available within the time frame of the
Australian PhD program.



Chapter 3. Presentation of the PfEMP3 amino acid sequence and discussion
of the interacting residues.
Integrate text into Section 3.10, page 78, 4 th paragraph.

The amino acid sequence for the PfEMP3 ^ene is published as part of the
chromosome 2 sequence (Gardner et al., 1998, accession number NC__000910). The
60 residue binding domain of PfEMP3 for the erythrocyte membrane skeleton is
FTWKNYNKIDNVYNIFEIRLKRSLAQVLGNTRLSSRGVRDPRTKEALKEKQFRDHKRKE
where the 14 residue binding domain is represented by the bold type. The 60 residue
binding domain contains no regions of hydrophobicity and is non repetitive. The
charge of the 14 residue binding domain is discussed briefly on pages 78 and 149. A
number of binding domains of malarial proteins have been predicted to form an
amphipathic a-helical structure (discussed on page 149), however the 14 residue
binding domain of PfEMP3 does not form this structure as shown by the helical wheel
or helical network plots (Figure A l ) . Motif searches with both the 60 and 14 residue
binding domains using InterProScan through the European Bioinformatics Institute
(www.ebi.ac.uk) (Robert Flegg, Victorian Bioinformatics consortium, personal
communication) did not reveal any known motifs within these domains.
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Figure Al . Helical Wheel Plot and Helical Network Plot of the PfEMP3 14 residue
binding domain.
Structural proteins can contain amphipathic a-helices, which consist of hydrophobic, non-
poiar residues on one side of the helix and hydrophilic and polar residues on the other side.
Two ways of visualising an amphipathic helix are the helical wheel plot and the helicaJ network
plot. The helical wheel gives a view of a helix looking down the axis of the helix, whereas the
helical network plot give a view of a helix that has been slit open and folded out flat.

A. The 14 residue binding domain represented as a helical wheel plot. Although one face of the
helix appears to consists of majority hydrophobic residues (boxed), the residues of the 14
residue domain do not arrange with the hydrophobic residues ail on one side and the
hydrophilic residues on the opposing side.

B. The 14 amino acid domain represented as a helical network plot. The residues do not
arrange in diagonal lines (/ direction) as either hydrophobic residues (boxed) or hydrophilic
residues, indicating that each face of the helix formed by the 14 residue binding domain would
not be either exclusively hydrophobic or hydrophilic.

Together these plots indicate that the PfEMP3 14 residue binding domain does not form an
amphipathic a-helica! structure.



Chapter 4. Degradation of GST-Spectrin fusion proteins.
Insert text into Section 4.8, page 108, following 1st paragraph.

The degradation products in the purified GST-Spectrin protein preparations are not
thought to interfere with the identification of binding domains for malarial proteins.
Although pure, full length fusion proteins would be ideal, it is our experience that
some proteins express poorly. Due to the large number of proteins expressed
during the course of this study, it was not feasible to repeatedly repurify proteins to
obtain a higher proportion of full-length protein. Experience has shown us that
binding can be demonstrated using protein preparations that contain a low
proportion of full length protein. For example, Chapter 3 identified a binding
domain for spectrin within MBP-PfEMP3-FI (Figure 3.1a, lane 2) and Waller et al.,
1999 showed binding of GST-KAHRP-F1 to VARC, although both of these protein
preparations showed low proportions of full length protein. In the past, following
their identification, binding fragments were commonly sub-fragmented to further
define the binding domain. These sub-fragments often purify with a large
proportion of full length protein, thereby eliminating any concern over the
degradation products. This was not performed in this study due to the wide spread
binding of the spectrin fragments.

Figure 5.3.
Page 137, Replace figure.

kDa

250

Figure 5.3. Triton X-1OO Extraction of Pf332 from Parasitised Erythrocytes
Immunoblot analysis of Triton X-100 samples detected using anti-Pf332antiserum.
Samples are 3D7 (ian<a 1), Triton X-100 insoluble (lane 2) and Triton X-100 soluble
(lane 3). In each sample a band thought to be Pf332 (arrow) resolved at well above
the 250 kDa marker. A number of smaller products are also detected.

Chapter 5. Referencing.
Integrate into the text in Section 5.2.1, page 119.

Accession number M55282 referenced to Kurt, J., Hesselbach, J., Schreiber, M.,
Scherf, A., Gysin, J., Mattei, D., Pereira da Silva, L., Muller-Hill, B. (1991)
Cloning and expression of genomic DNA sequences coding for putative erythrocyte
membrane-associated antigens of Plasmodium falciparum. Research in
Immunology, 142, 199-210.

Page 123, line 10
Replace word 'lightly' with 'slightly'.

Page 123, line 111
Replace Mane 20' with lane 10'.



Page 123, 4th isne from the bottom
Replace XE3' with *E1'.

Chapter 5. Hydrophopic regions
The N-terminal hydrophobic region of Pf332 is 23 amino acids and the Oterminal
hydrophobic region is 15 amino acids. Therefore replace the following text.

Page 128, 8th line from the bottom, replace "approximately 10-20" with "23 amino
acids". Page 128, 2nd line from the bottom, replace "small region" with "15 amino
acid region".

Page 137, Figure 5.3.
The band well above the 250 kDa marker in lane 3, which has no equivalent in
lanes 1 and 2, is thought to be a cross reactive protein that is only found in the
insoluble pellet. It may be that the TXlOO solublisation led to the concentration of
this protein and therefore clear visualisation within this sample. Alternatively, this
protein may be a soluble breakdown product that is formed during the
manipulations required for solublisation and is therefore not present in the 307
sample (lane 1).
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Summary

J P. falciparum infected erythrocytes undergo cellular, mechanical and adhesive

\A modifications known to be associated with the pathogenesis of malaria. During

| parasite development, parasite proteins are exported to the erythrocyte membrane

; ! where they become inserted into the membrane or associated with the membrane

; | skeleton. A complete characterisation of these proteins and the erythrocyte proteins

•'•; wi th which they interact is important for a better understanding of the molecular basis

>• for these modifications and for a more complete understanding of the pathogenesis of

.'! malaria. This thesis describes the interactions of two P. falciparum exported proteins,

I PfEMP3 and Pf332, wi th the erythrocyte membrane skeleton.

A Prior to this study, virtually nothing was known of the function of either PfEMP3

?J or Pf332 and no specific interactions involving these proteins with the erythrocyte

pi membrane skeleton had been described. Here, we have shown for the first time that

'\ a 14 residue domain encoded near the N-terminus of PfEMP3 is responsible for binding

'*J to the erythrocyte membrane skeleton through specific interactions with spectrin and

•T; actin. An additional domain encoded near the C-terminus of PfEMP3 is also mediates

',£ binding to the erythrocyte membrane skeleton, however, the erythrocyte protein

\l responsible for this interaction has not yet been identified. Quantification by resonant

'f$ mirror detection showed strong interactions when compared to previously described

L'| interactions for erythrocyte proteins and other well characterised exported malaria

:|- proteins.

* To date, a number of interactions with malaria proteins have been described

•] t h a t invo lve spec t r i n , inc lud ing KAHRP, RESA, PfEMPl and MSP1. Howeve r , t he

j.j domains in spectrin responsible for mediating binding to these proteins have yet to be

;;? identified. Here we describe the interaction between PfEMP3 and the CH2 domain of

[V p-spectrin and the repeat regions of both a- and p-spectrin. Quantitative and

:_| qualitative analysis of these interactions depicts a complex interaction involving

'"I multiple binding domains within the spectrin molecule.

'^l Using membranes prepared from infected erythrocytes as a tool, we have

H"5 identified the first reported malaria protein that appears to bind poorly to the

• S» erythrocyte membrane from uninfected erythrocytes, but is able to bind membranes

t'-| prepared from infected erythrocytes. The interaction identified between Pf332 and

'& membranes purified from infected erythrocytes is mediated by two binding domains

; % encoded near either end of the protein, each containing one of the two hydrophobic

regions of Pf332. Analysis of the protein composition of pIOVs prepared in this study

show the presence of proteins of parasite origin, including exported malaria proteins
r 'M
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and proteins contained within the parasite itself, making it difficult to speculate on the

interacting partner for Pf332 in the infected erythrocyte.

Overall our studies have led to a better understanding at the molecular level of

how the membrane skeleton in malaria infected erythrocytes is modified. Additionally,

we have identified novel protein-protein interactions in malaria-infected erythrocytes

that may offer previously unthought of targets that could be the basis of novel

3£itimalarial therapeutic strategies.
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Chapter 1 - Introduction

1.1 Malaria

1.1.1 Epidemiology of Malaria

Malaria is a blood borne disease caused by infection with protozoan

parasites of the genus Plasmodium and is transmitted by the female Anopheles

mosquito. Four species of Plasmodium infect humans; P, falciparum, P. vivax,

P. malariae and P. ovale. Of these four species, P. falciparum causes the most

severe disease and accounts for almost all the mortality associated with human

malaria infection. In addition to the Plasmodium species that infect humans, many

more species infect a variety of other hosts. A number of these, such as the

murine and monkey malarias are used as animal models of human infections (for

reviews see Landau and Gautret, 1998; Gysin, 1998). The development of in vitro

culture methods for P. falciparum (Trager and Jensen, 1976; Trager and Jensen,

1978) has facilitated extensive research on these parasites during the last 25 years.

More than 40% of the world's population is at risk of malarial infection, with

mainly those in the world's poorest countries affected. Malaria causes between 10-

300 million cases of acute illness and up to 2.5 million deaths annually (Breman,

2001). It is estimated that well over 75% of these deaths occur in young children

in sub-Sahara Africa (Breman, 2001).

1.1.2 Clinical features of Malaria

Uncomplicated malaria is characterised by headache, muscular discomfort,

weakness and malaise, and periodic fever and chills. Severe complications of

P. falciparum infection include cerebral malaria, jaundice, anaemia and enlargement

of both the spleen and the liver, often resulting in death (for review see White and

Ho, 1992).

1.1.3 Control of Malaria

The control and treatment of malaria relies on drugs, to which resistance is

rapidly emerging. Resistance to chloroquine, sulfadoxine-pyrimethamine,

mefioquine and quinine has developed, with multi-drug resistance emerging. Due

to the problem of increasing drug resistance, certain drugs are being used

selectively in areas, whereas others are using combination therapy in an effort to
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reduce the development of resistance (for reviews see Tngg and Kondrachine,

1998; Winstanley, 2000).

;.:] Vector control programs are also vital in the control of malaria. Pesticide-

treated mosCjiJiito nets have been shown to be successful at reducing transmission

and along with other methods of vector control, may help to reduce the incidence of

malaria (for review see Hougard et a/., 2002).

1.2 The Lifecycle of P. falciparum

A P. falciparum undergoes a complex life cycle in both the mosquito vector and

the human host (Figure 1.1). Sexual reproduction occurs in the mosquito, whereas

the asexual reproduction occurs in the liver and erythrocytes of the human host.

P. falciparum gametocytes are taken up by the mosquito when taking a blood meal.

Following fertilisation, gametocytes attach to the mosquito gut wall and develop

into an oocyst. Subsequently, sporogony results in the production of many

•: thousands of sporozoites that migrate to the salivary glands of the mosquito. When

"? taking the next blood meal, infected mosquitos inject haploid sporozoites into the

peripheral blood of the human. These migrate immediately to the liver where they

\ invade hepatocytes and develop into liver schizonts. After approximately fourteen

days, liver schizonts rupture and release merozoites into the circulation where they

invade circulating erythrocytes.

The erythrocyte stage of the life cycle consists of repeating cycles of asexual

reproduction, each lasting 48 hours. Following invasion, merozoites develop into

ring stage parasites. Over the following 24 hours, ring stage parasites mature into

larger pigmented trophozoites parasites. During the next 12 hours, trophozoites

develop into schizonts that lyse the erythrocyte releasing 8 to 32 merozoites into

the blood stream. These merozoites invade other erythrocytes and continue the

erythrocytic life cycle. During this part of the life cycle, merozoites can also

differentiate into gametocytes by a complex and not fully understood process. Upon

taking the blood meal, a mosquito ingests these gametocytes and the cycle

between mosquitos and humans continues.

1.3 The Normal Human Erythrocyte

The human erythrocyte has been studied extensively and a great deal is

known of its biochemical composition, structure and mechanical properties.

Erythrocytes are biconcave discs 8 urn in diameter that must pass multiple times

through capillaries that are only 2-3 urn in diameter, and therefore, must be able to

reversibly deform (for review see Mohandas and Chasis, 1993). The erythrocyte

membrane consists of a lipid bilayer and underlying membrane skeleton (Figure



1.2). The membrane skeleton is made up of many proteins, that can be divided

into integral and peripheral proteins (for review see Lux and Palek, 1995).

Features, interactions and organisation of some of the major integral and peripheral

proteins are discussed below, including their importance in malaria infection.

1.3.1 Integral Membrane proteins

The major integral membrane proteins are band 3 and a group of proteins

collectively termed glycophorins.

1.3.1.1 Band I

Band 3, also known as the anion exchange protein 1 (AE1), is one of the

most abundant proteins of the erythrocyte membrane, present at approximately

106 copies/cell (Steck, 1978). It is composed of two functionally and structurally

independent domains (Lux et al., 1989) and is able to form dimers, tetramers and

higher order oligomers in solution (Casey and Reithmeier, 1991).

The C-terminal membrane domain consists of 12 to 14 transmembrane

domains and is responsible for anion exchange (Kopito and Lodish, 1985). The N-

:| terminal cytoplasmic domain (cdb3) is responsible for binding haemoglobin (Walder

et al., 1984), glycolytic enzymes (for review see Lux and Palek, 1995) and the

membrane skeletal proteins ankyrin (Bennett and Stenbuck, 1980a; Hargreaves et

al., 1980), protein 4.1 (Pasternack et al., 1985) and protein 4.2 (Korsgren and

Cohen, 1986). cdb3 is a highly flexible domain, with a proposed 'hinge' region that

is thought to facilitate pH-dependent conformational changes (Low et al., 1984;

Thevenin et al., 1994). Recent crystal structure analysis of this domain revealed 11

p-strands and 10 a-helices, collectively forming a large globular domain and

dimerisation arm connected by a short helix and loop segment (Zhang et al.f
2000).

Ankyrin (see Section 1.3.2.4) predominantly binds to the tetrameric form of

band 3 and has been reported to bind to a number of regions within cdb3

(Willardson et al., 1989). Recent studies suggest that the binding domain for

ankyrin is confined primarily to a p-hairpin loop encoded by residues 175 to 185 of

cdb3 and that blocking of ankyrin binding to band 3 by antibodies to the N-terminus

of cdb3 is a result of steric hindrance (Chang and Low, 2003). Crystal structure

analysis of cdb3 reveals proximity within the band 3 tetramer of the p-hairpin loop

from one dimer, with the N-terminal from the second dimer (Zhang et al., 2000).

This suggests binding of ankyrin to both proposed regions within cdb3 (Zhang et

al., 2000) and steric hindrance of ankyrin binding to the p-hairpin loop by

antibodies to the N-terminus, are both feasible hypotheses (Chang and Low, 2003).



Protein 4.1 (see Section 1.3.2.3) binds to band 3 through the I/LRRRY motif

within cdb3 (Jons and Drenckhahn, 1992). Dissociation of protein 4.1 by synthetic

IRRRY peptides results in a decrease in membrane deformability of the erythrocyte

membrane, indicating a role for this interaction in the modulation of membrane

properties (An etal., 1996). Other studies have suggested binding of protein 4.1 to

the N-terminus of cdb3 (Lombardo et at., 1992), Crystal structure analysis

indicates simultaneous binding of protein 4.1 to the I/LRRRY motif and the N-

terminus of cdb3 is feasible in both monomers and dimers (Zhang et al., 2000),

however, it has been reported that the binding of protein 4.1 is predominantly to

the tetramic form of band 3 (von Ruckmann et al., 1997). Interactions with the

band 3 tetramer is likely to result in competition with the ankyrin binding site

(Zhang et al., 2000). In support of this, competition between the binding of

ankyrin and protein 4.1 has been reported in previous biochemical studies

(Lombardo etal., 1992; An etal., 1996).

Less well characterised interactions involve the interaction of cdb3 and

protein 4.2 (see Section 1.3.2.6.5) and the interaction of band 3 and glycophorin A

(see Section 1.3.1.2). The mteraction between protein 4.2 and cdb3 is thought to

strengthen the band 3-membrane skeleton linkage (Rybicki et a!., 1996) and may

be modulated by the presence of ankyrin (Rybicki et al., 1995a). The interaction of

glycophorin A and band 3 has not been mapped to a specific domain of band 3

(Bruce et al., 1995; Nigg et al., 1980), however this interaction is thought to be

involved in both trafficking of these proteins to the membrane and the anion

transport activities of band 3 (Young et al., 2000; Young and Tanner, 2003;

Hassoun etal., 1998).

Band 3 is modified and may undergo changes in levels of phosphorylation in

erythrocytes infected with malaria parasites (Section 1.4.1.4) (Crandall and

Sherman, 1991; Crandall and Sherman, 1994; Murray and Perkins, 1989). In

addition, band 3 has recently been identified as a receptor for merozoite protein 1

(MSP1), an interaction that is important in merozoite invasion of erythrocytes (Goel

et al., 2003) and for acidic basic repeat antigen (ABRA), which associates with the

merozoite surface at the time of schizont rupture (Kushwaha et al., 2002)

1.3.1.2 Glycophorins

Five glycophorins (GP) have been described in erythrocytes, GPA, GPB, GPC,

GPD and GPE. Glycophorins each consist of a single transmembrane domain with

an exterior N-terminal domain and interior C-terminal domain (for review see

Chasis and Mohandas, 1992). The erythrocyte glycophorins can be divided into two

subgroups. The first group includes the GPA and GPB, which are present in the



* erythrocyte at 9xlO6 and 3xlO5 copies/cell, respectively. This group is thought to

arise from a common ancestral gene and share large regions of homology. This

.-J group also includes GPE, but as yet, no evidence exists for protein translation of the

•J GPE gene. The second group includes GPC and GPD ( lx l0 5 and 0.2xl05 copies/cell,

^ respectively), which are encoded by a single gene and show no structural homology

•j to GPA, GPB and GPE. GPD contains a truncated N-terminal domain but is
i

;? otherwise identical to GPC (for review see Chasis and Mohandas, 1992).

J Glycophorins contr ibute 6 0 % of the overall negative charge of the erythrocyte

'I surface due to their high sialic acid content and are involved in minimising the

,.= agglutination of erythrocytes by electrostatic repulsion (for review see Chasis and
>

! J Mohandas, 1992).

"•] GPA is involved in ligand binding and modulat ion of erythrocyte membrane

:; mechanical properties (Chasis e t al, 1988; Chasis ei" al., 1991). GPA is thought to

I bind band 3 (Bruce e t al., 1995; Nigg e t al., 1980) resulting in a number of

• I physiological consequences. These include enhancing the traff icking of band 3 to

*•; the membrane by the C-terminai cytoplasmic domain of GPA and the increase in

** specific anion t ransport activit ies of band 3, faci l i tated by the interaction of residues

J 68-70 within the extracellular domain (Young and Tanner, 2003) . Glycophorin A

•* also binds protein 4 . 1 , providing a link to the cytoskeleton (Anderson and Lovrien,

* 1984; Anderson and Marchesi, 1985).

GPC is thought to play a role in the regulat ion of ceil shape and membrane

mechanical properties however, l itt le is known of the function of GPD. I t has been

established that the cytoplasmic domain of GPC and GPD (GPC/D) binds protein 4 .1

though a 12 residue region near the N-terminus (Marfatia et al., 1994) and binds

p55 Section 1.3.2.5) through residues 112-128 (Marfatia etal., 1995).

Glycophorins are important in binding of ligands responsible for mediat ing

invasion of erythrocytes by malaria parasites. GPA, GPC and GPB are thought to

mediate invasion of erythrocytes in a sialic acid-dependent manner. GPA is able to

mediate invasion through an interaction wi th the P. fa/ciparum erythrocyte binding

antigen 175 (EBA-175) (Sim etal., 1994) , whereas GPC is able to mediate invasion

through an interaction wi th a homologue of EBA-175; EBA-140 (Maier et al., 2003;

Lobo et al., 2003) . GPB is also thought to mediate invasion through an interaction

which does not involve EBA-175, however as yet, the malarial ligand involved in

this interaction has not been identified (Dolan et al., 1994).

1.3,2 Cytoskeletal Proteins

The cytoskeletal proteins of the membrane are responsible for much of the

deformability and elasticity of the erythrocyte. The cytoskeletal proteins form a
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meshwork under the lipid bilayer and interact at what is termed the junctional

complex. Cytoskeletal proteins form links with the bilayer through interactions with

integral membrane proteins (Figure 1.2). Features of the major cytoskeletal

proteins of the erythrocyte; spectrin, actin and protein 4.1, along with many of the

minor proteins are described below.

1.3.2.1 Spectrin

Spectrin is the major component of the erythrocyte membrane skeleton,

present at approximately 105 tetramers/cell (Marchesi, 1974; Bennett, 1985) and

consists of two structurally similar but functionally distinct polypeptide chains; a-

spectrin and p-spectrin. The a- and p- subunits associate in a side-to-side,

antiparallel manner to form heterodimers, which can associate in a head to head

manner to form tetramers and higher order oligomers (Ralston et al., 1977). The

majority of each a- and p- polypeptide chain consists of 106 amino acid repeats,

each forming a triple ce-helical arrangement and interspersed with non-helical

regions (Speicher and Marchesi, 1984; Yan et al., 1993). The triple helical

arrangement is due to formation of a hairpin by helices A and B, followed by a

reverse turn of helix C to form the helical bundle. This structure is stabilised by

both hydrophobic interactions and salt bonds formed between charged residues

(Yan etal., 1993).

a-spectrin is found only in erythrocytes, whereas p spectrin \s also found in

the brain and muscle. Two other spectrin-like genes have been found in humans;

these encode a- and p-fodrin. Fodrin is found in most cells throughout the body

with the exception of the erythrocyte (for review see Winkelmann and Forget,

1993). Also included in the spectrin superfamily are dystrcphin and a-actinin which

contain 106 amino acid repeats and N- and O terminal regions found in spectrin

and fodrin (for review see Dhermy, 1991).

1.3.2.1.1 a-spectrin

a-spectrin is encoded by a gene that spans 80 kb and encodes 52 exons

whose sizes range from 18 bp to 684 bp. The size and the location of these exons

do not correspond to the junctions between the 106 amino acid spectrin repeats

(Kotuia etal., 1991). The translated polypeptide is 2429 residues in length and can

be divided into 22 segments (Figure 1.3). Segments 1-9 and segments 11-19 are

imperfect 106 amino acid spectrin repeats, whereas segment 10 shows sequence

homology to src homology 3 (SH-3) domains. The IM-terminus of the protein

consists of an unpaired helix C Involved In formation of tetramers, whereas the C-
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terminus contains a region with similarity to the potential calcium-binding EF hands

(Sahreta/., 1990).

!

1.3.2.1.2 fi-Spectnn

p-spectrin is encoded by a gene that consists of 32 exons ranging in size

from 49 bp to 871 bp. As for a-spectrin, the exon boundaries of p-spectrin do not

}t correspond to the 106 amino acid spectrln repeat junctions (Winkelmann et ai.,

1990). The encoded poiypeptide of 2137 residues consists of three distinct

domains (Figure 1.3). The N-terminal domain is a 272 residue domain that consists

of two calponln homology (CM) domains (Castresana and Saraste, 1995), so named

after smooth muscle actin binding protein calponin. This region contains the actin

binding domain (Karinch et ai., 1990) and shows homology to actin binding

domains of a-actinin and dystrophin (Karinch et ai., 1990; Winkelmann et ah,

1990). The protein 4.1 binding domain is also within this region (Becker et ai.,

1990; Cohen eta/., 1980).

The central domain consists of 17 imperfect 106 amino acid spectrin repeats

(Winkelmann et a!., 1990), the 15th of which contains the ankyrin binding domain

(Kennedy et ai., 1991). The first and second repeats, along with the N-terminal

domain is involved in spectrin binding to adducin (Li and Bennett, 1996). It has

\:\ also been reported that the first repeat has a role in the binding of spectrin to actin

(Li and Bennett, 1996). The Oterminal domain contains four sites at which p-

spectrin is phosphorylated (Harris and Lux, 1980). Phosphorylation of the p-

spectrin chain can act to modulate membrane mechanical stability. Increased

phosphorylation by membrane bound casein kinase decreases membrane

mechanical stability, whereas decreased phosphorylation increases membrane

i mechanical stability (Manno et a!.f 1995).

I y 1.3.2.1.3 Formation of Spectrin Heterodimers, Tetramers and Oligomers
\ <•

]Kv The assembly of spectrin in a side-to-side, antiparallel manner is facilitated

[. r by nucleation sites at the C-terminus of a-spectrin and the N-terminus of p-

I /$ spectrin. The nucleation sites were initially mapped to the 106 amino acid repeats

} *.; a !8 to a21 and p i to p4 (Speicher et al.f 1992). Not only do these repeats show

S \ highest similarity to four spectrin-like repeats within a-actinin, but three of these

V \i repeats contain an 8 bp insertion which is thought to be involved in the nucleation

* S process (Speicher et a/., 1992; Viel and Branton, 1994). Mere recent evidence

1*1 suggests that amino acid repeats a20 to a21 and p i to p2 are sufficient for
;/4 nucieation (Begg etai., 2000).



Newly formed heterodimers exist in an open form, where the longer end of

3f a-spectrin is free. The heterodimer can also exist in a closed form through the

formation of a hairpin loop by interaction between a- and p-spectrin chains within

the heterodimer, or through self association in a head to head fashion to form

heterotetramers (Speicher et ai, 1993; DeSiiva et ai., 1992). Both associations

involve a coiled-coil association (Mehboob et ai., 2001) between the helix C at the

N-terminal of a~spectrin and helices A and B of the pi7 repeat at the C-terminal of

p-spectrin (Speicher etai, 1993).

Tetramers are the predominant form of spectrin present in the erythrocyte

membrane skeleton (Ungewickell and Gratzer, 1978), where approximately 45-50%

of the spectrin eluted from erythrocyte ghosts exists as tetramers, 5-10% as

heterodimers and the remainder as oligomers and complexes of spectrin, actin,

protein 4.1 and dematin (Liu et a/., 1984). It is thought that tetramers

predominate over higher order oligomers due to a higher association rate required

for formation of oligomers (Shahbakhti and Gratzer, 1986; Lofvenberg and

Backman, 2001)

fv| Spectrin tetramers exist in the cell as a coil. The 200 nm tetramers

I i (Shotton et a/., 1979; Vertessy and Steck, 1989) condense by twisting around

/ | themselves to form an end-to-end distance of 76 nm (Vertessy and Steck, 1989).

| The native spectrin tetramer consists of a coil with 10 turns with a pitch of 7 nm
I. £

and a diameter of 5.9 nm (McGough and Josephs, 1990). This coiling, along with

local disassociation of tetramers to dimers accounts for much of the elasticity of the

erythrocyte membrane skeleton (McGough and Josephs, 1990; An et al.e 2002).

1.3.2.1.4 Spectrin and Malaria

Upon infection of an erythrocyte with P. falciparum, spectrin undergoes

changes in the level of phosphorylation (Murray and Perkins, 1989) and is able to

be cleaved by plasmepsin II (Magowan et ai., 1998; Le Bonniec et ai., 1999)

(Section 1.4.1.4). In addition, spectrin is able to bind ring-infected erythrocyte

surface antigen (RESA/Pfl55) (Foley et al.f 1991; Foley eta/., 1994), Plasmodium

falciparum erythrocyte membrane protein I (PfEMPl) (Oh et a!., 2000), knob

associated histidine rich protein (KAHRP/PfHRPl) (Kilejian et ai., 1991) and MSP1

(Herrera et ai., 1993). To date, the spectrin binding domains for these proteins

have not been identified.

13.2.2 Actin

Erythrocyte actin is approximately 43 kDa and is present at about 5xlO5

copies/cell (Branton et ai., 1981). Erythrocyte actin has many similarities to actin



found in non-erythroid cells (Tilney and Detmers, 1975; Nakashima and Beutler,

1979). In erythrocytes, globular actin (G-actin) polymerises to form short, defined

actin filaments (filamentous actin (F-actin)) of approximately 13 monomers in

length, visualised as 37 nm rod structures (Byers and Branton, 1985), Many actin

binding proteins have been identified within the erythrocyte. These include spectrin

I (Karinch et aL, 1990), protein 4.1 (Becker et aL, 1990; Morris and Lux, 1995),

•;; dematin (Section 1.3.2.6.2) (Azim et aL, 1995) and tropomyosin (Fowler and

\ Bennett, 1984; Mak et a/., 1987). The actin filament is capped at the slow growing

% end by tropomodulin and at the fast growing end by adducin, thus regulating

I filament length (Weber etal., 1994; Kuhlman etal., 1996).

'l Within malaria infected erythrocytes, actin is believed to bind KAHRP

; (Kilejian et aL, 1991), P. falciparum histidine-rich protein I I (HRPII) (Benedetti et

!£ al., 2003) and PfEMPl (Oh etal., 2000).

%

1.3.2.3 Protein 4.1

Protein 4.1 exists as either a 78 kDa or 80 kDa protein with approximately

2xlO5 copies/cell (Branton et aL, 1981). Protein 4.1 contains four structural

domains identified by proteolysis; 30 kDa, 16 kDa, 10 kDa and 22/24 kDa domains

(Leto and Marchesi, 1984). There are two forms of protein 4.1 present in the

erythrocyte, protein 4.1a and protein 4.1b (corresponding to the 78 kDa and

80 kDa polypeptides). Protein 4»la is found in higher abundance in older

erythrocytes as it is derived from protein 4.1b by gradual deamidation within the

22/24 kDa domain (Inaba etal., 1992).

Protein 4.1 binds both spectrin and actin in the main ternary interaction

within the erythrocyte membrane skeleton. This ternary interaction increases the

strength of the otherwise weak interaction between spectrin and actin (Ungewickell

et aL, 1979; Cohen and Foley, 1982; Ohanian et aL, 1984). The spectrin-actin

binding region (SAB) within protein 4.1 has been mapped to the 10 kDa domain

(Correas et aL, 1986), which is encoded by an alternatively spliced exon encoding

the N-terminal 21 residues and a constitutive exon encoding the C-termina! 59

residues (Conboy et aLt 1988). The protein 4.1 binding domain for spectrin has

been mapped to the N-terminal 14 residues encoded by the alternatively spliced

exon and residues 37 to 43 of the constitutive exon (Gimm et al.f 2002; Home et

aL, 1993; Discher et aL, 1993; Schischmanoff et aL, 1995). An 8 residue region

encoded by the constitutive exon is essential for binding of protein 4.1 to actin

(Gimm etal., 2002).

The interaction of protein 4.1 with spectrin and actin is modulated in several

ways. Firstly, phosphorylation of protein 4.1 by either protein kinase C or cAMP-



\i

dependent kinase results in both reduced promotion of spectrin binding to actin and

reduced protein 4.1 binding to spectrin (Ling et aL, 1988; Eder et aL, 1986). In

addition to this, the phosphorylation of SAB region of protein 4,1 by tyrosine kinase

reduces the ability of protein 4.1 to promote the formation of the protein

4.1/spectrin/actin complex (Subrahmanyam eta/., 1991).

Furthermore, protein 4.1 30 kDa domain binds calmodulin in a Ca31+

independent manner. This complex is able to confer Ca2+ dependent sensitivity to

the actin cross-linking activity of spectrin (Tanaka et al.f 1991). Interestingly, two

binding sites for caimodulin have been identified, one of which is Ca2+ independent

and the other Ca2+ dependent (Nunomura eta/., 2000b).

Protein 4.1 also interacts with the membrane to serve as an attachment site

for spectrin. It is thought that attachment of protein 4.1 to the membrane is

facilitated by a ternary interaction between protein 4.1, p55 and GPC/D. Protein

4.1 binds to p55 and to GPC/D within the 30 kDa domain (Narfatia et aL, 1995;

Hemming et a/., 1995). The binding domain for p55 has been mapped to a 33

residue region encoded by exon 10 and the binding domain for GPC/D to a 73

residue region encoded by exon 8 (Nunomura et aL, 2000a). GPC/D also binds to

p55 (Marfatia et a/., 1995; Hemming et aL, 1995), resulting in a ternary

interaction. This ternary interaction is modulated by the binding of calmodulin to

protein 4.1 in a Ca2+ dependent manner. In addition, the binding of protein 4.1 to

p55 modulates the formation of the p55/GPC interaction (Nunomura era/., 2000a).

Protein 4.1 has also been shown to bind GPA (Anderson and Lovrien, 1984;

Anderson and Marchesi, 1985).

Protein 4.1 also interacts with band 3 (Pasternack et aL, 1985) through a 5

residue region, LEEDY, at position 37-41 within the 30 kDa domain (Jons and

Drenckhahn, 1992). It has been suggested that this interaction is not involved in

attachment of the junctional complex to the lipid bilayer, rather it is involved in the

modulation of band 3 binding to ankyrin (An et a/., 1996; Workman and Low,

1998). This interaction is modulated by the phosphorylation of protein 4.1 by

protein kinase C, but not by the phosphorylation by cAMP-dependent kinase

(Danilov eta/., 1990).

The crystal structure of the 30 kDa domain has been determined and

consists of a cloverleaf-like architecture. Each lobe of the cloverleaf contains the

binding domain for one of p55, GPC or band 3, whereas the central region contains

the calmodulin binding domains (Han et a/., 2000). Within the malaria infected

erythrocyte, mature parasite infected erythrocyte surface antigen (MESA) binds to

protein 4.1 (Lustigman et aL, 1990; Coppel, 1992; Bennett et a/., 1997). The

protein 4.1 binding domain for MESA overlaps with the p55 binding domain and

10



in vitro can interfere with the protein 4.1-p55 interaction (Waller et al., 2003).

Protein 4.1 can also be cleaved by the parasite protease, falcipain-2 and possibly

piasmepsin II (Raphael etal., 2000; Dua et al., 2001; Deguercy etal., 1990) and is

additionally phosphorylated within the malaria infected erythrocyte (Lustigman et

al., 1990; Chishti etal., 1994; Magowan etal., 1998).

1.3.2.4 Ankyrin

Erythrocyte ankyrin is a 210 kDa protein that is present at approximately

105 copies/cell (Lux and Palek, 1995). Ankyrin interacts with band 3 (Bennett and

Stenbuck, 1980a; Hargreaves et al., 1980) and with the p-subunit of spectrin (Luna

et al.f 1979; Yu and Goodman, 1979; Bennett and Stenbuck, 1979), linking the

membrane skeleton with the lipid bilayer. Ankyrin is also able to bind protein 4.2

(Korsgren and Cohen, 1988). Ankyrin consists of three domains, a 89 kDa band 3-

binding domain (Davis and Bennett, 1990) which consists of 24 consecutive 33

residue ANK repeats (Lux et al, 1990; Lambert et al., 1990), a 62 kDa spectrin

binding domain (Davis and Bennett, 1990) and a C-terminal regulatory domain,

that can be alternately spliced to enhance or diminish binding of ankyrin to Band 3

and possibly to spectrin (Davis et al., 1992).

The N-termina! 70 residues of the 62 kDa domain are crucial for spectrin

binding (Davis and Bennett, 1990), however a more recent report suggests that

this region is not sufficient for binding and that residues 1101-1192 are important

for ankyrin binding to spectrin (Platt et al., 1993). The band 3 binding domain has

been localised to repeats 7-12 and repeats 13-24 of the 89 kDa domain (Michaely

and Bennett, 1995), Within malaria infected erythrocytes, KAHRP has been shown

to bind ankyrin within both the 89 kDa band 3 binding domain and the 62 kDa

spactrin binding domain (Magowan et aL, 2000). In addition, ankyrin is able to

bind two members of the P. falciparum acyl-CoA synthetase (PfACS) family (Tellez

et al., 2003). Ankyrin may also undergo changes in levels of phosphorylation

(Murray and Perkins, 1989) and can be cleaved by falcipain-2 in malaria infected

erythrocytes (Raphael etal., 2000; Dua eta/., 2001).

1.3.2.5 p55

p55 was originally co-purified with dematin from erythrocytes (Husain-

Chishti etal., 1989) and was subsequently discovered to be a member of the family

of signalling and cytoskeletal proteins termed membrane-associated guanylate

kinase homologues (MAGUKs) (Ruff et al., 1991). p55 is present at 8xlO4

copies/cell (Lux and Palek, 1995) and contains multiple domains. These include a

i i



PDZ (PSD-95/Discs large/ZO-1) domain (Kim et al., 1996), a domain containing a

SH-3 motif (Ruff etal., 1991) and a guanylate kinase-like domain (Goebl, 1992).

Within the erythrocyte, p55 forms a ternary complex with protein 4.1 and

GPC/D (Alloisio et al., 1993). The GPC/D binding domain within p55 is located

within the PDZ domain (Marfatia et al., 1997), whereas the protein 4.1 binding site

has been mapped to a 39 residue motif located between the SH-3 and guanylate

kinase-like domains (Marfatia et al., 1994; Marfatia et al., 1995). Within the

malaria parasitised erythrocyte, the binding domain of MESA for protein 4.1

overlaps with the binding domain for p55 and interferes with the interaction of p55

with protein 4.1 (Waller etal., 2003).

1.3.2,6 Other Erythrocyte Cytoskeletal Proteins

A number of additional proteins are found within the membrane skeleton.

These proteins have not been reported to interact with any malaria proteins in

infected erythrocytes. However, they are important in maintenance of the structure

of the membrane skeleton and will be discussed briefly in terms of their function

and protein interactions.

1.3.2.6.1 Adducin

Adducin is located at spectrin-actin junctions (Derick et al., 1992) and was

originally discovered as a calmodulin binding protein in erythrocytes (Gardner and

Bennett, 1986) and a substrate for protein kinases A and C (Waseem and Palfrey,

1988; Ling et al,, 1986). It has been shown to bind both spectrin and actin, and

promote the formation of the spectirin-actin complex (Gardner and Bennett, 1987;

Mische et al., 1987; Li and Bennett, 1996). PhosphoryJation of adducin by protein

kinase A, modulates the formation of spectrin-actin-adducin complexes in what is

I *1 thought to be a complex relationship involving the binding of calmodulin (Matsuoka

1
$ etal., 1996).
A

Adducin is a 200 kDa heterodimer made up of a and p subunits and is
present at 3xlO4 heterodimers/ceHs (Lux and Palek, 1995). These polypeptides can| : be divided into three domains; a N-terminal protease-resistant core region and a C-

l i terminal protease-sensitive tail region, connected by a small neck domain (Joshi

) •¥ and Bennett, 1990; Joshi et al., 1991). Although the N-terminal core regions

i.'i contain a sequence with similarity to actin binding domains (Joshi et al., 1991),
r *
r }t they are not sufficient for binding to spectrin-actin complexes or to actin alone
* v-
;- •} (Joshi and Bennett, 1990). However, the C-terminal tail domains of both a- and p-
iH
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adducin are sufficient to not only bind spectrin-actin complexes, but also to

promote the formation of these complexes (Hughes and Bennett, 1995).

Recent evidence suggests that adducin is involved in capping the fast

growing ends of actin filaments. The ability of adducin to block elongation and

depolymerisation of actin filaments is down regulated by the Ca2+ dependent

binding of calmodulin (Kuhlman eta/., 1996).

1.3.2.6.2 Dematin/fProtein 4.9

Dematin exists in the erythrocyte as a trimer consisting of two 48 kDa

subunits and one 52 kDa subunit (Azim et al., 1995) and is present at

approximately 106 trimers/cell (Lux and Palek, 1995). The dematin trimer can bind

actin and bundle actin filaments into cables (Siegel and Branton, 1985). This

bundling activity is abolished by phosphorylation by cAMP-dependent protein kinase

(Husain-Chishti et al., 1988). Two actin binding sites in each subunit has been

identified, one in the headpiece region and one in the N-termina! domain (Azim et

al., 1995).

1.3.2.6.3 Tropomyosin

Tropomyosin is well characterised in skeletal muscle where it self-associates

along groves of actin filaments. Tropomyosin has been identified in erythrocytes as

a 60 kDa heterodimer which consists of a 27 kDa and a 29kDa subunit (Fowler and

Bennett, 1984) and binds tropomodulin (Fowler, 1987; Fowler, 1990), Erythrocyte

tropomyosin resembles other tropomyosins in both size and structure (Fowler and

Bennett, 1984), however differs in Its ability to self-associate (Mak et al., 1987).

Tropomyosin is present at approximately 7x10 dimers/cell (Lux and Palek, 1995).

1.3.2.6.4 Tropomodulin

Tropomodulin is a 43 kDa protein that was identified from its ability to bind

tropomyosin (Fowler, 1987) and is present at approximately 3xlO4 copies/cell (Lux

and Palek, 1995). Purified tropomodulin binds to one of the ends of tropomyosin

and \s a non-competitive inhibitor of tropomyosin binding to actin (Fowler, 1990).

Tropomodulin is able to bind directly to actin at the pointed end of the actin

protofilament and has been shown to block elongation and depolymerisation of

tropomyosin containing actin filaments (Weber et al., 1994). This evidence

suggests possible roles for tropomodulin in regulation of tropomyosin-actin

interactions and as a capping protein for the pointed, slow growing ends of actin

filaments (Weber etaL, 1994; Fowler, 1990).
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1.3.2.6.5 Protein 4.2/Pallidin

Protein 4.2 is a 72 kDa protein that shows homology to guinea pig liver

transglutaminase and human coagulation factor VIII, especially across the active

•i sites of both these enzymes (Korsgreh and Cohen, 1991). Protein 4.2 is present at

approximately 2.5xlO5 dimers or trimers/ceS! (Lux and Palek, 1995). Protein 4.2

has been shown to bind the cytoplasmic domain of band 3 (Korsgren and Cohen,
:ii 1988; Korsgren and Cohen, 1986) and to ankyrin in solution, however it has been

difficult to show binding of protein 4.2 to ankyrin when it is attached to band 3

(Korsgren and Cohen, 1988). In contrasting results, the binding domain of protein

4.2 for band 3 has been mapped to two different regions; residues 187 to 211 and

residues 63 to 75 (Bhattacharyya et al., 1999; Rybicki et al., 1995b). Protein 4.2

has also been shown to bind spectrin within a region encompassing residues 470-

492 of protein 4.2 (Golan etal., 1996; Mandal etaL, 2002).

1.3.3 Organisation of the Erythrocyte Membrane Skeleton

The above descriptions of the components of the erythrocyte membrane

skeleton highlight many binary and ternary interactions that are involved in its

complex organisation. Table 1.1 lists these interactions, including known binding

affinities. This includes the major ternary interactions of spectrin/actin/protein 4.1,

band 3/ankyrin/protein 4.2 and protein 4.1/GPC/p55, as well as other binary

interactions observed. A model of the erythrocyte has evolved with the mapping of

these interactions, along with the visualisation of the membrane skeleton using

electron microscopy.

Electron Microscopy revealed junctional complexes consisting of actin

protofilaments (Ursitti and Fowler, 1994), protein 4.1, adducin, dematin (Derick et

al., 1992), tropomodulin and tropomyosin (Ursitti and Fowler, 1994), linked by

spectrin dimers and tetramers (Liu et al., 1987; Byers and Branton, 1985). These

• findings correspond to the above descriptions of the individual interactions for each

protein.

; The major ternary interaction within this complex is between spectrin, actin

: and protein 4.1. These proteins interact in a 1:2:1 ratio of spectrin dimenactin

I monomers:protein 4.1 (Pekrun et al., 1989) and form the basis of the junctional

[ complex. Most junctional complexes crosslink five or six spectrin tetramers, to

form what has been described as a hexagonal lattice (Liu et al., 1987; Byers and

Branton, 1985). !•.:•<: minor proteins bind to form the remainder of the junctional

complex (Figure 1.2).
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Tropomyosin is found within the erythrocyte in a ratio of one tropomyosin

heterodimer to 7-8 actin monomers (Fowler and Bennett, 1984), consistent with

one tropomyosin molecule laying down each of the two actin filament groves

(Pinder and Gratzer, 1983; Gilligan and Bennett, 1993). Tropomodulin binds both

tropomyosin (Fowler, 1987) and actin (Fowler, 1990) and is present at a ratio of

approximately 1-2 tropomodulin molecules per actin protofilament (Fowler et al.,

1993), consistent with a role in capping the slow growing end of the actin filament

(Weber et al., 1994). Adducin is a candidate for capping fast growing ends of actin

filaments and is a protein that is able to not only bind, but also to promote the

formation of the spectrin/actin complex (Gardner and Bennett, 1987, Mische et al.,

1987). Adducin is found in the erythrocyte at one dimer per actin protofilament

(Mische et al., 1987), however evidence of an adducing tetramer (Joshi et al.,

1991) would halve the amount of adducin available for binding actin (Gilligan and

Bennett, 1993). Dematin is another actin binding protein that is found within the

junctional complex that is present in a 1:1 ratio with actin (Gilligan and Bennett,

1993).

The junctional complex is linked to the lipid bilayer through interactions

between cytoskeletal proteins and integral membrane proteins. Ankyrin has been

visualised as a globular protein found near the midregion of the spectrin molecule,

consistent with the known ankyrin binding site (Liu et al., 1987; Byers and Branton,

1985). Ankyrin is in turn able to bind to band 3 (Bennett and Stenbuck, 1980a;

Hargreaves et al., 1980), linking spectrin to the bilayer. Both ankyrin and band 3

are further involved in a possible ternary interaction involving protein 4.2 (Korsgren

and Cohen, 1988; Korsgren and Cohen, 1986). Another set of interactions

strengthening the link between the junctional complex and the bilayer is the ternary

interaction involving p55, GPC and protein 4.1 (Nunomura et al., 2000a; Marfatia et

al., 1995; Hemming eta/., 1995).

1.3A Genetic Disorders of Erythrocytes

Protein-protein interactions between cytoskeletal proteins within the

membrane skeleton and between integral and cytoskeletal proteins that link the

membrane skeleton to the bilayer are important in both the structure and function

of erythrocytes. It is, therefore, important to discuss erythrocyte disorders

resulting from defects and deficiencies in both integral and cytoskeletal proteins.

These disorders fall into two main categories; hereditary spherocytosis, and

hereditary elliptocytosis (HE) and hereditary pyropoikiiocytosis (HPP). These, along

with Southeast-Asian ovalocytosis and Gerbich-negativity will be discussed briefly,

in particular, in terms of their importance to malaria.
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Hereditary spherocytosis (HS) is characterised by the presence of

spherocytes in peripheral blood with varying degrees of splenomegaly and

haemolysis. Erythrocytes become more fragile and this can lead to vesicularisation,

resulting in destruction by the spleen. HS is caused by defects in erythrocyte

proteins involved in interactions between the erythrocyte membrane skeleton and

the lipid bilayer (for review see Tse and Lux, 1999; Delaunay, 2002). These

defects are most commonly due to deficiencies in spectrin and/or ankyrin, band 3

or protein 4.2 (for review see Tse and Lux, 1999; Delaunay, 2002). HE and HPP are

a group of disorders with a wide range of clinical presentations. The basic defect

underlying this group of disorder is a failure of spectrin to self associate into

tetramers (for review see Tse and Lux, 1999; Delaunay, 2002).

A number of studies have looked at the rates of invasion and growth of

P. falciparum parasites in HS and HE erythrocytes. These studies have found

decreased rates of invasion and/or decreased growth, dependent on the deficiency

involved, with some contrasting results between studies (Schulman et aL, 1990;

Chishti et al., 1996; Magowan et aL, i.y?5; Facer, 1995). However, the extent of

protein deficiency correlates with true observed decrease in rates of parasite

invasion and growth in these erytrroevte; (Schulman et aL, 1990; Facer, 1995). In

addition to alterations to invasion and/or growth, infection of HE/protein 4.1

deficient erythrocytes with P. falciparum parasites, results in aberrant development

of parasites (Magowan etal., 1997).

Ovalocytes were orininally thought to be resistant to invasion by the malaria

parasite (Mohandas et aL, 1984). More recent evidence suggests SAO does not

prevent parasite invasion or reduce parasitaemia in vivo, but acts to prevent

cerebral malaria (Allen etal., 1999).

Erythrocytes negative for the Gerbich blood group antigen are characterised

by a deletion of exon 3 of the gene encoding GPC (Serjeanson et aL, 1994). In

malaria infection, Gerbich-negative individuals show no apparent differences in

rates of infection (Patel et aL, 2001), however P. falciparum parasites are unable to

bind GPC in Gerbich-negative erythrocytes and can not invade erythrocytes via the

EBA140-GPC pathway (Maier etal., 2003).

A number of other genetic defects including sickle cell anaemia,

thalassaemia and glucose-6-phosphate dehydrogenase (G6PD) deficiency have also

been associated with resistance to malaria infection and protection from severe

disease complications (for review see Nagel and Roth, 1989; Nagel, 1990).
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1A The P. falciparum Infected Erythrocyte

1.4.1 Structural, Functional and Biochemical Alterations to

Erythrocytes inf&cted with P. falciparum

Invasion by P. falciparum parasites results in many alterations to the

erythrocyte (for reviews see Coppel et al., 1998, Haynes, 1993, Howard, 1988;

Cooke et al., 2001). Some of these changes, including cellular, mechanical and

adhesive properties are discussed below.

1.4.1.1 Alteration of Cellular Properties

Alterations include the formation of a parasitophorous vacuole, the

formation of Maurer's clefts, the tubovesidular membrane network and trafficking

pathways, and the deposition of parasite proteins at the erythrocyte membrane

skeleton, resulting in structural modification of the erythrocyte including the

formation of knobs.

1.4.1.1.1 Parasitophorous Vacuoie

The parasitophorous vacuoie develops during invasion of the merozoite

where the contact point between the merozoite and the erythrocyte invaginates,

leading to the complete engulfment cf the merozoite. The parasitophorous vacuoie

becomes the space that surrounds the merozoite and is separated from the

cytoplasm of the erythrocyte by the parasitophorous vaculolar membrane (PVM).

This membrane is thought to contain lipids from the erythrocyte membrane and

proteins and lipids derived from the invading parasite. Measurement on the loss of

surface area of newly infected erythrocyte suggest that erythrocyte membrane

material internalised for the formation of the PVM is minimal (Dluzewski et al.,

1995).

1.4.1.1.2 Trafficking Path ways

Although still poorly understood, trafficking pathways within the malaria

infected erythrocyte are essential for the survival and maturation of the parasite.

Evidence exists in support of the involvement of a classical secretory pathway

involving the transport of proteins from the endoplasmic reticulum (ER) to the Golgi

apparatus in a similar manner to that seen in other eukaryotes, Evidence

supporting thfs pathway includes firstly, the discovery of a number of homologues

within Plasmodiurn of proteins known to be involved in the classical secretory

pathway (for reviews see Foley and Tilley, 1998; Taraschi et al.f 2001). Secondly,
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Brefeldin A, a fungal metabolite known to inhibit the formation of vesicles involved

in trafficking between the ER and golgi apparatus, is able to block transport of a

number of parasite proteins including KAHRP, PfEMPl, Plasmodium falciparum

erythrocyte membrane protein 3 (PfEMP3) (Wickham etal., 2001) and Plasmodium

falciparum antigen 332 (Pf332) (Hinterberg etal., 1994). Thirdly, the existence of

possible * Jl sequences within a number of parasite proteins (for review see

Nacer et aL, 2001). There is also evidence to suggest a non-classical secretory

pathway that is Brefeldin A insensitive (Elmendorf et al., 1992, Mattei etal,, 1999 )

and an additional Brefeldin A sensitive pathway that involves the diversion of

proteins to a ER-like compartment and operates in parallel with the classical

secretory pathway (Wiser et al., 1999; Wiser etal., 1997; Cortes et al., 2003).

1.4.1.1.3 Tubovesiclular Membrane Network, Maurers Clefts and Secretory

Vesicles

Microscopy studies of infected erythrocytes have identified a number of

membranous structures thought to be involved in protein trafficking and solute

transport. The tubovesicular network (TVN) which extends from the PVM to the

erythrocyte membrane (Elmendorf and Haldar, 1994; Elford et al., 1995), is

thought to be involved predominantly in transport of nutrients into the parasite (for

review see Haldar et al., 2001). Maurer's clefts appear as flattened lamellar

membranes, which are associated with the exported proteins Pf332, PfEMP3,

PfEMPl and KAHRP and are involved in the assembly of the cytoadherence complex

(Wtckham et aL, 2001; Hinterberg et al., 1994). Recent evidence suggests the

existence of smaller, electron dense, possibly coated vesicles, which are associated

with PfEMPl and PfEMP3 and are proposed to be involved in vesicle mediated

trafficking from the PVM to Maurer's clefts (for review see Taraschi etal., 2001).

1.4.1.1.4 Knobs

Erythrocytes infected with mature forms of P. falciparum are characterised

by the development of electron-dense protrusions on the erythrocyte membrane

surface; termed knobs (Trager et al., 1966). Knobs are essential for sequestration

(Langreth and Peterson, 1985), vascular obstruction (Raventos-Suarez et aL, 1985)

and adhesion under flow conditions (Crabb et al., 1997). Many studies have bean

undertaken to determine the topography of knobs (Langreth et aL, 1978; Nagao en

al.f 2000; Gruenberg et aL, 1983). The most recent of these estimates the height

of knobs to be 22 nm and the width to be 83 nm (Nagao et al., 2000). This study

also concluded that knob volume remains constant throughout parasite maturation

and that the number of knobs increases continuously throughout the maturation
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process (Nagao et al., 2000). Because of their role in malaria pathogenesis, the

composition of knobs has also been of great interest (Kilejian, 1979). A protein

varying from 80-108 kDa, depending on the parasite line examined, was

consistently identified as the main component of knobs (Leech et al., 1984a;

Gritzmacher and Reese, 1984; Kilejian, 1984). This protein, known as KAHRP, is

essential for knob formation (Crabb et al., 1997).

1.4.1.2 Alteration of Membrane Mechanical Properties

Normal erythrocytes are able to repeatedly deform when subjected to an

ft applied force however, infection with ma'aria parasites reduces this ability

dramatically. Filtration techniques were originally used to demonstrate reduced

deformability of parasitised monkey erythrocytes (Miller et a\.} 1971). These

studies lead to the use of a rheoscope, and more recently analytical micropipettes

to confirm this observation in P. fa/ciparum infected erythrocytes (Cranston et al.,

|> 1984; Nash et al., 1989; Glenister et al., 2002). Erythrocytes infected with ring

stage parasites have a slight degree of impaired deformability, whereas

erythrocytes infected with more mature stage parasites completely lose their ability

to deform (Cranston etal., 1984; Nash eta/., 1989).

1.4.1.3 Alterations to Erythrocyte Adhesive Properties

There are three main changes in adhesive properties of the erythrocyte

following parasite invasion, these are cytoadherence, rosetting and

autoagglutination.

1.4.1.3.1 Cytoadherence

During P. falciparum infection parasitised erythrocytes sequester in many

organs including the heart, kidney, lungs, liver, placenta and the brain. a

Sequestration results from the ability of infected erythrocytes to cytoadhere to the

endothelial cells that line the vasculature and it is this accumulation of parasitised

erythrocytes in brain capillaries that is a major factor in the development of

cerebral malaria (MacPherson eta!., 1985; Pongponratn et al., 1991).

A number of possible cytoadherence ligands have been identified for

P. falciparum, including PfEMPl (Section 1.4.2.1.1), cytoadherence linked asexual

gene 9 (Clag9) (Section 1.4.2.1.3) (Trenholme et al., 2000), rifins (Section

1.4.2.1.2) (Fernandez et al., 1999) and modified band 3 (Section 1.4.1.4.2)

(Crandall and Sherman, 1994). The majority of research has focused on PfEMPl

and its binding to the endothelial cell-expressed receptors CD36, thrombospondin

and intercellular adhesion molecule 1 (ICAM-1) (Baruch et al., 1996), and also to
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chondroitin sulphate A in the placenta (Buffet et al., 1999; Reeder et al., 1999;

Cooke et al., 1996). A synergistic model for binding of P. falciparum to ICAM-1 and

CD36 has also been proposed (McCormick etai.? 1997; Gray et al., 2003).

A 179 residue binding site for CD36 has been identified in the cysteine-rich

interdomain region of PfEMPl (Baruch et al., 1997) and a recombinant peptide

encompassing this region subsequently demonstrated to block and reverse

adhesion under physiologically relevant flow conditions (Cooke et al., 1998). A

number of other erythrocyte receptors have been identified, however the

importance of adhesion to these receptors in vivo is unclear (for review see Cooke

etal., 2001).

1.4.1.3.2 Rosetting

Rosetting is another form of adhesion and is described as the binding of two

of more uninfected erythrocytes to a single infected erythrocyte (Udomsangpetch et

al., 1989b). Rosetting has been reported to be associated with disease severity

(Carlson et al., 1992b; Ringwald et al., 1993; Rowe et al., 1995), however

contrasting data have been seen in other studies (al-Yaman et al., 1995). The

function of rosette formation in disease is not clear however, rosettes formed in

P. falciparum infection show strong cell-cell attachments that are able to withstand

arterial flow dresses (Nash et al., 1992; Chotivanich et al, 2000), suggesting a

possible role in microvascular obstruction (Udomsangpetch et al., 1992;

Chotivanich et al., 2000). Rosettes do not appear to play a role in the

enhancement or targeting of parasite to invasion of uninfected erythrocytes (Clough

etal., 1998b).

Rosetting requires divalent ions, is favoured at a slightly acidic pH and is

frequently sensitive to heparin (Carlson et al., 1990; Carlson et al., 1992a) and

other sulphated glycoconjugates (Rowe et al., 1994). Evidence also suggests a

requirement for serum components for formation of rosettes;, in particular IgM

(Clough etal., 1998a; Treutiger et al., 1999; Somner et al., 2000). Rosetting has

been demonstrated in both Plasmodium species that sequester, such as P. coatneyi

(Udomsangpetch et al., 1991), and in species such as P. vivax that do not appear

to cytoadhere and do not cause cerebral malaria (Udomsangpetch et al., 1995).

Both PfEMPl and Rifins have been implicated as rosetting ligands (Helmby et al.,

1993; Rowe et al., 1997). Much of the recent evidence suggests PfEMPl as the

ligand responsible for rosetting. Multiple erythrocyte ligands have been identified

for PfEMPl binding, including complement receptor 1 (Rowe et al., 1997), heparin

sulphate or a heparin sulphate-like glycosaminoglycan (Chen et al., 1998; Chen et
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a/., 2000; Barragan et al., 2000; Barragan et al., 1999) and the ABO blood group

antigens (Chen etal., 2000; Carlson and Wahlgren, 1992)

1.4.1.3.3 Autoagglutinafion

The ability of parasitised erythrocytes to adhere to each other

(autoagglutination) has been shown to occur in both laboratory lines and clinical

isolates (Roberts et al., 2000; Cooke et al., 1993). Autoagglutinates appear to bs

more common in children with severe malaria than those with more mild disease,

however autoagglutinates are not always seen with severe malaria (Roberts et al.,

2000).

7.4.1.4 Biochemical Alteration of Erythrocyte Proteins

Maturation of the ma'aria parasite within the erythrocyte is known to lead to

alterations of normal erythrocyte proteins. The most notable of these alterations

are phosphorylation of integral and cytoskeletal proteins, modification of band 3

and cleavage of membrane skeletal protein by proteases.

1.4.1.4.1 Phosphorylation of Erythrocyte Proteins

Changes in the level of phosphorylation is thought to occur in many

proteins, including spectrin, ankyrin, band 3 and protein 4.1 (Murray arid Perkins,

1989; Chishti et al., 1994; Lustigman et al., 1990; Magowan et al., 1998). The

most notable of these is the phosphorylation of protein 4.1. Although not originally

thought to be additionally phosphorylated (Murray and Perkins, 1989), protein 4.1

has been identified as the novel phosphoprotein of 80 kDa that co-precipitates with

the parasite protein MESA in erythrocytes infected with mature forms of

P. falciparum (Chishti et al., 1994; Lustigman et al., 1990). Phosphorylation of

erythrocyte proteins is likely to be of importance to the erythrocyte structure and

mechanical properties following P. falciparum invasion and maturation. This is most

evident from studies showing that phosphorylation of protein 4.1 reduces its affinity

for spectrin binding and ability to promote the formation of the

spectrin/actin/protein 4.1 complex (Ling et al., 1988; Eder et al., 1986;

Subrahmanyam et al., 1991) and that increased phosphorylation of spectrin

decreases mechanical stability of erythrocytes (Manno et al., 1995).

1.4.1.4.2 Modification of Band 3

During P. falciparum infection, band 3 has been described as undergoing

truncation and covalent modification to produce a novel 65 kDa protein (Crandall

and Sherman, 1991). These modifications are thought to expose cryptic residues
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of band 3 and contribute to cytoadherence (Crandall and Sherman, 1994). Both

synthetic peptides and monoclonal antibodies that recognise only band 3 in infected

erytt.rocytes were shown to block binding of the infected erythrocyte to C32

amelanotic melanoma cells (Winograd and Sherman, 1989; Crandall et al., 1993;

Crandall et al., 1994). More recent studies suggest that the receptor molecule for

binding is thrombospondin (Lucas and Sherman, 1998; Eda et al., 1999). The

precise role of thrombospondin in adhesion remains controversial.

1.4.1.4.3 Clea vage of Erythrocyte Proteins by Parasite Proteases

Proteases of the cysteine protease, aspartic protease, metalloprotease and

aminopeptidase families have been identified within malaria parasites (for review

see Rosenthal, 2002). These proteases are responsible for the hydrolysis of

membrane skeletal proteins during invasion and rupture by the parasite and for the

hydrolysis of haemoglobin for a source of amino acids which are incorporated into

parasite proteins (Rosenthal, 2002). To date, two proteases have been described

that are able to hydrolyse erythrocyte membrane skeletal proteins. These are the

cysteine protease falcipain-2 (Shenai et al., 2000) and the aspartic protease

plasmepsin I I (Le Bonniec et al., 1999).

Falcipain-2 was originally purified by affinity chromatography and it was

shown that both native and recombinant forms of the protein were able to

hydrolyse haemoglobin (Shenai et al., 2000). This protease was subsequently

shown to cleave both ankyrin and protein 4.1 at neutral pH. This cleavage results

in an increased rate of membrane fragmentation, which is proposed to modulate

parasite release (Dua etal., 2001; Raphael et al., 2000). Cleavage of protein 4.1

occurs after lysine 437, which is within the SAB and possibly causes instability of

the membrane skeleton (Hanspal et al., 2002). The cleavage of ankyrin occurs

after arginine 1210 and interestingly, a 10-mer peptide containing the cleavage site

is able to block late stage parasite development (Dhawan et al., 2003).

Plasmepsin I I is an aspartic protease that is thought to be responsible for

the cleavage of spectrin within the SH-3 domain (Le Bonniec et al., 1999) and the

hydrolysis of haemoglobin (Gluzman etaL, 1994). Initially, a 37 kDa protease was

described in both P. falciparum and P. berghei that was able to cleave spectrin and

protein 4.1 (Deguercy et al., 1990). Subsequently, the proteolytic activity of a 35-

40 kDa protease able to cleave a-spectrin within the SH-3 domain was shown to be

inhibited by pepstatin A (Le Bonniec et al., 1996). Recent studies have shown that

a recombinant form of a 37 kDa aspartic protease, plasmepsin I I , is able to cleave

both purified spectrin and spectrin contained within ghosts, suggesting that

plasmepsin I I is this previously described protease (Le Bonniec etal., 1999).
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1.4.2 P. fafciparum Proteins Exported! to the Erythrocyte Membrane

During P. falciparum infection, parasite encoded proteins are present at the

% erythrocyte membrane and are major contributing factors in the alterations to the
'ft*

structure and function of normal erythrocytes. Proteins known to be exported to

the erythrocyte membrane include those that are found in association with the

membrane skeleton, and those inserted into the membrane and exposed to the

external surface of the erythrocyte (Figure 1.4). Many of these proteins have been

studied in detail (for recent review see Cooke et al., 2001), although our functional

understanding of most of these proteins remains incomplete.

1.4.2* 1 Proteins Exposed to the Surface

1.4.2.1.1 PfEMPl

PfEMPl is encoded by the var gene family (Smith et al., 1995; Baruch et al.,

•\ 1995; Su etal., 1995). Recent annotation reveals approximately 70 var genes can

be identified in the genome of P. falciparum (Robert Heustis, Victorian

Bioinformatics Consortium (VBC), personal communication). Var genes are

distributed on all chromosomes, most predominantly in a subtelomeric location

(Rubio etal., 1996; Fischer et al., 1997). The structure of the var gene has been

determined and consists of two exons. The longer 5' exon encodes the variable

extracellular region that consists of a variable number of Duffy binding ligand (DBL)

domains and cysteine-rich inter domain regions (CIDR). The shorter 3' exon

encodes the conserved intraceliular domain that has been shown to be anchored to

the erythrocyte membrane skeleton through interactions with KAHRP (Waller et al.,

2002; Waller etal, 1999; Voigt etal., 2000), spectrin and actin (Oh et al., 2000).

PfEMPl is widely thought to be the major binding ligand for infected erythrocytes

and has been shown to bind a number of receptor molecules through different

defined regions of the extracellular domain. For example, the CIDR of a number of

different PfEMPl molecules have been shown to bind to CD36 (Baruch et al., 1997;

Smith et al., 1998), whereas, binding sites for chondroitin sulphate A appear to

reside in DBL3 (Buffet etal., 1999; Reeder etal., 1999), DBL7 (Buffet etal., 1999)

or CIDR1 domains (Reeder et at., 1999; Degen et al., 2000), depending on the

particular PfEMPl expressed.

1.4.2.1.2 Rifins

Rifins are encoded by the rif gene family that are found in multiple copies

near the telomers of P. falciparum chromosomes (Gardner et al., 1998; Bowman et

al., 1999). This family of proteins, formerly known as rosettins, are clonally
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variant, surface expressed proteins that range in size from 30-45 kDa (Fernandez

et al., 1999; Kyes et al., 1999). It has been suggested that the size of this family,

along with their location and clonal variation may indicate a role In antigenic

variation seen in P. falciparum infection.

1.4.2.1.3 Clag9

C!ag9 was identified by chromosome nine spontaneous deletions and is

encoded by a gene that consists of 9 exons. The protein is expressed in blood

stages and is predicted to contain transmembrane domains (Trenholme et al.,

2000). Clag9 is essential for binding to CD36 via both targeted gene knockout

(Trenholme et a/., 2000) and antisense RNA approaches (Gardiner et al.t 2000).

Interestingly, the high molecular mass rhoptry protein, RhopHl, is encoded by a

member of the dag gene family, suggesting this family encodes proteins of similar

structure with divergent locations (Kaneko et al., 2001).

14.2.2 Proteins Associated with the Erythrocyte Membrane Skeleton

Proteins found in association with the erythrocyte membrane skeleton

include KAHRP, MESA, RESA, PfEMP3 and Pf332. Of particular relevance to this

study are PfEMP3 and Pf332, which are described in detail below (Sections 1.4.2.3

and 1.4.2.4).

1.4.2.2.1 KAHRP

KAHRP is encoded by a gene found on chromosome 2 (Ellis et al., 1987;

Gardner et al., 1998) in P. falciparum and consists of two exons, with three repeat

regions present in the second exon (Triglia et al., 1987; Sharma and Kilejian,

1987)(Figure 1.5a). Sequence comparison from various clones indicates

conservation of overall structure, with some variation within the 3' repeat region

(Kant and Sharma, 1996; Hirawake et al., 1997). KAHRP was shown through

targeted gene disruption to be essential for the formation of knobs and the ability

of parasitised erythrocytes to bind to CD36 under physiologically relevant flow

conditions (Crabb etal., 1997).

The three repeat regions of KAHRP all individually interact with the

conserved intracellular domain of PfEMPl (Waller et al., 1999; Waller et al., 2002;

Oh et al., 2000; Voigt et al., 2000) whereas, a 271 residue region containing the 5'

repeat region interacts with both spectrin and actin (Kilejian et al., 1991) and the 5'

repeat region alone is responsible for binding to the band 3 and spectrin binding

domains of ankyrin (Magowan et al., 2000). KAHRP is transcribed mainly in ring

stage parasites (Pasloske et al., 1994) and is detected in mature stage parasites
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where it Is associated with Maurer's clefts before association with knobs at the

erythrocyte membrane skeleton (Wickham et al., 2001). Recent studies have

shown the first 60 residues of KAHRP, including the proposed hydrophobic signal

sequence, sre sufficient for trafficking of KAHRP into the secretory system and to

the parasitopjhorous vacuole. Addition of the 63 residues encoding the histidine rich

region, enabled trafficking across the PVM and into the erythrocyte cytoplasm

(Wickham et al, 2001) (Figure 1.5a).

1.4.2.2.2 MESA

MESA is encoded by a two exon gene on chromosome five of P. falciparum

The second exon of MESA contains repeat regions (Coppel, 1992) (Figure 1.5b).

MESA is a phosphoprotein of 250-300kDa that is synthesised in late ring stage

parasites through to late schizony (Coppel et a/., 1988). It is associated with the

erythrocyte membrane skeleton (Coppel et al., 1988), however is not required for

the formation of knobs or cytoadherence in vitro (Petersen et al., 1989). It has

been shown to interact with protein 4.1 (Lustigman et al., 1990) through a 19

residue region near the N-terminus of MESA (Bennett et al., 1997). Recently the

binding region within protein 4.1 for MESA was mapped to a 51 residue region

within the 10 kDa domain of protein 4.1 encoded by exon 10 (Waller et al., 2003).

Interestingly, this region overlaps the 33 residue region that binds to p55

(Nunomura et al., 2000a) and the binding of MESA to this region within protein 4.1

is able to inhibit the binding of p55 to protein 4.1 when tested in vitro (Waller et

al., 2003). Although the precise function of MESA in infected erythrocytes is

unknown, expression of MESA in erythrocytes deficient in protein 4.1 results in

accumulation of MESA and leads to poor parasite survival (Magowan et al., 1995).

1.4.2.2.3 RESA

RESA is encoded by a two exon gene on chromosome one of P. falciparum

(Favaloro et al., 1986). RESA is synthesised in mature parasites and is stored in

vesicles, possibly micronemes, until released at the time of merozoite invasion

(Brown et al., 1985). Following invasion, RESA becomes associated with the

erythrocyte membrane (Brown et al., 1985) where it interacts with spectrin (Foley

et al., 1991) via a 48 residue region located between two blocks of repeats (Foley

eta/., 1994) (Figure 1.5c). This interaction has been proposed to stabilise spectrin,

as seen by decreased heat denaturation of spectrin in the presence of RESA

fragments and the increased heat-induced fragmentation of erythrocytes infected

with RESA negative parasites (Da Silva et al., 1994). This protection may occur
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through the prevention of irreversible denaturation of spectrin by the DnaJ-type

motif in RESA (Da Silva et aL, 1994; Bork etal., 1992) (Figure 1.5c).

1.4.2.3 PfEMP3

PfEMP3 is a protein of approximately 315 kDa which is localised at the

erythrocyte membrane skeleton of P. falciparum infected erythrocytes (Pasloske et

aL, 1993). PfEMP3 is associated with Maurer's clefts during ring stages (Wickham

et aL, 2001) before being distributed at the erythrocyte membrane skeleton

(Pasloske et aL, 1993). PfEMP3 trafficking from the parasite to the erythrocyte is

thought to be via the classical secretory pathway, as treatment with brefeldin A

results in accumulation of PfEMP3 in the parasite (Wickham et aL, 2001). PfEMP3

has also been identified on the surface of P. falciparum sporozoites and in the

cytoplasm of mature hepatic stage parasites (Gruner et aL, 2001).

The gene encoding PfEMP3 is located adjacent to the gene encoding KAHRP

on chromosome two (Pasloske et aL, 1994; Gardner et aL, 1998);(Lanzer et aL,

1994; Gardner et aL, 1998). The gene has a two exon structure and contains three

discernible regions of repeats (Figure 1.6). The first repeat region starts

approximately 600 residues from the N-terminus of PfEMP3 and consists of 3

imperfect repeats of the sequence EYEKGHVSREYQLDNEVRDELP, 6 imperfect

repeats of the sequence EYDQTELAKGKDVTNKPHESVD and 13 imperfect repeats of

the sequence EYNETDLAKGKEVTNKAHENLE. The second repeat region starts at

approximately 1080 residues from the N-terminus of PfEMP3 and consists of 14

imperfect repeats of the sequence KNKELQNKGSEGLKENAEL. The third and most

extensive set of repeats starts approximately 1315 residues from the N-terminus of

PfEMP3 and consists of 81 repeats of the sequence QQNTGLKNTPSEG. Of these 81

repeats, 38 are perfect and 43 are imperfect, with the majority of the changes

within the final five residues of each repeat. The N-terminal 592 residues and C-

terminal 78 residues contain no repeat regions, however predictions of coiled-coil

domains has revealed coiled-coils across contiguous 1000 residue domain that

shows 27% identity and 48 % similarity to Usolp, a tethering protein in yeast

(Water-keyn etal., 2000).

Sub-telomeric deletions of chromosome two, involving the loss of both

KAHRP and PfEMP3 are associated with the inability to form knobs (Culvenor et aL,

1987) and to cytoadhere under conditions of flow (Cooke et aL, 2002), originally

indicated that PfEMP3 may be involved in the formation of knobs. However,

subsequent targeted gene disruption of PfEMP3 has shown that PfEMP3 is in fact

not essential for either the formation of knobs or adhesion of infected erythrocytes

under flow conditions in vitro (Waterkeyn et aL, 2000). This parasite line was
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shown to have reduced membrane rigidity compared to the parental line containing

the intact PfEMP3 gene (Glenister et al., 2002). A truncated PfEMP3 parasite line,

generated in the same study, showed a small reduction in adhesion of infected

erythrocytes, which may be due to the accumulation of truncated PfEMPS in vesicle

structures, and subsequent blockage of the transfer of PfEMPl to the external

surface of the infected erythrocytes (Waterkeyn eta/. , 2000).

Another interesting feature of PfEMPS is the ability of PfEMP3 specific

antisera to cross react with sporozoites from P. vivax, P, yoeW yoeJli and P. berghei.

In invasion studies with these antisera, inhibition was observed at more than 77%

for both P. yoe/ii yoefii and P. berghei, presenting PfEMP3's potential as a vaccine

candidate (Gruner et al., 2001).

1.4.2.4 Pf332

Pf332 is a large protein of approximately 750 kDa (Mattei and Scherf,

1992a; Wiesner et ai, 1998). The gene encoding Pf332 is found in the

subtelomeric region of chromosome 11 of P. falciparum and is approximately 20 kb

in size (Mattei and Scherf, 1992a). T,u;s gene encodes a region of highly

degenerate glutamic acid-rich repeats with a period of 10-11 residues (Mattei and

Scherf, 1992b) and shows restriction length polymorphism in various isolates of P.

falciparum (Mattei and Scherf, 1992a; Fandeur et al.f 1996). Pf332 was initially

observed as a 2.5 MDa protein on SDS-PAGE (Mattei and Scherf, 1992a; Mattei and

Scherf, 1992b), however was more recently shown to be closer to the predicted

size of 750 kDa by polyacrylamide-agarose composite gels (Wiesner et al., 1998).

Pf332 is found in trophozoite stages in the parasitophorous vacuole and in

vesicle like structures in the erythrocyte cytoplasm. Within schizont stages, Pf332

is found in large vesicles in the erythrocyte cytoplasm and in association with the

erythrocyte membrane. In more mature schizonts, Pf332 is located at the

membrane of the erythrocyte (Hinterberg et al., 1994). Experiments utilising

Brefeldin-A treatment have lead to the proposal that the large vesicles in which

Pf332 is found are Maurer's clefts and that transport of Pf332 from the

parasitophorous vacuole, through the erythrocyte cytosol and to the erythrocyte

membrane occurs via the classical secretory pathway (Hinterberg et al., 1994).

Pf332 was originally thought to be surface exposed due to the ability of

antibodies specific to sequences within Pf332 to inhibit parasite growth in vitro

(Udomsangpetch et al., 1989a; Ahlborg et al., 1993; Ahlborg et al., 1996).

However, more recent evidence suggests that Pf332 is only exposed on the surface

in very late schizonts (Hinterberg et al., 1994) and this may allow antibodies to

inhibit new ring development through the formation of abnormal schizonts (Ahlborg
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et aL, 1996). Alternatively, antisera specific to sequences in Pf332 have been

shown to cross react with the glutamic acid rich repeats of RESA and P f l l . l , which

may account for the reactivity to Pf332 antisera to the surface of infected

erythrocytes (Udomsangpetch et aL, 1989a).

1.5 Protein-Protein Interactions at the Membrane Skeleton in

Parasitised Erythrocytes

As indicated in Section 1.4.2, a number of the parasite proteins that are

exported to the erythrocyte membrane skeleton interact with not only erythrocyte

proteins but also with other parasite proteins. Interactions have been described

between KAHRP, PFEMP1, and the erythrocyte proteins spectrin and actin. Waller

et aL (1999) showed that the repeat regions within KAHRP interact with PfEMPl

with a moderate affinity (Histidine-rich repeats; K(D)kfn=lxl0"7, 5' repeats;

K<T>;/</n=3.3xlO6, 3'repeats; :Y^;Wn=1.3xl0"5). These interactions have been

proposed to have an additive affect, resulting in a stronger overall interaction.

Evidence supporting this was recently published showing a stronger binding affinity

of full length KAHRP (K(D)Scat= 1.07xl0'8) (Oh et aL, 1997) than that previously

published for individual fragments, This cooperative model was substantiated by

the mapping of multiple regions within the PfEMPl intracellular domain that are

able to bind the KAHRP repeat regions (Waller et aL, 2002). It has been proposed

that many of these interactions are due to electrostatic forces (Waller et aL, 1999;

Waller et aL, 2002) and this is supported by the observed interaction of PfEMPl

intracellular domain with other basic, unrelated proteins and the pH dependence of

the PfEMPl/KAHRP interaction (Voigt et aL, 2000).

The importance of KAHRP's ability to anchor PfEMPl to the erythrocyte

membrane skeleton is demonstrated in the targeted gene knockout of KAHRP. This

line of P. falciparum lacks knobs and shows a reduced ability to adhere to CD36

under physiologically relevant flow conditions (Crabb et aL, 1997). PfEMPl is still

present at the surface of the infected erythrocyte in this knockout line and is able to

bind CD36 in static conditions, but it is proposed that without the anchoring by

KAHRP, PfEMPl is lost from the membrane under flow conditions (Crabb et aL,

1997). The residual ability of PfEMPl to remain anchored at the erythrocyte

membrane under static conditions may be attributed to the interaction between the

PfEMPl intracellular domain with both spectrin and actin (Oh et aL, 2000). Given

that the interaction between PfEMPl/F-actin and PfEMPl/KAHRP are both in the nM

range (Oh et aL, 2000), it is interesting that the spectrin and actin interactions are

not sufficient for PfEMPl to retain ability to bind CD36 under flow conditions in the

28



absence of KAHRP, It may be that there is an additive affect of interactions

involving a number of proteins that allow PfEMPl to retain its binding properties.

The anchoring of PfEMPl via KAHRP is an incomplete picture without the

subsequent anchoring of KAHRP to the erythrocyte membrane skeleton. This is

thought to occur through interactions with the spectrin-actin junction. Reports

have showed an interaction of a 271 residue region containing the 5' repeats of

KAHRP with spectrin and actin (Kilejian et al., 1991). In addition to this, KAHRP is

thought to be further anchored by an interaction of the 5' repeat regions with

ankyrin (Magowan eta/., 2000).

Although no interactions have yet been mapped for PfEMP3, its involvement

in this complex set of interactions is of great interest. The truncation, but not the

knockout of this protein results in an accumulation of PfEMPl in vesicle like

structures under the erythrocyte membrane and subsequent loss of binding to

CD36 under both static and flow conditions. This suggests that although PfEMP3 is

not essential for PfEMPl trafficking, it is able to block the transport cf PfEMPl to the

surface of infected erythrocytes when present in a truncated form. It has been

suggested that truncation of PfEMP3 may hav^ resulted in the loss of a binding

domain required for correct sorting and trafficking (Waterkeyn eta/., 2000).

Other interactions within the infected erythrocyte involve the parasite

proteins MESA and RESA. MESA has been shown to bind erythrocyte protein 4.1 in

a moderate affinity interaction (Bennett et al., 1997; Waller et a/., 2003). This

interaction is important due to the ability of protein 4.1 to stabilise the interaction

between spectrin and actin, and to anchor the junctional complex to the membrane.

The ability of the MESA-protein 4.1 interaction to inhibit the interaction between

p55 and protein 4.1 (Waller eta/., 2003) may act to modulate the protein 4.1-GPC-

p55 interaction and therefore, modulate the ability of protein 4.1 to anchor the

junctional complex to the membrane. The role that this interaction plays with

respect to the other interactions of protein 4.1 in the normal erythrocyte and the

additional phosphorylation of protein 4.1 seen in the infected erythrocyte is of great

interest.

RESA is known to interact with spectrin (Foiey et a/., 1991; Foley et al.,

1994). Again, the role which this plays in the infected erythrocyte in respect to the

earlier timing of expression of RESA compared with other exported parasite

proteins and the many interactions within the infected erythrocyte involving

spectrin, may prove invaluable to our complete understanding of the structural and

functional alterations caused by malaria proteins infected erythrocytes.
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16 Aims of this Thesis

During parasite development within the infected erythrocyte, proteins are

exported to the erythrocyte membrane where they become inserted into the

membrane or are associated with the membrane skeleton. These proteins are

involved in protein-protein interactions that are responsible for many modifications

of the infected erythrocyte. Work over the last few years describing protein-protein

interactions between parasite proteins and both other parasite proteins and

erythrocyte proteins, have started to reveal a complicated picture of the

organisation of proteins at the membrane. Due to the complicated nature of these

interactions including the changes in phosphsrylation levels of erythrocyte proteins

within the infected erythrocyte and the cleavage of erythrocyte proteins by parasite

proteases, much more knowledge is needed before the picture is complete.

A number of recent publications describing targeted gene knockout of

parasite proteins have provided insight into the function of these proteins (Crabb et

aL, 1997; Waterkeyn et aL, 2000; Reed et al., 2000; Trenhoime et al.f 2000).

However, these studies have also raised a number of questions concerning the role

of protein-protein interactions in the precise function of these proteins (Waterkeyn

etal., 2000).

The work described in this thesis is aimed at answering some of these

questions by investigating protein-protein interactions at the erythrocyte membrane

skeleton, especially those interactions between the erythrocyte membrane skeletal

proteins and exported parasite proteins. During this investigation, we have looked

specifically at the interactions involving both PfEMP3 and Pf332 with the erythrocyte

membrane skeleton. No interactions involving either PfEMP3 or Pf332 were

published at the time of writing this thesis. Therefore we aimed to;

• Clone, express and purify recombinant fragments of these proteins

• Interact these proteins with the erythrocyte membrane skeleton

• Identify binding partners for these proteins in the erythrocyte membrane

skeleton

• Map the binding domains within these proteins involved in these interactions

By identifying and mapping interactions involving PfEMP3 and Pf332 and the

erythrocyte membrane skeleton, we may begin to assign function to these proteins.

Mapping of protein-protein infractions may, in the longer term, reveal regions of

these proteins that may prove useful in design of novel targets for drug therapy.

The ongoing annotation of the recently sequenced P. falciparum genome, along
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with improved technologies for targeted gene disruption and methods for studying

protein-protein interactions, is enabling us to more quickly and accurately model

the infected erythrocyte membrane skeleton and ultimately better understand the

pathogenesis of A fa/ciparum infection.
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Interacting Proteins Binding constants
(nM)*

Reference

Spectrin/Actin/Protein 4.1

Spectrin/Actin 5xlO3

Spectrin/Actin in presence of protein lx lO1 2

4.1

Spectrin/Protein 4.1

Protein 4. I/Act in

Protein 4. l/GPC/p55

Protein 4.1/GPC

Protein 4.1/p55

P55/GPC

p55/GPCin the presence of protein
4.1

100

104-106

90

100

1600

2400

Band 3/Ankyrin/Protein 4.2

Band 3/Ankyrin

Band 3/Protein 4.2

Ankyrin/Protein 4.2

Spectrin/Ankyrin

Protein 4. I/Band 3

Actin/Dematin

Actin/Tropomyosin

Actin/Tropomodulin

Tropomyosin/Tropomodulin

Protein 4.2/spectrin

Spectrin-actin complex/Adducin

Glycophorin A/Band 3

Glycophorin A/Protein 4.1

8-13

200-800

100-350

100

580

ND

ND

ND

ND

ND

ND

ND

ND

(Ohanian etal., 1984)

(Ohanian etal., 1984)

(Tyler etal., 1980)

(Morris and Lux,
1995)

(Nunomura etal.,
2000a)
(Nunomura etal.,
2000a)
(Nunomura etal.,
2000a)
(Nunomura etal.,
2000a)

(Bennett and
Stenbuck, 1980a);
(Thevenin and Low,
1990)
(Korsgren and Cohen,
1988);
(Bhattacharyya etal.,
1999)
(Korsgren and Cohen,
1988)
(Tyler etal., 1980)

(Siegel and Branton,
1985)
(Siegel and Branton,
1985)

(Mak etal., 1987)

(Weber etal., 1994)

(Fowler, 1987)

(Mandaleta/., 2002)

(Hughes and Bennett,
1995)
(Nigg etal., 1980)
(Anderson and
Lovrien, 1984)

Table 1.1 Interactions of Erythrocyte Membrane Proteins
•Binding constants are disassociation constants (KDor Kd) measured in nM, except for
spectrin/actin and protein 4.1/actin, and spectrin/actin in the presence of protein 4 .1 , which
are association constants measured in M"1 and M'2, respectively.
ND=Not Determined
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Chapter 2 - Materials and Methods

2.1 Enzymes, Reagents and Media

I All enzymes were purchased from Roche Molecular Biochemicals, Promega
'*,
% Corporation, Progen Industries Ltd., New England Bio-labs and Life Technologies.
*j
•| All chemicals and media components were purchased from Sigma-Aldrich

i Co., BDH Laboratory Supplies, Roche Molecular Biochemicals, BioRad Laboratories,

j Oxoid, Gibco BRL, Baxter Healthcare, Ophthalmic Laboratories, Pharmacia & Upjohn

';} and Amresco Inc.
•.

i 2.2 Escherichia coli Strains and Culture Conditions

* All Escherichia coli strains used in this study are listed in Appendix 1. Liquid

(* E. coli stains were cultured in either Luria-Bertani (LB) broth (Sambrook et ai.,

'** 1989) or Superbroth (3.5% (w/v) Tryptone, 2% (w/v) yeast extract, 0.5% (w/v)

y§ NaCI, 0 .1% (v/v) 5M NaOH) supplemented with ampicillin (100 jug/ml), kanamycin

ii (50 jag/ml) or chloramphenicol (30 jig/ml) when required. LB containing 1.5%

\ (w/v) agar was used for solid culture. When "blue-white" selection was required,

' --• 40 fil of 20 mg/ml 5-bromo-4-chloro-3-indo!yl-(3-D-galactopyranoside (X-gal)

\'} (Roche), dissolved in dimethylformamide was spread onto solid media. All media
1 j were autoclaved prior to addition of supplements and use m bacterial culture.
1 ] E. coli strains were stored in glycerol storage broth (3.7% (w/v) Brain Heart

•';; Infusion broth, 50% (v/v) glycerol) at -20°C and -70°C.

• ••/

!=:j 2.3 Recombinant Plasmids and Cloning Vectors

[ *i Routine cloning experiments were carried out using the E. coli vector pUC18

if (Yanisch-Perron et al., 1985) (Invitrogen). The donor vector pDONR201 (Life

* .* Technologies) was used to create entry clones when using GATEWAY™ Cloning

i Technology. pMAL-c2 (Ausubel et al., 1994) (NEB), and the pGEX series of

..^ plasmids (Guan and Dixon, 1991, Smith, 1988) (Amersham Pharmacia Biotech)

; ' were used to facilitate the overexpression and purification of recombinant MBP and

• •! GST fusion proteins, respectively. All plasmids used in this study are shown in

>,'- Appendix 2.
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2.4 Culture of P. falciparum in vitro

2.4.1 Culture Media for P. falciparum

All culture procedures for P. falciparum were carried out under aseptic

conditions. All solutions were filter sterilised (0.22 fxm filter) or autoclaved before

use.

Incomplete RPMI media was prepared by using sterile water for irrigation

(Baxter Healthcare) supplemented with lOx RPMI-1640 (Gibco BRL), sodium

bicarbonate (14 mM) (Pharmacia & Upjohn), gentamicin sulphate (40 fag/ml)

(Pharmacia & Upjohn), glucose (11 mM) (Ophthalmic Laboratories), glutamine

(1 mM) (Sigma-Aldrich), HEPES (N-2-hydroxyethyipiperazine-N'-2-ethanesulfonic

acid) (25 mM) (Gibco BRL) and hypoxanthine (200 JIM) (Sigma-Aldrich). The pH

was adjusted to 7.4 with 2 M NaOH.

Complete RPMI media was prepared by supplementing incomplete RPMI

media with AibuMAX I I (0.5% w/v) (Gibco BRL) and re-adjusting the pH to 7.4 with

2 mM NaOH. Complete and incomplete RPMI media were stored at 4°C for a

maximum of one month.

2A.2 Preparation of Human Erythrocytes for P. falciparum Culture

Venous blood was collected from healthy individuals into the anticoagulant

CPDAi (89 mM trisodium citrate dihydrate, 17 mM citric acid monohydrate, 16 mM

sodium dihydrogen phosphate monohydrate, 177 mM dextrose, 2 mM adenine, pH

5.6-5.8; 0.14 ml CPDAt per ml of whole blood). Whole blood was stored at 4°C for

maximum of one month.

Washed erythrocytes were prepared by the centrifugation of whole blood at

2000 g for 5 minutes (min). The upper plasma and buffy coat layers were

removed, the erythrocytes washed in sterile phosphate buffered saline (PBS)

(Oxoid) and centrifuged for a further 5 min at 2000 g. Erythrocytes were then

resuspended to 50% haematocrit (where haematocrit is the volume of packed

erythrocytes in relation to the total volume of a solution) with complete RPMI media

and stored at 4°C for a maximum of one week.

2.4.3 P. falciparum parasites and culture in vitro

The parasite line 3D7 was used in this study (Walliker et a/., 1987).

Parasites were maintained in continuous culture using standard procedures (Trager

and Jensen, 1976; Trager and Jensen, 1978) in complete RPMI media (Cranmer et

al., 1997).
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Parasites were cultured in 25 cm2 or 75 cm2 tissue culture flasks and

maintained at 2-6% parasitaemia (number of parasitised erythrocytes per 100

erythrocytes expressed as a percentage). Culture media was replaced every 1-2

days to meet nutritional requirements of the parasites and washed erythrocytes

added every 2-4 days to maintain fresh erythrocytes for merozoite reinvasion. The

headspace of the flasks were gassed with 1 % O2, 5% CO2 and 94% N2 (BOC gases)

prior to incubation in a dry 37°C incubator.

2AA Determination of Parasitaemia and Stage of Parasite

Maturation

The parasitaemia and stage of maturation was determined every 1-2 days

by taking a sample from each flask and making a thin smear. A single drop of

culture was placed onto a microscope slide and smeared with a second slide. The

smears were air dried and methanol fixed for 2 min, then stained for 5 min with

Giemsa Staining Solution (BHD) diluted 1:9 with Sorrensen's buffer (0.3 % (w/v)

Na2HPO4/ 0.06% (w/v) KH2PO4/ pH 7.2). Thin smears were viewed on a bright field

microscope (Leica) using a xlOO oil immersion objective lens.

2A.5 Synchronisation of Parasite Cultures Using Gelatine Flotation

During continuous culture, P. falciparum lines become asynchronous and

may lose their knobby phenotype (Langreth et a/., 1979) due to spontaneous

chromosome deletions (Culvenor et a/., 5A37). Gelatine flotation (Goodyer et ai,

1994; Waterkeyn etal., 2001) separates knobby, mature stage parasites from non-

parasitised erythrocytes, ring stage parasites and knobless parasites, and leads to

synchronisation of cultures. This procedure was carried out no less than once every

two weeks to maintain knobby parasites.

When the parasite cultures were predominantly late stages, cultures were

centrifuged at 400 g for 5 min and supernatant removed. The parasitised

erythrocytes were resuspended to 50% haematocrit in incomplete RPMI media and

2 volumes of 1 % (w/v) 175 bloom gelatin was added. The suspension was mixed

and incubated at 37°C for 10-20 min, until two layers could be seen clearly. The

resulting supernatant, containing knobby, mature parasites was transferred into

6 ml of incomplete RPMI media and centrifuged for 5 min at 650 g. The

supernatant was removed and the parasite pellet resuspended with washed

erythrocytes to a parasitaemia of 1-4% for continued culture.
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2.4.6 Purification of Mature Stage Parasites by Percoll Density

Gradient Purification

Synchronised, mature stage parasitised erythrocyte cultures were isolated at

>99% parasitised erythrocytes using a Percoll density gradient. Initially a lOx RPMI

supplemented with 250 mM Hepes solution was used to make a 90% Percoll stock

solution (90% (v/v) Percoll™ (Density l,130g/ml) (Amersham Pharmacia Biotech),

10% (v/v) lOx RPMI-Hepes). These stock solutions was used to make a 80%

Percoll solution (80% (v/v) Percoll, 4% (w/v) sorbitol solution in l x RPMI-Hepes), a

60% Percoll solution (60% (v/v) Percoll, 4% (w/v) sorbitol solution in l x RPMI-

Hepes) and a 40% Percoll solution (40% (v/v) Percoll, 4% (w/v) sorbitol solution in

l x RPMI-Hepes). 2 ml of 80% Percoll was placed in a 10 ml tube and 2 ml of the

60% Percoll layered carefully on top. 2 ml of 40% Percoll was layered on top of the

60% Percoll and up to 3 ml of 50% haematocrit parasitised erythrocytes were then

layered on top of 40% Percoll. Gradients were spun at 2000 g for 10 min.

Following centrifugation the top suspended layer contains free merozoites, the

second suspended layer contains the erythrocytes infected with mature stage

parasites and the bottom suspended layer and the pellet contain the erythrocytes

infected with ring stage parasite and the uninfected erythrocytes. The layer

containing the mature stage parasites was harvested and placed in a 10 ml tube.

Complete media was added to the parasites drop wise, to avoid osmotic shock and

the parasites were spun at 650 g for 5 min. A second wash in complete media was

performed and a sample smeared to determine the percentage parasitaemia

(Section 2.4.4).

2.5 DNA and RNA Purification and Manipulation

2.5.1 Preparation of Plasmid DNA from E. coli

Plasmid DNA was routinely isolated from liquid E. coli cultures using small

scale alkaline lysis as detailed by Ausubel et al., 1994.

Plasmid DNA for use in nucleotide sequencing reactions was precipitated in

0.1 volumes of 4 M NaCI and 2 volumes of 13% (w/v) PEG800o for 30 min at -70°C.

Plasmid DNA was recovered by centrifugation at 12,000 g for 15 min at 4°C and the

resultant pellet washed in 70% (v/v) ethanol. The pellet was dried in a Savant

Speed Vac Concentrator for 5 min and resuspended in ddH2O.
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2.5.2 Agarose Gel Electrophoresis

DNA fragments were resoived in 0.8-1% (w/v) agarose gels using MINI

SUB™ DNA cell (BioRad). 1 x TAE (2 mM EDTA, 0.1% (v/v) glacial acetic acid, 40

mM Tris-HCI, pH 8.5) was used as the electrophoresis buffer. Electrophoresis was

performed at 80-120 volts for 1-2 hour (hr). 500 ng of X bacteriophage DNA

digested with Hindlll and EcoRI was loaded simultaneously as molecular size and

concentration standards. Gels were stained with 5 ng/ml ethidium bromide solution

for approximately 5 min and destained in water for approximately 20 min, before

visualisation using a Spectroline® Ultraviolet Transilluminator. A Mitsubishi Video

Copy Processor was used to take a permanent image of the gel.

2.5.3 Recovery of DNA from Agarose Gels

DNA was recovered from agarose gels using the BRESAclean® DNA

purification kit (Bresatec) in accordance with manufacturer's instructions.

DNA fragments below 300 bp were purified by paper elution (Ausubel et al.t
1994). Following resolution of a DNA fragment by agarose gel electrophoresis, a

piece of DE81 paper cut to size was inserted into the agarose gel below the band to

be purified and the gel resolved further to allow the DNA to run into the paper. The

paper was incubated in 400 îl of DEAE elution solution (10 mM Tris-HCI, pH 7.9, 1

mM EDTA, pH 8, 1M NaCI) and incubated at 70°C for 2 hr. The paper was removed

from the solution and the eluted DNA spun for 15 min at 12,000 g. The resulting

supernatant was ethanol precipitated (Section 2.5.4).

2.5.4 Precipitation of Plasmid DNA

DNA was recovered from solution by ethanol or isopropanol precipitation.

0.1 volumes of sodium acetate, pH 5.2 and 2.5 volumes of 100% ethanol or 1

volume of isopropanol were added to the DNA solution and incubated for 10 min on

ice. The DNA was collected by centrifuging at 12,000 g for 10 min, supernatant

removed and the DNA pellet was washed in 75% (v/v) ethanol. The pellet was

dried in the Savant Speed Vac Concentrator for 5 min and resuspended in ddH2O.

2.5.5 Phenol/Chloroform Extraction of DNA

Iff When required, DNA was further purified by phenol-chloroform extraction.

An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the

DNA preparation, vortexed vigorously and the phases separated by centrifugation

at 12,000 g for 1 min at room temperature. The aqueous phase was transferred to

a new tube and the DNA isolated by isopropanol precipitation (Section 2.5.4).
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2.5.6 Blunt End Modification of DNA fragments

DNA fragments were treated with T4 DNA polymerase 1 and T4

polynucleotide kinase to form blunt ends, DNA was incubated with of 1 mM ATP,

5 mM dNTPs, 10 units T4 Polynucelotide kinase and 1/10 volume of 10 x T4 DNA

polymerase 1 buffer (0.5 M Tris-HCI, pH 7.5, 0.1 M MgCI2, 10 mM DTT and

0.5 mg/mi BSA) in a 100 \x\ total reaction volume and incubated at 37°C for 1 hr.

10 units of T4 DNA polymerase 1 was then added to the reaction and incubated at

room temperature for 15 min, before the addition of 1 jal 0.5 mM EDTA, pH 8.0.

DNA was purified using a Phenol/Chloroform extraction (Section 2.5.5) and used in

ligation reactions (Section 2.6.4).

2.5.7 Determination of DNA and RNA concentration

DNA concentration was calculated by resolution of a known volume by

agarose gel electrophoresis and visual comparison of band intensity to a

simultaneously resolved lane of DNA standards of known concentration (Section

2.5.2).

Alternatively, the concentration was measured using a CECIL CE 1020

spectrophoiometer. The absorbance 260 nm (A26o) of the test solution was

determined and the concentration of the DNA calculated by the following

conversions: for double stranded DNA: A~G - 1 for a 50 fig/ml solution, or for

oligonucleotides: A26o = 1 for a 33 ng/ml solution. RNA concentration was

determined using a sinu^r spectrophotometric conversion: A26o = 1 for a 40 jig/ml

solution.

2.5.8 Restriction Endonuclease Digestion of DNA

Restriction endonuclease digestions were performed in accordance with the

enzyme manufacturer's instructions, at the specified temperature and in the

presence of the appropriate buffer. Duration of treatment varied from 1-1.5 hr for

approximately 100 ng of plasmid DNA. Reactions were terminated by addition of

1/6 volume of 6x stop mix (50% (w/v) sucrose, 10 mM EDTA, 0.5% (w/v)

bromophenol blue, pH 7.0).

2.5.9 Cracking Gel Procedure

This procedure enables detection of a shift in plasmid size due to insertion of

a DNA fragment compared with a plasmid control, resulting in the identification of

potential clones for further analysis. Following transformation, colonies are patched

onto solid media and incubated overnight (O/N) at 37°C. Cracking gels were

performed on patches no older than 3 days by resuspending colonies from the
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patch into 15 \x\ of ddH2O. 15 \L\ of cracking gel buffer (0.5% (w/v) SDS, 0.2M

NaOH, 20% (w/v) sucrose plus a few grains of bromcresol green) was added to the

resuspended cells and loaded onto agarose gels for resolution (Section 2.5.2).

2.5.10 Isolation ofRNA from Malaria Parasites

Messenger RNA (mRNA) was extracted from P. fa/ciparum parasites using

the Quickprep Micro mRNA Purification Kit (Pharmacia Biotech) according to the

manufacturer's instructions.

2.6 Recomhinant DNA Techniques

2.6.1 Preparation of Oligonucleotide Primers

Oligonucleotide primers were synthesised using a 392 DNA/RNA Synthesiser

(Applied Biosystems). Following synthesis, the oligonucleotides were deprotected

by incubation at 55°C for 2 h and dried in a Heto Maxi-Dry Plus vacuum

concentrator. Pellets were resuspended in 1 ml of ddH2O and concentration of

oligonucleotide primers was determined (Section 2.5.7). Appendix 3 lists the

nucleotide sequences of oligonucleotide primers used in this study.

2.6.2 Annealing of Oligonucleotides

•. I Two oligonucleotides were annealed at equal molar ratios using a PTC-200
["/
f;"j DNA Engine (MJ Research). Oligonucleotides were heated to 80°C and cooled 5°C
J -V
r » ;

! i every 3.5 min to 10°C before a 4°C hold.

j<| 2.6.3 Polymerase Chain Reactions (PCR)

\H PCR was used to amplify DNA using a PTC-200 DNA Engine (MJ Research).

If'i High fidelity PCR was performed using ProofStart® DNA Polymerase (Qiagen)

\'w according to the manufacturer's instructions. Reactions were performed in a lOOjil

' :i volume containing approximately 60-100ng of genomic DNA or 1-4 ng of plasmid

\:% DNA, 1 |LIM of each primer, 300 |iM dNTPs (MBI) and 5 units of enzyme. The

{,;•;£ temperature program routinely used consisted of an initial Activation step of 5 min

y | at 95°C followed by 10-35 cycles of Denaturation at 94°C for 30 sec, Annealing at

"̂5 45-55°C for 30 sec (dependent upon annealing temperature of primers used) and

r/l Extension at 72°C for 30 sec.

i
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2.6.4 Ligation of DNA Fragments

DNA fragments were ligated for cloning using T4 DNA ligase (Promega)

according to the manufacturer's instructions. Routinely, DNA fragments vector and

insert were incubated at a ratio of 1:5 with 3 units of T4 DNA polymerase and 0.1

volumes of lOx ligase buffer supplied by the manufacturer. Ligations were carried

out at room temperature for 3 hr or O/N at 16°C.

2.6.5 Reverse Transcriptase-PCR (RT-PCR)

Reverse transcriptase was performed with the Superscript I I Kit (Gibco BRL)

according to the manufacturer's instructions. Briefly, a mixture containing 3 \IQ of

RNA and 0.5 ng of oligo (dT)17 was heated to 70°C for 10 min and cooled on ice.

4 jil of 5x first strand buffer (250 mM Tris-HCI, pH 8.3, 375 mM KCI, 15 mM MgCI2),

2 jil of 0.1 M DTT, 2 \i\ of 5 mM dNTPs and 1 \i\ of RNase inhibitor (Promega) was

added to the mixture and the reaction incubated at 42°C for 2 min. Following the

addition of 1 \i\ of Superscript I I RNase H" Reverse Transcriptase (RT), the reaction

was incubated at 42°C for a further 50 min. The reaction was inactivated at 70°C

for 15 min, boiled for 5 min and diluted to 40 \i\ with dH2O before being stored at -

20°C. As a negative control, a parallel reaction was set up w^nout the addition of

oligo (elT)i7 and RT. PCR reactions were performed as described in Section 2.6.3

using 1 \i\ of reverse transcribed complementary DNA (cDNA).

7V

2.7 Site Specific Recombination Using GATEWAY Cloning

Technology

All reagents used with the GATEWAY™ Cloning Technology were supplied by

Life Technologies.

7V

2.7.1 Modification ofpMAL vector to GATEWAY Destination Vector
pMAL-c2 (NEB) was modified to a GATEWAY™ Destination Vector in

accordance with manufacturer's instructions. Firstly pMAL-c2 was digested with

EcoRI and Hindlll (Section 2.5.8) and blunt end filled (Section 2.5.6). 50ng of

vector and 10 ng of cassette b were ligated (Section 2.6.4) and used to transform

DB3.1 heat shock competent cells (Section 5.1.2). Transformations were spread

onto LB plates containing chloramphenicol (Section 2.2) and screened using

standard techniques (Section 2.9). The resulting pDEST-MAL vector was

designated pMC925.
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2.7.2 Purification of GATEWAY Vectors

GATEWAY™ Vectors were purified using the Concert™ Purification System

(Life Technologies) according to the manufacturer's instructions. pDEST-MAL

(pMC925) was linearised with EcoRI and pDONR201 was checked for majority

supercoiled DNA. Preparations were quantified by spectrophotometry (Section

2.5.7) and used for BP and LR Reactions.

2.7.3 Purification of attB PCR Products

K£ 100 nl attB PCR reactions were resuspended in 150 ul of TE (10 mM Tris, 1

j ' : : | mM EDTA, pH8.0) and 30% PEG 8000/30 mM MgCI2. Reactions were mixed and

centrifuged at room temperature for 15 min at 10,000 g. The supernatant was

l-M removed and the DNA dissolved in 50 ul TE.

2.7A Cloning of PCR products via a BP Reaction

BP reactions were performed in accordance with manufacturer's instructions.

Briefly, 4 ul of BP Reaction Buffer, up to 500 ng of attB-PCR product, 300 ng of

pDONR201 vector, 4 jil of BP Clonase Enzyme Mix and TE up to 20 ul were

incubated at 25°C for 1 hr. 2 ul of Proteinase K Solution was added and reactions

further incubated for 10 min at 37°C. 1 \i\ of reactions was used to transform DH5a

heat shock competent cells (Section 5.1.2) and plated onto LB plates containing

[•:'| kanamycin (Section 2.2). Resulting kanamycin resistant colonies should contain

h3 entry clones and were screened using standard techniques (Section 2.9).

hi
jS 2.7.5 Creation of Expression Clones via a LR Reaction

i,;J LR reactions were performed in accordance with manufacturer's instructions.
• \ * .

|;f'.̂  Briefly, 4 ul of LR reaction buffer, 100-300 ng Entry Clone, 300 ng destination
tV1"
H# vector, 4 ul of LR CLONASE Enzyme Mix and TE up to 20 ul volume were incubated
L •

ff-$ at 25°C for 1 hr. 2 ul of Proteinase K Solut ion was added and reactions fur ther

[.]& incubated for 10 min at 37°C. 1 ul of the reaction was used to t ransform DH5a heat

FA shock competent cells (Section 5.1.2) and transformat ions plated onto LB plates

«-.£ containing ampici l l in (Section 2.2). Resulting ampicil l in resistant colonies should

j ' j | contain Expression Clones and were screened using standard techniques (Section

£ | 2.9).
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2.7.6 Cloning of PCR products and Creation of Expression Clones

via the "one tube" protocol

PCR products were cloned directly into destination vectors via a two step

reaction in a single tube. Briefly, the BP reaction (Section 2.7.4) was performed at

25°C for 3-4 hr and 1 fil of 0.75 M NaCI, 3\x\ of 150ng/^l Destination vector and 6 \i\

of LR CLONASE Enzyme Mix added to the reaction. 5 \x\ of this reaction was

removed and incubated with 0.5 til of proteinase K solution for 10 min at 37°C and

1 1̂ used to transform DH5oc heat shock competent cells (Section 5.1.2) for the

recovery of entry clones. The remaining 25 jil of reaction mixture was incubated at

25°C for 1-2 hr. 2.5 \i\ of Proteinase K Solution was added to the mixture and

incubated at 37°C for 10 min before 1 \x\ was used to transform DH5a heat shock

competent cells for the recovery of expression clones. Transformations containing

the Entry Clones and Expression Clones were plated onto LB plates containing

i'% kanamycin and ampicillin, respectively (Section 2.2).

ti 2.8 Transformation Procedures

V% 5.1.1 Preparation of Heat Shock rubidium chloride-competent

; /? E. coli
' - i
[•"$ Rub id ium ch lor ide (RbCI ) -competen t E. coli DH5a (Bethesda Research) and

f '# BL21 (DE3) (Novagen Inc.) cells were prepared using the method described by

;•'*] Hanahan (1985) . The appropriate E. coli strain was subcultured on SOB (10 mM

|. ;) NaCI, 2.5 mM KCI, 2 % (w/v) Tryptone, 0 .5% (w/v) Yeast Extract) agar and grown

f'\ at 37°C for 16-20 h. Ten colonies were resuspended in 1 ml of SOB broth, mixed

' ':| thoroughly by vortexing and subsequently used to inoculate a 2 L flask containing

Hj 100 ml of SOB broth, to which 1 ml of a Mg2+ solution (1 M MgCI2/ 1 M MgS04) had

V$ been added. The cells were grown at 37°C with moderate agitation until the

\/} turbidity of the culture at 600 nm was 0.3. The culture was then transferred to

l;2 sterile 50 ml tubes and chilled on ice for 10-15 min. The tubes were then

\\'i centrifuged at 12,000 g for 15 min at 4°C, the supernatant was discarded and the

;'.-| cell pellet thoroughly drained by inverting the tube. The pellet was resuspended in

[7"}. 0.33 volumes of filter sterilised RF1 (10 mM RbCI, 50 mM MnC!2, 30 mM potassium

!•*.§ acetate, 10 mM CaCI2, 15% glycerol, pH 5.8), mixed by moderate vortexing and

'ft incubated on ice for 1 h. The cells were centrifuged as before and the resulting cell

1:3$ pellet was resuspended in f i l ter steri l ised RF2 (8 mM RbCI, 75 mM CaCI2, 10 mM 3-

? | | (N-Morphol ino) propane-sul fonic acid (MOPS), 1 5 % glycero l , pH 6.8) to 1/12.5 of
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the original volume. The suspension was then incubated on ice for 15 min,

dispensed as 100 1̂ aliquots into pre-chilled microfuge tubes and snap frozen in a

dry ice/ethanol bath, The cells were stored at -70°C until use.

5.1.2 Transformation of Heat Shock competent E. coil

DNA was preincubated with the heat shock competent cells for 30 min on

ice. Heat shock was performed at 42°C for 90 sec and followed by 2 min on ice.

Cells were immediately resuspended in 500 jil of SOC medium and incubated at

37°C for 1 hr. Aliquots of the transformation mix were plated onto antibiotic

supplemented solid LB media, with the addition of X-gal as required and incubated

at 37°C O/N.

2.9 Screening of Recomhinant Bacterial Clones

Appropriate antibiotic resistant bacterial clones were initially screened for

plasmid content using the small scale alkaline lysis method of plasmid isolation

(Section 2.5.1) and consequent restriction endonuclease digests (Section 2.5.8).

After resolution of the digested fragments in an agarose gel and observation of the

anticipated size insert, possible clones were selected for further analysis.

In instances were cloning frequency was low, large numbers of antibiotic

resistant clones were screened using the crackirg gel procedure (Section 2.5.9).

Possible clones were confirmed using nucleotide sequencing (Section 2.9.1).

2.9.1 Automated Nucleotide Sequencing

Nucleotide sequencing was performed in accordance with PRISM Ready

Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems).

Following thermal cycling, dye terminator products were ethanol precipitated prior

to resolution using 373A DNA sequencer STRETCH (Applied Biosystems).

2.9.2 Computer Aided Analysis of DNA sequences

Nucleotide sequence data was analysed using Sequencher™ 3.1.1 (Gene

Codes Corporation, Ann Arbor, USA). Oligonucleotide primers were designed with

the aid of Amplify 1.2 (William Engels, University of Wisconsin, USA). Nucleotide

sequences were compared to sequences in Genbank and The Institute for Genomic

Research (TIGR) using BLASTN (Altschul etal., 1997).
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2.10 Cloning Procedures for Cloning PfEMP3 fragments

2.10.1 Cloning ofPfEMP3 fragments

PCR primers were designed for the cloning of PfEMP3-FI, -FII, -F i l l , -FIV and

-FV into a pMAL vector. Primers and cloning procedures are outlined in Appendix 3

and 2, respectively and procedures were performed by V. Gatzigiannis and J.

Bettadapura (Monash University). Resultant clones were pMC754, pMC755,

pMC756, pMC757 and pMC758, respectively.

2.10.2 Cloning ofPfEMP3-FI Sub-Fragments

PCR primers were designed for the cloning of PfEMP3-FIa and -Fib into a

pMAL vector. Primers and cloning procedures are outlined in Appendix 3 and 2,

respectively and procedures were performed by J. Bettadapura (Monash

University). Resultant clones were pMC798 and pMC799, respectively.

2.10.3 Cloning of PfEMP3-Fla Sub-Fragments

PCR primers were designed for cloning of four PfEMP3-FIa sub-fragments,

PfEMP3-FIa.l, -FIa.2, -FIa.3 and -FIa.4. Forward primers contained a BamHl site

and reverse primers contained an frcoRI site and a stop codon. Primer pairs for

each of the fragments were p766/p994, p995/p996, p997/p998 and p999/p942,

respectively (primers designed by K. Waller, Monash University). Using these

primers, PCR fragments were amplified from pMC798 and single products resolved

by agarose gel electrophoresis. Bands were excised from the gel and purified by

the geneclean method. Ends were modified to blunt ends and fragments ligated

into Smal pUC18 via a standard ligation reaction (Sections 2.5 and 2.6). E. coli

DH5a cells were transformed to ampicillin resistance and resultant colonies

screened for clone^ containing an insert of the correct size (Sections 2.8 and 2.9).

For each sub-fragment, a single pUC18 clone was chosen, pMC839, pMC841,

pMC843 and pMC845 respectively, and digested BamHl/EcoRl. Digested DNA was

run on an agarose gel, the appropriate band cut from the gel and purified using the

geneclean method. Fragments were ligated with modified pMAL vector pMC629 and

used to transform E. coli DH5a cells to ampicillin resistance. Resultant colonies

were screened for the correct size insert using restriction digests and possible

clones were used in sequencing reactions to confirm both the sequence and reading

frame of the insert.
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Clones, pMC840, pMC842, pMC844 and pMC846 were used to transform

E. coli BL21(DE3) to ampicillin resistance and resultant strains RCM1222, RCM1225,

RCM1228 and RCM1231 were used for protein expression and purification (Section

2.16).

2.10.4 Cloning of PfEMP3-Fla.1 Deletion

PfEMP3 HaAFIa.l region was PCR amplified from 3D7 gDNA using primers

p995/p942 and cloned into the pMAL modified vector pMC629 using the procedure

outlined in Section 2.10.3. The resultant clone, pMC903 was used to transform E.

coli BL21(DE3) to ampicillin resistance and the resultant strain RCM1222 used for

protein expression and purification (Section 2.16).

2.10.5 Cloning ofPfEMP3 N-Terminal Deletions

Primers (p l lO7, pl lO8 and p l lO9, respectively) were used in conjunction

with reverse primer p l l l O for PCR amplification of N-terminal deletions of PfEMP3.

All four primers were designed with attB sites for use with GATEWAY™ Cloning

Technology. For cloning into pMAL with site specific recombination using the

GATEWAY™ Cloning Technology, the pMAL-c2 vector was converted to a destination

vector (Section 2.7.1), resulting in pDEST-MAL (pMC925).

Following PCR amplification, gene fragments were purified using PEG/MgCb

(Section 2.7,3) and used to create entry clones via a BP reaction with the

pDONR201 vector (Section 2.7.4). Subsequent entry clones, pENTR201-FIaA15,

pENTR201-FIaA29 and pENTR2Ql-FIaA45 (pMC932, pMC933 and pMC934,

respectively) ><vere used to create expression clones via a LR reaction using the 'one

tube protocol' (Section 2.7.6) with pDEST-MAL Clones, pEXPMAL-FIaAl5,

pEXPMAL-FIaA29 and pEXPMAL-FIaA45 (pMC941, pMC942 and pMC943,

respectively) were used to transform E. coli BL21(DE3) competent cells to ampicillin

resistance and subsequent strains (RCM1382, RCM1385 and RCM1388,

respectively) were used in protein expression and purification as described in

Section 2.16.

2.10.6 Cloning of PfEMP3-Fla.1 Sub-Fragments

The pMAL-c2 vector was modified for this cloning procedure to create a stop

codon at the end of the multiple cloning site. pMAL-c2 vector was digested

EcoRI/Xbal and then blunt end filled. Blunt ends were then religated, recreating

the EcoRI site and creating a stop codon directly preceding this site. This new

vector is designated pMC910. Oligonuclotides pl211 and pl212 were annealed
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(Section 2.6.2) to create a double stranded DNA fragment consisting of the

nucleotides of PfEMP3 second exon that encode residues 16-29 and a sticky ended

EcoRI site at either end. This fragment was ligated into pMC910 and a clone was

selected by standard procedures (Section 2.9). PfEMP3-16-45, -16-60 and -1-16

were PCR amplified from pMC798 DNA using the oligonucleotide pairs

p!236/pl237, pl236/pl238 and pl245/pl246. PCR product was purified using

paper elution and digested with EcoRl/Hindlll and ligated into EcoRl/H/ndlll pMAL-

c2 vector. Clones were screened and selected as described in Section 2.9. Clones

for PfEMP3-16-29, -16-45, -16-60 and -1-16, designated pMC990, pMC1009,

pMClOlO and pMClOl l , respectively were used to transform E. coli BL21 (DE3) to

ampicillin resistance and resultant strains (RCM1457, RCM1483, RCM 1485 and

RCM1487, respectively) were used in protein expression and purification as

described in Section 2.16.

2.11 Cloning ofPf332 Fragments

For cloning into pMAL vectors, the Pf332 gene was divided into 23 gene

fragments. Three fragments from the first exon are designated E l , E2 and E3,

where E represents the first exon. Twenty fragments from the second exon are

designated 1 through 20. For each of the second exon fragments oligonucleotides

primers were designed in the forward and reverse orientation that included an

EcoRI site and an attB site ( p l l 59 -p l l 99 ) . This allowed for site specific

recombination using GATEWAY™ Cloning Technology (Section 2.7), as well as the

ability to utilise the EcoRI site for conventional cloning procedures (Section 2.5 and

2.6). Oligonucleotides were designed for fragment E l , E2 and E3 (pl353/pl354,

pl365/pl438 and pl439/pl356, respectively) which included a BamHI site in the

forward oligonucleotide and a Xhol site in the reverse oligonuclotide for the cloning

of these three fragments into a pMAL vector using conventional cloning procedures.

Figure 2.1 shows a flow diagram describing the various cloning procedures

as discussed below.

2.11.1 Cloning with Site Specific Recombination Using GATEWAY™

Cloning Technology

Initially fragments from the second exon were PCR amplified from 3D7

genomic DNA and gene fragments purified using PEG/MgCI2. Purified gene

fragments were used to create entry clones via a BP reaction with the pDONR201

vector. Entry clones were obtained for fragments 1, 3, 5, 8, 9, 10 and 12
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designated pDONR201-Pf332-fragl, pDONR201-Pf332-frag3, pDONR201-Pf332-

frag5, pDONR201-Pf332-frag8, pDONR201-Pf332-frag9, pDONR201-Pf332-fraglO

and pDONR2Ql-Pf332-fragl2 (pMC97Q-976, respectively). Due to difficulties using

the GATEWAY™ Cloning Technology to obtain an entire set of entry clones,

conventional procedures were then used to clone the fragments into a pMAL vector

2.11.2 Cloning using Conventional Procedures

Following amplification, products for fragments 2, 4, 6, 7, 11, 13, 14 and

16-19 were run on agarose gels and purified using the geneclean method. Purified

fragments were digested with EcoRl and repurified with Phenol/Chloroform followed

by isopropanol precipitation (Sections 2.5 and 2.6). Resultant fragments were

iigated with EcoRl pMC901 (pMAL vector modified to contain a stop codon following

the EcoRl site) (Section 2.10.6). Clones were screened for those with inserts using

standard procedures (Section 2^9). Clones with correct size insert were sequenced

and subsequent clones designated pMC1053, pMC1055, pMC1057, pMC1058,

pMC1062, pMC1064, pMC1065, pMC1068, pMC1069, pMC1070 and pMC1071,

respectively.

For fragments 15 and 20, the above method was performed on three

occasions and with over 100 colonies screened, no clones containing the correct

size insert were isolated. Therefore, fragments were modified to blunt ends

(Section 2.5.6) and repurified with Phenol/Chloroform followed by isopropanol

precipitation. Resultant fragments were ligated with Smal pUC18 and screened

using standard procedures. Resultant clones, pMC1066 and pMC1072 were

digested with EcoRl and the Pf332 gene fragment purified by geneclean. This

fragment was used in a ligation with EcoRl pMC910 and resultant clones screened

using standard procedures. Clones with correct size insert were sequenced and

subsequent clones designated pMC1067 and pMC1073.

In addition to this, entry clones from Section 5.4.1 were used to create

clones for fragments 1, 3, 5, 8, 9, 10 and 12 that did not contain sequence from att

sites. pMC970-976 were digested with EcoRl and the resultant Pf332 gene

fragment was purified as described above. Gene fragments were ligated with

pMC910 and resultant clones screened using standard procedures. Clones for

fragments 1, 3, 5, 8, 9, 10 and 12 were designated pMC1052, pMC1054, pMC1056,

pMC1059, pMC1060, pMC1061 and pMC1063.

Pf332 fragments E l , E2, and E3 were PCR amplified and fragments purified

by geneciean. Fragments were then digested with BamHl and Xhol before

repurification by Phenol/Chlorophorm and Isopropanol precipitation. Fragments

were ligated with pMC629 (pMAL-c2 vector with modified multiple cloning site) and
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cloned were screened using standard procedures. Clones for fragments E l , E2 and

E3 were designated pMC1189, pMC1191 and pMC1192.

2.12 Sodium Dodecyl Sulphate-Polyacrylamide Gel

Electrophoresis (SDS-PAGE)

2.12.1 Preparation of Recombinant Protein Samples

Samples for SDS-PAGE were prepared in reducing 2x sample buffer (20%

(v/v) glycerol, 1 % (w/v) SDS, 25% (v/v) stacking gel buffer, 0.1 mg/ml

bromophenol blue, plus 2% (v/v) 14.3M 2-mercaptoethanol). Dilutions of purified

recombinant proteins were prepared and 2 ^g of recombinant protein was loaded

onto SDS-PAGE for Coomassie Brilliant Blue staining and 50 ng of recombinant

protein was loaded onto SDS-PAGE for immunoblot analysis. All samples were

boiled for 5 min prior to loading along side Precision markers (BioRad).

2.12.2 Preparation of Samples from P. falciparum Infected

Erythrocytes

Both washed erythrocytes and mature parasitised erythrocytes purified by

Percoll density gradients (Section 2.4.6) were resuspended 1/10 in reducing 2x

sample buffer for resolution on SDS-PAGE.

Alternatively, mature parasitised erythrocytes purified using Percoll density

gradients (Section 2.4.6) were extracted with Triton X-100 (t-

octylphenoxypolyethoxyethanol) to separate soluble and insoluble proteins. 45 fil

of purified infected erythrocytes were extracted in 1.5 ml of 1 % (v/v) Triton X-100

in the presence of the Complete, Mini protease inhibitor cocktail (Roche) for 10 min

on ice. Samples were spun at 12,000 g for 5 min and supernatant transfer to a

new tube. Pellet was resuspended 1/10 in reducing 2x sample buffer and

supernatant diluted 6/1 in reducing 6x sample buffer (30% (v/v) glycerol, 4%

(w/v) SDS, 70% (v/v) stacking gel buffer, 0.3 mg/ml bromophenol blue, plus 2%

(v/v) 14.3M 2-mercaptoethanol)

2.12.3 SDS-PAGE

SDS-Page was performed using a Mini-PROTEAN® I I I CELL (BioRad) in

accordance with the manufacturer's instructions in SDS-PAGE running buffer ( 1 %

(w/v) SDS, 12.5 mM Tris and 96 mM glycine). Resolving gels of 7.5 % (w/v), 10 %

and 12 % polyacrylamide were used in this study. Polyacrylamide gels were

poured usmg the appropriate volume of 40% (w/v) acrylamide stock (37.5:1,
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acrYlamide:N,N'-methy!ene-bis-acrylamide) (BioRad), 0 . 1 % SDS, 375 mM Tris-HCI,

pH 8.8, 0 . 1 % ammonium peroxodisulfate and 1 nl/ml N,NfN'N'-Tetra-

methylethylenediamine (TEMED). Once poured, the resolving gel was overlayed

with water-saturated butanol (equal volumes of Tertiary butanol and ddH2O). Once

the resolving gel was set, water saturated butanol was washed away with ddH2O

and & 4% (w/v) polyacrylamide stacking gel poured using the appropriate volume

of 40% (w/v) acrylamide stock, 0 . 1 % SDS, 125 mM Tris-HCI, pH 6.8, 0 .1%

ammonium peroxodisulfate and 1 fil/ml TEMED. Gels were run at 100-200 volts for

1-2 hr or until samples had just run off the gel.

2.12.4 Acrylamide/Agarose Composite SDS-PAGE

Acrylamide/Agarose composite gels were performed for the resolution of

large proteins and performed as described by Wiesner et aL (1998) with

modifications. 0.5% agarose was dissolved in 375mM Tris, pH 8, allowed to cool at

55°C and made up to volume with 3% acrylamide (37.5:1, acrylamide:,N'-

methylene-bis-acrylamide), 0 . 1 % SDS, 0 .1% Ammonium peroxodisulfate and 1 | i l /

TEMED. Gels were poured (without a stacking gel) and run as per Section 2.12.3.

2.13 Coomassie Brilliant Blue Staining of Polyacrylamide Gels

Coomassie Brilliant Blue stain (0.15% (w/v) Coomassie Brilliant Blue, 25%

(v/v) isopropanol, 7% (v/v) glacial acetic acid) was used to visualise proteins on

polyacrylamide gels. Gels were typically stained in Coomassie Brilliant Blue stain

for 30-60 mins and destained in Coomassie destain (10% (v/v) glacial acetic acid

and 40% (v/v) methanol). Gels were soaked in water before drying between wet

cellophane for permanent storage.

2.14 Immunohlotting

lmmunoblotting was used in this study for the detection of specific proteins.

The method used was that recommended by NEN™ Life Science Products.

Electrophoretic transfer of proteins from SDS-PAGE gels to Polyscreen® PVDF

Transfer Membrane (NEN™) was achieved using a Trans Blot® Cell (BioRad)

containing transfer buffer (0.19 M glycine, 10% (v/v) methanol and 25 mM Tris-

HCI, pH 8.3) at 75-100 volts for 1-4 hr at 4°C, in accordance with the

manufacturer's instructions. For large proteins 0.01-0.02% SDS was added to the

transfer buffer. The membrane was then placed a blocking buffer of 5% (w/v) skim

milk powder in TBS-Tween 20 (0.15 M NaCI, 0.05 M Tris-HCI, pH 7.4 containing

0.05% (v/v) Tween-20 (Polyoxyethylene-20-Sorbitan Monolaurate) (Amresco)).

Blocking was conducted for Ih at room temperature or O/N at 4°C.
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Detection of immunoblots was in accordance with manufacturer's

instructions using Renaissance® Western Bot Chemiluminescence Reagent (NEN™).

Fuji Medical X-ray film was exposed to the membrane (5 seconds to 1 hr) and the

film developed using a Fuji FPM-100A Film Processor.

2.15 Antisera

Antisera used in immunoblotting (Section 2.14) were diluted in 3% (w/v)

BSA/TBS-Tween 20. Uses, dilutions and the source of antisera are detailed in

Appendix 4.

2.16 Recomhinant Protein Expression

IS

2.16.1 Expression and Purification ofMBP Fusion Proteins

pMAL plasmid constructs were used for the large scale expression and

purification of MBP fusion proteins as described by Ausubel et al., 1994.

Starter cultures of Superbroth were inoculated with the BL21 (DE3) strain

containing the appropriate pMAL plasmid construct and incubated O/N at 37°C with

shaking. Superbroth cultures were inoculated 1/10 with starter cultures and

incubated for 1.5 hr or until A6Oo = 0.5-0.6. Following induction of cultures with

0.1-lmM IPTG, cultures were incubated for a further 3 hr at 37°C or O/N at 16°C.

The cells were then centrifuged at 10,000 g for 10 min, at 4°C, in a RC5 Sorvall

centrifuge using a GSA rotor. Following a wash with l x Column buffer (20mM Tris,

0.2M NaCI, lmM EDTA, pH 7.4), the pellet was frozen at -70°C O/N.

Thawed cells were resuspended in Column Buffer before disruption using a

French Pressure Cell with between 8000-9000LBS/square inch. Lysate was

centrifuged at 17,000 g, for 15 min, at 4°C in a RC5 Sorvall centrifuge with an SS34

rotor. Supernatant was transferred to a new SS34 tube and re-centrifuged before

binding to Amylose Resin.

Amylose Resin was prepared by taking 2ml of the Amylose Resin Slurry

(NEB) and performing 3x washes in Column Buffer with centrifugation at 600 g for

5 min at 4°C. Recombinant MBP Fusion Proteins were bound to the Amylose resin

by incubation of the supernatant from French Pressure Cell lysate with the Amylose

Resin for 1 hr at 4°C with rotation.

Following 3x washes with Column buffer with centrifugation as above, the

Amylose Resin was allowed to settle in a 2.5xl0cm column. Once settled, excess

Column Buffer was allowed to flow through the column. Recombinant MBP fusion

proteins were eluted with 10ml Column Buffer/1 OmM Maltose, lOx 1 ml fractions
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were collected and purified proteins resolved using SDS-PAGE and proteins

visualised with Coomassie stain.

2.16.2 Expression and Purification of GST Fusion Proteins

Large scale expression and purification of GST fusion proteins was carried

out on pGEX plasmid constructs as outlined for MBP fusion proteins (Section

2.16.1). PBS (10 mM NA2HPO4/NaH2PO4, pH 7.4, 0.15 M NaCI) was used instead of

Column buffer and Glutathione Agarose were used to bind the GST fusion proteins.

GST fusion proteins were eluted in 10 ml of 50 mM reduced glutathione and

100 mM Tris, pH 9.4.

2.16.3 Dialysis of Recornbinant Proteins

Following purification, peak fractions of recombinant proteins were pooled

and then dialysed against l x PBS, The appropriate dialysis tubing was chosen

given the protein molecular weight and volume of solution. Tubing was then pre-

soaked in H2O for 15 mins. One end of the tubing was sealed and the tubing

checked for leaks, before the addition of protein and sealing of the second end.

Dialysis was carried out with an O/N incubation, followed by a change in buffer and

a further 3 hr incubation.

2.16.4 Concentration of Recombinant Proteins

Recombinant proteins were concentrated through an Ultrafree®-15

Centrifugal Filter Device (Millipore Corporation) with a 30 K Nominal Molecular

Weight Limit by centrifugation at 2000 g at 4°C. Proteins were concentrated down

to between 100 nl and 2 ml, dependent on the amount of protein In solution. Total

protein concentration was determined using the Bradford Assay (BioRad) as per the

manufacturer's instructions.

2.17 Preparation of Inside-out Vesicles (lOVs)

Inside-out Vesicles were prepared by the vesiculation and resealing of

ghosts prepared from human erythrocytes, adapted from the procedure described

by Steck & Kant, 1974.

Approximately 5ml of packed whole blood collected from healthy individuals

was resuspended to 10 ml in incomplete RPMI media and centrifuged at 2000 g for

5 min. Plasma supernatant and the buffy coat layer were removed and discarded.

The pelleted erythrocytes were resuspended once again to 10 mi with

Incomplete RPMI Media and centrifuged at 1000 g for 5 min. Supernatant and

remaining buffy coat were removed and discarded and the wash repeated twice
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more. Pelleted erythrocytes were finally washed in l x PBS and centrifuged for 5

min at 650 g and the supernatant discarded.

Approximately 1 ml of washed erythrocytes were transferred to a glass

Corex tube and lysis initiated by the addition of 20 ml of ice cold 5 mM Phosphate

Buffer, pH 8.0. Erythrocytes were resuspended by inversion ten times and

centrifuged in a RC5 Sorvall centrifuge at 12,000 g in a SS34 rotor, for 10 min, at

4°C. The supernatant was discarded and the lysis step was repeated three times or

until all haemoglobin depleted and ghosts were a creamy white colour.

Once the ghosts were clean, the membranes were transferred to a new glass

Corex tube leaving behind the f& laminating protease pellet that forms under the

membranes upon centrifugation. /he membranes were rewashed in 20 ml of ice

cold 5 mM Phosphate Buffer, pH 8.0 and supernatant discarded.

To vesicularise the membranes are diluted in 20 ml ice cold 0.5 mM

Phosphate Buffer, pH 8.0 and incubated on ice for 30 min. The membranes were

then centrifuged at 12,000 g for 30 min at 4°C and veslcularised by passing

through a 21 gauge needle fairly aggressively 10 times.

10 ml of ice cold 0.5 mM Phosphate Buffer, pH 8.0 was added to

vesicularised membranes, mixed by inversion and centrifuged at 12,000 g for 20

min at 4°C. The supernatant was discarded and the pelleted IOVs resuspended in 2

ml of ice cold Incubation Buffer (IB) (183 mM NaCI, 5 mM KCI, 6 mM Na2HPO4, 5

mM glucose). IOVs were stored at 4°C and used within one week. For Protein

Interaction Assays, IOV preparations were then diluted 1/5 in IB.

2 AT A Preparation of IOVs from P. falciparum Parasitised

Erythrocytes (pIOVs)

Mature infected erythrocytes were isolated by Percoll gradient (Section

2.4.6) at more than 99% parasitised erythrocytes and used for preparation of

pIOVs. pIOVs were typically prepared as described for normal IOVs (Section 2.11)

from approximately 100 \L\ of parasitised erythrocytes. The resultant pIOVs

remained brown in colour and could not be separated from the contaminating

pellet. pIOVs were diluted in 200 ni of ice cold IB, stored at 4°C and used within

one week. For protein interaction assays, pIOV preparations were diluted 1/5 in IB.

2.18 Solid Phase Microtitre Plate IOV Interaction Assay

The IOV Interaction Assays were performed as previously described by Kun

et aL, 1999 and as briefly described below (Figure 2.2). All O/N incubations were

performed in a humidified box at 4°C.

58



I

2.18.1 Coating of Wells with lOVs

A 96-we!l microtitre plate was firstly prelabelled with the contents of each

set of triplicate wells. To the corresponding wells, 50 jil of IOVs (diluted 1/5) was

added to the first triplicate of wells and 50 \i\ Blocking Buffer (5% (w/v) BSA in IB)

added to the next triplicate set of wells before incubation O/N.

2.18.2 Blocking of Wells with Blocking Buffer

200

Aliquots of IOVs and BSA were aspirated and discarded. Into each well,

of Blocking Buffer was added and the plate incubated O/N.

2.18.3 Addition of Recomhinant Fusion Protein to the Wells

Aliquots of Blocking Buffer were removed from each well and each well was

washed twice with IB. 2-5 jig of interacting protein diluted to 50 |J of IB/0.05%

(v/v) Tween-20, was added to the appropriate wells and the plate incubated O/N.

2.18.4 Elution of Bound protein from Wells

Aliquots of protein were removed from the wells and each well washed 5x

with 200 jul of IB. Each triplicate set of interactions were eluted from the wells in a

total of 50 jil of pre-warmed (70°C) reducing 2x sample buffer, resolved using SDS-

PAGE (Section 2.12.3), transferred to PVDF membrane and detected using the

appropriate antibody in immunoblot analysis (Section 2.14).

2A9 Solid Phase Microtitre Plate Spectrin Interaction Assay

Spectrin interaction assay was performs as per IOV interaction assay

(Section 2.18). PBS was used instead of IB and 100-200ng of purified spectrin

from human erythrocytes (Sigma) was used to coat the wells of the microtitre

plate.

2.19.1 Competition Solid Phase Microtitre Plate Spectrin Interaction

Assay

Competition assays were performed as described in Section 2.19.

Recombinant fusion protein was preincubated with 10-200 fold molar excess of a

competing recombinant fusion protein before addition to the wells for 2 hr at 4°C.

Proteins were diluted in either PBS or PBS/0.05% (v/v) Tween 20.
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2.20 Interaction Assays using Resonant Mirror Detection

Biosensor

Protein-protein interactions were studied using the resonant mirror detection

method (Cush et al., 1993; George eta/, , 1995; Watts et al., 1994) of the IAsys™

(Affinity Sensors, Cambridge, U.K.). The dissociation constant (K(D)) was

determined by kinetic analysis using results from the binding assay as outlined

below (Nunomura et al., 1997). Spectrin and BSA were immobilised on an

aminosilane cuvette, which had been activated with d/s-(sulfosuccinirnidyi) suberate

(Pierce Chemical Co.) according to the manufacturer instructions, with slight

modifications. After immobilisation tha cuvette was blocked with 1 % (w/v) BSA in

PBS. All experimental procedures were carried out in PBS/0.05% Tween 20 at 25°C

under constant stirring. The association rate constant (ka) and the dissociation rate

constant {kd) were measured using the software package FASTfit™ (Affinity

Sensors). K(D)kin was calculated from Equation 1 (Cush et al., 1993; George et al.,

1995; Watts eta/., 1994)

K(D)kin = kdl'Ka (Eq.i)

Dissociation constants by scatchard analysis (K(D)Scat) were also derived from

the binding data. The maximal extent of binding (Req) at various concentrations of

[B] were derived from the binding curves.

MKmax - Keq) = /?eq/[B] (Eq. 2)

The slope of the plot of Req verses Req/[B] provides the value of -KA. K(D)Scat

is then calculated.

K(D)scat+V-KA (Eq. 3)

At least two cuvettes were used to determine the various binding constants,

and the derived values differed by less than 10% between the two measurements.

The cuvettes were reused after cleaning with HCI. Original binding curves could be

replicated after HCI washes, implying that the washing procedure did not denature

the bound ligand.

Z21 GST Pull Down Assays

GST pull down assays were used to identify proteins that bound to particular

GST fusion proteins. The GST fusion protein and a secondary protein were

preincubated at equal molar ratios (5 îM) and allowed to bind at room temperature

O/N with rotation in PBS/Complete, Mini protease inhibitor cocktail (Roche).

Proteins were allowed to bind 50 fil of Glutathione Agarose beads for 1 hr at 4°C,

the beads pelleted and the supernatant retained as the unbound supernatant

sample. The beads were washed in 3 times with 1 ml PBS and both the beads and

60



the unbound supernatant sample resuspended 1/2 in 2x reducing sample buffer.

Samples were boiled and equivalent amounts of supernatant and bead samples

loaded onto 10% SDS-PAGE (Section 2.12.3) for use in immunoblot analysis

(Section 2.14)

2.22 Actin Interaction Assays

Monomeric actin (from platelets) (Cytoskeleton) was polymerised to

0.4 mg/ml in the presence of 50 mM KG, 2 mM MgCI2, 1 mM ATP for 1 hr at room

temperature. F-actin (5 ^M) and recombinant MBP fusion proteins (5 \iM) were

incubated in PBS for 30 min at room temperature and then centrifuged at 25°C for

10 min at 313000 g in a Beckman Optima™ TLX ultracentrifuge using 8 TLA 120.2

rotor. The pellet was reconstituted into twice the original sample volume and equal

volumes of pellet and supernatant were run on SDS-PAGE (Section 2.12.3). Gels

were stained with Coomassie Brilliant Blue (Section 2.13) or transferred to PVDF for

immunoblot analysis (Section 2.14).

Immunoblots were analysed by densitometry performed on a Macintosh

computer using the public domain NIH Image program (developed at the U.S.

National Institutes of Health and available on the Internet at

http://rsb.info.nih.gov/nih-image/). The percentage protein in the pellet was

adjusted for reactions containing recombinant fusion protein alone as negative

controls. Each interaction was performed In at least two independent experiments.
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Figure 2 . 1 . Flow Chart Detailing the Cloning Procedures used for Pf332
Four procedures were used for cloning of Pf332 fragments into pMAL vectors. Initially GATEWAY Cloning Technology was used to create entry clones.
Due to the inability to obtain a full set of entry clones for Pf332, conventional cloning methods were then utilised. Conventional cloning method 1
described cloning of PCR products directly into pMAL utilising EcoRl sites present in the original attB primers. Conventional cloning method 2 describes
the cloning blunt end into pUC18 before shuttling of the fragment into EcoRl pMAL. Conventional cloning method 3 describes the cloning of PCR
products directly into pMAL utilising BamHI/Xhol site present in the exon 1 fragments. DNA from all clones was used to transform E. Coli BL21 (DE3)
cells to ampicillin resistance for use in expression and purification as MBP fusion proteins.



1. Coat wells with IOVs,
Spectrin or Recombinant
Fusion Protien

2. Block non-specific binding
with 5% BSA

3. Wash wells and add
Recombinant Fusion Protein

4. Wash to remove non binding
Recombinant Fusion Protein

0

5. Strip bound proteins from
from wells and detect using
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Figure 2.2. Schematic Representation of the Solid Phase
Microtitre Plate Interaction Assay
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ing Domains in PfEMPS That
Membrane Skeleton

Chapter 3 -
the

3.1 Introduction

A number of interactions between parasite proteins and the erythrocyte

membrane skeleton are important in the pathogenesis of A falciparum malaria. To

date, more than 10 parasite proteins have been described that are exported to the

erythrocyte membrane where they can interact with both erythrocyte membrane

proteins and with other exported parasite proteins (for a recent review see Cooke

et al., 2001). The most studied set of interactions involves the anchoring of PfEMPl

in the erythrocyte membrane skeleton via an interaction with KAHRP (Waller et al.,

1999; Oh et al., 2000; Waller et al., 2002). This, and other interactions between

KAHRP and spectrin, actm (Kilejian et al, 1991) and ankyrin (Magowan et al.,

2000) have been implicated in the ability of parasites to cytoadhere under flow

conditions (Crabb et al., 1997). Another important interaction occurs between

MESA and protein 4.1 (Lustigman et al., 1990; Coppel, 1992; Bennett et al., 1997;

Kun et al., 1999). This interaction may modulate the protein 4.1-p55 interaction

(Waller et al., 2003) and subsequent linking of the lipid bilayer to the membrane

skeleton through the protein 4.1-p55-glycophorin C ternary interaction (Marfatia et

al., 1995).

PfEMP3 is a 315 kDa parasite protein (Pasloske et al., 1993) that is

trafficked via Maurer's clefts to the membrane skeleton of parasitised erythrocytes

(Wickham et al., 2001). Here, PfEMP3 is distributed around the erythrocyte

membrane skeleton (Pasloske et al., 1993). To date, no function has been

assigned to PfEMP3, however, erythrocytes infected with parasites in which the

gene encoding PfEMP3 had been disrupted showed a reduced degree of erythrocyte

membrane rigidification (Glenister et al., 2002) and a slight reduction in the ability

to cytoadhere (Waterkeyn et al., 2000). Furthermore, parasites expressing a

truncated form of PEMP3, show reduced expression of PfEMPl on the erythrocyte

surface, suggesting a role for PfEMP3 in trafficking of PfEMPl to the erythrocyte

membrane (Waterkeyn etal., 2000).

Prior to this study, proteins at the parasitised erythrocyte membrane

skeleton with which PfEMP3 interacts were not known, however, it has been

suggested that C-terminal truncation of PfEMP3 may result in the loss of a domain

necessary for binding (Waterkeyn et al., 2000). The aim of this study was to

investigate the interaction of PfEMP3 with the erythrocyte membrane skeleton and

determine the precise domains within PfEMP3 that are responsible for mediating
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binding. Furthermore, using solid phase and kinetic binding assays, we aimed to

identify specific proteins at the erythrocyte membrane skeleton with which PfEMP3

interacts.

3.2 Identification of Domains Within PfEMP3 that Bind to the

Erythrocyte Membrane Skeleton

3.2.1 Cloning PfEMP3 Fragments into pMAL Vectors

To study interactions between PfEMP3 and the erythrocyte membrane

skeleton, recombinant fragments of PfEMP3 were created. The second exon of

PfEMP3 contains five defined regions, three repeat regions and two non-repeat

regions (Figure 3.1a). Due to the difficulty in cloning large P. fafciparum gene

fragments containing repeat regions (Coppel and Black, 1998), PfEMP3 was not

cloned as full-length gene. Instead, specific primers were designed for use in PCR

and resulting fragments used in cloning of the PfEMP3 second exon as five defined

regions. The first region (PfEMP3-FI) encompasses the 5' region of the second

exon and is non-repetitive. The next three regions (PfEMP3-FII, PfEMP3-FIIi and

PfEMP3-FIV) each encompass one of the three repeat regions of PfEMP3. The fifth

region (PfEMP3-FV) encompasses the 3' region of the gene and is non-repetitive.

All fragments were cloned separately into pMAL-c2 or modified pMAL vector

pMC629 by V. Gatzigiannis and J. Bettadapura (Monash University) as detailed in

Section 2.10.1. pMAL E. coli cloning vectors are used in creating fusions between

the cloned gene and the E. coli malE gene, which encodes maltose binding protein

(MBP). Constructs can be used in the expression and purification of MBP fusion

proteins, utilising the ability of HBP to bind amylose (Ausubel et al., 1994). Both

PfEMP3-FII and -FIV were cloned as representative repeat fragments due to

difficulty in design of unique primers for the regions ~nd subsequent difficulty in

amplification of distinct full length PCR products.

3.2.2 Expression and Purification of MBP-PfEMP3 fusion proteins

E. coli BL21(DE3) was transformed to ampicillin resistance using pMAL-c2,

PMC754, pMC755, pMC756, pMC757 and pMC758 for the expression and

purification of MBP, MBP-PfEMP3-FI, -Fl i , -F i l l , -FIV and -FV, respectively.

Bacterial strains were grown in superbroth and protein expression induced with

imM IPTG. Proteins were purified, dialysed extensively against PBS, concentrated

in centrifugal concentrators and protein concentration determined using the
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Bradford assay as described in Section 2.16. Approximately 2 î g and 50 ng of

protein were resolved on 10% poiyacrylamide gels and visualise either by

Coomassie Brilliant Blue staining or transferred to PVDF for immunoblot analysis

detected using anti-MBP antiserum (Figure 3.1b and 3.1c) (as described in Section

2.12). Recombinant protein was purified from all five strains and in addition to the

predicted full-length protein, a number of smaller molecular mass MBP fusion

proteins were co-purified. Full-length MBP resolved just below the predicted size of

50.8 kDa (Figure 3b and 3c, tone 1). MBP-PfEMP3-FI showed only a small

proportion of full-length protein at the predicted size of approximately 108 kDa

(Figure 3.1b, lane 2). The full-length protein could be transferred and detected

using anti-MBP antiserum, however longer exposures than that shown in Figure

3.1c (lane 2) were required for visualisation by immunoblot (data not shown).

MBP-PfEMP3-FII purified as predominantly full-length protein and resolved at

approximately 105 kDa (Figure 3b and 3c, lane 3), well above the predicted size of

approximately 80 kDa. This phenomenon is often see with malaria proteins and is

thought to be a consequence of charged repeat regions (Coppel et al., 1994). M8P-

PfEMP3-FIII, -FIV and -FV were purified as predominantly full-length proteins that

resolved approximately at their predicted size of 71 kDa, 55 kDa anJ 51 kDa,

respectively (Figure 3b and 3c, lanes 4, 5 and 6, respectively).

3.2.3 Binding of PfEMP3 Fragments to lOVs

MBP-PfEMP3 fusion proteins were incubated with IOVs to determine their

ability to bind to the erythrocyte membrane skeleton. IOVs were prepared from

human erythrocytes (Section 2.17), coated onto the wells m triplicate and following

blockish, 4 ng total protein of each MBP-PfEMP3 fragments (MBP-PfEMP3~FI, -FII, -

Fi l l , -FIV and -FV) were added and allowed to bind. Bound protein was eluted from

the wells (Section 2.18), resolved on 10% poiyacrylamide gels, transferred to PVDF

and detected by immunoblot analysis using anti-MBP antiserum (Section 2.12).

Initial interaction assays were performed by V. Gatzigiannis and J. Bettadapurra

(Gatzigiannis, 1999). These assays were repeated and confirmed in this study. A

representative immunoblot is shown in Figure 3.2b. A binding domain within

PfEMP3-FI was detected as seen by elution of bound MBP-PfEMP3-FI from wells

coated with IOVs (lane 3). As described for the purified MBP-PfEMP3-FI protein

(Section 3.2.2), full-length fusion protein was only detected following overexposure

of the immunoblots (data not shown). A low intensity band was also detected for

MBP-PfEMP3-FV binding to wells coated with IOVs (lane 11). MBP, MBP-PfEMP3-FII,

-Fil l and -FIV did not bind wells coated with IOVs (lanes 1, 5, 7, and 9,
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respectively). None of the proteins bound to wells coated with BSA (lanes 2, 4, 6,

8, 10 and 12).

These data indicated a specific interaction between the erythrocyte

membrane skeleton and the 551 residues encoded by the 5' region of the second

exon of PfEMP3 (PfEMP3-FI). These data also indicated a possible interaction

between the erythrocyte membrane skeleton and the 74 residues encoded by the 3'

region of the second exon of PfEMP3 (PfEMP3-FV). This interaction was always

detected, but was consistently of lower intensity.

3.3 Identification of Binding Sub-Fragments Contained Within

PfEMP3-Fl

3.3.1 Cloning, Expression and Purification of PfEMP3-Fla and

PfEMP3-Flh

To further define the binding domain within PfEMP3-FI, the fragment was

divided into two sub-fragments (PfEMP3-FIa and PfEMP3-FIb) (Figure 3.3a).

Fragments encompassing this region were cloned into a modified pMAL vector

pMC793 to create pMC798 and pMC799 by J. Bettadapura (Monash University)

(Section 2.10.2). E. coli BL21(DE3) was transformed to ampicillin resistance by

pMC798 and pMC799 and used in protein expression and purification as described

in Section 3.2.2. Proteins were visualised as described in Section 3.2.2 (Figure

3.3b and 3.3c). Proteins purified from both strains contained only a small

proportion of full-length MBP fusion. MBP-PfEMP3~FIa resolved at approximately

75 kDa (Figure 3.3b and 3.3c, lane 1), above the predicted size of approximately

71 kDa. This was also observed for MBP-PfEMP3-FIb, which has a predicted size of

approximately 81 kDa and resolved at approximately 100 kDa (Figure 3.3b and

3.3c, lane 2).

3.3.2 IOV Interaction Assay with PfEMP3-Fla and PfEMP3-Flh

MBP-PfEMP3-FIa and MBP-PfEMP3-FIb were incubated with IOVs and bound

protein detected as described in Section 3.2.3. A representative immunoblot is

shown in Figure 3.4b. MBP~PfEMP3-FIa bound to wells coated with IOVs (lane 3).

The banding pattern observed was consistent with that seen for purified MBP-

PfEMP3-FIa by immunoblotting (Figure 3.3c, lanel). Neither MBP-PfEMP3-FIb (lane

5) nor MBP (lane 1) was detected to bind to IOVs. None of the proteins bound to
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bind to wells coated with BSA (lanes 2, 4 and 6). This was consistent with a

binding domain for the erythrocyte membrane skeleton iocated within the 234

residues encoded by the 5' end of the PfEMP3 second exon (PfEMP3-FIa).

3 A Identification of Binding Domain in PfEMP3-Fla

3.4.1 Cloning, Expression and Purification of MBP-PfEMP3-Fla Sub-

Fragments

To further map the binding domain within PfEMP3-FIa, four approximately

60 residue sub-fragments were created (PfEMP3-FIa.l, -FIa.2, -FIa.3 and -FIa.4,

Figure 3.5a) (Section 2.10.3). Clones, pMC840, pMC842, pMC844 and pMC846

were used to transform E. coli BL2i(DE3) to ampicillin resistance and resultant

strains (RCM1222, RCM1225, RCM1228 and RCM1231) were used for protein

expression and purification of MBP-PfEMP3-FIa.l, -Fla.2, -FIa.3 and -FIa.4

respectively, as described in Section 3.2.2. Proteins were visualised as described in

Section 3.2.2 (Figure 3.5b and 3.5c). All four purified proteins showed a proportion

of full-length MBP fusion protein that resolved at approximately 50 kDa in

accordance with the predicted size. MBP-PfEMP3-FIa.l, -FIa.2 and -FIa.4 purified

predominantly as full-length protein (Figure 3.5b and 3.5c, lanes 1, 2 and 4,

respectively), whereas MBP-PfEMP3-FIa.3 was produced as a major break down

product which resolved at approximately 45 kDa (Figure 3.5b and 3.5c, lane 3).

3.4.2 IOV interaction Assay with PfEMP3-Fla.1f PfBMP3-Fla.2,

PfEMP3-Fla.3 and PfEMP3-Fla.4

MBP-PfEMP3-FIa.l, -FIa.2, -FIa.3 and -FIa.4 were incubated with IOVs and

bound protein detected as described in Section 3.2.3. Initial interaction assays were

performed by K. Waller. These assays were repeated and confirmed in this study.

A representative immunoblot is shown in Figure 3.6b. Bound protein was detected

in wells coated with IOVs for MBP-PfEMP3-FIa.l (lane 3), but not for MBP (lane 1)

or MBP~PfEMP3-FIa.2, -FIa.3 and -FIa.4 (lanes 5, 7 and 9, respectively). None of

the proteins bound to wells coated with BSA (lanes 2, 4, 6, 8 and 10). The band

detected corresponded to the single band seen for the purified MBP-PfEMP3-FIa.l

on immunoblots at approximately 50 kDa (Figure 3.5c, lane 1). This was consistent

with a binding domain for the erythrocyte membrane skeleton located within the 60

residues encoded by the 5' end of the PfEMP3 second exon (PfEMP3-FIa.l).
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3.5 Confirmation of the 60 Residue Binding Region by Domain

Deletion

3.5.1 Cloning, Expression and Purification of FlaAFIa. 1

To confirm the 60 residue membrane skeleton binding region of PfEMP3-

Fla. l , this region was deleted from the PfEMP3-FIa fragment (PfEMP3-FIaAFIa.l,

Figure 3.7a). The region was PCR amplified and cloned into the pMAL modified

vector pMC629 using the procedure outlined in Section 2.10.4. The resultant clone,

pMC903 was used to transform E. coli BL21(DE3) to ampicillin resistance and the

resultant strain (RCM1222) was used for protein expression and purification of

MBP-PfEMP3-FIaAFIa.l as described in Section 3.2.2. Protein was visualised as

described in Section 3.2.2 (Figure 3.7b and 3.7c). MBP-PfEMP3-FIaAFIa.l purified

with only a small proportion of full-length protein at the predicted size of 64 kDa.

The majority of the protein detected was a breakdown product at approximately 50

kDa.

3.5.2 IOV Interaction Assay to confirm Fla.1 as the Erythrocyte

Binding Domain

MBP-PfEMP3-FIaAFIa.l was incubated with IOVs and bound protein detected

as described in Section 3.2.3. A representative immunoblot is shown in Figure

3.8b. No MBP-PfEMP3-FIaAFIa.l (lane 5) was detected binding to welis coated with

IOVs, however binding to wells coated with IOVs was observed for the MBP-

PfEMP3-FIa.l positive control (lane 3). MBP did not bind wells coated with IOVs

(lane 1) and none of the proteins bound to wells coated with BSA (lanes 2r 4 and

6). This assay confirmed that the 60 residue region of PfEMP3~FI&/I was

responsible for binding to the erythrocyte membrane skeleton.

3.6 Defining the Binding Domain by Deletion Analysis

3.6.1 Cloning, Expression and Purification ofDeietion Constructs

To further define the binding domaK sequential deletions within the 60

residue binding region were created in PfEMP3-FIa. Forward primers were designed

to amplify sequence encoding fragments that started 15 residues, 29 residues or 45

residue from the N-terminus of PfEMP3-FIa (PfEMP3-FIaAl5, -FIaA29, -FIaA45,
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Figure 3.9a). Primers were designed with attB sites for use with GATEWAY™

Cloning Technology (Section 2.7). For cloning into pMAL with site specific

recombination using the GATEWAY™ Cloning Technology the pMAL-c2 vector was

converted to a destination vector resulting in pDEST-MAL (pMC1342) (Section

2.7.1).

Following PCR amplification, gene fragments were cloned into pDEST-MAL

(Section 2.10.5), Clones were used to transform E. co/i BL21(DE3) competent cells

to ampicillin resistance and subsequent strains (RCM1382, RCM1385 and RCM1388,

respectively) were used in protein expression and purification as described in

Section 3.2.2. Proteins were visualised as described in Section 3.2.2 (Figure 3.9b

and 3.9c). All three purified proteins contained only a small proportion of the

predicted full-length protein, with a large number of smaller products. MBP-

PfEMP3-FIaA15, MBP-PfEMP3-FIaA29 and MBP-PfEMP3-FIaA45 (Figure 3.9b and

3.9c, lanes 1, 2 and 3, respectively) resolved at their predicted sizes of 78 kDa,

76.5 kDa and 75 kDa, respectively.

3.6.2 IOVinteraction assay with deletion constructs

MBP-PfEMP3-FIaAl5, -FIaA29 and -FIaA45 were incubated with IOVs and

bound protein detected as described in Section 3.2.3. A representative immunoblot

is shown in Figure 3.10b. MBP-PfEMP3-FIaAl5 bound to wells coated with IOVs

(lane 3). The bands detected corresponded to the banding pattern of purified MBP-

PfEMP3-FIaA15 on immunoblots (Figure 3.9c, lane 1). Neither MBP-PfEMP3-FIaA29

(lane 5), -FIaA45 (lane 7) or MBP (lane 1) bound to wells coated with IOVs. None

of the proteins bound to wells coated with BSA (lanes 2, 4, 6 and 8). This indicated

that the binding domain was not contained within the first 15 residues encoded by

the 5' region of the second exon of PfEMP3 and that residues within the region 16-

29 encoded by the PfEMP3 second exon are essential for binding of PfEMP3 to the

erythrocyte membrane skeleton.

3.7 interaction of PfEMP3 with Spectrin

To identify proteins of the erythrocyte membrane skeleton with which

PfEMP3 binds, recombinant MBP-PfEMP3 fusion proteins were incubated with

spectrin. Purified spectrin was obtained from Sigma Aldrich and contains a mixture

of a- and p- spectrin polypeptides. Approximately 200 ng of purified spectrin was

coated onto each well of a microtitre plate and treated as described for IOVs

(Section 3.2.3). The only modification to the IOV protocol was the use of PBS

rather than Incubation Buffer for the dilution of proteins and washing of wells.
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3.7.1 Interaction of PfEMP3 Fragments with Spectrin

MBP-PfEMP3-FI, -FII, -F i l l , -FIV and -FV were incubated with spectrin and

bound protein detected as described in Section 3.2.3. A representative immunoblot

is shown in Figure 3.11b. MBP-PfEMP3-FI bound to wells coated with spectrin (lane

3). MBP-PfEMP3-FII (lane 5), -Fi l l (lane 7), -FIV (lane 9), -FV (lane 11) and MBP

(lane 1) did not bind to wells coated with spectrin. None of the proteins bound to

wells coated with BSA (lanes 2, 4, 6, 8, 10 and 12). This indicated that the binding

domain of PfEMP3 for spectrin was contained within PfEMP3-FI, consistent with the

binding of PfEMP3 to IOVs. In contrast to the IOV data, no binding of MBP-PfEMP3-

FV to spectrin was detected.

3.7.2 Interaction of PfEMP3-Fla and PfEMP3-Flb with Spectrin

To further define the spectrin binding region within PfEMP3-FI, MBP-PfEMP3-

Fla and -Fib were incubated with spectrin and bound protein detected as described

in Section 3.2.3. Figure 3.12b shows a representative ir n i loblot. MBP-PfEMP3~

Fla bound to wells coated with spectrin (lane 3), w r i n g s neither MBP-PfEMP3-FIb

(lane 5) nor MBP (lane 1) bound spectrin. None of the prc^ins bound wells coated

with BSA (lanes 2, 4 and 6). These results were consistent with those seen for

binding of PfEMP3 to IOVs and indicate that the binding region for spectrin was

located within the 234 residues encoded by the 5' end of PfEMP3 second exon

(PfEMP3-FIa).

3.7.3 Interaction of PfEMP3-Fla.1, PfEMP3-Fla.2, PfEMP3-F!a.3 and

PfEMP3-Fla.4 with Spectrin

To map the spectrin binding region within PfEMP3-FIa, PfEMP3-FIa.l, -Fla,2,

-Fla.3 and -Fla.4 were incubated with spectrin and bound protein detected as

described in Section 3.2.3. Figure 3.13b shows a representative immunoblot.

MBP-PfEMP3-FIa.l bound to wells coated with spectrin (lane 3), whereas none of

MBP-PfEMP3-FIa.2 (lane 5), -Fla.3 (Iane7), -FIa.4 (lane 9) and MBP (lane 1) bound

to wells coated with spectrin. None of the proteins bound wells coated with BSA

(lanes 2, 4, 6, 8 and 10). These data indicated that the binding domain of PfEMP3

to spectrin was contained within the 60 residue region encoded by the 5' end of the

PfEMP3 second exon (PfEMP3-FIa.l). This was once again consistent with results

seen for IOVs.
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3.7.4 interaction of PfEMP3-FlaAFIa»1, PfEMP3-FlaA15, PfEMP3-

FlaA29 and PfEMP3-FlaA45 with Spectrin

To confirm the 60 residue spectrin binding domain (PfEMP3-FIa.l) and to

further define this binding domain, MBP-PfEMP3-FIaAFIa.l, -FIaAl5, -FIaA29 and -

FIaA45 were incubated with spectrin and bound protein detected as described in

Section 3.2.3. Representative immunoblots are shown in Figure 3.14b and 14c.

MBP-PfEMP3-FIa.l bound to wells coated with spectrin (Figure 3.14b, lane 4),

whereas neither MBP-PfEMP3-FIaAFIa.l (lane 5) nor MBP (lane 7) bound wells

coated with spectrin. None of the proteins bound to wells coated with BSA (lanes

2, 4 and 6). This confirmed the 60 residue spectrin binding domain (PfEMP3-FIa.l).

Subsequently, bound protein was detected from wells coated with spectrin

for MBP-PfEMP3-FIaA15 (Figure 3.14c, lane 3), but not for MBP-PfEMP3-FIaA29

(lane 5), -FIa.A45 (lane 7) or MBP (lane 9), consistent with the binding domain

observed for the erythrocyte membrane skeleton. These data showed that the first

15 residues encoded by PfEMP3 second exon were not required for binding to

spectrin. In addition, residues 16-29 encoded by the PfEMP3 second exon were

essential for binding to spectrin. However, this did not rule out the contribution of

residues 30-45 in the PfEMP3-spectrin interaction.

3.7.5 Interaction with Sub-Fragments of PfEMP3-Fia. 1

3.7.5.1 Cloning, expression and purification of PfEMP3-F1a.1 Sub-

Fragments

To establish involvement of residues 16-29 encoded by the second exon of

PfEMP3 and investigate the involvement of residues 30-60 in binding to spectnn,

three constructs were made expressing residues 16-29, 16-45 and 1 6 - f as

recombinant MBP fusions (Figure 3.15a). As a control, a small construct was made

that would express residues 1-15 as a recombinant MBP fusion protein (Figure

3.15a). Each fragment was cloned into a pMAL vector as described in Section

2.10.6 and clones were used to transform E. colt BL21 (DE3) to ampicillin

resistance. Resultant strains (RCM1457, RCM1483, RCM1485 and RCM1487) were

used in protein expression and purification as described in Section 3.2.2.

Proteins were visualised as described in Section 3.2.2 (Figure 3.15b and

3.15c). MBP-PfEMP3-16-29, -16-45, -16-60 and -1-15 (Figure 3.15b and 3.15c,

lanes 1, 2, 3 and 4, respectively) were purified as predominantly full-length product
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and were resolved at the predicted sizes of 44 kDa, 46 kDa. 48 kDa and 44 kDa,

respectively.

3.7.5.2 Spectrin Interaction Asspy with PfEMP3-16-29, -16-45 and -16-60

To further map the t s g domain, MBP-PfEMP3-16-29 was incubated with

spectrin to see if this region was sufficient for binding. In conjunction with this,

MBP-PfEMP3-16-45 and -16-60 were incubated with spectrin to investigate the

possibility that amino acids within these regions were required for binding. A

representative immunoblot is shown in Figure 3.16. Consistently, this assay

showed a very low level of MBP-PfEMP3-16-29 and MBP-PfEMP3-16-45 binding.

Low levels of MBP-PfEMP3-16-29 (lane 5) and MBP-PfEMP3-16-45 (lane 7) were

detected from veils coated with spectrin in comparison with MBP-PfEMP3 r laAl5

positive control (lane 3). No bound protein was detected to wells coated with

spectrin for MBP (lane 1) or the any of the wells coated with BSA (lane 2, 4f 6, and

8). Given that PfEMP3-FIaA15 encodes residues 16-60 of the binding region, MBP-

PfEMP3-16-60 was incubated with spectrin to determine if these residues bound.

MBP-PfEMP3-16-60 bound to wells coated with spectrin (lane 9) at slightly higher

leve.s than for those see with MBP-PfEMP3-16-26 and MBP~PfEMP3-16-45.

However, the intensity of the band was Jess than that seen for PfEMP3-FIaA15.

Thes^ data indicated that the microtitre plate assay was unable to showed definitive

binding of MBP-PfEMP3 fusions that consisted of a small number of PfEMP3 residues

(<60) fused to the relatively large MBP protein (392 residues). Kinetic analysis was

performed to further resolve this issue and to define a minimal binding domain.

3.7.6 Kinetic Analysis of PfEMP3 Interaction with Spectrin

A resonant mirror detection method (lAsys™ system) was used to obtain

kinetics data for interactions between sub-fragments of PfEMP3 and spectrin.

Aminosilane cuvettes were coated with spectrin or BSA, and PfEMP3 proteins were

applied in an aqueous solution to determine the association rate constant (Ka),

disassociation rate constant {Kd) and subsequent disassociation constant (%>;) of

the interaction (Table 3.1). Disassociation constants were obtained by two forms of

kinetic analysis resulting in both K(D)kin and K(D)5cat values (Section 2.20) (IMunomura

et al.f 1997). All kinetic data was performed by W. Nunomura, Tokyo Women's

Hospital, Japan.

Binding data confirm the microtitre assay data showing an interaction

between spectrin and MBP-PfEMP3 fragments FI, Fla and F la . l , but not between

spectrin and any of the other PfEMP3 sub-fragments. No interaction was observed
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with MBP-PfEMP3-FlaAFIa.l, confirming that the binding region was confined to the

60 residues of PfEMP3-FIa.l. KD values for the N-terminal deleted forms showed

strong interaction of MBP-PfEMP3-FlaAl5. Quantitative analysis by IAsys™ also

revealed binding of MBP fused to the PfEMP3-16-29 residue region, but not of MBP

fused to the PfEMP3-l-15 residue regions. These data showed that residues 16-29

encoded by the PfEMP3 second exon were sufficient to confer binding of PfEMP3 to

purified spectrin. These data also indicated that small regions of protein fused to a

relatively large fusion partner, such as MBP, gave results that although difficult to

measure with the soiid phase microtitre plate interaction assay, were able to be

resolved with resonant mirror detection.

3.8 Interaction of PfEMP3 with F-Actin

To investigate the possibility of a binding domain within PfEMP3 for actin,

purified monomeric actin was polymerised in the presence of KCI, MgCI2 and ATP at

room temperature and used in high speed centrifugation assays in conjunction with

the PfEMP3 fragments (Section 2.22). This assay has previously been used to

determine the actin binding ability of a number of proteins at the erythrocyte

membrane skeleton including spectrin (Karinch et at., 1990), protein 4.1 (Becker et

al.f 1990; Morris and Lux, 1995) and adducin (Mische et a/.f 1987). This method

was used, not only because it is accepted as a valid method for identifying

interactions with actin, but also due to the ease of experimentation and the ability

to show binding of PfEMP3 to F-actin, which is the form present at the erythrocyte

membrane skeleton. No previous studies had been performed using a filamentous

protein with the microtitre plate method.

Initially, actin was tested for its ability to sediment by centrifugation at high

speeds. At 31300 g for 10 minutes, polymerised actin (F-actin) pellets, whereas

monomeric actin (G-actin) remains in the supernatant. Following high speed

centrifugation, equal samples of pellet and supernatant were run on polyacrylamide

gels and stained with Coomassie Brilliant Blue. Figure 3.17a shows that following

high speed centrifugation, F-actin was found predominantly in the pellet (P), with

only a small amount in the supernatant (S). Conversely, G-actin was found

predominantly in the supernatant, with only a small amount found in the pellet.

This showed that under the polymerisation conditions used G-actin was converted

to a form of actin that pelleted under high speed centrifugation, suggesting it was

in its filamentous form.

,1
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3.8.1 High Speed Centrifugation Actin Pull Down Assay for the

identification of Sub-Fragments ofPfEMPS that Bind to Actin

To investigate the ability of F-actin to bind to PfEMP3, MBP-PfEMP3

fragments were subjected to high speed centrifugation in the presence or absence

of F-actin. In the absence of F-actin, it was expected that the MBP-PfEMP3 fusions

would remain in the supernatant. In the presence of F-actin, PfEMP3 proteins that

bound actin would co-sediment and be found in the pellet, whereas proteins that do

not bind actin would remain in the supernatant. Following high speed

centrifugation, samples from both pellet and supernatant were run on

poiyacryiamide gels and used for immunoblot analysis using anti-MBP antiserum.

Figure 3.17b shows a representative immunoblot for a high speed centrifugation

assay using MBP as a negative control and MBP-PfEMP3-FIa.l in the presence and

absence of F-actin. In both the presence and absence of F-actin, MBP was found in

9 the supernatant, indicating that it was unable to bind to and therefore, did not co-

sediment with F-actin. In the absence of F-actin, MBP-PfEMP3-FIa.l was found in

the supernatant, whereas in the presence of F-actin, MBP-PfEMP3-FIa.l was found

in both the pellet and the supernatant. This indicated that MBP-PfEMP3-FIa.l was

able to co-sediment with F-actin and suggested that it bound F-actin. To determine

the percentage protein in the pellet, densitometry was performed on immunoblots

and the percentage protein in the pellet in the presence of F-actin was adjusted for

the percentage protein in the pellet in the absence of F-actin. Assays were

performed in two independent experiments, and the mean and standard deviation

calculated. Figure 3.18 shows the plotted results of the set of MBP-PfEMP3 fusion

proteins.

Interestingly, the MBP-PfEMP3 fusion proteins that were found to pellet and

therefore to bind F-actin, were consistent with those that were also shown to bind

spectrin. Initially it was shown that MBP-PfEMP3-FI was able to bind and therefore

co-sediment with F-actin, whereas MBP-PfEMP3-FII, -FIL, -FIV and -FV did not co-

sediment with F-actin. Subsequent experiments shown that MBP-PfEMP3-FIa and -

Fla.l were able to bind F-actin, whereas the other fragments showed no binding.

PfEMP3-FIaAFIa.l was unable to bind F~actJn confirming the 60 residue region

(PfEMP3-FIa.l) as the actin binding domain.

Residues 16-29 were sufficient to confer binding of PfEMP3 to F-actin,

however in the presence adjacent residues 30-60, binding could be almost fuily

restored to Fla.l levels. This was evident by the binding of MBP-PfEMP3-16-45 and

MBP-PfEMP3-FIaA15 to F-actin at almost the same levels as the 60 residue actin

binding domain (PfEMP3-FIa.l). However, in contrast to the results seen with
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•< spectrin, deletion of residues 1-29 and residues 1-45 appeared to result in low level

;-3" binding of MBP-PfEMP3-FIaA29 and -FIaA45. These data indicated that although
: | the 14 residue binding domain (PfEMP3-16-29) was sufficient for binding of PfEMP3

to F-actin, residues in the region 30-60 conferred some additional actin binding

activity. Also, that deletion of the 14 residue binding domain (PfEMP3-16-29) did

not abolish binding.

3.9 Kinetic Analysis of PfEMP3-Fla. 1 binding to Actin

To quantify the interaction between PfEMP3 and F-actin, F-actin was

-| immobilised on an aminosilane coated cuvette and PfEMP3-FIa.l added in aqueous

[j solution as described In Section 3.7.6. Data showed an interaction with a Ka of

•"? l.OxlO4 M^sec'1, a Kd of 5.7xlO"3 sec"1 and subsequent K(D)Mn and /Cp;Scat values of

*'i 5.7xlO"7 M and 4.5xlO'7 M, respectively.

ii 3.10 Discussion

i
it *'

Nj The results presented here show that a 60 residue region encoded by the 5'

\ end of the second exon of PfEMP3 (PfEMP3-FIa.l) is responsible for binding to the

r erythrocyte membrane skeleton. In an attempt to identify specific erythrocyte
{ ' proteins to which PfEMP? binds, further experiments using spectrin and F-Actin

\i were performed. Mapping experiments showed PfEMP3 binding to spectrin and

f: actin both reside within the same 60 residue region (PfEMP3-FIa.l).

| ; Both the solid phase and quantification methods identified an interaction
h

i between spectrin and PfEMP3-FI, PfEMP3-FIa and PfEMP3-FIa.l indicating that the

spectrin binding region is located within the first 60 residues encoded by the

PfEMP3 second exon (PfEMP3-FIa.l). Resonant mirror detection method of the

IAsys™ system definitively mapped the binding domain to the 14 residues

numbered 16-29 encoded by the 51 region of the PfEMP3 second exon (PfEMP3-16-

29). We obtained K(D)kin values of 7.0xl0'8 M, 7.5xlO'8 M and 8.5xlO"8 M and

3.8xlO"7M for PfEMP3-FI, PfEMP3-FIa, PfEMP3-FIa.l and PfEMP3-16-29,

respectively. The small decrease in binding for the 14 residue binding domain

(PfEMP3-16-29) could be due to a loss in contributing amino acids, change in

conformation of the binding domain or surrounding residues, or due to the change

in size of the interacting fragment (Endo et ai, 1998). The binding affinities for

proteins within the erythrocyte vary from the ankyrin-band 3 interaction

(1.6xlO"6M) (Bennett and Stenbuck, 1980a) to the p55-GPC interaction ( lx lO'8 M)

(Nunomura et al.f 2000a). Similar figures have been obtained for interactions

within the parasitised erythrocyte, including the protein 4.1-MESA interaction
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(2,7xlO"7 M) (Waller et a/., 2003), and between parasite proteins, for example

between KAHRP and PfEMPl ' : , lxlO"8 M) (Oh et ai, 2000). Our binding kinetics

indicate an interaction in the range of the higher affinity interactions seen in the

erythrocyte. In fact, for the larger regions, our data shows an interaction between

spectrin and PfEMPB which is up to 8.5 fold higher than those for the most high

affinity interactions measured in the erythrocyte to date. Data for K(D)kin and K(D)Scat

was closely matched for each of the binding domains. The ability of resonant

mirror detection to closely match data for these two forms of kinetic analysis has

been described in previous reports (Nunomura et al.t 1997; Nunomura et a!.,

2000b). Given this, more recent reports have found it unnecessary to report K(D)Scat

data in support of the K(D)k]n data (Nunomura et a/., 2000a; Gimm et a/., 2002).

The PfEMP3 60 residue binding domain (PfEMP3-FIa.l) binds F-actin with a

moderate affinity (5.7xlO"7 M). The PfEMP3 14 residue binding domain (PfEMP3-

16-29) is sufficient to bind actin, however our results also indicate that amino acids

within the adjacent 30-60 residue region contained within PfEMP3-16-45 and

PfEMP3-FIa.lAl5, are likely to contribute to binding. These data are consistent

with the data presented for spectrin, where a small loss of binding is detected for

the 14 residue region (PfEMP3-I6-29), when compared with PfEMP3-FIa.lA15. In

contrast to the data for spectrin, residues within the region 30-60 of PfEMP3 appear

to be able to confer binding to actin independent of the presence of the 14 residue

binding region (PfEMP3-16-19), as seen by the low level binding detected for

PfEMP3-FIaA29 and PfEMP3-FIaA45. These differences are likely due to variation in

either the binding region or contributing amino acids between the PfEMP3 binding

domains for spectrin and for actin, or in differences in sensitivities and specificities

of the assays. It is important to note that binding of PfEMP3-FIaA29 and PfEMP3-

FIaA45 to actin is only marginally above the binding seen for PfEMP3-FIa.2 and may

not represent a significant level of binding above that for negative controls. These

experiments were performed on two separate occasions with different preparations

of F-actin. The reproducibility of the results

Experiments performed on two separate occasions with different

preparations of actin revealed a high degree of variation for MBP-PfEMP3-FIa (38

and 57% associated with F-actin in the pellet) compared to the low degree of

variation for MBP-PfEMP3-FIV ( 1.5 and 2.2 % associated with F-Actin in the pellet).

Further dafca would be required to determine the mean for proteins with high

degrees of variation and to draw conclusions about the relevance of the differences

seen with the various regions within the 60 residue binding domain (PfEMP3-FIa.l).

Additional data obtained with the resonant mirror detection system would also

77



"1

ii

I .

delineate the contributions to binding for various regions within the 60 residue

binding domain (PfEMP3-FIa.l).

Our results indicate that the solid phase microtitre plate assay is useful in

defining binding domains of fragments larger than 60 residues fused to MBP fusion

proteins. However, once the interacting region created was less than 60 residues,

the results were inconclusive, as observed in the use of PfEMP3-16-29, -16-45 and

16-60. This may be due to the size of MBP (392 residues) (Ausubel etal., 1994) in

comparison to the interacting region, however this difference in size appeared to

cause no problems with ether resonant mirror detection or with high speed

centrifugation actin assays. The microtitre plate assay has previously been shown

to have a number of disadvantages when compared with resonant mirror detection,

however the major advantages of the microtitre plate assay are the low cost, ease

of experimentation and lack of expensive, specialised equipment.

Future experiments would involve mapping the domain responsible for

binding to PfEMP3 within spectrin and subsequent comparison with known

functional domains within spectrin, including those responsible for binding to

ankyrin, actin and protein 4.1. This would enable the consequences of PfEMP3

binding on spectrin function to be determined. An example of this approach is for

P. falciparum protein MESA, which is able to bind a region within protein 4.1 that

overlaps with a known binding domain for p55. The MESA-protein 4.1 interaction is

able to inhibit the protein 4.1-p55 interaction (Waller et al., 2003). It would be

interesting to investigate similar inhibition of interactions of spectrin following

PfEMP3 binding, especially given that spectrin-actin-protein 4.1 interactions play a

critical role in maintaining the structure of the erythrocyte membrane skeleton.

The reduced membrane rigidity of PfEMP3 knockout lines (Glenister et a/., 2002)

indicated PfEMP3 interaction with spectrin and actin alter reduce flexibility, possibly

by altering or interfering with normal interactions.

Mapping the domain within spectrin to which PfEMP3 binds, would also

enable us to determine the precise charge of the PfEMP3 binding region within

spectrin and speculate on the molecular forces involved in this interaction. The 14

residue PfEMP3 binding domain (PfEMP3-16-29) is positively charged (+1.95) at the

pH of the cytoplasm of an infected erythrocyte (7.18 to 7.23) (Wunsch et al.,

1997). This positive charge could promote electrostatic interactions with spectrin,

which has on overall negative charge at the same pH.

Given that we have shown PfEMP3 to bind both spectrin and actin, it is

important to look at the spectrin-actin-PfEMP3 ternary interaction, both in the

presence and absence of known interacting proteins, particularly protein 4.1. This

may provide insight into the binding domains within spectrin and actin for PfEMP3
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and the physiological consequences of this ternary interaction. The addition of

peptides to both uninfected and infected erythrocytes has recently been achieved

by fusing synthetic peptides to the internalisation domain of Antennapedia

homeoprotein (Walsh et al.f 2002; Dhawan et a/., 2003). An experiment involving

the addition of peptides encoding the 14 residue binding domain of PfEMP3 to

erythrocytes of uninfected, parental and PfEMP3 knockout lines* following these

established methods, may also give Insight into the physiological consequences of

this interaction.

With the future identification of a PfEMP3 binding region within spectrin, it

would be interesting resolve crystal structure of the interacting domains. Again,

this would be particularly interesting if the PfEMP3 binding domain within spectrin

overlaps with known functional domains. To date, the crystal structure for CH2, EF

Hand, phosphorylation and spectrin repeat domains have been determined,

whereas the CHI domain has not. However, the CHI/2 domain for the related

dystrophin and utrophin have been solved (for review see Broderick and Winder,

2002), The ability to determine structure of ternary complexes (Jin and Harrvon,

2002), also allows us to look more directly at the ternary interactions involving

PfEMP3 and spectrin. Crystallographic studies involving the interaction of PfEMP3,

spectrin and actin would also enable us to determine the ability of a single PfEMP3

molecule to simultaneously bind spectrin and actin. We have identified a 60

residue region (PfEMP3-FIa.l) which contains both the spectrin and actin binding

domains. However, it is unknown wether regions within this binding domain are

able to bind both spectrin and actin simultaneously or whether a single PfEMP3

molecule is only able to bind either spectrin or actin.

Previous studies of KAHRP have shown it's ability to bind to multiple

erythrocyte proteins and to PfEMPl (Waller eta/., 1999; Magowan et ai, 2000; Oh

et a/., 2000; Voigt et al., 2000). Therefore, identification of additional binding

partners for PfEMP3, including both erythrocyte membrane proteins and

P. fa/ciparum proteins is crucial for a more complete understanding of PfEMP3

function. PfEMP3 has been implicated in the trafficking of PfEMPl, where the

truncation of PfEMP3 results in accumulation of PfEMPl in vesicle-like structures at

the erythrocyte membrane. It has been proposed that truncation of PfEMP3 results

in the loss of a binding domain, and subsequent inability of vesicle-like structures

containing PfEMPl and PfEMP3 to undergo correct sorting and trafficking

(Waterkeyn et ai., 2000). Here, we have shown that the proposed binding domain

is not responsible for spectrin or actin binding, as binding domains for these

proteins are located within the N-terminus of PfEMP3, which is present in the

truncated form of PfEMP3. This proposed binding domain might be involved in the
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binding of PfEMP3 to an as yet unidentified protein present at the erythrocyte

membrane skeleton. The less intense binding seen for MBP-PfEMP3-FV to IOVS, but

not seen for spectrin or actin, indicates binding of PfEMPS to an additional

erythrocyte membrane protein. This binding may be to a protein that is less

abundant in the erythrocyte membrane skeleton compared with spectrin and actin,

for example p55 (which exists as approximately 8xlO4 copies per cell in comparison

to 2.4xlO5 for each of the spectrin subunits and approximately 5xlO5 copies for

actin (for review see Lux and Palek, 1995)), or to a protein which binds PfEMP3

with an affinity below the sensitivity of this assay.

Alternatively, this suggested binding domain could be responsible for binding

to another P. fafciparum exported protein present at the erythrocyte membrane

skeleton. Given the functional link between PfEMP3 and PfEMPl, it would be

especially interesting to investigate possible interactions between these two

parasite proteins. In addition, given the proposed role for PfEMP3 in trafficking

(Waterkeyn et dl., 2000) and its location within Maurer's clefts, it would be

interesting to look at interactions of PfEMP3 with the proteins involved in

P. falciparum trafficking, especially those associated with Maurer's clefts, and

interactions of PfEMP3 with other proteins known to be associated with Maurer's

clefts. In particular, three recently identified proteins MAHRP-1 (Spycher et al.f

2003), PfSBPl (Blisnick et a/.f 2000) and a putative Sec23 homologue (Wickert et

al., 2003), which are associated with Maurer's clefts would be interesting

candidates for interactions with PfEMP3.
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Figure 3 .1 . Expression and Purification of PfEMP3 Fragments

A. Schematic representation of PfEMP3 and the five fragments, PfEMP3-FI, -FII, -FII, FIV
and -FV. Repeat regions are shown as coloured boxes and non-repeat regions shown as
open boxes. Amino acid numbers are indicated above the schematic and the amino
acid length of each fragment, excluding the MBP fusion is indicated in brackets. The
gene intron splice site is indicated by the division at 37 amino acids.

B. Purified MBP-PfEMP3 fusion proteins detected by Coomassie Brilliant Blue staining of
SDS-PAGE. 2 IXQ of each purified protein was resolved on 10% polyacrylamide gels.
The protein samples are; MBP (lane 1), MBP-PfEM$>3-FI (lane 2), MBP-PfEMP3-FII (lane
3), MBP~PfEMP3-FIII (lane4), MBP-PfEMP3-FIV (lane 5) and MBP-PfEMP3-FV (lane 6).

C. Immunoblot assay of MBP-PfEMP3 fusion proteins detected using anti-MBP antiserum.
50 ng of each purified protein was resolved on 10% polyacrylamide gels and
transferred to PVDF for detection. The protein samples are MBP (lane 1), MBP-PfEMP3-
FI (lane 2), MBP-PfEMP3-FII (lane 3), MBP-PfEMP3-FIII (lane 4), MBP-PfEMP3-FIV
(lane 5) and MBP-PfEMP3-FV (lane 6).
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Figure 3.2. IOV Interaction Assay with PfEMP3 Fragments

A. Schematic representation of PfEMP3 and the five fragments, PfEMP3-FI, -FII, -FII, -FIV
and -FV.

B. Immunoblot of IOV interaction assay. IOVs (lanes 1, 3, 5, 7, 9 and 11) and BSA (lanes
2,4, 6,8,10 and 12) were coated onto wells of a microtitre plate. MBP (lanes 1 and 2),
MBP-PfEMP3-FI (lanes 3 and 4), -FII (lanes 5 and 6), -Fi l l (lane 7 and 8), -FIV (lanes 9
and 10) and -FV (lanes 11 and 12) were added to the wells and allowed to bind. Bound
protein was detected to wells coated with IOVs for PfEMP3-Fl (lane 3) and with a lesser
intensity for PfEMP3-FV (lane 11). No bound protein was detected for MBP (lane 1),
MBP-PfEMP3-FII (lane 5), -Fi l l (lane 7) and -FIV (lane 9) to wells coated with IOVs or
for any of the proteins to wells coated with BSA (lanes 2,4,6,8,10 and 12)0
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Figure 3.3. Expression and Purification of PfEMP3-FI Sub-Fragments

A. Schematic representation of PfEMP3 and the sub-fragments of PfEMP3-FI; PfEMP3-FIa and
PfEMP3-FIb.

B. Purified MBP-PfEMP3 fusion proteins detected by Coomassie Brilliant Blue staining of SDS-PAGE.
2 jag of each purified protein was resolved on 10% polyacrylamide gels. The protein samples are,
MBP-PfEMP3-FIa (lane 1) and MBP-PfEMP3-FIb (lane 2),

C. Immunobiot assay of MBP-PfEMP3 fusion proteins detected using anti-MBP antiserum. 50 ng of
each purified protein was resolved on 10% polyacrylamide gels and transferred to PVDF for
detection. The protein samples are MBP-PfEMP3-FIa (lane 1) and MBP-PfEMP3-FIb (lane 2).
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Figure 3.4. IOV Interaction Assay with F»fEMP3-FI Sub-Fragments

A. Schematic representation of PfEMP3 and the sub-fragments of PfEMP3-FI; PfEMP3-FIa
and PfEMP3-FIb.

B. Immunoblotof IOV interaction assay. IOVs (lanes 1, 3 and 5) and BSA (lanes 2,4 and
6) were coated onto wells of a microtitre plate. MBP (lanes 1 and 2), MBP-PfEMP3-FIa
(lanes 3 and 4) and MBP-PfEMP3-FIb (lanes 5 and 6) were added to the wells and
allowed to bind. Bound protein was detected to wells coated with IOVs for MBP-
PfEMP3-Fla (lane 3). No bound protein was detected for MBP (lane 1) or MBP-PfEMP3-
Fib (lane 5) to wells coated with IOVs or for any of the proteins to wells coated with BSA
(lanes 2,4 and 6).
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Figure 3.5. Expression and Purification of PfEMP3-FIa Sub-Fragments

A. Schematic representation of PfEMP3 and the sub-fragments of PfEMP3-FIa;
PfEMP3-FIa.l, PfEMP3-FIa.2, PfEMP3-FIa.3and PfEMP3-FIa.4.

B. Purified MBP-PfEMP3 fusion proteins detected by Coomassie Brilliant Blue staining
of SDS-PAGE. 2 \IQ of each purified protein was resolved on 10% polyacrylamide
gels. The protein samples are MBP-PfEMP3-FIa.l (lane 1), MBP-PfEMP3-FIa.2
(lane 2), MBP-PfEMP3-FIa.3 (lane3) and MBP-PfEMP3-FIa.4 (lane4).

C. Immunoblot assay of MBP-PfEMP3 fusion proteins detected using anti-MBP
antiserum. 50 ng of each purified protein was resolved on 10% polyacrylamide
gels and transferred to PVDF for detection. The protein samples are MBP-PfEMP3-
Fla.l (lane 1), MBP-PfEMP3-FIa.2 (lane 2), MBP-PfEMP3-FIa.3 (lane 3) and MBP-
PfEMP3-FIa.4(lane4).
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Figure 3.6. IOV Interaction Assay with PfEMP3~FIa Sub-Fragments

A. Schematic representation of PfEMPS and the sub-fragments of PfEMP3-FIa;
PfEMP3-FIa.l, PfEMP3-FIa.2, PfEMP3-FIa.3 and PfEMP3-FIa.4.

B. Immunoblot of IOV interaction assay. IOVs (lanes 1, 3, 5, 7 and 9) and BSA (lanes
2,4, 6,8 and 10) were coated onto wells of a microtitre plate. MBP (lanes 1 and 2),
MBP-PfEMP3 Fla. l (lanes 3 and 4), -FIa.2 (lanes 5 and 6), -FIa.3 (lanes 7 and 8)
and -FIa.4 (lanes 9 and 10) were added to the wells and allowed to bind. Bound
protein was detected for MBP-PfEMP3-Fla. 1 (lane 3) to wells coated with IOVs. No
bound protein was detected any of the other proteins to wells coated with IOVs
(lanes 1, 5, 7 and 9) or for any of the proteins to wells coated with BSA (lanes 2, 4,
6,8 and 10).
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Figure 3.7. Expression and Purification of PfEMP3»FIa.l Deletion Construct

A. Schematic representation of PfEMP3 and the deletion of PfEMP3-FIa.l; PfEMP3-
FlaAFIa.l.

B. Purified MBP-PfEMP3AFIa.l fusion protein detected by Coomassie Brilliant Blue
staining of SDS-PAGE. 2 ng purified MBP-PfEMP3AFIa.l protein was resolved on
10% polyacrylamidegels.

C. Immunoblot assay of MBP-PfEMP3AFIa.l fusion protein detected using anti-MBP
antiserum. 50 ng of purified MBP-PfEMP3AFIa.l was resolved on 10%
polyacryi&rnide gels and transferred to PVDF for detection.
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Figure 3.8. IOV Interaction Assay with PfEMP3-FIa.l Deletion Construct

A. Schematic representation of PfEMP3 and the deletion of PfEMP3-FIa.l;
PfEMP3-FIaAFIa.l.

B. Immunoblot of IOV interaction assay. IOVs (lanes 1, 3 and 5) and BSA
(lanes 2, 4 and 6) were coated onto wells of a rnicrotitre plate. MBP (lanes 1
and 2), MBP-PfEMP3-FIa (lanes 3 and 4) and MBP-PfEMP3-FIaAFIa.l (lanes
5 and 6) were added to the wells and allowed to bind. Bound protein was
detected to wells coated with IOVs for MBP-PfEMP3-Fla.l (lane 3) but not
for either MBP (lane 1) or MBP-PfEMP3-FIaAFIa.l (lane 5) or for any of the
proteins to wells coated with BSA (lanes 2,4 and 6).
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Figure 3.9. Expression and Purification of N-TerminaS PfEMP3 Deletions

A. Schematic representation of PfEMP3 and the N-terminal PfEMP3-FIa deletions;
PfEMP3-FIaA15, PfEMP3-FIaA29 and PfEMP3-FIaA45.

B. Purified MBP-PfEMP3 fusion proteins detected by Coomassie Brilliant Blue
staining of SDS-PAGE. 2 ng of each purified protein was resolved on 10%
polyacrylamide gels. The protein samples are; MBP-PfEMP3-FIaAl5 (lane 1),
MBP-PfEMP3-FIaA29 (lane 2) and MBP-PfEMP3-FIaA45 (lane 3).

C. Immunoblot assay of MBP-PfEMP3 fusion proteins detected using anti-MBP
antiserum. 50 ng of each purified protein was resolved on 10% polyacrylamide
gels and transferred to PVDF for detection. The protein samples are MBP-
PfEMP3-FIaAl5 (lane 1), MBP-PfEMP3-FIaA29 (lane 2) and MBP-PfEMP3-FIaA45
(lane 3).
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Figure 3.10. IOV Interaction Assay with N-Terminal PfEMP3 Deletions

A. Schematic representation of PfEMP3 and the N-terrninal PfEMP3 deletions;
PfEMP3-FIaAl5, PfEMP3-FIaA29 and PfEMP3-FIaA45.

B. Immunoblot of IOV interaction assay. IOVs (lanes 1, 3, 5 and 7) and BSA (lanes
2, 4, 6 and 8) were coated onto wells of a microtitre plate. MBP (lanes 1 and 2),
MBP-PfEMP3-FIaAl5 (lanes 3 and 4), -FIaA29 (lanes 5 and 6) and -FIaA45 (lanes
7 and 8) were added to the wells and allowed to bind. Bound protein was
detected to wells coated with IOVs for MBP-PfEMP3-FIaAl5 (lane 3) but not for
MBP (lane 1), MBP-PfEMP3-FIaA29 (lane 5) or -FIaA45 (lane 7), or for any of the
proteins to wells coated with BSA (lanes 2,4,6 and 8).
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Figure 3.11. Spectrin Interaction Assay with PfEMPS Fragments
A. Schematic representation of PfEMPS and the five fragments, PfEMP3-FI, -FII, -FII, -FIV

and -FV.

Immunoblot of spectrin interaction assay. Spectrin (lanes 1, 3, 5, 7, 9 and 11) and
BSA (lanes 2, 4, 6, 8, 10 and 12) were coated onto wells of a microtitre plate. MBP
(lanes 1 and 2), MBP-PfEMP3-FI (lanes 3 and 4), -FII (lanes 5 and 6), -FIJI (lane 7 and
8), -FIV (lanes 9 and 10) and -FV (lanes 11 and 12) were added to the wells and
allowed to bind. Bound protein was detected to wells coated with spectrin for PfEMP3-
Fl (lane 3). No bound protein was detected for MBP, MBP-PfEMP3-FII (lane 5), -F i l l
(lane 7), -FIV (lane 9) or -FIV (lane 11) to wells coated with spectrin or for any of the
proteins to wells coated with BSA (lanes 2,4,6,8,10 and 12).
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Figure 3.12. Spectrin Interaction Assay with PfEMP3-FI Sub-Fragments

A. Schematic representation of PfEMP3 and the PfEMP3-FI sub-fragments; PfEMP3-FIa
and PfEMP3-FIb.

B. Immunoblot of spectrin interaction assay. Spectrin (lanes 1, 3 and 5) and BSA
(lanes 2,4 and 6) were coated onto wells of a microtitre plate. MBP (lanes 1 and 2),
MBP-PfEMP3-FIa (lanes 3 and 4) and MBP-PfEMP3-FIb (lanes 5 and 6) were added to
the wells and allowed to bind. Bound protein was detected for MBP-PfEMP3-Fla
(lane 3) to wells coated with spectrin. No bound protein was detected for MBP (lane
1) or MBP-PfEMP3-FIb (lane 5) to wells coated with IOVs or for any of the proteins to
wells coated with BSA (lanes 2,4 and 6).
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Figure 3.13. Spectrin Interaction Assay with Pf EMP3-FIa Sub-Fragments

A. Schematic representation of PfEMP3 and the PfEMP3-FIa sub-fragments;
PfEMP3-FIa.l, PfEMPS-FIa.Z, PfEMP3-FIa.3 and PfEMP3-FIa.4.

B. Immunoblot of spectrin interaction assay. Spectrin (lanes 1, 3, 5, 7 and 9) and
BSA (lanes 2, 4, 6, 8 and 10) were coated onto wells of a microtitre plate. MBP
(lanes 1 and 2), MBP-PfEMP3-FIa.l (lanes 3 and 4), -FIa.2 (lanes 5 and 6), -FIa.3
(lanes 7 and 8) and -FIa.4 (lanes 9 and 10) were added to the wells and allowed to
bind. Bound protein was detected for MBP-PfEMP3-Fla.l (lane 3) to wells coated
with spectrin. No bound protein was detected any of the other proteins to wells
coated with spectrin (lanes 1, 5, 7 and 9) or for any of the proteins to wells coated
with BSA (lanes 2,4,6,8 and 10).
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Figure 3.14. Spectrin Interaction Assay with PfEMP3 Deletions

A. Schematic representation of PfEMP3 and the PfEMP3 deletions; PfEMP3-FIaAFIa.l,
PfEMP3-FIaAl5, PfEMP3-FIaA29 and PfEMP3-FIaA45.

B. Immunoblot of spectrin interaction assay. Spectrin (lanes 1, 3 and 5) and BSA (lanes
2, 4 and 6) were coated onto wells of a microtitre plate. MBP (lanes 1 and 2), MBP-
PfEMP3-FIa (lanes 3 and 4) and MBP-PfEMP3-FIaAFIa.l (lanes 5 and 6) were added
to the wells and allowed to bind. Bound protein was detected to wells coated with
spectrin for MBP-PfEMP3-Fla.l (lane 3) but not for MBP (lane 1) or MBP-PfEMP3-
FlaAFIa.l (lane 5) or for any of the proteins to wells coated with BSA (lanes 2, 4 and
6).

C. Immunoblot of spectrin interaction assay. Spectrin (lanes 1, 3, 5 and 7) and BSA
(lanes 2 ,4 , 6 and 8) were coated onto wells of a microtitre plate. MBP (lanes 1 and
2), MBP-PfEMP3-FIaAl5 (lanes 3 and 4), -FIaA29 (lanes 5 and 6) and -FIaA45 (lanes
7 and 8) were added to the wells and allowed to bind. Bound protein was detected to
wells coated with spectrin for MBP-PfEMP3-Fla.lAl5 (lane 3) but not for MBP (lane
1) -FIaA29 (lane 5) or -FIaA45 (lane 7) or for any of the proteins to wells coated with
BSA (lanes 2,4, 6 and 8).
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Figure 3.15. Expression and Purification of PfEMP3-FIa.l Sub-Fragments

A. Schematic representation of PfEMP3 and the PfEMP3-FIa.l sub-fragments; PfEMP3-
16-29, -16-45, -16-60 and -1-15.

B. Purified MBP-PfEMP3 fusion proteins detected by Coomassie Brilliant Blue staining of
SDS-PAGE. 2 jig of each purified protein was resolved on 10% polyacrylamide gels.
The protein samples are; MBP-PfEMP3-16-29 (lane 1), MBP-PfEMP3-16-45 (lane 2),
MBP-PfEMP3-16-60 (lane 3) and MBP-PfEMP3-l-15 (lane 4).

C. Immunoblot assay of MBP-PfEMP3 fusion proteins detected using anti-MBP antiserum.
50 ng of each purified protein was resolved on 10% polyacrylamide gels and
transferred to PVDF for detection. The protein samples are MBP-PfEMP3-16-29 (lane
1), MBP-PfEMP3-16-45 (lane 2), MBP-PfEMP3-16-60 (lane 3) and MBP-PfEMP3-l-15
(Iane4).
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Figure 3.16. Spectrin Interaction Assay with PfEMP3-FIa.l Sub-Fragments
A. Schematic representation of PfEMP3 and the PfEMP3-FIa.l sub-fragments; PfEMP3-

16-29, -16-45, -16-60 and -1-15.
B. Immunoblot of spectrin interaction assay. Spectrin (lanes 1, 3, 5, 7 and 9) and BSA

(lanes 2,4,6,8 and 10) were coated onto wells of a microtitre plate. MBP (lanes 1 and
2), MBP-PfEMP3-FIaAl5 (lanes 3 and 4), -16-29 (lanes 5 and 6), -16-45 (lanes 7 and
8) and -16-60 (lanes 9 and 10) were added to the wells and allowed to bind. Bound
protein was detected to wells coated with spectrin for MBP-PfEMP3-Fla.lAl5 (lane 3).
To a lesser extent, bound protein was detected for MBP-PfEMP3-16-29 (lane 5), -16-45
(lane 7) and -16-60 (lane 9) to wells coated with spectrin. No bound protein was
detected for MBP to wells coated with spectrin (lane 1) or for any of the proteins to
wells coated with BSA (lanes 2,4, 6,8 and 10).
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PfEMP3
Fragment

FI
FII, F i l l , FIV, FV

Fla
Fib

Fla. l
Fla.2, Fla.3, FIa.4

FlaAFIa.l

FIaA15
FIaA29

1-15
16-29

MBP

(M^sec1)
3.0+0. lx lO 4

No binding

8.4±0.1xl04

No binding

7.9±O.2xlO4

No binding

No binding

2.4+0.2X103

No binding

No binding
15±0.2xl03

No binding

kd
(sec 1 )

2.1±0.1xl0"3

No binding

6.3±O.2xlO"3

No binding

6.7±0.1xl0"3

No binding

No binding

6.6±O.2xlO"4

No binding

No binding
5.7±0.2xl0"4

No binding

K(D)kin
(nM)

70
No binding

75
No binding

85
No binding

No binding

275
No binding

No binding
380

No binding

(nM)

59
No binding

67
No binding

80 ,
No binding

No binding

236
No binding

No binding
300

No binding

Table 3 .1 . Binding Constants of PfEMPS Fragments with Spectrin.
The binding assays were carried out in PBS containing 0,05% Tween 20. From the
binding curves obtained by resonant mirror detection method, Ka, Kdf K(D)k]n and
K(D)sc<* were determined using the software package FASTfit™. Spectrin binding was
detected for PfEMP3-FI, PfEMP3»FIa and PfEMP3-FIa.l, but was abolished for
PfEMP3-FIaAFIa.l. Binding was retained following the deletion of the first 15 amino
acids (PfEMP3-FIaAl5), but abolished with the deletion of a further 14 amino acids
(PfEMP3-FIaA29). Amino acids 16-29 were sufficient to confer spectrin binding
(PfEMP3-16-29). The MBP negative control showed no binding to spectrin. No
binding is defined as described in Nunomura etal, 2000.
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Figure 3.17. High Speed Centrifugation Actin Interaction Assay

A. Actin detected by Coomassie Brilliant Blue staining of SDS-PAGE. Actin samples were
subjected to high speed centrifugation and samples from the pellet (P) and
supernatant (S) were resolved on 10% polyacrylamide gels. Following
polymerisation, actin (F-actin) was found in the pellet (P), with only small amounts
detected in the supernatant (S). Without polymerisation, actin (G-actin) was found in
the supernatant (S), with only small amounts detected in the pellet (P).

B. Immunoblot of high speed actin centrifugation assays detected using anti-MBP
antiserum. In the presence and absence of F-actin, MBP was found in supernatant
(S), with no detection of MBP in the pellet (P). In the presence of F-actin, MBP-
PfEMP3-FIa.l was found in both the pellet (P) and the supernatant (S), whereas in the
absence of F-actin, PfEMP3-FIa.l was found in the supernatant (S), with very little
protein detected in the peHet (P)

+ = presence of protein

- = absence of protein
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Figure 3.18. High Speed Centrifugation Actin Interaction Assay with
PfEMiPS Fragments
High speed actin centrifugation assays were performed with PfEMP3 fragments in
both the presence and absence of F-actin. MBP fusion proteins were detected by
immunoblot analysis using anti-MBP antiserum. The protein in each lane was
measured by densitometry. The percentage prctein in the pellet was calculated
both in the presence and absence of F-actin. The percentage protein in the pellet in
the presence of F-actin was adjusted by subtracting the percentage protein in the
pellet in the absence of F-actin. Analyses were performed in two independent
experiments and the mean and standard deviation (error bars) are plotted.
The graph shows a clear binding of MBP-PfEMP3-FI, MBP-PfEMP3-FIa and MBP-
PfEMP3-FIa.l to F-actin under the conditions tested. Deletion of the first 15 amino
acids (MBP-PfEMP3-FIaA15) had little effect on the binding, however deletion of
further amino acids reduced, but did not abolished binding (MBP-PfEMP3-FIaA29
and MBP-PfEMP3-FIaA45). Amino acids 16-29 were sufficient to confer almost all
binding of PfEMP3 to actin (MBP-PfEMP3-16-29), however with the addition of
amino acids 30-45 (MBP-PfEMP3-16-45) binding increased to almost MBP-PfEMP3-
Fla.l levels.
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Chapter 4 - Mapping the Spectrin Domains that Bind
PfEMP3

4.1 Introduction

In the previous chapter, we defined a 14 residue domain in PfEMP3 (PfEMP3-

16-29) that binds specifically to spectrin. Here, we now define the domains within

spectrin, with which PfEMP3 interacts. Although a number of regions within

spectrin have been defined that interact with other erythrocyte proteins, domains

within spectrin that mediate the binding of parasite proteins have not yet been

identified. Interestingly, previous mapping of binding domains for parasite proteins

with erythrocyte proteins has revealed overlap of the parasite protein binding

domains with the binding domains for other erythrocyte skeletal proteins. For

example, the binding domain within ankyrin that mediates binding to KAHRP also

mediates binding of band 3 and spectrin (Magowan et aL, 2000). Furthermore, the

binding site in protein 4.1 for MESA not only overlaps the binding site for

erythrocyte p55 in protein 4 .1 , but also interferes with the interaction between

these two important erythrocyte proteins (Waller et al., 2003).

Here, we have attempted to define domains within spectrin to which PfEMP3

binds by studying interactions between recombinant spectrin sub-fragments and

the identified erythrocyte binding domain of PfEMP3.

-•} 4.2 Expression and Purification of Spectrin GST Fusions

Sub-fragments of spectrin cloned into pGEX vectors were provided by X. An

(New York Blood Center, NY, USA). Table 4.1 summarises the important

characteristics for each of the sub-fragments and their expressed proteins. Figure

4.1 shows a schematic representation of the cloned fragments in relation to full

length a- and p-spectrin poiypeptides. Each of the sub-fragments were named

according to the domains or the residues which they contain. The a- and p-spectrin

poiypeptides each contain an N-terminal region, a number of spectrin repeats and a

C-terminal region. For each of the sub-fragments the a- or p- polypeptide is

indicated, along with the domains included (N, numbers for each of the repeats or

C). Where the N-terminal has been divided into smaller regions, residue numbers

in subscript are used to define the subdomain. For a-spectrin, pGEX clones

containing one of each of four fragments that encompass the entire protein (otN-5,

a 6 - i l , <xl2-16 and ctl7-C), along with an additional N-terminal region (ai-i54) were

'& provided. For p-spectrin, pGEX clones containing one of each of four fragments
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that encompass the entire protein (p(M-4, P5-9, piO-14 and P15-C), along with a

number of N-terminal sub-fragments (PN-2, pN, P191-301 and p i -2) were provided.

DNA from each of these clones was used to transform E. coli BL21 (DE3) to

ampicillin resistance and the resulting strains (RCM1780, RCM1782, RCM1784,

RCM1786, RCM1641, RCM1635, RCM1774, RCM1776, RCM1778, RCM1636,

RCM1637, RCM1639 and RCM1640) were used in expression and purification of GST

fusion proteins (Section 2.16). Purified recombinant GST protein was supplied by

K. Waller (Monash University). Approximately 2 jig and 50 ng of protein were

resolved on 12% polyacrylamide gels and visualised by either Coomassie Brilliant

Blue staining or immunoblot analysis using anti-MBP antiserum (Figure 4.2). GST

spectrin fusion proteins were purified with varying proportions of full length protein.

All GST-spectrin fusion proteins resolved at approximately their predicted size.

Immunoblot analysis showed similar banding patterns to those seen in Coomassie

Brilliant Blue stained gels.

4.3 Interaction of PfEMP3 with immobilised GST-Spectrin

Fragments

To define the PfEMP3 binding domain in spectrin, MBP-PfEMP3-FIa.l was

incubated with the various spectrin sub-fragments. Approximately 0.5 juM of GST,

the purified GST-spectrin fusion proteins, 100 ng of purified spectrin or BSA were

coated onto wells. Wells were blocked with BSA and approximately 2 ^g of MBP or

MBP-PfEMP3-FIa.l was added. Bound protein was eluted from the wells, resolved

on 10% polyacrylamide gels, transferred to PVDF and detected by immunoblot

analysis using anti-MBP antiserum.

To examine the interaction of the N-terminal regions of spectrin with

PfEMP3, MBP-PfEMP3~FIa.l or MBP were allowed to bind. A representative

immunoblot is shown in Figure 4.3. MBP-PfEMP3-FIa.l was detected binding to

wells coated with purified spectrin (lane 1), GST-spectrin pN-4 (lane 2), pN-2 (lane

3), pN (lane 4), P191-301 (lane 5), p i -2 (lane 6), but not to wells coated with oti-154

(lane 7), GST (lane 8) or BSA (lane 9). MBP did not bind to wells coated with

purified spectrin (lane 10) or to wells coated with any of the GST-spectrin fusion

proteins (lanes 11-16), GST (Ianel7) or BSA (lane 18). In this particular assay,

binding of MBP-PfEMP3-FIa.l to both purified spectrin (lane 1) and GST-spectrin

P191-301 (lane 5) appeared to be less intense than that to any of the other proteins.

This was not consistently observed in a number of similar interaction assays and

may have been due to normal variations between assays.
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To examine interactions of the eight sub-fragments that encompass the

entire a- and p-spectrin polypeptides, wells were coated with GST fusion proteins

and MBP-PfEMP3-FIa.l or MBP allowed to bind. A representative immunoblot is

shown in Figure 4.4. MBP-PfEMP3-FIa,l was detected binding to wells coated with

purified spectrin (lane 1), GST-spectrin pN-4 (lane 2), P5-9 (lane 3), piO-14 (lane

4), pl5-C (lane 5), ocN-5 (lane 6), <x6-ll (lane 7), otl2-16 (lane 8) and al7-C (lane

9), but not to wells coated with GST (lane 10) or BSA (lane 11). MBP did not bind

to wells coated with purified spectrin (lane 12) or to wells coated with any of the

GST-spectrin fusion proteins (lanes 13-20, respectively), GST (lane 21) or BSA

(lane 22). In this particular interaction, binding of MBP-PfEMP3~FIa.l to both

purified spectrin (lane 1) and GST-spectrin al\l-5 (lane 6) appeared to be less

intense than thai for the other proteins. This was not consistently observed across

a number of repeat interactions and again may have been due to normal variations

between assays. However, for all of the spectrin fragments tested there was an

overall inconsistency of the intensity of the bands observed between repeat assays

that was not observed for the binding of PfEMP3-FIa.l to purified spectrin in

Chapter 3.

These assays indicated that the P191-301 region and regions within a- and p-

spectrin containing spectrin repeats were able to bind PfEMP3. The widespread

nature of the binding and the variation between assays made it possible that the

binding observed could be artefactuaL Accordingly, other binding assays were

performed to attempt to confirm these results.

4A Interaction of Immobilised PfEMP3 with GST-Spectrin

Fragments

Initially we performed a reverse binding assay in which approximately 2 |ug

of MBP-PfEMP3-FIa.l or MBP were coated onto the wells, then approximately 0.5

luiM of the eight GST spectrin clones, that encompass a- and p-spectrin, were added.

Proteins were eluted, resolved on 12% polyacrylamide gels and detected in

immuneblot analysis using anti-GST antiserum (Appendix 4). Figure 4.5 shows the

immunoblot of this assay.

This experiment was performed only once and following a 4 hour exposure

both the GST and MBP fusion proteins were detected at approximately equal

intensity with the anti-GST antiserum. Each triplicate consisted of MBP, MBP-

PfEMP3-FIa.l and BSA coated on to the wells, respectively. Proteins added and

allowed to bind were GST (lanes 1, 2 and 3) ; GST-spectrin otN-5 (lanes 4, 5 and 6),

a 6 - l l (lanes 7, 8 and 9), al2-16 (lanes 10, 11 and 12), <xl7-C (lanes 13, 14 and
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15), p!NI-4 (lanes 16, 17 and 18), p5-9 (lanes 19, 20 and 21), plO-14 (lanes 22, 23

and 24) and (315-C (lanes 25, 26 and 27).

The reactivity visualised on the immunoblot was only achieved following a

much longer exposure than was necessary for exposures routinely required to

visualise a significant amount of GST fusion protein using the anti-GST antiserum.

In addition, the anti-GST antiserum, which was not able to specifically detect MBP

fusion proteins, detected the MBP fusion proteins coated onto the wells at levels

equal to the interacting GST fusion proteins. Taken together these observations

indicated that the levels of GST fusion protein detected were extremely low. The

low levels of bound GST fusion protein did not allow for the specific detection of

GST fusion proteins above the non-specific detection MBP fusion proteins. This

indicated that the GST fusion proteins detected were only background levels and

did not represent any real binding. In support of this hypothesis, the intensity of

bands detected for interactions of GST-spectrin fragments were no more intense

than that detected for the interaction of the GST control. In addition, the intensity

of the bands detected for each of the GST-spectrin fragments binding to PfEMP3,

was no more intense than that for each binding to MBP or BSA controls. Purified

spectrin was not added in solution as a positive control because of the inability of

the anti-GST antiserum to detect bound protein and the unavailability of an anti-

spectrin antiserum.

4.5 Competitive Binding Assays to Determine the Ability of

Spectrin Sub-fragments to Ablate Binding of PfEMP3 to

Spectrin

In an attempt to strengthen the results obtained in the PfEMP3 microtitre

plate assay, competition experiments were attempted. To determine that

preincubation of PfEMP3 with the GST-spectrin fusion proteins could ablate binding

of PfEMP3 to spectrin by competing for PfEMP3 binding sites, MBP-PfEMP3 fusion

proteins were preincubated with a 10 fold molar excess of GST-spectrin fragment

and allowed to bind to wells coated with purified spectrin (Section 2.19.1). Initial

experiments with GST-spectrin pi\l-4 indicated a possible inhibitory effect of PfEMP3

binding to spectrin. Figure 4.6a shows the immunoblot for this interaction. MBP

did not bind to wells coated with spectrin (lane 1) or BSA (lane 2). MBP-PfEMP3-

Fla.l preincubated with PBS was detected binding to wells coated with purified

spectrin (lane 3), however only background levels were detected binding to wells

coated with BSA (lane 4). Preincubation of MBP-PfEMP3-FIa.l with GST-spectrin
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pN-4 greatly reduced the binding of PfEMP3-FIa.l to purified spectrin (lane 5),

consistent with inhibition of PfEMP3 binding to spectrin. MBP-PfEMP3-FIa.l

preincubated with GST-spectrin pN-4 did not bind to wells coated with BSA (lane 6).

Preincubation of MBP-PfEMP3-FIa.l with GST bound to wells coated with spectrin

(lane 7) at levels comparable with preincubation with PBS (lane 3), indicating no

inhibitory effect of GST. MBP-PfEMP3-FIa.l preincubated with GST showed only

background levels of binding to wells coated with BSA (lane 8). MBP-PfEMP3-FIa.4

preincubated in the presence of either GST-spectrin pi\l-4 or GST did not bind to

wells coated with spectrin (lanes 9 and 11, respectively) or to wells coated with

BSA (lane 10 and 12, respectively).

To confirm this initial experiment and to further define the inhibitory region,

three subsequent experiments looked at competition through preincubation of MBP-

PfEMP3-FIa.l with each of GST-spectrin pl\l-2, pi\l, Pi9i-3oi, p i -2 and ai-154.

Preincubation in the presence or absence of Tween-20 and increasing the excess

from 10 to 200 fold excess of GST-spectrin fusion, ail demonstrated no inhibition of

MBP-PfEMP3-FIa.l (Figure 4.6b). Background levels of bound protein were

detected for MBP to wells coated with spectrin (lane 1). In addition, background

levels of bound protein were detected for MBP (lane 2) and for MBP-PfEMP3-FIa.l

preincubated with PBS (lane 4), GST-spectrin (3N-2 (lane 6), pN (lane 8), P191-301

(lane 10), p l -2 (lane 12), a H S 4 (lane 14) or with GST (lane 16) to wells coated with

BSA. Equal amounts of bound protein were detected for each of the sets of wells

coated with spectrin for MBP-PfEMP3-FIa.l preincubated with PBS (lane 3), GST-

spectrin pN-2 (lane 5), pN (lane 7), p19i-3oi (lane 9), p i -2 (lane 11), od.154 (lane 13),

or with GST (lane 15), indicating that none of the GST-spectrin fragments were

able to reduce binding of PfEMP3 to spectrin when compared to PBS and GST

controls.

Thus, it appears that GST-spectrin pN-4 was able to inhibit binding of

PfEMP3 to spectrin, whereas GST-spectrin piSI-2 was unable to inhibit binding.

These data indicated that p-spectrin repeats 3 and 4 were required for inhibition of

spectrin binding to PfEMP3. This would need to be repeated a number of times to

be confident of the result. Unfortunately, the inhibition of GST-spectrin piM-4 was

not repeated or investigated further due to time constraints.

4.6 GST Pull Down Assays to Identify PfEMP3 Binding

Domains in Spectrin

To further strengthen the results obtained in the microtitre plate assay, GST

pull down assays were performed. GST pull down assays allow detection of
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protein-protein interactions utilising the ability of GST fusions to simultaneously

bind Glutathione Agarose and a binding partner. These assays have been used to

detected a number of protein-protein interactions including the interaction between

a- and p-spectrin resulting in dimerisation (Harper et al., 2001). GST fusions bind

the Glutathione Agarose, together with any interacting proteins and following

washing these proteins will be found in the bead sample. Unbound proteins will

present in the supernatant. Approximately 5 JJM GST-spectrin fusion protein and

5 [iM MBP-PfEMP3-FIa.l fusion protein were preincubated, added to Glutathione

Agarose and allowed to bind. Samples were spun down to separate beads from the

supernatant and beads were washed three times with 20 volumes of PBS (Section

2.21). Figure 4.7 shows a representative immunoblot of equal samples of beads

and supernatant, detected using anti-MBP antiserum.

Both MBP and MBP-PfEMP3-FIa.l were preincubated with each of GST, GST-

spectrin pN, pN-4 and |35-9. For all samples, the amount of MBP-PfEMP3-FIa.l and

MBP is distributed evenly between both beads (odd numbered lanes) and

supernatant (even numbered lanes). This indicates that either MBP fusions are able

to bind non-specifically to glutathione agarose or GST fusion proteins, or that the

washing of the samples is incomplete. The immunoblot shows this distribution for

MBP preincubated with GST (lanes 1 and 2), GST-spectrin pN (lanes 5 and 6), pN-4

(lanes 9 and 10) and P5-9 (lanes 13 and 14). This is also seen for MBP-PfEMP3-

Fla.l preincubated with GST (lanes 3 and 4), GST-spectrin pN (lanes 7 and 8), pN-4

(lanes 11 and 12), and P5-9 (lanes 15 and 16). There did, however, appear to be

less MBP-PfEMP3-FIa.l following preincubation with GST-spectrin pN in the pellet

sample (lane 7), but this was not compensated for in the supernatant sample (lane

8) and was thought to have arisen through a bubble between the polyacrylamide

gel and the PVDF membrane during transfer. Due to time constraints and the

indication that GST pull down interactions were not likely to confirm or clarify

previous results, this interaction was not repeated nor the protocol altered to

delineate the equal binding seen for all samples.

4.7 Kinetic Analysis of Spectrin Sub-Fragments binding to

PfEMPZ-FiaA

In an attempt to confirm interactions identified with the microtitre plate

interaction assay between PfEMP3 and the spectrin repeat regions within both ct-

and p-spectrin and with the N-terminal domain of p-spectrin (Section 3.7.6),

resonant mirror detection was used to obtain kinetic data. PfEMP3-FXa.l was

coated onto aminosilane cuvettes and GST-spectrin sub-fragments added in

105



aqueous solution (as described in Section 3.7.6), Table 4.2 shows the association

rate constant (/C3), disassociation rate constant (Kd) and subsequent disassociation

constants (K(D)kin and K(D)sCat) of the interactions (calculated as described in Section

3.7.6). Two additional GST-p-spectrin sub-fragments were used in these assays.

These were pN-9 and P211-301/ encompassing the N-terminal region plus the first 9

repeat regions of p-spectrin and the residues 211-301 contained within the C-

terminal end of the N-terminal domain, respectively. Data showed that the N-

terminal domain of p-spectrin is able to bind PfEMP3 and confirmed that the region

P191-302 is sufficient to confer this binding. In addition, resonant mirror detection

was able to show binding of P2H-301 to PfEMP3-FIa.l, identifying a binding domain of

91 residues. Both these sub-fragments conferred binding with a K(D)kin of 4.3xlO"7

M, which was more than 10 times the K(D)kin of the p-spectrin N-terminal region

(pN) in its entirety. The repeat regions p5-9 and plO-14 both showed binding to

PfEMP3-FIa.l, however the 5 repeat regions that make up p5-9 (K(D)kin of 6.4xlO'8

M) conferred binding at over 10 times that conferred by the 5 repeat regions that

make up piO-14 {K(D)kin of 2.8xlO"7 M). The p-spectrin sub-fragment that

encompassed the N-terminal region and first 9 repeat regions only conferred

binding with a K(D)kin of l . lx lO"6 M. This is less than both the 91 residue N-terminal

binding domain (P211-301) and of p5-9, which are both contained within this sub-

fragment. Data also showed that aN-5, a 6 - l l and al7-C sub-fragments conferred

binding with a K(D)kin of 1.7xlO'6, 1.9xlO"6 M and 4.5xlO'7 M, respectively. a ^ ^

and GST alone showed no binding to PfEMP3-FIa.l as seen with the microtitre plate

assay.

4.8 Discussion

In this chapter, we have attempted to map the PfEMP3 binding domain in

spectrin. We have shown that PfEMP3 binds to the P191-301 region and to the

spectrin repeats of both a- and p-spectrin when GST-spectrin fusion proteins are

immobilised in a solid phase microtitre plate interaction assay. Results using this

technique were generally inconsistent and in an attempt to further define these

interactions, we reversed the immobilised ligand, used competitive assays and GST

pull down assays, none of which were able to confirm or clarify these interactions.

Resonant mirror detection was able to confirm the interaction of PfEMP3 with both

the N-terminal domain of p-spectrin and with the repeat regions of both a- and p-

spectrin. This method also defined the binding domain to the 91 residues

encompassed by the P211-301 sub-fragment.
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Previous studies performed in our laboratory using the solid phase microtitre

plate assay have shown inconsistencies similar to those seen in this study. For

example, in Chapter 3 we showed that small proteins fused to the relatively large

MBP protein, resulted in inconsistent and poorly defined binding. This was evident

with a binding domain of less than 60 residues fused to MBP. Another example of

inconsistent results obtained for this assay, involved mapping the binding domain

within protein 4.1 for MESA (Waller, 2000). This inconstancy was resolved with

clear and definitive data using a resonance mirror detection method and

competitive GST pull down assays (Waller et al.r 2003).

It is feasible that there are multiple domains within spectrin to which PfEMP3

binds. Proteins at the erythrocyte membrane are able to bind multiple proteins and

to bind a single protein within a number of different domains. For example

spectrin, band 3, protein 4.1, ankyrin and p55 hcve all been shown to interact with

multiple proteins (see Section 1.3 and for review see Lux and Paiek, 1995) and

ankyrin binds specifically to multiple sequences throughout the N-terminal domain

of band 3 (Willardson et al., 1989). PfEMP3 may be responsible for the modulation

of normal protein-protein interactions between spectrin and its erythrocyte protein

binding partners. This may be mediated through interactions with the N-terminal

region responsible for the binding of both actin and protein 4.1 or through

interactions with the 15th repeat region of p-spectrin, responsible for the binding of

ankyrin. Alternatively, PfEMP3 may modulate the formation of heterodimers and of

oligomers of a- and p-spectrin through interactions with repeat regions responsible

for self association or nucleation. It may also be the case that PfEMP3 binds only to

sites within spectrin that contain no functional domain and therefore, remain

available for binding. We can speculate that a number of PfEMP3 molecules bind

spectrin at multiple sites and lead to the modulation of a number of normal protein-

protein interactions at the erythrocyte skeleton.

The protein interactions in this chapter were notably not as consistent as the

binding of PfEMP3 to purified spectrin in Chapter 3. This suggests that the sub-

fragmentation of spectrin and the expression of these sub-fragments as GST

fusions have altered the binding domains for PfEMP3. Previously Winograd et al.

(1991) have shown that expression of the spectrin repeat a-helical domains as GST

fusions resulted in proper folding if boundaries corresponded to folding units.

Incorrect folding of these structures may result in either partial or total loss of

binding, or may result in binding that would not be seen in the erythrocyte.

However, in this study, the spectrin sub-fragments were divided at the junction of

repeat regions, so as not to divide any of the structural domains and to retain

structure. Circular Dichroism (CD) Spectroscopy, a technique that is able to
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determine the presence of secondary structure within a protein, was used to

determine that the pGEX-spectrin constructs used in this study are able to produce

GfeT fusions that form a-helicai structures (X. An, New York Blood Center, personal

communication). However, the actual proteins used in PfEMP3 binding studies were

not subjected to CD Spectroscopy. Small differences in composition of the buffers,

storage conditions and purification methods may result in changes to the structure

of the GST-spectrin sub-fragments and have an effect on the ability of these

proteins to bind PfEMPS. The use of CD Spectroscopy to confirm that protein

preparations used in this study form a-helical structures would remove one possible

area of uncertainty. In addition, data from resonant mirror detection showed that

only the interaction between p5-9 and PfEMP3-FIa.l (6.4xlO'8 M) was comparable

to the interaction of purified spectrin and PfEMP3-FIa.l (8.4x10 8 M) and

interestingly that the two sub-fragments that contained the N-terminal residues 1-

190 (pN-9 and pi\l) conferred binding at K(D)kin values of nearly 100 fold less

(l.lxlO"6M and 1.4xlO"6 M, respectively) than either p5-9 or purified spectrin. This

indicates that the tertiary structure of spectrin may be important for the ability of

PfEMP3 to bind certain regions of the protein. This could be important within the

infected erythrocyte where the binding of other malaria or erythrocyte proteins may

effect the ability of PfEMP3 access a binding site within spectrin.

It is also important to consider the quaternary structure of spectrin and the

influence this may have on binding. Purified spectrin used in Chapter 3 consists of

both a- and p-spectrin which have the ability to form heterodimers, tetramers and

higher order oligomers. It is possible that the formation of this quaternary

structure contributes to the binding domain within spectrin for PfEMP3. The GST-

spectrin clones differ from the native spectrin in a number of ways that may be

relevant for binding of PfEMP3. Firstly, the association of the a- and p-spectrin

polypeptides to form either dimers or tetramers may result in the formation of a

binding domain which is not present in either the individual polypeptides or the

fragmented polypeptides. Alternatively, a single binding domain within either a- or

p-spectrin is represented multiple times within a tetramer or higher order oligomer.

This would result in multiple binding domains within the tetramer or oligomer,

compared to the single domain within the monomer, and may result in a higher

affinity of binding to purified spectrin when compared to the GST-spectrin

fragments. A study by Li and Bennett (1996) investigated the ability of p-spectrin

to promote adducin binding to actin. When compared to the native spectrin

tetramer, p-spectrin showed reduced ability to stabilise the adducin-actin

interaction. However, the heterodimer formation between a p-spectrin fragment

and a-spectrin showed no detectable increase in activation, indicating that the
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association of a- and p-spectrin has no role in modulating this interaction. This

evidence suggests that the additional activity of the spectrin tetramer may be due

to the presence of multiple binding domains within the tetramer when compared to

a single binding domain within the monomer. This type of approach may be useful

in delineating the influence of quaternary structure in the binding of PfEMP3 to

spectrin.

It is important, as discussed in Chapter 3, to further investigate these

domains in terms of their possible altered function within normal erythrocytes.

Further investigation of the interaction between PfEMP3 and spectrin in terms of

other interactions such as those with protein 4,1, actin and ankyrin, will be of great

interest for future studies.
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Fragment

aN-5
a6-ll
al2-16
al7-C
ai-i54
0N-4
p5-9
plO-14
pl5-C
pN-2
pN
Pl91-301
pl-2

Parent
pGEX

Plasmid

4T-2
4T-2
4T-2
4T-2
3X
3X
4T-2
3X
3X
3X
3X
3X
3X

Size of
Inserted
Fragment

(bp)

1752
1821
1602
2163
462
2226
1593
1596
1023
1581
903
333
678

Residues
Encompassed

by Insert

1-584
574-1180
1181-1714
1710-2430
1-154
1-742
743-1273
1274-1796
1797-2137
1-527
1-301
191-301
302-527

Predicted
Molecular
Mass of
Fusion

Protein (kDa)

95
97.5
88.5
110
45
113
87.5
87
62.5
88.5
61.5
40
53.5

Approximate
Resolved
Molecular
Mass of
Fusion

Protein (kDa)
110
100
95
105
40
115
95
95
65
85
60
35
48

Table 4.1. Characteristics of pGEX Spectrin Clones
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a-spectrin

a,.154

aN-5

p-spectrin

EF Hands
-COOH

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

a6-ll

al2~16

COOH-
P P

P P

P5-9
plO-14

P15-C

al7-C

Adducin

Ankyrin

17 16 15 14 13 12 11 10 9 8 7 6 5 4 3

Actin

2 1

PN-4

Protein 4.1

CH1/CH2

(3N-2

Bl-2
P191-301

. 1 . Schematic of Spectrin Clones
Schematic representation of a- and p-spectrin showing the regions encompassed within each of the recombinant spectrin fragments. Figure is not to
scale and is adapted from Lux and Palek, 1995. Features of the a- and p-spectrin schematic are described in Figure 1.2.
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Figure 4.2. Expression and Purification of GST-Spectrin Fragments
A. Purified GST-spectrin fusion proteins detected by Coomassie Brilliant Blue staining

of SDS-PAGE. 2 ng of each purified protein was resolved on 12% polyacrylamide
gels. GST (lane 1), GST-spectrin pN-4 (lane 2), (35-9 (lane 3), piO-14 (lane 4),
P15-C (lane 5), aN-5 (lane 6), a6 - l l (lane 7), al2-16 (lane 8); al7-C (iane 9), a, 15<
(lane 10), p191.30i(lane 11), pN (lane 12), p!\I-2 (lane 13) and pi-2 (lane 14).

B. Immunoblot assay of GST-spectrin fusion proteins detected using anti-GST
antiserum. 50 ng of each purified protein was resolved on 12% SDS-PAGE and
transferred to PVDF for detection. GST (lane 1), GST-spectrin piM-4 (lane 2), p5-9
(lane 3), piO-14 (lane 4), pi5-C (lane 5), aN-5 (lane 6), <x6-ll (lane 7), <xl2-16
(lane 8), al7-C (lane 9), ai.154 (lane 10), pm.3O1 (lane 11), pN (iane 12), piM-2 (lane
13)andpi-2(lanel4).
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Figure 4.3. Interaction of PfEMP3 with Immobilised Recombinant N-Terminal
Spectrin Fragments

Immunoblot of interaction assay with immobilised GST N-terminal spectrin fragments
Purified spectrin (lanes 1 and 10), GST-spectrin pN-4 (lane 2 and 11), pN-2 (lane 3 and
12), pi\] (lane 4 and 13), p191_301 (lane 5 and 14), pi-2 (lane 6 and 15), ttl.154 (lane 7 and
16), GST (lane 8 and 17) and BSA (lane 9 and 18) were coated onto wells of a microtitre
plate. MBP-PfEMP3-FIa.l (lanes 1-9) and MBP (lanes 10-18) were added to the wells
and allowed to bind MBP-PfEMP3-FIa.l was detected binding to wells coated with
purified spectrin (lane 1), GST-spectrin pN-4 (lane 2), pi\i-2 (lane 3), pN (lane 4), pl91301

(lane 5) and pl-2 (lane 6), but not to wells coated with ai.154 (lane 7), GST (lane 8) or BSA
(lane 9). MBP did not bind proteins in any of the wells (lanes 10-18).
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Figure 4.4. Interaction of PfEMP3 with Immobilised GST a- and 6-Spectrin
Fragments

Immunoblot interaction assay with immobilised GST a- and fl-spectrin fragments
Purified spectrin (lane 1 and 12), GST-spectrin pN-4 (lane 2 and 13), (35-9 (lane 3
and 14), piO-14 (lane 4and 15), P15-C(lane 5 and 16), ctN-5 (lane 6and 17), «6 - l l
(lane 7 and 18), al2-16 (lane 8 and 19), al7-C (lane 9 and 20), GST (lane 10 and
21) and BSA (lane 11 and 22) were coated onto the wells of a microtitre plate MBP-
PfEMP3-FIa.l (lanes 1-11) and MBP (lanes 12-22) were added to the wells and
allowed to bind. MBP-PfEMP3-FIa.l was detected to bind wells coated with purified
spectrin (lane 1), GST-spectrin pN-4 (lane 2), p5-9 (lane 3), piO-14 (lane 4) P15-C
(lane 5),aN-5 (lane 6), a6 - l l (lane 7),a 12-16 (lane 8) and al7-C (lane 9), 'but not
to wells coated with GST (lane 10) or BSA (lane 11). MBP did not bind to proteins in
any of the wells (lanes 12-22).
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Figure 4.5. Interaction Assay of Immobilised PfEMP3 with GST-Spectrin
Fragments

Immunoblot of interaction assay with immobilised PfEMP3 detected using an anti-GST
ant.serum. MBP (lanes 1,4,7,10, 13,16,19, 22 and 25), MBP-PfEMP3-FIa.l (lanes 2 5
8, 11 14, 17, 20, 23 and 26) and BSA (lanes 3, 6, 9, 12, 15, 18, 21, 24 and 27) were
coated onto wells of a microtitre plate. GST (lanes 1, 2 and 3), GST-spectrin aN-5 (lanes
4, 5 and 6), a 6 - l l (lanes 7, 8 and 9), al2-16 (lanes 10, 11 and 12), ccl7-C (lanes 13, 14

™ i ? ; t ( ! ? n 6 S 16'1? " ^ 18)'P5"9 ('aneS 19' 20 and 2 1 ) ' P10"14 ( |a™* 22, 23 and
24) and P15-C (lanes 25, 26 and 27) were added to the wells and allowed to bind. Bands
detected are of both GST and MBP origin, indicating only background levels of binding for
GST-spectrin fusion proteins to immobilised PfEMP3-FIa.l.
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Figure 4.6. Competitive Binding Assays

A. Immunoblot of GST-spectrin pN-4 competitive binding assay. Purified spectrin (lanes 1 3
5, 7, 9 and 11) and BSA (Janes 2, 4, 6, 8, 10 and 12) were coated onto the wells of a
microtitre plate. MBP (lanes 1 and 2), MBP-PfEMP3-FIa.l preincubated with PBS (lanes 3
and 4), MBP-PfEMP3-FIa.l preincubated with GST-spectrin pN-4 (lanes 5 and 6) MBP-
PfEMP3-FIa.l preincubated with GST (lanes 7 and 8), MBP-PfEMP3-FIa.4 preincubated
with GST-spectrin pN-4 (lanes 9 and 10) and MBP-PfEMP3-FIa.4 preincubated with GST
(lanes 11 and 12) were added to the wells and allowed to bind. Bound protein was
detected for MBP-PfEMP3-FIa.l preincubated with PBS (lane 3) and MBP-PfEMP3-FIa 1
pre.ncubated with GST (lane 7) to wells coated with spectrin. Low levels of bound protein
was detected for MBP-PfEMP3-FIa.l preincubated with GST-spectrin pN-4 (lane 5) to wells
coated with purified spectrin.

B. Immunoblot of GST N-terminal spectrin competitive binding assay. Purified spectrin
(lanes 1, 3, 5, 7, 9, 11, 13 and 15) and BSA (lanes 2, 4, 6, 8, 10, 12, 14 and 16) were
coated onto the wells of a microtitre plate. MBP (lanes 1 and 2), MBP-PfEMP3-*Ia 1
preincubated with PBS (lanes 3 and 4), MBP-PfEMP3-FIa.l preincubated with GST-
spectrin pN-2 (lanes 5 and 6), MBP-PfEMP3FIa.l preincubated with GST-spectrin BN

S H . B V ' S J M T ^ 1 * 3 " 1 ? ' 1 PreinCUbated with GST-spectrin Pl91,01 (lanes 9 and
10), MBP-PfEMP3-FIa.l pre.ncubated with GST-spectrin pi -2 (lanes 11 and 12) MBP-
PfEMP3-FIa.l preincubated with GST-spectrin a,154 (lanes 13 and 14) and MBP-PfEMP3-
Fla.l preincubated with GST (lanes 15 and 16) were added to the wells and allowed to
bind. Background levels of bound protein was detected for MBP to wells coated with
spectrin (lane 1) and for all the proteins to wells coated with BSA (lanes 2 4 6 8 10 12
14 and 16). Bound protein was detected for MBP-PfEMP3-FIa.l preincubated with any of
the proteins, to wells coated with spectrin (lanes 3, 5,7,9,11,13 and 15)
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Immunoblot of GST puli down assays. MBP was preincubated with GST (lanes 1
and 2), GST-spectrin pN (ianes 5 and 6), pN-4 (lanes 9 and 10) and P5-9 (lanes 13
and 14) and added to the beads and allowed to bind. MBP-PfEMP3-FIa 1 was
preincubated with GST (lanes 3 and 4), GST-spectrin (3N (lanes 7 and 8) BN-4
(lanes 11 and 12), and ps-9 (lanes IS and 16) and added to the beads and allowed
tob.nd. Equal protein was detected in both the supernatant (lanes 1 3 5 7 9 u
13 and 15) and the pellet (lanes 2, 4, 6, 8, 10, 12, 14 and 16) for ea'ch'of the
proteins.
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Spectrin
Fragment

pN-9
pN
Pl91-301

P211-310
P5-9
PIO-14

a1-154
aN-5
a 6 - l l
al7-C

GST

km

(M^sec"1)

6.6xlO3

4.2xlO3

l.OxlO4

l . l x lO 4

4.7xlO4

2.0xl04

No binding
4.1 xlO3

3.5xlO4

1.3xlO4

No binding

kd

(sec1)
7.1xlO"3

5.8xlO'3

4.3xlO'3

4.9xlO3

3.0x l0 3

5.6xlO-3

No binding
6.8 xlO"3

5.9xlO"3

5.8xlO'3

No binding

(nM)

1100
1400
430
430
64
280

No binding
1700
1900
450

No binding

(nM)
1100
1400
320
320
60
300

No binding
1100
1100
410

No binding

Table 4.2. Kinetics Data fr Binding of PfEMP3-FXa.l to Spectrin Fragments
The binding assays were carried out in PBS containing 0.05% Tween 20. From the
binding curves obtained by resonant mirror detection method, Kai Kdl K(D)kin and
K(D)scat were determined using the software package FASTfit™. Binding was
detected for M5P-PfEMP3-FJa.l to all GST-p-spectrin fragments and to all GST-a-
spectrin fragments tested. No binding was detected for MBP-PfEMP3-FIa.l to GST.
No binding is defined as described in Nunomurae/tf/., 2000.
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Chapter 5 - Mapping the Domains of Pf332 that Bind to
the Erythrocyte Membrane Skeleton

5.1 Introduction

Pf332 is a large parasite protein with a predicted size of 700-800 kDa that is

found at the erythrocyte membrane and in Maurer's clefts in schizont infected

erythrocytes. To date, few studies have focused on Pf332, and until the recent

release of the complete genome sequence for P. falciparum, the full Pf332 sequence

was unknown. Pf332 is one of the largest genes in the P. falciparum genome

(Robert Huestis, VBC, personal communication) and is 2-3 times larger than other

proteins, such as KAHRP, MESA and PfEMP3, that are exported to the erythrocyte

membrane skeleton. For these reasons, elucidating the function of Pf332 at the

membrane skeleton and its importance in the pathogenesis of malaria is of

particular interest.

Due to the large size and repetitive nature of the gene encoding Pf332 and

of the encoded protein it was considered unfeasible to clone the entire gene and

express it as a full length protein. Therefore, the initial aim of this study was to

clone the entire coding region of PfEMP3 as fragments into pMAL vectors for

expression as MBP fusion proteins. This would allow us to identify binding domains

within Pf332 for the erythrocyte membrane and to identify erythrocyte binding

partners for Pf332.

5.2 The Structure of the Pf332 gene

5.2.1 Annotation of the Pf332 Gene

Prior to beginning this project, the sequence and intron-exon structure of

the Pf332 gene was unknown. Genbank contained 4 incomplete sequence

fragments of the Pf332 gene from the Palo Alto strain, a single incomplete

sequence from an unidentified strain and a single incomplete sequence from the

strain FCC1/HN (accession numbers AH001084, M69163, A25767 and AF202180).

With the gradual release of genome sequence by The Institute for Genomic

Research (TIGR), region of sequence encompassing the Pf332 gene fragments from

Genbank that encoded an open reading frame of 16578 bp was identified (Fiona

Glenister, Monash University). Upon release of the full chromosome 11 sequence,

this open reading frame was later identified as the gene encoding Pf332 (Gardner

et al., 2002). Robert Huestis of the VBC has more recently provided a gene model
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for Pf332, which differed from that predicted in the released P. falciparum genome.

The genome consortium prediction was for a single exon gene, whereas the VBC

predicted a gene with two exons of 1704 and 16578 bp, separated by a single

intron of 235 bp (Figure 5.1). This later prediction represents our current working

model for the structure of the full length Pf332 gene.

5.2.2 Confirmation of the Predicted Intron Using RT-PCR

To distinguish between these two predicted Pf332 gene structures, we used

RT-PCR to detect differences in the size of amplified products from genomic DNA

(gDNA) and complementary DNA (cDNA) templates. Oligonucleotides were

designed to amplify across the intron resulting in a 900 bp fragment from gDNA

and a 670 bp fragment from cDNA. These primers and resultant products are

shown schematically in Figure 5.2a, with the forward oligonucleotide, p l l 5 8 binding

to sequence within the first exon and the reverse oligonucleotide, p l l 8 1 binding to

sequence within the second exon. RNA was extracted from parasitised erythrocytes

and used in the presence (RT+) and absence (RT") of reverse transcriptase for the

synthesis of cDNA. These cDNA samples were provided by Tieqiao Wu (Monash

University).

Figure 5 2b shows the RT-PCR products when resolved by agarose gel

electrophoresis, RT+ sample shows a band between the 0.83 kilobase (kb) and

0.56 kb markers (lane 1) corresponding for that expected in cDNA. The band for

the RT+ sample appears to resolve at slightly higher than 670 bp, however

sequencing confirmed the size of the product. RT shows no amplified products

(lane 2) consistent with no contamination of RT samples with gDNA. The gDNA

sample shows a band that resolved at approximately the 0.95 kb marker,

consistent with the gDNA product containing the VBC predicted intron. The no DNA

control showed no amplification product (lane 4) thereby indicating all reagents

were free of gDNA contamination, Products from both RT+ and gDNA were excised

from the gel and purified. Purified fragments were sequenced and confirmed the

predicted size of the amplified products and boundaries of the intron predicted by

Dr. Huestis.

5.3 Cellular Localisation of Pf332 in Parasitised Erythrocytes

5.3.1 Detergent Extraction of Parasitised Erythrocytes

To confirm previous reports that Pf332 was insoluble in Triton X-100 (Mattel

and Scherf, 1992a) and, therefore, likely to be associated with the erythrocyte
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membrane skeleton (Leech et a/., 1984b), 3D7 parasitised erythrocytes were

extracted with Triton X-100 and the products analysed to determine Pf332

solubility. P. falciparum 3D7 parasite cultures were purified to more than 99%

trophozoite infected erythrocytes using Percoll density gradient purification (Section

2.4.6). Parasites were extracted, samples prepared as described in Section 2.12.2

and resolved on acrylamide/agarose composite gels (Section 2.12A), Proteins

were transferred to PVDF and used in immunoblot analysis with anti-Pf332

antiserum (Appendix 4). Figure 5.3 shows a representative immunoblot. Pf332

was detected in 3D7 (lane 1), insoluble (lane 2) and soluble (lane 3) samples as a

protein with a molecular mass in excess of 250 kDa. The largest band in this

immunoblot for the soluble sample (lane 3) appears to run slightly lower than that

of the 3D7 and insoluble samples. This is an artefact of this particular immunoblot

and this size difference was not seen consistently across a number of repeat

immunoblots. However, slight apparent differences in size were commonly seen for

various samples when proteins were resolved on agarose/acrylamide composite

gels. The aberrant resolution of bands across samples is most likely due to

difficulties in the pouring and handling of these gels. A number of smaller

molecular mass proteins were also detected in each of the samples. These proteins

could be either breakdown products or cross reactive proteins of either erythrocyte

or parasite origin. Previous studies have reported that Pf332 antisera can cross

react with other repeat-rich proteins such as RESA and P f l l . l , indicating that a

number of these bands were likely to be cross reactive proteins (Udomsdngpetch et

al., 1989a),

This experiment confirmed that Pf332 was partially insoluble in Triton X-100

and therefore, was most likely associated with the erythrocyte membrane skeleton.

It also shewed that Pf332 was partially soluble in Triton X-10C, possibly indicating

that a proportion of Pf332 that was not associated with the erythrocyte membrane

skeleton. This may include Pf332 associated with Maurer's Clefts or other

membranous structures within the erythrocyte cytoplasm, but it remains unclear at

the present time whether such structures are in fact soluble in Triton X-100.

5.4 Cloning Pf332 Fragments

To study the interactions between Pf332 and the erythrocyte membrane

skeleton, sub-fragments of Pf332 were cloned into the pMAL vector for expression

as MBP fusion proteins. Figure 5.4 shows the division of Pf332 into 23 gene

fragments. Three fragments from the first exon were designated El, E2 and E3,

where E represents the first exon. Twenty fragments from the second exon were

designated 1 through 20. For each of the second exon fragments oligonucleotide
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primers were designed in the forward and reverse orientation that included an

EcoRl site and an attb site ( p l l 5 9 - p l l 9 9 ) . This introduced site specific

recombination sequences used by GATEWAY™ Cloning Technology (Section 2.7) and

an EcoRI site used in conventional cloning procedures (Section 2.5 and 2.6).

Oligonucleotides were designed for fragment E l , E2 and E3 (pl353/pl354,

pl365/pl438 and pl439/pl356 respectively) which included a BamHl site in the

forward oligonucleotide and a Xhol site in the reverse oligonuclotide for cloning of

these three fragments into a pMAL vector using conventional cloning procedures.

Cloning procedures are outlined in Section 2.11.

5.5 Expression and Purification of MBP~Pf332 Fusion Proteins

pMAL clones containing each of the 23 fragments were used to transform

E. coli BL21(DE3) cells to ampicillin resistance and subsequent strains (RCM1719,

RCM1721, RCM1722, RCM1534, RCM1536, RCM1538, RCM1540, RCM1542,

RCM1544, RCM1546, RCM1548, RCM1550, RCM1552, RCM1554, RCM1556,

RCM1558f RCM1560, RCM1563, RCM1565, RCM1567, RCM1569, RCM1571,

RCM1574) were used in the protein expression and purification of MBP-Pf332

fragments (Section 2.16). Approximately 2 îg and 50 ng of purified proteins were

resolved on 10% polyacrylanrnde gels and visualised by either Coomassie Brilliant

Blue staining or transferred to PVDF for immunoblot analysis using anti-MBP

antiserum (Section 2.14) (Figure 5.5a and 5.5b), MBP fusion proteins E1-E3 (lanes

1-3) and 1-20 (lanes 4-24) purified as full length MBP fusion protein in varying

yields. Full length fusion protein for each of the purified proteins resolved slightly

higher than the predicted size. Table 5.1 summarises the Pf332 gene fragment

sizes that were cloned into pMAL vectors and the expected sizes, along with the

actual sizes, of proteins resolved on polyacrylamide gels for each of the resultant

MBP fusion proteins.

5.6 Interaction of MBP-Pf3332 with IOVs

MBP-Pf332 proteins were incubated with IOVs to determine binding domains

for the erythrocyte membrane skeleton within Pf332. MBP-PEMP3-FIa.l was used

as a positive control (Chapter 3) and MBP as a negative control. IOVs (Section

2.17) were coated onto wells, blocked, then approximately 2 \xq of MBP-Pf332

fragments were added and allowed to bind. Bound protein was eluted from the

wells (Section 2.19), resolved on 10% polyacrylamide gels, transferred to PVDF and

for immunoblot analysis using anti-MBP antiserum. A representative immunoblot is

shown in Figure 5.6. MBP-PfEMP3-FIa.l positive control bound to wells coated with
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IOVs (Figure 5.6c lane 11), None of MBP-Pf332 fragments E l , E2 (Figure 5.6c,

lanes 3 and 5) and 1-18 (Figure 5.6a, lanes 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 and

23, and Figure 5.6b, lanes 1, 3, 5, 7, 9? 11, and 13, respectively) bound to wells

coated with IOVs. A small amount of bound protein was detected to wells coated

with IOVs for MBP (Figure 5.6a and 5.6c, lane 1) and MBP~Pf332 fragment 20

(Figure 5.6b, lane 15) in this particular interaction, however the intensity of these

bands were very low and not consistent across all interactions. Bound protein was

detected for MBP-Pf332-fragment 19 (Figure 5.6c, lane 9), but this was far less

intense than that detected for the MBP-PfEMP3-FIa.l positive control (Figure 5.6c

lane 11). A lightly less intense band was consistently observed for the binding of

MBP-Pf332 fragment 19 to wells coated with BSA (Figure 5.6c, lane 20), indicating

that the binding of MBP-Pf332 fragment 19 is only sightly above its negative

control. A less intense band was also detected for MBP-Pf332 fragment E3 for wells

coated with IOVs (Figure 5.6c, lane 7). This band was consistently only sightly

more intense than for MBP-Pf332 fragment E3 binding to wells coated with BSA

(Figure 5.6c, lane 8). A small amount of bound protein was detected for MBP-

PfEMP3-FIa.l positive control for wells coated with BSA (Figure 5.6c lane 12). No

bound protein was detected for wells coated with BSA for MBP (Figure 5.6a and

5.6c, lane 2) or MBP~Pf332 fragments E l , E2 (Figure 5.6c, lanes 4 and 6), 1-18 and

20 (Figure 5.6 a, lanes 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24, and Figure 5.6b,

lanes, 2, 4, 6, 8, 10, 12, 14 and 16).

The presence of background bands seen for MBP binding to IOVs (Figure

5.6a and 5,6c, lane 1) and MBP-PfEMP3-FIa.l binding to BSA (Figure 5.6c lane 12)

may be attributed to the exposure times required to detect the low intensity bands

for binding of MBP-Pf332 fragments E3 and 19 to IOVs (Figure 5.6c, lane 7, and

Figure 5.6c, lane 9). Whilst still detecting the MBP-PfEMP3~FIa.l positive control,

shorter exposures are not likely detect these background bands, however lesser

exposures would fail to detect the binding seen for MBP-Pf332 fragment E3 to IOVs

although binding is above binding to the BSA negative control.

These data showed no interaction between the erythrocyte membrane

skeleton and MBP-Pf332 fragments E l , E2, 1-18 and 20. MBP-Pf332 fragment 20

appeared to show possible binding in the particular interaction shown here,

however fragment 20 was considered a non binding fragment as its binding to IOVs

was not consistently detected across a number of repeat interactions. This data

also indicated a possible interaction between Pf332 fragments E3 and 19 with the

erythrocyte membrane skeleton. The interaction between IOVs and MBP-Pf332

fragments El and 19 was always of low intensity and resulted in bands detected

which were consistently less intense than the positive control and consistently only
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sightly more intense than their BSA control. They were also often only slightly

more intense than the MBP negative control. The potential of MBP-Pf332 fragments

E3 and 19 to bind to the erythrocyte membrane skeleton led to us investigate the

possibility of these regions binding more definitively to erythrocyte membrane

following modification by the P. falciparum parasite.

5.7 Purification and Characterisation of IOVs from Parasitised

Erythrocytes

Proteins at the erythrocyte membrane skeleton are modified following

P. falciparum infection (for reviews see (Cooke et al., 2001; Haynes, 1993; Coppel

et al., 1998; Howard and Gilladoga, 1989). To investigate the possibility of an

interaction between Pf332 and the modified erythrocyte membrane skeleton, IOVs

were made from parasitised erythrocytes. Parasitised IOVs (pIOVs) were made

from 3D7 parasite cultures purified to more than 99% trophozoite infected

erythrocytes using Percol! density gradient purification (Section 2.4.6). pIOVs and

IOVs were made in parallel using the same method (Section 2.17), before

immunoblot analysis and interaction assays were performed.

5.7.1 Coomassie Brilliant Blue Staining and Immunoblot Analysis

ofplOVs

Proteins within pIOVs and IOVs were visualised to determine the difference

in banding patterns of the proteins present and to equalise for the amounts of the

common proteins present (such as spectrin) for immunoblot assays and interaction

assays. Figure 5.7 shows 5 ^l of both IOVs and pIOVs resolved on 10%

polyacrylamide gels and stained with Coomassie Brilliant Blue. Major bands present

in both IOVs and pIOVs are indicated as a-spectrin, (3-spectrin, band 3, protein 4.1,

pallidin, actin and glyceraldehyde-3-phosphate dehydrogenase (G3PD). Numerous

additional bands present in pIOVs ranged from more than 250 kDa to less than 37

kDa. No major bands were observed above the stacking gel/resoSving gel interface

(as indicated, Figure 5.7). It was estimated that the intensity of the a- and p-

spectrin bands were approximately equal between IOVs and pIOVs.

To identify additional proteins that co-purified with the erythrocyte

membrane in pIOVs, immunoblot analysis was perfo;,ned on both pIOVs and IOVs.

pIOV and IOV samples (2.5 jil), with samples from both normal and 3D7 parasitised

erythrocytes (2 |il) (prepared as described in Section 2.12.2), were loaded onto

either 10% or 7.5% polyacrylamide gels, resolved and transferred to PVDF for
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immunoblot analysis. Antiserum used for detection of each immunoblot is

described in Appendix 4.

Figure 5.8a shows an immunoblot using anti-protein 4.1 antiserum. Protein

4.1 exists as 78 and 80 kDa proteins (Leto and Marchesi, 1984) and following

resolution on a 7.5% polyacrylamide gel was detected in erythrocyte (lane 1), 3D7

(lane 2), pIOV (lane 3) and IOV (lane 4) samples, as both 78 and 80 kDa products

(indicated by the arrows). Smaller molecular mass proteins were detected in all

four samples. These could be break down products or cross reactive proteins.

Figure 5.8b shows detection of PfEMPl using antiserum raised to the

conserved intracellular portion of the PfEMPl. PfEMPl is inserted into the

erythrocyte membrane and exposed at the surface of parasitised erythrocytes

(Leech et al., 1984b). Therefore, PfEMPl would be expected to purify with

membranes in pIOVs. Samples were resolved on a 10% polyacrylamide gel and the

immunoblot showed a feint band present in 3D7 (lane 1) and pIOV (lane 2)

samples (indicated by * ) , but not in IOV (lane 3) or erythrocyte (lane 4) samples.

This band was resolved at more than 250 kDa, corresponding to the predicted size

of PfEMPl between 250 and 350 kDa (Leech et al., 1984b). A more intense cross

reactive band seen across all four samples was thought to correspond to the

spectrin subunits, as it could be resolved as two distinct bands (data not shown).

Figure 5.8c shows detection of KAHRP, which is known to be associated with

the erythrocyte membrane skeleton through interactions with membrane skeletal

proteins spectrin, actin and ankyrin, and through interactions with other parasite

proteins such as PfEMPl (Kilejian et al., 1991; Magowan era/., 2000; Waller et al.,

1999; Voigt et al., 2000; Oh et al., 2000). KAHRP has a predicted size of 85-105

kDa knobs (Leech etal.f 1984a; Gritzmacher and Reese, 1984; Kilejian, 1984) and

when resolved on 7.5% polyacrylamide gels was detected as a smear in 3D7 (lane

2) and pIOV (lane 3) samples. Although the anti-KAHRP antiserum did not appear

to detect a discrete band in ether pIOV or 3D7 samples, there was no reactivity to

either erythrocyte (lane 1) or IOV (lane 4) samples. Within the 3D7 and pIOV

samples there did appear to be a concentration of signal at around 95 kDa

(indicated by the arrow).

Figure 5.8d shows detection of MESA, which is known to interact with

protein 4.1 from parasitised erythrocytes (Lusttgman et al., 1990; Bennett et al.,

1997). Samples were resolved on 7.5% polyacrylamide gels and MESA was

detected at more than 250 kDa in both 3D7 (lane 2) and pIOV (lane 3) samples,

corresponding with the predicted size of 250-300 kDa (Coppel et al., 1986).

(indicated by the arrow). There were many smaller products detected in both
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samples that could be due to protein breakdown products or cross reactivity. No

bands were detected in either erythrocyte (lane 1) or IOV (lane 4) samples.

Figure 5.8e shows the detection of PfEMP3, which we have shown to interact

with the erythrocyte membrane skeleton (Chapter 3). Following resolution on a

10% polyacrylamide gel, a band was detected in 3D7 (lane 2) and pIOV (lane 3)

samples at more than 250 kDa corresponding to the predicted size for PfEMP3 of

315 kDa (Pasloske et al.f 1993). This band was absent in erythrocyte (lane 1) or

IOV (lane 4) samples. A cross reactive band was seen clear'y in both IOV and pIOV

samples at approximately 250 kDa, This band became more evident in both 3D7

and erythrocyte samples with over exposure of the immunoblot (data not shown),

and was therefore likely to have been cross reactivity of the anti-PfEMP3 antiserum

with an erythrocyte protein.

Pf332 is thought to be associated with the erythrocyte membrane skeleton

due to its insolubility in Triton X-100 (Section 5.3.1) (Mattei and Scherf, 1992a)

and presence at the erythrocyte membrane skeleton as visualise by IFA (Hirsterberg

et al,r 1994). For assays looking at £r e infraction between Pf332 and the modified

erythrocyte membrane skeleton, it v-ras important to establish whether Pf332 is

present in pIOV preparations. pK)Vs ind IOVs, along with 3D7 Triton X-100

insoluble (as prepared in Section 5.3.1) and erythrocyte samples were resolved on

acrylamide/agarose composite gels (Section 2.12.4). Figure 5.9a shows the

immunoblot detection using anti-Pf332 antiserum and reveals the presence of Pf332

in both 3D7 Triton X-100 insoluble (lane 4) and pIOV (lane 2) samples, but not

erythrocyte (lane 1) or IOV (lane 3) samples. In contrast to previous

acrylamide/agarose composite gels, Phosphorylase b, Cross-Linked SDS Molecular

Weight Markers (Sigma) ranging from 97 kDa to 584 kDa were run beside the

standard Precision Molecular Weight markers (BioRad), which have a maximum of

250 kDa. Using these markers, the size of Pf332 could be further defined as

greater than 600 kDa. The largest protein detected by the anti-Pf332 antiserum is

resolved well above the 584 kDa marker and was estimated to have a molecular

mass of closer to 900 kDa. No smaller molecular mass products were detected in

the erythrocyte (lane 1) or IOV (lane 3) samples, indicating that the products seen

for pIOVs (lane 2) and 3D7 samples (lane 4 and Section 5.3.1) were either due to

breakdown products or proteins of parasite origin such as RESA and P f l l . l (as

discussed in Section 5.3.1).

Figure 5.9b shows the detection of P. falciparum heat shock protein 70

(HSP70). HSP70 is localised within the parasite cytoplasm (Banumathy et a/.,

2002) and was used as an indicator for the presence of internal parasite material

within pIOV preparations. HSP70 was detected in both 3D7 (lane 2) and pIOV
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(lane 3) samples, but not erythrocyte (lane 1) or IOV (lane 4) samples. This

indicated that although the parasitised erythrocytes were lysed and inverted,

parasites were probably still associated with the erythrocyte membrane and were

purified with pIOVs. The presence of exported parasite proteins in pIOV samples

(as described above) may have been due to their association with the erythrocyte

membrane proteins or could be due to the presence of these proteins within the

parasite itself, perhaps as part of synthesis and trafficking.

5.8 Interaction of MBP-Pf332 with pIOVs

To establish an interaction between Pf332 and pIOVs, interaction assays

were performed with equal amounts of IOVs and pIOVs as described in Section 5.6.

Figure 5.10 shows a representative immunoblot of selected interactions. MBP-

PfEMP3~FIa.l positive control bound to wells coated with pIOVs (lane 5) and to a

slightly lesser extent, to wells coated with IOVs (lane 4), This difference in binding

to pIOV and IOVs was consistent across a number of repeted interactions. MBP-

Pf332 fragments E3 (lane 8) and 19 (lane 11) bound to wells coated with pIOV and

to a lesser extent, to wells coated with IOVs (lane 7 and lane 12, respectively).

The difference in the binding of these fragments to IOVs and pIOVs was greater

than the difference for MBP-PfEMP3-FIa.l and was consistent with the low levels of

binding seen for these fragments to IOVs in Section 5.6. In contrast with the

results seen for IOV interactions (Section 5.6), none of the proteins bound to wells

coated with BSA (lanes 3, 6, 9 and 12). No bound protein was detected for MBP to

wells coated with IOVs (lane 1) or pIOVs (lane 2). No bound protein was detected

for MBP-Pf332-fragments E l , E2, 1-18 or 20 for wells coated with pIOVs, IOVs or

BSA (data not shown). These data showed binding of MBP-Pf332-f rag merits E3 and

19 to pIOVs. This binding appeared to be of greater intensity than that seen for

IOVs and similar to the intensity seen for the PfEMP3-FIa.l interaction.

5.9 Interaction of MBP-Pf332 with Specthn

To further investigate the interaction of Pf332 with the membrane skeleton,

MBP-Pf332 fragments were incubated with purified spectrin. Figure 5.11 shows a

representative immunoblot of the interaction between spectrin and MBP-Pf332

fragments E3 and 19, along with MBP negative and MBP-PfEMP3-FIa.l positive

controls (Chapter 3). MBP~PfEMP3-FIa.l bound to wells coated with spectrin (lane

3), whereas MBP (lane 1) showed no binding. Neither protein bound wells coated

with BSA (lanes 2 and 4). Low levels of bound protein wera detected for MBP-

Pf332 fragments E3 and 19 to wells coated with spectrin (lanes 5 and 7,
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respectively) and to an even lesser extent to welts coated with BSA (lanes 6 and 8,

respectively). The binding of Pf332-fragments E3 and 19 to purified spectrin was

less intense than that seen for the MBP-PfEMP3-FIa.l positive control. These data

were consistent with the results for binding to IOVs (Sections 5.6 and 5.8), where

binding of MBP-Pf332-fragments E3 and 19 was consistently detected, however the

inter; % of the band was lower when compared to the MBP-PfEMP3-FIa.l positive

control and only just above the intensity of the BSA controls. None of the other

MBP-Pf332 fragments showed binding to wells coated with spectrin or BSA (data

not shown)

5.10 Discussion

This study set out tc determine the structure of the Pf332 gene, confirm the

association of Pf332 protein to the parasitised erythrocyte and determine its binding

partner(s) within the erythrocyte membrane skeleton. By RT-PCR we have

confirmed that the Pf332 gene comprises of two exons, in accordance with the VBC

prediction. A two exon gene structure is a common feature of P. falciparum genes

whose products are exported to the membrane skeleton, where a generally short,

first exon containing a hydrophobic region is followed by a longer second exon that

contains regions of repeats. Genes with these features, KAHRP, MESA, RESA,

glycophorin-binding protein (GBP) and PfEMP3 (see Cooke et aL, 2001), differ from

Pf332, mainly in overall size, however Pf332 has many features in common) with

these genes. Pf332 has a long first exon, encoding 568 residues, compared to the

short first exons encoding 35-65 residues generally seen for these other genes.

This however, equates to a first exon of approximately 10% of the total coding

region in keeping with 1.5-8% total coding region for these other genes. These

genes encode a hydrophobic region near to the 3' end of the first exon. This

hydrophobic region is thought to be the hydrophobic core of a signal sequence

(Favaloro et aL, 1986; Triglia et aL, 1987; Coppel, 1992) and in KAHRP, a region

encompassing this hydrophobic core is responsible for trafficking of the protein to

the parasitophorous vacuole (Wickham et a/,, 2001). A hydrophobic region is also

present at the 3' end of the Pf332 first exon and is approximately 10-20 residues in

length in keeping with those previously described (for review see Nacer et a!.,

200.1). The second exon of Pf332 contains a large region that encodes glutamic

acid rich repeats and extends for approximately 80% of the exon. The sequence

for these repeats is degenerate, especially when compared with those described

previously for P. falciparum proteins such as PfEMP3 (Section 1,4.2.3). A further

notable feature, encoded by the second exon, is che small region of hydrophobicity

approximately 270 residues from the C-terminus. Hydrophobic regions exist in
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other exported proteins, however to date none of these hydrophobic regions have

been attributed to binding domains.

In this study we have confirmed, through detergent solublisation, previous

findings that Pf332 is located at the erythrocyte membrane skeleton (Hinterberg et

a!., 1994; Mattei and Scherf, 1992a). In this study we have detailed the first

reported P. falciparum protein that is localised at the erythrocyte membrane

skeleton which appears to bind poorly to non-infected, and therefore unmodified,

erythrocyte membranes. We have attempted to examine the hypothesis that

parasite proteins that do not bind unmodified erythrocyte membranes may be able

to bind erythrocyte membranes after modification by malaria parasites.

Erythrocyte membrane proteins are modified through phosphorylation, truncation

and covalent modification and by P. falciparum protease cleavage. Spectrin,

ankyrin, band 3 and protein 4.1 are thought to undergo changes in levels of

phosphorylation in infected erythrocytes (Murray and Perkins, 1989; Chishti etal.,

1994; Lustigman etai, 1990; Magowan et al., 1998). Spectrin can also be cleaved

by Plasmepsin I I (Le Bonniec et a/., 1999), whereas protein 4.1 and ankyrin can be

cleaved by Falcipain-2 (Dua etal., 2001; Raphael etaL, 2000). Band 3 is modified

by truncation and covalent modification to produce a novel 65 kDa protein (Crandall

and Sherman, 1991). Additionally, membranes are altered by the appearance of

parasite proteins that bind to the membrane and may become the binding partners

of other proteins. Through preparation of IOVs made from parasitised erythrocytes

(pIOVs) we have attempted to develop procedures to analyse interactions of

proteins that bind to erythrocyte membranes that are modified during P. falciparum

infection.

Here, we have shown binding of two sub-fragments of Pf332 (E3 and 19) to

IOVs made from parasitised erythrocytes (pIOVs), is greater than their binding to

IOVs made from uninfected erythrocytes (IOVs) and to purified spectrin.

Visualisation of proteins within pIOV preparations with Coomassie Brilliant Blue

staining and immunoblot analysis showed that along with the expected presence of

erythrocyte proteins, such as protein 4.1, pIOV preparations also contained parasite

proteins. These proteins included Pf332, KAHRP, MESA PfEMPl and PfEMP3, along

with HSP7Q, which is localised in the parasite cytoplasm (Banumathy et al., 2002).

The presence of HSP70 indicates that the parasite or remnants of the parasite,

possibly including membranes associated with the parasite are likely to have

remained attached to the erythrocyte ghosts. Therefore, the interaction between

pIOVs and MBP-Pf332 fragments E3 and 19 may involve interaction with modified

membrane proteins, exported parasite proteins or other parasite proteins, either

within the parasite itself or associated with the various parasite membranes.

129



Alternatively, MBP-Pf332 fragments may associate with native Pf332 within pIOVs.

To date, there have been no reports of parasite proteins that bind to a parasite

modified erythrocyte protein, but do not bind the same unmodified erythrocyte

protein. Interestingly, MESA co-purifies with protein 4.1, which has been

additionally phosphoryiated in parasitised erythrocytes (Lustigman et al., 1990;

Bennett et al., 1997), however, studies carried out with IOVs and recombinant

protein 4.1 have also been able to show binding of MESA to protein 4.1 (Bennett et

al., 1997; Waller et al., 2003). These reports indicate that modification of protein

4.1 by the parasite is not necessary for the binding of MESA, although it may lead

to increased binding when it does occur.

The binding domains identified for Pf332 (fragments E3 and 19) both contain

a hydrophobic region (Figure 5.12). Pf332 fragment E3 encompasses the region

encoded by the 3' end of the first exon, which can be compared to the 3' end of the

first exon of other exported parasite proteins and encodes a putative hydrophobic

signal sequence (for review see Nacer et al., 2001). To the best of our knowledge,

no study using recombinant proteins to identify binding domains, have included the

first exon. This is most likely due to the small size of the first exon in the majority

of the exported proteins and their suggested role as signal sequences. In this

study we have included the first exon because, it is much larger than those for

previously described exported proteins. However, as there is no data on N-terminal

processing of exported parasite proteins, it remains unknown if the E3 region is

present in the mature protein. If not, the observed interaction would be artefactual

as it could not occur in nature. Pf332 fragment 19 is encoded by a region upstream

of the 3' end of the second exon. This region also encodes a region of

hydrophobicity. These hydrophobic regions may be responsible for hydrophobic

interactions with proteins present in pIOVs. It is also possible that they could

interact with the phospholipid bilayer of the erythrocyte membrane, which may be

responsible for the low level binding detected for Pf332 fragments to IOVs, It

would be interesting to further map the binding domains within Pf332 to see

whether the residues responsible for binding are confined to these hydrophobic

regions.

Both Pf332 fragments E3 and 19 are negatively charged at the pH of the

cytoplasm of parasitised erythrocytes (7,18 to 7,23) (Wunsch eta/., 1997). This

may indicate electrostatic interactions with a positively charged protein within

pIOVs. The binding domains of Pf332 are each a relatively short distance from the

either the N- or Oterrnr:il ends of the protein. Pf332 fragment 3 starts 429

residues from the N-terminus of Pf332 and fragment 19 finishes 270 residues from

the C-terminus of Pf332 (Figure 5.12). Both these fragments are located outside
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the degenerate repeat region of Pf332 that encompasses the majority of the

residues encoded by the Pf332 second exon. Identification of binding domains

within non repetitive regions is not uncommon within P. falciparum exported

proteins. A number of binding domains have been identified within non repetitive

regions of parasite exported proteins that contains both repeat and non repeat

regions. These include the binding domains in MESA for protein 4.1 and in RESA

for spectrin (Bennett etal., 1997; Kun eta!., 1999; Foley etal., 1994).

Our Pf332-spectrin interaction studies have demonstrated low levels of

binding that are comparable to the low levels of binding detected for Pf332 to lOVs,

in so far as the levels of binding can be compared across assays with different

immobilised proteins. The amount of purified spectrin coated onto wells was not

equalised to the spectrin available within IOV studies and therefore it is difficult to

compare levels of binding. It may be that Pf332 binding to IOVs can be attributed

to the presence of spectrin, and that the increase in binding to pIOVs is due to

either a higher binding affinity of Pf332 to parasite modified spectrin or to the

presence of an additional binding partner for Pf332 within pIOVs. Alternatively, the

spectrin available for binding within IOV assays may be less than that available for

binding within spectrin assays, and the Pf332 binding to IOVs may be due to

contributions by a number of erythrocyte binding partners.

Here, we have also shown that there is a moderate increase in binding of

PfEMP3 to pIOVs when compared to IOVs. Previously, ve have shown that PfEMP3

binds to both spectrin and actin within IOVs (Chapter 3), however, the increased

binding to pIOVs may indicate the presence of additional binding partners for

PfEMP3. These may be modified erythrocyte proteins or parasite proteins purified

with pIOVs. A previous study hypothesised that PfEMP3 may be involved in

trafficking of parasjte proteins to the erythrocyte membrane, possibly involving a

binding domain within the C-terminus (Waterkeyn et al.t 2000). Evidence

presented here points towards additional binding partners for the N-terminus of

Pf£MP3, however further studies involving Interactions of pIOVs with the central

and Otermina! regions of PfEMP3 may reveal binding partners within pIOVs for

these regions.

Clearly, an attempt quantify this PfEMF3-pIQV interaction and the

interactions of Pf332 with IOVs and pIOVs needs to be made. Binding kinetics may

define the binding of Pf332 fragments and Pf£MP3~FIa.l to IOVs and pIOVs, and

confirm the binding differences identified with the solid phase microtitre assays.

Analysis of whole cell binding has been performed using the lAsys™ system

(Morgan et aL, 1998) and this methodology could be adapted to quantify the

binding of Pf332 fragments and PfEMP3-FIa.l to both IOVs and pIOVs.
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Additional future experiments would focus on the alter Jon of pIOV

preparations through the use of modified parasite lines, alterations to the lysis

protocols and the additional treatment of pIOVs with reagents that have been

shown to selectively strip IOVs of particular proteins. Both our laboratory and

others have constructed a number of mutant parasite lines such as those with the

genes for PfEMP3 and KAHRP deleted (Waterkeyn etc?/., 2000; Crabb etal., 1997),

and a number of lines that express truncated proteins, including Pf332 (F.

Glenister, Monash University, unpublished results). These lines could be used for

the purification of modified pIOVs and subsequent interaction assays. Any change

in binding profiles could be used to identify a binding partner for Pf332. Of

particular interest would be a knockout Pf332 line, which would determine whether

the MBP-Pf332 fragments E3 and 19 were binding to native Pf332 within pIOVs.

Knocking out the Pf332 gene would also ensure that the sites within binding

partners for Pf332 are not obscured by native Pf332 and are available for binding

by the MBP-Pf332 fragments E3 and 19. Unfortunately, to our knowledge, this line

does not yet exist and wether deletion of such a large gene is not yet known. The

truncated Pf332 line produced in our laboratory would be useful given that the

Pf332 fragment 19 would be absent from this parasite line. If there was no

observed binding between pIOVs purified from this parasite line and MBP-PF332

fragments, we could conclude an interaction between the MBP-Pf332 fragment in

the N-terminus of native Pf332. Such a negative interaction with a particular

knockout line such as those involving KAHRP or PfEMP3, would suggest a possible

binding partner given the parasite protein absent from the parasite line.

Unfortunately, positive interactions with these mutant parasite lines would not allow

for identification of binding partners for Pf332. Any inferred interactions using

these knockout lines would need to by confirmed with the appropriate direct

interaction of Pf332 with the proposed binding partner.

Alterations to the pIOV purification protocol may enable us to deplete these

preparations of proteins of a particular origin. A number of previous studies have

showed depletion of IOVs by alterations to the buffers used to wash the

membranes. These treatments result in the depletion of particular proteins from

the membranes and resulting membranes have been used to identify binding

partners within the erythrocyte membrane skeleton. Initial reports of IOV

preparations suggest that incubation of ghosts in low ionic strength buffer

completely dissociates spectrin and actin from the membranes (Steck and Kant,

1974), However, results presented here show that under the conditions of 0.5 mM

Phosphate Buffer, pH 7.0 a large amount of both spectrin and actin remain in the

IOV preparations, Later studies employed low ionic strength buffer treatment
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followed by T11O Dextran gradients for the purification of IOVs completely devoid

of spectrin and actin (Bennett and Branton, 1977), showing that our findings of

residule spectrin and actin in IOVs are not unique. Many other treatments have

been employed to deplete ghosts of particular membrane skeletal proteins. For

example, Ohanian and Gratzer (1984) showed that treatment of ghosts with

concentrated Tris at neutral pH resulted in dissociation of protein 4.1, spectrin,

actin and protein 4.9. A study by Bennett and Stenbuck (1980a) showed that

treatment of spectrin and actin depleted ghosts with 0.1M acetic acid results in the

depletion of protein 4.1, band 6 and ankyrin. Whereas Korsgren and Cohen (1985),

showed that following depletion of spectrin and actin, additional proteins can be

depleted from IOVs with high pH (pH 11). Moreover, treatment with KCI results in

the depletion of ankyrin from ghosts, with the majority of other skeletal proteins

remaining in tact (Bennett and Stenbuck, 1980b). Often these depletion methods

have been used for the purification of particular proteins, rather than for the

purification of IOVs completely devoid of a particular protein. Therefore, the

resultant membrane preparations from these procedures need to be analysed to

determine contamination of depleted protein/s. Depletion of pIOVs of proteins

using modification of such methods may achieve depletion of the parasite material,

exported malarial proteins and/or membrane skeletal proteins. Successful

application of such techniques would allow identification of the protein or group of

proteins to which Pf332 binds, by the absence of binding in particular depleted

preparations. Initially, it would be most useful to deplete these preparations of

parasite proteins such as HSP70 and other proteins present within the parasite

itself. However, depletion of protein exported to the erythrocyte membrane and of

erythrocyte membrane proteins could ultimately lead to the identification of binding

partners for parasite proteins

The use of alternate methods to lyse the erythrocyte may result in the

separation of the parasite and its associated membranes from the erythrocyte

membrane skeleton. Blisnick et a/.(2000) reported the use of a RPMI based

hypotonic solution to lyse parasitised erythrocytes, followed by centrifugation at

15,000g. Under these conditions, ghosts are present in the supernatant and

parasites in the pellet. Alternatively, extraction of the parasitised erythrocytes with

TX100 may result in the separation of the erythrocyte membrane from the parasite.

Preparations of pIOV purified with these modifications would require analysis for the

presence of parasite proteins prior to use In identification of Pf332 binding domains

for proteins within the erythrocyte membrane.

In addition to the use of pIOVs, immunoprecipitation may prove to be useful

for identification of binding partners for malaria proteins that show no binding to

133



IOVs. Previous studies have used immunoprecipitation for identification of protein

4.1 as a binding partner for MESA and for identification of ankyrin as a binding

partner for KAHRP (lustigman et aL, 1990; Magowan et aL, 2000).

Immunoprecipitation of Pf332 with a Pf332-specific antibody and subsequent

identification of co-purified protein(s) might be an effective and more efficient way

of determining binding partners than the use of mutant lines. Unfortunately,

immunoblot analysis of parasites with the Pf332 antiserum used here has shown

bands that are most likely due to cross reactivity with other proteins. Cross

reactivity has been shown for Pf332 antisera in previous reports to proteins that

contain similar glutamic acid rich regions including RESA and P f l l . l (Ahlborg et aL,

1991). Therefore, immunoprecipitation experiments would require the

development of more specific antiserum, which was not feasible within in the time

frame of this study. In addition, methods and reagents for identification of the co-

purified proteins would need to be developed to ensure that this approach is more

efficient than using pIOVs.
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start pfll:1947120w chrll_l.glm_549+550|01junOl vbc pf332 af202180
exon 1
1947120 ATG TCT AAT ATA AAT AAC AAA GAC TCT AGT A
1947151 CA GAA TGG AAT TGT AAA GAA GAT GTG GGA TGT GTT CCA CCT AGG AGA CAG
1947201 AAT TTG AAT ATG GAA AGG TTG GAT AAT GAA AAT GAA GAT TCT GTA CCC GA
1947251 T TTC ATG AAG AAA ACT TTT TAT CTT GCT GCT GCT GGA GAA GGA AAG AAG T
1947301 TA CGT GAG AAG CAT GAT GAG AGT TGT GAT GAA TTC TGT GAC GCA TGG AAT
1947351 AGA AGT TTA GCT GAT TAT AAA GAT ATA TTT CAA GGA AAG GAT ATG TGG AA
1947401 T GAT GGG AAA TAT GGT GAA GCG AAA AAT CAT ATT AAG AAT GCT TTT GGT G
1947451 AT ATG AAC AAT AGA AAA ACT ATG TTA AAT GAA ATT GAG AAA GGA ATT AAA
1947501 GAT GAA ACG TTT AGT CGT GAA AAT GGT TTA GAC GTT TGT AAA TCT CAA TG
1947551 T GAG GAA AGA AGT AGA GAT GAC ACA GAA GAT CAA TTT TTG AGG TTT TTT G
1947601 CA GAA TGG GAA GAA GAA TTT TGT GAT GGG TTA AAT AAA CAT GAA GAA CAA
1947651 TTA AAG TCT TGT ACT AAA GAT ATA AAT TGT GAC ATT AAA TGT AGC AAT TT
1947701 T AAA GAT TGG CTT GAA ACT AAA AAA GAT GAA TAT GAT ATT CAA TCG AGG G
1947751 TA TTT GAA AAA AAA TAT GCT AAT GAT AAT AAA TCA AAA CAT TTG AAC TAT
1947801 TTA AAG GAA GGA ATG AAT AAA TGC AAG GTG AAA AAT CCA GAA ATG GTG TT
1947851 T AAA TCA GGA TTT GCA AAC GTA GCT GAA TGT AGA AAT TTG AAT GTA GAA G
1947901 GT GCG GGC AAT AAG AAT TCA AAT AAT TTA AAA GAT TTA GAT AGT AAT TCT
1947951 GAT AAG GAT GGT ATT GTT AGT GAA TCA TAT AAA GCT ACT AAA AAA AAT GG
1948001 T GAG AGT ATT ATG GAT AGA ATT CCT AAA TCT TTT AAT AAA TTA TTC GGT T
1948051 AT TTT AGT GGT TCC CAA GAA GAA GAA CAA AAA GAA AAT GAT GTG TCA CAT
1948101 AGG AAT AAT TAT GAT AAT ATA TTA GTA GAT AAA TTT CAT AGG TCA TCT CT
1948151 A CTG GAT AAA TTA GAT GAC AGA ATG TTT TTT GAT GAA TTA AAT CGT GAT A
1948201 AT ATA ATG GAA GAA GTA TTA TCT AAA ATA CCA GAA CCT ATA ATA CGA GAG
1948251 GCA CCA AAA TAT GTA CCC AAA AAA CCA GTA CCA CCA CAA CAT ATT CCA AG
1948301 A GGT GAT AAT GTA CCA CGA AAT ATT GAT GTA AAC GGA TCA AAA GAT GAA T
1948351 AT TCT CCT GAA ACT GAA AGT GCA AAT TCG AAA ATT AAG CCT ACT TAT GAA
1948401 GAA AAT GAT GAA GAC AAA AGC AAG ATC TCT ATA GAG ACA TCA GAA ATA GA
1948451 T CGT GAT AAA GAA CCA TTT AGA ATA AGT GAA GAG AAA AAA GTT GTA AAA G
1948501 AG GAT GTG CAG GAA TTA GAA AAT ATA GAA TAC GAA TTT GAT GAA ACA TTC
1948551 GAT TTT TTT GAT GAA GAT GCT AAA CGT AAT ATA GAT GAT ATA AGA AAA GA
1948601 T ATA CAG TCA CAA ATT ATG AAA TCC GTA GAA AAT TAT AAT TCA GAA AAG G
1948651 AG GAA TTT AAA AGA AAT ATT GAA ACA CAA CTA ATA GAA TCT GGA GAT GGA
1948701 ATG AAT GCA GGA AAT TAT TCT AGT GCT TTG CAA GAC AAC AGT ACG GAA AT
1948751 A CCA ACA ATG GTG TTA GTA CCA GGA GTA TTA ACA GTA TTT TTG CTT ACT A
1948801 TT ATA TGG GTC TTG GTA TAT AAG
1948823

mtron

1948851
1948901
1948951
1949001
1949051

ATATATATAT
TGAAAATATT
AAAATTTCTA
AAATGTAATA
ATTTATAG

GTAATAT AATGACGTAT AAATGCACAT
ATATATATTT ATTTGTTAAT ATATAAATAT AATATTTTAT
TTTCACATAT AATTTTTTTT TCTTTTTATT ATTAAAATGA
TTTTTCAACA ATTTTGTTTA TATATAAACT TATATGTAAA
TAATATAATA TAATATAATA TAATATATAT ATATTTTTTA

exon 2
1949059 CAT TCT TTG ATT GAT CGT GTT CAT GGT ACG GGG AAA ACT AAA
1949101 AAG GAA GAG AAA ATG AAA GAA CTA GAA AGT GAA GAA TTT CCA AAA GAG AA
1949151 A TAT AAC ATT GAA GAC ATG GAA GAA ACT GAG AAA GAG AAC GAA ATA GAA A

Figure 5.1. Pf332 Gene Structure Prediction
Shows the first exon, intron and the 5' sequence of the second exon as annotated
by R. Huestis, Victorian Bioinformatics Consortium. The second exon extends
beyond the sequence shown to nucleotide 1965636 in accordance with the
published P. faldparum chromosome 11 sequence (Gardner etaL, 2002).
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Figure 5.2. RT-PCR to Confirm the Predicted Xntron/ Exon Structure of Pf332
A. Schematic representation of the RT-PCR product from cDNA. The first exon is
represented by the shaded box and the 51 region of the second exon by the open dotted
lines. Nucleotide numbers for the boundaries are shown above the gene schematic.
The position and orientation of the RT-PCR primers, p l l5? and p l l 8 i are indicated by
the arrows and the resultant 670 bp product by the blue line.
B. Schematic representation of the RT-PCR product for gDNA. Schematic is as above
with the addition of the intron as the coloured box. The resultant 900 bp product is
represented by the blue line.
C. RT-PCR products resolved on an agarose gel and stained with ethidium bromide.
Samples are RT (lane 1), RT (lane 2), gDNA (lane 3) and no DNA (Sane 4), The size of
the markers is indicated in kilobases (kb). The RT sample showed a band between the
0.83 kb and the 0.56 kb markers. The RT (lane 2) and no DNA (lane 4) samples
showed no product. The gDNA (lane 3) sample showed a band at approximately
0.95kb (lane 3).
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Figure 5.3. Triton X-100 Extraction of Pf332 from Parasitised Erythrocytes

Immunoblot analysis of Triton X-100 samples detected using anti-Pf332 antiserum.
Samples are 3D7 (lane 1), Triton X-100 insoluble (lane 2) and Triton X-100 soluble
(lane 3). In each sample a band resolved at well above the 250 kDa marker. A
number of smaller products are also detected.
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Figure 5.4. Schematic of the Pf332 Fragments
Pf332 was divided into 23 fragments for cloning, expression and purification as MBP
fusion proteins. Amino acids 1-567, represented by the shaded orange box,
encompass amino acids encoded by the first exon of Pf332. This region is magnified at
the bottom of the schematic and the 3 fragments that encompass this region; E l , E2
and E3 are indicated. Amino acids 568-6098, represented by the blue boxes, indicate
amino acids encoded by the second exon of Pf332. The shaded blue regions indicate
the non-repetitive regions and the solid blue region (amino acids 985-5356) indicates
the repetitive region. The second exon is divided Into 20 fragments and these are
indicated below the protein schematic.
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Figure 5.5. Expression and Purification of Pf332 Fragments as MBP Fusion
Proteins

A. Purified MBP-Pf332 fusion proteins detected by Coomassie Brilliant Blue staining of
SDS-PAGE. 2 ^g of each purified protein was resolved on 10% polyacrylamide gels.
The proteins are E l , E2, E3 (lanes 1-3, respectively) and 1-10 (lanes 4-13,
respectively) and 11-20 (lanes 14-23, respectively).

B. Immunoblot assay of MBP-Pf332 fusion proteins detected using anti-MBP antiserum.
50 ng of each purified protein was resolved on 10% polyacrylamide gels and transferred
to PVDF for detection. The protein samples are E l , E2, E3 (lanes 1-3, respectively) and
1-10 (lanes4-13, respectively) and 11-20 (lanes 14-23, respectively).
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Fragment

El
E2
E3
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Approx.
Size (kb)

0.85
0.43
0.42
0.54
0.84
0.70
0.96
0.81
0.70
0.62
0.65
0.64
1.01
0.90
0.95
1.05
0.91
1.08
1.27
1.06
0.91
0.78
0.80

Calculated
Molecular Weight

as MBP fusion
(kDa)

76
60
59

64.3
75.1
69.3
78.9
72.7
69.7
65.9
67.4
66.9
79.8
76.4
78.6
82.1
77.2
94.1
90.7
82.1
78.2
74.3
75.2

Observed Molecular
Weight as MBP

Fusion (kDa)

80
60
70
75
100
80
105
95
80
75
80
80
105
105
105
110
105
110
120
110
105
75
75

Table 5.1. Characteristics of Pf332 Fragments Used in this Study
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Figure 5.6, Immunoblo t of IOV Interact ion Assay w i th Pf332 Fragments

A. IOVs (lanes 1, 3, 5,7, 9,11,13,15,17,19, 21 and 23) and BSA (lanes 2,4,6, 8,10,
12, 14, 16, 18, 20, 22 and 24) were coated onto wells of a microtitre plate, HBP
(lanes 1 and 2), MBP-Pf332 fragment 1 (lanes 3 and 4), 2 (lanes 5 and 6), 3 (ianes 7
and 8), 4 (ianes 9 and 10), 5 (lane 11 Bnd 12), 6 (ianes 13 and 14), 7 (lanes 15 and
16), 8 (lanes 17 and 18), 9 (lanes 19 and 20), 10 (ianes 21 and 22) and 11 (lanes 23
and 24) were added to the wells and allowed to bind. Low levels of bound protein
were detected for MBP to wells coated with IOVs (lane 1).

B. IOVs (lanes 1, 3, 5, 7,9,11,13 and 15) and BSA (lanes 2,4,6, 8,10,12,14 and 16)
were coated onto wells of a microtitre plate. MBP-Pf332 fragments 12 (lanes 1 and
2), 13 (lanes 3 and 4), 14 (lanes 5 and 6), 15 (lanes 7 and 8), 16 (lanes 9 and,10),
17 (lane 11 and 12), 18 (lanes 13 and 14) and 20 (lanes 15 and 16) were added to
the wells and allowed to bind. Low levels of bound protein were detected for MBP-
Pf332 fragment 20 to wells coated with IOVs (lane 15).

C. IOVs (lanes 1, 3, 5, 7, 9, and 11) and BSA (lanes 2, 4, 6, 8, 10 and 12) were coated
onto wells of a microtitre plate. MBP (lanes 1 and 2), MBP-Pf332 fragments El
(lanes 3 and 4) E2 (lanes 5 and 6), E3 (lanes 7 and 8), 19 (lanes 9 and 10) and MBP-
PfEMP3-FIa,l (lanes 11 and 12) were added to the wells and allowed to bind. Low
levels of bound protein were detected for MBP to wells coated with IOVs (lane 1) and
MBP-PfEMP3-FIa.l to wells coated with BSA (lane 12). Bound protein was detected
for MBP-PfEMP3-FIa.l to wells coated with IOVs (Jane 11). Low levels of bound
protein was detected for MBP-Pf332 fragment E3 and 19 to wells coated with IOVs
(lanes 7 and 9, respectively). Faint bands were observed for the binding of MBP-
Pf332 fragment E3 and 19 to wells coated with BSA (lanes 8 and 10, respectively).
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Figure 5.7. Coomassie Brilliant Blue Staining of XOVs and pIOVs
IOVs and pIOVs detected by Coomassie Brilliant Blue staining of SDS-PAGE.
5 nl neat of both IOVs (lane 1) and pIOVs (lane 2) were resolved on 10%
polyacrylamide gels. Major bands present in both IOVs and pIOVs are
indicated as a«spectrin, p-spectrin, band 3, protein 4.1, pallidin, actin and
glyceraldehyde-3-phosphate dehydrogenase (G3PD). Numerous additional
bands present in pIOVs range from more than 250 kDa to less than 37 kDa.
No major bands are detected above the stacking/resolving gel interface*

142



50 37 50

7.5 %
Anti-protein 4.1

10%
Anti-PfEMPl

7.5 %
Anti-KAHRP

50 —

50

37

7.5 %
Anti-MESA

10%
Anti~PfEMP3

Figure S.S. Irnmunoblot Analysis of pIOVs
pIOVs and IOV samples (2.5 nl), along with of erythrocyte and 3D7 samples (2 yl) were
resolved on 10% or 7.5% polyacrylamide gels, resolved and transferred to PVDF for
immunobiot analysis using the specified antiserum (Appendix 4).
A. Protein 4.1 was detected in erythrocyte (lane 1), 3D7 (lane 2), pIOV (lane 3) and

IOV (lane 4) samples as both 78 and 80 kDa products (arrows). Smaller products
were also detected in all samples.

B. PfEMPl was detected in 3D7 (lane 1) and pIOV (lane 2) samples (indicated by the
*) , but not in IOV (lane 3) or erythrocyte (lane 4) samples. This band resolved at
more than 250 kDa. A cross reactive band seen across all samples is thought to
correspond to the spectrin subunits

C. KAHRP was not detected as a specific single band. No reactivity was detected to
either erythrocyte (lane 1) or IOV (lane 4) samples. 3D7 (lane 2) and pIOV (lane
3) samples showed a concentration of signal at around 95 kDa (arrow).

D. MESA was detected at more than 250 kDa (arrow) in 3D7 (lane 2) and pIOV (lane
3) samples. No protein was detected in erythrocyte (lane 1) or IOV (lane 4)
samples. Smaller products were detected in both 3D7 and pIOV samples.

£. PfEMP3 was detected as a band at more than 250 kDa in 3D7 (lane 2) and pIOV
(lane 3) samples, but not in erythrocyte (lane 1) or IOV (lane 4) samples. A cross
reactive band was seen in both IOV and pIOV samples at approximatey 250 kDa
and in 3D7 and erythrocyte samples with over exposure of the immunobiot (data
not shown). 143
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Figure 5.9. Immunohlot Analysis of pXOV

A. Detection of Pf332. pIOV and IOV samples (2 \i\), along with 3D7 Triton X-100
insoluble and erythrocyte samples were run on acrylamide/agarose composite
gels, transferred to PVDF and used in immunoblot analysis. Detection using
anti-Pf332 antiserum shows a band in both 3D7 Triton X-100 insoluble (lane 4)
and pIOV (lane 2) samples (arrow), but not erythrocyte (lane 1) or IOV (lane 3)
samples. Phosphorylase b, Cross-Linked SDS Molecular Weight Markers
(Sigma) and Precision Molecular Weight markers (BioRad) are indicated
adjacent to the gel.

B. Detection of HSP70. PIOV and IOV samples (2.5 nl), along with 3D7 and
erythrocyte samples (2 jul) were loaded onto 10% polyacrylamide gels, resolved
and transferred to PVDF for immunoblot analysis. Anti-HSP70 antiserum
detected HSP70 in 3D7 (lane 2) and pIOV (lane 3) samples, but not erythrocyte
(lane 1) or IOV (lane 4) samples.
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Figure 5.10. pXOV Interaction Assay with Pf332 Fragments
Immunoblot of pIOV interaction assay. IOVS (lanes 1, 4, 7 and 10), pIOVs
(lanes 2, 5, 8 and 11) and BSA (lanes 3, 6, 9 and 12) were coated onto wells
of microtitre plates. MBP (lanes 1, 2 and 3), MBP-PfEMP3-FIa.l (lanes 4, 5
and 6), MBP-Pf332 fragments E3 (lanes 1, 8 and 9) and 19 (lanes 10,11 and
12) were added to the wells and allowed to bind. PfEMP3-FIa.l positive
control bound to wells coated with pIOVs (lane 5) and to a slightly lesser
extent to wells coated with IOVs (lane 4). Bound protein was detected for
wells coated with pIOV for Pf332 fragments E3 (lane 8) and 19 (lane 11). To
a lesser extent, bound protein was detected for both Pf332-fragrnents E3
(lane 7) and 19 (Ianel2) to wells coated with IOVs.
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Figure 5,11. Spectrin Interaction Assay with Pf332 Fragments
Immunoblot of spectrin interaction assay. Spectrin (lanes 1, 3, 5 and 7) and BSA
(lanes 2, 4, 6 and 8) were coated onto the wells of a microtitre plate. MBP (lanes
1 and 2), MBP-PfEMP3-FIa.l (lanes 3 and 4), MBP-Pf332 fragments E3 (lanes 5
and 6) and 19 (lanes 7 and 8) were added to wells and allowed to bind. Bound
protein was detected for MBP-PfEMP3-FIa.l to wells coated with spectrin (lane
3). Bound protein was detected at a lesser intensity for MBP-Pf332 fragments E3
and 19 to wells coated with spectrin (lanes 5 and 7, respectively) and to BSA
(lanes 6 and 8, respectively).
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Figure 5.12. Schematic of the PI332 Binding Fragments E3 and 19.
The overall charge at the pH of the infected erythrocyte and the hydrophobic regions
are indicated. The numbers above the protein fragments represent the amino acids.
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The results presented in this thesis describe novel interactions between the

malaria proteins PfEMP3 and Pf332 and the erythrocyte membrane skeleton.

Interactions involving these two malaria proteins have not been studied before now

and provide useful Insights into the structural changes that occur at the membrane

skeleton in parasitised erythrocytes,

We have described an interaction between spectrin and a 14 residue binding

domain within the N-terminal region of PfEMP3. The affinity of this interaction, as

measured by resonant mirror detection, is considered a strong interaction when

compared to other protein-protein interactions, both in normal and parasitised

erythrocytes. We have also identified binding domains within the N-terminus of p~

spectrin and the spectrin repeats within both a- and p-spectrin for PfEMP3 using a

solid phase microtitre plate assay. These interactions could not be confirmed using

competitive binding assays or GST pull down assays, however, resonant mirror

detection confirmed multiple binding domains within spectrin for PfEMP3.

In addition to the PfEMP3-spectrin Interaction, we identified a moderate

affinity interaction between the 14 residue PfEMP3 binding domain and F-actin,

indicating a complex set of interactions between PfEMP3 and the erythrocyte

membrane skeleton. The complexitiy of the interaction of PfEMP3 is supported by

the possibility of an additional interaction of the C-terminus of PfEMP3 with an as

yet, unidentified erythrocyte membrane protein. This interaction was observed

using IOVs, but not with either spectrln or actin, In addition, the interaction of

PfEMP3 with pIOVs was consistently more intense than that with IOVs when viewed

on immunoblots, Indicating that PfEMP3 may interact with additional or modified

proteins present only in pIOVs.

The interaction of Pf332 with the membrane skeleton also appears to be

highly complex, possibly involving an erythrocyte membrane protein, which has

been previously modified by the parasite. Pf332 showed low intensity interactions

with both IOVs and spectrin. These interactions were substantially more Intense

when pIOVs were used in place of IOVs, This suggests that infection of the

erythrocyte with malaria parasites results in modification of the erythrocyte

membrane skeleton that enhances binding of Pf332. Unfortunately, since

immunobiot analysis revealed that exported parasite proteins and other parasite

parasite proteins such as HSP70 were present in these pIOVs preparations, we can

not rule out the possibility that Pf332 may be binding to parasite proteins still

resident within these preparations.
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6.1 Characteristics of Binding Domains

The binding domains identified in this study have a number of notable

features. The 14 residue binding domain of PfEMP3 is positively charged at the pH

of the infected erythrocyte, whereas the two binding domains of Pf332 are

negatively charged at the same pH. This indicates that the Pf£MP3 and Pf332

binding domains may be involved n electrostatic interactions with proteins of

opposing charge. Interacting domains with opposing charge have been reported

previously for the interaction of KAHRP-PfEMPl (Waller et aL, 1999). Additionally,

the binding domains within Pf332 encompass the only two relatively hydrophobic

regions within the protein, indicating a possible contribution of hydrophobic

interactions with proteins at the erythrocyte membrane skeleton.

It is also interesting to note the position of the binding domains within the

proteins and in particular, their position relative to the repeat structures of these

proteins. The PfEMP3 14 residue binding domain encompasses a region

commencing at residue 16 of the second exon. This region begins 52 residues from

the N-terrninus of PfEMP3 and is within a non-repetitive domain. The binding

domains of Pf332 are also a relatively short distance from end of the protein. Pf332

fragment 3 starts 429 residues from the N-terminus of Pf332 and fragment 19

finishes 270 residues from the C-terminus of Pf332. Both of these binding domains

are outside of the large degenerate repeat region encoded by the second exon of

Pf332. In previous studies, binding domains within malaria proteins that are

exported to the erythrocyte membrane have been identified in defined regions

throughout the entire length of the protein. For example, within KAHRP, binding

domains have been identified within fragments encompassing each of the repeat

regions (Waller et aL, 1999). These repeat regions begin 61 residues, 366 residues

and 543 residues from the N-terminus of the 657 residue protein, with the third

repeat region finishing at residue 612. Therefore, it can be seen that the binding

domains are spread throughout the protein. For RESA, the spectrin binding domain

is found within a non repetitive region just C-terminal to the middle of the protein

(Foley et aL, 1994). MESA contains a binding region that is locationally similar to

binding domains identified within PfEMP3 and Pf332. The MESA-protein 4.1 binding

domain is located 79 residues from the N-terminus of MESA and is not contained

withm one of the numerous repetitive regions found within MESA (Bennett et aL,

1997). In addition, it has been proposed that binding domains for MESA to protein

4.1 and of MSP1 to spectrin may form amphipathic a-helical structures, whereas

the binding domain for RESA to spectrin does not (Bennett et aL, 1997). Our

analysis indicates that the 14 residue binding domain of PfEMP3 does not form an
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amphipathlc a-helical structure and although the Pf332 binding domains show

regions of poccible helical structure (Robert Flegg, VBC, personal communication),

until the precise binding residues are mapped, we can not speculate on the possible

formation of amphipathic a-helical structures.

These data indicate that binding domains within malaria proteins are difficult

to predict based on location within the protein, repetitiveness, charge,

hydrophobicity or proposed structure. Therefore, it is likely that screening

methods, such as that used in this study, will be required for the future

identification of binding domains within malarial proteins.

6.2 Further Studies

Throughout this and previous studies in this laboratory, we have established

a number of interaction assay methodologies. We have used the solid phase

microtitre plate assay most extensively, however, as outlined in this thesis we have

also used GST pull down assays, F-actin high speed centrifugation assays and

competitive binding assays. In addition, we have used yeast two hybrid systems

(Waller, 2000) and quantitative resonant mirror detection. There are many

alternative methods and approaches that may be used to define binding domains

within malarial proteins. These alternate interaction methodologies include the use

of immunoprecipitation, as mentioned in Chapter 5 and established interaction

methodologies such as phage display (Li et al., 2002). Systems such as the surface

plasmon resonance of BiaCore may also provide an alternate method of obtaining

kinetics data for quantifying interactions of malarial proteins. In the past, we have

found that using a number of methodologies for identification and measurement of

interactions has allowed us to construct a body of evidence supporting the

existence of a particular interaction involving a malaria protein. This evidence,

along with the common location of the interacting proteins, has allowed us to

identify proteins that not only interact in vitro, but are also likely to exert a

physiological consequence in vivo.

There are a number of ways to further investigate these physiological

consequences, including targeted gene knockout technologies and the use of

synthetic peptides block putative interactions. The development of transfection and

knockout technologies over the last few years has allowed us to create parasite

lines that are genetically altered in a specific manner. To date, PfEMP3 has been

both truncated and knocked out (Waterkeyn et al., 2000), however, to our

knowledge no Pf332 knockout exists. A truncated Pf332 line has been produced

within this laboratory (F. Glenister, unpublished results) and it would be of use to

create a Pf332 knockout line to use in conjunction with this parasite line. Allelic
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exchange, resulting in the removal of specific binding domains from the expressed

protein would also be useful in defining the consequences of the identified

interactions of PfEMP3, Pf332 and other exported proteins. To date, there have

been no reports using this approach to investigate the consequences of protein-

protein interactions in infected erythrocytes. Addition of synthetic peptides to

infected erythrocytes has recently been described (Dhawan et a/., 2003). This

allows us to investigate the consequences of protein-protein interactions by the

addition of synthetic peptides encoding known binding domains to the parasitised

erythrocyte. Subsequent interference of protein-protein interactions and resulting

altered pathogenicity, perhaps through reduction of cytoadherence, is a exciting

prospect for the development of novel therapeutic drugs.

This study has also identified pIOVs as a possible tool in identifying

erythrocyte binding partners. IOVs have long been used to identify binding of

malarial proteins to the erythrocyte membrane skeleton. Alterations to IOV

purification protocols have resulted in the ability to strip IOVs of particular proteins

and to identify possible binding partners or confirm the binding partners within the

erythrocyte membrane skeleton. Here we have used the standard IOV purification

method to make IOVs from parasitised erythrocytes (pIOVs). These pIOVs contain

erythrocyte membrane proteins, which may have been altered by the parasite and

proteins of parasite origin. The number of proteins within these preparations and

their diversity of origin make it difficult to use pIOVs to identify binding partners.

However, alterations to the pIOV purification protocol may enable us to deplete

these preparations of proteins 3f a particular origin. Moreover, alternate methods

for lysis of the parasitised erythrocytes may separate the parasite from the

modified erythrocyte membrane. These alterations to the pIOV preparations would

result in a useful tool for the identification of binding partners for malaria proteins

that do not bind or that bind IOVs poorly, as seen for Pf332 in this study.

In addition to the use of alternate protein-protein interaction methodologies,

further studies should delineate the overall contribution of these interactions to the

infected erythrocyte. For instance, it is important to understand the contribution of

PfEMP3 and Pf332 interactions to the normal interactions at the erythrocyte

membrane skeleton. We have shown that PfEMP3 interacts with spectrin, possibly

within regions that overlap with known binding domains for actin, protein 4.1 and

ankyrin, and the domains responsible for self association and nucleation. It is

therefore important to establish the interactions between spectrin and its known

binding partners in the presence of PfEMP3. It is relevant to not only explore these

interactions, but also to investigate the possible interference of normal erythrocyte

protein-protein interactions by the interaction of PfEMP3 with spectrin. This is
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particularly Interesting for the spectrin-protein 4.1-actin interaction, which is

considered to be central to the formation of the junctional complex and the overall

flexibility of the erythrocyte membrane skeleton.

Future directions also include solving the crystal structures for these

interacting proteins. Initially, it would be interesting to look at the binary

interaction of spectrin and PfEMP3, but it would also be important to establish a

crystal structure that included a number of the spectrin binding partners. These

crystal structures are essential in understanding the overall structure of the

infected erythrocyte membrane skeleton and the changes that occur due to

exported malaria proteins.

Whilst keeping in mind our long term aims to establish a model of how the

erythrocyte membrane skeleton is altered in parasitised erythrocytes, it is

important to begin to map the binding domain of the many other exported malaria

proteins. The availability of the genome and new techniques to study malaria

parasites, allows us to understand the complex interactions that are required to not

only form the parasitised erythrocyte membrane, but also to perturb erythrocyte

membrane mechanical and adhesive properties.
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Bacterial Strains

DH5a

BL21(DE3)

DB3.1

RCM1347
RCM61
RCM1241
RCM948
RCM1316
RCM1148
RCM1342
RCM1088
RCM1089
RCM1155
RCM1157
RCM1220
RCM1221
RCM1222
RCM1223
RCM1224
RCM1225
RCM1226
RCM1227
RCM1228
RCM1229
RCM1230
RCM1231
RCM1156
RCM1158
RCM1090
RCM1091
RCM1092
RCM1093
RCM1094
RCM1095
RCM1096
RCM1097
RCM1300
RCM1301
RCM1302
RCM1353
RCM1362
RCM1382
RCM1354
RCM1363
RCM1385
RCM1355

P ct>80dlacZAM15 AflacZYA-
argF)U169 deoR recAl endAl
hsdR17(rk", mk

+) phoA supE44 I'
thi-1 gyrA96 relAl
E. coli B P dcm ompT hsdS)(rB"
mB*) gal X.(DE3)
F" gyrA462 end A" A(srl-recA)
mcrB mrr hsds2O(rB", mB")
supE44 aral4 galK2 lacYl proA2
rpsL20(Smr) xyl5 A/leu mt l l
DB3.1(pDONR201)
DH5a (pMAL-c2)
BL2KDE3) (pMAL-c2)
DH5a (pMC629)
DH5a (pMC910)
DH5a (pMC793)
DB3.1(pMC925)
DH5a (pMC754)
BL2KDE3) (pMC754)
DH5a (pMC798)
BL2KDE3) (PMC798)
DH5a (pMC839)
DH5a (pMC840)
BL2KDE3) (pMC840)
DH5a (pMC841)
DH5a (pMC842)
BL2KDE3) (PMC842)
DH5a (pMC843)
DH5a (pMC844)
BL2KDE3) (PMC844)
DH5a (pMC845)
DH5a (pMC846)
BL2KDE3) (pMC846)
DH5a (pMC799)
BL2KDE3) (pMC799)
DH5a (pMC755)
BL2KDE3) (PMC755)
DH5a (pMC756)
BL2KDE3) (pMC756)
DH5a (pMC757)
BL21(DE3) (pMC757)
DH5a (pMC758)
BL2KDE3) (pMC758)
DH5a (pMC902)
DH5a (pMC903)
BL2KDE3) (pMC903)
DH5a (pMC932)
DH5a (pMC941)
BL2KDE3) (pMC941)
DH5a (pMC933)
DH5a (pMC942)
BL2KDE3) (pMC942)
DH5a (pMC934)

Life Technologies

Statagene, La Jolla, CA, USA

Life Technologies

This Study
This Study
This Study
3. Bettadapura, Unpublished
This Study
3. Bettadapura, Unpublished
This Study
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
3. Bettadapura, Unpublished
3. Bettadapura, Unpublished
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
3. Bettadapura, Unpublished
3. Bettadapura, Unpublished
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
V. Gatzigiannis, Unpublished
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
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RCM1364
RCM1388
RCM1456
RCM1457
RCM1482
RCM1483
RCM1484
RCM1485
RCM1486
RCM1487
RCM1719
RCM1721
RCM1722
RCM1422
RCM1533
RCM1534
RCM1535
RCM1536
RCM1423
RCM1537
RCM1538
RCM1539
RCM1540
RCM1424
RCM1541
RCM1542
RCM1543
RCM1544
RCM1545
RCM1546
RCM1425
RCM1547
RCM1548
RCM1426
RCM1549
RCM1550
RCM1427
RCM1551
RCM1552
RCM1553
RCM1554
RCM1428
RCM1555
RCM1556
RCM1557
RCM1558
RCM1559
RCM1560
RCM1561
RCM1562
RCM1563
RCM1534
RCM1565
RCM1566
RCM1567
RCM1568
RCM1569
RCM1570

DH5a(PMC943)
BL2KDE3) (pMC943)
DH5a(PMC990)
BL2KDE3) (pMC990)
DH5a (PMC1009)
BL21(DE3) (PMC1009)
DH5a (pMClOlO)
BL2KDE3) (pMClOlO)
DH5a(pMC1011)
BL21(DE3) (pMClOll)
DH5a(pMC1189)
DH5a (PMC1191)
DH5a (pMC1192)
DH5a (pMC970)
DH5a (PMC1052)
BL2KDE3) (PMC1052)
DH5a (PMC1053)
BL2KDE3) (pMC1053)
DH5a (pMC971)
DH5a (pMC1054)
BL21(DE3) (PMC1054)
DH5a (PMC1055)
BL21(DE3) (pMC1055)
DH5a (pMC972)
DH5a (pMC1056)
BL2KDE3) (PMC1056)
DH5a (pMC1057)
BL2KDE3) (PMC1057)
DH5a (pMC1058)
BL21(DE3) (pMC1058)
DH5a (pMC973)
DH5a (pMC1059)
BL21(DE3) (PMC1059)
DH5a (pMC974)
DH5a (PMC1060)
BL21(DE3) (PMC1060)
DH5a (PMC975)
DH5a (PMC1061)
BL2KDE3) (PMC1O61)
DH5a (pMC1062)
BL21(DE3) (PMC1062)
DH5a (pMC976)
DH5a (pMC1063)
BL21(DE3) (pMC1063)
DH5a (pMC1064)
BL2KDE3) (PMC1064)
DH5a (PMC1065)
BL21(DE3) (PMC1065)
DH5a (pMC1066)
DH5a (pMC1067)
BL21(DE3) (pMC1067)
DH5a (PMC1068)
BL21(DE3) (PMC1068)
DH5a (pMC1069)
BL2KDE3) (PMC1069)
DH5a (pMC1070)
BL2KDE3) (pMC1070)
DH5a (pMC1071)

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
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RCM1571
RCM1572
RCM1573
RCM1574
RCM1635
RCM1636
RCM1637
RCM1639
RCM1640
RCM1774
RCM1776
RCM1778
RCM1641
RCM1780
RCM1782
RCM1784
RCM1786

BL2KDE3) (pMC1071)
DH5a (PMC1072)
DH5a (pMC1073)
BL2KDE3) (PMC1073)
BL2KDE3) (3N-4)
BL2KDE3) (pN-2)
BL21(D£3) (3N)
BL21(DE3) (3N2)
BL21/pE3) (Ul-2)
BL2KDE3) (35-9)
BL21(DE3) (310-14)
BL21(DE3) (315-C)
BL2KDE3) (al-154)
BL2KDE3) (aN-5)
BL21(DE3) (a6- l l )
BL2KDE3) (al2-16)
BL2KDE3) (al7-C)

This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

Table A l . E. coll strains used in this Study
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Appendix 2

Bacterial Plasmids

:";-':. Plasm id -y^i['-^'M ^- •••"'• • fte^criptibh V''\A:. C
::;::;; ''•:::'::^)'^ Source /Reference V-/;v j

pUC18

pMAL-c2

PDONR201
pMC629

pMC910

pMC793

pMC925

pMC754

pMC798

pMC839

pMC840

pMC841

pMC842

pMC843

pMC844

pMC845

PMC846

pMC799

PMC624

PMC755

pMC616

PMC756

Cloning Vector, 2.6kb, lacZ', ColEl origin

Expression Vector, Maltose-binding protein
(MBP) C-terminal Tag, 6.6 kb, laclq, lacZot,
M13 origin
Gateway vector, 4.5 kb, (Km, Cm)
pMAL-c2 with modified multiple cloning site
with BamHl in the first reading frame
pMAL-c2 vector with stop codon in multiple
cloning site following the EcoRX site
pMAL-c2 modified multiple cloning site with
BamHl in third reading frame
pMAL-c2 vector modified to gateway vector
via ligation with cassette b, (Ap, Cm)
PfEMP3 fragment FI amplified by PCR from
3D7 genomic DNA with p766 and p767.
Cloned into BamHl/EcoRl pMC629
PfEMP3 fragment Fla amplified by PCR from
3D7 genomic DNA with p768 and p769.
Cloned into BgM/EcoRI pMC793
PfEMP3 fragment Fla.l amplified by PCR from
pMC789 with p766 and p994 and cloned into
Smal pUC18
PfEMP3 fragment Fla.l cut from pMC839 and
transferred to BamHl/EcoRl pMC629
PfEMP3 fragment Fla.2 amplified by PCR from
pMC789 with p995 and p996 and cloned into
Smal pUC18
PfEMP3 fragment Fla.2 cut from pMC841 and
transferred to BamHl/EcoRl pMC629
PfEMP3 fragment Fla.3 amplified by PCR from
pMC789 with p997 and p998 and cloned into
Smal pUC18
PfEMP3 fragment Fla.3 cut from pMC843 and
transferred to BamHl/EcoRl pMC629
PfEMP3 fragment FIa.4 amplified by PCR from
pMC789 with p999 and p942 and cloned into
Smal pUC18
PfEMP3 fragment FIa.4 cut from pMC845 and
transferred to BamHl/EcoRl pMC629
PfEMP3 fragment Fib amplified by PCR from
3D7 genomic DNA with p943 and p767.
Cloned into SamHI/EcoRI pMC793
PfEMP3 fragment FII amplified by PCR from
3D7 genomic DNA with p768 and p769.
Cloned into BamHI/EcoRI pGEX-4T-l
PfEMP3 fragment FII cut from pMC624 and
cloned into BamHI/EcoRI pMC629
PfEMP3 fragment Fi l l amplified by PCR from
3D7 genomic DNA with p776 and p773.
Cloned into SamHI/EcoRI pGEX-4T-l
PfEMP3 fragment Fi l l amplified by PCR from
pMC616 with p350 and p350a. Cloned into
BamHl/Sall pMAL-c2

(Yanisch-Perron etal.,
1985)
(Ausubeleta/., 1994),
New England Biolabs

Life Technologies
J. Bettadapura,
Unpublished
This Study

J. Bettadapura,
Unpublished
This Study

V. Gatzigiannis,
Unpublished Results

J. Bettadapura,
Unpublished Results

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

J. Bettadapura,
Unpublished

J. Bettadapura,
Unpublished

V. Gatzigiannis,
Unpublished
J. Bettadapura,
Unpublished

V. Gatzigiannis,
Unpublished
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pMC751

pMC757

pMC617

pMC758

pMC902

pMC903

pMC932

pMC941

pMC933

pMC942

pMC934

pMC943

pMC990

PMC1009

pMClOlO

pMClOl l

PMC1189

PMC1191

PMC1192

PfEMP3 fragment FIV amplified by PCR from
3D7 genomic DNA with p774 and p775.
Cloned into BamHl/EcoRl pGEX-4T-l
PfEMP3 fragment FIV cut from pMC751 and
cloned into BamHI/EcoRl pMC629
PfEMP3 fragment FV amplified by PCR from
3D7 genomic DNA with p799 and p797.
Cloned into BamHl/EcoRl pGEX-4T-l
PfEMP3 fragment FV from pMC617 cloned
into BamHl/Sa\l pMAL-c2
PfEMP3 fragment Fla with F la . l deleted
(FlaAFla.l) amplified by PCR from 3D7
gDNA with p995 and p942 cloned blunt end
into Smal pUC18
PfEMP3 FlaAFla.l from pMC902 cloned into
EcoRl/BamHl pMC629
PfEMP3 deletion of 15 aa from N-terminal
(FlaA15) amplified by PCR from pMC798 with
att& oligonucleotides pl lO7 and p l l l O .
Cloned via a BP reaction into pDONR201
(pENTR201-FlaAl5) (Km)
FlaAl5 from pMC932 transferred by the *one
tube protocol' into pMC1342 via the LR
reaction (pEXPMAL-FIaA15)
PfEMP3 deletion of 29 aa from N-terminal
(FlaA29) amplified by PCR from pMC798 with
attB oligonucleotides pl lO8 and p l l l O .
Cloned via a BP reaction into pDONR201
(pENTR201-FlaA29) (Km)
FIaA29 from pMC933 transferred by the xone
tube protocol' into pMC1342 via the LR
reaction (pEXPMAL-FIaA29)
PfEMP3 deletion of 45 aa from the N-terminal
(FlaA45) amplified by PCR from pMC798 with
attB oligonucleotides pl lO9 and p l l l O .
Cloned via a BP reaction into pDONR201
(pENTR201-FlaA45) (Km)
FIaA45 from pMC934 transferred by the "one
tube protocol' into pMC1342 via the LR
reaction (pEXPMAL-FIaA45).
PfEMP3 second exon residues 16-29 created
by annealing of pl211 and pl212. Cloned
into EcoRl/BamHl pMAL-c2
PfEMP3 second exon residues 16-45 PCR
amplified from pMC798 with pl236 and
P1237 cloned into EcoRl/Hindlll pMAL-c2
PfEMP3 second exon residues 16-60 PCR
amplified from pMC798 with pl236 and
P1238 cloned into EcoRl/Hindlll pMAL-c2
PfEMP3 second exon residues 1-16 PCR
amplified from pMC798 with pl245 and
P1246 cloned into EcoRI/Hindlll pMAL-c2
Pf332 Exonl Fragment 1 amplified by PCR
from 3D7 genomic DNA with pl353 and
P1354 and cloned into BamHl/Xhol pMC629
Pf332 Exonl Fragment 2 amplified by PCR
from 3D7 genomic DNA with pl354 and
pl438 and cloned into BamHl/Xhol pMC629
Pf332 Exonl Fragment 3 amplified by PCR
from 3D7 genomic DNA with pl439 and
pl365 and cloned into BamHl/Xhol pMC629

J. Bettadapura,
Unpublished

V. Gatzigiannis,
Unpublished
J. Bettadapura,
Unpublished

V. Gatzigiannis,
Unpublished
This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study
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pMC970

PMC1052

PMC1053

pMC971

pMC1054

pMC1055

pMC972

pMC1056

PMC1057

pMC1058

pMC973

PMC1059

pMC974

PMC1060

pMC975

PMC1061

pMC1062

pMC976

PMC1063

Pf332 Fragment 1 amplified by PCR with attB
oligonucleotides p i 159 and p i 180 from 3D7
genomic DNA. Cloned via a BP reaction into
PDONR201 (pENTR201-Pf332-fraql) (Km)
Pf332 Fragment 1 from pMC970 cloned into
EcoRI pMC910
Pf332 Fragment 2 amplified by PCR with
p i 160 and p i 181 and cloned into EcoRI
PMC910
Pf332 Fragment 3 amplified by PCR with attB
oligonucleotides p i 161 and p i 182 from 3D7
genomic DNA. Cloned via a BP reaction into
PDONR201 (pENTR201-Pf332-Fraq3) (Km)
Pf332 Fragment 3 from pMC971 cloned into
£coRI pMC910
Pf332 Fragment 4 amplified by PCR with
p i 162 and p i 183 and cloned into EcoRI
PMC910
Pf332 Fragment 5 amplified by PCR with attB
oligonucleotides p i 163 and p i 184 from 3D7
genomic DNA. Cloned via a BP reaction into
PDONR201 (pENTR201-Pf332-Frag5) (Km)
Pf332 Fragment 5 from pMC972 cloned into
EcoRI pMC910
Pf332 Fragment 6 amplified by PCR from 3D7
genomic DNA with p l l 6 4 and p l l 85 . Cloned
into EcoRI pMC910
Pf332 Fragment 7 amplified by PCR from 3D7
genomic DNA with p l l 6 5 and p l l 8 6 . Cloned
into EcoRI pMC910
Pf332 Fragment 8 amplified by PCR with attB
oligonucleotides p i 166 and p i 187 from 3D7
genomic DNA. Cloned via a BP reaction into
PDONR201 (pENTR201-Pf332-Frag8) (Km)
Pf332 Fragment 8 from pMC973 cloned into
EcoRI pMC910
Pf332 Fragment 9 amplified by PCR with attB
oligonucleotides p i 167 and p i 188 from 3D7
genomic DNA. Cloned via a BP reaction into
PDONR201 (pENTR201-Pf332-Fraq9) (Km)
Pf332 Fragment 9 from pMC974 cloned into
EcoRI pMC910
Pf332 Fragment 10 amplified by PCR with
attB oligonucleotides p l l 68 and p l l 8 9 from
3D7 genomic DNA. Cloned via a BP reaction
into pDONR201 (pENTR201-Pf332-Fragl0)
(Km)
Pf332 Fragment 10 from pMC975 cloned into
EcoRI pMC910
Pf332 Fragment 11 amplified by PCR from
3D7 genomic DNA with p l l 6 9 and p l l 9 0 .
Cloned into EcoRI pMC910
Pf332 Fragment 12 amplified by PCR with
attB oligonucleotides p i 170 and p i 191 from
3D7 genomic DNA. Cloned via BP reaction
into pDONR201 (pENTR201-Pf332-Fragl2)
(Km)
Pf332 Fragment 12 from pMC976 cloned into
EcoRI pMC910

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study
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PMC1064

PMC1065

PMC1066

PMC1067

pMC1068

pMC1069

pMC1070

PMC1071

pMC1072

PMC1073

pN-4

PN-2

PN

Pl9l-301

pi-2

p5-9

plO-14

P15-C

ai-154

aN-5

a 6 - l l

al2-16

al7-C

Pf332 Fragment 13 amplified by PCR from
3D7 genomic DNA with p l l 7 1 and p l l 92 .
Cloned into EcoRl pMC910
Pf332 Fragment 14 amplified by PCR from
3D7 genomic DNA with p i l 7 2 and p l l 93 .
Cloned into EcoRI pMC910
Pf332 Fragment 15 amplified by PCR from
3D7 genomic DNA with p l l 7 3 and p l !94 .
Cloned into Smal pUC18
Pf332 Fragment 15 from pMC1066 cloned
into EcoRI pMC910
Pf332 Fragment 16 amplified by PCR from
3D7 genomic DNA with p l l 7 4 and p!195
Cloned into EcoRI pMC910
Pf332Fragment 17 amplified by PCR from
3D7 genomic DNA with p l l 7 5 and p l l 96 .
Cloned into EcoRI pMC910
Pf332 Fragment 18 amplified by PCR from
3D7 genomic DNA with p l l 7 6 and p l l 97 .
Cloned into EcoRI pMC910
Pf332 Fragment 19 amplified by PCR from
3D7 genomic DNA with p l l 7 7 and p l l 98 .
Cloned into EcoRI pMC910
Pf332 Fragment 20 amplified by PCR from
3D7 genomic DNA with p l l 7 8 and p l l 99 .
Cloned into Smal pUC18
Pf332 Fragment 20 from pMC1072 cloned
into EcoRI pMC910
p-spectrin N-terminal plus repeats 1-4 cloned
BamHI/EcoRI into pGEX-3X
p-spectrin N-terminal plus repeats 1 and 2
(residues 1-527) cloned BamHI/EcoRI into
PGEX-3X
p-spectrin N-terminal (residues 1-301) cloned
BamHI/EcoRI into pGEX-3X
p-spectrin residues 191-301 cloned
0an?HI/EcoRI into pGEX-3X
p-spectrin repeats 1 and 2 cloned
BamHI/EcoRI into pGEX-3X
p-spectrin repeats 5-9 cloned EcoRl/Notl into
PGEX-4T-2
p-spectrin repeats 10-14 cloned BamHI/EcoRI
into pGEX-3X
p-spectrin repeats 15-17 plus C-terminal
cloned BamHI/EcoRI into pGEX-3X
a-spectrin residues 1-154 cloned
BamHI/EcoRI into pGEX-3X
a-spectrin N-terminal plus repeats 1-5 cloned
into Smal/Notl pGEX-4T-2
a-spectrin repeats 6-11 cloned into
Smal/Notl pGEX-4T-2
a-spectrin repeats 12-16 cloned into
Smal/Notl pGEX-4T-2
a-spectrin repeats 17-22 plus C-terminal
cloned into Smal/Notl pGEX-4T-2

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

X. An, New York Blood
Center
X. An, New York Blood
Center

X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center
X. An, New York Blood
Center

Table A2. Bacterial Plasmids used in this Study
All plasmids confer Ampicillin resistance unless otherwise stated to confer
Kanamycin (Km) or Chloramphenicol (Cm) resistance.
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Appendix 3
Oiigonucleotide Primers
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p823

plO47

p804

p824

p766

p767

p768

p769

p776

p773

p774

p775

p799

p797

p942

p943

p994

p995

p996

p997

p998

p999

GGT CGT CAG ACT
GTC GAT GAA GCC
GGT GCG GGC CTC
TTC GCT ATT ACG
ATT TCA GGA TCC
GAG CTC GAG ATC
TGG TAC CAT GGA
ATTCGA
AGC TTC GAA TCC
CAT GGT ACC AGA
TCT CGA GCT CGG
ATC CTG AAA T
ccg aga tct TTT ACG
GTT GTT AAG AAT

cga gaa ttc tta TGG
TTC ATG TTC TAA T

cgc gga tec CCA ACC
AAA TTA CCT GAA
cga gaa ttc tta TCT
AGA TTT TCG CGT GC
cga gga ttc TCT GAT
GGATTAAAAGAA
cgc gaa ttc tta CAT
GTT TCC TAT ACT T
cga gga tec ATA GGA
AAC ATG GAA CAA
ccg gaa ttc tta TCC
TTC ATT AGG TGT AT
cga gga tec GAT TTA
AAG AAT AAA GCT A
cgc gaa ttc tta ATT
TTT TTT TCC TCT CAA
ccg gaa ttc tta TAG
TTC ATT TAT AGC AC

caa igg ate cAA TGA
ACT AAA AGA AAG G
ccg gaa ttc tta CTC
TTT T^r TTT ATG ATC
CCTG
cgc gga ttc GCT TTA
AAA CAG AAA ACT

ccg gaa ttc tta CTT
TAA TGC TTC TCC ATT
ATTTA
cgc gga tec GAA AAA
GAA AAT AAA GAA
ACA
ccg gaa ttc tta TTT
CAA ATC CTT TTC TAC

cgc gga tec GAA ATG
GAA TTG AAA GAG
AAG

Forward sequencing oiigonucleotide
for pMAL vectors
Reverse sequencing oiigonucleotide
for pMAL vectors
Forward oiigonucleotide for the
modification of pMAL-c2 to pMC629

Reverse oiigonucleotide for the
modification of pMAL-c2 to pMC629

Forward oiigonucleotide for
amplification of PfEMP3 fragments FI,
Fla and Fla.l
Reverse oiigonucleotide for
amplification of PfEMP3 fragments
FI and Fib
Forward oiigonucleotide for
amplification of PfEMP3 fragment FII
Reverse oiigonucleotide for
amplification of PfEMP3 fraqment FII
Forward oiigonucleotide for
amplification of PfEMP3 fragment Fi l l
Reverse oiigonucleotide for
amplification of PfEMP3 fraqment Fi l l
Forward oiigonucleotide for
amplification of PfEMP3 fragment FIV
Reverse oiigonucleotide for
amplification of PfEMP3 fragment FIV
Forward oiigonucleotide for
amplification of PfEMP3 fragment FV
Reverse oiigonucleotide for
amplification of PfEMP3 fragment FV
Reverse oiigonucleotide for
amplification of PfEMP3 fragments
Fla, FIa.4 and FlaAFIa.l
Forward oligonucleotide for
amplification of PfEMP3 fragments Fib
Reverse oligonucleotide for
amplification of PfEMP3 fragment
Fla.l
Forward oligonucleotide for
amplification of PfEMP3 fragments
FIa.2 and FlaAFIa.l
Reverse oligonucleotide for
amplification of PfEMP3 fragment
FIa.2
Forward oligonucleotide for
amplification of PfEMP3 fragment
Fla. 3
Reverse oligonucleotide for
amplification of PfEMP3 fragment
FIa.3
Forward oligonucleotide for
amplification of PfEMP3 fragment
FIa.4
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plllO

pllO7

pllO8

P11C9

pl236

pl237

pl23f

pl212

pl211

pl245

pl246

pl353

pl354

p!365

pl356

pl438

pl439

ggg gac cac ttt gta
caa gaa age tgg gtc
TAG TTC ATT TAT
AGC AC
gggg aca agt ttg tac
aaa aaa gca ggc tta
ATA TTT GAA ATA
AGA CTT AAA AG
gggg aca agt ttg tac
aaa aaa gca ggc tta
GGG AAT ACA AGG
TTA AGC
gggg aca agt ttg tac
aaa aaa gca ggc tta
GAG GCA TTA AAA
GAA AAG C
ccg gaa ttc ATA TTT
GAA ATA AGA CTT
AAAAG
ccc aag ctt tta CTT
AGT TCT AGG ATC
CCTTAC
ccc aag ctt tta CTC
TTTTCTTTTATGATC
CCTG
aa ttc ATA TTT GAA
ATA AGA CTT AAA
AGA TCA TTA GCC
CAG GTT TTG taa g
ga tec tta CAA AAC
CTG GGC TAA TGA
TCT TTT AAG TCT TAT
TTC AAA TAT g
ccg gaa ttc TTT ACG
GTT GTT AAG AAT

ccc aag ctt tta ATT
ATA CAC ATT GAC A

cgc gga tec ATG TCT
AAT ATA AAT AAC
AAA
ccg etc gag tta ACT
AAC AAT ACC ATC
CTT ATC
cgc gga tec GAA TCA
TAT AAA GCT ACT
AAA
ccg etc gag tta CTT
ATA TAC CAA GAC
CCA TAT AAT
ccg etc gag tta TTC
TTC ATA AGT AGG
CTT AAT
cgc gga tec AAT GAT
GAA GAC AAA AGC
AAG

Reverse oligonucleotide for
amplification of PfEMP3 fragments
FIaAl5, FIaA29 and FIaA45

Forward oligonucleotide for
amplification of PfEMP3 fragment
FIaAl5

Forward oligonucleotide for
amplification of PfEMP3 fragment
FIaA29

Forward oligonucleotide for
amplification of PfEMP3 fragment
FIaA45

Forward oligonucleotide for
amplification of PfEMP3 fragments
16-45 and 16-60
Reverse oligonucleotide for
amplification of PfEMP3 fragment 16-
45
Reverse oligonucleotide for
amplification of PfEMP3 fragment 16-
60
Forward oligonucleotide for
construction of PfEMP3 fragment 16-
29

Reverse oligonucleotide for
construction of PfEMP3 fragment 16-
29

Forward oligonucleotide for
amplification of PfEMP3 fragments 1-
16
Reverse oligonucleotide for
amplification of PfEMP3 fragment 1-
16
Forward oligonucleotide for
amplification of Pf332 exon 1
fragment 1
Reverse oligonucleotide for
amplification of Pf332 exon 1
fragment 1
Forward oligonucleotide for
amplification of Pf332 exon 1
fragment 2
Reverse oligonucleotide for
amplification of Pf332 exon 1
fragment 3
Reverse oligonucleotide for
amplification of Pf332 exon 1
fragment 2
Forward oligonucleotide for
amplification of Pf332 exon 1
fidgment3
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pll59

pll60

pll61

pll62

pi 163

pll64

pll65

pll66

pll67

pi 168

pll69

pll70

pl l71

pll72

gggg aca agt ttg tac
aaa aaa gca ggc tta
gaattcCATTCTTTG
ATT GAT CGT GTT C
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc TTT AAA GGT
CAA TTA ATT AAC GA
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc AAC GAT GAC
GTT CGA GAC AAA
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc ATA GTA GAA
GAT GAA GCA TCA
GTC
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc AAA GAA GAA
TTA ATT ACT GAA
ATG
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc CCA TTA GAA
GAA ACG AAA ATT G
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc GTT AAA GAT
ATT GGA TGA GTT AG

gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc ACA GAA GAA
GCT GTA CAG TAT G
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc GGA GAA GGA
TCG ATT ACG
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc GAA ATA GTG
GAC GAA GTG TCT C
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc YCT GAA TCC
GTT AAT GGG
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc AAA GAA ATA
ATT GAC GAA AAA
TCAC
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc AAT GTA TGG
ATT GAG AAA GAA
g^gg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc CAG GAA GAA
TCT CAT GTT GAA A

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 1

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 2

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 3

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 4

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 5

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 6

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 7

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 8

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 9

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 10

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 11

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 12

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 13

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 14
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pll73

pll74

pll75

pll76

pll77

pll78

pll80

pll81

pll82

pll83

pi 184

pl!85

p l l86

pl l87

gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc AAA ATC GAA
TCA ATT ACT GAA
GAT
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc GAA ATA ATA
CAA GGT GGA TAT T
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc GTA GAA GAA
GGA TCA GAT ACG
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc GAT AAA GCC
CTT AAT GAG
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc AAT GAT ACT
GTA ATG GTT AT
gggg aca agt ttg tac
aaa aaa gca ggc tta
gaa ttc AAA TAT GCT
AAG AAA AGA TTT
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc AAT TAA TTG
ACC TTT AAA TGT A
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc ATT TTC TTT
GTC TCG AAC GTC A
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TGC TCC TTC
TTC TTC TAC AAC TTC
C
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TTC ATT GTC
TTC ATT AAT CAA ACC
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TGG AGT ATG
TTC ATT AAT AAT ATC
ggg gac cac ttt gta
eaa gaa age tgg gtc
gaa ttc GOT AAC TGA
TCC AAT ATC TTT
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TCC TTC ATA
CTG TAC AGC
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc CGT AAT CGA
TCC TTC TCC A

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 15

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 16

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 17

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 18

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 19

Forward oligonucleotide for
amplification of Pf332 exon 2
fragment 20

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 1

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 2

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 3

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 4

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 5

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 6

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 7

Reverse oligonucleotide for
amplification of Pf332 exon 2
fragment 8
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pll88

pll89

pll90

pll91

pll92

pll93

pi 194

pll95

pll96

pll97

pll98

pll99

ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TAC GAC TTC
TTC AGT TAC TGT TG
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TTC CCC ATT
AAC GGA TTC AGA
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TAT TTT TTC
AGT AAG TGA TTT
TTCG
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc TTT CTC AAT
CCA TAC ATT TTC
ggg gac cac ttt gta
caa gai age tgg gtc
gaa ttc TGA TCC TTG
TTG TAC AAC TTT
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc AAT ATC TTC
AGT AAT TGA TTC G
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc AGT AAA AGA
TCC ACC TTG TAT
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc ATT AAA AGA
CCC TTC TTC TAA
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc CAT AAT TTT
ATA ATT AAG GGC
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc GTC ATT GGC
AGA TTT ATT TG
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc AAG TTC ATC
GTA CTT AAA TTG
ggg gac cac ttt gta
caa gaa age tgg gtc
gaa ttc GTT CTC ATT
TAC ACT AAA TTC

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 9

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 10

Reverse oligonucieotide for
amplification of Pf332 exon .?,
fragment 11

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 12

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 13

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 14

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 15

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 16

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 17

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 18

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 19

Reverse oligonucieotide for
amplification of Pf332 exon 2
fragment 20

Table A3. Oligonucieotide Primers used in this Study
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Appendix 4
Antibodies and Antisera

taftiisewtrxj • -r%'•':'•'':• ';A')^:'f:K^'•• :/'•: -'^%;:-':-';: f^-.•? h"*:^.^v^, ^ l i s e d - :•-V;• ~, '.?,•$:'}0:^:^^-£^*-*4%. \
Anti-rabbit Ig,
Affinity Isolated,
Raised in sheep,
Conjugated to HRP
S43

S44

S55

S56

S901

S904

S1302

S1339

S4659

6H1-1

Secondary antibody for detection of
rabbit antibodies used in
immunoblot analysis

Polyclonal anti-HSP70 antiserum
Primary antiserum for detection of
P. fala'parum HSP70 protein
S25 R501 polyclonal rabbit anti-
MESA antiserum
Primary antiserum for detection of
MESA protein
Polyclonal rabbit anti-spectrin
antiserum

Primary antiserum for detection of
Spectrin protein

Polyclonal rabbit anti-GST antiserum
Primary artiserum for detection of
GST fusion proteins

R162 rabbit anti-Pf332 antiserum
Primary antiserum for detection of
Pf332 protein

Polyclonal rabbit anti protein 4.1
antiserum
Primary antiserum for detection of
protein 4.1 protein

Polyclonal rabbit anti-MBP
antiserum
Preabsorbed to E. coli lysate
Primary antiserum for detection of
MBP fusion proteins
Polyclonal rabbit anti-His-KAHRP
antiserum
Primary antiserum for detection of
KAHRP protein
Monoclonal anti-PfEMP3 antiserum
Primary antiserum for detection of
PfEMP3 protein
Monoclonal anti-conserved PfEMPl
cytoplasmic domain antiserum
Primary antiserum for detection of
PfEMPl

1/2000

1/10000

1/2000

1/200

1/5000

1/300

1/200

1/1000

1/500

1/200

1/100

Silenus, AMRAD,
Melbourne, Australia

The Walter and Eliza
Hall Institute

The Walter and Eliza
Hall Institute

M. Foley,
Department of
Biochemistry,
LaTrobe University

R. Coppel,
previously The
Walter and Eliza Hall
Institute
K. Berzins,
Department of
Immunology,
Stockholm
University, Sweden
N. Mohandas,
Lawrence Berkeley
National Laboratory,
University of
California, USA
J. Bettadapura,
Department of
Microbiology,
Monash University

K. L. Waller,
Department of
Microbiology,
Monash University
The Walter and Eliza
Hall Institute

The Walter and Eliza
Hall Institute

Table A4. Antibodies and Antisera used in this Study
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